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Abstract

The Global Electric Circuit (GEC) represents the electric current pathway in the Earth’s
atmosphere. The electric current that flows upwards from thunderstorms and electrified clouds into
the Tonosphere, spreads out over the globe along magnetic field lines to the opposite hemisphere,
and returns to the surface of the Earth. Atmospheric electric parameters, such as the vertical
Electric Field (E,) and induced air-to-Earth current (I.) through the GEC, greatly depend on
ambient weather conditions and convective meteorological systems due to the re-distribution of
charged or uncharged aerosols and terrestrial radioactive particles in the atmospheric circulation.
Under fair weather conditions, the electrical circulation is dominated by the potential difference
between the global capacitor, which in turn generates the fair weather electric field, and
consequently the fair weather electric current.

Amongst aerosols affecting the atmospheric electrical content, Mineral Dust represents one of
the most significant contributors, due to its abundant mass, various shapes and sizes which result
in varying electrical properties of the dust particles. During dust storms, dust devils and subsequent
advection of elevated dust layers, the electrical parameters can vary greatly from the values under
fair weather conditions. The exact mechanisms that would explain and sufficiently describe the
long-range electrification of dust are not clear yet, and are a subject of investigation. Major
processes that are considered responsible for the electrification of dust particles include ion
attachment and contact electrification, i.e. triboelectrification. Such processes are claimed to have
large impact on desert dust transport and its influence in climate and ecosystems through the
retention of larger dust particles in the atmosphere, as well as to particle vertical orientation with
impact on radiative transfer. Ground-based electric field measurements can be indicative of the
electrical behaviour of elevated dust layers and act as a proxy for the detection of charged particles
within the layers. To gain a more comprehensive understanding of the electrical characteristics of
airborne dust, synergistic model implementations and vertical profiling measurements within the
layers are of outmost importance.

Initially, we introduce the development of a novel 1D numerical model that parametrizes both

of the above charging processes in the presence of a large scale electric field, under stagnant
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atmospheric conditions where wind contribution is neglected. The model is able to self-
consistently calculate the modification of atmospheric ion densities and the subsequent alteration
of the large scale electric field, when dust particles are present and atmospheric ions attach to them,
and is further updated to account for the particle charging due to the efficient collisions between
particles of various sizes. Furthermore, we demonstrate the feasibility of particle orientation under
the influence of electric and gravitational fields through analytical calculations of the mean
orientation angle of both charged/uncharged dust particles and comment on the pre-requisites on
electric field strengths for the orientation to occur on particles of various sizes.

Then, in order to test the charging model hypothesis and, simultaneously, provide observational
evidence of dust electrification, novel measurement techniques and instrumentation are developed,
targeting signs of dust electrification from the ground and accurate profiles of the vertical electric
field strength and the charge density within the layer. We demonstrate a novel methodology
through ground-based observations, only, that indicates that electric field variations during Saharan
dust advection can be a sign of charged dust occurrences. Synergistic observations of the vertical
atmospheric electric field and lidar-derived quantities for the optical characterization of the layer,
are employed. Both parameters were monitored for the first time in tandem, and in order to identify
the influence of the elevated dust layers on the ground electric field, we extract a Localized
Reference Electric Field from the timeseries that reflects the local fair weather activity. Then, we
compare it with the reconstructed daily average behaviour of the electric field and the Saharan dust
layers’ evolution. To quantitatively approach our results, we examine the dependency of E, against
theoretical assumptions for the distribution of separated charges within the electrified dust layer
through a physical approximation that constitutes a more realistic description of the in-layer
distribution of charges, as to what was previously assumed.

Being aware of the inherent challenges and instrumental ambiguities of atmospheric electricity
measurements, we introduce the implementation of two low-cost and disposable atmospheric
electricity sensors that measure the electric field strength and the space charge density,
respectively, while they have launching capabilities on balloon-borne meteorological platforms.
The sensors were designed, assembled and characterized in-house, their performance was assessed
on-field over preparatory campaigns and eventually utilized in a major ESA Cal/Val experiment,

where consistent dust observations were performed. Data by both sensors are assessed with respect
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to the prevailing meteorological conditions and processed for different altitude domains, while
showing a good overall agreement.

Finally, we target the elusive dust particle preferential orientation, which could be detected from
the resulting dichroic extinction of the forward-scattered light as it transmits through dust layers
in the atmosphere. We revisit an existing methodology by targeting dichroic extinction of
transmitted sunlight by utilize an experimental direct-Sun polarimeter, SolPol, which is capable of
continuous monitoring of the elevated layers. SolPol records the state of polarization of the direct
sunlight, represented by the complete Stokes vector, at a default wavelength of 550 nm with a
detection limit of 107. We, firstly, fully characterize the instrument and delineate its measurement
technique, produce a comprehensible and user-friendly instrument manual, and then provide
unique observations of increasing trends of linear polarization for sunlight propagation through
these dust layers, under various loads and solar zenith angles. Concluding, we attempt to interpret
the measurements as a first indication of either vertical or horizontal dust particle orientation. The
observed electric fields, nonetheless, are not adequate to orient larger particles totally vertically
and retain them aloft, which presumably hints to other mechanisms leading to such a behavior.

As a closure to this effort, we comment that when all these scientific disciplines (models -
implementations - observations) are combined, the presence of electrified dust in lofted layers
away from the source is undisputable, meaning that the electrical properties of the particles impact
their transport dynamics and future work will represent the modulation of particle electrification

in a more realistic way.
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Chapter 1

Chapter 1

Introduction

“Deep in the human unconscious is a pervasive need for a logical universe that makes sense.
But the real universe is always one step beyond logic” - Frank Herbert

In the expansive realm of Atmospheric Sciences, this doctoral thesis is seeking to unravel the
intricate relationships between atmospheric processes, desert dust, and electric fields. The research
spans multiple dimensions, offering profound insights into acrosol dynamics that have global-scale
climatic implications. The overarching goal is to fill existing gaps in our understanding on the role
of electrification mechanisms to mineral desert dust transport and removal processes, through
systematic observations of the key parameters driving the phenomena. Advanced remote sensing
methods are employed, along with observational techniques targeting directly in the environment
of transported dust layers through synergies between state-of-the-art instrumentation, in order to
adopt a comprehensive approach of the scientific question at hand. Mineral dust plays an important
role in the Earth’s atmospheric system, as an undivided whole, by being one of the most abundant
constituents and, therefore, creates a strong reciprocity with the atmospheric electrical content.
Atmospheric electricity is, suitably, a field of study that can provide insight into the electrical
properties and processes of the Earth's atmosphere, and their contribution to the transport of dust
plumes. The presence of electric fields, charges, and currents in the atmosphere has been recognized
for centuries, but it is only in the last few decades that significant progress has been made to link
the influence of aerosols in shaping the dynamics of atmospheric electricity, and vice versa.

The research undergone here aims to contribute to the advancement of knowledge in the field by
investigating several key areas. Through a combination of field observations, modelling of particle
electrical properties and dynamics, and data processing, the thesis seeks to physically interpret the

processes that lead to the charging of elevated dust. This dynamic exploration is crucial not only
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for comprehending the impact of dust on local environments, but also for elucidating its planetary-
scale broader consequences. The charged nature of these particles becomes a focal point, revealing
how electrostatic interactions influence their behavior in the atmosphere through novel numerical
models that parametrize the charging process. A pivotal shift in the research progress introduces a
diverse array of new observational techniques. Ground-based measurements of the electric field
strength and vertical profiling of atmospheric electrical properties emerge as key methodologies.
These techniques serve as powerful tools, providing unique perspectives into the detection of the
electrification state of dust particles. The aforementioned observation requirements involve a
number of technical challenges. Obtaining accurate measurements of atmospheric electricity aloft
and interpreting them can be quite complex, mainly because the electrical environment is affected
by the presence of the measurement platform itself. The emphasis here is on the innovative nature
of the observational approaches, highlighting the need for diverse methods to capture the nuanced
behavior of charged particles in diverse atmospheric contexts.

The dissertation then delves into the elusive phenomenon of dust particle orientation. The
alignment of dust particles in the atmosphere is attributed to their intrinsically elongated shape and
is primarily influenced by the interplay of various forces, including aerodynamic, gravitational, and
electrostatic forces. These forces act on the particles as they move through the air, leading to their
alignment in specific orientations. Aerodynamic forces, arising from the particle's interaction with
air currents, can cause alignment based on particle shape. Gravitational forces tend to align particles
with respect to the gravitational field. Additionally, electrostatic forces, influenced by the electric
field in the atmosphere, can play a significant role in orienting charged dust particles. Leveraging
the capabilities of a novel solar polarimetry instrument, meticulously characterized throughout the
research, the study uncovers unprecedented insights into particle orientation by using direct sun
measurements and highlights the effect this process can have on Earth’s radiative budget. The
respective sections serve as a testament to the advancements made in observational capabilities,
pushing the boundaries of what we can understand about the behavior of dust particles within the
Earth’s atmosphere.

Elevating the research paradigm further, the thesis introduces state-of-the-art sensors for vertical
profiling studies. The meticulous deployment of these sensors during various experimental
campaigns results in the creation of an unparalleled dataset, emphasizing the novelty of the

approach and the invaluable resource it provides for advancing our understanding of dust dynamics.
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The comprehensive dataset becomes a cornerstone, offering a wealth of information that enriches
our understanding of the vertical distribution of atmospheric electrical properties and extends
beyond desert dust studies. The legacy of this research is underscored, with all data, algorithms,
manuals, and designs made accessible in public repositories. This commitment to transparency and
openness ensures that the broader scientific community can build upon this foundational work.

At this point, we highlight the multidisciplinary nature of the undertaken research. The
atmospheric electricity community is poised to benefit from the datasets, by expanding knowledge
on diverse phenomena that affect the global electric circuit., while the broader atmospheric
community’s knowledge is advanced to the relatively under-represented particle charging
mechanisms. Simultaneously, the first indications of particle orientation in the Earth’s atmosphere
shift the focus to the multitude of implications and applications such an observation has on radiative
processes, particle scattering processes and the desert dust transport itself. All this benchmark study
has the potential to be applied in future planetary studies and in particular to Martian dust processes,
where dust electrification is prominently well-documented over the recent years and the high-level
impact of this application can have to understanding in general such systems. Incorporating
knowledge about dust electrification into atmospheric models for Mars can lead to more accurate
simulations. This, in turn, aids in predicting atmospheric phenomena, such as dust storms, which
have global-scale lasting consequences to the Martian climate and forthcoming planetary

exploration missions.
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1.1. The Global Electric Circuit
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Figure 1.1: The Global Electric Circuit artistic representation, Source: Prof. Jeffrey Forbes, University of
Colorado Boulder.

The Global Electric Circuit (GEC) represents the electric current pathway in the Earth’s conductive
atmosphere, seen in the schematic representation of Figure 1.1. The electric current that flows
upwards from thunderstorms and electrified clouds into the Ionosphere, spreads out over the globe
along magnetic field lines to the opposite hemisphere, and returns to the surface of the Earth as the
fair weather air-to-Earth current (Bering et al., 1998). The GEC is established by the conducting
atmosphere sandwiched between the conductive Earth and the conductive Mesosphere/lonosphere

(Williams, 2009). Atmospheric electric parameters, such as the vertical Electric Field (E;) and
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induced air-to-Earth current (I.) through the GEC, greatly depend on ambient weather conditions
and convective meteorological systems (Kourtidis et al., 2020) due to the re-distribution of charged
or uncharged aerosols and terrestrial radioactive particles in the Earth's atmosphere (Harrison and
Ingram, 2005; Wright, 1933). The GEC is significant not just as a product of global thunderstorm
activity, but also as a highly responsive indicator of global land surface temperature and moisture
levels associated with climate change, as indicated by Bering et al. in 1998. Furthermore, it has the
potential to contribute to climate change itself by means of electrical influences on cloud
microphysics. These influences can stem from both external and internal drivers (Tinsley and Zhou,
2006; Zhou and Tinsley, 2007).

As mentioned, the Earth’s atmosphere is a conducting medium, attributed to the presence of
ions, which are created by three main mechanisms (Tinsley and Zhou, 2006 and references therein):
1. natural radioactivity originating in the ground, including direct @, £, and y radiation from the
surface layers and dust aerosol, and also radiation from radioactive gases (principally **’Rn but also
220Rn) and daughter products, 2. cosmic rays (CRs) of galactic and solar origin and 3. relativistic
electrons of a few MeV, precipitated from the radiation belts and peaking at sub-auroral latitudes,
and the Solar Energetic Particle (SEP) events (mainly protons) in the polar and subpolar regions
(Mishev, 2013). These ions attach to dust particles through the processes of ionic diffusion and
Coulomb interaction and the polarization due to the presence of an external electric field (Gunn,
1954; Klett, 1971), leading to their subsequent charging (see Section 1.3.1) (Mallios et al., 2021a,
2022; Zhou and Tinsley, 2007).

1.1.1. Fair Weather Electrical conditions

A fundamental challenge in Atmospheric Electricity research has revolved around measuring the
intensity and fluctuations (vertically resolved and near the surface) of the Earth's electric field, a
parameter directly proportional to the ionospheric potential. The vertical E-field is the most
common surface property measured to date, with more than 150 years of data in global scale. It is
often intertwined with the Potential Gradient (PG) measurements (|7V = PG), which represents the
difference in potential between two vertically separated points (see Section 3.5.2) for the proper

representation and sign convention used), with the lower boundary being typically the ground

surface (Chalmers, 1967; Harrison, 2013; Harrison and Nicoll, 2018; Markson, 2007; Rycroft et al.,
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2008). Recorded variability of methods over observatories around the globe, such as the Kelvin
droplet method to the more commercial fieldmills, provide consistent measurements of the
unperturbed E-field strength, but their data exhibit significant dissimilarities due to local factors
that influence the fair weather E-field and the air-Earth conduction current. Such perturbation
drivers are: i. aerosol concentrations produced by manmade activities that affect the atmospheric
conductivity, ii. the electrode effect that creates a positive charge a few meters from the ocean’s
surface, iii. electrified ice crystals or other charge accumulation layers, iv. space charge produced
by combustion and industry, v. changes caused by the lower conductivity of cloud boundaries, vi.
electrified clouds, vii. modifications to the electric field strength due to the selected installation
location of the sensors, viii. atmospheric conductivity changes caused by relative humidity
variations (Chalmers, 1967; Markson, 2007). In order to compare ground-based PG measurements
from different sites, these need to be, firstly, standardized under conditions of no distorting effects
and, then, create a benchmark for the selection of the daily measurements that best represent the
local fair weather conditions (see Section 4.3).

During fair weather conditions, which are defined according to international standards as those
with cloudiness less than 0.2, wind speed less than 5 m s™' and the absence of fog or precipitation
(Chalmers, 1967; Harrison and Nicoll, 2018), the atmospheric electrical circulation is dominated
by the potential difference between the global capacitor planes (about 250 kV, e.g., Rycroft et al.,
2008), which in turn generates the fair weather electric field, and consequently the fair weather
electric current in the presence of the conducting atmosphere. An average current density of 2 pA
m~ and a downward looking (by convention positive, e.g., Rakov and Uman, 2003, pp.8) electric
field equal to a typical value of about 130 V m™' are expected, respectively (Rycroft et al., 2008).
The daily variation of the global thunderstorm activity modulates the fair weather E-field strength
and the resulting diurnal variation is represented by the Carnegie curve (Figure 1.2), named after
the survey vessel of the Carnegie Institution and its original measurement campaigns in the early
20" century (Harrison, 2013 and references therein). Ideally, under strict fair weather conditions,
complete lack of aerosol particles in the atmospheric circulation is expected, since it guarantees that
the only mechanism of atmospheric ions loss is the ion-ion recombination. As the concentration of
aerosols increases, additional loss can be due to ions attaching to the particles, which leads to a
perturbation of the ion density from fair weather values. In actual conditions, aerosols always exist,

but under fair weather conditions their concentrations are small enough to not significantly affect
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the ionic content of the atmosphere. Therefore, for the modelling purposes of fair weather
conditions, aerosol concentrations can be neglected. However, the presence of aerosols in the
atmosphere and consequently dust particles, affects atmospheric conductivity (Harrison, 2003;
Siingh et al., 2007; Tinsley and Zhou, 2006; Zhou and Tinsley, 2007) and, thus, the near surface
electric field strength (see Section 4.4).
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Figure 1.2: The Carnegie curve (solid white line) obtained from the original vessel data processing, the
modern harmonic analysis (dotted black line) and the annual mean values of hourly PG in V m™- Adapted
from Harrison et al. (2013).

In terms of the most reliable measurement of the fair weather atmospheric electric potential,
vertical profiling techniques through balloon-borne soundings are considered the best option, which
was pointed by Markson et al. (1999 and 2007), so as to avoid local effects and inherent instrument
biases. The research undergone in this thesis is heavily based to such measurement techniques and
the implementation of novel sensors for the quantification of the atmospheric electrical parameters.
A comprehensive approach of the columnar electrical properties is presented in Mallios et al.
(2021a). They calculated the crucial parameters of fair weather electrical conditions along the

altitude (Figure 1.3), by taking into account the variability of the ionization rates with the
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geomagnetic latitude (two simplifications were introduced that neglected the effect of the ground
natural radioactivity and involve a generic temporal ionization rate profile). Motivated by the major
transport routes of one of the most abundant aerosols in the atmospheric circulation, desert dust,
three locations were selected for the quantification of ionization rates, Mauritania (MR), Cape Verde
(CV) and Barbados (BB). We observe that quantities, as the E-field strength, are expected to
exponentially decrease with the altitude while other increase, but generally present minimal relative
differences from location to location. This points that the ionization rate dependence, solely, on the
geomagnetic latitude does not create significant variations of the initial fair weather electrical
conditions along the transatlantic transport of the dust particles. This behavior will serve as
reference for accurate electrification modelling schemes and serve as a comparison for

perturbations caused by the presence of electrically active dust particles.

10 7 10 10 - 10 |
! | Woev /
8 VBB f 8 8 N 8 {
T MR J
Ee N / 6 3 ™ 6 o S
@ 4 N Y/
4
E a / 4 4 \ 4 //;IEIlR
F=
=4 7 5 5 \ -
2 4 h 2 -
i -
v = ¢ 0 - — ]
10° 107 10° 10% 10° 10° 101 1p7® 107 107" 1077 0 &0 10 30 0
Fa . 5 .
B o (pairs/ms] D ns, (m?) F P (COIT) H E, g MW
10 10 10 — 10 .
N, Cy-BB N .y
8 \ 8 B ~ 8
- § ) e - P
/ 6 g 6 6 -
§ & MA=CY [ ,‘/ ¥
] s . P
=1 / / | o . |
g, J \ 4 \ 4 MACY a -
=] Y // MR-CY s MR-CV
o/ / 2 e 2 ~ EI
s S N .
Q- - L0 o a
107 10° 10 07 0 5 10 15 20 o 5 10 15 0 0 2 4 3 B 10
% Rel Dif % Rel Dif % Rel Dif % Rel O

Figure 1.3: Initial fair weather conditions along the altitude as calculated by Mallios et al. (2021a) for
Mauritania (M), Cape Verde (CV) and Barbados (B), with: (A) ionization rates, (B) Relative difference
between ionization rates, (C) fair weather ion densities, (D) relative difference between fair weather ion
densities, (E) fair weather total charge densities, (F) relative difference between fair weather total charge
densities, (G) fair weather electric field magnitudes, (H) relative difference between fair weather electric
field magnitudes. Source: Mallios et al. (2021a).
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1.2. Desert Dust transport in the Earth’s Atmosphere

from Saltation to long-range transport
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Figure 1.4: Representation of desert dust transport from saltation to lifting and travelling over large distances
within the electrically active Earth’s Atmosphere. Source: Image adaptation from the ERC D-TECT project
(https://d-tect.space.noa.qgr/), by the author.

Mineral dust plays an important role in the Earth’s atmospheric system as an undivided whole. It
originates, primarily, from arid and semi-arid regions (Cakmur et al., 2006), volcanic eruptions,
ephemeral water bodies, and anthropogenic activities, constituting a significant and complex
component which dynamically evolves within the Earth’s atmosphere (Chen et al., 2018; Ginoux
et al., 2001). It constitutes one of the most abundant atmospheric aerosols in terms of dry mass and
optical depth (Tegen et al., 1997), thus, plays a significant role to the radiative forcing of the global
climate (Miller and Tegen 1998, Miller et al. 2014) being the dominant source of aerosol forcing
downwind of major dust sources, such as the Sahara Desert (Li et al. 1996; Chaibouet al. 2020).
Airborne dust particles have an impact on the Earth's radiation budget, as well, via interactions with

clouds, ecosystems, and radiation (Li et al., 2004), as dust particles absorb shortwave and long-
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wave radiation, potentially causing a net atmospheric warming (Kok et al., 2017). This creates a
significant uncertainty in understanding past and projecting future climate effects (Kok et al., 2023).

Dust originates primarily from the major deserts, concentrated in arid regions located at low
latitudes within a belt spanning from 25° to 35° latitude, in both the Northern and Southern
hemispheres. This geographical alignment coincides with the subtropical anticyclonic descending
motion of dry air through the Hadley cell circulation. As the dry air descends, it effectively
suppresses the ascent of evaporated water vapor, preventing adiabatic cooling and inhibiting
convective processes. Consequently, cloud formation becomes exceedingly rare, and precipitation
is virtually absent in these regions. The Sahara Desert is the largest and most active low altitude
source of wind-blown sediments in the planet, lying under the subtropical ridge over Northern
Africa (e.g., Kok et al., 2021 and references therein). The geographical terrain exerts a notable
influence on the surface wind patterns, which, in turn, constitute the predominant driving force
governing the generation and long-range transport of dust (Figure 1.4) and determine the specific
locations of dust source regions.

The basic mechanisms capable to lift dust and aggregate grains from the ground surface are
separated in three distinct processes, as discussed by Shao et al. (2011b), i. the direct acrodynamic
entrainment of dust particles, ii. saltation bombardment and iii. the disintegration of aggregates
(disaggregation) (Figure 1.5). Saltation and disaggregation are the most dominant mechanisms that
result in the large concentrations injected in the atmosphere from the dust sources. Saltation is
defined as the repeated bouncing motion of large and heavy sand particles (62.5 um to 2000 um in
diameter) across the surface during an erosion event, which can dislodge additional smaller particles
as the larger particles impact the ground, creating a cascading effect that shapes a substantial portion
of the Earth’s surface by creating sand dunes and spectacular ripples. Wind-blown dust significantly
affects the surface structure of many planetary systems subjected to aeolian processes, such as Mars,
and from their time evolution information on the system climate can be actively inferred (Kok et
al., 2012). In addition, particles that are violently transported over the surface during saltation, dust
storms and dust devils get charged through contact electrification, a common process expected in
fluidized beds of industrial granular materials, strongly correlated to the acquired charge-to-mass
ratio of the particles (Kamra, 1972; Kok and Renno, 2008, 2009; Williams et al., 2009; Zhang et
al., 2013; Zhang and Zheng, 2018) (see Section 3.1.2).
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Figure 1.5: The three mechanisms of dust emission. Source: Shao et al. (2011b).

Following ejection, dust particles are transported over vast distances by prevailing turbulent
fluctuations, enter short-term or long-term suspension and deposit both locally and globally (Kok
et al., 2012). Their journey, the dust cycle, involves intricate processes influenced by atmospheric
dynamics, meteorological conditions and seasonal changes of the global wind patterns (a detailed
overview can be found in Shao et al., 2011a). Dust interacts with liquid or ice clouds, acting
effectively as Cloud Condensation Nuclei (CCN) and Ice Nuclei (IN) depending on the particle
size, age and chemical composition and, thus, modifying cloud optical properties and lifetimes (e.g.,
DeMott et al., 2003; Marinou et al., 2019; Solomos et al., 2011). Since, the airborne dust particles
can modify cloud microphysical properties, such as the droplet size and water phase, they
subsequently affect the precipitation processes (Creamean et al., 2013). Moreover, the lifetime of
the dust particles affects the deposition fluxes over land and ocean, as these have been observed to
transport in distances far from the source (van der Does et al., 2018, Figure 1.4). Therefore, the
aeolian transport of dust is crucial, also, for the sustainability of marine and terrestrial ecosystems
through the deposition of mineral inputs and nutrients (e.g., Jickells et al., 2005). Van der Does et

al. (2018) discussed four potential different mechanisms that could facilitate long-range transport
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of large-to-giant dust particles. These mechanisms include: 1. strong winds causing fast horizontal
transport, 2. turbulence that keeps particles in suspension for longer durations (Garcia-Carreras et
al., 2015), 3. electrical forces that can potentially balance the gravitational force (Nicoll et al.,
2011a; Renard et al., 2018; Toth III et al., 2019), and 4. the presence of thunderstorms or tropical
cyclones that can create strong uplifts. Atmospheric Electricity can provide insights on the electrical

processes and their contribution to the transport of dust plumes.

1.2.1. Particle Size Distribution (PSD)

One of the causes of the large uncertainty in the climatic impact of dust, is that the size distribution
of emitted dust aerosols is poorly understood. The dust Particle Size Distribution (PSD) changes
rapidly after emission due to the preferential gravitational settling of the larger particles. The
settling process of dust particles is still an open question and the physical mechanisms that influence
it are under investigation. Dust particle sizes are typically categorized into three distinct modes, in
fine, coarse and giant mode, without specific size boundaries being rigidly defined (Knippertz and
Stuut, 2014). Airborne particles have been observed with sizes up to 300 um, while particles with
even larger diameters were collected in deposition buoys over the Atlantic ocean, revealing a first
ever indication of the giant mode long-range transport (van der Does et al., 2018). These samples
were mostly well-rounded quartz particles up to 450 um in polar diameter, with what appeared to
be high aspect ratios, i.e., the diameter of the particle longest dimension to the diameter of the
particle shortest dimension as defined in most of the relevant literature (Figure 1.6).

Generally, observations of dust PSDs gathered from experimental campaigns reveal a longer
lifetime of coarse particles than the one estimated by dust transport models (Figure 1.4), which
consistently overestimate the large particle removal (Adebiyi and Kok, 2020; Drakaki et al., 2022;
Mallios et al., 2020). The vast majority of mineral dust sizes transported from arid continental areas
to distant regions vary from tenths of nanometres to hundreds of microns (Mahowald et al., 2014),
while there is a discrepancy between results obtained by Earth System Models or transport models

and observations.
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Figure 1.6: Mineral dust particles within the giant range of diameters, collected by the dedicated moored
dust-collecting buoys in the tropical Atlantic Ocean. Source: van der Does et al., 2018.

Furthermore, dust model inter-comparison by Huneeus, et al. (2011) found that, the model
estimates of deposition vary over a large range, yet mainly underestimating the observations.
Adebiyi and Kok (2020) showed that the mass of coarse dust (with a diameter larger than 5 pm) in
the atmosphere is about four times greater than the simulated in current climate models, resulting
in greater total dust mass load. This suggests that other processes counterbalance particle loss during
transport and signifies the importance of proper modelling of the mineral dust deposition. Denjean
et al. (2016) showed that the effective diameter of the Saharan dust coarse mode does not vary with
dust age over the Mediterranean for transport times between 1.5 and 7 days.

This conclusion has been drawn by consolidating high-quality aircraft measurements of dust
PSDs performed during recent years in the framework of few large-scale experimental campaigns
(e.g., Formenti et al., 2011; Ryder et al., 2013, 2018a; Weinzierl et al., 2017). Weinzierl, et al. (2017)
presented results of aircraft and ground-based measurements during the SALTRACE campaign in
the tropical Atlantic in 2013/2014. Particles with sizes in the range of 10-30 um were detected over
Barbados, during a Langrangian flight sequence from Cape Verde, far beyond the Stokes

gravitational settling expectations. Most of these campaigns employ multi-sensory techniques in
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order to quantify the optical particle diameters via optical sizing instruments, such as the optical
particle counters (OPCs) (e.g., Kezoudi et al., 2021; Renard et al., 2016; Smith et al., 2019), or the
projected area-equivalent diameters from particle samplers and spectrometers (e.g., Baumgardner
et al., 2001), for varying particle size ranges according to the individual instrument capabilities.
Another, very important campaign that retrieved valuable information on PSDs, close to the
emission source, was the FENNEC 2011 aircraft experiment over Mauritania and Mali, performed
by Ryder et al. (2013). The mean size distribution between altitudes of 1-6 km at STP measured, is
frequently used as the dust particle size distribution concerning multitude of studies from the coarse
mode deposition schemes in forecasting models, such as the Weather Research and Forecasting
model (WRF) (e.g., Drakaki et al., 2022) to the effective parametrization of the dust particle
electrical properties (Mallios et al., 2021a, 2022). Figure 1.7 presents: a. the mean number
distribution and b. the mean volume distribution as derived from all the overflights of FENNEC
and by synthesizing the measurements from all the on-board samplers and optical counters,
compared to those from other aircraft campaigns. Similar conclusions were also validated by the
Van der Does et al. (2018) samplers. Moreover, Goudie and Middleton (2001) reported that particles

larger than 62.5 pm are commonly carried from Sahara to the British Isles.
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Figure 1.7: Mean Fennec 2011 size distribution compared to those from other recent aircraft campaigns, for
(a) number distribution and (b) volume distribution. Fennec size distribution is shown in black, with grey
shading representing the minimum and maximum throughout the campaign. Source: adapted from Ryder et
al. (2013).
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Particle charging, especially that of dust particles, is another intrinsic parameter that is size-
dependent. Wind tunnel experiments coupled with numerical modelling that simulated the
generated electrification of sand particles, showed that the sign of the measured electric charge is
mainly dependent on the diameter of the particles (Zheng et al., 2003). However, accurately
measuring and modeling the charge acquired by dust particles suspended and settling into the
Earth's atmosphere poses a distinct challenge. Mallios et al. (2021a and 2022) pointed the
importance of using realistic PSDs in order to achieve self-consistent results in the electrification
schemes employed. Crucial parameters of the input PSD are pointed as: a. the size bin
apportionment, as the PSD discretization along with the size of each bin, have to ensure that the
initial size distribution is properly introduced to the model without significant loss of information
and non-convergence of the model final results (Figure 1.8), and b. the spatial distribution of the
number density, as the divergence from the mean distributions, which for instance could denote a
case of densely packed dust particles within a transported layer, can lead to different electrical

properties overall (Mallios et al., 2021a).

1.2.2. Dust Particle Shape

One of the microphysical properties proposed in literature as a potential cause of the longer lifetimes
of transported dust, is the particle aspherical shape. The shape of desert dust particles significantly
influences their transport dynamics. Dust particles from arid regions, such as deserts, can have
various shapes, including irregular, angular, and elongated ones and are often aggregates of mixed
mineralogical composition. Based on the variability of the source soils, the lifted dust composition
may also vary considerably. Though, common mineral components have been reported from
samples of every major desert source including quartz, phyllosilicates, such as kaolinite, and inter-
stratified clay minerals in general. Furthermore, particles can have from a more prominent and
smooth crystalline structure in the center of the grain to a more irregular multifaceted and rough
shape (Figure 1.9, Nousiainen and Kandler, 2015 and references therein). These shapes play a
crucial role in determining how dust particles are lifted, transported, and deposited in different
region, while their variations can significantly alter the particle single scattering properties (e.g.,

Gasteiger et al., 2011; Formenti et al., 2011; Mehri et al., 2018; Nousiainen and Kandler, 2015).
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Figure 1.8: Binning method for the particle number distribution of FENNEC (A) with the optimal sizing
being that of 19 bins (CW) of varying lengths (B), the reconstructed mean size distribution (C) and the
relative difference from the measured one (D) showing the minimal loss of information with the binning and
two different (E)-(F) spatial distribution used to simulate dust layers. Source: Mallios et al. (2021a).

The most popular method, in the atmospheric community, of directly measuring the particle
shape is electron microscopy, including Scanning Electron Microscopy (SEM) (Jokinen et al., 2018)
and Transmission Electron Microscopy (TEM) (e.g., Kandler et al., 2011), being a powerful
technique for visualizing and characterizing the morphology and orientation of individual dust

particles. These methods are bound to 2D imaging restrictions and cannot provide truly three-
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dimensional morphologies, moreover they are considered invasive to the innate particle conditions
mainly due to the sample collecting methods employed. Perhaps, the most suitable technique
available for similar studies is optical light scattering due to its contact-free and immediate nature,

since the scattering pattern of a particle is sensitive to the particle morphological characteristics.

Figure 1.9: Electron microscopy images of particle structure types found in mineral dust from two samples
of the same airmass over Morocco and one in Praia, Cape Verde from transported Saharan dust. The presence
of certain elements marked in the last image was determined by X-ray fluorescence. Source: Nousiainen and
Kandler, 2005.

Unfortunately, the inference from scattering is not unique to a single particle properties (inverse
problem), especially in the case of coarse mode dust particles where inhomogeneities in
composition and complex crystalline structures perplex the particle shape and, thus, the produced
scattering matrices (Bohren, 1983; Van de Hulst, 1958; Mischenko et al., 2002a). Light scattering
numerical methods used for simulating the interaction of electromagnetic waves with particles of
arbitrary shape and composition, such as the Amsterdam Discrete Dipole Approximation (ADDA)
(Yurkin and Hoekstra, 2007, 2011), have been extensively used with models of realistic dust particle
shapes (Figure 1.10, Gasteiger et al., 2011) in order to accurately represent dust, with limitations to

the used size parameter (y = 27req/A, Where req is the radius of the particle and for non-spherical
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particles, the radius of an equivalent-volume sphere is used). In recent years, the emerging approach
of Digital Holography (DH) directly records the diffraction interference pattern of incident and
scattered light with a camera without any lens or objective and, provides aerosol characterization
capabilities with minimum interference to the particle environment (Berg and Videen, 2011; David
et al., 2018). This technique also presents a potential of solving the dust coarse mode
misrepresentation within a flowing aerosol stream (Berg et al., 2017). Moreover, efforts have been
made towards the implementation of airborne DH systems that can provide images of free-
suspended dust particles and reduce the uncertainty in the quantitative characterization of aerosol

particles and their loading in the atmosphere (Kemppinen et al., 2020).

Typically, the shape of the dust particles affects the following processes:

1. Lift-off and Emission: The aerodynamic properties of the dust particles depend on their shape
which is reflected in the definition of the particle Reynolds number, Re and the experimental and/or
numerical expression of the particle drag coefficients (Bagheri and Bonadonna, 2016; Connolly et
al., 2020; Dioguardi et al., 2018; Mallios et al., 2020), which is a measure of the effectiveness of a
streamline aerodynamic body shape in reducing the air resistance to the forward motion. Irregular
and angular particles tend to have higher drag coefficients compared to smoother, spherical
particles. As a result, irregular particles may require stronger winds to initialize the saltation. Due
to the influence of the particle irregularities, the irregular particle drag coefficient calculations are
difficult. Therefore, particle shape can influence the threshold wind speed required for their
emission from the surface.

2. Transport Distance: Particle shape affects the efficiency of transport over long distances.
Spheroidal, more streamlined particles are more easily carried by upper-level winds, allowing them
to travel longer distances before settling (Drakaki et al., 2022; Ginoux, 2003; Huang et al., 2020;
Mallios et al., 2020). Yang et al. (2013) provided the first observational evidence from the CALIOP
lidar depolarization measurements of shape-induced gravitational sorting of Saharan dust during
their transatlantic voyage. This happens because aspherical particles fall more slowly that their
spherical counterparts, for a given volume and particle mass. Mallios et al. 2020 recently tested the

aforementioned observations and found that spheroidal particles fall indeed slower than spherical
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particles of the same size, but the particle preferential orientation due to elongated shape affects the
gravitational sorting as well.

3. Vertical Distribution: The shape of dust particles can impact their vertical distribution in the
atmosphere. Elongated particles align themselves with wind patterns, updrafts and electric fields
(Mallios et al., 2021b; Ulanowski et al., 2007) in the atmosphere leading to a more organized
vertical distribution. This alignment can influence the way dust particles scatter sunlight (Bailey et
al., 2008; Daskalopoulou et al., 2023a) and contribute to radiative processes (Ito et al., 2021).

4. Radiative Processes: Dust particles interact with sunlight and influence radiative processes in the
atmosphere (Adebiyi et al., 2023). Particle shape affects the scattering and absorption of solar
radiation, which can impact regional and global climate. For example, irregular particles might
scatter sunlight in different directions compared to spherical particles, leading to altered radiative
effects (Saito et al., 2021; Saito and Yang, 2021).

5. Cloud Nucleation: Dust particles can serve as cloud condensation nuclei (CCN) or ice nuclei
(IN), affecting cloud properties and precipitation (DeMott et al., 2003). Shape can influence the
efficiency with which dust particles act as CCN/IN as the variable curvature and surface roughness
of more irregular particles compared to spherical ones offers sites for water vapor condensation. It
can also affect particle interaction leading to larger agglomerates that can act as more efficient
CCNs. Thereby, dust particle shape impacts cloud formation and characteristics (Marinou et al.,
2017 and references therein).

6. Deposition Patterns: The settling and deposition of dust particles are influenced by their shape.
Irregular particles may have a more complex settling pattern, leading to varying deposition rates in
different regions (e.g., Drakaki et al., 2022). This can have implications for soil fertility and general
ecosystem health (Jickells et al., 2005).

7. Particle Electrical Properties: Settling dust particles are subject to gravitational, aerodynamic
and electrical torques. The latter are exerted as the particles move within the external electric field
which redistributes the acquired charge on the particles surface, thus creating a dipole moment
(Fuchs et al., 1964). Charge distribution in the particle’s surface is shape dependent as sharp edges
on facets and areas of high curvature typically concentrate charges more and lead to non-uniform
electric fields around the particle (see Sections 1.3.1, 1.3.2). Moreover, dust grains with realistic
shapes can exhibit anisotropic dielectric behavior which is not quantifiable, up till now, for these

particles as it would require computationally intense polarizability models that need to take into
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account the internal structure and composition of the particles with respect to complex input shape
models. Lastly, particles form large agglomerates through coagulation that is affected by the particle
shape and leads to changes in the particle surface area and subsequent acquisition of charges
through contact electrification.

8. Health Impacts: Inhalation of desert dust particles below 5 um can have health effects on
humans. The irregular/fractured with angular surfaces shape of the emitted particles can influence
the respiratory impact of dust exposure, as it is more likely to become trapped in the respiratory

system, potentially due to increased surface radicals (Leinardi et al., 2020; Wieland et al., 2022).

A B
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Figure 1.10: Irregularly shaped particles for model calculations. Source: Gasteiger et al., 2011.

From the in-situ experiments that PSDs originate from, it becomes apparent that each instrument
has its own measurement discrepancies, and particle shape should be accounted for in the various
size representations. Since dust transport models, on the other hand, use a different type of the
particle diameter than the in-situ instrumentation, a unification would simplify the approaches.A
recent study that compiled measurements of dust shapes worldwide concluded that a mean particle
aspect ratio of 1.5 is a good approximation for dust particles (Huang et al., 2020). Because
irregularly shaped dust has substantially different optical, geometric, and aerodynamic properties
from spherical dust (e.g., Kemppinen et al., 2015; Lindqvist et al., 2014). Huang et al. (2021)
pointed that diameter conversions that assume a spherical shape are problematic and unifying
representations that take into account the particle asphericity can lead to observational constraints

of the measured PSDs. Additionally, the particle shape induces particle orientation which can also
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influence the dust particle transport time (Huang et al., 2020; Mallios et al., 2020; Mallios et al.,
2021b). Specifically, Mallios et al. (2020, 2021a) showed that simulating dust particles as prolate
spheroids, they can remain much longer in the atmosphere than their spherical counterparts, and
that the particle vertical orientation can increase the residual time in the atmosphere significantly,

compared to the horizontal one (see Section 2.2).

1.3. Charged Dust Particles Falling in the Earth’s Atmosphere

Amongst the aerosols affecting the atmospheric electrical content (Whitby and Liu, 1966), mineral
dust represents one of the most significant contributors, along with volcanic ash (Harrison et al.,
2010), due to its mineralogical composition that results in different electrical properties of the dust
particles (Kamra, 1972) and its abundance in terms of dry mass (Tegen et al., 1997). During dust
storms, dust devils and subsequent advection of elevated dust layers the electrical parameters can
vary greatly from the values reported under fair weather conditions (Harrison et al., 2016; Renno
and Kok, 2008; Zheng, 2013) which points to particles becoming differentially charged by the
turbulent movement within the atmospheric column. Major processes that are considered
responsible for the electrification of dust particles include: 1. ion attachment (Mallios et al., 2021a;
Tinsley and Zhou, 2006) and 1ii. particle-to-surface or particle-to-particle collisions, i.e.
triboelectrification (Kamra, 1972; Lacks and Shinbrot, 2019; Mallios et al., 2022; Waitukaitis et
al., 2014). Figure 1.11 shows a schematic representation of these two mechanisms for an elongated
particle moving vertically in the Earth’s gravitational and electric fields, approximated by a
spheroidal shape for visualization purposes. Such electrification processes are claimed to have large
impact on desert dust transport and its influence in climate and ecosystems through the
aforementioned retention of larger dust particles in the atmosphere (van der Does et al., 2018; Ryder
et al., 2018b), as well as to the particle vertical orientation with impact on radiative transfer (Bailey
et al., 2008; Mallios et al., 2021b; Ulanowski et al., 2007). For example, the electrical forces exerted
on the charged (or uncharged) particles were hypothesized to reduce the settling velocity of the
coarse mode, but would require forces capable of reproducing an 80% reduction in order for

observations to match with transport models outputs (Eden and Vonnegut, 1973).
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Physical Mechanisms of Dust Particle Electrification

ol

A. lon Attachment to Dust B. Triboelectrification

Figure 1.11: Schematic representation of the two major physical mechanisms of dust particle charging, A.
ion attachment and B. triboelectrification as the particles settle within the large scale atmospheric electric
field. For visualization purposes, a realistic elongated dust shape is assumed, from the Gasteiger et al., 2011,
which can be approximated by a prolate spheroid of specific aspect ratio.

The field of Atmospheric Electricity research can provide valuable insight on the electrical
processes and their contribution to desert dust transport. Charged dust layers have been reportedly
observed to reach in large distances from the emission source and affect the local electric field
strength, both vertically and near the ground surface (see Section 3.1) (Harrison et al., 2018; Katz
et al., 2018; Nicoll, 2012; Nicoll et al., 2011b, 2018; Silva et al., 2016; Yair et al., 2016; Yaniv et
al., 2017). The exact mechanisms that would explain and sufficiently describe the retainment of
dust electrification, though, during horizontal transport are not clear yet, and remain under
investigation as they require long-term measurements at grain scale and ambient atmospheric
conditions for the validation of numerical models. Parameters such as particle hygroscopicity,
humidity and horizontal shear winds that push particles to regions of varying atmospheric
conductivity could play a crucial role in the charge retention. Previous studies in granular insulator
materials and fluidized beds have shown a tendency of smaller particles to become negatively
charged and larger particles to be positively charged, when accounting for the particle-to-particle
collisions charging mechanism (Duff and Lacks, 2008; Forward et al., 2009a; Lacks and
Levandovsky, 2007). The same polarity has been observed in field studies of dust storms, dust
devils and volcanic plumes (Ette, 1971; Farrell, 2004; Harrison et al., 2016; Houghton et al., 2013;
Kok and Renno, 2009; Nicoll et al., 2019; Renno and Kok, 2008), and most laboratory experiments
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on triboelectric charging in granular systems simulating the dust dynamics both within the Earth’s
atmosphere and in a diverse planetary environment such as that of Mars (Forward et al., 2009b;
Harper et al., 2022; Toth III et al., 2019).

It has been generally argued that, as dust settles during transport, the larger and mainly positively
charged particles separate from the smaller negatively charged particles due to the gravitational
sedimentation, which sorts the dust particles by size and induces charge separation. This process
develops vertical electric fields within the dust layer that is added to the already enhanced fair
weather electric field due to the depletion of atmospheric conductivity imposed by the presence of
the dust layer. Depending on its strength, the total electric field within the dust layer can: (a)
counteract the gravitational settling of large particles and (b) cause a preferential orientation of
the non-spherical particles along the vertical direction (Fuks, 1958, p. 277; Ulanowski et al., 2007),
affecting the particle aerodynamics. In the following sections, we describe the two basic
mechanisms that act simultaneously and lead to dust particle charging, ion attachment and
triboelectrification, along with the limitations under which each mechanism contributes the most

via state-of-the art electrification models.

1.3.1. Ion Attachment to Dust Particles

The Earth’s atmosphere is a conducting medium attributed to the constant presence of ions created
by ionization due to galactic cosmic ray radiation. Aerosols, in general, tend to scavenge these
atmospheric ions due to: i. electrostatic interactions with the electric field (conduction and
polarization) and ii. due to ion thermal diffusion (Klett, 1971). The presence of aerosols within the
atmospheric column results in a reduction of the atmospheric ion density, and consequently of the
atmospheric electrical conductivity. This process, among other parameters, depends on the particle
size and the ion concentration. If there is a collection of particles of the same size, then the ion
attachment process depends also on the concentration of the particles. These charging effects on
elevated particles may, consequently, affect the particle coagulation rates and further modify the
particle size distributions. Concerning the first process, conduction occurs when the particles
dynamically exist in a total electric field that is considered a superposition of the external large
scale electric field, the induced dipole electric field and the field due to charges on the particles

(Gunn, 1954; Klett, 1971; Long and Yao, 2010). This large scale electric field is created by the
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potential difference between the lower part of the ionosphere and the Earth’s surface (Rycroft et al.,
2008), and is modified by the ion density reduction caused by the ion attachment process, which
leads to the electrical conductivity reduction and the atmospheric columnar resistance enhancement
(Baumgaertner et al., 2014; Zhou and Tinsley, 2007). Past literature on quantification of ion
attachment rates to aerosols is divided in three distinct categories with respect to the comparison
between particle size and the ionic mean free path, as such we have: a. the continuum theories that
treat particles larger than the ionic mean free path, charged through ionic diffusion to the particles’
surface (Fjeld et al., 1983; Fjeld and McFarland, 1989), b. the free molecular - effusive - theories
that employ kinetic theory for particles much smaller than the ionic mean free path and c. the
transition regime theories, based heavily on the limiting sphere method developed by Fuchs (1963)
for the stationary charge distribution on aerosols within the bipolar ionic atmosphere (Yair and
Levin, 1989). In this case, the diffusion approximation is obtained by neglecting the effect of the
external electric field on the particle and on the ion transport, while retaining the effect of the
particle charge, while the field approximation is obtained by neglecting diffusion, and calculating
the charging rate from the transport of ions along the electric field lines to the surface of the particle
(Fjeld and McFarland, 1989).

Several theoretical expressions that combine the mechanisms or that numerically solve the field-
diffusion problem have been proposed in the past (e.g., Fjeld et al., 1983; Fjeld and McFarland,
1989; Klett, 1971; Lawless, 1996). However, these expressions cannot be easily expanded to other
cases such as moving particles, or different shapes, because they contain parts of approximate
solutions that restrict the generalization. On the other hand, simple superpositions, such as those of
proposed by Chiu (Chiu, 1978), although not rigorous, offer the flexibility of generalization,
because each individual charging mechanism has been studied extensively on a broad spectrum of
applications. Unfortunately, these expressions cannot be easily expanded to other cases such as
moving particles, or different shapes, because they contain parts of approximate solutions that
restrict further generalization.

To enable flexibility in the generalization, Mallios et al., (2021b) model proposed a new
superposition in the diffusion-field theory that resulted in a novel version of the continuity equation
for positive and negative small ion densities, that is easily expandable to moving spherical dust

particles. The new ion-attachment model is discussed in Chapter 2.
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1.3.2. Collisional Charging of Dust Particles

In a multitude of phenomena, the aggravations of a system comprising of granular particles with
different dielectric properties causes the particles to develop electrostatic charges through
collisions. This tribocharging, or otherwise known as triboelectrification, occurs due to electron
exchange between particles of different materials during their rubbing process. Interestingly, this is
observed also in violent natural events with increased particle concentrations of the same type of
particles such as sand storms, dust devils and volcanic emissions as mentioned previously. Dust
particles can be charged via collisions and, there are two mechanisms that act during the process
and depend on the particle electrical behavior. When particles are considered insulators of
electricity, the triboelectric effect causes electron exchange between them (e.g., Eden & Vonnegut,
1973; Ette, 1971;), that results in large particles being predominantly positively charged and small
particles negatively (e.g., Forward et al., 2009; Kok & Lacks, 2009; Kok & Renno, 2006; Lacks et
al., 2008; Lacks & Levandovsky, 2007; Merrison et al., 2012; Renno, 2004; Xie et al., 2013). If the
particles are considered good conductors of electricity and are polarized by an external large scale
electric field, then there is charge transfer between colliding and rebounding particles, commonly
referred to as inductive charging mechanism (Davis, 1964; Kamra and Vonnegut, 1971; Sartor,
1967). This mechanism results also in positive large particles and negative small particles (Latham
& Mason, 1962). Alternate explanations of charge transfer between similar particles include a
composition variation with particle size, particle-size-dependent adsorption of contaminants and a
particle size-dependent roughness or shape that affects the inter-particle contact (Zhao et al., 2003).

In the case of particle-to-particle contact electrification the collision efficiency of the particles
depends on their size, because it regulates the minimum distance that they must have for a collision
to take place (for spheres it is two times their radii). For realistic shapes such as prolate spheroids,
this distance depends on their orientation. For vertically oriented spheroids this distance can be two
times the minor semi-axis length, while for horizontally oriented spheroids it is two times their
major semi-axis length. Quantification of the collision efficiency for such a simple shape is very
complex, let alone for irregular shapes, due to the fact that particle orientation changes with time
and collisions, but also because the forces acting upon the body cannot be quantified for the majority
of geometric shapes. Up to the point of the conclusion of this dissertation there is no relevant

literature stating otherwise.
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1.4. Dust Particle Orientation
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Figure 1.12: Elongated aligned grains intercepting light from a background star. The unpolarized starlight
acquires specific polarization. Source: B. G. Andersson http://bgandersson.net/grain-alignment.

Since mineral dust grains are asymmetric and tend to be elongated, they are expected to
preferentially align with streamlines in viscous flows and/or to dynamic field lines by the applied
torques. Dust grain alignment has been a proposed theory for nearly six decades and is well-
documented for the case of interstellar and interplanetary grains (Dolginov, 1972 and references
theirein). There are various co-existing proposed mechanisms leading to such an effect within
supersonic corpuscular or anisotropic radiative fluxes, with one of the most prominent ones being
the alignment due to the Galactic magnetic field. In this case, orientation is probed by distinct
interstellar light polarization features. Preferentially oriented elongated grains, scatter light
polarised along their long axis. Therefore, the extinction of the light polarization components is
different (i.e., dichroic extinction) and the transmitted starlight becomes polarized. The dichroic
extinction of transmitted starlight through oriented dust is the primary observational technique of

the phenomenon (Figure 1.12). Dichroism measurements provide information on the magnetic field
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orientation, which is the dominant alignment mechanism for these sub-micron particles (Andersson
et al., 2015; Dasgupta Ajou K., 1983; Kolokolova and Nagdimunov, 2014; Lazarian, 2007;
Siebenmorgen, 2014; Skalidis and Tassis, 2020). The rapid development of instrumentation has
greatly expanded the scope of observations, which now include advanced polarimetry and
spectropolarimetry from the far ultraviolet to the far infrared (e.g., Ramaprakash et al., 2019).

As an analogue for the much larger atmospheric dust particles, the geomagnetic field is
considered a weak alignment mechanism for particles moving in the Earth’s atmosphere, since
multiple processes such as the bombardment of gas particles, the imposed aerodynamic and
electrical torques (Mallios et al., 2021b; Ulanowski et al., 2007 and references therein), but also
turbulence (Klett, 1995) compete (or counter-balance) for the most dominant atmospheric particle
alignment mechanism. Ulanowski et al. (2007) calculated the mean orientation angle (6) of
uncharged prolate ellipsoidal dust particles, falling under gravity and subjected to a vertical electric
field. They assumed existence of thermal equilibrium between the dust particles and their
environment. They showed that in the case of dust particles with an aspect ratio ¢ = 1.5 an electric
field of strength equal to 2 kV m™! is sufficient to partially align ((8) < 10°) particles of sizes between
10 — 25 pm with the vertical electric field lines. Mallios, Drakaki, and Amiridis (2020) showed that
simulating dust particles as prolate spheroids, they can remain much longer in the atmosphere than
their spherical counterparts, and that the particle vertical orientation can increase the residual time
in the atmosphere significantly, compared to the horizontal one. A focus point of the dissertation is
the investigation of dust particle alignment due to competing aerodynamic and electrical torques
and whether atmospheric electricity alone can produce total vertical/horizontal orientation of
particles within the atmospheric column. To tackle this, we approach the processes both from a
modelling dynamics perspective and validate the theory through novel vertical electrical profiling
observations within transported dust layers (see Chapter 5 and Section 3.3 for new developments).

The observational detection of atmospheric dust orientation is under-documented in recent
literature due to the inherent challenge in interpreting similar optical features. Incoming solar
radiation is considered unpolarized before it enters the Earth’s atmosphere. Throughout its
propagation its polarization changes, through the absorption and scattering interactions with various
atmospheric components including aerosol particles, water droplets, ice crystals and molecules. The
transmitted (direct) sunlight is always unpolarised, except when it propagates through atmospheric

layers via multiple particle interactions and when it encounters oriented aerosols in the atmosphere.
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Interpreting linear polarization measurements in the direct direction (i.e., measurements taken when
the observer looks directly towards the Sun) can be challenging due to the overwhelming intensity
of sunlight and secondary sources of linear polarization in the observational line-of-sight. Based on
a similar optical approach as interstellar dust, though, atmospheric dust may provide distinct linear
polarization (LP) signatures, as vertically oriented particles can lead to dichroic extinction of the
transmitted sunlight. This was indicated for starlight observations during nighttime (see Section
3.2.1), which included predominantly horizontally polarized light during a Saharan dust episode in
La Palma (Bailey et al., 2008; Ulanowski et al., 2007). Also in the same study, modelling of the
forward scattering matrix through T-matrix calculations was employed and showed that excess
polarization for spheroidal particles of a specific composition and orientation is to be expected for
particle sizes larger than 3 pum. The prolate shape is hypothesized by the authors, in an effort to
explain the observed polarization excess with respect to the background sky.

Motivated by the observational importance of preferential orientation for the particle dynamics,
a significant part of the thesis is dedicated to the use of a novel instrument, SolPol (solar
polarimeter) that is meticulously characterized and then employed in order to detect linear
polarization signatures attributed to dust orientation within the dust layers (see Section 3.4 for the

instrument design and principles of operation and Chapter 6 for the experimental results).

1.5. Thesis Outline

The dissertation begins with a thorough theoretical introduction of the main Atmospheric Electricity
crucial processes and quantities that interact with the moving mineral dust particles within the
atmospheric circulation. Then, it heavily gravitates towards the basic dust particle attributes
influencing the flow dynamics such as the particle size and particle shape, and delineate the effect
these microphysical properties have on the electrification of these particles. The above is a targeted
review and places the dissertation in a broader context of the required parameters in order to
approach the impact of particle charging to their transport dynamics. As a continuation, the major
particle charging mechanisms are introduced and, then, bridged to the phenomenon of dust particle

orientation, as a hypothesized driver for the preferential alignment of particles in the Earth’s
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atmosphere is the electrostatic nature of mineral dust. Concluding the specific chapter, the previous
research work that motivated the investigation of orientation is presented.

Chapter 2 extends to the modelling of the exact electrical properties of the dust particles,
acquired as the particles settle within the Earth’s atmosphere. by considering the two distinct
charging mechanisms of spherical dust particles, ion attachment and contact electrification or
triboelectrification. The 1D-model based on the work of Mallios et al. (2022) that self-consistently
calculates the ion attachment mechanism is discussed and expanded for the case of
triboelectrification. We, then, comment on the model outputs according to various particle sizes,
focusing on which mechanism is dominant at either size range. Moreover, the study further
investigates the feasibility of particle preferential orientation, in terms of particle dynamics that are
altered due to the particle’s electrical characteristics and conclude on the required electric fields that
should be capable to orient particles vertically.

The major objectives of the dissertation revolve around monitoring of the effect of the particle
concentration to the near-ground electric field, to provide information on height-resolved dust
electrical properties, and also target particle orientation on ambient conditions, along with co-
located measurements of the particle charge density and electric field strength. For this reason, in
Chapter 3 we re-visit the existing observational techniques of dust particle electrification and
orientation, while highlighting the importance of complementing measurements that can resolve
the criteria for a complete dust layer characterization. We, then, introduce novel instrumentation
that was implemented and/or characterized throughout the doctoral research for: 1. accurate vertical
profiling measurements and ii. detection of particle orientation within the dust layers. Then, we
describe the applicability of these new measurement techniques to field conditions in remote
observational stations and experimental campaigns.

Chapter 4 is the observational extension of the previous chapter as it presents longterm dust
electrification measurements based on ground-based method. We focus on monitoring perturbations
of the electric field near the ground caused by the transported dust layers, with special emphasis on
slow field perturbations with duration larger than 6 hours, and we attempt to classify and comment
on the electrical activity of the dust layers. Four selected cases of Saharan dust plumes are
examined, with data from a fieldmill electrometer, as well as through the particle backscatter
properties by the sophisticated Polly*" lidar system. Following, we, describe thoroughly a novel

post-processing technique to extract a reference electric field for comparison purposes from our
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timeseries, that reflects the local fair weather activity. Then, to quantitatively approach our results,
we examine the dependency of the field by constructing a scheme representing the theoretical
assumptions for the distribution of separated charges within the electrified dust layer.

Chapter 5 encompasses all the observational efforts to achieve accurate and consistent vertical
profiling measurements of the electrical properties within elevated dust layers. We present
numerous launches of specifically designed electrosondes, i.e. atmospheric electricity sensors on
balloon-borne radiosondes, launches in two observational campaigns from which infer similar
results on the accumulation of charges within the transported layers away from their source. We,
also, cross-compare the electric field retrievals from our two sensors in alternate new approach so
as to ensure quality assured data.

The core content of dissertation’s concludes with a thorough study of the dust particle orientation
phenomenon in Chapter 6 which encompasses all the effort behind consistent measurements of
linear polarization under clear and dusty sky conditions with a novel instrument, the SolPol. The
characterization of our measurements and the attempt to physically interpret the complex
observations in terms of indications for particle orientation is presented, for our total acquired
dataset on a selected two-year operation of the instrument and compare between days affected by
elevated dust layers and days without dust loads. We discuss the dependence of the derived
orientation trends to crucial parameters such as the Sun’s position and the aerosol optical depth, so
as to verify that the observed excess in linear polarization is attributed to preferentially oriented
dust particles within the examined layers. Lastly, we provide information on the particle orientation
angles according to our indicators. Detailed calculations for the methodologies and technical
descriptions presented in the chapter can be found in the form of an Appendix.

Finally, we provide our conclusive remarks on this effort.
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Chapter 2

Modelling Dust Particle Electrification &
Orientation’

In this chapter, we will discuss the physical continuation of the previous logic that extends to
modelling the exact electrical properties of the dust particles, acquired as the particles settle within
the Earth’s atmosphere. There are two distinct charging mechanisms of spherical dust particles, ion
attachment (Mallios et al., 2021b) and contact electrification or triboelectrification. We assume
spherical particles as there are no analytical expressions of the required charge transfer equations
for irregular particle shapes and the dust particles are assumed to be good conductors of electricity.
The latter approximation is valid regardless of the particle mineralogical composition and dielectric
properties, since latent humidity gets adsorbed in the particle surface, thus creating a thin
conduction film encapsulating the particle.

The mechanisms are studied in parallel through the extensive work of Mallios et al. (2022 and
2021a), as they are the major electrification processes that affect the particle charge, the atmospheric
conductivity and the large scale electric field. A novel 1D numerical model has been developed that
parametrizes the charging processes in the presence of a large scale electric field, under stagnant

atmospheric conditions where wind contribution is neglected. The model is able to analytically
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represent the phenomena by integrating a measured size distribution of spherical dust particles, in
the 1D model that incorporates the calculation of new attachment rates of non-stationary spherical
particles and is able to self-consistently calculate the modification of atmospheric ion densities and
the subsequent alteration of the large scale electric field. Moreover, the model is further updated to
account for the particle charging due to the efficient collisions between particles of sizes ranging

from fine (less than 1 um in radius) to giant mode (larger than 50 um in radius) particles.

2.1. Electrification Model Formalism

The ion attachment is characterized by three processes that act simultaneously. The diffusion of
ions on the particle's surface. The electrical attraction of ions due to the particle's electric field. The
polarization of the particles in the presence of an external large scale electric field (the charge on
the particle's surface is redistributed according to the external electric field, creating regions of
positive and negative charge and these regions attract ions of opposite polarity). Even in the case
of spherical particles there is no analytical solution when these 3 processes act simultaneously and
it is assumed that each process acts independently and their effects are then linearly superposed.
The diffusion mechanism depends on the particles self-capacitance which is shape dependent. The
particle's electric field distribution is also shape dependent. Finally, the polarization of the particle
and the charge density distribution on its surface is shape dependent.

In the case of particle-particle contact electrification the collision efficiency of the particles
depends on their size, because it regulates the minimum distance that they must have for a collision
to take place (for spheres is two times their radii). In the case of prolate spheroids, this distance
depends on their orientation. Vertically oriented spheroids this distance is two times the minor semi-
axis length, while for horizontally oriented spheroids it is two times their major semi-axis length.
The quantification of the collision efficiency of such a simple shape is already complex, since the
orientation varies in time and with collisions, and because the forces acting upon the body cannot
be quantified for the majority of the geometrical shapes.

Due to the lack of rigorous mathematical expression for the quantification of the particle
collision process, the mechanical and electrostatic effects are modeled independently, based on

works in the past literature, and then are combined by a simple superposition principle. Additionally,
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the electrostatic effects are studied in the presence of weak external electric fields (less than 1 kV
m-1). Moreover, for the same reasons a simple superposition principle has been applied for the
quantification of the mechanisms resulting in the ion attachment process. All these assumptions
lead to an approximation of the actual phenomenon, but this method can lead to physically
reasonable results, highlighting the impact of several processes to the eventual charging of the dust
particles.

Mallios et al. (2021c) developed an 1D numerical model to parameterize the charging process
of dust particles due to the ion attachment mechanism in the presence of a large-scale electric field.
The model was able to self-consistently calculate the modification of atmospheric ion densities in
the presence of the dust particles, and the consequent alteration of the atmospheric electrical
conductivity and the large-scale electric field. Using observed dust size distributions, they found
that the particles can acquire electrical charge in the range of 1-1000 elementary charges depending
on their size and number density. The particles become mainly negatively charged, but under
specific conditions giant mode particles (larger than 50 pm radius) can be positive. However, their
approach showed that the resultant electrical force is not enough to significantly influence their
gravitational settling, as the ratio between the electrical force magnitude and the gravity magnitude
does not exceed the value of 0.01. This indicates that the process of ion attachment alone is not
sufficient to create strong electrical effects for the modification of particle dynamics. Therefore,
other processes, such as the triboelectric effect and wind speed, must be included in the model to
fully represent the impact of electricity on particle dynamics.

By binning integration of a realistic particle size distribution in the model, the acquired electrical
charge on the dust particles is calculated in the range of 0.5 to 2000 elementary charges (Figure
2.1). The particles become on average negatively charged, but under specific conditions giant mode
particles can be locally and temporarily positive, congruently to previously reported laboratory
experiments. Moreover, the electrical force that is applied on the particles by each mechanism
individually and through the superposition of both, is extracted and compared to the gravitational
force acting on each particle. However, the 1D results indicate that the electrical force is not enough
to significantly influence the gravitational settling of the charged particles, as it is more than one
order of magnitude less than gravity. This designates that although the electrical processes alone
are accounted for, significant meteorological processes such as updrafts, wind shears, or horizontal

winds need to be included in the model to accurately represent the modulation of particle
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electrification and so as to represent the impact of electricity on particle dynamics in a more realistic
way.

The particle shape assumed is again spherical, as all the processes involved in ionic attachment
are shape-dependent and since there are no analytical mathematical forms for the quantification of
each for arbitrary shapes, apart from spheroidal shapes (prolate/oblate), the use of spheres is an
adequate approximation. In the aforementioned study, dust particles of observed size distributions
from the Fennec 2011 aircraft in-situ experiment were utilized (Ryder et al., 2013) and were found
to be able to acquire an electrical charge in the range between 1 to 1000 elementary charges, with

respect to their size and number densities.
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Figure 2.1: Time dynamics of spatio-temporally averaged electrical properties of dust particles, with the
particle radius, under the assumption that each charging mechanism acts individually, and assuming specific
number densities No; for each size bin. Net charge in terms of elementary charges (a), electric field
magnitude “sensed” by a particle (b) and ratio between the electrical force magnitude and the gravity acted
upon a particle (c). Source: Adapted from Mallios et al. (2022).
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Moreover, Mallios et al. (2021b) postulated that particles become mainly negatively charged,
but giant mode particles with radii larger than 50 pm, can under specific conditions be positively
charged by ion attachment alone. Similar conclusions were derived by Yair and Levin (1989) that
studied polydisperse spherical conducting aerosols with radii up to 0.5 um and found that for small
aerosol concentrations, particles were charged mostly negatively. When aerosol concentrations
were increased, this led to differential charging and resulted in opposite charging of the small
(mostly negative) and the large (mostly positive) particles. This effect was enhanced for size
distributions which had a significant component of larger particles (Figure 2.1). Although, their
results showed dependency only on the particle concentration, Mallios et al. (2021b) work showed
dependency on the particle concentrations with respect to the atmospheric ion concentrations. The
latter distinction is attributed to the difference in assumed regimes as the particle sizes integrated,
as opposed to the Yair and Levin study, are larger than the ionic mean free path and therefore the
ionic diffusion is expected to largely influence the attachment process.

In the close vicinity of the emission sources and a few meters above the ground, the contact
electrification becomes dominant because the concentrations of the particles are very large.
Therefore, the small particles are expected to acquire negative charge and large particles are
positively charged, which is consistent with the findings of various experiments in labs. As the
particles are lifted and start moving away from the source, particle-to-particle contact become less
frequent because of dilution and particle number reduction during transit. Then, the ion attachment
becomes the main regulator of the particles' charge, and since the negative ions have larger electrical
mobility than the positive ions, they attach more effectively leading to negative charge to all
particles. Additionally, the ion attachment leads to a reduction of the large charge values that might
have been acquired in the emission source to some steady state values which are in the order of
1000 elementary charges, on average, for particles with radius 100 pm, up to 0.5 elementary
charges, on average, for particles with 0.1 pm radius. This large different between the sizes stems
mainly from the large difference of their concentrations and the particle competition mechanism

that come to play (the more the particles the less ions attach to each one of them).
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2.2. Orientation of Prolate Spheroidal Particles

In order to provide the theoretical feasibility of orientation, a potential mechanism that is capable
of aligning the lofted dust particles, is the large scale atmospheric electric field that acts on charged
dust particles through coupled electrical and aerodynamic torque interactions (Mallios et al. 2021,
Ulanowski et al. 2007). For charged dust particles, the polarity of particle charge and the direction
of the electric field influence particle motion and, therefore, the acrodynamic torque. Depending on
its strength, the total electric field within the dust layer can: (a) counteract the gravitational settling
of large particles and (b) cause a preferential orientation of the non-spherical particles along the
vertical direction. Mallios et al. (2021b) stipulated that aerodynamic torque, caused by the
misalignment between the center of pressure and center of gravity on a spheroid dust particle, tends
to rotate it horizontally, while the electrical torque, caused by the misalignment of the electrical
dipole moment and the electric field direction due to the asymmetry between the spheroid axes,
tends to rotate the particle vertically (Figure 2.2). As the particle aspect ratio, &, increases the
required electric field strength, Eiim, for the electrical torque to dominate increases. Particles of sizes
less than 1 pm are always randomly oriented due to the Brownian motion being dominant, while
particles in the range of 1-100 pm can become vertically oriented for sufficiently large electric field
strengths. Particles larger than 100 pm are mainly horizontally oriented, because the atmospheric
electric field can never reach the required electric strength (Mallios et al., 2021b).

Mallios et al. (2020,2021a) provided new expressions for the drag coefficient of prolate
spheroids that are valid beyond the Stokes’ regime (specifically for Re<100) and that take into
account the orientation and the aspect ratio of the particle. They showed that in the case the aspect
ratio ranges between 1.4 and 2.4, prolate spheroids fall faster than their spherical counterparts of
the same volume. This is attributed to the projected area of the prolate spheroids, which depends
strongly on the particle orientation (although on average it is larger for ellipsoids than spheres
(Vickers, 1996), the projected area of ellipsoids becomes smaller than the projected area of spheres
of the same volume as the particle becomes vertically oriented), and the aerodynamic properties
due to the impact of the prolate spheroid shape factors on their drag coefficients. They also showed
that when comparing prolate spheroids with spherical particles of the same maximum dimension
the conclusions are different. In the case of particles with aspect ratio equal to 1.4, the settling

velocity of prolate spheroids is on average 6% (in the case of horizontal orientation) up to 23% (in
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the case of vertical orientation) less than their spherical counterparts (of the same maximum
dimension). As the aspect ratio increases to 2.4, the difference becomes 20% (for horizontal

orientation) and 52% (for vertical orientation).
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Figure 2.2: Top panel: Tllustration of a prolate spheroidal particle settling in the Earth’s atmosphere with
the electrical torque (left) and aerodynamic torque (right) exerted to the particle. Bottom panel: The limiting
electric field strength over which the electrical torque dominates over the aerodynamic torque (left) and the
mean orientation angle as a function of the particle diameter for various electric field strengths. Adapted
from Mallios et al. (2021b).

Mallios et al. (2021b) derived semi-analytical expressions for the mean orientation angle of
prolate spheroids moving vertically in the Earth's atmosphere in the presence of electrical and
gravitational forces. They found that the random orientation assumption is, in principle, valid only
for particles with size (two times the particle major semi-axis) less than 2 pm. As the size increases,

the gravity or the electrical force tend to create sufficient torque to rotate the particle horizontally
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or vertically with respect to the ground, respectively (depending on the particle net electrical charge
and the large scale atmospheric electric field). The vertical orientation becomes possible for
particles with sizes in the range of 2-30 um, in the presence of external large scale electric fields of
strength in the order of 10* V/m (two orders of magnitude greater than the fair weather electric field
values). Depending on the particle size, the particle net charge value and polarity and the direction
of the electric field, the required electric field strength for vertical orientation can be reduced in the
order of 10> V m''. On top of that, in the case that the electrical force counterbalances the
gravitational force, and the drag force becomes equal to zero, the required electrical field for vertical
orientation reduces further to 10> V m™, which is in the same order of magnitude with the fair
weather value, and the particle size range for vertical orientation increases up to sizes of 1 mm.

In principle, vertical orientation becomes possible in the presence of external large scale electric
fields of strength in the order of 10* V m™!, which is wo orders of magnitude greater than the fair
weather electric field values. But, depending on the particle size, the particle net charge value and
polarity and the direction of the electric field, the required electric field strength for vertical

orientation can be in the order of 10° V m™' (Mallios et al., 2021b).
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Chapter 3

Development of Measurement Techniques
& Instrumentation for Dust particle
Electrification & Orientation

Resolving the scientific question of the impact of triboelectrification, and dust electrification in
general, on dust removal processes requires systematic observations of the key parameters driving
the phenomenon, along with the application of electrostatic and dust transport theories. An ideal
observational strategy is to focus on lofted dust layers, both from the ground and in vertical
distributions with the altitude. The objective is to monitor the effect of the particle concentration to
the near-ground electric field, provide information on height-resolved dust electrical properties, and
also target particle orientation on ambient conditions, along with co-located measurements of the
particle charge density and electric field strength. For this reason, we re-visit the existing
observational techniques of dust particle electrification and orientation, while highlighting the
importance of complementing measurements that can resolve the criteria for a complete dust layer

characterization. We, then, introduce novel instrumentation that was implemented and/or

2 This chapter is based on my contribution in:

Daskalopoulou, V., Mallios, S. A., Ulanowski, Z., Hloupis, G., Gialitaki, A., Tsikoudi, I., Tassis, K. and Amiridis, V.: The electrical
activity of Saharan dust as perceived from surface electric field observations, Atmos. Chem. Phys., 21(2), 927-949, doi:10.5194/acp-
21-927-2021, 2021a.

Daskalopoulou, V., Hloupis, G., Mallios, S. A., Makrakis, 1., Skoubris, E., Kezoudi, M., Ulanowski, Z. and Amiridis, V.: Vertical
profiling of the electrical properties of charged desert dust during the pre-ASKOS campaign., COMECAP, 1-6 [online] Available
from: https://nora.nerc.ac.uk/id/eprint/531299/, 2021b and related implementations.

Daskalopoulou, V., Raptis, P. I., Tsekeri, A., Amiridis, V., Kazadzis, S., Ulanowski, Z., Charmandaris, V., Tassis, K., and Martin,

W.: Linear polarization signatures of atmospheric dust with the SolPol direct-sun polarimeter, Atmos. Meas. Tech., 16(19), 4529—
4550, doi:10.5194/amt-16-4529-2023, 2023a.
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characterized throughout the doctoral research for: 1. accurate vertical profiling measurements and

i1. detection of particle orientation within the dust layers.

3.1. Existing Observational Techniques of Dust Electrification

It is well documented that over deserts the emission process of dust particles can generate large
atmospheric electric fields (Esposito et al., 2016; Renno and Kok, 2008; Zheng, 2013) that affect
their flow dynamics (Kok and Renno, 2006). Charged dust occurrences are recorded via ground-
based methods also in destinations further away from the source (Harrison et al., 2018; Katz et al.,
2018; Silva et al., 2016; Yair et al., 2016; Yaniv et al., 2017), while balloon-borne observations
(Kamra, 1972; Nicoll et al., 2011a) indicate that space charge is indeed persistent within lofted dust

layers during their transport to long distances.

3.1.1. Detection of Dust Electrification from Surface Electric Field Observations

Ground-based electric field measurements can be indicative of the electrical behaviour of elevated
dust layers. These measurements can provide useful information if they are combined with other
retrievals on aerosol profiling (e.g. lidar, ceilometer) (Nicoll et al., 2020). However, features of E-
field timeseries, such as the enhancement of the near-ground electric field during dust outbreaks,
are still unexplained in broad literature (Yaniv et al., 2016, 2017). Observations of enhanced or even
reversed E-field at the height of the ground-based sensor, e.g. an electrostatic fieldmeter, are
attributed by Ette (1971) and Freier (1960) to charge separation within electrically active dust.
According to several laboratory studies (Duff and Lacks, 2008; Forward et al., 2009b; Inculet et al.,
2006; Waitukaitis et al., 2014), charge transfer processes lead to smaller particles being negatively
charged while larger particles tend to be positively charged, therefore charge separation within
lofted dust layers is also possible due to the expected size selective gravitational settling that could
stratify the fine and coarse mode particles (Ulanowski et al., 2007).

An observed reduction of the E-field in a mountainous area is attributed to the superposition of
two dust layers in different heights with respect to the ground-based sensor (Katz et al., 2018).

Moreover, layers that exhibit large particle densities lead to more particles competing for the same
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amount of ions (ion-particle competition, e.g. Gunn, 1954; Reiter, 1992), hence they act as a passive
element within the atmospheric circulation and can reduce the near-ground electric field. A similar
reduction of the electric field can be expected whenever, for any reason, the charge separation does
not occur. As an example, one can think meteorological conditions that force the particles to move
randomly, cancelling their vertical movement and, therefore, the charge separation. Nonetheless,
systematic profiling measurements are needed so as to fully characterize the electrical properties of

the dust particles aloft, with respect to the locally occurring meteorological conditions.

3.1.2. Electrification of Saltating Dust Particles

Saltation is the principal physical process for dispersing mineral aerosols, dust and sand grains from
the Earth’s surface into the atmosphere and is a generator of particle charging by intermittent contact
with the surface. Studies of atmospheric electric field measurements during violent dust storms
(haboobs) which originate from the major deserts, have reported E-field strengths that could reach
up to ~ 3 kV m’, generally an order of magnitude larger than the fair weather electric field, from
co-located radar and electric fieldmill measurements (Williams et al., 2009). The field perturbations
recorded were just above the saltation layer which indicated that not only monopolar negative
charging of the saltation layer due to proximity with the ground (Zheng et al., 2003) was present
but, also, bipolar volume charging of the elevated dust above the measurement instrument due to
charge separation (see Section 4.4). Zheng et al. (2013) authored a concise review over the
electrification of wind-blown sand introducing field campaign apparatuses for electrification
studies near the surface and concluded that for experimental techniques, it is imperative to develop
an integrated non-contact measurement system which can not only perform a real-time and
synchronous measurement of electric charges, and the direction and intensity of 3D E-fields, but
also provide simultaneous information pertaining to the wind velocity, temperature, humidity,
particle size distribution.

Another impactful study on dust emission by Esposito et al. (2016) has shown for the first time
that depending on the relative humidity conditions, E-fields contribute to increase up to a factor of
ten the number of particles emitted into the atmosphere, pointing that electrical forces and humidity
are critical quantities in the dust emission process. They, moreover, found that emission causes

particles to be electrically charged and produces strong atmospheric electric fields of up to 20 kV
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m™! at a height of 2 m, with generally downward looking fields observed suggesting a dependence
of charging to the lifting particle composition.

Toth et al. (2020) made an attempt to extrapolate their in-house experiment logic to the long-
range transport of dust. It is concluded that even the fair weather electric could maintain large dust
particles aloft, assuming extreme values of charge densities found in lab conditions. Which
therefore renders the results ambiguous. The research conducted here aims to clarify the

assumptions and provide consistent measurements of dust electrification aloft.

3.1.3. Detection of Charged Dust Particles within Elevated Layers

By examining the electrical properties of dust particles at different altitudes, along with the
prevailing meteorological conditions, we can gain insights into the processes that influence dust
dispersion, such as atmospheric dynamics, wind patterns, and electrostatic forces. Small aircraft
flights with specifically designed and geometrically distributed fieldmills on an on-board network,
have been used extensively for cloud and thunderstorm studies, where the produced electric fields
are significantly stronger and close to the discharge limit (Buguet et al., 2021; Mach, D. M., Koshak,
W. J., 2007; Mach et al., 2009). The method, nonetheless, is somewhat invasive and in the case of
dust layers where the layer boundaries can be more loosely determined, such an airborne platform
would disturb the dust flow dynamics causing increased parasitic fields in the flight altitude.

A measurement platform with significantly less overhead in terms of design, preparation,
calibration and logistics, is the meteorological balloon sounding used widely for the profiling of
atmospheric meteorological parameters when the payload relies on commercial meteorological
radiosondes, such as the RS41s from Vaisala and the DFM-09s GRAW. Measurement strategies
that could combine these parameters with the quantification of E-field strength/direction, charge
densities and ion mobilities are sparse (Nicoll et al., 2011b). Instruments that are otherwise used in
the ground or on-board heavier platforms need to be miniaturized in terms of electronics but retain
the required measurement accuracy. Often, they need to be low-cost during overall assembly
procedures because the radiosondes are statistically non-retrievable (Aplin et al., 2017; Harrison
and Marlton, 2020; Nicoll, 2013). Nicoll et al. (2011b) conducted two balloon launches from the
Cape Verde islands in order to intercept major dust transport layers. The soundings carried a

specifically designed electrometer (Nicoll, 2013; based to the earlier: Nicoll and Harrison, 2009)
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and an aerosol particle counter along a Vaisala digital radiosonde that provided the meteorological
data with a 1 Hz frequency transmission rate. This experiment established that individual dust
particles aloft are charged despite the slow charge relaxation expected in the atmospheric
conductivity, with charge densities reaching up to 25 pC m™ within the elevated layers (Figure 3.1),
when the fair weather charge densities are of the order of 10% - 10713 C for similar altitudes (Figure
1.3). While balloon-borne soundings offer significant advantages, it's important to note that they
are just one component of a comprehensive approach to studying atmospheric electricity. Ground-
based measurements, satellite observations, and other techniques contribute to a holistic

understanding of the Earth's electric field.
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Figure 3.1: Vertical profile of (a) temperature (grey) and relative humidity, RH (black), (b) total aerosol
particle number concentration (black lines) and magnitude of charge density (red points) measured on
sounding. Source: adapted from Nicoll et al. (2011b).

On the other hand, laboratory efforts from Harper et al., (2022) employing an interesting
apparatus of acoustic levitation (no contact) tried to quantify a single particle charge and found that
it decreases with time as negative ions attach to it. Moreover, the particle seems to retain its charge
even as long as one week under conditions of controlled humidity. Although this is a promising

experimental work, it does not yet represent phenomena that make the quantification of travelling
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dust particles charges a challenge, such as particle competition in an ionic environment of multiple
particles which is the case of transported layers. Since, as particle number density increases then on
average less ions will attach to a single particle and therefore the acquired ionic charge will
decrease. Furthermore, the initial control parameters of the experiment do not reflect realistic
values, such as the huge initial charge assumed where there is no observational evidence that a

charge that large exists even above the emission sources.

3.2. Existing Observational Techniques of Dust Particle Orientation

Observations of the alignment of atmospheric dust have somewhat been elusive for the past years,
in contrast to the other atmospheric constituents such as ice crystals and in-cloud particles that
exhibit clearer trends with an impact on skylight observations where they produce intense halos
(e.g., Moilanen and Gritsevich, 2022), on cloud radar observations and radar simulations (e.g.,
Hendry and Antar, 1982), but also on polarization lidars (Geier and Arienti, 2014; Hayman et al.,
2014; Neely et al., 2018). Some of the commonly used observational techniques for studying
particle orientation can be summed in the following general categories and potentially be used for
the observation of anisotropic dust particles:

1. Polarized Light Scattering: Polarized light scattering is a fundamental technique used to study
the orientation of dust particles. When light interacts with anisotropic particles, such as non-
spherical dust particles and particles that contain homochiral organics (i.e., organic molecules that
exhibit optical activity mainly circular birefringence), the scattered light becomes polarized. It has
been well documented that many dust particles contain materials with significant dielectric contrast,
for example iron oxides or inhomogeneities in structure, such as internal pores, that can noticeably
affect the light scattered by the particles (Kemppinen et al., 2015). Observing the polarization state
of scattered light probes the information about the orientation, size and shape of the dust particles.
The principles behind the detection of scattered light polarization are employed both in the retrieval
of cosmic/interstellar dust properties that are aligned in the interstellar magnetic field lines (e.g.,
Dolginov, 1972; Cox et al., 2011; Andersson et al., 2015; Yang and Li, 2020 and references therein)
and those of the much larger in size atmospheric dust (Geier and Arienti, 2014; Tsekeri et al., 2021).

The ability to make observations in a rapid way and without contact, makes optical light scattering
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the best method for studying aerosol particles in their native environment. Since the particle’s
scattering pattern depends on its morphology, composition, and orientation, proper interpretation of
a measured pattern can be useful for its characterization.

2. Total Sky Polarimetry: Sky polarimetry involves measuring the polarization patterns of the
sky. The unpolarized light from the Sun scatters in the atmosphere, and the scattered light becomes
polarized due to multiple interactions with the molecular atmosphere and the oceanic surface,
showing certain distribution patterns that contain information on the degree of linear polarization.
A factor that can contribute to skylight polarization is the preferred orientation of atmospheric
particles, including dust, which can produce specific patterns to a sub-part of total skylight, the
forward scattered light. By analyzing these background polarization patterns, researchers can gain
insights into the alignment of dust particles in the atmosphere through cross-comparing with
multiple scattering computational models (Guan et al., 2018; Li et al., 2023; Pan et al., 2023).

3. Polarimetric Remote Sensing: Polarimetric remote sensing techniques, such as ground-based
and satellite-based polarimetric instruments, can be used to measure the polarization state of light
backscattered from aerosols and dust in the atmosphere (Cairns et al., 2003, 2009; Dubovik et al.,
2019). These measurements provide information on the dust particle microphysics such as the size
distribution, shape and orientation of the dust particles in different atmospheric layers.

3.1. Lidar Polarimetry: A sub-category of the above general technique are the widely used Lidars
(Light Detection and Ranging). Lidars are powerful remote sensing instruments that emit polarized
light and detect the backscattered light to probe the atmospheric properties. Oriented particles can
exhibit different polarization properties than randomly oriented particles (Mischenko et al., 2002b;
Mishchenko et al., 1997). Lidar polarimetry involves analyzing the polarization characteristics of
the backscattered laser light to deduce the full scattering matrix of the probing aerosols and
subsequently deduce their orientation properties (Geier and Arienti, 2014; Hayman et al., 2012,
2014; Tsekeri et al., 2021) (see Section 3.2.2).

3.2. Polarimetric Sun/Star Photometry: Polarimetric star photometry is used to measure the
polarization of sunlight or any other known polarization from stars as light gets directly scattered
by the atmosphere (Bailey et al., 2008, 2020; Daskalopoulou et al., 2021a, 2023b; Hough et al.,
2006; Kemp et al., 1987; Kemp and Barbour, 1981; Mallios et al., 2021b; Stenflo, 2005). This
technique provides information about the alignment of aerosols and dust particles in the

atmospheric column (see Section 3.2.1).
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6. Polarimetric Imaging: Polarimetric imaging instruments capture the polarization state of light
from a scene. In the context of studying dust particle orientation, polarimetric imaging can help
reveal the distribution and alignment of dust particles in various atmospheric conditions
(Kemppinen et al., 2020).

7. Electron Microscopy: Electron microscopy, including scanning electron microscopy (SEM)
(Jokinen et al., 2018) and transmission electron microscopy (TEM) (e.g., Kandler et al., 2011), is a
powerful technique used in laboratory settings to directly visualize and characterize the morphology
and orientation of individual dust particles.

8. In-Situ Particle Sampling: A popular but invasive technique employs in situ sampling
instrumentation, such as impactors, particle traps and/or particle counters, on board small aircrafts
(Formenti et al., 2011; Ryder et al., 2013, 2015, 2018b; Weinzierl et al., 2017) and on unmanned
vehicles to collect dust particle (e.g., Kezoudi et al., 2021) samples under dedicated measurement
periods. Subsequently, they analyze the particle optical properties and indirectly deduce their
orientation or by directly collecting the dust particles and analyzing the samples using microscopy
and supplementary techniques. Both of the above techniques can be considered invasive as the dust
layer is aerodynamically disturbed during the overflights, resulting in measurement biases to the
particle orientation.

Combining observational platforms (e.g., Knobelspiesse et al., 2020) and the observational
techniques with advanced numerical modeling and data analysis (Drakaki et al., 2022; Huang et al.,
2021; Mallios et al., 2020) allows researchers to gain comprehensive insights into dust particle
orientation and its impact on atmospheric transport and radiative processes. Such studies are vital

for understanding climate, air quality, and environmental changes driven by atmospheric aerosols.

3.2.1. Alignment Detection through Starlight Polarimetry

The major breakthrough study that heavily influenced the investigation of dust particle orientation
in this dissertation, is summed in the observations reported by Bailey et al. (2008) and the earlier
work by Ulanowski et al. (2007) that aimed at a plausible physical explanation of the phenomenon
for the same measurement period. Bailey and his colleagues, motivated by the use of astronomical
polarimetry as a means of probing the presence of exoplanets, and provided that such observations

require high accuracy/sensitivity systems (of the order of 10 in polarization terms), strived to
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establish whether atmospheric effects can be comparable to their measurements and impact their
system’s performance. For that purpose, they built and tested a high-sensitivity passive polarimeter,
the PlanetPol (Hough et al., 2006), that could be mounted on intermediate astronomical telescopes
of known internal polarization and which employed photoelastic modulators, avalanche
photodiodes and achieved a photon-noise—limited sensitivity of at least 1 in 10° in fractional
polarization (Bailey et al., 2008). Up until that point, it was generally believed that the Earth's
atmosphere did not affect the polarization of light traveling through it and as then detected by
ground-based telescopes for astronomical investigations. Therefore, Bailey et al. targeted linear
polarization measurements with PlanetPol over a mountainous observatory in La Palma, Canary
Islands, which is frequently affected by severe dust events from the Sahara, with the prospect of

monitoring polarization in diverse ambient conditions.

T | T T T T
F— May 3 (v= 0.23) I 1
S May 4 (7= 0.18) A
40 - ___ May 5/8 (t= 0.10) - .
______ May 7 (v= 0.08) I
s | b
S |
= 20

D ________________

0 60
E T | 1 T T T E
e 10 c Clear Sky 3
o 5E 3
Sob——pbakrm L 1
|:|_‘m -5 = - .[} i =
E 1 | 1 1 1 1 E

()
=
=

0 20 40
Zenith Angle (degrees)

Figure 3.2: Clear sky (lower panel) and dust affected (upper panel) excess linear polarization as a function
of zenith distance. The dust optical depth (1) measured by the Carlsberg Meridian Telescope (CMT) is
indicated for each night. The data for May 5 and 6 have been combined as the two nights have almost the
same dust optical depth (Bailey et al., 2008).
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The observations were performed during nighttime and focused on starlight originating from
four stars with peak spectral responses between 590 nm to 1000 nm and with known little
polarization (Hough et al., 2006). Polarization values were obtained between the period of April 27
2005 to May 8 2005, under clear conditions when the mean polarization was calculated and under
dust events of various loads, when they observed a significant deviation from the polarization trends
recorded in the clear cases. They recorded an excess linear polarization predominantly in the
horizontal direction of the order of 10~ which intensified with increasing zenith angle (Figure 3.2).
By contract, the clear day values were of the order of a few ppms (parts per million, 10°%) with no
observed correlation to the zenith distance. Moreover, the polarization changed from night to night,
roughly in proportion to the change in the aerosol optical depth (Figure 3.2). Therefore, Bailey et
al. attributed this characteristic linear polarization increase in dichroic extinction of the forward
scattered starlight from preferentially vertically oriented dust particles in the atmosphere.

This statement was, to our knowledge, the first indication of atmospheric dust orientation and

thus sparked the need for further research investigation (see Section 3.4 and Chapter 5).

3.2.2. Alignment Detection through Active Polarimetry

The aforementioned measurement technique of dust particle orientation via starlight detection
refers to column-integrated values that are not capable of determining the vertical distribution of
the phenomenon throughout the dust layer only by means of a Stokes polarimeter, since information
for the complete backscatter phase matrix needs to be retrieved. Active remote sensing instruments,
such as specifically designed lidars, are capable of providing vertically resolved information in a
few km within the atmospheric column (Hayman et al., 2012, 2014), as conventional lidars in most
cases assume randomly oriented particles which can affect their depolarization ratio measurements
Such a case was presented by Hayman et al. (2014) when they first recorded signs of oriented rain
droplets and later the same year, Geier and Arienti (2014), proposed their theoretical design on a
four-channel polarization lidar system with particular focus on detection of preferentially oriented
aerosol particles and potential expandability to atmospheric dust particles. Lidars have also been
previously utilized to demonstrate whether ice crystals in cirrus clouds exhibit signatures of

alignment (e.g., Kokhanenko et al., 2020 and references therein).
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It has been demonstrated that although linearly polarized backscattered light from lidar
measurements is adequate to discern ice crystal orientation, detection of the same phenomenon for
dust particles with the use of only linearly polarized light is not feasible due to the signature being
orders of magnitude less than in the case of ice crystals (Geier and Arienti, 2014). A different
approach employed by the newly developed WALL-E lidar system (Tsekeri et al., 2021) aims for
direct measurements of dust orientation, without having to retrieve the individual off-diagonal
elements of the backscatter phase matrix that completely describes the particle orientation state. It
also aims at increasing the information content of the measurements for dust microphysical
properties by using a dual laser - dual telescope set up that emits/collects interleaving linearly
polarized light at a 45 degrees plane along with elliptically polarized light (Tsekeri et al., 2021).
The first observations of WALL-E on rain particle orientation over the city of Athens are quite
promising and the instrument provided a lengthy dataset of continuous near real-time profiles of
particle orientation flags in the Saharan Air Layer (SAL) within the framework of the ASKOS
experiment (see Section 3.5.4). Future intercomparison between the passive and active polarimetric
techniques for particle orientation will enable a new era of synergistic measurements dedicated to

the phenomenon.

3.3. New Developments for Dust Vertical Profiling

Balloon-borne soundings are often considered the most reliable and minimally invasive method for

probing the atmospheric electric potential for several reasons:

- Vertical Profiling: Balloon soundings allow for vertical profiling measurements of the electrical
properties of dust particles, which are essential for several reasons as they can contribute greatly to
the understanding of dust transport and dispersion. By ascending through different atmospheric
layers, the measurements can capture variations in the electric field with altitude. This is crucial for
understanding how the electric potential changes with height.

- Direct Measurement: Instruments attached to the airborne platforms directly measure the
atmospheric electric properties. This direct measurement provides accurate and real-time data

without relying on indirect proxies.
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- High Altitude Reach: Meteorological balloons can reach low stratospheric heights with ease,
depending on the payload weight, and providing access to regions of the atmosphere that are not
easily accessible by ground-based instruments. This allows researchers to study the electric
potential in the upper atmosphere.

- Uninterrupted Vertical Profile: Unlike ground-based measurements that are limited to specific
locations, balloon soundings provide an uninterrupted vertical profile. This is particularly beneficial
for studying the electric potential across a wide range of altitudes.

- Minimized Ground Effects: Ground-based measurements can be influenced by local factors such
as buildings, terrain, and other structures that may interfere with the accuracy of measurements.
Balloon soundings minimize these ground effects, providing a clearer picture of the atmospheric
electric potential.

- Mobility and Flexibility: Balloons offer mobility and flexibility in terms of deployment. They can
be launched from various locations and are not constrained to fixed measurement sites. This
mobility allows researchers to target specific regions of interest.

- Reduced Interference: The specific measurement methods are less susceptible to interference from
ground-based electrical equipment and anthropogenic sources, leading to cleaner data.

- Temporary Instrumentation: Instruments attached to balloons can be designed for temporary
deployment and are often lightweight and disposable. This allows for cost-effective measurements
without the need for permanent infrastructure.

- Study of Localized Phenomena: Soundings enable the study of localized atmospheric phenomena,

such as electric field variations associated with specific weather events or geographical features.

As mentioned previously, they have been used as means of probing the electrical properties
within elevated layers (Nicoll et al., 2011b) and with the appropriate instrumentation payload they
can prove invaluable with unprecedent datasets. The author has developed two novel (designs)
lightweight, low-cost and disposable atmospheric electricity sensors within the timeframe of the
dissertation, a. a miniature fieldmill electrometer, the so-called MiniMill, employed to measure the
vertical electric filed strength and b. a space charge sensor, to measure the space charge density.
The instruments were designed, assembled and characterized in-house at NOA within the
framework of the D-TECT ERC project and extensively calibrated at PANGEA, while several

launches with prototypes were performed for the quality control of the data. Eventually, we
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produced multitudes of sensors (x 30 of each) so as to be launched in pairs, tethered to
meteorological radiosondes that served as the data transfer proxy to the respective ground-station.
The overarching goal was to target transient dust loads with high dust concentrations where we
could test the theories of particle electrification and aim at detecting strongly generated fields within
the layers for a potential to simultaneously observe dust orientation within the stratified layers.
ASKOS Cal/Val experimental campaign offered the perfect opportunity for consecutive soundings
at ambient conditions as often as possible, described in detail in Section 3.5.4 and Chapter 5, but

most importantly offered the multi-instrumental approach needed to fully characterize such layers.
Overall, the primary measured quantities are:

- Electric field strength (V m™) at an XYZ axis co-ordinates bases (direct measurement from the
MiniMill)
- Total Electric field strength (V m™) (indirect measurement from the Space charge sensor)

- Space Charge density (C m™) (direct measurement from the Space charge sensor)
The ancillary quantities are:

- Rotational angles Roll, Pitch, Yaw (°) (direct measurement from the MiniMill)
- Pressure (kPa), Temperature (°C), Relative Humidity (%), Wind Speed (m/s), Wind direction (°),
Altitude (m) (direct measurement from a GRAW DFM-09 radiosonde)

In the following sections, we describe the atmospheric electricity sensors’ capabilities and the
rationale behind their implementation. We also provide the technical specifications, in short
mention of the Appendix section A.2 and we advise the reader to follow the GitHub repository
created for the needs of the sensor’s documentation. All designs, schematics, source code and
procedures implemented during this effort are open and publicly available to the
https://github.com/NOA-ReACT/electricity-sensors, under CC-BY-SA (CC) and GPL3 licenses.
The raw data from the ASKOS launches can be found in the ESA Validation Data Center (EVDC)

repository: https://evdc.esa.int/publications/askos-campaign-dataset/.
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3.3.1. MiniMill Electrometer

The lightweight miniature fieldmill electrometer (MiniMill) design is quite robust, easy to
reproduce and assemble, lightweight (~300 gr max assembled weight) and constructed from widely
accessible materials, e.g., aluminium laser cut parts, or copper plated PCBs. It is influenced by the
similar designs of larger fieldmill electrometers as the commercial JCI fieldmill used in our ground-
based studies (Chubb, 2014), the ones described and characterized by Cui et al. (2017) for the
quantification of electric fields under high-voltage power lines and the portable field meter of
Harrison et al. (2020). Most of the above designs (except the one from Harrison et al. (20202)) lack
the required accuracy in low E-fields of the order of fair weather values as they are targeting towards
measuring larger E-fields that originate from thunderstorm activity, in the case of atmospheric
studies. Therefore, a sensitivity of a few mV per v m™! is required for applications involving dust

generated fields.

Cover Plate !

Shielding shutter
(aluminum)

Photo
Interrupter

Brushless DC Motor Motor Mount

Electrodes - Plate

A connects to A

//////// B connects to B

Speed controller setup via ADC Back Cover Plate

Copper plated
electrode Intermediate PCB
electronics panel

Figure 3.3: The MiniMill basic elements of operation (left) and layered design (right). Schematics by the
author.

The essential components of a single MiniMill are shown in Figure 3.3 and are a sensing
electrode plate with two mutually grounded electrodes, which are covered and uncovered by an

earthed rotating shutter (through the motor), an electrometer to measure the induced charges on the
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electrode, and an optical switch (photo-interrupter) to synchronize the electrometer with the
shutter’s position to allow phase-locked signal detection. The sensing electrode plate is copper
plated for better conductivity, while the pair of sensing electrodes are divided in circle quarters
reflecting the optimal vane quantity for the specific induced currents. The mill covering vanes are
designed so as to cover/uncover the exact electrode area below them and are earthed through the
brushless motor. An innovation of the specific design is the use of such a low-rpm DC motor that

enables the required discharging rate for low ambient E-fields and minimizes the electromagnetic
interference to the actual measurement. The DC motor speed is initially adjusted and kept constant
(2400 cycles or 40 Hz on average) by a speed controller setup via connection to an ADC

microcontroller.

With thermal shielding

80 mm i

Figure 3.4: Left: The latest MiniMill model with thermal shielding and the aluminum plate cover which was
eventually not utilized. Right: The production of multiple MiniMills for launching purposes.

A 3-axis accelerometer returns the angular position of the sensor with respect to the initial relaxation
position. The instrument resolution is at + 2.4 kV with a sensitivity of 1 ADC count, + 2.3 mV per
V m!, response time of 1s and can withstand temperature variations between -50 °C to 40 °C
(Figure 3.4) translating to a maximum altitude operation, this corresponds to ~13 km msl. The
sensor power consumption requirements are below 160 mA and can be powered by a single 9V
batter, which seems to be fading in capacitance after the ~12 km and potentially lowering the motor

speed.

53



Chapter 3

In terms of operation principal, the two electrode layers (electrode plate vs screening shutter) are
essentially a parallel plate capacitor that gets periodically charged and discharged by the external
E-filed. When static, the input impedance of the meter allows charges to move from one electrode
to the other until the voltage between them is zero, discharging it and cancelling out the ambient
field. As the rotor rotates, it induces charges onto and off the plates, and the measured output is the
current created by that movement. This depends entirely on the external vertical E-field and the
rotor speed, so we can use it to calculate the field the sensor is in.

For an effective sensing area S that has a temporal dependence, we get:

Q) = ) g =£ES® (3.1)

N

where S depends on the circular sector angle, Q is the change in charge on one electrode and £

is the constant electric field strength applied. The induced current, thus, is:

ds(t)

— (3.2)

i(t) = gE

Since this is a differential measurement, the measured voltage in the ADC is twice the amplified
output voltage from each electrode. The choice of input resistance determines the time constant of
the system, which, for the current generated to be independent of the shutter rotation rate, should
be much longer than the interval for which the electrode is shielded during the rotation (Harrison et
al., 2020). In order to prepare the sensors for launch, a set of calibration procedures where
implemented consisting of a hard vibration test, a temperature resilience test, the MiniMill’s
response compared to the commercial JCI 131 fieldmill response, zero field response in a Faraday
cage (on all sensors), the basic parallel plates calibration for calibration curve determination (on all
sensors) and a test radiosonde flight to assess the sensor’s performance and connectivity to the
meteorological radiosonde. Technical information for these procedures is beyond the scope of this

dissertation and is otherwise documented in the GitHub public repository.

3.3.2. Space Charge Sensor

A miniaturized self-calibrating electrometer, referred to as Space charge sensor, is implemented

based on the designs and previous calibration work of the lightweight balloon-carried charge sensor
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discussed Nicoll et al. (2009, 2013). The sensor is used for direct atmospheric charge density
measurements and electric field measurements, also used on-board the meteorological radiosonde
launches and low-cost and disposable after each launch (Figure 3.5). Based on a brass spherical
electrode collector protruding from the formation, it is capable to collect charged particles as it
ascends through the atmosphere. The electrode dimensions are crucial for the determination of the
effective sensing area. The space charge density measurement is directly related to the voltage

output as (connection through the Gauss’ law):

g 1dV,y:
deffw dt

(3.3)

where p is the space charge density, w is the radiosonde ascend rate and V,,,,; is the sensor output
voltage. In our sensor, the used sphere is 15 mm of diameter, 1.5 mm in thickness (hollow) and the
estimated (through parallel plates calibration) effective sensing diameter, defr, is 25.4 mm a factor
of 1.7 larger than the physical diameter, coinciding with what Nicoll et al. (2009) pointed. The
instrument can detect charges in the range of a few fC m™ to the order of nC m™, with a sensitivity

to the output voltage of + 2.3 mV and an accuracy of ~ 10 mV.

Figure 3.5: The space charge sensor design with (right) and without (left) the protective casing.
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A total measurement period lasts for five minutes, followed by 10 s of +2.5 pA calibration current
that discharges the electrode and another 10 s of -2.5 pA. The relationship between the current
flowing to the electrode, i and the recorded output voltage V,,;, is derived from the known
calibration currents. For each 5 min measurement period, a linear fit is made between the mean
output voltage during the two calibration periods (mean of at least 10 points), against the known
calibration currents of +2.5 pA and—2.5 pA. This yields an expression of the form for the output
current of: i = aV,,; + b, where we estimate a ~ 6.83E — 12 and b = —1.43543E — 11. Data
transmission is done solely from the meteorological radiosonde and the sensor firmware is designed
to buffer data received from the MiniMill, when tethered, and then connect to the radiosonde

through the external data (XDATA) protocol.

3.3.3. Integration to Meteorological Radiosondes

The quickest way, in the limited timeframe that we had available, to transmit the sensor data to the
ground was when the sensors’ output is attached the transmission protocol of the radiosonde. The
GRAW DFM-09 radiosonde has a 4 pin header which can be used to transmit data to the ground
using the XDATA protocol. The header has a UART port we hook up to your microcontroller. The
baud rate is 9600bps 8 data bits, no parity, one stop bit (§N1). The MiniMill sensor firmware we
have implemented transmits the sensor data whether through a UART serial connection or through
daisy chaining to the second space charge sensor. The sampling rate is set at 9500 samples per
second when on individual connection and at 1 sample (average) per second when coupled to the
radiosonde. The XDATA protocol describes packages sent over UART (9600 bps, 8N1) in ASCII.
Each package consists of a mandatory package header (xdata=), a sensor ID, a daisy-chain counter
and finally, your data. Everything except the header must be encoded in hexadecimal. The sensor
ID must be equal to 0x01, which GRAW recognizes as an Ozone sensor. For bytes 8-9, we have
found references online that they are supposed to be a daisy chain counter, for sensors that support

forwarding XDATA packages of other sensors.
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3.4. Detection of Dust Orientation with a Ground-based Polarimeter:

The SolPol solar polarimeter

We have extensively discussed the novel models and synergistic measurement techniques for desert
dust electrification in the previous sections and addressed the necessity for consistent vertical
profiling measurements that give crucial electric parameters within the dust layers. But can we
address another parameter of aerosol dynamics, orientation, and potentially corelate this orientation
with the prevailing electrical conditions? A first step would be to carefully monitor elevated dust
layers for orientation signatures. Considering the recent gap in literature concerning the somewhat
elusive detection of particle orientation and the impact of such oriented dust to direct sun
polarimetric measurements, along with being motivated by previous observations of starlight
dichroic extinction due to oriented dust (Bailey et al., 2008; Ulanowski et al., 2007), we employ a
novel direct sun solar polarimeter (SolPol) and investigate the orientation signatures of dust
particles within the atmospheric column for two consecutive years of instrument operation. The
capabilities of direct sun polarimetric measurements are discussed in Kemp et al. (1987) and Kemp
and Barbour (1981), setting the detection threshold as low as sensitivities of the order of 1077, for
perturbations to the polarization of forward scattered light.

SolPol is a passive ground-based polarimeter that has been developed at the University of
Hertfordshire. It was initially implemented as a laboratory experimental configuration in order to
acquire both linear and circular polarization signatures of scattered light from biological materials
and cyanobacteria, to demonstrate the detection capabilities of potential life presence on
exoplanetary atmospheres (Martin et al., 2010, 2016). It was, after that, kindly conferred to NOA-
ReACT team for operation purposes that exceeded its indoor capabilities, as it was installed in the
remote PANhellenic GEophysical observatory of Antikythera (PANGEA), under the framework of
the D-TECT European Research Council project. As we aimed at monitoring potential orientation
signatures on-demand in elevated dust layers, the instrument was housed in an astronomical dome
for protection and was operational during seasonal periods of intense dust circulation over the
station area. The instrument has a small compact design (the main body of the assembly is about 50
cm x 20 cm x 20 cm and easily fits in a medium sized metallic hardcase) and due to its ability to

operate for consecutive hours with some degree of regular supervision, it was also operated in the
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two experimental campaigns of ASKOS, the preparatory phase of November 2019 in Cyprus and
main Phases A and B of June/September 2022 in Cape Verde (see Sections 3.5.4).

In Sect. 3.4.1 and 3.4.2, we present a comprehensive description of the instrument design, the
side components that comprise the configuration and delineate the basic principles of operation
focusing on measuring the Stokes parameters of the transmitted light. In Sect. 3.4.3, we describe
the process of acquiring quality-assured data with SolPol and the followed methodology for each

measurement sequence regardless of the ambient conditions.

3.4.1. SolPol Design

The design of the SolPol instrument is quite robust and follows that of its astronomical counterpart
and predecessor, PlanetPol (Bailey et al., 2008; Hough et al., 2006). Figure 3.6 illustrates the
polarimeter individual parts, spanning from the head to the instrument support and data acquisition
peripherals. A more detailed representation can be found in the SolPol manual document under the
thesis Appendix a. The instrument’s principal operation is heavily based on a Hinds Instruments
Photo Elastic Modulator (PEM) head (Figure 3.6), as most astronomical spectropolarimeters, due
to the PEM high sensitivity to polarization fraction of the order of 10 (Hough et al., 2006; Kemp
and Barbour, 1981; Povel, 1995). The PEM is comprised of a birefringent crystal that is
mechanically strained at a principal resonant frequency (w) of 47 kHz and induces a sinusoidal
phase (modulation) retardation of 0.382-A to the input signal, where A is the incoming light
wavelength. By exploiting the fundamental vibration along the PEM crystal optical axis, different
polarization states are refracted in different directions, enabling the full Stokes parameters
quantification with a single rotation of the PEM by 45° (e.g. Kemp and Barbour, 1981).

The polarimeter has a default limiting field-of-view (FOV) aperture of 5.5 mm diameter with a
possibility of employing different iris sizes. The default aperture exactly encompasses the solar disk
with an apparent angular diameter of 0.5 degrees, provided that sun-tracking is stable throughout
the measurement. This is ensured in our case before every observational sequence. As seen in the
electronics schematic (Figure 3.7), there are no optical elements before the PEM, which is directly
followed by a rotatable linear polarizer with its passing axis aligned to the PEM long axis per

manufacturing. Both the polarizer and PEM head can be rotated as a whole, through a Pyxis
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commercial rotator, and their position is controlled from a LabView virtual instrument program,

which also controls the recording of data from the detector.

(1) PEM head &

Aperture
(2) Linear Polarizer

(4) Filter Wheel (7) CCD camera

(3) Rotator

\ (8) Astronomical

~ mount

(5) Optics

(6) Photodiode
detector

(9) Peripherals

Figure 3.6: The SolPol direct sun solar polarimeter comprising of: (1) the Photoelastic Modulator Head
(PEM) with the appropriate aperture, (2) the Linear Polarizer, (3) the assembly Pyxis Rotator, (4) the rotating
Filter Wheel with the 550 nm centred narrowband filter, (5) the system Optics consisting of a Galilean
telescope, (6) the 1-cm silicon Photodiode Detector. The instrument is mounted on (8), which is an EQ3
SynScan Astronomical mount and completed by (9) the essential Peripherals for the assembly operation,
rotation and signal modulation, complemented by a CCD camera (7) for optical sun targeting. SolPol is
operated in a 3-m astronomical dome installed at the PANGEA observatory in Antikythera, Greece.
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Neutral density (ND) filters are employed next, on the filter wheel (Figure 3.6), containing six
RGB broad band ND filters with measured transmission curves and three 40 nm narrow band
interference filters at 400, 550, and 700 nm centre wavelengths. The polarimeter capabilities are
tuned at 550 nm monochromatic operation for the present study. The ND filter wheel is followed
by a simple Galilean telescope configuration, labelled as “Optics” in Figure 3.6, which collects and
focuses the signal levels at the 1-cm silicon photodiode detector. The detector uses a transimpedance
amplifier to generate the signal voltage. A 12-bit Analog-to-Digital converter (ADC) records the
diode output signal and an SR830 Lock-in amplifier (labelled as “Peripherals™) records the first
(1w) and second harmonic (2w) AC de-modulation signals that are the outcome of the operation of
the PEM. Lastly, SolPol continuously tracks the sun through a lightweight EQ3 SynScan
astronomical mount. An external CCD camera, also on the mount, assists with the visual alignment
of the instrument. By way of clarification, we will refer to components (1) - (7) as the “assembly”
for the remainder of this paper in order to better describe the required SolPol movement for the

acquisition of the complete Stokes vector [I Q U V]T (e.g., Hansen and Travis, 1974).
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Figure 3.7: SolPol electronics and data acquisition diagram.
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SolPol is a non-imaging polarimeter, hence its calibration technique varies from most known
imaging polarimeters (Povel, 1995). In principle, the linear polariser and the PEM are carefully
mechanically aligned by careful nulling of the signal, with respect to the polarizer rotation positions,
from an arbitrarily polarised source. This sets the signal-to-noise ratio for the minimum detectable
polarisation. Current instrument configuration has the capabilities of detecting a minimum of the
order of 1077, If the field-of-view with respect to the solar disk was asymmetrical, offset, (i.e., the
alignment is not optimum) then the measured polarisations are expected to increase since the
measurements will also include polarized diffuse sunlight. This makes stable closed loop Sun

tracking a pre-requite for the minimization of measurement errors.

3.4.2. Principles of Operation

SolPol measures the polarization fractions of linear polarization (expressed by the O and U Stokes
parameters) and circular polarization (¥ Stokes parameter) from the whole solar disk and the
entirety of the atmospheric column, depending on its limiting field-of-view aperture and the choice

of mounting telescope. The measurements of the degree of linear and circular polarization (i.e.,

[O2 2
DOLP = Q*+U / ; and DOCP = V/ J» respectively, e.g., general expression from Hansen and

Travis 1974) have an absolute accuracy of 1 % and precision of 1 part per million (ppm, 10) in
polarization terms. The first observing sequence is performed with the assembly at the rest position
(zero degrees) and the rotating of the linear polarizer in steps of 90 degrees. The corresponding
relative positions of the PEM and linear polarizer for the assembly rotation is shown in Figure 3.8.
For a complete polarizer rotation (360 degrees) we acquire measurements for four minutes. The
specific sequence provides measurements of three of the four Stokes parameters. This is followed
by the second observing sequence, performed after the rotation of the entire assembly, about the
PEM crystal optical axis, over 45 degrees. This observing sequence provides measurements of the
fourth Stokes parameter (V), and measurements for the removal of the biases and residual

polarizations due to high frequency strain of the PEM for another four minutes.
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Figure 3.8: SolPol assembly positioning as seen from the incoming sunlight reference frame. Left
arrangement: The initial sequence begins with the PEM and linear polarizer at the rest position of 0°, then
the polarizer rotates by 90° starting from 41° (Posi), to 131° (Posz), 221° (Poss) and 311° (Poss) counter-
clockwise. A complete polarizer rotation with the PEM at 0° provides measurements of the U Stokes
parameter. Right arrangement: assembly rotation by 45° and subsequent similar rotation of the polarizer by
90° intervals from Pos;' to Pos.'. This configuration provides measurements of the Q Stokes parameter.

Therefore, each full measurement cycle has a duration of eight minutes in total and is comprised
of two distinct sets: i. solar irradiance measurements on four positions of the linear polarizer at 41°,
131°, 221° and 311° with the assembly being at 0°, this configuration provides measurements of
the /, U and V Stokes parameters and 1i. measurements for the same relative positions of the linear
polarizer, but the whole assembly is being rotated by 45° which provides measurements of the 7, O
and V' Stokes parameters (Figure 3.8). Measuring / and V twice provides information for the removal
of biases and residual polarization in the measurements.

The Stokes vector of light that reaches the PM can be expressed using the Mueller formulation
(e.g., Van de Hulst, 1957), considering as reference coordinate system the one of the incoming

sunlight, as in Equation (3.4):

!

{ Iyo = Mpop,aMppyl (3.4)
Irot,a” = MPol.,a"MPEMIrot’

where I = [I Q U V]" is the Stokes vector of the input light polarization state, I, is the output

polarization state with the assembly at zero degrees,
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1 cos 2a sin 2a 0
M _1|cos2a  cos?2a  sin2acos2a 0 (3.5)
Pol.a®> = 3 1sin2a sin2a cos2a sin®2a or
0 0 0 0

is the Mueller matrix of the linear polarizer at each position angle a® € (41°, 131°,221°,311°) and

1 0 0 0
Mo |01 0 0 (3.6)
PEM 0 0 coséd sind|
0 0 —sind cosd

is the Mueller matrix of the PEM that induces an input sinusoidal retardation of
o(f) = Asinwt, for A: the peak modulation amplitude and ®: the modulation frequency. When the
whole assembly is rotated by 45°, the reference coordinate system is rotated by the same angle,

!
hence 1.4

o 1s the Stokes vector of the output light for this rotational scheme. The incoming
sunlight at each a° position, appears to be rotated by an angle of -45° and is calculated through the
rotation matrix R_4se as I, = [I U — Q V]T (as in Freudenthaler, 2016, S.5.1.7; Martin et al.,
2010; Supplementary material/SolPol manual, Eq. 8). We utilize a Bessel functions expansion of
the retardation ¢ and derive the measurements of the Stokes parameters of the incoming sunlight,
at detector level, as a function of the linear polarizer angles and the assembly rotation (Table 3.1).
The Ju(A) are the n-order Bessel functions and, for the specific PEM, the modulation amplitude is
fixed at 4 = 2.4048 so that Jo(A) = 0, which makes the Q- and U-dependent DC terms equal to zero.
Third order and above harmonic frequency terms are considered negligible, O (n >2) — 0. We,
then, sum over the four linear polarizer orientations per each assembly position, in order to eliminate
the cos 2a dependent terms on the I derivation shown in Table 3.1, while the marginal sin2a
residuals on the other Stokes parameters are also accounted for in the data processing chain.

As discussed in Bailey et al. (2008) and Ulanowski et al. (2007), in case of aligned particles in
the atmosphere, DOLP is expected to increase over larger solar zenith angles (SZA) since the direct
sunlight travels through a larger airmass, and the effect of the dichroic extinction increases. With
the increase of the SZA, the particle alignment angle changes with respect to the direction of
observation, which is expected to influence the dichroic extinction and the measured linear

polarization.
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Table 3.1: Measurements of the Stokes parameters, from DC and AC measurements as a function of the
modulation frequency, linear polarizer position angle and assembly rotation.

n r Assembly without rotation Assembly rotated at 45°
1 1
0 DC 5(1 + Q cos 2a + UJ,(A) sin 2a) E(I—Q]O(A) sin 2a + U cos 2a)
1 lot V], (A) sinwt sin2a V], (A) sinwt sin2a
2 20t UJ,(A) cos 2wt sin2a —QJ,(A) cos 2wt sin 2a

3.4.3. Data acquisition and Data Processing

A detailed description of the technical characteristics of the instrument is provided in the form of
an instrument manual and test measurements documentation in the thesis Appendix. Core
information about the instrument operation and the data processing algorithm can also be found in
the following publicly available GitHub repository: https://github.com/NOA-ReACT/SolPol
(under CC-BY-SA (CC) and GPL3 licenses). Data availability is also open to the public in the

following Zenodo repository, provided that all related data products abide also to the CC-BY-SA
(CC) rights and are cited accordingly®.

The raw data acquisition comprises a set of five similar measurements over each polarizer
angular position per PEM rotation (total duration of 8 min), with each measurement associated with
auxiliary information such as the polarizer specific angle, the PEM position, measurement time in
UTC, the voltage outputs in the ADC and the two channels of the lock-in amplifier. In order to
optimize data handling, we perform an initial data reduction to each measurement sequence by
selecting the fifth measurement set for the same linear polarizer positions. The DC signal amplitude
returned from the PM detector is simultaneously recorded by the ADC in volts (Figure 3.7) and
gives the magnitude of the total irradiance / (3.7) as seen in Table 3.1. By turning the linear polarizer

at specific positions, we acquire the amplitude and phase of the rms (root-mean-square) AC

3 Cite as: Daskalopoulou, Vasiliki, Raptis, Panagiotis I., Tsekeri, Alexandra, Amiridis, Vassilis, Kazadzis, Stelios, Ulanowski,

Zbigniew, Charmandaris, Vassilis, Tassis, Konstantinos, & Martin, William. (2022). D-TECT: SolPol measurements [Data set].
Zenodo. https://doi.org/10.5281/zenodo.7233498
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modulated signals as outputs of the lock-in amplifier respective channels, and each is directly
proportional to the magnitude of Q and U for even wt (3.8 & (3.9) and to the magnitude of V for
odd wt (3.10). However, the two signals are processed through separate electronic channels on the
amplifier, inducing a different proportionality factor for linear and circular polarization that depends
on the modulation frequency and which is considered in data processing. Therefore, the recorded

voltages from which we derive the Stokes parameters, are:

Upc = 1/2 (3.7)
Vawoe = U2 (A) V2 (3.8)
Vawase = —QJ,(A) /N2 (3.9)
V1w = V]1(A)/V2 (3.10)

where J;(4) = 0.5192 and J>(4) = 0.4317 are the first and second order Bessel functions for 4 =
2.4048.

For further data smoothing, we impose the Chauvenet criterion, exactly as described in Section
4.3, on each daily dataset with a 120-min duration since it is the maximum consecutive
measurement duration of SolPol, and detect outliers to the Stokes parameters due to instrument

misalignment and persisting perturbations to the measurements caused by passing low clouds.

3.4.4. Dark measurements bias correction

For the majority of the cases, bias readings (e.g., PM detector temperature-dependent offsets)
provided by dark signal measurements, are interspersed between all sequences for the quantification
of biases on the measured DC signal. Detailed dark tests carried out with SolPol can be found in
the Dark Tests section under the Appendix a.ib of the thesis. Bias readings are not treated as regular
polarization measurements but instead the dark flux is solely exploited as an absolute value. The
mean dark DC fluX, Iyeandark, 15 one order of magnitude lower than the total intensity
measurements / for the cases that it maximizes, while there are cases that it becomes less than two
orders of magnitude. The days that lack such measurements are treated instead with the mean dark
flux of all the days during which dark measurements were acquired. In order to acquire

representative background conditions over the station, we selected a “clean day” with small non-

65



Chapter 3

depolarizing aerosol concentrations and layer homogeneity, no clouds and a relatively smooth near-
surface wind profile. During relatively calm sea surface conditions, specular reflection phenomena
intensify and could potentially contaminate the direct-sun measurements with linearly polarized
reflected light of the same magnitude as the expected dichroic extinction from the dust particles.
We do not observe such a behavior with SolPol, although the observational site is in close proximity
to the wavy sea surface (about 1.5 km in optical path towards the eastern direction). This can be
explained as the established viewing geometry, which is confined by low elevation and rapidly

increasing SZA, does not enclose Brewster angle reflections within the instrument field-of-view.
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Figure 3.9: SolPol measurement on August 29" 2020, spanning from 06:00 to 16:00 UTC at the PANGEA
observatory, Antikythera. The day is labelled as “clean day” due to the very low aerosol content; zero percent
cloud-cover and the acquired measurements consist a “background reference measurement” for the
instrument. In panels: (a) the Degree of Linear Polarization (DOLP) plotted in parts per million (ppm) for
four different test cases: calculated without subtracting the dark DC voltage for the specific day (black dots),
by subtracting the maximum value (purple dots), average (blue dots) and minimum (red dots) values of the
dark DC voltage output. The dash-dotted grey line signifies the instrument noise level at 50 ppm, (b) a
zoomed representation of (a), (c) the total incoming sunlight intensity, vqc in Volts as recorded by the lock-
in amplifier. Different colours signify the corresponding measurement subsets within the day and (d) the
recorded wind speed in m s for 30-minute averages on the specific day. During the SolPol measurements
generally low-winds were blowing over the station.
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In Figure 3.9, we examine the change in the DOLP calculations, for a specific case study, to the
subtraction from / of one of the three following parameters: i. the minimum recorded dark intensity
for the specific day, Ipin qark, 1. The average dark intensity, Ieqn gark and iii. The maximum value
of the recorded dark intensity, Iqx gqrk» @ @ way to constraint the sensitivity of DOLP to the dark
current variability. Figure 3.9a, shows the four values derived for DOLP and their variability within
the day, considering different values for the dark intensity. The measurement spans from 06:00 to
17:00 UTC and DOLP is plotted in ppm reaching maximum values of ~ 35 ppm for every case, as
seen in the zoomed representation of the measurement (Figure 3.9b). The relative difference
between the methods is below 0.1 %, which is considered negligible, and subsequently we keep the
subtraction of I;;eqn dqrk for the remainder of our processing chain. The polarimeter line-of-sight
is unobscured during the observing sequence, as depicted to the typical and unperturbed behaviour
of the measured irradiance (Figure 3.9¢). Different colours signify the corresponding measurement
subsets within the day and the recorded wind speeds for 30-minute averages do not exceed 4 m s°!
(Figure 3.9d).

We apply the same bias correction methodology under a dust-affected case on September 2™
2020. Figure 3.10 and Table 3.2 showcase the similarities with the clean day case and the measured
dark DC fluxes. The specific day is affected by a persistent dust outbreak above the station, has
zero percent cloud-cover and consists a typical dust-driven measurement for the instrument. In
Figure 3.10a, the DOLP is plotted in parts per million in polarization for four test cases: calculated
without subtracting the dark DC voltage for the specific day (black dots), by subtracting the
maximum value (purple dots), average (blue dots) and minimum (red dots) values of the dark DC
voltage output. Again, the different methods greatly converge, which is expected as the voltage
outputs from the dark measurement tests (see Appendix a.ib) are between one to two orders of

magnitude below the regular DC voltage.
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02/09/2020 dust day measurement sequence
Raw DC voltage - Regular measurement

250 - 6
® Regular DOLP
°
® DOLP - max. DC dark (a) (b)
200{ ® DOLP-mean DC dark % 5
=3 ® DOLP - min. DC dark %G
E o 4
g 150 z
- ° o
5 o 23
] 100 " B
© » >
N [) 2
ks [
S o Wemge - —-—- ;_/; ....... 1
0

'Q% 'Qq .\0 '\\ .\1 ,\3 .\& '\s .\b + .Q% .\0 .\1 ,\& '\6
A1) RSN\ APt RagiP 1 g Ay 12 1
@ @ % @ 0% % ¥ % ° 09—01 q,q—“l 09'“1 99—01 g%”l 0991
DateTime (UTC) DateTime (UTC)
i Wind Speed, Antikythera
A
0| AL A (c)
_ M A A A &
& B AR 5 A’
€ A = A
3 A
b 6 A
8 A A Al SN
X A s A
2 { Moderate Breeze
()}

0 P o ) J 5 ® Ay N
Qqsﬂg QqsﬂQ Qqsﬂ“ “9,01° Qq,oi\ Qc,.o’l\ Qgsﬂ\ Qqsﬂl Q(,.o”“

DateTime (UTC)

Figure 3.10: SolPol daily measurement on September 2™ 2020, spanning from 07:00 to 16:00 UTC at the
PANGEA observatory, Antikythera. The specific day is affected by a persistent dust outbreak above the
station, has zero percent cloud-cover and consists a typical dust-driven measurement for the instrument. In
panels: (a) the DOLP is plotted in parts per million in polarization for four test cases: calculated without
subtracting the dark DC voltage for the specific day (black dots), by subtracting the maximum value (purple
dots), average (blue dots) and minimum (red dots) values of the dark DC voltage output. The dash-dotted
grey line signifies the instrument noise level at 50 ppm, (b) the total incoming sunlight intensity, vqc in Volts
as recorded by the lock-in amplifier. Different colours signify the corresponding measurement subsets within
the day, (c) the recorded wind speed in m s for 30-minute averages for the specific day. During the SolPol
measurement moderate winds were blowing over the station.

Table 3.2: Measured minimum/maximum dark DC signal intensity and the calculated average value for the
selected days of bias correction demonstration.

Dark DC (Volts) 29/08/2020 (C) 02/09/2020 (D)

Imin,dark 0.03095 0.00408
Lnean,dark 0.04778 0.01148
Inax.aark 0.16665 0.24016
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3.5. Field Applications of the Techniques

In the following sections, we provide an overview of the basic observational station - PANGEA
where the atmospheric electricity instrumentation and SolPol were setup for the longterm
monitoring of desert dust, along with the major observational campaigns that the author co-
organized and participated in, which were pivotal for the quantification of the dust layers’ electrical

properties.

3.5.1. Systematic Observations at PANGEA

The establishment of a novel and emblematic flagship research infrastructure that traverses all three
Institutes of the National Observatory of Athens (NOA) is the PANhellenic GEophysical
observatory of Antikythera (PANGEA), in the remote island of Antikythera. The island covers an
area of just 20.43 km? and is devoid of heavy human activity which makes it an ideal background
observatory for the Eastern Mediterranean. The station location is carefully selected, as the island
is placed at a “crossroad” of different aerosol air masses (Lelieveld et al., 2002), with NNE winds
being prominent between August and February, while in spring and early summer the western
airflows largely favor dust transport from the Sahara desert. The prevailing meteorological
conditions are representative of the broader region with warm and dry days in the summer, while
colder and wetter days are typical during the winter. It was recently, decided by NOA to provide
continuous monitoring of essential climate variables, as well as the geophysical activity, and to

stream real-time information to the scientific community, focusing in particular on the:

- provision of continuous certified monitoring data and expertise on issues related to climate
change, atmospheric pollution and chemical composition as well as seismic activity.

- improvement of climate projections at the regional scale, for effective mitigation and
adaptation.

- scientific contribution towards the increase of the share of renewable resources in the national

energy program.
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Early stages of PANGEA back in 2018; photo credits: the author

PANGEA was critically acclaimed and eventually funded by the European Investment Bank so
as to address a number of societal objectives related to challenges, such as the climate change and
its impact on severe weather and natural disasters in Greece and the Eastern Mediterranean, but
also monitor seismic activity, especially of the southeast Mediterranean, which is poorly monitored
to date but essential due to the intense tectonic activity. Essential monitoring data are already
provided since 2019 to European and global research networks, like ACTRIS, and strive to expand
to WMO-Global Atmospheric Watch once the complete instrumental suite is installed and operated
in the station. NOA-ReACT (Remote sensing of Aerosols, Clouds and Trace gases) research entity
will provide its expertise in aerosol remote sensing, specifically as it concerns the installation,
calibration and continuous operation of advanced atmospheric remote sensing instrumentation.

NOA-ReACT operates the NASA-AERONET Atmospheric Remote Sensing Station of Athens
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since 2008, while on April 2015 ReACT developed the sophisticated Polly*T lidar system in
collaboration with TROPOS (Engelmann et al., 2016; Baars et al., 2016). After participating in
several experiments (e.g., ACTRIS campaigns in Athens and Cyprus), NOA-ReACT installed the
Polly*T system at Finokalia, Crete, and operated the station for one year in 24/7 mode. In 2019, the
team established the PANGEA Aerosol Remote Sensing National Facility at the island of
Antikythera, the initial inspiration behind the observatory, including the Polly*T, the NASA-
AERONET CIMEL Sunphotometer, the SolPol Polarimeter (see Section 3.4.1), the Ultraviolet
Multi-filter Radiometer and a JCI 131 Fieldmill electrometer (see Section 3.5.2), while three
additional polarimetric lidars developed (ERC lidar WALL-E, ESA lidar EVE, ESA A-lidar) will
also operate in PANGEA, along with the acquisition of a fully-operational actinometric station,
wind and cloud radars and an upper-atmosphere balloon sounding system for the facility need. As
part of NOA-ReACT and core member of the initiative, [ have organized and participated to several
maintenance trips to the station from its early stages, installed and operated SolPol and its housing
astronomical dome, installed, operated and maintained the fieldmill for 24/7 operation and, also,
installed and supervised the operation of a commercial Davis weather station.

The observatory will contribute specifically and substantially to the development of Antikythera

as “the island of science” in the Eastern Mediterranean region.

3.5.2. JCI 131 Fieldmill Electrometer

In order to continuously monitor the near-ground vertical electric field, we exploit the capabilities
of a ground-based commercial JCI 131 Fieldmill (FM) electrometer (Chubb, 2014; Chubb, 2015).
Fieldmills are robust instruments, mostly used for lightning warning and radioactive detection
applications providing, though, sufficient sensitivity for the detection of weaker electric field
strengths and changes to the field polarity. Most of the literature studies referenced use commercial
fieldmills with the same principle of operation, for the ground E-field measurements. The fieldmill
consists of multiple sensing electrodes arranged in a circular pattern, which are typically made of
metal or any conductive material evenly spaced apart. Each sensing electrode forms a capacitor
with a common reference electrode located at the center of the array and measurements of the
electric field at its sensing aperture provide a direct analogue to the ambient atmospheric electric

field. The electric field strength at each sensing electrode's position affects the capacitance of the
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corresponding capacitor and induces a charge transfer between the sensing and reference electrodes.
The sensor employs an earthed rotor with fixed rotational speed to periodically modulate the DC
electric field by alternately exposing and covering the electrodes to the external electric field,

sampled as voltage outputs by the instrument’s circuitry.

Figure 3.11: JCI 131 Fieldmill installation at the remote island of Antikythera. The instrument is powered
by solar cells and two 12V batteries, while data transmission directly to the station of PANGEA is coupled
with an antenna transceiver.

There are various FM designs and configurations suited for different measurement requirements
simply by varying the sensing plate area, the number of electrodes, rotor sensing speed and/-or the
installation height (e.g., Cui et al., 2018) and typically such an instrument is calibrated by applying
a constant homogeneous E-field through a parallel capacitors calibration configuration. FMs have
also being miniaturized by retaining the same principles of operation in order to be employed on

aircraft monitoring platforms of in-situ cloud electrification (Mach, D. M., Koshak, W. J., 2007;
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Mach et al., 2009) or to be lightweight enough for balloon-borne launches. We have newly designed
a miniature fieldmill electrometer for vertical profiling studies on board meteorological radiosondes
and have launched several instruments during experimental campaigns, described in detail in
Section 3.5.4. For the JCI 131, the sensor is usually mounted on a 3 m aluminium mast, the exact
configuration used for both station setups, and as distant as possible from physical obstacles,
buildings and any metallic objects that could create distortions to the electric field. The signal output
range was set to the most sensitive scale of 2.0 kV (full scale) with a sensitivity of the order of 1 V
m! for 1 Hz measurement frequency and the data were acquired from a 24-bit local data-logger.
Due to its portability and robustness, the fieldmill was subsequently used in two scientific
campaigns, part of the ESA-ASKOS experiment, for measuring 24/7 the near-ground electric field
during various meteorological conditions, dust loads and as a reference instrument during
atmospheric electricity radiosonde launches (see Chapter 5).

The instrument output voltage in Volts is proportional to the ambient E-field as:

Efeia [V/m] = FMoupu: [V] - d [m] - range [V/m per V] / h [m]
= FMoupu [V]+ 102+ (1e-6) - (led) /2.7

where d is the sensing head effective diameter, we are operating it at the 200 kV/m per 2 V max
output sensitivity range and at a clear instrument height from electrode to ground of: 4 = 2.7 m
(JCI131 Electrostatic Fieldmeter instrument manual, pg. 7). To this point, we should note that,
fieldmills pose the inherent problem of detecting parasitic fields with transient behavior due to the
colliding charged particles to the instrument rotating vanes and which could eventually impact their
accuracy. We attempt to dissipate that by post-processing and targeting detached elevated dust

layers with little -to-no ground concentrations.

Most literature documents when referring to ground based atmospheric electricity

measurements, define the potential gradient (PG, vV = PG) as the dominant measured quantity

: . . . . . = = 24
with various conventions regarding its sign. The vector electric field is defined as E = —VV — v

where E is the electric field vector, V is the scalar potential, and A is the magnetic vector potential.
In the special case that the electric field is irrotational (\7 X E = 0) which happens when the electric

and magnetic fields are decoupled, we can write that E = —VV = —PG, and PG is pointing in the
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opposite direction. Positive and negative directions can be chosen at will and regarding the
. . . ] a ]
application. Moreover, the PG is by definition a 3D vector as PG = %5& + %9 + %2, under the

special case where the horizontal variability of the electric field is symmetric and much less than
. o . . a .
the vertical direction, then it has only the vertical component as PG = a_‘z/' In the presence of particle

concentrations such as water droplets within clouds and dust particles within dust layers, there will
be strong radial components of the E-field especially at the boundary of the collections, as a
consequence of the current continuity (Baumgaertner et al., 2014). Therefore, the 1D simplification
might be misleading in the PG terminology especially when the instrument is affected by edge

effects from the transient layers.

3.5.2.1. Fieldmill Installation at Finokalia and PANGEA

The first atmospheric monitoring station is situated in the remote location of Finokalia (35.338° N,
25.670° E) on the north eastern coast of Crete, which the main station of the PANACEA Research
Infrastructure (RI), with the nearest large urban center being the city of Heraklion located 70 km to
the west. The station is located at the top of a hill (252 m asl) facing the sea within a sector of 270°
to 90° and the climatic characteristics are typical of the eastern Mediterranean basin exhibiting two
distinctive seasons, the dry season (April to September) characterized by increased levels of
pollution and biomass burning and the wet season (October to April). Significant Saharan dust
transport occurs when S/SW winds are prevalent during the intermediate season of March till June
and may lead to ground concentrations exceeding 1 mg m™ (Solomos et al., 2018). Since there is
no significant human activity occurring at a distance shorter than 15 km within the above sector, it
makes it an appropriate location for monitoring dust layers advected directly from the Sahara. The
fieldmill operated in Crete from April 2017 until May 2018, for a total of 382 days, but was placed
on the edge of a hilly elevation which added a topography factor, not quantified in the specific
research due to the lack of typical flat ground measurements in the area.

The instrument was then re-located to PANGEA (Figure 3.11) in Antikythera (35.861° N,
23.310° E, 193 m asl) where it remained operational until March 2022, for a total of 847 days. The
island covers an area of just 20.43 km?, 38 km south-east of the larger island of Kythera and is
devoid of human activity as its inhabitants are at most twenty people during early fall to mid-

summer. The station location is ideal as the island is placed at a crossroad of air masses (Lelieveld
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et al., 2002), with NNE winds being prominent between August and February, while in spring and
early summer western airflows that favor dust transport are observed. Moreover, the prevailing
meteorological conditions on the island are again representative of the eastern Mediterranean with
warm and dry days in summer in contrast to winter, when the days are colder and wetter days are
typical. At PANGEA, the installation location was carefully selected to avoid orography, obstacles
and power grid lines in the instrument’s proximity. FM was completely autonomous since it was
powered by solar cells and two 12V batteries, while data transmission directly to the station was

coupled with an antenna transceiver.

3.5.3. SolPol Installation at PANGEA

SolPol has been primarily installed at the PANGEA observatory since September 2018. Weather
limitations and increased salinity due to the coastal site effect, led to housing the SolPol in a
specifically built motorized 3M astronomical dome (Scope Dome) that offered protection from
various extreme weather conditions, could be autonomous and operate in sync with the instrument
tracking. For that purpose, we built a custom steel base where we mounted an EQ3 SynScan tracker
and then plug SolPol for on-demand direct sun observations. During the overall period of operation
in PANGEA, we conducted multiple test measurements with the new instrument setup to configure
the best possible sequence and achieve accurate polarization measurements. We, also, determined
the atmospheric conditions under which SolPol’s detection limits were strained and characterized
the individual steps for the instrument’s basic principle of operation.

The datasets presented for the specific study were acquired from May 2020 to June 2021, under
various atmospheric conditions and aerosol loads, specifically targeting days with dust outbreaks
but also days that are representative of the local background conditions. Even a small cloud
coverage can highly influence the transmitted light polarization state on optical wavelengths due to
multiple scattering from cloud droplets or due to dichroic extinction from aligned ice crystals, in
the case of cirrus clouds, that can lead to polarization effects in the forward direction (Baran, 2004;
Bohren, 1987; Emde et al., 2004; Ulanowski et al., 2006). Accordingly, the affected SolPol
measurements are screened and in cases of prolonged transient clouds over the station the

instrument was shut down. All the measurements are always direct sun.
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3.54. The ASKOS Cal/Val experiment

The European Space Agency (ESA) and the National Aeronautics and Space Administration
(NASA) organized the Joint Aeolus Tropical Atlantic Campaign (JATAC) in the tropical islands of
Cabo Verde from July to September 2021, with the main aim being to provide quality-assured
reference measurements to validate the ongoing products of the ESA Aeolus satellite mission and
the preparation of the forthcoming EarthCARE mission (Marinou et al., 2023). ASKOS is the
ground-based component of JATAC that was held in Mindelo on the island of Sao Vicente in Cabo
Verde, where high quality ground-based wind, aerosol and cloud observations were collected using
advanced instrumentation aiming to provide reference values for the Aeolus calibration and

validation (Cal/Val) efforts (https://askos.space.noa.gr/).

3.5.4.1. Mission and Objectives

The ASKOS campaign was implemented in two official phases, the first phase was during the July
and September 2021 operations of the JATAC campaign, while the second phase a year later in June
and September 2022. A preparative phase was implemented in the Cyprus Institute in Nicosia,
Cyprus, during November 2019 (pre-ASKOS). The main focus of ASKOS was to perform ground-
based observations with instruments dedicated to characterize aerosols and clouds, including
aerosol lidars, ceilometers, photometers, microwave radiometers, cloud radars, and electrometers.
The experimental suite was also complemented by UAV in-situ observations and dedicated
meteorological radiosonde observations. In addition, aerosol modelling support for forecasting
during the campaign and the analysis of the data acquired in the frame of the campaign was an

essential part of the implementations.
The objectives of the experiment can be summarized in the:

1. acquisition of aerosol and cloud data from active and passive ground-based systems, including
correlative observations with Aeolus overpasses and airborne observations.

2. analysis of preliminary data quality during the campaign.
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3. processing and scientifical analysis of the observations with respect to the Aeolus mission
Validation requirements.

4.  preparation and provision of the data for the in-depth analysis in the frame of the Aeolus Data,
Innovation, and Science Cluster.

5. evaluation of the Aeolus L2A aerosol and cloud product performance for dust/marine
aerosols.

6. estimation of the uncertainty in the Aeolus backscatter caused by the undetected cross-polar
signal return from non-spherical particles.

7. estimation of the impact of particle orientation in Aeolus products for mineral particles and
ice crystals.

8. determination of the size specific aerosol optical properties: scattering, backscattering,
absorption, SSA, extinction.

9.  provision of an unprecedented amount of quality assured datasets for evaluating more Aeolus
applications (e.g., improvements in desert dust modeling, sea salt emission estimations and
radiative forcing of dust/marine aerosols).

10. study of the ice nucleation due to dust particles and validate the existing parameterizations.
11. evaluation of the Aeolus wind measurements with those by aircraft and radiosonde.

12. study of the impact of Aeolus winds on the analysis and forecast of tropical wave disturbances

and their associated rainfall and dust fields.

3.5.4.2. Site of Operations

The site of operations during ASKOS was the Ocean Science Center of Mindelo (OSCM) on the
island of Sao Vicente in Cabo Verde (Figure 3.12). OSCM has been operating in Mindelo since
2017, providing a multifunctional basis for long-term ocean observation and field research in the
tropical Northeast Atlantic region. The islands of Cabo Verde are located in an ideal position in the
Tropics for studying circulation patterns, atmospheric dynamics, as well as impacts on precipitation
and desert dust. The generally high dust loads in this region are a prerequisite to provide good
quality backscatter signals for the lidar. During boreal summer, the midlevel African easterly jet
(AEJ) is located near Cabo Verde and allows for the formation of synoptic-scale African easterly

waves (AEWs) through baroclinic-barotropic instability. AEW disturbances typically reach their
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maximum intensity close to the coast of West Africa. The Cabo Verde environment is ideal for
aerosol studies and desert dust specifically. Situated downwind of the Sahara Desert, Cabo Verde
receives a large influx of dust, particularly in summer during the peak of the dust season. Mindelo
is located at the north part of Sao Vicente Island. The surrounding topography includes a series of
mountains in Sao Vicente not exceeding the 600 m east and south of Mindelo, while higher
mountains (~ 1400 m) are present at the neighbouring island of Santo Antao at about 25 km north
of Mindelo. Thus, possible channelling, downslope accelerations and wind gusts near the surface

could be expected especially for north winds.

Figure 3.12: Top panel: the OSCM facilities in Mindelo, Cabo Verde. Bottom panel: re-installation of JCI
131 fieldmill electrometer (left), the SolPol (middle) and the GRAW ground-station antenna at the rooftop
of OSCM close to the rest of the remote sensing suite of ASKOS.
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At the rooftop of OSCM, an aerosol and cloud remote sensing facility of the Aerosol, Clouds,
and Trace Gases Research Infrastructure (ACTRIS) was set up in June 2021. The instrumentation
included a multiwavelength Raman-polarization lidar (Polly*"), an AERONET sun-photometer, a
Scanning Doppler wind lidar (HALO), a microwave radiometer and a cloud radar belonging to ESA
fiducial reference network (FRM4Radar). Next to these aerosol, cloud, and wind remote sensing
facilities, ESA’s novel ground reference lidar system eVe, a combined linear/circular polarization
lidar system with Raman capabilities, was deployed which can mimic the observations of the space-
borne lidar ALADIN onboard Aeolus. An actinometric platform and a net radiation instrument have
been installed on the site as well, providing in-situ broadband total, direct and diffuse solar radiation
and incoming - outgoing radiation measurements respectively. In June 2022 more instruments were
set up focusing on desert dust dynamics: the polarization lidar WALL-E, providing measurements
of particle orientation, was used to monitor the possibility of dust orientation in the atmosphere,
along with the SolPol solar polarimeter, which also provided dust particle orientation
measurements. The latter was operated for only three days in total during the ASKOS period due to
overcast conditions and general instrument malfunctions. GRAW meteorological radiosondes
equipment (antenna, ground station, balloon fillings) were also installed at the OSCM premises and
were used for a total of 23 launches with DFM-09 meteorological radiosondes on dedicated periods
for the PBL characterization. To complement the above measurements, vertical profiling of the dust
layer electrical activity was conducted with tethered atmospheric electricity sensors on board the
meteorological radiosondes (nominally called Electrosondes), total of 28 launches, during the
June/September 2022 ASKOS phases. The prototype sensors were designed and assembled in NOA
and measured the electric field strength and space charge density within the layer, respectively. In
parallel, the ground-based JCI 131 fieldmill was also re-located to the rooftop of OSCM, so as to
minimize human and electrical interference to the instrument. The fieldmill was operational during
the aforementioned period 24/7 providing the near surface electric field strength and used as a

reference instrument during the Electrosonde launches.
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Chapter 4

Longterm Dust Electrification measurements based
on Ground-based methods”

In this chapter, we focus on monitoring perturbations of the E-field near the ground caused by the
transported dust layers, with special emphasis on slow E-field perturbations (with duration larger
than 6 hours to exclude phenomena with small timescales or local effects of random origin), and
we attempt to classify and comment on the electrical activity of the dust layers. As electrically
active, we define the layers that exhibit charge separation and behave as electrostatic generators in
the GEC, similarly to electrified shower clouds and thunderstorms (e.g. Mallios and Pasko, 2012).
Conversely, electrically neutral are assumed to be the layers with no charge separation which,
therefore, act as passive elements in the GEC, similarly to the non-electrified shower clouds (e.g.
Baumgaertner et al., 2014). Four selected cases of Saharan dust plumes are examined, as captured
over Finokalia, Crete and PANGEA, Antikythera atmospheric observatories by the same ground-
based electrometer, as well as through the particle backscatter properties by the sophisticated
Polly*T lidar system. The field mill timeseries are processed to extract the diurnal variations of the
GEC and to remove fast field perturbations due to peak lightning activity.

In order to identify the influence of the elevated dust layers on the ground E,, we extract a

Localized Reference Electric Field (LREF) from the timeseries that reflects the local fair weather

4 This chapter is based on my contribution in:

Daskalopoulou, V., Mallios, S. A., Ulanowski, Z., Hloupis, G., Gialitaki, A., Tsikoudi, 1., Tassis, K. and Amiridis, V.: The electrical
activity of Saharan dust as perceived from surface electric field observations, Atmos. Chem. Phys., 21(2), 927-949, doi:10.5194/acp-
21-927-2021, 2021a.
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activity. Then, we compare it with the reconstructed daily average behaviour of the electric field
and the Saharan dust layers’ evolution, as depicted by the lidar. The observed enhancement of the
vertical electric field (up to ~ 100 V m™), for detached pure dust layers, suggests the presence of
in-layer electric charges. Although higher dust loads are expected to result in such a field
enhancement, episodic cases that reduce the electric field are also observed (up to ~ 60 V m™). To
quantitatively approach our results, we examine the dependency of E, against theoretical
assumptions for the distribution of separated charges within the electrified dust layer. Electrically
neutral dust is approximated by atmospheric conductivity reduction, while charge separation areas
within electrically active dust layers are approximated as finite extent cylinders. This physical
approximation constitutes a more realistic description of the distribution of charges, as opposed to
infinite extent geometries, and allows for analytical solutions of the electric field strength, so that

the observed variations during the monitored dust outbreaks can be explained.

4.1. Data acquisition and Methodology

By firstly processing the Finokalia dataset, we extract the daily diurnal variation of the PG (for
this case the downward looking electric field is considered negative, thus the PG positive), we
calculate the mean PG and simultaneously compare with the Carnegie curve data acquired via the
geophysical survey vessel of the Carnegie Institution of Washington provided in the Harrison et al.
(2013) publication (Figure 4.1). The Finokalia curve exhibits a similar behavior to the global
variation of the electric field, with low fields present in the first morning hours (in UT time) and
the field peaks at around 1300 UT, while there is a lack of the night enhancement as compared to
the Carnegie curve with a small double-peak present between 1900 to 2300 UT. The specific
behavior could be due to the increasing human activity, prolonged vehicle emissions and frequent
anthropogenic dust emissions from construction works from the nearby city of Heraklion, that
decrease the atmospheric conductivity and therefore the electric field strength. We have also marked
in a red circle the increasing E-field trend that is attributed to the documented sunrise effect that
seems to not be masked by electrode layer effects (charge separation due to vertical downward

movement of positive charges) in the lower stratosphere and potentially co-exist with temperature
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and humidity variations at the specific time-period within the day (Muir, 1977; Raina and

Makhdomi, 1980).

Mean Electric Field Diurnal variation in Finokalia, Crete
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Figure 4.1: Timeseries of the Potential Gradient (PG) recorded from the station of Finokalia for a total
duration of one year (red solid line), overplotted with the Carnegie curve (black solid line) and the mean PG
value (gray dash dotted line). Red circle denotes the sunrise effect enhancement.

We have also attempted to create a preliminary flag that would recognize fair weather days,
primarily from the Finokalia dataset and would later be expanded to the Antikythera timeseries,
through the use of AOD measurements from the co-located CIMEL sunphotometer (see Section
4.2.2). The criteria for the simplistic flag consisted of: i. PG measurements constrained by AOD
values lower than 0.1 at 550 nm, which indicates a low aerosol content in the atmosphere and that
at least ten such measurements would exist from AERONET per day and ii. the PG values should
not exceed a nominal value of 350 V m™! (twice the mean PG) in order to eliminate perturbations
due to strong winds, convective clouds and thermally driven sea breeze circulations that could
enhance the fair weather electric field (Nicoll et al., 2020). From the described process a total of 43
fair weather days were identified. Figure 4.2 shows the change on the Finokalia timeseries diurnal
variation when filtering for various AOD values from very low aerosol content (AOD 0.05 at 550
nm) to the distinction of medium loads where dust particles become present in the atmospheric
column (AOD 0.1) to very large loads which are somewhat sparse over the station of Finokalia
(AOD 0.5 to 1). It becomes apparent that the PG curve becomes slightly pushed towards smaller

values with the increasing optical depth as particle concentrations increase within the atmospheric
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column and the columnar resistance increases. But in order to have a more statistically and
physically representative extraction procedure for our fair weather days, we will investigate a new
reference field derived only from signal processing methods irrespective of the station /- instrument

installation properties (see Section 4.3).

PG diurnal variation for different AODs
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Figure 4.2: PG diurnal variation curves according to different AOD values for the days under measurement.

In order to interpret the field mill measurements, it is essential to compare the data with a
reference field representative of the local fair weather conditions. For the scope of this thesis, we
examine the entire Finokalia dataset and the Antikythera timeseries that span from June 2018 to
June 2019 (243 days), for E-fields on instrument mast height and specifically target prominent
transport of dust particles over the two observational sites. We analyse a total of four Saharan dust
outbreaks, on the 25" of July 2017 and March 16" 2018 in Finokalia, October 20" 2018 and June
2372019 in Antikythera, which were selected due to the presence of elevated detached dust layers

in the co-located lidar profiles.

4.2. Aerosol monitoring and Characterization

4.2.1. Lidar measurements

For the comprehensive characterization of dust particle optical properties, we exploit the profiling

capabilities of the Polly*" Raman polarization lidar (Engelmann et al., 2016) of the National
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Observatory of Athens (NOA), as part of the European Aerosol Research Lidar Network
(EARLINET). This multi-wavelength system is equipped with three elastic channels at 355, 532
and 1064 nm, two vibrational Raman channels at 387 and 607 nm, two channels for the detection
of the cross-polarized backscattered signal at 355 and 532 nm, and one water vapour channel at 407
nm. The system employs two detectors, a near-field and a far-field telescope provide reliable aerosol
optical property profiles from close to the ground to the upper troposphere. The basic lidar
quantities used for the monitoring and characterization of dust loads in our study, are the total
attenuated backscatter coefficient (Mm™ sr'!') at 532 nm (calibrated range-corrected signal) to
account for particle concentrations and the Volume Linear Depolarization Ratio (VLDR, oy) at 532
nm. VLDR (%) is the ratio of the cross—polarized to the co-polarized backscattered signal
(Freudenthaler et al., 2009), where cross- and co- are defined with respect to the plane of
polarization of the emitted laser pulses. It encloses the influence of both atmospheric particles and
molecules, with high J, values being indicative of irregular particles (i.e., atmospheric dust).
However, for a comprehensive aerosol characterization, the particle backscatter coefficient () and
Particle Linear Depolarization Ratio (PLDR, dp) are needed. PLDR (%) is derived from VLDR by
correcting for molecular depolarization with atmospheric parameters extracted from radiosonde
measurements (i.e., atmospheric pressure and temperature). In the selected case studies, we also
present the J, and S profiles, as derived in the timeframe when each dust episode was fully
developed (averaged between 18:00 and 21:00 UTC for all dust cases). Typical dp values for
Saharan dust are in the range of 25 % to 35 % at 532 nm, while large f values are representative of

substantial particle concentrations (Haarig et al., 2017; Veselovskii et al., 2016, 2020).

4.2.2. Ancillary aerosol and trajectory information

The Aerosol Optical Depth (AOD) was monitored by a CIMEL sunphotometer, part of the Aerosol
Robotic Network (AERONET - https://aeronet.gsfc.nasa.gov/), which was co-located with the lidar

on both stations. For the cases examined here, the AOD varied from 0.221 to 0.366 at 500 nm. To

characterize the air masses in regard to their origin we use the NOAA HYSPLIT back trajectory

model, driven by GDAS meteorological data (https://www.ready.noaa.gov/HYSPLIT.php). The
arrival heights for dust over the observational sites were selected in HYSPLIT according to the

prevailing layering depicted by our lidar measurements (Figure 4.3).
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Figure 4.3: NOAA HYSPLIT backward-trajectory model with GDAS assimilated data input for (a) 25 July
2017 with 72 h backward propagation of air masses towards Finokalia, (b) 20 October 2018 with 72 h
backward propagation of air masses towards Antikythera, (¢) 16 March 2018 with 48 h backward
propagation of air masses towards Finokalia and (d) 23 June 2019 with 48 h backward propagation of air
masses towards Antikythera (https://www.ready.noaa.gov/HYSPLIT.php, 3 July 2020). Please note that
some dates in the figure are given in the format of month day.
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4.3. Localized Reference Electric Field (LREF)

The classification of the vertical electric field behaviour under dust influenced conditions, as that
of an enhanced, reduced or reversed E-field, necessitates comparison with the local long-term fair
weather electric field (Daskalopoulou et al., 2021b). In order to represent solely the diurnal GEC
influence at each observational site, away from electric generators perturbing the near ground E-
field (e.g., Zhou and Tinsley, 2007), we construct a Localized Reference Electric Field (LREF) by
exploiting only the timeseries inherent attributes and the measuring quantity itself, through the
processing chain described below (Figure 4.4). Various authors have presented different
methodologies for determining fair weather conditions (e.g., Anisimov et al., 2014). For the specific
study, the selected constraints of fair weather are based on the classification of fair weather days as
the less electrically disturbed days, also assumed by the Carnegie Institute researchers (Harrison,
2013). Although, local effects on the E-field at each site can be of random nature (wind gusts,
lightning strikes, radon emission and turbulent flows due to orography), the selection of fair weather
data can be based on noise reduction by subtracting values which are clearly dominated by local
influences and not directly addressing the meteorological criteria of fair weather (Harrison and
Nicoll, 2018).

As such, the FM data are pre-processed by applying the appropriate scaling factor for the 3 m
mounting mast of the electrometer (Chubb, 2015) and then days with no missing values due to
either instrument malfunction, power outages or pc communication failures, are selected (Filter no.
1). Under local fair weather conditions, the E-field, as measured here, is positive therefore imposing
the second filtering step with a non-negativity constraint (Filter no. 2). When representing the E-
field diurnal variation by the Carnegie Curve, which is used consistently as a reference against
locally measured atmospheric electricity parameters, the hourly variations of the field that shape
the curve correspond to the 24, 12, 8, and 6-hour durations, as deduced from previous consistent
observations of the Carnegie vessel (Harrison, 2013). In the specific study, we attempt to derive the
local harmonic fit in the form of the LREF, based on the Carnegie curve morphology, and assuming

that this trend should be followed by the reference field as well.
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Figure 4.4: Signal processing chain for: (i) the derivation of the Localized Reference Electric Field (LREF)
that represents the local fair weather (FW) conditions following the proposed filtering process (filters no. 1
to no. 4, yellow to orange) of the field mill electric field data and (ii) the derivation of the daily mean electric
field under dust-driven days from the same dataset (yellow to olive green). The LREF is compared to the
mean electric field values in order to assess the electric field behavior. Ampl: amplitude; harm.: harmonic

Consequently, the averaged 1s data to 1-minute data (datalogger configuration) are shifted to the
frequency domain through a Fast Fourier Transform (FFT) representation so as to evaluate the
relative contributions of the first five principal harmonics to the diurnal cycle of the electric field
(hourly variations including daily mean), which are depicted in the following signal equation for
S(t) (4.1). We note, that days with missing data are removed, because the uneven temporal
distribution of the measurements modifies the time window for the FFT algorithm, and therefore,

modifies the timeseries spectrum.

S(t) = Ay + Ay cos2rfi + @1) + A, cos(2nf, + @5) + Az cos(2nf; + @3) + 4.1)

Ay cos(2mtfy + ¢a)
where S is the electric field at time t in hrs (UTC), A; for i = 0,..4 with A, representing the mean
value (constant, zeroth harmonic) and A; to A, (first to fourth harmonic) represent the amplitudes
of'the 24, 12, 8, and 6-hour variations, f; = i i 360° is the frequency of each harmonic, where f, =

0 and ¢, are the respective phases in degrees, with ¢, = 0 (Harrison, 2013). Based on the form of
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the Carnegie curve, and assuming that this trend should be followed by LREF, we find empirically
that the ratio between the zeroth harmonic and the first harmonic is around two. Therefore, the E,
values for which the amplitude A, is larger than two times the amplitude A, are kept (Filter no. 3).
The same filter is applied to the other harmonics as well (A is larger than two times the A;), making
sure that no fast-transient contribution is kept.

Lastly, since the amplitude of each harmonic is expected to be constant for all days (as the
amplitudes in the Carnegie curve do), we impose the Chauvenet criterion on each of the filtered
five harmonics amplitude, so as to detect outliers. The criterion is imposed once with the use of the

relation below:
Nerfc (d—JS) < %, (4.2)

where:

dl = |Aij — fTil, is the deviation for i = 0,..4 referring to the i harmonic, j = 0,..N the day

number and N the total number of days, for:

A =2 Py A/, where A;; is the i harmonic amplitude per day and summated over j gives 4; as

TN
the mean amplitude of each harmonic.

Lastly, s 1s the unbiased sample variance and is defined as:

. _ (2
, I (ad-4)
st="——
N-1

within erfc(x) which is the complementary error function, defined as:
_ _ 2 X _g2
erfc(x) =1—erf(x) = 1_\/_§fo e tdt.

In order to compare LREF with the daily variation of the electric field during the dust events,
the acquired field mill measurements are also shifted to the frequency domain through an FFT.
Again, the first five harmonics are retained and from the specific dataset, a smoothed slow varying
field is reconstructed, otherwise referred to as reconstructed mean, from the set of mean amplitudes
and phases of the first three harmonics. This filtered field retains the main characteristics of the
local reference field, since fast transient events which are less than 6 hrs in duration are removed.

Therefore, the LREF and reconstructed mean field signals can be compared since they have the
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same spectral information. Moreover, to later compare the E-field timeseries with the optical
properties of dust particles through lidar retrievals, the field mill data need to be averaged to the
same timestep as the lidar products (for the lidar system used in this study an averaging to 5 mins

is required).

4.3.1. Chauvenet criterion validity

In the previous section, we described the processing chain for the determination of the local fair
weather days considering a complete potential gradient dataset. The novelty of the approach lies to
the fact that only signal processing constraints are used, without incorporating criteria of local
meteorological parameters that could redefine the initial conditions for the total fair weather days
determination (Harrison and Nicoll, 2018). Nonetheless, threshold values concerning these factors
are subjective, and may vary from study to study, which leads to differences in the extracted fair
weather days. The specific study proposes a mathematically strict approach with the imposition of
the Chauvenet criterion, which exploits only the ground fieldmill data and has a physical impact on
the dataset. Under fair weather days, the mean electric field is approximately constant and the dust
driven days (about 10 % of the days within a typical year for Eastern Mediterranean stations) will
not influence significantly the reconstructed mean field value, but will be well beyond the standard
deviation. The Chauvenet criterion excludes the days with such high variations as outliers and,
therefore, the methodology for the reconstruction of the local reference field is less biased to

variations occurring in dust driven days.

4.4. Influence of the Dust Layer to the Ground E-field

4.4.1. Cylindrical Model formalism

In the steady state of such an atmosphere, the divergence of the total current is zero Vftot =0,asa
direct consequence of the continuity equation and hence the conduction current remains constant
with altitude. From Ohm’s law, we can relate the conduction current, J,, with the vertical component

of the electric field, E, (Figure 4.5a), as:

89



Chapter 4

J, =0dE,, 4.3)
where o is the atmospheric conductivity and assume a smooth conductivity profile along the

altitude z, as:
0 = 0, exp (?) , (4.4)

for oy, and [ the constants that represent the near ground atmospheric conductivity and the
atmospheric scale height, respectively. The given mathematical formalism of the atmospheric
conductivity is adopted also by Ilin et al. (2020). The authors demonstrated that such a profile
adequately describes the main aspects of the real conductivity distribution, and can be seen as a
global mean conductivity profile.

We, then, express the conduction current at ground level, ], , as a function of the columnar

resistance R, and the potential difference AV = V,,,, — V, (4.5), therefore:

av Vion
Joo =% = (4.5)

R¢ R¢

where V;,,, is the ionospheric potential at the altitude H, and V,, is the potential at the Earth’s surface
which is considered a good conductor due to soil particles that are usually covered by a thin,
conducting film of water (Kanagy and Mann, 1994), hence Vj, is set equal to zero.

The columnar resistance can be calculated from the conductivity profile of equation (4.4)

(Rycroft et al., 2008), hence:

R, = ng— : (1—exp(—%)>, (4.6)

0 o 0o

By combining equations (4.3), (4.5) and (4.6), the fair-weather electric field at ground level, E,, ,
is of the form (Gringel et al. 1986):

_ Vion _ Vion

E,, = —,
GoRe l(l_exp(_T)) 4.7

which depends solely on the scale height [ and the ionospheric potential V;,,,.
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Figure 4.5: Schematic of the formalism for the calculation of the steady state near-ground electric field
bounded between the ground potential (Vgrouna) and ionospheric potential (Vignosphere) at height H, under:

(a) fair weather conditions (E,_ ) where atmospheric conductivity a, follows an exponential distribution

along the altitude z with respect to the scaling height [, (b) the presence of an electrically neutral dust layer
(Ezo'layer) with depth d and radius R, which modifies conductivity to ¢’ and (c) the hypothesis of a cylindrical

charged monopole (EZO'Q) within the dust layer, with depth d,, radius R, and total charge Q. The monopole

case is a superposition of the electrically neutral dust layer with the charged cylinder within the bounded
atmospheric potential.

The case of a steady state atmospheric desert dust layer that does not exhibit charge stratification
is examined below. The layer acts as a passive electrical element (resistor), and reduces the fair
weather atmospheric conductivity due to the ion attachment to dust particles, by a varying reduction
factor n. Figure 4.5b, represents the above layer configuration, where the new conductivity profile

within the layer along the altitude z, will be:
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!

o' =2exp(?), (4.8)

The electric field at ground due to the dust layer, E,_ ;qyer» 1S given by:

= Yion (4.9)

Ezo,layer O_ORCI )

with the new columnar resistance, R,’, being:

) idz  (Adz  (Hdz
0 o Zq o V4

= £+ 0 Ve (=52 (1= exp (-2)) - (2]

where z, , are the layer bottom/top heights, z. is the mean layer central height and d = z, — z; the

(4.10)

mean layer depth. The dust layer horizontal extent R (radius), as depicted in Figure 4.5b, is assumed
to be at least ten times larger than its vertical extent (R > 10d) for a thin layer approximation. And

(4.9) gives through (4.10):

E, 1aver = Vion (4.11)
I i nnexp(—~252) (1-exp(=5))-exn(D)]

Therefore, it is clear that E, ;... depends on the scale height parameter [, the reduction parameter

n, the layer central height z. and the layer depth d. A further investigation of the E-field dependence
on the various parameters listed above can be found in Section 4.4.5.

On a next step, we parameterize an electrically active dust layer to calculate its impact on the
surface E-field. Specifically, we construct a simplistic model for the atmospheric column (1D),
based on the hypothesis that the charge accumulation areas within the dust layer can be
approximated by charged cylinders of a total charge density + p (Figure 4.5c). For the cylinder, we
assume that its horizontal extent, as represented by the cylinder radius R, in Figure 4.5c, is at least
ten times larger than the vertical extent (large cloud approximation), to ensure that the field lines
are vertical with only weak radial dependence directly below the center of the layer (e.g., Riousset
et al., 2007). The electric field of such an idealized finite extent charged layer is dependent on the
distance from the layer. Departures from this behaviour occur near layer edges and distances

comparable to the layer extent. Moreover, the hypothesis of the presence of image charges is also
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applied due to the ground being a good conductor, ensuring that the calculated electric potentials
are solutions to the Poisson equation.

The formulation for such an electrically active layer consists of a superposition of the electrically
neutral dust layer case with the monopole charged cylinder case, constrained for zero ground and
zero ionospheric potentials. The derivation of the ground electric field due to the presence of a total
charge density of p is given below. We calculate the potential at point A (central lower point of the
charged cylinder, Figure 4.5c), which is given as the sum of the potential from the total charge Q

and the potential from its image charge, Qi g, Where Qg = —Q:

The solution for the potential at the central axis of a solid charged cylinder with total charge density
p1, 1s given by (e.g., Griffiths ‘Instructor s Solution Manual for Introduction to Electrodynamics’,

4th Edition, 2013):

[ 2 2]
Vo = zfgl d /R12 +d,? + R, ln[ R —d?},  forRy>10d,  (413)
0 1 }

Voimg = 71 2%, (R + (22.,)" - (22c, — dl)JRlz + (22, —dy)" +

480

2Zq.+ |R 24 2Z¢ 2
R,’In - \/ﬁ — 2d, <ZZC1 - ﬂ) .
(22¢,—d1)+ |R1>+(22¢,~ds)° 2

where g, is the permittivity of vacuum, R; the charge region horizontal extent presented by the

(4.14)

cylinder radius, d; = z," — z;' the cylinder depth (charge region vertical extent) and p, is the total

charge density. Correspondingly, the potential at point A due to the image charge is calculated as:

for z., the charged area central height. The new columnar resistance up to the height of point A,

will be:
Z1dz z' dy
Rc1 Zf —+f — =
0 o VA o

1
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o= Hi-om ()] 2o (20 e (5]

calculated from the ground to the dust layer bottom height z;, and from there to the cylindrical
charged area bottom height z;" (Figure 4.5¢). Note that d is the layer depth while d; is the cylinder
depth. And again, from Ohm’s law and equation (4.15), we get the electric field at ground level for

the case of a charged cylindrical monopole as:

Va (4.16)

l[l—exp(—#)]_l_m[exp( zc—ld/Z)_exp( zcl—ld1/2)]a

EZO'Q =

where V, is given from equations (4.12) to (4.14), with E,_ , being dependent on the scale height [,

the conductivity reduction factor n, the central layer height z, and charged area central height z.. .

In the case of multiple stratified charged areas within the layer, the electric field at ground level

is a superposition of the contribution to the field from each charge and its image (E,, ¢,), along with

the non-stratified dust layer’s contribution attributed to the imposed conductivity reduction

(Ezy Jayer), hence:

Ezo,multipole = Z Ezo,Ql- + Ezo,layer =
(4.17)

Ezo,dipole = Ezo,lower cylinder + Ezo,upper cylinder + Ezo,layer )

where, subsequently, if we assume a dipole charge configuration within the dust layer, the total

contribution to the ground E-field (E;  gipole) Will be a superposition of the influence from the lower
(Ez, lower cylinder) and upper (E; upper cylinder) Charged areas, along with the electrically neutral

dust layer’s contribution (E; jayer)-

4.4.2. Electric Field below the Fair Weather Field

As a result of the mathematical formalism described above, we present the 1D model results and
restrictions under which the various behaviours of the near-ground E-field strength can be exhibited
in comparison to the calculated fair weather E-field. Following this formulation, the dust layer that

exhibits charge separation is approximated with a dipole of oppositely charged cylinders. The
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influence of small charge imbalances, less than 10 %, in the bipolar case, which could quantitatively
explain the enhancement or reduction in the E-field is also investigated. If multiple charge
accumulation regions are suspected within the dust layer (Zhang and Zhou, 2020), the problem can
be still represented by the model output through a superposition of several cylindrical monopoles
with different charge densities, polarities and separation distances.

In this section, we describe the possible cases under which lofted dust layers can reduce the near-
ground E-field strength below the reference electric field values, and we investigate whether
electrified dust layers can reproduce such a behaviour. E, j.yer dependency on the various
atmospheric parameters, points to atmospheric conductivity as the dominant factor that affects the
E-field (see Section 4.4.5). Therefore, we expect that if the dust layer is electrically neutral and acts
as a passive element by reducing the atmospheric conductivity, it will greatly affect the field by

forcing it below the local reference values.

Table 4.1: Dust layer central height and depth, as derived from the PLDR profiles.

Dust Outbreak z;, (km) d; (km)
25/07/2017 (Fin.) 3 4
20/10/2018 (Ant.) 3 4
16/03/2018 (Fin.) 35 25
23/06/2019 (Ant.) 3.5 3

Since vertical profiling data within the dust layers were sparse during the objective setting of
this thesis, we utilize earlier measurements of electric field variation with the altitude. These
indicated a charge density of p = + 25 pC m™ within a transported Saharan dust layer away from
the emission source (Nicoll et al., 2011a). From the specific value, the total charge Q is estimated
for the different model cylinder extents. Gringel and Muhleisen (1978) measured a reduction of the
electrical conductivity, compared to the fair weather values, by a factor of four within an elevated
dust layer and we, therefore, adopt a reduction factor of n =4 in the present study (see also Section

4.4.5). For E, , E;  1ayer and E, o estimations, the scale height is fixed to a globally average value

of /=6 km (Kalinin et al., 2014; Stolzenburg and Marshall, 2008), the ionospheric potential is fixed
at Vi, = 250 kV and the ionospheric height is at H = 70 km. The mean central height of the dust
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layer and mean layer depth are both set equal to 3 km (z, = d = 3 km), since this height represents
the average value for the four dust cases according to the lidar PLDR profiles (Table 4.1).

4.4.2.1. Balanced/Imbalanced dipole field below Fair-weather field

We consider the case of two oppositely charged cylinders with similar geometries as in Figure 4.5c,
assuming they are within a dust layer with a mean height of 3 km and a mean depth of 3 km. The
lower cylinder central height z starts at 2.95 km and decreases, the upper cylinder central height
z., starts also at 2.95 km for zero separation distance (at this limit, it represents electrically neutral
dust that lacks internal E-field generation due to the absence of charge separation) and increases
within the dust layer boundaries (varying separation distance), while their depth is fixed at 100 m,
in order to be of finite vertical extend but quite thin. The separation distance between the two
cylinders is defined as the difference between their central heights and the ground E-field is a
superposition of the electric field of the upper and lower cylinders. We assume the bottom cylinder
to be positively charged with density +p and the upper one to be negatively charged with -p (Figure
4.6), in order to simulate gravitational settling conditions for larger and, most probably, positively
charged dust particles (Forward et al., 2009b; Waitukaitis et al., 2014). From equations (4.12) to
(4.17), the field is analytically calculated directly on the axis of the charged cylinders and plotted
against the cylinder radius R for separation distances up to 800 m.

As seen in Figure 4.6, the resulting electric field values on ground level are consistently below
the fair weather constant value. When the dipole separation distance increases, the vertical electric
field at ground level increases. This happens due to the stronger influence of the lower charged
cylindrical layer to the surface resistance. The fact that the upper charged cylinder moves to higher
altitudes signifies that the resistance between the specific layer and the ground increases, therefore

the conduction current at the ground decreases.
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Balanced Dipole E-field vs cylinder Radius (below Fair Weather)
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Figure 4.6: Vertical electric field strength at ground level (E, qipo1e) below the fair weather field (blue line),
for a dipole of: (a) finite uniformly charged cylinders and (b) non-uniformly charged cylinders exhibiting a
charge imbalance of 8 %, within an elevated dust layer as a function of the cylinder radius R. E, gipole IS
calculated for separation distances (Sep_dist) of O (electrically neutral dust), 100, 200, 400 and 800 m
(balanced dipole case only) between the charged layers.

The conduction current due to the upper charged layer, then, becomes weaker than the
conduction current due to the lower charged layer, which moves towards the ground. Since the
conductivity at the ground is undisturbed by the dust layer (Figure 4.5¢) and equal to the fair weather
value, the ground electric field due to the upper layer decreases as the layer moves up, while the
field due to the lower layer increases as the layer approaches the ground, leading to an increasing
value of the total electric field with the increasing separation distance. When the separation distance
is kept relatively small, the enhancement effect in the E-field is not significant enough to overcome

the fair weather values (Figure 4.6). For large radii, although the infinite plates configuration is
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asymptotically approached (EZO,dipole — 0), there is a nearly-constant residual field for the finite
cylindrical geometry of the charged regions. Since the charged cylinders are placed in a conducting
medium above a perfect conductor, the electric field at the ground will not be zero even if the
cylinders have infinite extent. Due to the conductivity distribution, there is an uneven contribution
of the electric fields of each cylinder and, therefore, the E-field is expected to converge to this non-
zero value (Figure 4.6).

If the dipole charge density is not uniformly distributed to both cylinders, resulting in a charge
imbalance within the layer, the electric field will be more sensitive to separation distance changes
(Figure 4.6b). Such imbalance could be the result of (a) dust charging at the source, prior to any
charge separation that may occur (Ette, 1971; Kamra, 1972), (b) charging due to atmospheric
current, or (c) charge loss through dry deposition in the Planetary Boundary Layer (PBL). In Figure
4.7, the ground electric field dependence on the separation distance and cylinder radius is depicted,
for a charge density difference of 4p = 2 pC m™ (8 %) between the two charged cylindrical areas,
with the upper one being less charged. This leads to a larger increase of the E-field than in the
balanced dipole case (Figure 4.6a), as the effect of the upper cylinder not only decreases as it moves
to higher altitudes, but it is also reduced due to the reduction of the total charge density which
influences proportionally the electric field. Note that even a small imbalance can highly increase
the external field. Nevertheless, for relatively small separation distances the resulting field values

fall again below the fair weather value.

4.4.3. Electric Field above the Fair Weather Field

We examine the physical arrangement within the dust layer that can provide an enhancement to the

electric field above the fair weather values and subsequently above the LREF.

4.4.3.1. Balanced/Imbalanced dipole field above Fair-weather field

For the same charged region geometries as discussed previously, larger separation distances are
imposed for the balanced dipole case (Figure 4.7a), but we strictly remain within the base dust layer
mean dimensions. Figure 4.7 shows that as the separation distance between the oppositely charged

layers increases, an enhancement of the E-field above the local reference values occurs. This
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enhancement becomes more prominent as the layers grow further apart within the dust plume and
the contribution from the lower layer is significantly larger than the upper layer. The above
dependence of the ground E-field on the separation distance is not expected in the case of charged
infinite plates, as discussed in Section 4.4.2.14.4.2.1. Again, for a charge imbalance of 8 % between
the two cylinders and for larger separation distances, the E-field is significantly enhanced and
exceeds the local fair weather values (Figure 4.7b). This increase becomes more prominent as the

separation distance increases and the lower positive cylinder moves closer to the sensor location.

Balanced Dipole E-field vs cylinder Radius (above Fair Weather)
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Figure 4.7: Vertical electric field strength at ground level (E;, 4ipo1e) above the fair weather field (blue line),
for a dipole of: (a) finite uniformly charged cylinders and (b) non-uniformly charged cylinders exhibiting a
charge imbalance of 8 %, within an elevated dust layer as a function of the cylinder radius R. E;_ gipole 1S
calculated for separation distances (Sep_dist) of 1.2, 1.4, 1.8 and 2 km between the two charged layers.

The term large or small separation distance depends on the conductivity distribution and more

specifically on the conductivity scale height, as can be seen in Equations (4.11) and (4.16).
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4.4.4. How does a Reversed Electric Field Polarity affect the formalism?

If a reversed polarity E-field is observed (in our timeseries there were dust cases under which
the field exhibited polarity reversal), with the opposite sign signifying that the field vector points
upwards instead of downwards, then the investigated formalism is capable of explaining the
reversal. As such, a similar cylindrical configuration could be assumed with the only difference
being that the lower layer has to be negatively charged and the upper one, in the dipole case, to be
positively charged. Under this condition, the conclusions derived from the model remain the same.
Therefore, such an indication of reversal is explained only via reversed separated cylindrical

charges and again points that lofted dust has to be electrified.

4.4.5. Dust Layer acting as a Passive Element

In Figure 4.8, the dependence of the near ground electric field strength, E, 4y (red line) of an
electrically neutral dust layer on the conductivity reduction factor, the scale height, the layer central
height and the layer depth, as given in (4.11), is plotted and compared to the fair weather electric
field E, at ground (blue line) which is given by (4.7). E,, depends only on the scale height and
decreases as [ increases, while it remains constant for the other varying parameters as expected
from equation (4.7). The calculated fair weather field value of ~ 42 V m’!, for the selected /, is
comparable to the estimated value by Williams (2003) from Ohm’s law, when dividing the globally
integrated conduction current density by the mean atmospheric electrical conductivity at ground
Uz 2% 102 Am?, 0, = 5 x 10'* S m") and assuming an exponentially increasing conductivity
profile above the Earth’s surface (Haldoupis et al., 2017).

We note that this globally averaged value of E, is much less from the typically measured which
is around 100 V m™! (e.g., Corney et al., 2003; Reddell et al., 2004). We believe that the average
value is more suitable for global calculations, because it incorporates the variations of the
conductivity distribution around the Earth. On the other hand, the typical value is tied to the location
of the measurement, and it varies at different locations as the conductivity distribution changes.
Consequently, E,_ jqyer Strongly depends on the conductivity reduction as depicted in the Figure

4.8 case (a) curve, where the field reduces with the increasing reduction factor more effectively
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than with respect to the other three parameters, meaning that atmospheric conductivity reduction is

the predominant factor that affects the E-field strength by largely lowering it. The E, depends only

on the varying scaling height as expected from Equation (4.7).
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Figure 4.8: Dependence of the vertical electric field at ground level, under fair weather (E, , blue line) and
under the influence of an uncharged dust layer (E, jayer, red line) on: (a) the reduction factor n, (b) the

scaling height , (c) the central layer height z. and (d) the dust layer depth d, for 1/, = 31013 Q m,
Vion = 250 kV and H = 70 km.

4.5. Dust Layer Optical Properties

4.5.1. Characterization through the Polly*" lidar

The July 2017 and March 2018 dust events in Finokalia are characterized by large concentrations
of airborne dust particles from the middle of the day onwards, followed by dust settling towards the
ground after 21:00 UTC, as indicated by the time-height plots of the total attenuated backscatter
coefficient (Figure 4.9 and Figure 4.11) Larger particle concentrations are shown in red tones, with
the £ and o, (black lines) profiles superimposed to the respective attenuated backscatter coefficient
(top panel) and oy (lower panel) quick-looks. For the first case study (Figure 4.9), beta values are

between 3 to 4 (Mm! sr'') with a maximum value of 5 (Mm™! sr'!) inside the layer and denote large
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particle concentrations. High v values (> 10 %) are indicative of dust particles and o0, values
between ~ 25 % — 30 % in the afternoon are characteristic of pure dust. Settling of dust particles
below 2 km, inside the Marine Boundary Layer (MABL) is revealed from the time-height evolution
of the VLDR (see Figure 4.9, bottom panel). For the March 2018 case study (Figure 4.11), the
elevated layer (small dust concentration was present near the surface) reached Finokalia at early
noon. The layer was directly transported from Sahara and reached the station in less than 48 hours,
as indicated by the backward trajectories analysis (Figure 4.3c). Examination of the f profile in
Figure 4.11, shows values that reach up to 15 (Mm' sr'!) at the top of the layer, indicating higher
aerosol concentrations in this case. dy values close to 30 % are indicative of high dust particle
concentration and J,, values persistently of 30 % are characteristic of pure dust within the entirety
of the layer (1 to 4 km), with dust downward mixing inside the MABL being less prominent.

The October 20" 2018 Antikythera layer (Figure 4.10), exhibits lower dust particle
concentrations (8 lower than 5 Mm™' sr'!) close to the ground up to 6 km in altitude, mostly mixed
with marine aerosols below 2 km (Figure 4.3b and Figure 4.10). High oy values (> 20 %) are
indicative of dust particle presence and d, between 25 % — 30 % in the afternoon is characteristic
of pure dust. It is also observed that the near-ground dust concentration is very low, with the thin
layer at 500 m being a mixture of dust particles and particles of marine origin with the VLDR
around 15 %. The June 23™ 2019 dust outbreak consists primarily of high elevated dust
concentrations, since dy values are greater than 15 % (Figure 4.12), after mid-day, with J, values
reaching up to 30 % in the height range of 3 to 5 km, which are representative of pure dust (Figure
4.12). The dust plume was transported again directly from Sahara to Antikythera within 48 hours

(Figure 4.3d) and very low concentrations of dust particles are also present within the MABL.

4.6. Local Mean Electric Field Behaviour

Considering the electrical properties of the layers detected in Finokalia (Figure 4.9 and Figure 4.10),
the LREF and the reconstructed mean electric field are depicted, with the local diurnal variation
resembling the Carnegie curve. The E, values vary between a total minimum at ~ 05:00 UTC and
the maximum at ~ 13:00 UTC with a mean value of ~ 173 V m™\. An increase of the electric field

is observed at about 22:00 UTC resulting in a double peak variations curve (Yaniv et al., 2016). The
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reconstructed mean E-field is close to the expected fair weather value and the slight difference can
be attributed to local meteorological factors, atmospheric boundary layer characteristics (Anisimov
et al., 2017) and the station’s coastal location. Complementarily, E, diurnal variation in the station
of Antikythera exhibits a minimum in early morning hours at ~ 23:00 UTC and a single maximum
on early afternoon at ~ 19:00 UTC (Figure 4.11 and Figure 4.12), with a mean value of ~ 102 V m’
!, Since the timeseries in Antikythera are restricted to one year, the mean E-field value is statistically

biased, therefore it is lower than the expected fair weather value.

4.7. Observed Electric Field compared to LREF

4.7.1. Cases of Electric Field Enhancement

In Figure 4.9 and Figure 4.10, we present the dust events that induced an enhanced electrical
behaviour near the ground. The E-field strength measurements are averaged over 5 mins in order
to be comparable with the lidar data. In the July 25" layer (Figure 4.9), dust advection is recorded
since the first morning hours and areas of increased particle concentration can be spotted from early
noon. The Jp profile signifies that the layer consists primarily of dust which descends after ~ 16:00
UTC and falls entirely below 2 km at ~ 18:30 UTC, but the mean electric field (black line) remains
above the reference field (red contoured line), showing an increase when particle density is
maximized towards noon and a small drop when dust concentration within the MABL becomes
significant. A similar electrical behaviour was observed during the dust event of October 2018 that
reached the PANGEA observatory. Large lofted particle concentrations are attributed to dust
according to the mean J, values that reach up to ~ 25 % — 27 % (Figure 4.10). For both cases, the
mean E, appears enhanced as compared to the LREF. According to the physical approximation of
cylindrical charged areas (see Section 4.4.1), such an enhancement would be expected only when
the lofted dust layer is electrically active and charge separation within the layer is prominent. From
Figure 4.8b, it becomes apparent that the external E-field is more sensitive to charge imbalances,
even small ones, than to separation distance variations, hence a charge imbalance within these layers
could drive the E-field above the fair weather values, as observed in the above cases, for even

smaller charge separation distances.
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Electric Field strength vs Attenuated Backscatter Coefficient at 532nm - July 25" 2017, Finokalia
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Figure 4.9: Top panel: Timeseries of the vertical electric field strength (orange), the extracted Localized
Reference (ref.) Electric Field (red) and the reconstructed (reconstr.) mean electric field variation (black)
from the field mill dataset, for the recorded 25 July 2017 dust layer at Finokalia. The E-field data are plotted
with the time-height evolution of the attenuated backscatter coefficient (Mm™ sr!) and the particle
backscatter coefficient (8) profile (Mm™sr?, black vertical line) at 532 nm from the Polly* lidar, which was
co-located with the field mill. Areas of increased particle concentration are denoted with reddish tones, while
S values are derived by averaging between 18:00 and 21:00 UTC. Bottom panel: Volume Linear
Depolarization Ratio (dv, %) at 532 nm for the same dust layer as obtained from the Polly*T lidar and the
Particle Linear Depolarization Ratio (dp, %) profile (black vertical line) again averaged between 18:00 and
21:00 UTC. Large oy values are depicted with reddish tones.
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Electric Field strength vs Attenuated Backscatter Coefficient at 532nm - October 20" 2018, Antikythera
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Figure 4.10: Top panel: Timeseries of the vertical electric field strength (orange), the extracted Localized
Reference (ref.) Electric Field (red) and the reconstructed (reconstr.) mean electric field variation (black)
from the field mill dataset, for the recorded 20 October 2018 dust layer at Antikythera. The E-field data are
plotted with the time—height evolution of the attenuated backscatter coefficient (Mmsr) and the particle
backscatter coefficient (8) profile (Mm*sr?, black vertical ling) at 532 nm from the Polly*" lidar, which
was co-located with the field mill. Areas of increased particle concentration are denoted with red tones,
while S values are derived by averaging between 18:00 and 21:00 UTC. Bottom panel: VVolume Linear
Depolarization Ratio (dv, %) at 532 nm for the same dust layer as obtained from the Polly*T lidar and the
Particle Linear Depolarization Ratio (dp, %) profile (black vertical line) again averaged between 18:00 and
21:00 UTC. Large oy values are depicted with red tones.
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4.7.2. Cases of Electric Field Reduction

Several dust load cases were detected, both in Finokalia and Antikythera, where the near-ground
electric field strength exhibits a decrease when compared to the local reference field and,
particularly, when high dust particle concentrations were present. In the specific study, we select
the cases of March 2018 and June 2019 in terms of the similar temporal injection of dust particles,
large AOD values and similar layer progression throughout the day (Figure 4.11 and Figure 4.12).
From the o, profiles, we deduce that for both cases, the elevated layer between 2 and 4 km consists
primarily of dust particles, while the decrease of J, towards the bottom of the layer is indicative of
downward mixing inside the MABL, with marine particles of lower J,. The mean E-field remains
positive and well below the reference field, exhibiting an increase as dust injection initiates at ~
09:00 UTC and then a decrease along the plume’s progression (Figure 4.11).

The dust plume of June 2019 instils a similar electrical behaviour to the ground E-field (Figure
4.12), as the bottom of the layer seems to progressively move towards lower altitudes during late
afternoon and the total dust load remains persistent. The mean E-field is positive and consistently
below the reference field, exhibiting an increase close to fair weather values when particle injection
begins towards noon and dust concentration is rising, but later drops further below the LREF as the
layer progresses to lower altitudes. Following the 1D model outputs for such a case (see Section
4.4.2), this observed reduction could be attributed to either electrically neutral dust aloft or to
electrically active dust with the charged regions in relatively small separation distances within the
layer. Under the electrically active dust case, a charge imbalance of less than 10 %, can be adequate
to interpret the observed reduction of the E-field below the LREF for even smaller separation
distances. But the detection of such an E-field reduction below the LREF cannot conclusively

characterize the electrical activity of the dust layer aloft.
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Electric Field strength vs Attenuated Backscatter Coefficient at 532nm - March 162018, Finokalia
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Figure 4.11: Top panel: Timeseries of the vertical electric field strength (orange), the extracted Localized
Reference (ref.) Electric Field (red) and the reconstructed (reconstr.) mean electric field variation (black)
from the field mill dataset, for the recorded 16 March 2018 dust layer at Finokalia. The E-field data are
plotted with the time-height evolution of the attenuated backscatter coefficient (Mm™sr?) and the particle
backscatter coefficient (8) profile (Mm*sr?, black vertical ling) at 532 nm from the Polly*" lidar, which
was co-located with the field mill. Areas of increased particle concentration are denoted with red tones,
while g values are derived by averaging between 18:00 and 21:00 UTC. Bottom panel: Volume Linear
Depolarization Ratio (Jv, %) at 532 nm for the same dust layer as obtained from the Polly*T lidar and the
Particle Linear Depolarization Ratio (Jp, %) profile (black vertical line) again averaged between 18:00 and
21:00 UTC. Large oy values are depicted with red tones.
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Electric Field strength vs Attenuated Backscatter Coefficient at 532nm - June 232019, Antikythera
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Figure 4.12: Top panel: Timeseries of the vertical electric field strength (orange), the extracted Localized
Reference (ref.) Electric Field (red) and the reconstructed (reconstr.) mean electric field variation (black)
from the field mill dataset, for the recorded 23 June 2019 dust layer at Antikythera. The E-field data are
plotted with the time-height evolution of the attenuated backscatter coefficient (Mm™ srt) and the particle
backscatter coefficient (8) profile (Mm*sr?, black vertical line) at 532 nm from the Polly*" lidar, which
was co-located with the field mill. Areas of increased particle concentration are denoted with reddish tones,
while S values are derived by averaging between 18:00 and 21:00 UTC. Bottom panel: VVolume Linear
Depolarization Ratio (dv, %) at 532 nm for the same dust layer as obtained from the Polly*T lidar and the
Particle Linear Depolarization Ratio (Jp, %) profile (black vertical line) again averaged between 18:00 and
21:00 UTC. Large oy values are depicted with reddish tones.
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4.8. Electric Field Dependence on the Bottom Charged Area Height

From the above results, the question that arises is whether the proximity of the lower cylinder, to
the ground itself, is capable to reproduce the electric field enhancement feature above the LREF. It
becomes clear that two mechanisms act upon the enhancement of the ground electric field. The first
is the decrease of the contribution of the upper layer as it moves upwards, due to the enhancement
of the columnar resistance between the layer and the ground. The second is the increase of the
contribution of the lower layer as it moves downwards, due to the decrease of the columnar
resistance between the layer and the ground. The closer the lower layer is to the ground the smaller

the separation with the upper layer is required for the enhancement of the electric field.

Balanced Dipole E-field vs cylinder Radius for fixed bottom charge base
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Figure 4.13: Dipole electric field strength at ground level (E; gipote) as @ function of the cylinder radius R,
with the bottom cylinder at 2 km fixed central height within the dust layer. The separation distance (Sep_dist)

between the upper and bottom charged layer increases as the upper cylinder moves towards the top of the
dust layer, for both cases of balanced and imbalanced dipoles.

109



Chapter 4

In order to validate the influence of each parameter, we re-examine the ground E-field behaviour
by keeping the lower cylinder at a fixed altitude of 2 km (close to the dust layer base, similarly to
thundercloud activity e.g., Mallios and Pasko, 2012) and we, then, increase the separation distance.
As observed in Figure 4.13, the increasing separation distance causes the E-field to increase at the
ground and when it becomes large enough (top and bottom right panels), the upper cylinder does
no longer influence the ground E-field. At this point, for both balanced and imbalanced dipoles with
cylinder radius larger than ~ 40 km, the field converges to a constant value. This becomes clearer
when comparing Figure 4.13 with Figure 4.6. When the separation distance is 400 m, the electric
field at the ground is larger than the reference field in the case of Figure 4.13, while at Figure 4.6,
separation distance equal to 400 m happens when the bottom layer is at 2.75 km. In this case, the
field is lower than the reference value which indicates that the closer the bottom layer is to the
ground, the smaller the separation distance needed for the enhancement of the ground electric field
above the reference field. Moreover, the E-field value for zero separation distance is consistently
below the calculated fair weather value. As such, observations of enhanced E-field above the fair
weather values, for dust driven days, can be reproduced only when an electrically active dust layer
is transported above the field mill.

If we assume that the bottom charged area is close to the lofted layer base, we would expect an
increase to the ground electric field as the layer progressively moves towards lower altitudes. For
the comparison of the E-field timeseries with the descending layer base (Figure 4.14), we use the
cross component of the lidar attenuated backscatter coefficient at 532 nm, from which we can derive
information on the vertical extent of the aerosol layers. More specifically, we applied a
methodology where the first derivative of the attenuated backscatter coefficient is used to determine
layer boundaries (Flamant et al., 1997; Mattis et al., 2008). The local maximum and local minimum
of the derivative are considered to be the bottom and top of the layer respectively. The agreement
between the height-time displays of the attenuated backscatter coefficient and the corresponding
gradient (Figure 4.9 to Figure 4.12 and Figure 4.14) can be used to verify the results of the gradient
method. As seen in the July 2017, March 2018 and June 2019 dust events, there is an enhancement
of the reconstructed mean E-field followed by the layer base progression towards the ground, for
specific timeframes within the day. This could signify the presence of positive charges accumulated

to the layer base.
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Electric field strength vs Dust layer base at 532nm - July 25" 2017, Finokalia  Electric field strength vs Dust layer base at 532nm - October 20" 2018, Antikythera
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Figure 4.14: Timeseries of the vertical electric field strength (orange), the extracted Localized Reference
Electric Field (red) and the reconstructed mean field variation (black), plotted with the first derivative of the
cross component of the Polly*T attenuated backscatter coefficient at 532 nm against the altitude, for the dust
cases of 25 July 2017, 20 October 2018, 16 April 2018 and 23 June 2019. The dust layer bottom base is
signified by the positive maximum values of the derivative within the 0-500 colorbar range.

4.9. Model and LREF Methodology Generalization

The methodology followed for the calculation of the ground electric field can be expanded to the
area away from the central axis of the charged cylinders. As the cylinder radius increases and the
infinite plate regime is approached, effects due to charged layer edges that induce radial electric
field components, do not impact the sensor axis for a larger horizontal extent of the charged layer.
This expands the analytical calculation as it becomes valid within a band region further away from
the cylinder center. In the small radius regime, the sensor becomes sensitive to edge effects and the
edge field can be far stronger than the on-axis field. If we assume that a transient dust layer is
transported with a mean wind speed of 10 m s”!, implying a regional scale transport, then in a period
of 2 hrs the edge will be 72 km away from the sensor axis (fast transits), a sufficient distance to not
affect the vertical component of the electric field. Although these variations are present on the raw
timeseries (observed peak activity in Figure 4.9 to Figure 4.12), in the reconstruction of the LREF

variations with timescales shorter than 6 hrs are the lower limit to the FFT input and are therefore
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excluded. This leaves the LREF unbiased to edge effects. Problems might be caused in our analysis
in the case of very slowly moving dust layers, that are transported with wind speeds less than 1 m/s.
Dust layer edge effects can provide basic information on the layer properties and could be
incorporated in our cylindrical layer formalism, but this consists a subject of further investigation

in the near future.

4.10. Conclusions on ground-based methods

Near-ground electric field strength observations during Saharan dust advection over Greece exhibit
three distinct responses of enhancement, reduction or sign reversal when compared to local fair
weather values. In this paper, we present four cases of transient dust events that influence the ground
electric field recorded at two atmospheric remote sensing stations synergistically with a lidar system
and a field mill electrometer. Moreover, this work attempts to use only ground-based atmospheric
electricity instrumentation as a proxy for electrified dust detection, with characterization in terms
of optical properties from lidar observations. To quantify the effect of charged dust particles, we
implemented a reference electric field representing the local fair weather field, using long-term
measured timeseries, and examine the possible physical mechanisms that could explain the electric
field behaviour. Our findings suggest that dust cases with the reconstructed mean E-field magnitude
above the reference field indicate charge separation within the layer either as a balanced/
imbalanced dipole (or a multipole) of charge layers, while when the mean field is completely below
the reference field, dust electrical activity characterization is inconclusive. This reduction below
the local fair weather field can be attributed to either the conductivity reduction due to dust acting
as a passive neutral element or to charge separation between areas of accumulated charge.

The electrified dust scheme is approximated either via the absence of dust charge separation or
with thin cylindrical finite charge geometries that allow explaining the electric field dependence on
the layer height and the separation distance between the charge regions. Both concepts have been
suggested to explain the observed E-field responses at ground. However, the lack of observational
evidence validating the charge strata morphology, which might be far from similar to the elevated
layers morphology due to the charged dust particles complex transport dynamics, necessitates

consistent dust layer profiling measurements.
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Chapter 5

Vertical Profiling of Desert Dust Electrical

Properties®

To constrain the modelling formalism proposed in Section 2 and complement our methodology on
the detection of electrified dust with ground-based methods, as it proved challenging just by ground-
based methods we have performed extensive profiling measurements of dust electrical properties,
deploying airborne platforms within the Saharan Air Layer. Numerous studies of the electrical
properties in dusty environments, related to lofted particle charging, indicate that it is a rather
complex mechanism which greatly affects the particle dynamics. The electrification of desert dust
particles can differentiate their settling velocities and, therefore, can affect the removal of large
particles from the atmospheric circulation. A systematic effort to orderly measure the electrical

properties of elevated dust layers, with the subsequent monitoring of the respective parameters on

5 This section is based on my contribution in:

Daskalopoulou, V., Hloupis, G., Mallios, S. A., Makrakis, 1., Skoubris, E., Kezoudi, M., Ulanowski, Z. and Amiridis, V.: Vertical
profiling of the electrical properties of charged desert dust during the pre-ASKOS campaign., in: 15th COMECAP, 26-29 September
2021, loannina, Greece, 204-208, ISBN 978-960-233-267-2,, 2021b. and related sensor implementaions

Mallios, S., Daskalopoulou, V., Spanakis-Misirlis, V., Hloupis, G. and Amiridis, V.: Novel Measurements of Desert Dust Electrical
Properties: A Multi-Instrument Approach during the ASKOS 2022 Campaign, , 22, doi:10.3390/environsciproc2023026022, 2023.

Marinou E., Paschou P., Tsikoudi 1., Tsekeri A., Daskalopoulou V., Kouklaki D., Siomos N., Spanakis-Misirlis V., Voudouri K.A.,
Georgiou T., et al. An Overview of the ASKOS Campaign in Cabo Verde. Environmental Sciences Proceedings. 2023; 26(1):200.
https://doi.org/10.3390/environsciproc2023026200.
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a ground reference level, was made in the major AEOLUS Calibration/Validation experiment of
ASKOS in Cape Verde, in 2022. The preparatory phase of the campaign was carried out in Cyprus,
in November 2019, where the initial prototypes of the novel, low-cost and disposable atmospheric
electricity sensors were tested on-field. The profiling information from Cyprus reveals the presence
of charged dust particles within the elevated plumes with accumulation of charges on layer
boundaries, which result in relatively low E-fields within the layers for the recorded AODs. It also
revealed the dependence of the measurement platform from the prevailing meteorological
conditions, especially the wind gusts, and lead to the implementation of a new version that would
take into account the rotational position of the sensors, so as to quantify the measured field
contribution of all the three xyz-components.

In order to target large dust AODs, greater than the ones reaching the Eastern Mediterranean
originating directly from a well-studied source, the Sahara Desert, the two major phases of the
ASKOS experiment provided the ideal opportunity for extensive dust electrification observations.
It also offered the possibility to exploit the particle size distribution sampling from During the next
phase of the ASKOS experiment, we re-installed the experimental suite to the premises of the state-
of-the-art infrastructure of OSCM. ASKOS gave the opportunity of monitoring massive dust
outbreaks, very close to the emitting source, monitor the ground-electric field for reference and
exploit the capabilities of various remote sensing instruments for the optical characterization of the
dust layer properties. The large number of cases and the subsequent volume of data produced by
the campaign, consists an unprecedent dataset for the evaluation of the dust transport models and,
solely, as an atmospheric electricity dataset will provide insight in multiple processes, not
restrictively constrained to desert dust studies. For the scientific purposes of this thesis, we narrow
down to specific case study, a dust affected day with a distinct elevated layer between 2 - 4 km
within SAL, discuss the raw output data, compare the electric field profiling measurements obtained
by the different instrumentation, while the near ground observations are evaluated with the ground-
based fieldmill output. Moreover, the sensors’ performance is assessed by utilizing measurements
of the co-located Polly*" lidar, for the characterization of the vertical distribution of aerosol optical
properties above the launching site. Ultimately, the electric field retrievals from the both the
MiniMill and the Space charge sensor coincide with a very good agreement, pointing that although
observational variations of the E-field are present within the layer where bipolar charge

stratification is present, our indications show that the E-fields are not adequate enough to produce
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a total vertical orientation of the particle sizes present. Nonetheless, a thorough study of the
electrification processes during ASKOS is conducted by combining the quality assured vertical

profiling measurements and will be published in the near future.

S.1. Vertical profiling during the pre-ASKOS campaign

An extensive preparatory measurements period was organized in Cyprus during November 2019,
in the framework of the ASKOS 2022 activities, coordinated by the NOA-ReACT team. The
campaign focused on the preparation and testing of novel instruments that would continuously
monitor desert dust activity, and also, aimed at monitoring the electrical properties of lofted dust
layers along with meteorological conditions over an observational site that would provide
characteristic conditions of the Eastern Mediterranean environment. for this purpose, two
operational sites were selected at the wider residential area of Nicosia (Aglantzia-Cyl,
35°08'30.8"N 33°22'51.8"E) and the rural site of Orounda (CyI-UAV Research Laboratory site,
35°05'41.3"N 33°04'53.8"E). Balloon launches were instrumented from both locations during early

morning and mid-noon hours (Table 5.1) under varying dust load conditions.

Table 5.1: Launches calendar during the pre-ASKOS phase in Cyprus.

Observational Day Launch (UTC) Instruments®  Measured quantities

12/11/2019 12:38:28-13:30:56 MiniMill, IC  E-field (Vm™), ion density (cm™)
14/11/2019 12:51:23-13:54:50 MiniMill, IC  E-field (Vm-%), ion density (cm™)
15/11/2019 11:07:51-12:41:23 MiniMill, IC  E-field (Vm?), ion density (cm™)
16/11/2019 13:00:33-14:06:30 IC ion density (cm™)

17/11/2019a 08:05:46-08:49:33 IC ion density (cm™)

17/11/2019b 10:29:26-11:36:19 MiniMill, IC  E-field (Vm™), ion density (cm™)
18/11/2019 11:08:44-12:37:42 MiniMill, IC  E-field (Vm-%), ion density (cm™)

¢ MiniMill: Miniature fieldmill v1, IC: ion counter
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5.1.1. Data Acquisition and Processing

Measurements of the vertical electric field strength and atmospheric ion density along the altitude
were performed with the initial prototypes of tethered low-cost, portable and disposable
atmospheric electricity sensors (see Section 3.3). The first instrument, and most widely used for
similar applications, was a miniature fieldmill electrometer, similar to the instrumentation discussed
by Harrison and Marlton (Harrison and Marlton, 2020). During the soundings, the MiniMill was
mounted, with the rotating vane flat-ground, on a DFM-09 GRAW meteorological radiosonde
providing pressure, temperature, wind speed/wind direction measurements while the mill data were
interfaced to the embedded XDATA radiosonde protocol, in a similar way as discussed in Section
3.3.3. Complementarily to the electric field measurements, atmospheric ion density was measured
with the use of the commercially low-cost KT-401 Air Ion Tester Counter, a miniature hand-held
ion counter mainly used for measurements of in-lab ion concentrations. The tester measures ion
density in single polarity by logging the maximum value of either the positive or negative ion
population at each recording and was specifically altered in order to convert the instrument LED
reading to a 16-bit transmission package. In order to have co-located measurements with the varying
electric fields, the ion counter was also mounted close to the minimill during launch and the data
were transmitted through a dedicated Lora long-range telemetry system. Moreover, the AOD was
monitored by two co-located Cimel sunphotometers in Agia Marina Xyliatou (when the launching
site. was in Orounda) and Nicosia, respectively, integrated in the Aerosol Robotic Network

(AERONET, https://aeronet.gsfc.nasa.gov/, last access: 3 February 2021).

For the specific study, we exploit the collected dataset from between November 12 to
November 18" 2019 and, as a first step, compare the minimill outputs with the fair weather electric
field in order to qualitatively distinguish the field perturbations attributed to charged dust. Ideally,
under strict fair weather conditions, complete lack of aerosol particles in the atmospheric circulation
is expected, since it guarantees that the only mechanism of atmospheric ions loss is the ion-ion
recombination. As the concentration of aerosols increases, additional loss can be due to ions
attaching to the particles, which leads to a perturbation of the ion density from fair weather values.
In the steady state of a fair weather electrified atmosphere, the conduction current equals to zero,
hence the vertical electric field strength is given by, the simplistic yet not so confining for this

research, Equation (4.7):
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5.1.2. Electric Field Strength profiles

We present the profiles of the electric field strength (V m™') measured with the miniature field mills
during days that were affected by dust outbreaks over Cyprus from the two launching locations of
Orounda and Aglantzia (Figure 5.1) and the atmospheric ionic content (ions cm™) as measured by
our custom ion counters (Table 5.1). The calculated fair weather electric field is overplotted with
the data (Figure 5.1, black line) in order to discern potential divergence from the steady state
electrical content. E-fields generally follow the exponential decrease with the altitude, remain in
the same order of magnitude as the fair weather electric field which indicates a weak electrification
profile (Figure 5.1, top panel-black line).

As seen in most of the cases of Figure 5.1, areas of increased electric field become apparent
above the planetary boundary layer, where dust downward mixing occurs. The increases coincide
with the presence of elevated dust layers at the specific altitudes, as inferred from the daily average
AOD values, but for a better characterization of the optical properties of the particles aloft retrievals
of the aerosol properties are needed (e.g., lidar depolarization profiles). Such field perturbations in
various heights (same polarity as the fair-weather E-field) denote that atmospheric conductivity
decreases in the specific altitudes due to ion attachment to dust particles, and, since the conduction
current remains constant the electric field should increase. All data presented here are only from the
radiosonde ascending course, as cross-communication over the occupied territories of Cyprus is
forbidden and telemetry was manually terminated in most of the cases due to the radiosondes’
dominant North-Western orbit. There was an operating co-located pulsating lidar in Nicosia from
CIMEL, but the backscatter time-height plots information can be used only to discern the existence
of dust particles vertically in the atmosphere, as presented for a typical dust day at 17" November
2019 (Figure 5.1, bottom panel). Generally, all the campaign days were affected with moderate
mixed dust-sea salt concentrations up to 1 km in altitude and then there were days that dust reached
up to 4 km in a relatively large uniform layer. We tried to avoid launches during times of increased

cirrus clouds presence, since the incoming clouds above the station would further disturb the
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vertical electric field measured by the minimills but also the local E-field due to conductivity

reduction and potential edge effects.

Miniature Field Mill measurements over Cyprus
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Figure 5.1: Top panel: Vertical distribution of the atmospheric electric field strength (various colours), as
recorded by five different balloon-borne miniature fieldmill electrometers that were flown on consecutive
dust days in Cyprus. The calculated fair-weather (black line) electric field is plotted for comparison. Minus
sign indicates that the field points downwards. AOD products are of level 1.5 or level 1 at 500 nm, when the
latter was not available for the specific day. Bottom panel: Lidar backscatter time-height plot from the co-
located lidar in Nicosia, for the dust case in November 17" 2019. Dust is denoted in reddish tones, is
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persistent up to ~ 2 Km altitude throughout the day and the red frame is the specific radiosonde launching
window.

During the launches, wind perturbations and differential positioning of the radiosonde might
result in the overestimation of the recorded electric field, discussed above, due to the mill vanes
being exposed to the x-y components of the field or due to the scavenging of charged particles to

the sensing electrode by side drifts (Markson et al., 1999). To provide a first estimation of the
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Figure 5.2: Multiscale correlation using the maximal overlap discrete wavelet transform between the
measured electric field strength and co-located wind speed values.

similarities between the trends of the electric field and the co-located meteorological parameters,
we perform a wavelet correlation analysis on wind speed interpolated DFM-09 data to the measured
mill altitudes (Figure 5.2). For the purposes of identification of the possible correlation between the
measured E-filed and wind speed, a multiscale correlation using the Maximal Overlap Discrete
Wavelet Transform was performed (Benjamini and Yekutieli, 2001; Percival and Walden, 2000;
Whitcher et al., 2000). Results indicate the existence of anticorrelation in medium scales which can
be explained since the increase of wind speed, which is expected to produce mill's deviation from
the vertical position, produces a decreased detection of the vertical component but not rapidly. This

is why the anticorrelation is not present in lower scales which correspond to lower periods.
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5.1.3. Atmospheric Ion Density profiles

Furthermore, smooth ion density profiles, such as the one over the 12" of November (blue/dark
grey markers) exhibit stratifications at altitudes similar to the mills, indicating areas of dust particle
accumulation within the layers (Figure 5.3, top and bottom panels). That could potentially explain
the loss of ions due to them being attached to the particles, but field values are fairly larger than
what is expected through modelling of these attachment rates. This relation between the measured

electric field strength and ion attachment rates should be further examined in future research.
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Figure 5.3: Vertical distribution of the ion density (ions cm=) measured by the custom ion counters for the
same launches with the miniature field mills, over the two locations of Orounda and Aglatzia, Cyprus.

5.1.4. Conclusions on the first stage of Profiling

We presented the preliminary profiling results of the electrical properties of Saharan dust layers in
the framework of the pre-ASKOS Cal/Val activities and the D-TECT ERC project. A suite of low-
cost and disposable atmospheric electricity sensors was tested and tethered to meteorological
balloons over dust episodes in Cyprus. The profiling information reveals the presence of charged

dust particles within the elevated plumes with accumulation of charges on layer boundaries, as
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expected. MiniMill measurements appear to be smooth with perturbations over the transition of the
mill within the layer, but significantly deviated due to possible anticorrelation with wind speed.
Further analysis with a wavelet correlation technique reveals the potential similarities between these

physical parameters.

Miniature Field Mill measurements over Cyprus 10 vy
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Figure 5.4: Comparison of the E-field behavior between profiling measurements in Australia (right, adapted
by Markson et al., 1999) and two cases in Cyprus (left). Spikes in the E-field strength present are
attributed to the horizontal drift of the balloon orbit to areas of significantly different columnar
resistance than in each the launching site.

By comparing the behavior of two specific E-field profiles (e.g., for the 12/11 and 14/11) up to
4 km with previously reported simultaneous soundings that targeted ionospheric potential
measurements by Markson et al. (1999), we observe that the characteristic spike features between
1 to 2 km are present also in our measurements meaning that discrepancies in the measurement may
be due to the variable columnar resistance in the areas along the radiosonde paths, that can drift
horizontally for more than 30 km at times. Markson et al. (1999) state that in order to compensate
for the above and acquire accurate E-field soundings over land: 1. air masses with enhanced electric
fields in the mixed layer should be avoided, ii. passage through or near clouds should be avoided
and iii. preferably, areas with dry air within the PBL that inhibits aerosol growth should be targeted.
Considering these guidelines, we have implemented an upgraded version of the Minimill
electrometer, incorporate a space charge sensor (see Sections 3.3.1 and 3.3.2) in our launches and

choose diverse conditions for their integration in the next phase ASKOS.
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5.2. Vertical profiling during the ASKOS campaign

We have highlighted the importance of real-time profiling of the electrical properties in dust layers.
These observations are sparse throughout the recent years, mainly due to the very specific
requirements in terms of sensor implementations/sensitivity that would be adequately tested so as
to provide accurate measurements of crucial parameters. Moreover, the dust layer variability in
terms of layer internal structure and particle sedimentation combined with the timescales of particle
electrification mechanisms have different timescales, therefore, the data should be spaced tightly

apart in order to be assimilated to a time-dynamic model.

5.2.1. Data Acquisition
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Figure 5.5: Left panel: Raw E-field strength in V m* from the MiniMill (red) and the calculated E-field
from the Space Charge sensor (dark grey). Right panel: Raw space charge density in pC m= (blue).

The MiniMill provided directly the atmospheric electric field strength, while the charge sensor
provided the space charge density (directly) and the electric field strength (indirectly) for an average
altitudes of ~ 14 km. The sensors’ data were transmitted through an XDATA protocol chaining to
the DFM-09 GRAW radiosondes, with co-located P, T, U meteorological parameters. We focus on
the electricity launch (electrosonde term coined after ASKOS) of the 23™ June 2022 (Figure 5.5),
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released at 17:58:15 UTC. In this following subsections the post-processing procedure of the

measurements is described for the derivation of the final values of the electric field vertical profiles.

5.2.2. MiniMill Processing Methodology

Electric field measurements from the MiniMill were found to be sensitive to the instrument’s
rotation with respect to the vertical axis (the roll and pitch angles). Therefore, a correction is

necessary in terms of the following expression:

E£OT = EJ"®9 c0s 6,911 €OS Opicn, (5.1)

where ES°T is the corrected value of the vertical electric field component, EJ*¢% is the measured
value, 6,4y is the roll angle and 6y, is the pitch angle. Moreover, values of the electric field
strength that correspond to angular difference larger than m radians between two consecutive
measurements of the roll and pitch angles are neglected, because for these values the MiniMill

plates will point upwards instead of downwards.

5.2.3. Charge Sensor Processing Methodology

The measurements from the charge sensor are less sensitive to its rotation, due to its symmetric,
spherical electrode. Under the assumption that the electric field is mainly vertical everywhere,
except on the boundaries of the charge layer (since its horizontal extend it much larger than its
vertical depth), the electric field can be calculated from the measured total charge density using the

following expressions:

a*V _ _ Peot (5.2)
de - &9 ’
(5.3)
E,=-%,
dz
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where V is the electrical potential, p;,; is the total charge density, and &;is the vacuum
permittivity. Equation (5.2) is solved using an SOR (Successive-over-relaxation) algorithm, with
the value of the electrical potential being set equal to zero at the ground, and equal to 250 kV at 40
km altitude (from the GEC considerations). Another issue that had to be addressed is the self-
calibration feature of the space charge sensor. Every 5 minutes the space charge sensor enters a self-
calibration mode, which lasts for approx. 20 seconds. Being at this mode, the sensor measurements
are discarded, which results in appearance of measurement gaps and therefore discontinuities in the
space charge vertical profile, that influence the derived potential and electric field values. The gap
problem can be solved by taking advantage of the Poisson’s equation linearity. The domain can be
divided in sub domains, each one between the calibration states of the sensor. The values of the
total charge density outside the range of the sub domain are set equal to zero. The electric field
distribution as calculated from the Poisson’s equation at each sub domain, at the electro-sonde
altitude range of 0-15 km, and the total vertical profile is the summation of the electric field values
due to all the sub domains.

As the balloon ascends, the atmospheric conditions (such as the temperature which falls to values
below zero) deteriorate the battery life and the reliability of the measurements can become
questionable. Therefore, not all the sub domains are taken into account for the calculation of the
electric field vertical profile, but only those whose total contribution leads to electric field values at
the ground closest to the values measured by the ground fieldmill or by the MiniMill, if for some

reason the ground fieldmill measurements are not available during the electro-sonde launch period.

5.2.4. Results and Discussion

Figure 5.6a depicts the vertical profile of the corrected electric field vertical component derived
from the MiniMill and the space charge sensor for the selected day. It is clear that both instruments
are in principle in a good agreement. Moreover, the electric field strength value is the same order
of magnitude with the one that corresponds to the fair weather conditions at about -100 V/m. Figure
5.6b shows the vertical profile of the total charge density. As shown, the charge density exhibits its
highest values at altitudes below 500 m due to the presence of low clouds within the MBL, and as

the altitude increases the value decreases trending towards its fair weather values, as expected.
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Figure 5.6: Vertical profiles of the electric field vertical component and the total charge density: (a) The
corrected vertical profiles of the electric field vertical component measured by the MiniMill and the space
charge sensor; (b) Vertical profile of the total charge density measured by the space charge sensor.

Figure 5.6 illustrates an assessment of the performance of the MiniMill and the space charge
sensor, while at the same time it provides insights on the behavior of their measured quantities. In
Figure 5.6a, we obtain a time-height plot of the attenuation backscatter coefficient (top panel) and
the depolarization ratio (bottom panel) from the Polly* lidar, that are characteristic of dust presence
in the area and can delineate the dust layer’s structure. It is apparent that up to 1 km there are low
altitude clouds resulting to large backscatter values, and then the dust layer that gradually extends
to an altitude range between 2 - 4 km. It is expected for the electric field to increase inside the
clouds and within the dust layer and to decrease in the intermediate regions (Harrison et al., 2020;
Mallios et al., 2021a). On the other hand, an enhancement of the total charge density at the
boundaries of both the cloud and the dust layer is anticipated, and a decrease in the intermediate
regions. At the top panel of Figure 5.7b, the smoothed vertical profile of the electric field vertical
component as derived by the MiniMill and the space charge sensor is depicted. The smoothing has
been performed by a running average algorithm with a time window of 3 minutes, for the
elimination of fast temporal variations. According to the MiniMill there is a gradual increase of the
electric field strength up to 1.5 km altitude, and then a gradual decrease. This does not coincide
with the expected behavior. Contrarily, the results of the space charge sensor show a gradual

increase of the electric field up to 1 km (which is approximately the top of the cloud) and then a
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gradual decrease up to 1.5 km altitude (the intermediate region between the cloud and the dust
layer). Then, there is a gradual increase with altitude inside the dust layer up to 3 km altitude, which
is approximately the center of the dust layer and then a decrease as the latitude increases to values
higher than 4 km the top of the dust layer. The two peaks at 2 km altitude and 2.7 km altitude are
most likely due to internal stratification of the layer. Therefore, it can be concluded that the pro-file

obtained by the space charge sensor is in better agreement with the expected profile by the theory.
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Figure 5.7: Assessment of the measurements with the PollyXT lidar products: (a) Attenuated backscatter
co-efficient at 1064 nm (top panel) and volume depolarization ratio (bottom panel); (b) Smoothed vertical
profiles of the electric field vertical component (top panel) and smoothed vertical profile of the total charge
density (bottom panel).

Similar conclusions can be derived by the vertical profile of the total charge density (bottom
panel of Figure 5.7b). In this case, the extremum values of the charge density (maximum values of
opposite polarity) indicate the boundaries of a particle layer, either a cloud or a dust layer. The
presented profile shows a stratification inside the dust layer. One sub layer can be identified in the
range 1.5-3 km, and another sub layer in the range 3-4.5 km. This is in agreement with the bottom
panel of Figure 2a, where there is a layer between 2 and 3.5 km, and a layer between 3.5-4 km.
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5.2.5. Conclusions on the second stage of Profiling

Synergistic measurements of the vertical atmospheric field and the total charge density in the
presence of dust events are presented through the launches of balloon-borne instrumentation,
including a MiniMill electrometer and a space charge sensor, under dust events during ASKOS
experimental campaign, in June/September 2022. There is a calculated agreement in the values of
the electric field vertical component strength measured by the two different instruments, which in
turn is of the same order of magnitude with the fair weather electric field strength. However, the
vertical profile obtained by the space charge sensor is more accurate than the one obtained by the
MiniMill, as can been seen in conjunction with the lidar products. This difference can be attributed
to the high sensitivity of the MiniMill to the meteorological conditions that cause perturbations to
its axis with respect to the vertical direction. Further work that will characterize the sensors’

response for various of the measured cases is intended.
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Chapter 6

Observations of Dust Orientation with
SolPol’

Chapter 6 encompasses all the effort behind consistent measurements of linear polarization under
clear and dusty sky conditions with a novel instrument such as the SolPol, the characterization of
our measurements and the attempt to physically interpret the complex observations in terms of
indications for particle orientation. Sections 6.1 and 6.2 comprise the core observations section
where we present the total acquired dataset a selected two-year operation in Antikythera and
compare between days affected by elevated dust layers and days without. Then, in Sections 6.3 to
6.4 we discuss the dependence of the derived orientation trends to crucial parameters such as the
Sun’s position and the aerosol optical depth (AOD) so as to verify that the excess in LP is attributed
to preferentially oriented dust particles within the examined layers. Detailed calculations for the

methodologies and technical descriptions presented in the chapter are provided in Appendix A.1.

6.1. Aerosol Optical Properties

We present the observational dataset of SolPol acquired in 2020 and 2021, when the instrument was

installed at the PANGEA observatory in Antikythera, focusing on linear polarization measurements.

" This chapter is based on my contribution in:
Daskalopoulou, V., Raptis, P. I., Tsekeri, A., Amiridis, V., Kazadzis, S., Ulanowski, Z., Charmandaris, V., Tassis, K., and Martin,
W.: Observations of Dust Particle Orientation with the SolPol direct sun polarimeter, Atmos. Meas. Tech. Discuss. [preprint],

https://doi.org/10.5194/amt-2023-121, accepted, 2023.
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SolPol’s behaviour during this period is consistent with previous operations when tested in indoors
conditions. Generally, observations were initiated just after sunrise and terminated before sunset
when the Sun disk started to be shadowed by nearby topography. Before each deployment, the
instrument general condition was thoroughly checked in terms of instrument alignment, tracking
accuracy, power supply levels consistency and the optimal communication between peripherals and
the assembly control units to ensure minimum mishaps or potential disconnections of the assembly
rotator. Overall, this is a good report of a novel instrument with an exquisite degree of sensitivity
and accuracy. It also provides a unique data set of observations of atmospheric linear polarization
and a description of its features, all information very useful to understand the new batch of space
borne polarimeters in the upcoming years.

Circular polarization (CP) by scattering at aerosols, cloud droplets, and ice crystals is several
orders of magnitude smaller than linear polarization, while scattering by the molecular atmosphere
is expected to not cause any circular polarization (e.g. Emde et al., 2017). Kemp et al. (1987) report
CP values of the order of ~ 3 x 107 in 550 nm, for the case of targeting specific cardinal co-ordinates
in the Sun’s disk, with half the aperture angular diameter used in SolPol. These measurements could
potentially be enhanced by regions of intense magnetic activity and strong area-dependent circular
polarization near the solar limb. While, to our understanding, in the whole Sun disk measurements
CP values drop to the order of ~ 10”7 due to mainly the use of a larger aperture that would increase
the observed effective diameter and subsequently, if the increase in circularly polarized flux (V) is
not linear to the increase in total solar flux (/), the CP will decrease. This is similar to what is
observed by SolPol in the forward scattering direction, where CP is 1-2 orders of magnitude less
than LP under dust presence and near-zero for background days. A thorough review by Gasso et al.
(2022) on circular polarization by atmospheric constituents, proposes that circular dichroism from
aligned atmospheric dust particles could produce CP features but its magnitude has not been defined
yet. Since the phenomenon is expected to be borderline detectable with the discussed polarimeter
configurations, in interstellar dust degrees of LP and CP by aligned grains become comparable
(Kolokolova and Nagdimunov, 2014), we choose to focus on linear dichroism observations and
attempt to reproduce the findings of Bailey et al. (2008). For that reason, the Stokes V' parameter
observations and analysis with SolPol are not discussed here but we aim to further process these

data in future studies.
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6.1.1. Characterization through the Polly*" lidar

For the comprehensive characterization of the vertical distribution of aerosol optical properties, we
exploit the profiling capabilities of the co-located Polly*" Raman polarization lidar (Engelmann et
al., 2016) of the National Observatory of Athens (NOA), as part of the European Aerosol Research
Lidar Network (EARLINET -
https://polly.tropos.de/calendar/location/38?&individual page=2020, last visited: 16/12/2022).

This multi-wavelength system is equipped with three elastic channels at 355, 532 and 1064 nm, two
vibrational Raman channels at 387 and 607 nm, two channels for the detection of the cross-
polarized backscattered signal at 355 and 532 nm, and one water vapour channel at 407 nm. The
basic lidar quantity used is the Volume Linear Depolarization Ratio (VLDR, d,) at 532 nm. VLDR
(%) is the ratio of the cross-polarized to the co-polarized backscattered signal (Freudenthaler et al.,
2009), where cross- and co- are defined with respect to the plane of polarization of the emitted laser
pulses. VLDR values are influenced by both atmospheric particles and molecules, with high 9,
values being indicative of irregularly shaped particles (i.e., atmospheric dust). Typical d, values for
Saharan dust are in the range of 20 % to 30 % at 532 nm (Haarig et al., 2017). The 2020 and 2021
dust events reaching Antikythera, presented herein, are characterized by generally large
concentrations of airborne dust particles from the middle of the day onwards with J, exceeding
15%, followed by dust settling towards the ground at late afternoon. The dust layers are mostly
detached and homogeneous with some vertical mixing with non-depolarizing marine particles

occurring within the Marine Boundary Layer (MBL).

6.1.2. Aerosol Optical Depth (AOD) measurements

The Aerosol Optical Depth (AOD) was monitored by the CIMEL sunphotometer, part of the NASA
Aerosol Robotic Network (AERONET - https://aeronet.gsfc.nasa.gov/, last visited: 12/12/2022),

which was also installed in PANGEA along with Polly*" and SolPol. For all the cases examined,
mean AOD values were used and varied from 0.047 to 0.502 at 500 nm. Moreover, near-surface
wind speed measurements presented here were obtained from a co-located Davis Vantage Pro2

weather station at an altitude of 198 m asl.
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6.2. Polarization Measurements

Figure 6.1 consists of a collection of all the recorded days within this timeframe, where
measurement set durations within the day varied between consecutive sixteen-minute sequences to
the maximum two-hour retrievals. We subplot the Q/7 (black dots), U/I (purple dots) and DOLP
(blue dots) parameters again in ppm with time of the day in UTC, for cases of both lofted dust layers
reaching the station and cases with background/clean conditions.

We label the days as dust driven (D) days with various dust loads, clean days (C) that are mostly
characterized by concentrations of marine particles within the MBL, but lack dust particle presence,
and of half-clean (HC) days where dust presence becomes prominent sometime within the day and
potentially mixes within the MBL. This classification is inferred from the Polly*" VLDR values for
each day (not presented here for all the cases for brevity reasons, but can be publicly accessed in

the Polly-NET website https://polly.tropos.de/) and the AOD values by AERONET. We also include

a dedicated test day (TD) with diffuse light testing for various SolPol aperture sizes (see Section
6.5) and two consecutive half-day retrievals with a relatively high dust load for which a larger

aperture was used.

6.2.1. Reference Cases

Focusing on DOLP behaviour for clean days, the measured polarization values span from 0.5:10°
usually at local noon when linear polarization of transmitted sunlight is expected to minimize in
near zenith viewing angles, up to 50 x 107 in large solar zenith angles (i.e., early in the day or in
the afternoon). Minimum linear polarization values for these days are consistent with early
observations of polarization from the whole Sun at the same spectral region as SolPol, noted in
Kemp et al. (1987) work using a similar polarimeter apparatus. Moreover, the maximum values
indicate the maximum bias consisting of pure Rayleigh scattering events, by the molecular
atmosphere at low altitudes, within the SolPol FOV and the total instrumental errors that can add
to the light polarization state. A statistical analysis of all the clean day results is discussed in detail

in Section 6.3 and determines the exact reference instrumental bias.
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Figure 6.1: Complete SolPol linear polarization measurements acquired between May 2020 to June 2021 at
the PANGEA observatory, Antikythera. Each daily observation consists of the normalized Q/1 (black dots),
U/I (purple dots) and DOLP (blue dots) in ppm with time, while labels D: stands for dust driven days with
various loads, C: for clean days with low aerosol content, HC: for half-clean days where dust outbreaks
occurred at some point within the day, and TD: is a dedicated test day with alternating iris sizes. Mean AOD
level 1.5 values are provided for each day by AERONET (https://aeronet.gsfc.nasa.gov/, last visited:
12/12/2022). DOLP values during clean (C) days determine the instrument noise level for the polarization
measurements, while during dust events (D) the DOLP values peak early in the morning and in the afternoon,
reaching polarization values of more than 200 ppms per case.

132


https://aeronet.gsfc.nasa.gov/

Chapter 6

200
e DOLP AOD;,, = 0.049

15071 o an
wol ® w

Polarization (ppm)
o

15000 4

12500 4

10000 4

Height (m)

t Wowo

005

e —— e e " - » =000

04 - " v v v T VY v M— N—
06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00
2020-08-29

DateTime (UTC)

Figure 6.2: Top panel: Daily progression of linear polarization (in ppm) for the measurements on 29 August
2020, at the PANGEA observatory in Antikythera, expressed through the normalized Q/I (black dots), and
U/l (purple dots) Stokes parameters and DOLP (blue dots). All values do not exceed the 50 ppm threshold
regardless of the instrument viewing angle. Bottom panel: Time-height plot of the Volume Linear
Depolarization Ratio (6y) at 532 nm with the altitude, as retrieved from the Polly*T lidar at PANGEA for the
same day. Low d, values denote that there is low concentration of depolarizing particles for the total duration
of the SolPol measurement.

A typical measurement for a clean day behaviour is provided for the August 29 2020 case study
which was chosen above for the bias correction comparison and is delineated in Figure 6.2. The top
panel presents the daily progression of the linear polarization parameters in ppm expressed through
the O/ (black dots), and U/I (purple dots) Stokes parameters and DOLP (blue dots). Measured
linear polarization does not exceed the 50 ppm threshold regardless of the instrument viewing angle
from the zenith, the average daily AOD has a low value of 0.049 in 500 nm, while the SolPol
retrieval is compared to the time-height plot of the VLDR at 532 nm, as retrieved from the Polly*T
lidar. Low d, values (< 5 %), shown in blue tones, denote that there is a generally low concentration
of non-depolarizing particles within the MBL for the total duration of the SolPol measurement, thus

no indication of desert dust presence.
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6.2.2. Dust-driven Cases

Under dust driven days, the dissimilarity becomes apparent. The most interesting feature with the
presence of dust particles are the large polarization values towards the morning and evening of each
measurement day. Linear polarization values reach up to 700 ppm in extreme cases. Such values
are exhibited during heavily dust affected days, e. g. from the 16/05/2020 to 18/05/2020 where we
have recorded the largest dust optical depth values for the specific period of observation (Figure
6.1). The increasing trend of the DOLP values with time (usually after 14:00 UTC) is mirrored in
early morning measurements as the instrument monitors the atmospheric column with a decreasing
SZA. This is our first consistent indication that preferentially - vertically or horizontally - aligned
dust particles could be present in the observed layers and cause the dichroic extinction of
transmitted sunlight through the layer. The specific trend is also in line with the reported
observations in La Palma by Ulanowski et al. (2007), which were later demonstrated in detail by
Bayley et al. (2008), that showed a fractional linear polarization increase with increasing SZA
during dust events. And that polarization exhibited changes for different days roughly in proportion
to the change in dust optical depth. Figure 6.1 illustrates the collective and quantitative behavior of
the observed days for up to 200 ppm so that the clean day trends are also discernible in comparison,
while the exact polarization values are discussed in the following sections where we group all the
above observations with respect to the solar zenith angle.

To better describe these high values of the dichroic extinction of sunlight passing through dust
layer(s), a dust-affected case study on September 2" 2020, is also highlighted (Figure 6.3). During
the specific day, a transient dust layer originating from the Western Sahara travelled towards the
station, and was monitored reaching the Polly*" lidar system already one day before, at altitudes
between 2.5 km and 5 km. The dust layer continued progressing through the day with some
downward mixing of settling dust particles within the MBL occurring between 04:00 and 06:00
UTC, but then the layer detached and the larger concentrations, denoted with red tones in the VLDR
quicklooks (> 20-25 %), accumulated between 2 km and 3 km creating a thin layer that persisted
within the day. It is also observed that the near-ground dust concentration is very low, with the very
thin layer created below 500 m after about 15:00 UTC, being potentially a mixture of dust particles
and particles of marine origin with J, values around 15 % (at this height range lidar overlap issues

may be present). The day had zero cloud cover and a nominal irradiance curve was recorded by the
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SolPol detector (Figure 3.10). As presented in the polarization graph (Figure 6.3, top panel), the
degree of linear polarization shows a decreasing trend from early morning as the day progresses
towards local noon. Although the measurement sequence started a bit later than the previously
presented clean day sequence, the trend is clear. The DOLP values are low, ~ 2 ppm near zenith,
and reach up to 400 ppm when the observed increasing trend maximizes at the end of the sequence
just before 16:00 UTC. The excess in linear polarization above the 50 ppm threshold (inferred from

the reference day) becomes prominent for this case.
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Figure 6.3: Top panel: Daily progression of linear polarization (in ppm) for the measurements on 2
September 2020, at the PANGEA observatory in Antikythera, expressed through the normalized Q/I (black
dots), U/l (purple dots) Stokes parameters and DOLP (blue dots). The increase in linear polarization is
exhibited before 08:00 and after 14:00 UTC when the instrument viewing angle increases significantly with
respect to the zenith. Bottom panel: Time-height plot of the Volume Linear Depolarization Ratio (dy) at 532
nm, as retrieved from the Polly*" lidar at PANGEA for the same day. High &, values (> 15 %) are indicative
of dust particle presence and larger concentrations of dust are denoted with dark orange hues.
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6.3. Dependence of the Degree of Linear Polarization (DOLP) on the
Solar Zenith Angle (SZA)

Consequently, we discuss the basic factors that can influence the linear polarization behaviour and
produce the excess polarization. We, firstly, analyse the dependence of DOLP to the SZA and
determine the instrumental noise level based on our reference days. Then, we illustrate the evolution
of DOLP with respect to the increasing optical depth and airmass. We further attempt a linear
regression between DOLP and high AOD values, while lastly the effect of incident diffuse light,
over SolPol’s aperture, to the polarization trend is discussed for a dedicated test measurement day.

As the SZA increases, particles that are preferentially aligned can be viewed by different angles
and in the aspect that larger number concentrations are present within the instrument line-of-sight.
It is, therefore, expected that on near-zenith angles, particles that are aligned with their long axis
vertically will not influence the polarization and result in near zero values, similar to what was
previously reported on aligned grains (Bailey et al., 2008; Kolokolova and Nagdimunov, 2014). In
Figure 6.4, we present an analysis of DOLP measurements in ppm as a function of the solar zenith
angle in degrees, for the cases of the selected clean/reference days (Figure 6.4a) and under the
observed dust events (Figure 6.4b). A total of eight days per category were used, while days labelled
as half-days, the test day and two days with larger irises were excluded. LP in clean days does not
exceed the strict 50 ppm limit that was discussed for the single case of Section 4.1.1, regardless of
the SZA. This is clearly depicted in the zoomed representation (Figure 6.4c) that modifies the
instrument noise threshold (shaded area) accordingly, given that the dataset is statistically
significant and that clean days are interspersed between the recorded dust events.

Figure 6.4b illustrates that LP increases with solar zenith angle under dust driven days, a trend
that starts at about 30° and is obvious mainly after 50° SZA, with a maximum value of ~ 7x10*
being observed at 74°, which is over one order of magnitude larger than the noise level. Moreover,
the polarization curve changes from day to day roughly in proportion to the change in the dust
optical depth. This becomes more apparent for large SZAs when dust particle concentrations persist
within the day. The segregation between reference days and dust driven days, along with the distinct

behaviour of DOLP with increasing SZA is consistent with the findings from stellar polarimetry
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(Bailey et al., 2008; Ulanowski et al., 2007) and provides the first indications of particle preferential

orientation with a solar polarimeter.
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Figure 6.4: Analysis of the DOLP retrievals with the solar zenith angle (SZA, in degrees) for the labelled:
(a) clean days (C), (b) days with dust events (D), and (c) a zoomed representation of (a) with the instrument
noise threshold (shaded) as deduced by the clean days. The excess in linear polarization (> 50 ppm) becomes
apparent for large SZAs (> 50°) when dust particle concentrations persist within the day.
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6.3.1. Instrumental Error and Biases

The observed DOLP variation from clean-to-clean day (Figure 6.4c) represents the induced
instrumental error under individual measurements, as the differences would be predominantly
attributed to the temporal variability of the molecular atmosphere and the dependence of direct solar
irradiance to the recorded AOD (e.g. Gueymard, 2012). The threshold value of 50 ppm, is also
orders of magnitude larger than other systematic errors in linear polarization caused, for example,
by a slight misalignment of the PEM surface with the incoming light axis. According to Kemp et
al. 1981 this is of the order of 10”7 for misalignment angles of 0.1 degrees which is way beyond any
thermal crystal expansion effects or external mechanical stresses to the PEM head in the installation
site. Tracking offsets that gradually result to slight angular deviations, cause the targeting of larger
off-disk areas and can be a factor that contributes to the characterized instrument bias, as linear
polarization increases near the solar limb (e.g. Stenflo, 2005). Although, we performed a test for
identifying the effect of diffuse light in the recorded linear polarization signal through incremental
alterations of the aperture size (see Section 6.5), sky-scanning tests with a few degrees offset (on
steps of 0.5°) on the four cardinal orientations were heavily limited by the PM detection capabilities

and were not conclusive.

6.3.2. Comments on the Polarization Angle and Particle Orientation Angle

Information on particle alignment can be extracted from the polarization angle x (Electric Vector
Polarization Angle, EVPA). EVPA indicates the angle between the plane of polarization and the

plane of reference and is defined as (e.g., general expression from Hansen and Travis 1974):

1 (U |
X = Etan (6) with0<y<m (6.1)

We are using the normalized U/I and Q/I values as the Stokes input parameters and take into

account the constraint that the cos 2y of angles differing by n/2 should have the same sign as Q/1.
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Figure 6.5: (a) SolPol viewing geometry for an elongated dust particle with respect to the solar zenith angle
(SZA), (b) Electric Vector Polarization Angle (EVPA) in degrees with respect the SZA for all SolPol
measurement days in 2020 and 2021. EVPA angles correspond to DOLP values > 50 ppm. There is a clear
distribution of angles in two distinct clusters around 20° and 70° that correspond to preferentially vertically
(yellow tab) and horizontally (green tab).

Figure 6.5 shows the SolPol viewing geometry with respect to the SZA and the calculated
EVPAs, as the polarization angles that correspond to measurements of DOLP that are larger than
the characterized noise threshold of 50 ppm, which are essentially the observed dust cases. In order
to have significant linear polarization and assuming that the particle is elongated, then the particle
long axis should be perpendicular to the major axis of the polarization ellipse (Bailey et al., 2008),

shown in Figure 6.5a, as the parallel polarization component is predominantly scattered by the
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particle while the perpendicular one is transmitted by the particle. The dust cases, here, present a
distribution of EVPAs, centred mainly at the values of ~ 20°, 70° and 150° regardless of the
increasing SZA (Figure 6.5). The linear feature starts for SZAs between 30° to 60° which is
expected as some dust days exhibit dichroic extinction traits relatively close to zenith viewing
angles. This points towards the particles being oriented at specific angles such that, preferentially
vertically aligned particles correspond to ~ 110° (EVPA 20° £ 90°) mean orientation angle (yellow
tab, Figure 6.5) and particles that are preferentially horizontally aligned at mean angles of ~ 160°
(EVPA 70° £+ 90°) (green tab, Figure 6.5). The observed linear polarization increase at large zenith
angles implies that particles adopt both preferential orientations, considering the temporal variation
of the dust layers for our observational dataset. Moreover, the increasing trend can be expected to
be steeper for vertical particle orientation, because the transition from the zenith (either no dominant
orientation or polarization), towards the horizon is stronger for vertical orientation as opposed to
horizontal orientation. At horizon level, vertical alignment appears total, while horizontal alignment
is only partial due to the fact that particles are still randomly oriented in the horizontal plane.

By the EVPAs considered in this study (Figure 6.5b), particles tend to mostly adopt the
horizontal alignment, which is in accordance with previous particle orientation studies stating that
the hydrodynamic forces dominate the alignment, as opposed to the electrical forces, and tend to
orient the particle horizontally as it falls within the atmosphere (e.g. Mallios et al., 2021, 2022 and
reference therin). Nonetheless more synergistic studies on particle dynamics that will take into
account the full particle scattering matrix, e.g. through the WALL-E lidar observations (Tsekeri et
al., 2021), but also microphysical parameters such as, the particle size distribution, particle charge
and asphericity, will be conducted in order to verify our findings and potentially explain the

dominant mechanism that could reproduce such an orientation signature.

6.4. Dependence of the Degree of Linear Polarization (DOLP) on the
Aerosol Optical Depth (AOD)

In this section, we examine the correlation of the observed excess polarization with the optical
thickness of the dust layer. We expect the correlation because dichroic polarization is an extensive

property of the particles, hence, its strength increases with the number of particles present in the
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incoming light path. As shown in the Figure 6.6 comparison, the DOLP measurements are given
for different aerosol optical depth values with respect to the SZA (Figure 6.6a) - or the airmass (i.e.
1/cosSZA) - respectively (Figure 6.6b), for all the acquired cases except the half-clean days and the
dedicated test day. We are using the daily average AOD values per full day of SolPol measurements
and in the case of days with sparse polarization measurements (either in the morning or afternoon),
we derive the mean AOD for the timeperiod that is closer to the measurements. Star markers denote
the dust cases (D), circle markers are used to distinguish the clean days (C) and the colour scale
referes to various AOD ranges. The maximum recorded AOD for the duration of our measurements
in PANGEA observatory was 0.5 at 550 nm, which is large for the characteristic transport conditions
of eastern Mediterranean, but relatively small compared to the massive transported loads that are
monitored on near dust sources.

We expect that for small AOD values (< 0.1) the linear polarization values will be within the
noise threshold as derived from the clean days behavior, as is the case here and since there are no
observed dust events with such small loads there are no increasing trends exhibited (dark blue
circles). As the optical depth increases, we observe the linear polarization upward feature for a
specific SZA, mainly above 40°, intensifying in proportion to the AOD with the highest values of
DOLP recorded under heavier dust loads. This indicates that dichroic extinction is potentially
enhanced due to the presence of a larger concentration of preferentially oriented dust particles under
fixed viewing angles and, consequently, for a stable airmass, as seen in the linear relation of Figure
6.6b. The observed excess in LP is linearly proportional to the increasing airmass, which could be
attributed to the particle viewing geometry for fixed AODs or the amount of aligned particles for a
fixed viewing geometry as DOLP increases more rapidly for days with larger AODs (Figure 6.6b).
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Figure 6.6: (a) DOLP as a function of the AOD with respect to the SZA, for the all the SolPol measurements
in 2020 and 2021, at the PANGEA observatory. Star markers denote dust days (D), circle markers denote
clean days (C) and the colour scale referes to different AOD ranges. For small AOD values (< 0.1), the linear
polarization values are within the clean day threshold, while for AODs between 0.1-0.2, the DOLP values
begin to exhibit the increasing trend with increasing SZAs, due to the potentially small concentration of
preferentially oriented particles along the instrument line of sight. Significant linear polarization values are
observed for all the dust days and the trend intensifies further for AODs towards the range between 0.4-0.6.
(b) DOLP as a function of the airmass for the same AOD ranges. A linear correlation is observed between
DOLP and the airmass for AOD values above 0.1, for the dust cases. For larger AODs, the DOLP values
surpass the noise threshold for even smaller airmasses.
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Figure 6.7: Scatterplot of DOLP as a function of the slant AOD, for the SolPol measurements in Antikythera.
The linearity observed on AODs over 0.1 corresponds to DOLP signatures from dust days only.

Moreover, this is shown when we inspect the corelation between DOLP and the AOD corrected
with airmass (slant optical depth) in Figure 6.7. The distinction has a threshold for AODs above 0.1
that correspond solely to the presence of dust and as we move to larger loads this embeds an increase
to the linear polarization values above the noise threshold for even smaller airmasses. The corelation
strength could be tested and reproduced in future studies with dust loads close to one, as the
potential particle orientation could affect the geometric formalism for the derivation of the AOD.

We should also note though that the increase of DOLP values with AOD may as well indicate
contamination of diffuse light (and corresponding polarization properties) in our direct-sun
measurements. Thus, it may as well be that we do not measure (only or at all) dichroic extinction,
but linear polarization of the diffuse light, with the contamination being stronger for larger AODs.
For this purpose we have performed a test for the influence of the diffuse light in our measurements
(Section 6.5), and as a future step we plan to perfrom a more complete test, by acquiring
observations of high-AOD pollution cases, where we know that the particles are spherical and thus

produce no dichroic extinction.

143



Chapter 6

6.5. How does Diffuse Light contribute to Polarization
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Figure 6.8: Alternating iris size tests for the quantification of diffuse light contribution to the linear
polarization observations under the June 25" 2021 dust layer, with an AOD of 0.370 at 500 nm. Top pannels
present the normalized Q and U Stokes parameters, DOLP and the different colour arrows denote the
respective iris size for the each measurement set, along with the AOD progression witthin the day from
AERONET.

In order to check whether there is a significant contribution to the linear polarization signal
attributed to the incoming diffuse light in the polarimeter, we have performed a full day of tests
with alternating iris sizes, under a dust event in June 2021 that reached the PANGEA station
(Supplementary material, SolPol manual). When increasing the aperture size, we increase the
measured diffuse light and subsequently the expected contribution to the observed linear
polarization will become prominent on the larger iris sizes. During June 25 2021 measurements,
large dust concentrations were present within the day with a homogeneous layer at altitudes up to
5 km and the optical depth measured by the CIMEL sun-photometer was relatively stable with a

mean value of 0.370 at 500 nm. The test procedure comprised alternating iris sizes from small (at
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4.5 mm), regular (at 5.5 mm, i.e., the one used for regular SolPol measurements) to large (at 7 mm)
through 16-minute measuring intervals so as to ensure that ambient conditions are relatively stable
and polarization does not change significantly with the instrument viewing angle (Figure 6.8). The
4.5 mm iris was chosen with respect to a threshold voltage signal to the detector of 1.2 V at large
zenith angles. The measuring sequence is consistent with tight observational intervals up until the
local noon, but then data become sparse due to SolPol peripheral communication failures. All the
dark measurements were performed after each triplet with a closed lid, closed dome and a normally
tracking mount. As seen in Figure 6.8, the measured DOLP (black dots) follows a generally
decreasing trend from early morning to noon, and a generally increasing trend from noon to
afternoon, due to the decreasing and increasing SZA, respectively. This behaviour is disrupted when
we change the size of the iris for consecutive measurements until noon. When the iris size changes
from 7 mm to 4.5 mm on morning to noon measurements, DOLP increases instead of the expected
decrease due to less diffuse light being received by the detector. This proves that by increasing the
aperture size, DOLP is less than what was initially expected thus diffused light does not contribute
to the polarization trend.

Revisiting Figure 6.4a and the zoomed representation in (c), the measured Rayleigh scattering
contribution in the forward direction and under clear conditions (no dust particle presence indicated
by the lidar retrievals) to DOLP is less than 50 ppms, when we use the default 5.5 mm aperture size
that just contains the Sun’s diameter. It also appears to have no dependence on the solar zenith angle
for the narrowband filter at 550 nm. If we increase the iris diameter, Rayleigh contributions to the
polarization fractions at 550 nm can increase by a factor of two, which is consistent with predicted
values for Rayleigh scattering at low altitudes (e.g., Mishchenko et al., 1994 and references therein).
Since all measurements are direct sun and we ensure a stable tracking of the sun disk without
misalignments, incoming diffuse light within our FOV from scattering angles close to 0° (forward
scattered light) will not contribute to DOLP and, in fact, linear polarization will decrease with
increasing AOD due to further loss of polarization from multiple scattering (see adapted Figure 6.9
from Hansen and Travis, 1974). Furthermore, these fluctuations due to multiple Rayleigh scattering,
are found in diffuse light, and at direct solar irradiance, only the optical depth affects the beam.
Since we are confident that the residual contribution of diffuse light to the measured signal, is
almost negligible, therefore, the measured linear polarization can be attributed solely to the

transmitted sunlight dichroic extinction rather than a diffuse contribution.
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Figure 6.9: Linear polarization, -100 Q/I, as a function of the phase angle for different aerosol optical depths
(figure adapted from Hansen and Travis, 1974).

6.6. Could we swift SolPol towards larger wavelengths?

A logical suggestion would be to re-evaluate our SolPol methodology for larger wavelengths in the
near infrared (NIR) band region, since we investigate particle size distributions that include coarse
mode particles and the NIR DOLP results are expected to be more prominent. Moreover, Rayleigh
scattering decreases with increasing wavelength and the molecular contribution to our
measurements would be lesser than in the currently operating 550 nm. Nevertheless, mineral dust is
often described as "white" or "gray" in terms of its wavelength response. As an example, Bailey et al. (2008)
have discussed the only logical question if larger dust particles give polarization signatures in the same
manner as small dust particle, which are mostly responsible for interstellar polarization. As seen in Figure
6.10, where the T-matrix calculated ratio of the total extinction coefficient to the dichroism, Ki» / K11, is
presented as a function of the size parameter y, for larger particles we are in the plateau regime where the

mean polarization is essentially the same as that produced by smaller particles. Since larger particles are the
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ones that will eventually become preferentially oriented by overcoming randomization due to Brownian
motion (e.g., Mallios et al., 2021; Ulanowski et al., 2007), we expect to not observe a significant contribution

to the phenomena by switching to longer wavelengths.
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Figure 6.10: Ratio of extinction matrix elements Ki2/Ki: for vertically oriented prolate spheroidal particles
of axis ratio 1.8 at a zenith distance of 60¢ as a function of size parameter (x = 2ar/A). The lower panel shows
the full range of variation including the peak corresponding to the small particle regime that causes
interstellar polarization. The upper panel is on an expanded scale showing the oscillatory nature of the
polarization at larger sizes, but also that the mean level is positive (horizontal polarization). The particle size
at a wavelength of 0.8um is shown on the top scale. Adapted figure from the respective paper of Bailey et
al. (2008).

In terms of technical limitations, SolPol is an experimental instrument and its complete
characterization was painstakingly long in the framework of the author’s PhD research. Therefore,
some of the tasks to be tackled would be the need to consider new communication protocols
between instrument peripherals in order to operate in a new wavelength and, most importantly,
integrate a new photodiode detector operating in the NIR with the capability of detecting such small
signals. The responsivity and quantum efficiency of photodiodes decrease with increasing

wavelength in the NIR range, meaning that the sensitivity decreases, resulting in lower signal-to-
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noise ratios and reduced detection efficiency at longer wavelengths. The limit for reasonable signals
from the specific photodiode is about 750-800 nm with a good SNR. When approaching
wavelengths beyond 1000 nm it is a very different experiment than what we have setup so far, with
encroaching telluric absorption lines beginning to come into play. Going towards the lower
wavelengths’ direction, i.e., 450 nm might also be interesting in comparison to our previous 550
nm. Instrument filters on the 450 and 750 nm central wavelengths have been set up in the past for
lab measurements and Rayleigh contribution field measurements in Hatfield, but definitely the
bandwidth of these filters will make a difference in ambient field conditions in Antikythera.
Thermal noise is also a significant source of error to be considered in these wavelengths, thus the
trade-off led initially to the use of the instrumental configuration as is. Nonetheless, the author
strongly encourages revisiting the SolPol assembly configuration in the NIR as an upgrade to be
completed in the near future and to provide cross-checked research results on dust orientation from

various wavelengths.

6.7. Conclusions

We report on extensive linear polarization measurements with a direct sun polarimeter, the SolPol,
and detect signatures of dichroic extinction of sunlight in cases of transient dust layers above the
PANGEA observatory, in Antikythera island, Greece. This phenomenon could be attributed to
potentially preferentially aligned dust particles within the instrument line of sight towards the sun,
a concept that reproduces earlier measurements of excess linear polarization of starlight through
observations of astronomical sources with known polarization signatures (Bailey et al., 2008;
Ulanowski et al., 2007). The similar behaviour, found here, is expressed as a steep increase to the
measured DOLP when the Sun is far from its zenith position and when significant dust particle load
is present in the atmosphere. The increasing trend is not found under conditions that are
characteristic of the background aerosol concentrations in the area. We describe the characterization
of the instrument capabilities and quantify the measurement bias from the background reference
and through dedicated testing days. In addition, we monitor the excess polarization over various
dust loads where the linear polarization feature is persistent and extract the dependence on the AOD.

We find that as the AOD increases, the linear polarization values become larger overall and,
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therefore, the increasing trend intensifies for viewing angles closer to the horizon, which is again
consistent with the previously highlighted work.

Out of the total 24 days of SolPol observations, pronounced increase of DOLP up to 700 ppms
only in the (lidar characterized) dust days have been observed as a function of the AOD (sun
photometer measured) and of the air mass. Investigating the polarization angle for most of these
days, horizontally and vertically oriented particles can explain both DOLP increase with solar zenith
angle and also the EVPA levels. However, it would require more measurements with well
characterized aerosol optical properties to try to generalize on the capabilities of ground based
polarimeters to accurately estimate dust particle orientation. Further work is intended to test the
SolPol response on aerosol layers that are not likely to exhibit particle orientation due to the shape
of the particles, such as in pollution or smoke layers, and are expected to not affect the polarization
of direct light. The anticipated vertically resolved measurements of the novel WALL-E polarization
lidar, jointly with the SolPol orientation signatures, can provide strong proof of the existence of
oriented aerosol particles in the atmospheric column and elucidate the nature of the alignment
process. Our observations have multiple implications for the parametrization of natural dust in
aerosol models and for radiative transfer calculations, as particle orientation affects scattering
properties. More complementary studies are encouraged as they can pave the way for new aerosol

remote sensing developments.
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Chapter 7

General Conclusions

Initiating from the modelling effort presented in the specific thesis, calculations hint that the
acquired electrical charge on the dust particles is in the range of 0.5 to 2000 elementary charges,
when assuming their electrification by ion attachment and triboelectrification as two distinct and
simultaneously acting mechanisms. For realistic atmospheric concentration of dust, it is shown that
the ion attachment mechanism is dominant and, therefore, particles become on average negatively
charged. But under specific conditions of extremely large concentrations, giant mode particles can
be locally and temporarily positively charged by ion attachment and triboelectrification alike, while
reported laboratory experiments over the years targeting only the triboelectrification, attribute the
positive charges to larger particles and negative charges to smaller particles. This effect was shown
to be enhanced for size distributions which had a significant component of larger particles. The
model results indicate, however, that the electrical force created is not adequate enough to
significantly influence the gravitational settling of the charged particles.

Ground-based electric field measurements can be indicative of the electrical behaviour of
elevated dust layers. We have observed that elevated layers from dust outbreaks enhance the near-
surface electric field, as these layers reach our instrumentation locations. This enhancement was
hypothesized due to the existence of bipolar charge separation within the elevated dust layers in
order to explain the field behavior. The observed enhancement of the near-surface vertical electric
field is found to be up to ~ 100 V m™'. Although higher dust loads are expected to result in such a
field enhancement, episodic cases that reduce the electric field (up to ~ 60 V m™) are also observed
from the ground.

Since ground-based observations of dust electrification are not always conclusive, we
consequently focus to synergistic measurements of the vertical atmospheric field and the total

charge density in the presence of these dust outbreaks through the launches of balloon-borne
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instrumentation in large-scale scientific experiments. Vertical profiling of the layer electrical
properties is highlighted throughout the thesis. For this purpose, we have proposed and designed
two novel miniaturized sensors, while assessing their data that show good agreement in the values
of the electric field vertical component strength. The measured in-layer vertical electric fields are
of the same order of magnitude with the fair weather electric field strength. The profiling
information reveals the presence of charged dust particles within the elevated plumes with
accumulation of charges on layer boundaries, but result in relatively low E-fields within the layers
for the recorded dust aerosol optical depths. The large volume of the data produced by the
campaigns, allowed for only a few cases to be displayed for the purposes of this research. More
data evaluation studies will be performed in the future with the methodologies addressed hereafter
and will consist an unprecedent dataset on its own for the evaluation of the dust transport models.

Lastly, understanding and detecting dust particle orientation is crucial for studying aerosol
dynamics, atmospheric transport, and the impact of dust on climate, as it affects the optical
properties, radiative transfer, and deposition patterns of the particles in the Earth's atmosphere.
Following, the investigation of the dynamics of charged dust particles simulated as a spheroidal
shape shows that particles of sizes less than 1 pm are always randomly oriented due to the Brownian
motion being dominant, while particles in the range of 1-100 um can become vertically oriented for
sufficiently large electric field strengths. Particles larger than 100 um are mainly horizontally
oriented, because the atmospheric electric field can never reach the required electric strength Large
electric fields are required in order to achieve size-dependent particle alignment, but under specific
considerations these fields can become of the order of a few Volts per meter, i.e. of the order of fair
weather electric fields. Combining the model results to the measured electrical quantities we
conclude that electric field strength may not be sufficient to overcome the threshold value that
would orient particles totally vertically. This hints that other factors, such as strong updrafts, can
highly contribute to the phenomenon leaving the exact mechanisms of dust orientation a matter of
intense discussion.

In order to provide observational evidence of dust particle alignment, we utilize SolPol, a novel
experimental instrument, describe its characterization capabilities and quantify the measurement
bias from the background reference through dedicated testing days. The valuable SolPol
observations present pronounced increase of the linear polarization of light travelling through the

dust layers up to 700 ppms only in the (lidar characterized) dust days a function of the aerosol
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optical depth and of the air mass. The increasing trend is not found under conditions that are
characteristic of the background aerosol concentrations in the area. We monitor the excess
polarization over various dust loads where the linear polarization feature is persistent and extract
the dependence on the AOD. We find that as the AOD increases, the linear polarization values
become larger overall and, therefore, the increasing trend intensifies for viewing angles closer to
the horizon, which is again consistent with the previously highlighted work and an indication of
persistent dust orientation in the Earth’s atmosphere. Moreover, by investigating the polarization
angle for most of these days, horizontally and vertically oriented particles can explain both DOLP
increase with solar zenith angle and also the EVPA levels. However, more measurements with well
characterized aerosol optical properties are needed so as to generalize on the capabilities of ground

based polarimeters to accurately estimate dust particle orientation.
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Appendices

A.1 SolPol operation documentation

]

-

-‘\\

\ Remate sensing of

ReACT 1 Aerosols, Clouds and
Trace gases

a. SolPol operation manual

Instrument operation can be at times very demanding in terms of the required installation and
assembly process, initialization procedure, data acquisition and even control error mitigation.
Therefore a concise, user-friendly and universally accessible manual of operation is of importance
both for the experienced technician and the acting Principal Investigator (PI) of the instrument at
hand. Moreover, considering the diverse operation conditions and potential mobility of
experimental setups, there is a growing need for clear instructions that can be easily reproduced at
any level, are homogenized with the Research Infrastructure (RI) / network demands, but can also

be updated in near-real time conditions.
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Code hosting platforms for version control and extended collaboration between individuals and
Institutes, such as the Git suite tools, can provide a freely distributed and open source solution for
the creation and maintenance of such operation manuals. Having installed, characterized and
extensively operated the novel solar polarimeter - SolPol - in PANGEA, we experienced the need
for a decentralized access to the instrument operation. Since SolPol is an experimental instrument
with a previous in-lab configuration, its installation on the remote station was not a menial task due
to the lack of coherent sources of information. Thus, a detailed installation / operation manual will
provide the required insight for its on-demand operation and act as a publicly available source of
information regardless of the operator or hosting Institute. By combining the collaborative features
of GitLab with the powerful documentation capabilities of document generators such as Sphinx,
we can ensure a streamlined and accessible manual for instrument users. Ultimately, the final
product can be used as a template for other photometric intruments and their core representation
within various consortia. The first level information is documented in the following GitHub

repository and the interactive manual can be found in full form under the GitLab handle:

GitHub: @NOA-ReACT/SolPol and Gitlab repo: @ ModusElectrificus/solpol_manual

a.i  Basic SolPol apparatus configuration

SolPol
operation
principle

9
0(' . .
%t Entire instrument
CX rotation to 0° & 45°

Figure A.1: Sketch of the assembly apparatus with the individual components placed in order through the
optical axis, as the light is travelling from top right to bottom left.
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HEADER file details:
SOLAR POLARIMETER

1. Polarimeter Position [deg]
2. Rotator Position [deg]

3. PEM Setting [nm]

4. Retardation [waves]

5. Wavelength Filter (Wavelength-

MEASUREMENT details:

Measurement starts when PEM is @0° and Polarizer @41°
(must always check on solpol.exe status board)
File naming:

pol DDMMYYYY_HHMM_LOC_DURATION.txt
where HHMM is the PC time, LOC is one of “antik”, “ath” or
“cy” for Antikythera, Athens and Cyprus data, respectively, and
DURATION is the measurement duration as either “onehour”,
“twohours” or “sixteenmin”.

Bandwidth) e 5 measurements per polarizer position (~41°, 131°,221° and
] 311°) per assembly position (0° & 45°)
6. ND-Filter . .
e Each measurement (4 Polarizer pos. — 1 PEM pos.) last ~4mins
7. Time (UTC) e Ends ALWAYS with assembly at 45°
8. Bias Voltage on Diode e Total 2hrs ﬁl(? length‘ 8.334 1‘1nes, where 160 hits should account
for each polarizer position, size 91-92 Kb. The %2 goes for 1hr
10. LabJack, other e Full day measurement starts @6 UTC ends @16 to 16:15 UTC
. e Dark measurements with shutter closed and instrument either in
11. Lock-in, 1w . .
Tracking mode * poldarkT, or non-Tracking mode —
12. Lock-in, 2w poldarkNT
e Darks available only during Aug. — Sept. 2020 & 2021 datasets
e PEM aperture 23 mm @ 90 % efficiency
e Instrument FOV ~1° solid angle
MEASUREMENT sequence:
e Open solpol.exe, picoscope.exe and opticstarview.exe CCD camera program
o Hit the Find button in solpol.exe — wait for “All peripherals found” reading in the program screen
e Select in solpol.exe the 550nm filter option and wait for Filter Wheel to operate (Picoscope indication varies)
e If sun appears on camera, polar alignment and parking positions are OK
e  Slightly move the tracker to N-S & E-W directions through EQtab in order to target directly the Sun —
maximization of the intensity signal in Picoscope voltage reading (reach at least 2.5 V & above if morning set-up)
e Hit track rate “Solar” (Sun icon) in EQtab and minimize tab
e Hit Initialize and wait for parameters

e Hit Start sequence — choose appropriate duration — save file and start (wait for PEM to turn after 4°)

SUN TRACKER Initialization & Tracking sequence:

Type: EQ3 — SynScan ( max. load of 10Kgs, less accurate in prolonged tracking) + EQmod direct PC control

Open CartesduCeil.exe — Choose the appropriate observatory site, then — Telescope = Connect (Telescope

EQtab opens)

in EQmod tab — Unpark (co-ordinates scenario should be set to the specific instrument location)
in CartesduCeil.exe search tab — Sun (Enter) — pointer on Sun (left click) — Telescope — Slew, tracker moves
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a.li  Instrument Set-up Antikythera

SolPol set-up

INCIDENT LIGHT [ §

Polarizer Detector

L Full cycle rotation
to cancel out all | EQ3SYNScan
residuals

mount

Figure A.2: Schematic of the instrument setup within the astronomical dome in Antikythera.

SolPol polarimeter includes a Photo Elastic Modulator (PEM) that operates at a resonant frequency
of 47 kHz, a rotatable linear polarizer, an imaging telescope, neutral density filters, a field of view
limiting aperture, and a large area diode detector (Martin et al., 2010). The design is quite a
venerable one and follows the design of the PlanetPol instrument (Bailey et al., 2008; Hough et al.,
2006). The entire assembly can be rotated about the optical axis so that biases can be removed. The
instrument measures the Stokes parameters that provide the linear and circular polarization from
the whole solar disk plus a surrounding area of the sky depending on the choice of telescope and
limiting aperture. Earlier measurements by Kemp with a nearly identical polarimeter design
indicated that the whole solar disk has a linear polarization of ~ 10" from an observatory at 6300 ft
altitude (Kemp et al., 1987; Kemp and Barbour, 1981).

Figure A.3 shows the basic SolPol design. There are no optical elements before the PEM, which
is followed by the linear polarizer. Neutral density filters establish the signal levels at the lecm
silicon diode detector which uses a transimpedance amplifier to generate the signal voltage. The
filter wheel contains six filters: RGB broad band filters (with measured transmission curves) and
three 40nm narrow band filters at 400, 550, and 700 nm centre wavelengths. The polarimeter

currently operates at 550 nm. A 12-bit A/D converter records the diode signal and an SR830 Lock-
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in amplifier records the first and second harmonic modulation signals (modulated by the PEM).
The polarizer position and the instrument rotation are controlled from a LabView virtual instrument

program, which also controls the recording of data from the detector.

Figure A.3: SolPol configuration. From left to right: 10mm aperture stop (as given for the initial
configuration, but we’ve measured it in 5.5 mm in Antikythera), PEM, linear polarizer, neutral density filters,
Lens 1 & 2 Galilean telescope, 3.5 mm field stop, photodiode detector.

a.iii Instrument Parts and Specs

* Hinds Instruments —  Photoelastic  Modulator (PEM) Series Il  FS47,
(Im. 1 in Figure A.5, Optical head + Electronic head)
— Range: 400 nm - 750 nm
— Cost: (~12k £)

* Rotatable Linear Polarizer, optical axis initially aligned with PEM axis

— attached to Thorlabs Heavy Duty rotation stage (Im. 2 in Figure A.5)

— rotated through a Thorlabs K-cube stepper motor controller

— rotation controlled by the APT Thorlabs software

The linear polarizer is attached to a Heavy-Duty rotation stage, connected to the Pyxis rotator (front
side) and glued to the PEM (Im. 2, Figure A.5). For the polarizer rotation in 41°, 131°, 221°, 311°

rotation, the stage is controlled by a Thorlabs Kinesis K-cube stepper motor (not depicted).

* Optec Inc. PYXIS 3-inch camera field rotator (Im. 3, Figure A.5).
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The Pyxis is a simple rotator used to attach CCD cameras on large telescopes for rotating the
viewing field of the camera on long exposures. In SolPol it is used to rotate the entire instrument

assembly from 0° to 45°.

* NAUTILUS Rotating Filter Wheel (Im. 4, Figure A.5),

— operation at 550 nm
— 7 available slots
* QGalilean Telescope (Im. 5, Figure A.5)
* Photodiode detector (also Im. 5, Figure A.5)
* CCD camera for Sun tracking (Im. 6, Figure A.5)

 Signal amplifier, through a transimpedance, SR830 DSP Lock-In Amplifier (Im. 7, Figure A.5)
 PEM — 100 head controller unit (Im. 8, Figure A.5).

a.iv Photoelastic modulator (PEM) operation principle

amplitude (A)

\

j*——PHOTOELASTIC MODULATOR

/
\ /
N\ v
~ Vo
~ Polarizer PASS AXIS PEM Controller

Figure A.4: PEM assembly and principle of operation

OPTIC AXIS

The SolPol PEM SII FS47 is comprised of a fused silica crystal bar with photoelastic capabilities
and a piezoelectric transducer. If the optical element is compressed or stretched it induces a
retardation (i.e., phase difference between the polarization components) of the incoming light
(Figure A.4). The strain stress in the PEM crystal is induced by standing mechanical acoustic waves,
which are produced by the transducer, attached to the head. The resulting retardation is time-

periodic, and is provided by:
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6(t) = Asinwt (A1)

where § is the retardation of the PEM and A is the peak amplitude. The resonant frequency w of
the PEM is set at 47 kHz. The PEM controller unit performs many functions in the photoelastic

modulator system. Its primary function is to control the peak retardation of the photoelastic
modulator optical head. It does this by providing a DC voltage signal to the electronic head which
determines the transducer vibration amplitude and thus the strain amplitude in the optical element.
A current feedback loop from the electronic head enables the controller to maintain stable peak
retardation levels. For SolPol, the PEM is calibrated by the Bessel function zero methods (PEM
User’s manual, pg. 82). For the Bessel function zero method, the direct-current (DC) term is kept
invariable, independent of the birefringence. The DC intensity also becomes independent of
changes attributed to the optical system, such as angular position of the polarizer. Normalization of
the AC signals by the DC signal, renders the ratio independent of fluctuations from the intensity

source.

PEM specs

* Fused siclica resonant bar — initially non birefringent, stress-induced

» Standing acoustic waves imposed by transducer, at resonant freq. of 47 kHz

* Induced birefringence signifies that different polarization states are refracted on different
directions

* Fundamental vibration along the crystal optical axis (Figure A.4; Stokes et al., 1976)

* According to the modulation amplitude, PEM can be used as any retardation plate between A/4
to A/2

 for 1o the modulation efficiency is at 0.7342 and for 2w at 0.6106, remains unchanged for dark
measurements

* PEM limitations: mixing of linear & circular polarizations produced by residual strain in the

fused silica (Stokes, R. A., 1976)
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Figure A.5: Instrument parts and peripherals. Im. 1: Photoelastic Modulator head (PEM), Im. 2: linear
polarizer and Pyxis rotation stage, Im. 3: Pyxis camera (assembly) rotator, Im. 4: filter wheel, Im. 5: Galilean
telescope and photodiode detector, Im. 6: CCD camera, Im. 7: Lock-in amplifier and Im. 8: PEM head
controller.
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a.v Instrument assembly rotation

The measurement sequence of SolPol includes the rotation of the whole instrument assembly by 0°
and 45° (see measurements performed at 0° and 45° rotation in Table 1 of the following Section).
The relative position of the PEM and linear polarizer for the instrument assembly rotation at 0° and

45° is shown in the following figure.

y o .
PEM @ 0 PEM @ 45" . \,zf"
Polarizer positions @ a® N Polarizer positions @ a°® + 45 N 'i)“?
z ‘ é\oQ
X Pos, S
-~ TS
1 ! 41 .".- \\
Posz 1 W
* PEM optical axis w ﬁnf‘_"*“—.*‘,. ) —f— €
\ : ! Pos,’
\ ’
hy e
_."- S __a'
Polarizer rotation Posy’
PEM rotation counterclockwise s
S

a.v.1. SolPol light modulation and measurements

The Mueller matrix of the PEM is:

1 0 0 0
M _ |0 G+ Hcos4y  Hsin4y —sindsin2y (A2)
PEM — 1 0  Hsin4y G — Hcos4y sindcos2y

0 sinédsin2y  —sindcos2y cosé

with G = %(1 + cosd)andH = % (1 — cosd), § = Asinwt, P is the polarization position angle, i.e.,

the angle between the PEM optical axis and the produced parallel polarization component. For the

SolPol measurements 1 = 0°, thus Equation (A 2) is written as Equation (A 3).

1 O 0 0
Mo .01 0 o0 (A3)
PEM.0 0 0 cosé sind
0 0 —sind coséd
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The Mueller matrix for a rotating linear polarizer is (as in Freudenthaler 2016; S.10.8.2):

1 cos2a sinZa 0
M _ l cos2a cos?2a sin2acos2a 0 (A 4)
Pol.a> = 5 |sin2a sin2acos2a sin®2a 0
0 0 0 0
a.v.2. Assembly without rotation
The Stokes vector of the light that reaches the detector is calculated as following:
I + Qcos2a + (Ucosé + Vsind)sinZa
, 1lIcos2a + Qcos?2a + (Ucoss + Vsind)sin2acos2a
I0 = Mpop,aoMpgml = 5 . ¢ . ( ) . . 2 (A5)
2| Isin2a + Qsin2acos2a + (Ucosé + Vsind)sin?2a
0

Using the Bessel functions (), and omitting the terms higher than J,, the intensity measured at

the detector is provided by Eq. 7.

cosd = cos(Asinwt) = J,(A) + 2J,(A4) cos 2wt (A6)

sind = sin(Asinwt) = 2J; (4) sin wt

lyo =1+ Qcos2a + [U E Jo(A) + J,(4) cos Zwt] + V], (A) sin u)t] sin2a (A7)

a.v.3. Assembly rotated by 45°

The whole assembly is rotated by 45°, thus the reference coordinate system is rotated by 45°. Then,
the Stokes vector of the incoming sunlight appears in the new reference coordinate system to be
rotated by an angle -45°, and the Stokes vector I, is calculated using R_4s5- (as in Freudenthaler

2016; S.5.1.7).
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Irot = R—4—5°I = _Q (A 8)

where R_s0 is provided in (A 9).

1 0 0 0 1 0 0 0

10 cos90° sin90° O] |0 O 1 O
Roase =10 _sino0° cos90° 0|~ lo -1 0 o (A9)

0 0 0 1 0 0 0 1

The light that reaches the detector is calculated as following:

I + Ucos2a — (Qcosé — Vsind)sin2a
1licos2a + Ucos?2a — (Qcoss — Vsind)sin2acos2a
I g0 = Mpor aoMpgylyor = = (A 10)
rota Pol,a”PEMTrot = 2| Isin2a + Usin2acos2a — (Qcoss — Vsind)sin?2a
0

Using the Bessel functions (A 6), the intensity measured at the detector is provided in (A 11).

Lopqo = %I + [V],(4) sinwt — Q E]O(A) + /,(A) cos Zwt” sin2a + % Ucos2a (A 11)

a.vi Measurements

Table A1 shows the measurements at the detector, as a function of (a) the Stokes components, (b)

the linear polarizer angles and (c) the rotation of the assembly.

Table Al: same as Table 3.1

n I Assembly without rotation Assembly rotated at 45°
1 : 1 :
0 DC E(I+Qc052a+ UJy(A) sin 2a) E(I — QJy(A)sin 2a + U cos 2a)
1 lwt V] (A) sinwt sin2a V]i(A) sinwt sin2a
2 2wt UJ,(A) cos 2wt sin2a —QJ,(A) cos 2wt sin 2a
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In order to have /,(A) = 0 & A = 2.4048 = § - 2, thus the retardance phase shift induced by
the PEM is & = 0.382. For this value of A, J3(A) = 0.199, so there is a significant modulation at
3wt3, which we omit. The intensity of the incoming sunlight, I, is calculated from the DC signal,
Q is calculated (after the assembly is rotated by 45°) from the AC signal with frequency of 2wt,

and U is calculated (without rotation of the assembly) from the AC signal with frequency of 2wt.

I = Lneqs — Imean,dark (A 12)

Imean,dark is the average intensity of the same-day dark measurement

The voltage output recorded at the lock-in amplifier provides Q/ I’ U/ 7 as shown in the

following equations:

v(dec) = 1/2 (A 13)
v(lw) = V] (A)/N2 (A 14)

v(2w) = —QJ,(A)/V2 (A 15)

a.vii Multiple iris sizes test

In order to check whether there is a significant contribution to the linear polarization signal
attributed to the incoming diffuse light in the instrument, we have performed a full day of tests with
alternating iris sizes. The idea is that with larger iris we increase the diffused light measured by the
instrument. If there is contribution of the diffused light to the measured linear polarization, then the
latter should also increase with larger iris. SolPol has a default aperture size of 5.5 mm that exactly
encompasses the solar disk, provided that its tracking sequence and polar alignment are stable
throughout the measurement (which we ensure before every observational sequence).

During the 25/06/2021 dust event that reached the PANGEA station, we have conducted the
following test procedure (Figure 6.8): 1. alternating iris sizes from small @4.5 mm to regular @5.5
mm to large @7 mm through 16’ measuring intervals so as to ensure that ambient conditions are

relatively stable and that polarization does not change significantly with the instrument viewing

8 Equal to VJ5(A) sin(3wt) sin 2a when the assembly is not rotated and VJ5(A) sin(3wt) sin 2a when rotated by 45°.
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angle, 2. the measuring sequence is consistent with tight observational intervals up till the local
noon, but then the data sequence becomes sparse due to failures with the assembly rotator PC
communication, 3. the monitored mean AOD values through the co-located sunphotometer do not
vary significantly within the day (AOD at 440 nm is approximately 0.4) and 4. dark measurements

with a closed lid, closed dome and tracking mount were performed after each triplet.

b. SolPol dark measurements tests

b.i. Dark Tracking & Non-Tracking tests

There were two setups when conducting dark measurements (dark plastic cap adjusted to the front
of the PEM every time, so that no light reaches the crystal, there is no internal mechanic shutter in

the instrument & the dome is closed when performing dark measurements):

i. the EQ mount tracks the Sun, when the Sun is above the horizon

ii. the EQ mount is parked and does not track the Sun

Dark measurements were performed during August — September — October 2020 periods, either
in brief time-windows between regular measurements, in order not to lose much of the daylight,
either during nighttime without tracking due to the unfavorable position of the tracker. The 17 -
18/10/2020 are total days with dark measurements. If we exploit only the mean DC voltage (I in
Volts) from the dark measurements and later subtract it from the respective DC output of the regular
measurement (Kemp and Barbour, 1981), then the tracking mode doesn’t seem to significantly and
persistently affect the mean DC value. As seen in Figure A.6 to Figure A.8, it not clear which of the
two modes DC current is dominant at each measurement day, therefore we are using both setups
when feasible. The DC Not Tracking current appears to be larger than the Tracking DC current in
most of the cases. We should note here that we avoided moving the hosting dome during any of
these sequences, as we have observed some spikes (electronic noise due to dome shutter/rotation

motor) in the Picoscope reading.
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Figure A.6: DC voltage output (I) during August 2020 (28, 27 and 31/08) dark measurements. Different
colours are used for each measurement set within the same day and may vary with the number of sets.
“Tracking” mode dark outputs are highlighted with the yellow frames, while “Not Tracking” sets are
highlighted with the red frames, Date is in UTC. Negative | values (in the 28") are likely due to power
leakage in the system, fixed the next day Not Tracking voltage is larger than in the tracking case.
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Figure A.7: (a) & (b) DC voltage output (I) during September 2020 (01-06/09) dark measurements. Again,
Not Tracking outputs are larger than the Tracking outputs in most cases.
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Figure A.8: DC voltage output (I) during October 2020 (17, 18 and 24/10) dark measurements. The 17%
was a total dark measurements day scheduled with tracking and closed dome due to cloudy conditions and
the 18" was a total dark measurements day with Not Tracking/closed dome so as to compare with the
previous day. Data from both the 17" and 18" are of the same magnitude, with the Tracking measurements
exhibiting a wavelike behavior and becoming randomized during late afternoon (green), while the Not
Tracking measurements have an almost constant upper threshold.
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b.ii. Dark data fitting
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Figure A.9: Attempted fit with a sinusoidal function to the October 17" dark data in order to simulate dark
current contribution. 14, values vary within the day, while inner dome temperature would vary at most 1-
2° C, since it was kept closed for the entire sequence.
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For the extensive measurements period between 29/08/2020 and 07/09/2020 in Antikythera, we
depict the variation of the DC current (total intensity I in Volts) as opposed to the total intensity
recorded over the dark measurement sequences (I 4, In Volts). A difference of 1 order of

magnitude is observed.

b.iv.  Smaller Iris tests

During the 24/10/2020 measurements (Figure A.11), we experimented with a smaller iris in the
front aperture of the instrument, in order to restrict the FOV in a smaller area of the Sun disk. The
regular SolPol iris is of 5.5 mm in diameter, whilst the smaller one created from black cardboard
paper was of 4 mm in diameter. Crude paper edges could impose non-quantifiable polarization
effects, hence the non-zero circular polarization. The test will be repeated with an adjustable

metallic diaphragm iris from Thorlabs.
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Figure A.11: Full-day measurement with a smaller handcrafted iris mounted below the existing aperture.

b.v.  SKky - reading

For the preparation of these tests, we ensured that the initial sun tracking position maximized the

recorded voltage in the oscilloscope (recorded each time through the EQmod po-up window) and
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then consecutively calculated the right ascension (RA) and declination (DEC) for 0.5, 1 and 2°
incremental steps away from the sun disk (Figure A.12). The direction of the polarimeter was
constrained only for changes in the local elevation, therefore a complete set of a cross-like sky

reading test will be attempted during May 2021.
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Figure A.12: Top panel: attempted sky-reading at 0.5, 1 and 2 degrees away from the central Sun’s disk
position that we assume under each measurement initialization with the tracker. Offset angles were
calculated for the current day Sun position and manipulated through the Right Ascension and Declination
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commands in the EQ ASCOM control software. Bottom panel: light intensity during the off-disk
measurements.

b.i. Morning vs Evening distinction
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A.2 Atmospheric Electricity Sensor Specs

MiniMill sensor Specs

NOA - MiniMill Fieldmeter Specs |

Baud Rate [ynamic range
Pre Radiosonde 115200 single sensitive channel
On Radiosonde 9600 8 data bits, no parity, one stop bit [S8N1)
Noise
RPMSs: Zero field ermor =~ 2m\Y
~ 40 Hz 2400 (average] Field uncertainty +3V/m
Sampling Rate Sensitivity 1 ADC ent, 2 3mV per V/m
Pre Radiosonde 5500 S5amples Per Second
On Radiosonde 1 Sample Per Second Resolution 0-1024 ADC cnts, + 2 4kV
Modes: Accuracy 1 ADC ont
1) wy Accelerometer MPUBOSD - Triple Axis Gyroscope & Accelerometer IMU
2) No rotational information
Bandwidth (dB) through UART
Radiosonde defined bandwidth
Maotor: FlyCat 2204/260kV Brushless Motor Physical
Mass 250 gr
Power SV batteries (DC in)
Speed controller: XD HW30A 304 Brushless Motor ESC Cosumption < 160mA
PCB type: multilayered Electrode Deck
PCBL PFTH, 7067 0mim, FR4 Lmm, 35um Radius A5
PCB/Electrode Electrode Deck with copper plating
Microcontroller type Shutter
Arduine Mano CH340 Radius 5.83cm
Thickness Lrnmn
Distance from the Electro dmm
Operating environment {implemented configuration)
Temperature up to - 40°C Cube Dimensions:
Altitude ml to ~ 13km Height T9mm
Humidity to 100% Length TEmim

Width TEnnm
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Space Charge sensor Specs

I MNOA - Space Charge Sensor Specs I

as in Nicoll & Harrison 2009 , Nicoll 2013

Baud Rate
Pre Radiosonde
On Radiosonde

Electrode

Brass - spherical
Diameter

Effective Diameter [deff]

Sampling Rate
Pre Radiosonde
On Radiosonde

Modes:
statel
statel
statel

Spherical Electrode
Material

Diameter
Thickeness

PCB type:
PCB1

PCB2

Microcontroller type
Arduino Nano CH340

Operating environment
Temperature

Altitude

Humidity

115200

5600

8 data bits, no parity, one stop bit
(an1)

1%mm
25.4mm

5500 Samples Per Second
1 S5ample Per Second

Regular measurement
Calibration pericd 1
Calibration period 2

Brass
1%mm
1.5mm hollow

FR4 1 mm, 35/35um, double sided
[PTH), finish: HAL, 34X2&mm
FR4 1 mm, 35/35um, double sided
[PTH], finish: HAL, 50%28mm

up to -60°C (with project box)
msl to 16km
to 100%
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ynamic range

single sensitive channel

MNoise
Zero field ermor
Dark voltage

Resolution

Accuracy

Bandwidth (dB)
Physical

Mass

Power

Consumption

Project Box Dimensions:
Height

Length
Width

Appendix

1ADC cnt
~4.6mV
£2.3mV
25V

~ 10mV

through UART
Radiosonde defined bandwidth

50 gr (without battery)

SV batteries (DC in)
< 100mA

43 Bmm

101mm
S4mm



GRAW - XDATA - UART

Appendix

Pin Use Comment Connect To
1 N/C The red wire No connection
2 Rx Microcontroller UART Tx
3 Tx No connection
4 GND Ground

For XDATA operation, you only need to connect pin 4 to your board's Ground and pin 2 to your
microcontroller's UART Tx pin.

Byte 0-5 6-7 8-9 10-32
Content | fata= | 01 AA 01AAC00158C40A44545FB6C44F7DIC3C
(example)
Daisy Chain
_ Sensor
Description | Header D counter -or- What you want to send downstream
NOA Sensor ID

At NOA, we use this to identify our sensors:

NOA Sensor ID Sensor name
OxAA Field mill sensor
0xAB Space charge sensor

For the rest of the bytes, you can put any data you want. If sensor ID is not 01, the ground-station
software will NOT record XDATA packets.

Ground-station

When dealing with GRAW's ground-station software, you need to deal with the following:
1. Radiosonde initialization - Ozone sensor procedures
2. Mangled data viewer
3. Data storage

Each of these issues will be discussed in the sections below.

Radiosonde Initialization
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Appendix

To make the ground-station store XDATA packages, you must "trick" it to think you have connected
a recognized sensor device (e.g. Ozone).

Mangled data viewer

When receiving data from a custom sensor, the perpetually-confused ground-station software does
not know to interpret them. Expect to see garbage values at the XDATA view window. This is OK,
since the raw XDATA packages are stored separately. You can use the XDATA view window to
judge whether you are receiving any packages at all.

Data Storage

The ground-station software stores incoming XDATA packages, alongside with a timestamp, inside
the xdata.gsf file (probably inside %USERPROFILE%/Documents/GRAW/Data/, might be
different in other machines).

Radiosonde Internals

To figure out the pins, we opened a radiosonde and checked where they hook up. Next to the
connector, there is an ADuM3201 dual-channel isolator (dataset attached). The XDATA header is
connected to the Isolator as shown in the table below.

XDP'?:A ADuM3201 Pin Comment
1 -- Not connected (anywhere?)
Decode side of ADuM3201, we assume that means Tx of the
2 3 radiosonde
Encode side of ADuM3201, we assume that means Rx of the
3 2 radiosonde
4 4 Ground

Voa (2) ﬂ

ﬂ @ Via
(6) Vo

Figure 2. ADuM3201 Functional Block Diagram
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