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Abstract

Mineral dust particles emitted from dry, uncovered soil can be transported over vast distances, thereby
influencing atmospheric processes such as radiation, cloud formation, and biogeochemical cycles, which
ultimately affects both regional and global climates. These effects are highly size-dependent. For exam-
ple, larger particles tend to warm the atmosphere through radiation interactions, while smaller particles
generally contribute to cooling. To accurately understand how dust particle sizes evolve during transport,
it is crucial to characterize the particle size distribution (PSD) at emission. Large particles with diameters
d, > 10 um are particularly understudied, despite their significant environmental effects. However, mea-
suring them poses challenges due to their expected low number concentrations and the limited sampling
efficiencies of many instrument inlets.

This PhD thesis characterizes the dust PSD at an emission source during the Jordan Wind Erosion and
Dust Investigation (J-WADI) campaign, conducted near Wadi Rum, Jordan, in September 2022, focus-
ing on super-coarse (10 < d,, < 62.5um) and giant (d, > 62.5um) particles. This study is the first to
consistently cover the full range of diameters from d;, = 0.4 to 200 um by using a suite of aerosol spec-
trometers with overlapping size ranges. This enables a systematic intercomparison and validation across
instruments for the campaign and forthcoming measurements, improving PSD reliability and addressing
challenges in detecting larger particles such as inlet efficiencies or size range restrictions.

Results show significant PSD variability over the course of the campaign. During periods with friction
velocities (u,) above 0.22ms™!, the approximate threshold for local dust emission by saltation, both
dust concentrations and the contributions of super-coarse and giant particles typically increased with in-
creasing u,, especially under neutral to unstable atmospheric stability conditions. These large particles
accounted for about 85% of the total mass concentration during dust emission events, emphasizing the
importance of including super-coarse and giant particles in PSD analyses. A prominent mass concen-
tration peak was observed near d,, = 60um in geometric diameter. While particle concentrations for
d, < 10um show good agreement among most instruments, discrepancies appear for larger d,, due to
reduced instrument sensitivity at the size range boundaries and sampling inefficiencies. Despite these
challenges, physical samples collected using a flat-plate sampler largely confirm the PSDs derived from
the aerosol spectrometers.

These results advance the characterization of the dust PSD over a wide particle size range at emission
sources and contribute to (1) a better process-level understanding of the emission and transport of super-

coarse and giant dust particles, (2) a robust and transferable measurement and evaluation framework for



future campaigns, and (3) improved observational constraints that can support the refinement of dust

parameterizations in atmospheric models.



Zusammenfassung

Mineralische Staubpartikel, die von trockenen, unbedeckten Boden emittiert werden, konnen iiber weite
Entfernungen transportiert werden und dadurch atmosphérische Prozesse wie Strahlung, Wolkenbildung
und biogeochemische Kreisldufe beeinflussen, was sich letztlich sowohl auf das regionale als auch auf
das globale Klima auswirkt. Diese Auswirkungen sind stark groBenabhingig. So erwirmen beispiels-
weise groflere Partikel die Atmosphire durch Strahlungswechselwirkungen, wihrend kleinere Partikel
im Allgemeinen zur Abkiihlung beitragen. Um genau zu verstehen, wie sich die Gréfe von Staubparti-
keln wihrend des Transports entwickelt, ist es entscheidend, die Partikelgroenverteilung (PSD) bei der
Emission zu charakterisieren. GroBe Partikel mit Durchmessern d;, > 10 um sind trotz ihrer erheblichen
Auswirkungen auf die Umwelt besonders wenig erforscht. Die Messung dieser Partikel stellt jedoch auf-
grund ihrer erwarteten geringen Anzahlkonzentrationen und der begrenzten Probenahmeeffizienz vieler
Instrumenteneinlisse eine Herausforderung dar.

Diese Doktorarbeit charakterisiert die Staub-PSD an einer Emissionsquelle wihrend der J-WADI-Kam-
pagne (Jordan Wind Erosion and Dust Investigation), die im September 2022 in der Nidhe von Wadi
Rum, Jordanien, durchgefiihrt wurde und konzentriert sich dabei auf supergrobe (10 < d, < 62,5um)
und riesige (d, > 62,5um) Partikel. Diese Studie ist die erste, die konsequent den gesamten Durchmes-
serbereich von dj, = 0,4 bis 200 um abdeckt, indem sie mehrere Aerosolspektrometer mit iiberlappenden
GroBenbereichen verwendet. Dies ermoglicht einen systematischen Vergleich und eine Validierung der
Instrumente fiir die Kampagne und die kommenden Messungen, wodurch die PSD-Zuverléssigkeit ver-
bessert und die Herausforderungen bei der Erkennung groferer Partikeln, wie z. B. Einlass-Effizienzen
oder Einschrankungen des Groflenbereichs diskutiert.

Die Ergebnisse zeigen eine erhebliche PSD-Variabilitit im Verlauf der Kampagne. Wihrend der Zeitriu-
me mit Schubspannungsgeschwindigkeiten (u,) iiber 0,22 ms~!, dem ungefihren Schwellenwert fiir lo-
kale Staubemissionen durch Saltation, stiegen typischerweise sowohl die Staubkonzentrationen als auch
die Beitridge von supergroben und riesigen Partikeln mit zunehmendem ., insbesondere unter neutra-
ler bis instabiler atmosphirischer Schichtung. Diese groen Partikel machten wihrenddessen etwa 85%
der Gesamtmassenkonzentration aus, was die Bedeutung der Einbeziehung supergrober und riesiger Par-
tikel in PSD-Analysen unterstreicht. Ein markanter Peak der Massenkonzentration wurde in der Né-
he von d,, = 60um geometrischem Durchmesser beobachtet. Wihrend die Partikelkonzentrationen fiir
d, < 10um bei den meisten Instrumenten gut libereinstimmen, treten bei groBeren d), Diskrepanzen auf,

die auf die verringerte Empfindlichkeit der Instrumente an den Grenzen des GroBenbereichs und die ge-



ringe Effizienz der Probenahme zuriickzufiihren sind. Trotz dieser Probleme bestétigen die mit einem
Flachplattensammler gesammelten physikalischen Proben weitgehend die von den Aerosolspektrome-
tern abgeleiteten PSDs.

Diese Ergebnisse verbessern die Charakterisierung der Staub-PSD iiber einen weiten PartikelgroBBenbe-
reich an Emissionsquellen und tragen dazu bei (1) die Emission und den Transport von supergroben
und riesigen Staubpartikeln auf Prozessebene besser zu verstehen, (2) einen robusten und iibertragbaren
Mess- und Auswertungsrahmen fiir zukiinftige Kampagnen zu schaffen und (3) verbesserte Beobach-
tungsdaten zu schaffen, die die Verfeinerung von Staubparametrisierungen in atmosphérischen Modellen

unterstiitzen konnen.
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1. Introduction

Mineral dust aerosol originates from the suspension of particles of uncovered dry soil through the action
of strong winds. It represents the dominant fraction of the global aerosol mass in Earth’s atmosphere
(Textor et al., 2006), with significant impacts, from emission to deposition, on atmospheric processes
and climate dynamics (e.g., Shao et al., 2011b; Kok et al., 2023). Mineral dust affects Earth’s energy
balance by scattering and absorbing solar and infrared radiation (e.g., Ryder et al., 2013b; Kok et al.,
2018; Di Biagio et al., 2020) and influencing cloud formation and precipitation potential (e.g., Kumar
et al., 2011; Hoose and Mohler, 2012; Froyd et al., 2022). It also transports nutrients to ecosystems,
impacting carbon uptake and atmospheric CO; levels (Goudie and Middleton, 2001; Jickells et al., 2005;
Schulz et al., 2012). Its overall radiative effect remains highly uncertain, estimated at —0.24+0.5Wm™2,
leaving it unclear whether dust ultimately warms or cools the climate (Kok et al., 2023).

The climate impact of dust aerosol is not only determined by the amount, shape, and mineralogical
composition of the particles, but also by their particle size distribution (PSD, Mahowald et al., 2014).
For mineral dust, the PSD is divided into different size ranges: fine dust with a diameter smaller than d,
< 2.5um, coarse dust with 2.5 < d,, < 10um, super-coarse dust with 10 < d,, < 62.5um, and giant dust
with d, > 62.5 um (Adebiyi et al., 2023). Whereas fine dust exerts a substantial cooling effect at the top
of the atmosphere, coarse, super-coarse, and giant dust particles tend to have a net warming effect in sum
of the shortwave and longwave spectra, because the particles’ absorption increases more significantly
than their scattering as particle size grows (Adebiyi et al., 2023). In contrast, smaller dust particles
primarily cool the atmosphere by efficiently scattering solar radiation. Particle size is also important
for cloud microphysics and precipitation processes (Min et al., 2009). Large dust particles can act as
effective cloud condensation nuclei, promoting the formation of very large cloud droplets that enhance
collision-coalescence processes, leading to precipitation (Mahowald et al., 2014).

Regardless of their importance in dust-climate interactions, coarse to giant dust particles have tradition-
ally been presumed to sediment rapidly (e.g., Seinfeld and Pandis, 1998), limiting their atmospheric
lifetime and potential for long-range transport. Despite expectations of rapid settling by using traditional
sedimentation schemes, studies have sampled giant dust particles up to 450 um in diameter several thou-
sand kilometers from their source regions (Betzer et al., 1988; van der Does et al., 2018). This prolonged
suspension of giant particles suggests that mechanisms must exist to counteract gravitational settling
(e.g., turbulence, convective uplift, or electrostatic forces), yet these processes are not fully understood

and remain an active area of research (Rosenberg et al., 2014; van der Does et al., 2018; Harper et al.,



1. Introduction

1. Mineral dust: Major aerosol component with global im-
pacts on energy balance, clouds, precipitation, and ecosystems.

l

2. Size dependence: Dust effects depend on particle size: fine
particles cool, large particles warm the atmosphere and affect
cloud/precipitation processes.

3. Data gap: Super-coarse and giant particles are underrep-
resented in observations and models, although they remain air-
borne longer than expected. Previous campaigns mostly mea-
sured only fine and coarse ranges and the full size range was not
yet measured at the source due to several challenges.

!

5. This thesis: Methods to harmonize PSDs of several
aerosol spectrometers to capture the full PSD (0.4-200 pm)
at an emission source from a field campaign. Forms a foun-

dation for improved models and process understanding.

Figure 1.1.: Motivation and aim of this doctoral thesis.

2022; Ratcliffe et al., 2024). Since the mechanisms driving the transport and prolonged suspension of
large particles are poorly understood, their emission and transport are either excluded from numerical
simulations or their presence in the atmosphere is underestimated (Adebiyi and Kok, 2020). As a re-
sult, most models cannot represent the impacts of super-coarse and giant particles on climate, which
introduces significant uncertainties into dust-climate impact assessments (Kok et al., 2023).

To better understand the mineral dust cycle and to include its impacts on climate into models, it is
essential to accurately quantify and characterize the PSD of mineral dust, including super-coarse and
giant particles. Accurately measuring the full PSD of mineral dust remains challenging, as no single
instrument can cover its entire size spectrum (Mahowald et al., 2014). Giant dust particles are especially
difficult to measure due to their relatively low expected number concentrations and the low sampling
efficiencies of instrument inlets (Adebiyi et al., 2023; Schoberl et al., 2024). To mitigate these issues,
some aircraft measurement campaigns have avoided inlets altogether or explicitly quantified their losses,

allowing for more accurate retrievals of super-coarse and giant dust particles (e.g., Rosenberg et al.,



2014; Ryder et al., 2019). These studies give important insights into the PSD evolution during transport
of mineral dust. However, as measured in several hundred meters height, they cannot provide information
about the PSD of dust directly after its emission.

Ground-based measurements at emission sources have predominantly targeted the fine and coarse frac-
tions (< 10um; Formenti and Di Biagio, 2024), and no campaign has yet comprehensively captured the
full size range from fine to giant mineral dust directly at an emission source. In addition to this gap, the
variability of the emitted dust PSD is not yet fully understood, e.g., how it depends on wind speed (e.g.,
Alfaro et al., 1997; Shao, 2004; Kok, 2011b) and stability (Khalfallah et al., 2020; Shao et al., 2020;
Dupont, 2022).

In Fig. 1.1, the motivation and aim of the thesis is pictured. To address the gap in measuring the full PSD
of mineral dust, including (super-) coarse and giant particles , and to capture its variability at a dust emis-
sion source, field measurements using a comprehensive suite of aerosol spectrometers were conducted
and compared with physical probes. Several of the instruments covered the super-coarse and giant par-
ticle size ranges and collectively, the measurements covered a particle size range from approximately
dp = 0.4 to 200 um. By overlapping the size ranges of different instruments, the measurements enabled
a systematic intercomparison and validation of the PSDs, thereby enhancing confidence in the reliability
of the observed data. Key challenges in measuring large dust particles at emission are addressed by min-
imizing the use of inlets, accounting for inlet efficiencies, and quantifying inter-instrument uncertainties.
This thesis provides insights into the behavior of the full-range dust concentration PSD at emission and
should form a basis for more reliable and more comprehensive future measurements of mineral dust, a
deeper understanding of the processes driving its emission and near-surface transport, and the integration
of large-particle effects into climate models, ultimately enhancing our comprehension of dust’s broader

environmental and climatic impacts.

Overview of the thesis structure
This thesis is structured as follows:

- Chapter 1: Introduction - Provides background, motivation, literature, and overall goal of this

doctoral thesis.

- Chapter 2: State-of-the-art: - Reviews existing research on mineral dust, its climatic impacts,
and measurement techniques, conducted campaigns, debated questions about mineral dust emis-

sion, and it identifies gaps that this study addresses.

- Chapter 3: Objectives and scope - Provides motivation, overall goal and objectives of this doc-

toral thesis.
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- Chapter 4: Data from the J-WADI field campaign and applied methods - Describes the J-
WADI field campaign, meteorological and aerosol spectrometer instrumentation, data collection
procedures, developed methods to correct individual instruments and retrieve a harmonized and

unified PSD across instruments.

- Chapter S: Results - Presents the uncorrected and corrected PSDs of all aerosol spectrometers,
discusses possible reasons for discrepancies and uncertainties between different PSDs, analyzes
the variation of the unified PSDs with friction velocity u, and stability, compares the aerosol

spectrometer PSDs with that from physical samples, and from other field campaigns.

- Chapter 6: Conclusions and Outlook - Summarizes the main findings, their significance, and

broader implications, along with suggestions for future research.

- Appendix - Includes supplementary material, such as additional figures and tables.



2. State-of-the-art

This chapter provides an overview of the current understanding and challenges related to the PSD of
mineral dust. First, the mineral dust cycle (Sect. 2.1) is explained and the impacts of mineral dust are
outlined (Sect. 2.2). The importance of measuring the full PSD is highlighted, including super-coarse
and giant particles, due to their environmental and climatic relevance. Present measurements techniques
to obtain the dust PSD and evidence for the long-range transport of large particles (Sect. 2.3.1) are given
as well as theoretical and observational gaps in our understanding of their emission and transport are
discussed. The limitations of current measurement and modeling approaches are outlined, especially
with regard to large particle sizes. Section 2.3.2 reviews efforts to extend the measured PSD range by
combining multiple instruments. Section 2.3.3 focuses on the PSD at the emission stage and how it may
depend on meteorological conditions. Section 2.3.4 concludes by identifying critical research needs to

close knowledge gaps and improve the representation of large dust particles in models.

2.1. Mineral dust cycle

North African source regions such as the Sahara Desert are the largest emittents of mineral dust (Kok
etal., 2021, ~50%). However, other deserts and regions, such as the Middle East and parts of Asia (~40%
Kok et al., 2021), also contribute significantly to the atmospheric dust amount. A small portion comes
from North American and Southern Hemisphere regions (~10%, Kok et al. 2021). This is illustrated in
Fig. 2.1, which shows that Dust Optical Depth (DOD), a proxy for dust amount, is greatest near dust
sources.!

The formation of the soil of which mineral dust is emitted is governed by a combination of geological,
climatic, and anthropogenic processes. Initially, physical, chemical, and biological weathering break
down parent rocks into finer material, producing silts, clays, and sands (Pye, 1987; Wright et al., 1998;
Shao, 2008). These materials can then be transported and deposited by aeolian and fluvial processes, ac-
cumulating in arid and semi-arid regions where dust emission is most prevalent (Goudie and Middleton,
2006; Kok et al., 2012). These major dust emission regions are characterized by specific geomorpholog-
ical features that facilitate dust generation, including dry lake beds, sandy deserts, and areas with sparse
vegetation (Baddock et al., 2016). Over time, pedogenic processes such as leaching, mineral transforma-

tions, and organic matter incorporation further modify soil composition (Claquin et al., 1999; Perlwitz

'In Fig. 2.1, the DOD as proxy for dust amount is shown as presented in Gkikas et al. (2021). The paper introduces the
MIDAS dataset, which provides global DOD from 2003 to 2017 using MODIS-Aqua and MERRA-2 data. DOD is a type of
Aerosol Optical Depth (AOD) and measures how much dust in the atmosphere extincts light at a given wavelength.
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Figure 2.1.: Annual geographical distribution of climatological DOD at 550 nm from the MIDAS dataset for the
period 2003-2017. Higher DOD values indicate regions with persistent dust activity, such as the Sahara, Middle
East, and parts of Asia. Gray areas represent regions with no available data. Figure from Gkikas et al. (2021)/ CC
BY.

etal., 2015a). The mineralogical composition of mineral dust varies by region; for example, Saharan dust
is predominantly composed of clay and quartz minerals, while Asian dust contains significant amounts
of illite and chlorite (Kandler et al., 2009; Panta et al., 2023; Jeong, 2024). However, most mineral dust
samples are generally dominated by (alumino) silicates such as quartz, feldspar, and clay minerals, with
varying amounts of carbonates, sulfates, and iron-bearing minerals (Scheuvens and Kandler, 2014). Sur-
face processes, including wind erosion and crust formation through wetting-drying cycles, regulate the
availability of erodible material. Additionally, human activities such as agriculture, overgrazing, and de-
forestation disturb soil structure, increasing its susceptibility to wind erosion (Huang et al., 2015; Chen
et al., 2019). The resulting mineralogical composition, soil PSD, and soil erodibility ultimately shape
the characteristics of mineral dust emissions into the atmosphere (Nickovic et al., 2012; Mahowald et al.,
2014).

One of the primary prerequisites for mineral dust emission is the presence of loose, dry soil that can
be eroded by wind (Webb and Strong, 2011). The emission of mineral dust particles is fundamentally
influenced by the threshold friction velocity (u.,). The wind friction velocity (u,) describes the wind
stress acting on a horizontal surface and u,, represents the minimum u, required to initiate particle
motion by overcoming forces such as gravity and interparticle cohesion. The forces dominating particle
motion strongly depend on particle size, with soil particles ranging in diameter from less than 0.1 um to

over 1 mm (Bullard et al., 2004).



2.1. Mineral dust cycle

Larger particles are primarily influenced by gravity, whereas smaller particles are dominated by cohe-
sive forces such as van der Waals and electrostatic interactions (Iversen and White, 1982; Shao and Lu,
2000; Shao, 2008; Shao and Klose, 2016). Experimental studies, including wind tunnel experiments
(Bagnold, 1937; Chepil, 1945; Zingg, 1952; Iversen et al., 1976; Fletcher, 1976a,b; Greeley et al., 2003),
have analyzed u,,. Most of the studies have shown a minimum u,, for particles around 60-100 um, with
increasing u,, for smaller and larger particles due to cohesive and gravitational forces (the increase for
smaller particles was not observed in Bagnold 1937). In line with experimental research, several theo-
retical expressions were developed (Iversen et al., 1976; Shao and Lu, 2000; Shao and Klose, 2016). In
addition to gravitational and interparticle forces, environmental factors significantly influence u,;. In-
creased soil moisture enhances particle cohesion, thereby raising u,, (McKenna-Neuman and Nickling,
1989; Fécan et al., 1999; Klose et al., 2014) and surface roughness, such as vegetation and terrain fea-
tures, modifies the wind flow, therefore decreases dust emission in comparison to flat terrain (Raupach
et al., 1993; Marticorena and Bergametti, 1995; Callot et al., 2000; Klose et al., 2014; von Holdt et al.,
2019).

Mineral dust emission

The mechanisms driving mineral dust emission are aerodynamic entrainment, saltation bombardment,

and the disintegration of soil aggregates (Fig. 2.2; Shao, 2008). As smaller soil particles are primarily
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Figure 2.2.: Mechanisms for dust emission. (a) Dust emission by aerodynamic entrainment, (b) by saltation bom-
bardment, and (c) through aggregate disaggregation. Figure from Shao et al. (2011a)/ Copyright 2011 by the
American Geophysical Union.

held together by cohesive forces, their direct emission rate under wind action is limited (aerodynamic
entrainment; Fig. 2.2a; Shao and Klose 2016). However, a small subset of particles with interparticle

forces lower than the mean, which are more easily detached (Klose and Shao, 2012), can be entrained
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by the wind. This mechanism can occur even under weak mean wind conditions due to turbulence
(Klose et al., 2014). However, the initiation of saltation, i.e., the hopping motion of particles, is a
necessary precursor for the majority of the release of dust particles (Sow et al., 2009; Shao et al., 2011a).
Saltation bombardment, also known as sandblasting, is the key mechanism of dust emission (Gomes
et al., 1990; Shao et al., 1993; Alfaro et al., 1997). Here, sand-sized particles propelled by wind are
lifted and brought back to the surface due to their high gravitational forces. Upon impact, a saltating
particle transfers energy to surrounding grains (Bagnold, 1941; Shao et al., 2011a; Marticorena, 2014).
This energy can eject additional particles that can either be suspended or brought back to surface and
eject further particles, contributing to the saltation layer (Gillette et al., 1997). The saltation layer has a
height of 30-50 cm, above which suspended particles dominate (Gillette et al., 1997). This process can
effectively release fine dust particles from the soil into suspension, whereas sand-sized particles were
expected to predominantly contribute to the saltation layer (Marticorena, 2014, Fig. 2.2b). However, also
sand-sized particles could enter suspension (Sect. 2.3.1). Another dust emission mechanism involves the
lifting of aggregates composed of differently sized particles held together by cohesive forces. After being
lifted, if these aggregates strike the surface, the impact provides sufficient energy to overcome cohesive
forces, resulting in their disintegration. This process can liberate individual or aggregated particles,
some of which may enter suspension (Shao et al., 2011a; Marticorena, 2014, aggregate disintegration,

Fig. 2.2¢).

Mineral dust transport

Dust can be lifted into the atmosphere and remain suspended for days to weeks, traveling thousands of
kilometers before settling to the surface (Schepanski, 2018). The transport of mineral dust is influenced
by meteorological conditions, including wind speed and direction, as well as atmospheric stability (Knip-
pertz and Todd, 2012) but also by particle size (Ryder et al., 2013b; Kok et al., 2021). Transport pathways
are often complex, involving both horizontal and vertical movements within the atmosphere. They are
influenced by atmospheric circulation patterns, including the trade winds and mid-latitude westerlies,
which can carry dust from arid regions to urban areas and even across oceans (Goudie and Middleton,
2001). For instance, dust emitted from the Sahara can travel across the Atlantic Ocean, reaching as far as
the Caribbean and even the southeastern United States (Goudie and Middleton, 2001; Kok et al., 2021).
Similarly, Asian dust can travel over the Pacific Ocean to North America and the Arctic, while also con-
tributing significantly to dust deposition in various ocean basins such as the North Pacific, South Pacific,

and Indian Ocean (Kok et al., 2021).

Mineral dust deposition

The deposition of mineral dust can be either dry or wet. Dry deposition is influenced by gravitational

settling and atmospheric turbulence. The spatial distribution of dust deposition is highly variable, with
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Figure 2.3.: Schematic of the mineral dust cycle and the interactions between dust and climate and biogeochemistry.
Figure from Mahowald et al. (2014)/ CC BY-NC-SA.

regions downwind of and close to dust sources as the Atlantic Ocean and the Americas receiving sub-
stantial amounts of dust, while others remain relatively unaffected (Bergametti and Forét, 2014). Larger
particles are expected to settle quickly due to the greater influence of gravitational forces compared to
friction i.e., their higher ratio of mass to surface, while smaller particles are expected to remain airborne
for extended periods (Bergametti and Forét, 2014). Deposition can also be wet during precipitation

events that wash dust from the atmosphere (Seinfeld and Pandis, 1998).

Key Message: Mineral dust, primarily emitted from arid regions such as the Sahara and the
Middle East, accounts for the majority of the global aerosol mass. Its emission is governed
by wind-driven mechanisms, including aerodynamic entrainment, saltation bombardment, and
aggregate disintegration, all of which are affected by soil properties, meteorological conditions,
and surface characteristics. Once airborne, dust can be transported over vast distances before
settling through dry and wet deposition processes (Fig. 2.3). Larger particles are expected to fall
out quickly.
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2.2. Impact of mineral dust

Mineral dust plays a crucial role for society, in Earth’s biogeochemistry, and the climate system (Pros-
pero, 1996). It affects various socio-economic sectors, including aviation, where dust particles can impair
visibility and cause engine damage, and solar energy management, where dust deposition on solar panels
reduces their efficiency and increases maintenance costs (Nemuc et al., 2020). Health effects include res-
piratory, cardiovascular, and cardiopulmonary diseases (Longueville et al., 2012; Kotsyfakis et al., 2019),
particularly caused by particles smaller than 2.5 um, which can penetrate deep into the lungs and even
enter the bloodstream (Baluchova et al., 2019). Coarse particles primarily affect the upper respiratory
tract but their effect remains inconclusive (Marker, 2012).

The impact of mineral dust on the Earth’s climate is multifaceted. Dust aerosols can directly scatter
and absorb radiation (direct radiative effect), influence the development of clouds and the potential sub-
sequent precipitation, interact with atmospheric chemistry and biogeochemistry on Earth’s surface and
oceans and can alter the albedo of surfaces (Fig. 2.3), and thus indirectly influence climate. These effects

are explained in the following.

Direct radiative effect

The direct radiative effect of mineral dust refers to its impact on Earth’s radiation balance at the top
of the atmosphere by scattering and absorbing solar and terrestrial radiation. Dust generally cools by
scattering shortwave radiation and warms by absorbing both longwave and shortwave radiation (Seinfeld
and Pandis, 1998). The direct radiative effect depends on dust optical properties, e.g., particle size, shape,
and composition (Di Biagio et al., 2020; Huang et al., 2021), which vary with source region (e.g., Huang
et al., 2014; Ansell et al., 2014; Kuwano et al., 2024) and chemical aging (Klingmiiller et al., 2019),
but it also depends on the time of the day due to the Sun’s position (Banks et al., 2014; Ansell et al.,
2014; Meloni et al., 2018). Larger dust particles tend to warm the atmosphere because their absorption
increases more significantly than their scattering as particle size grows. They absorb a substantial fraction
of the extinguished shortwave radiation, with single-scattering albedos (SSA; ratio of scattered to total
extinguished radiation) of ~ 0.80 at diameters d,, = 10 um in the shortwave spectrum, and even lower for
particles larger than this size (Tegen et al., 1996; Adebiyi et al., 2023). Furthermore, larger dust particles
primarily absorb longwave radiation, further contributing to atmospheric warming (Tegen et al., 1996;
Dufresne et al., 2002). In contrast, smaller dust particles primarily cool the atmosphere by efficiently
scattering incoming radiation, with a SSA close to 1 for particles d;, < 1 ym decreasing to approximately
0.95 at d, = 2um at 550 nm (Kok et al., 2023) . Thus, smaller particles dominate cooling effects, while
larger particles contribute to atmospheric warming (Kok et al., 2017; Ryder et al., 2019; Kok et al., 2023,
Fig. 2.4). However, it is important to note that the actual effect of particle size is also debated and

might be less size-dependent and more composition driven (Ryder et al., 2018). Therefore it is important
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2.2. Impact of mineral dust

to know the full size distribution of mineral dust particles in the atmosphere to further investigate its
importance.

Due to, for example, not taking the full size distribution of mineral dust into consideration and uncer-
tainties in the optical properties of mineral dust, the net global direct radiative effect of mineral dust
exhibits large uncertainties and is estimated to be slightly cooling with —0.15 4 0.35Wm~2 but could
also slightly warm the planet (Kok et al., 2023).

Interaction with clouds

Mineral dust alters cloud formation by acting as both cloud condensation nuclei (CCN) and ice nucle-
ating particles (INP) and therefore influencing the formation of liquid water droplets and ice crystals
(Kumar et al., 2011; Hoose and Mohler, 2012). It significantly influences mixed-phase, warm, and cir-
rus clouds (Nenes et al., 2014; Sokolik, 2015; Froyd et al., 2022). Consequently, dust aerosols modify
cloud lifetime, and can therefore influence precipitation. They alter cloud droplet number concentrations,
leading to smaller (larger) droplets that enhance (decrease) cloud albedo, depending on the cloud type
(Zimmermann et al., 2008; Kumar et al., 2011; Hoose and Mdhler, 2012).

Particle size, which is often interconnected with the composition of mineral dust, is also important for
the interaction with clouds (Min et al., 2009). Large dust can act as effective cloud condensation nuclei,
promoting the formation of very large cloud droplets that enhance collision-coalescence processes, lead-
ing to precipitation (Mahowald et al., 2014). Supermicron particles (> 1 um) show higher ice nucleation
activity compared to submicron particles (< 1 pum), possibly due to differences in composition (Fig. 2.4;
Welti et al., 2009; Niemand et al., 2012; Reicher et al., 2019). Additionally, the absorption of both solar
and terrestrial radiation by large dust, which can lead to a warming of the air, impacts cloud distribution,
highlighting its role in modifying atmospheric dynamics (Fig. 2.4; Otto et al., 2011; Adebiyi and Kok,
2020; Adebiyi et al., 2023).

As these aspects are often not fully taken into consideration (Kok et al., 2023), e.g., only parts of the
PSD are taken into account, large uncertainties in the climate effect of mineral dust with regard to clouds
exist. The cloud impact on the radiative effect, (i.e., indirect radiative effect) of mineral dust depends on
cloud type and altitude. For instance, it is estimated to be negative for cirrus clouds (—0.4 £0.1 Wm~2)

but positive for mixed-phase clouds (0.1 40.1 Wm~2; Kok et al., 2023).

Biogeochemical interaction

Dust impacts ocean and land biogeochemistry both directly, by supplying nutrients to ecosystems, and
indirectly, by altering precipitation patterns, temperature, and radiation (Kok et al., 2023). When min-
eral dust is deposited, it delivers essential micronutrients, such as iron and phosphorus, to terrestrial and
marine ecosystems, thereby influencing primary productivity and biogeochemical cycles (Moore and

Braucher, 2008; Schulz et al., 2012). In oceanic regions where iron is a limiting nutrient, dust deposi-
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tion can stimulate phytoplankton growth, enhancing biological productivity and affecting global carbon
dynamics (Jickells et al., 2005; Moore and Braucher, 2008; Johnson and Meskhidze, 2013). Especially
near source regions, coarse, super-coarse, and giant dust dominates the deposited dust mass, even though
its influence is debated (Adebiyi et al., 2023, Fig. 2.4).

Additionally, the supply of nutrients to ecosystems plays a vital role in the carbon cycle and therefore
also contributes to climate regulation by influencing atmospheric CO; levels. The influence of dust on
the radiative effect due to their impacts on biogeochemistry and therefore CO, levels is estimated at

—0.1240.12Wm 2 (Kok et al., 2023).

Interaction with atmospheric chemistry

Mineral dust undergoes significant chemical transformations once suspended. Through heterogeneous
reactions, photochemistry, and in-cloud processing, mineral dust alters atmospheric composition and ox-
idation capacity as outlined below (Adebiyi et al., 2023). Mineral dust influences atmospheric chemistry
by interacting with trace gases, which can affect the lifetime and concentration of key greenhouse gases
such as methane and ozone (Dentener et al., 1996; Usher et al., 2003; Gaston, 2020). For instance, dust
provides reactive surfaces for trace gas uptake, influencing nitrogen oxides (NOy, HNO3, N,Os), sulfur
dioxide (SO,), ozone (O3), and volatile organic compounds (VOCs) (Dentener et al., 1996; Usher et al.,
2003; Gaston, 2020). Iron- and titanium-rich minerals further enhance photochemical activity, promoting
NO; uptake and OH radical formation under humid conditions (Ndour et al., 2008; Dupart et al., 2012).
Additionally, dust plays a role in modifying the concentration and radiative effects of anthropogenic
aerosols (Karydis et al., 2016; Klingmiiller et al., 2020).

Coarse, super-coarse dust, and giant particles play a dominant role in these processes due to their large
reactive surface area, facilitating the condensation of sulfates, nitrates, and organics (Fig. 2.4; Falkovich
et al., 2004; Sullivan et al., 2007; Mahowald et al., 2014). Additionally, they promote new particle
formation, secondary organic aerosol production, and ocean fertilization through enhanced iron solubility
(Meskhidze et al., 2005; Shi et al., 2012). Furthermore, coarse and super-coarse dust particles provide the
majority of the reactive surface area available for multiphase processes, such as heterogeneous reactions
(Fig. 2.4; Mahowald et al., 2014; Adebiyi et al., 2023).

The impact of dust interactions with atmospheric chemistry on the aerosol direct radiative effect is 0.1 £
0.15Wm~2 (Kok et al., 2023), indicating a range that includes the potential for slight cooling as the lower

bound and a more pronounced warming effect as the upper bound.

Alteration of snow albedo

Dust deposition on snow and ice surfaces can significantly reduce their albedo, enhancing melt rates
and affecting glacier mass balances (Oerlemans et al., 2009; Wittmann et al., 2017). This process is

crucial for ice sheet evolution over glacial cycles (Willeit and Ganopolski, 2018). Dust can be externally
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deposited or internally mixed with snow grains, with internal mixing causing greater albedo reduction
(He et al., 2019; Shi et al., 2020). The effects are more pronounced at higher dust concentrations and for
larger snow grains (He et al., 2019). Additionally, dust can stimulate algae growth on glaciers, further
darkening the surface (Oerlemans et al., 2009). Thus, the impact of dust on snow albedo is a critical

factor in climate modeling for glacial-interglacial cycles (Warren, 1984; Willeit and Ganopolski, 2018).

Including all the components mentioned above, mineral dust affects the global energy budget with a net
cooling effect of —0.24+0.5Wm~2 (Kok et al., 2023) and has thus a large uncertainty possibly even
leading to a warming effect. As mentioned above, the climate impact of mineral dust and therefore
its uncertainty is not only determined by the shape, and mineralogical composition of the particles but
also by their size distribution (Mahowald et al., 2014). Mineral dust particles are predominantly non-
spherical, with shapes best approximated by oblate spheroids (Otto et al., 2011; Woodward et al., 2015)
or triaxial ellipsoids (Huang et al., 2020). Their aspect ratios vary depending on composition, with clay
minerals exhibiting plate-like structures and higher aspect ratios compared to non-clay minerals (Veghte
and Freedman, 2014; Veghte et al., 2015; Jeong, 2024). Therefore, typical aspect ratio (AR) (i.e., length-
to-width ratio) and height-to-width ratio (HWR) ratios deviate from unity (Kandler et al., 2007; Huang
et al., 2020).

Over the past few decades, significant efforts have been made to incorporate the representation of mineral
dust properties in more detail into climate models. The complex mineralogy of dust particles, which is
strongly connected to their shape, and depends on the parent soil composition (Claquin et al., 1999;
Journet et al., 2014; Li et al., 2021; Ageitos et al., 2023), is now being implemented in models (Scanza
et al., 2015; Perlwitz et al., 2015a,b; Kok et al., 2017; Menut et al., 2020; Di Biagio et al., 2020; Anaya
et al., 2024; Obiso et al., 2024) and is increasingly retrieved via remote sensing (Green et al., 2020; Zhou
et al., 2020; Biagio et al., 2023). However, accurately representing the spatial and temporal variability of
the full dust PSD remains a challenge, particularly for particles larger than 20 um, which are significantly
understudied and their dynamics are not well understood. This limited size representation directly affects
our ability to represent key processes such as dust emission and deposition, and thus hampers reliable
assessments of dust impacts on climate and the Earth system. The following sections elaborate on these

gaps and their implications.

~

Key Message: Mineral dust influences the climate as it affects radiation, modifies clouds and pre-
cipitation, and alters atmospheric chemistry. It also delivers nutrients to ecosystems and reduces
snow and ice albedo, accelerating melt. These influences are highly size-dependent and large
uncertainties remain for the climatic impact of mineral dust, especially due to the uncertainties in

the size distribution of mineral dust.
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Figure 2.4.: Coarse and super-coarse dust influence multiple components of the Earth system, including radiation
balance, cloud formation, precipitation processes, atmospheric chemistry, and biogeochemical cycles. Figure
from Adebiyi et al. (2023)/ CC BY.

2.3. Mineral dust particle size distribution (PSD)

Airborne mineral dust spans a wide size range, from particles with a diameter d;, < 1 um (Baddock et al.,
2013) to particles exceeding d;, = 100 um in diameter (van der Does et al., 2018). The size of mineral
dust particles is influenced by factors such as soil composition, wind speed, and surface conditions at
emission, and it evolves during transport due to processes like gravitational settling, aggregation, and
atmospheric interactions (Scheuvens and Kandler, 2014). As a result, the PSD shifts with distance from
the source, with larger particles usually depositing closer to the source and smaller particles remaining
suspended over longer ranges (Ryder et al., 2013a,b).

To categorize mineral dust, particle diameters are typically grouped into distinct size ranges. The defini-
tions of these different ranges (e.g., fine, coarse, and giant dust particles) vary in the literature and there
is some terminological confusion (Mahowald et al., 2014; van der Does et al., 2018; Ryder et al., 2019).
In an effort to unify the terminology, Adebiyi et al. (2023) have provided the following definition for dust
diameter ranges: fine dust with a diameter smaller than d;, < 2.5um, coarse dust with 2.5 <d, < 10um,
super-coarse dust with 10 < d,, < 62.5um, and giant dust with d,, > 62.5um (Adebiyi et al., 2023). In
this study, their classification is used, unless otherwise stated.

The size of a dust particle is typically defined by its radius or diameter and a collection of dust particles
is characterized by a size distribution, which represents particle number, surface area, volume, or mass
over a specific diameter range (Seinfeld and Pandis, 1998). To compare particle counts categorized in

different size bins, the PSD is commonly normalized by dlogD, the logarithmic width of each size bin.
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This normalization accounts for the varying bin widths, providing a more accurate representation of the
relative contribution of each size range to the total distribution (e.g., Mahowald et al., 2014).

Due to variations in measurement techniques and disciplines, different types of diameters are used to
describe dust aerosols, each defining an equivalent diameter based on specific particle properties or be-
haviors (Kulkarni et al., 2011; Hinds and Zhu, 2022). Commonly used diameter types for atmospheric
dust include aerodynamic, optical, area-equivalent (projected-area), and volume-equivalent (geometric)
diameters (Mahowald et al., 2014; Huang et al., 2021; Adebiyi et al., 2023). The aerodynamic diame-
ter represents a sphere with a standard density (1000 kg m~—?) that has the same settling velocity as an
irregular dust particle and is widely used in air quality standards (Mahowald et al., 2014). The optical
diameter refers to the diameter of a sphere with equivalent light-scattering properties (Tegen et al., 1996).
This sphere often refers to the diameter of a calibration particle-typically a polystyrene latex sphere or a
similar non-absorbing material-that scatters the same amount of radiation as an irregularly shaped dust
particle (Hinds, 1999). Area-equivalent (or projected-area) diameter measures the diameter of a circle
with the same 2D projected area as the dust particle (Kandler et al., 2007), while the volume-equivalent
(geometric) diameter represents a sphere with the same volume as the particle and is commonly used in
dust modeling (Mahowald et al., 2014).

The conversion between various diameter types is influenced by particle shape, refractive index (optical
measurements), and dust density (aerodynamic diameter, Reid et al., 2003b; Hinds and Zhu, 2022),
though these factors have frequently been neglected in past studies (Huang et al., 2020). Huang et al.
(2021) have facilitated the development of conversion methods among the four primary diameter types,
incorporating the asphericity of dust particles by assuming them as triaxial spheroids. They used the
diameter conversions to obtain a consistent observational constraint on the size distribution of mineral
dust. This constraint indicates a substantially coarser distribution than those assumed in current global
aerosol model parameterizations, which underestimate the emitted dust mass in the range 10 < Dgeo <

20um by approximately a factor of two.

Key Message: Airborne mineral dust spans a wide size range, from submicron particles to those
exceeding 100um and their size distribution evolves during transport. The size can be classi-
fied in fine (< 2.5um), coarse (2.5 < d,, < 10um), super-coarse (10 < d,, < 62.5um) and gi-
ant (> 62.5um) dust particles. Different diameter definitions for mineral dust exist, including
aerodynamic, optical, projected-area, and volume-equivalent diameters, each relevant for specific
measurement techniques and fields of interest. Converting between these diameters is essential

for aligning observations and models but remains challenging.

17



2. State-of-the-art

2.3.1. Challenges in quantifying super-coarse and giant particles

Accurately measuring the size distribution of mineral dust is essential due to its significant size-dependent
influence on atmospheric processes and climate dynamics (Sect. 2.2). Several methods are available to
obtain the PSD of mineral dust. While satellite systems like MODIS and CALIPSO offer valuable data
on AOD and vertical profiles of aerosols, they cannot directly measure the PSD, even though recent ad-
vancements in remote sensing retrievals show progress in this area (Kalashnikova and Kahn, 2008; Song
et al., 2022; Sanwlani and Das, 2022).

The PSD of mineral dust can also be retrieved using columnar data from the AErosol RObotic NET-
work (AERONET, Formenti and Di Biagio, 2024). It is a globally distributed, ground-based network
of sun-photometers designed to measure atmospheric aerosol properties. These measurements provide
normalized size distributions for particles with optically equivalent diameters between 0.1 and 30 um,
which are treated as chemically homogeneous (Dubovik and King, 2000; Dubovik et al., 2006; Taylor
et al., 2014; Torres and Fuertes, 2021). AERONET data also serve as look-up tables for satellite-based
dust retrievals (Cuesta et al., 2015; Zhou et al., 2020) but the measurements are accompanied by large
biases and uncertainties in the coarse size range (Ryder et al., 2015). Therefore, in situ measurements of
mineral dust are an essential supplement for accurately capturing the full PSD and physical properties,
including super-coarse and giant particles, which are often missed by AERONET data that provide only
column-integrated retrievals with limited sensitivity to larger particle sizes.

In recent decades, various measurement techniques have been employed to investigate mineral dust pro-
cesses across its atmospheric cycle, including emission, transport, and deposition, which often occur si-
multaneously and influence one another. Even though these stages are interconnected, the measurements
discussed here are categorized based on the most likely dominant process at the time of observation.
Emission stage: Data in different degree of detail, depending on the focus of the study, on mineral
dust size distribution have been collected during the initial stage of the mineral dust cycle. While the
early sampling analysis in Texas and Nebraska by Gillette et al. (1972) and Gillette (1974) used depo-
sition samplers to analyze freshly emitted dust, other research focused on ground-based real-time PSD
measurement with aerosol spectrometers (Fratini et al., 2007; Rajot et al., 2008; Sow et al., 2009; Shao
et al., 2011a; Huang et al., 2019; Khalfallah et al., 2020; Gonzalez-Flérez et al., 2023, see Table 2.1).
Aerosol spectrometers are widely used for real-time PSD measurements. These instruments measure the
size distribution and concentration of airborne particles by e.g., analyzing their interaction with light,
aerodynamic behavior, or electrical fields, categorizing particles based on their optical, aerodynamic,
or electrical properties. Optical Particle Counters (OPCs), a special type of aersosol spectrometer, are
commonly used to determine the size and number concentration of mineral dust particles (Table 2.1).
They operate on light-scattering principles, where particles passing through a light source scatter light,
typically in the forward or sideward direction, and the intensity of the scattered light is used to estimate

particle size.
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2.3. Mineral dust particle size distribution (PSD)

Table 2.1.: Examples of dust measurement campaigns at emission sources.

Reference Location, field cam- Measurement tech-  d, measured d) size data Measured size
paign acronym nique range

Gillette et al. (1972); Texas and Nebraska  Deposition sampler Projected-area Projected- 1-20um

Gillette (1974) & microscopy area

Fratini et al. (2007) Gobi desert OPC Optical Geometric 0.35-9.5um

Rajot et al. (2008) Niger, AMMA - Lo- OPC Optical Optical up to 30 um
cal erosion

Sow et al. (2009) Niger, AMMA OPC Optical Optical > 0.3 um

Shao et al. (2011a) Australia, JADE OPC Optical Geometric 0.3-8.4um

Huang et al. (2019)  California OPC Optical Optical 0.49 - 7um

Khalfallah et al. Dar Dhaoui, Tunisia, OPC Optical Optical 0.24 - 17.8 ym

(2020) Wind-O-V’s

Gonzidlez-Flérez Morocco, FRAG- OPC Optical Geometric 0.2-19.1 um

et al. (2023) MENT

Transport and deposition stage: Campaigns based on airborne platforms play a crucial role in inves-
tigating how the PSD of mineral dust evolves during atmospheric transport. Instruments mounted on
research aircraft or drones, such as aerosol spectrometers and cloud probes, provide data on the verti-
cal distribution, composition, and size of transported dust particles (e.g., de Reus et al., 2000; Clarke
et al., 2004; Otto et al., 2007; Chou et al., 2008; McConnell et al., 2008; Osborne et al., 2008; Wagner
et al., 2009; Weinzierl et al., 2009; Chen et al., 2011; Formenti et al., 2011; Johnson and Osborne, 2011;
Weinzierl et al., 2011; Ryder et al., 2013b,a; Meloni et al., 2015; Denjean et al., 2016a; Weinzierl et al.,
2017; Renard et al., 2018; Ryder et al., 2018). These measurements are complemented by ground-based
(e.g., Maring et al., 2000; Bates et al., 2002; Kandler et al., 2007; Reid et al., 2008; Rajot et al., 2008;
Miiller et al., 2010; Struckmeier et al., 2016) and more seldom ship-based campaigns, which examine
dust transport over oceans, providing critical insights into particle interactions with marine atmospheric
conditions (e.g., Schiitz et al., 1981).

Long-term monitoring stations, such as the one in Barbados (Delany et al., 1967; Prospero, 1996), pro-
vide valuable data on dust deposition and long-range transport far from source regions. Since these
stations were installed, various dust deposition stations have been established in regions such as French
Guiana (Prospero et al., 1981), Mali (Kaly et al., 2015), Senegal (Skonieczny et al., 2013), Tenerife (Pros-
pero, 1996), Gran Canaria (Torres-Padrén et al., 2002), southeast Australia (Leys et al., 2008), the central
North Atlantic (Korte et al., 2017), and the Mediterranean (Rizza et al., 2021). However, not all of these
stations routinely provide information about mineral dust PSD because their analysis is time-consuming.
Samples from deposition stations can be analyzed by laboratory-based methods, including Scanning
Electron Microscopy (SEM) and X-Ray analysis to determine dust size, shape, and composition. Such
analyses are essential for characterizing the final stage of the dust cycle, providing insights into the
composition of mineral dust, its interactions with atmospheric processes during transport and deposition.
Research on the PSD after long-range transport and deposition are also conducted during field campaigns

using the same methods as for emission and transport, such as aerosol spectrometer or sample collection,
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Figure 2.5.: Giant mineral dust particles sampled by van der Does et al. (2018) and the MWAC samplers at 2400
and 3500 km from the west African coast where they originated from in 2014 and 2015, with their approximate
diameters. Figure by van der Does et al. (2018)/ CC BY-NC.

conducted ground-based (Formenti et al., 2001; Maring et al., 2003; Reid et al., 2003b; Jung et al., 2013;
Denjean et al., 2016a), on airplanes (Reid et al., 2003a,b; Weinzierl et al., 2017), or ship-based (Schiitz
et al., 1981).

The studies discussed above, focusing on different stages of the mineral dust cycle, offer insights into
the relationships between environmental conditions, dust emissions, transport, deposition, their size dis-
tribution, and atmospheric transport (overview and further studies are compiled in Table 7.1). In most
of the measurement campaigns mentioned, mainly fine and coarse mineral dust is considered, excluding
most of the super-coarse and giant particle size range. This omission leaves a substantial portion of the
size distribution unaccounted for, despite evidence of the presence and transport of even giant particles

in the atmosphere.

Measurements of the PSD and super-coarse and giant dust particles

Evidence for the long-range transport of super-coarse and giant dust particles was first documented by
Betzer et al. in 1988 with particles of diameters d, > 75um. Since then, recent field campaigns have
significantly advanced our understanding of this phenomenon. For example, van der Does et al. (2018)
observed giant particles up to a diameter of 450 pm over the Atlantic Ocean, thousands of kilometers from

their source (Fig. 2.5). Super-coarse dust has also been recorded in French Guiana (Barkley et al., 2021),
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the Carpathian Basin (Varga et al., 2014), and Iceland (Varga et al., 2021), where back-trajectory analyses
and granulometric data confirmed Saharan origins (Adebiyi et al., 2023). These and other studies (Reid
et al., 2003b; Kandler et al., 2007; Rajot et al., 2008; Chou et al., 2008; Kandler et al., 2009; Wagner
et al., 2009; Jeong et al., 2014; Ryder et al., 2015; Denjean et al., 2016b,a; Weinzierl et al., 2017; Ryder
et al., 2019; Ratcliffe et al., 2024) collectively reveal that super-coarse, and even giant dust particles are
more abundant close to emission sources than previously thought and measured and travel farther than
predicted by gravitational settling theory (Seinfeld and Pandis, 1998).

Using traditional gravitational settling theories, coarse to giant dust particles are expected to sediment
rapidly (e.g., Seinfeld and Pandis, 1998), limiting their atmospheric lifetime and potential for long-range
transport. For instance, van der Does et al. (2018) estimated that 100 pum particles could travel up to 75 km
when emitted from an altitude of 3 km at wind speeds of 10ms~!. From a higher altitude of 7 km and
at stronger wind speeds of 25 ms ™!, the travel distance could increase to 438 km assuming a deposition
velocity of 400 mms~!. These calculations suggest rapid sedimentation of such large particles, implying
that they would not remain in the atmosphere long enough to potentially have a significant impact on the
climate, nor to travel such large distances. Therefore, strong winds alone are insufficient to explain their
long-distance transport.

To improve the understanding of the size distribution, a much debated question is how (super-) coarse
particles can be emitted and remain suspended in the air over time periods longer than a few hours. Previ-
ous studies have only discussed possible mechanisms for the (long-range) transport, such as convection,
electrification, non-spherical particles, topography, and turbulence, but have failed to prove and quantify
them (van der Does et al., 2018; Adebiyi and Kok, 2020; Ryder et al., 2019; Heisel et al., 2021).
Challenges in measuring super-coarse and giant mineral dust: As outlined in Sect. 2.3.1, evidence
for the presence and long-range transport of super-coarse and giant dust particles exists. However, the
largest dust particles are especially difficult to measure due to their relatively small expected number
concentrations, instrumental size range limitations, and the low sampling efficiencies of instrument inlets
(Ryder et al., 2019; Adebiyi et al., 2023; Schoberl et al., 2024).

In active instruments, which draw in air, sampling should ideally be isokinetic, meaning the inlet airflow
matches the ambient air velocity to preserve the original PSD (Kulkarni et al., 2011). However, perfect
isokinetic sampling is rarely achieved due to variable wind speeds and airflow patterns around the inlet.
When mismatched, anisokinetic sampling occurs, introducing biases at the nozzle, so that PSDs inside
and outside of the nozzle differ. Inside the inlet, in horizontal sampling lines, gravitational settling further
contributes to particle losses. In addition, the effect of higher inertia for larger particles, particularly
in bends or curved tubing, makes them less responsive to airflow changes, leading to inertial losses.
All these effects together often cause under-sampling or exclusion of super-coarse and giant particles
(>10 um), introducing biases in the observed PSD (Kulkarni et al., 2011). Understanding and addressing

these issues is crucial to understanding and improving the accuracy of PSD measurements.
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Modeling of super-coarse and giant mineral dust

Since the mechanisms driving the transport and prolonged suspension of super-coarse and giant particles
are poorly understood and computationally demanding to model, the emission and transport of these
larger dust particles are often excluded from numerical simulations (Huneeus et al., 2011) or their de-
position is overestimated (Adebiyi and Kok, 2020). Most climate models inadequately represent coarse
and super-coarse particles, with recent estimates indicating that more than 75% of particle mass between
Sum and 20um are absent (Adebiyi and Kok, 2020). Based on existing emission schemes such as Kok
et al. (2014), efforts have been made to enhance the representation of super-coarse dust at emission and
to improve understanding of their climatic impacts, as demonstrated by Meng et al. (2022). Additionally,
to model the transport of large dust particles, some researchers have proposed including an upward ve-
locity component or an artificial force counteracting gravity (Maring et al., 2003; Drakaki et al., 2022).
However, such approaches are not yet widely implemented as transport and deposition mechanisms are
not well understood and observational data at the point of emission for validation remain lacking.

As aresult, most models cannot represent the effects of super-coarse and giant particles, and their results
on climate, e.g., radiative effect, are at least doubtable (Kok et al., 2017). Consequently, models are not
yet capable of providing meaningful insights into the role of super-coarse and giant particles within the
mineral dust cycle or accurately assessing their impacts on climate processes. Therefore, more measure-

ments in this large size range need to be conducted.

The impact of super-coarse and giant dust particles differs substantially from that of fine dust (Sect. 2.2).
While the individual effects of super-coarse and giant dust, such as radiative interactions or roles in cloud
microphysics, have been proposed, their overall influence remains uncertain due to limited knowledge
of their abundance, emission, and transport dynamics. Quantifying these aspects is therefore essential to

assess their true environmental relevance.

Key Message: Field campaigns have collected data using e.g., aerosol spectrometers or physical
samples to obtain the size distribution. Most studies focus on fine and coarse dust, often missing
super-coarse and giant particles, which have been observed in long-range transport events. Instru-
mental limitations, including inlet inefficiencies and anisokinetic sampling, introduce biases that
hinder accurate measurement of super-coarse and giant particles. Furthermore, the mechanisms
to keep super-coarse and giant particles aloft remain poorly understood and are therefore seldom

included in models.

2.3.2. Extending the measured PSD range

Measuring across a wide size range and capturing the full PSD of mineral dust is challenging, as no
single aerosol spectrometer is capable of covering the entire size range. Each instrument is typically op-

timized for a specific range, while mineral dust spans a broad spectrum from submicron to giant particles
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(Mahowald et al., 2014; Formenti and Di Biagio, 2024). While size distributions can also be inferred
from collected samples, this approach has significant drawbacks, including low temporal resolution, the
need for labor-intensive analysis methods, and the necessity to decide for a magnification on specific size
fractions, i.e., the limitation to a size range per magnification, e.g., for SEM analysis. Moreover, physical
sampling methods are often affected by flow dynamic limitations and are typically optimized for partic-
ular particle size ranges, which can introduce biases and hinder the accurate representation of the full
size distribution. These challenges necessitate the combination of multiple measurement techniques to
achieve a comprehensive view of the dust size distribution.

Several field campaigns have successfully merged data from different aerosol spectrometers and sam-
ples to extend the measurable size range. For example, Maring et al. (2000, 2003), Bates et al. (2002),
and Miiller et al. (2010) combined Differential Mobility Particle Sizer (DMPS) and Aerodynamic Parti-
cle Sizer (APS) measurements, while Chen et al. (2011) used OPC and APS. Other studies, including
de Reus et al. (2000), Otto et al. (2007), and Denjean et al. (2016a,b), integrated Scanning Mobility
Particle Sizer (SMPS) and OPC data. Additionally, multiple OPC instruments were employed in cam-
paigns such as Reid et al. (2003b), McConnell et al. (2008), Johnson and Osborne (2011), Weinzierl et al.
(2009), Weinzierl et al. (2011), and Weinzierl et al. (2017). Still, after combining these instruments, all
of the campaigns mentioned so far did not extent into the giant size range of mineral dust (Table 2.2) and
partly not or barely into the super-coarse range.

As an exception, a more extensive approach was taken by Kandler et al. (2011), who combined DMPS,
APS, and microscopy analyzing the size range from 0.04 — 500 um during ground-based measurements in
Cape Verde thus probing the transport stage of mineral dust. Additionally, during the FENNEC campaign
in June 2011, Ryder et al. (2013a,b) employed multiple optical aerosol spectrometers and cloud probes
(OAP, Optical Array Probe) on an airplane to provide size distribution measurements from d, =0.1 to
100 um. Despite being measured at some distance from the source (in altitudes below 2-3 km but oc-
casionally between 100 m and 8 km), much of the observed dust was relatively fresh, within 12 hours
of uplift. This setup was especially conceived to increase the confidence in the coarse, super-coarse and
giant size range, covered by different instruments simultaneously. They demonstrated the ubiquity of
coarse and super-coarse particles in Saharan dust plumes in Western Africa. Rosenberg et al. (2014)
further extended these size measurements to 300 um using the eddy covariance technique and used mea-
surements in altitudes ranging between 100 — 1000 m. In another effort, Ryder et al. (2018) conducted
airborne in situ measurements near Cape Verde during the AER-D campaign in August 2015. This
campaign utilized similar instrumentation as FENNEC, with the addition of cloud imaging probes for
measuring particles larger than 10 um. Wing-mounted aerosol spectrometer and shadow probes covered
a size range from 0.1 to 100 um, further demonstrating the persistence of super-coarse particles during

transport.
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Table 2.2.: Selection of studies that combined measurements in order to get a larger size range with location,
instruments used, size range and transport stage: emission, mid-range transport (MRT) or long-range transport

(LRT).

Study Location Instruments Size (um) Stage
Bates et al. (2002) Indian Ocean, ground-based DMPS, APS  0.02-7 MRT
Maring et al. (2000, 2003) Tenerife, ground-based DMPS, APS  0.013-15 MRT/LRT
Miiller et al. (2010) Cape Verde, ground-based DMPS, APS  0.01-10 MRT
Chen et al. (2011) Tropical Atlantic, airborne OPC, APS 0.07-5 MRT
de Reus et al. (2000) Canary Islands, airborne SMPS, OPC 0.02 - 31 MRT
Otto et al. (2007) Canary Islands, airborne SMPS, OPC 0.02 - 31 MRT
Denjean et al. (2016a) Mediterranean Basin, air- SMPS, OPC  0.01-12 MRT
borne
Denjean et al. (2016b) Puerto Rico, ground-based SMPS, OPC  0.011-32 LRT
Reid et al. (2003b) Puerto Rico, ground-based OPC up to 22 LRT
and airborne
McConnell et al. (2008) Senegal, airborne OPC up to 40 MRT
Johnson and Osborne (2011)  Western Sahara, airborne OPC 0.1-60 MRT
Weinzierl et al. (2009) Morocco, airborne OPC 0.1-50 MRT
Weinzierl et al. (2011) Cape Verde, airborne OPC 0.1-30 MRT
Weinzierl et al. (2017) Atlantic Ocean, airborne OPC 0.06 - 50 MRT/LRT
Kandler et al. (2011) Cape Verde, ground-based DMPS, APS, 0.04 -500 MRT
Microscopy
Ryder et al. (2013a,b) Western Africa, airborne 0.1-100 < 1 day /MRT
Optical
Array
Probe (OAP),
OPC
Rosenberg et al. (2014) Western Africa, airborne 0.5 -300 OAP, OPC < 1 day
Ryder et al. (2018) Cape Verde, airborne OAP, OPC 0.1-100 MRT
Kandler et al. (2009) Morocco, airborne DMPS, APS, 0.02-500 emission
Microscopy

The studies mentioned in the paragraph above, which extended the measured size range by combining
different instruments focused on the transport or deposition stage of mineral dust. As an exception,
Kandler et al. (2009) conducted field measurements in Morocco covering a size range from 20 nm to
500 um during the SAMUM-2 campaign in May/June 2006. The submicron range was measured using
a DMPS, covering particle diameters from 20 to 800 nm. The supermicron range, spanning 850 nm to
5 um, was characterized using an APS. For even larger particles, a single-stage impactor and a free-
rotating wing impactor extended measurements up to 500 um. By merging data from these instruments,
composite size distributions ranging from 20 nm to 500 um were constructed. However, the dataset
of Kandler et al. (2007) was reported to be contaminated by very large saltation grains from the soil
(Formenti and Di Biagio, 2024). In addition, the large size range was only represented by samples
with an average temporal frequency of about one day, which is often not sufficient to draw conclusions
between meteorological conditions and dust emissions.

In contrast to combining instruments at a single location and time to characterize the PSD, another

approach to gain insights into the average evolution of the PSD of mineral dust during transport is to
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Figure 2.6.: Comparison of the normalized mean volume size distributions for the SOURCE, MRT, and LRT cate-
gories in the review study from Formenti and Di Biagio (2024), presented as geometric diameter with aspherical
dust data with standard deviation as error bars. The data are normalized to an integral of 1 over the common
diameter range of 0.35 — 17.8 um before normalization with dlogD. Figure by Formenti and Di Biagio (2024)/ CC
BY.

integrate measurements from different field campaigns into transport stages. Formenti and Di Biagio
(2024) synthesized over 50 years of in situ field observations to compare mineral dust size distributions
systematically. These data were categorized into three transport stages: source (SOURCE, within one
day after emission), mid-range transport (MRT, one to four days after emission), and long-range transport
(LRT, more than four days, Fig. 2.6). The main mode of the dust volume size distribution shifts from
approximately 10 um at SOURCE to 5 um during MRT and 2 um under LRT conditions. The normalized
size distribution between 0.4 and 10 um remains relatively stable, particularly in the coarse range, which
contributes 34.9 — 44.5% of the total volume across all transport stages. Particles between 0.4 and 2.5 um
increase in prominence at LRT, accounting for 53.5% of the volume compared to 10.8% at SOURCE and
22.0% during MRT. Super-coarse particles (d, > 10um) contribute significantly at SOURCE (55%) and
MRT (34%), but decrease sharply to only 2% under LRT conditions, reflecting their limited transport
range. These findings highlight the variability in dust size distributions throughout their atmospheric
lifetime, with notable reductions in larger particles as transport distances increase.

The data presented in Formenti and Di Biagio (2024) gives a good overview over the evolution of mineral
dust over distance. However, as depicted in Fig. 2.7, existing data are predominantly from African re-
gions and nearby transport pathways, with many studies focusing on MRT. Additionally, the synthesized

dataset is derived from multiple campaigns, meaning that differences between dust events, locations,
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Figure 2.7.: Map of the location of the field measurements conducted considered in Formenti and Di Biagio (2024),
ordered by temporal distance to the source (SOURCE, MRT, and LRT). The number of data for each category is
indicated in the parentheses in the legend. Figure by Formenti and Di Biagio (2024)/ CC BY.

measurement techniques, and environmental conditions could influence the results and no direct con-
nection between meteorological conditions and dust amount can be deducted. For SOURCE data (thus
freshly emitted <1 day after emission), only two measurements (Ryder et al., 2013a; Rosenberg et al.,
2014) represent the super-coarse and giant size range, and both were conducted on airplanes in several
hundred meters height rather than directly at the source in a few meters height. In the first seconds to
hours after emission, the size distribution is expected to change rapidly due to gravitational settling. Con-
sequently, the full PSD immediately following emission remains unknown, especially for super-coarse
and giant particles, as conditions and PSDs directly at the source differ significantly from airplane plat-
form observations in several hundred meters height.

The lack of direct, high-frequency measurements of the full size range of dust at the emission source
remains a major limitation, as no study has captured the full dust size distribution directly close to the
source. Previous emission measurements were either conducted using airborne platforms in several hun-
dred meters height or suffered from limited sampling frequency and instrumental constraints. Addressing
these challenges will require dedicated high-resolution measurements of the full emission PSD, partic-
ularly for super-coarse and giant particles, to better constrain their role in dust transport and deposition

processes.
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Key Message: Measuring the full size distribution of mineral dust requires the use of several
instruments, as no single instrument can capture the entire range of mineral dust. Most of the
studies that combined measurements have focused on fine and coarse dust, rarely covering the
super-coarse and giant particle range. Some studies for mid- and long-range transport also covered
the super-coarse and giant size range. However, no study has directly measured the complete dust

size distribution directly at the emission source.

2.3.3. Variability of the PSD at emission

While the transport and deposition stage provides insights into the evolution of the size distribution, key
questions remain regarding the initially emitted PSD. As depicted in Sect. 2.3.2, no study has directly
measured the complete dust size distribution including super-coarse and giant particles directly at the
emission source. Additionally, some in situ studies, supported by wind tunnel experiments, reveal vari-
ability in PSD responses to meteorological conditions (Zhang and Li, 2014) while some studies decline
their influence. Consequently, which environmental and physical factors control the size distribution
of mineral dust at emission, remains a fundamental question. Wind speed is one of the most debated
influences on mineral dust emission to directly govern the PSD of dust particles into the atmosphere.
Some wind tunnel and field studies have shown enrichment of fine particles at higher wind speeds (Alfaro
et al., 1997; Ishizuka et al., 2008; Sow et al., 2009; Webb et al., 2021). In agreement with them, some
theories predict that higher wind speeds increase the proportion of fine particles during saltation and
link the PSD to soil properties (e.g., Alfaro and Gomes, 2001; Shao, 2004). In contrast, Kok (2011b)
proposed to use the Brittle Fragmentation Theory (BFT), suggesting that the emitted PSD is largely
independent of wind speed, at least in the fine and coarse range. Kok (2011a) and Kok et al. (2014) reuse
data from existing measurements and find no significant dependence on PSD in line with Kok (2011b).
This independence is explained with findings that saltator impact speeds, key to dust emission, remain
largely unaffected by variations in mean wind speed (Durdn et al., 2011; Kok et al., 2012).

Atmospheric stability could also influence dust emission by modulating turbulence and saltation bom-
bardment intensity. Shao et al. (2020) and Khalfallah et al. (2020) argue that dust PSD depends on
the stability in the atmospheric boundary-layer, with enhanced turbulence leading to increased emission
of finer particles. In contrast, Dupont (2022) suggests that PSD variations are more strongly linked to

surface soil conditions than to enhanced eddy diffusivity of fine particles.

2.3.4. Full mineral dust PSD at emission

To better understand the mineral dust cycle and its impacts on climate, it is essential to accurately quan-
tify, evaluate, and understand the size distribution of mineral dust at all three stages: Emission, transport,

and deposition.

27



2. State-of-the-art

While some effort has been made in understanding full dust size distributions during transport, large
uncertainties remain regarding the emitted dust size range. Understanding the emission phase of the dust
cycle is crucial: Without understanding the initial stage, it is not possible to predict the subsequent stages
and their impact on the environment. In dust models, the emission informs the development of dust trans-
port and deposition, which are essential for assessing the impacts of dust (Bryant, 2013). Uncertainties
remain regarding the factors influencing the emitted dust PSD, particularly the role of meteorological
conditions in shaping the size distribution (Shao et al., 2011b, Sect. 2.3.3). Most campaigns conducted
in the past have primarily focused on fine and coarse dust, often neglecting the coarser part of the PSD
for particles with d,, > 20um (Kok et al., 2017; Adebiyi et al., 2023; Formenti and Di Biagio, 2024).
This leaves a major gap in our ability to quantify the full dust size distribution at emission sources,
despite the important size-dependent impacts of mineral dust on the environment. So far, models are
not able to accurately represent the PSD. Especially the super-coarse and giant particle size ranges are
underrepresented (Drakaki et al., 2022; Ratcliffe et al., 2024) as the mechanisms driving the emission
(and transport) are either poorly understood or are under debate (see previous Sect. 2.3.3). Therefore,
conducting field campaigns at dust sources to better understand the size-resolved emission processes are

key to better understand this transport stage.

Key Message: Understanding the full size distribution of mineral dust at emission is crucial for
predicting its transport and environmental impacts, but it has never been measured close to dust
sources in high temporal resolution. Large uncertainties remain regarding the connection between

atmospheric conditions and emission PSD.
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The overarching aim of this doctoral thesis is to contribute to closing the gaps in the understanding of the
full size distribution of mineral dust at emission, especially in the super-coarse and giant range, based on
measurements from J-WADI, an intensive dust field campaign conducted in Wadi Rum, Jordan.

In order to achieve this aim, the thesis will focus on the following objectives:

(1) measure the full size-resolved mineral dust concentration near the surface at a dust source in Jordan

together with corresponding meteorological conditions,

(2) evaluate and address the challenges in measuring super-coarse and giant particles using a compre-

hensive suite of aerosol spectrometers,

(3) develop and apply methods to harmonize and merge data from different instruments with overlapping

size ranges, in order to derive consistent and reliable particle size distributions,

(4) analyze the occurrence of super-coarse and giant dust particles based on the field data collected in

D,

(5) investigate the variability of the full particle size distribution at a dust source in Jordan under different

atmospheric conditions, i.e., friction velocity and atmospheric stability.

Achieving these objectives, will lay the foundation for a future development of a new dust emission

parameterization and the subsequent transport.
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4. Data from the J-WADI field campaign and applied methods

The goal of this study is to better quantify the full-range mineral dust concentration PSD and its vari-
ability at emission. For this purpose, meteorological (Sect. 4.2) and aerosol spectrometer measurements
(Sect. 4.4) collected during the J-WADI field campaign (description Sect. 4.1) are used and the threshold
friction velocity is calculated (Sect. 4.3). To combine measurements from multiple aerosol spectrom-
eter instruments, a strict correction procedure is developed and applied, methods to quantify sampling
efficiencies are presented (Sect. 4.4.6), and the aerosol spectrometer measurements are compared with
collected samples as detailed below. To ensure the validity of these merged aerosol spectrometer data,
they are systematically compared with physical samples collected during the campaign, using a flat-plate
sampler and analyzed with Scanning Electron Microscopy (SEM, Sect. 4.5). A constant deposition ve-
locity approach is applied to reconcile dry deposition rates with real-time concentration measurements.
Some of the approaches were first explored during earlier fieldwork, such as a campaign in Iceland,
which provided initial insights into instrument behavior and supported early testing of correction tech-
niques. Building on the insights from the Iceland and the J-WADI field campaign, specific correction
procedures were developed as a key part of this thesis and are described in detail in this chapter. These
include outlier identification (Sect. 4.4.2), conversion to a common diameter definition (geometric diam-
eter, Sect. 4.4.3), systematic bias correction through intercomparison of instrument types (Sect. 4.4.5),
harmonization by scaling concentrations to a reference instrument (Sect. 4.4.5), and a rebinning method
to merge PSDs from multiple instruments into a unified format (Sect. 4.4.4).

Together, these methods provide a robust framework for temporally high-resolution, size-resolved dust
measurements at emission sources. Beyond their use in this study, the correction methods developed
here offer valuable tools for future field campaigns, particularly those targeting the characterization of

super-coarse and giant mineral dust particles.

4.1. General information about the J-WADI field campaign

The J-WADI (Jordan Wind erosion And Dust Investigation) field measurement campaign (https://
www.imk-tro.kit.edu/english/11800.php, last accessed 5 Mar. 2025) was conducted in Wadi
Rum, Jordan in September 2022. It was co-organized by the ERC Consolidator Grant FRAGMENT
(FRontiers in dust minerAloGical coMposition and its Effects upoN climaTe; earlier studies in this
context: Gonzalez-Florez et al., 2023; Gonzalez-Romero et al., 2023; Yus-Diez et al., 2023; Gonzalez-

Romero et al., 2024a,b) at the Barcelona Supercomputing Center (BSC) and the Helmholtz Young Inves-
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tigator Group "A big unknown in the climate impact of atmospheric aerosol: Mineral soil dust" (HYIG

Mineral Dust) at KIT in collaboration with the University of Jordan.

Scientific scope and objectives of J-WADI

J-WADI aims to improve our understanding of desert dust emissions, specifically the full-range PSD and
mineralogical composition of emitted dust, and their dependence on parent soil properties and meteoro-
logical conditions.

The primary goals of J-WADI are to enhance our understanding of:

The mechanisms responsible for the emission and prolonged suspension of super-coarse and giant

dust particles.

The variability of the emitted dust particle-size distribution and its underlying controls.

The size-resolved mineralogical composition of dust at emission and its relationship with the par-

ent soil.

The optical and ice-nucleating properties of emitted dust.

The mineralogical composition of dust based on spectroscopy.

Collaborations and Related Projects

J-WADI is closely linked to MICOS (Dust-induced Ice Nucleation: Effects of Mineralogical Composi-
tion and Size), a joint ATMO-ACCESS project between the Barcelona Supercomputing Center and the
Karlsruhe Institute of Technology (KIT). MICOS includes laboratory experiments using the renowned
Aerosol Interaction and Dynamics in the Atmosphere (AIDA) cloud chamber (https://www.imk-aaf.
kit.edu/AIDA_facilities.php, last accessed: 13 Mar. 2025).

Additionally, J-WADI is connected to EMIT (Earth Surface Mineral Dust Source Investigation), a NASA
mission that has been mapping Earth’s surface mineral composition via hyperspectral imaging spec-
troscopy from the International Space Station (ISS) since August 2022 (https://earth. jpl.nasa.
gov/emit/, last accessed: 13 Mar. 2025).

In addition to the J-WADI campaign, data from an Iceland campaign in collaboration with the HILDA
project (Iceland as a model for high-latitude dust sources — a combined experimental and modeling
approach for characterization of dust emission and transport processes, https://gepris.dfg.de/
gepris/projekt/41701266571anguage=en, last accessed 04 April 2025) and FRAGMENT with con-
tributions from the HYIG Mineral Dust were used to support method development and instrument testing.
HiLDA addresses the scarcity of observational data on dust emissions and export from Iceland. High-
latitude dust sources, including Iceland, cover > 500.000km? and contribute ~5% of the global dust

budget (Bullard et al., 2016). Beyond the previously discussed environmental impacts, Icelandic dust,
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4.1. General information about the J-WADI field campaign

primarily basaltic volcanic glass, plays an important role in high-latitude systems. When transported
to glaciated regions, it can darken snow and ice surfaces upon deposition, thereby reducing the surface
albedo and accelerating melt processes and ultimately affecting local climate and glacier mass balance
(Albani, 2021). During an intensive campaign in August 2021, measurements were conducted at an Ice-
landic dust source using a similar instrument setup as deployed during J-WADI, though with a reduced
number of instruments from the HYIG Mineral Dust. Among others, the SANTRI2 (Sect.4.4) and the
scintillometer (Sect.4.2) were deployed, allowing further development and validation of the measure-
ment configuration and data acquisition setup for both instruments. Based on the Icelandic dataset and
additional outdoor tests in Germany, refinements in the scintillometer data acquisition and processing
were established. Similarly, a correction approach for SANTRI2 data were developed based on the field

data from Iceland.

Field site and set-up

The field site of the J-WADI campaign was located at 29°44°21"N, 35°22°56"E, in Wadi Rum (Fig. 4.1a)
and nearby the village of Rashidiyah and approximately 700m downwind of the Quweira solar power
plant. During the measurement period, no significant human activity occurred at the power plant, and I
therefore do not expect that its presence had any influence on the measurements. It was situated within
a flat, open landscape surrounded by small hills (< 100 m in altitude, Fig. 4.1b). This configuration
created a wide opening facing the expected predominant wind direction, while the opposite side featured
a narrow opening where winds typically exited. Despite this surrounding topography, the measurement
site was within a flat area that may occasionally be flooded during heavy rainfall periods, and lacked any
significant surface roughness features. The location and timing of the campaign were chosen based on
analysis of station and remote sensing data, on-site inspection, and local guidance, considering scientific
and practical aspects, such as expected dust emission potential and likelihood, accessibility, and logistics.
The site setup was similar to previous FRAGMENT campaigns in Morocco and Iceland (Gonzélez-
Florez et al., 2023; Dupont et al., 2024), but with additional instrumentation emphasizing super-coarse
and giant dust as well as atmospheric turbulence. To minimize the potential for instrument shadowing,
the instruments were oriented approximately perpendicular to the expected predominant wind direc-
tion (Fig. 4.1b, c, d), determined by analysis of measurements at seven stations across Jordan avail-
able through the NOAA ISD meteo data (https://www.ncei.noaa.gov/products/land-based-
station/integrated-surface-database, last accessed 24 Mar. 2025), and observation of local
erosion, e.g. ripples. All instruments except one (SANTRI - powered by a photovoltaic panel on top of
the device with battery buffering) were powered by a diesel generator placed approximately 200 m north
of the measurement setup (see Fig. 1). Consequently, I expect minimal impacts of the generator exhaust

on the near-surface PSD measurements, and only during northerly winds and for the smallest particle
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Figure 4.1.: Field location and set-up. (a) Background image from Bing maps with the field site marked with a
orange cross, (b) topographic map, field set-up, and surrounding of J-WADI, including mobile mast MM1 and the
diesel generator, (c) set-up at the measurement site with the instruments used marked in orange (abbreviations:
SCINT-TRANS/-REC = Scintillometer transmitter/receiver, ROTMAST = rotating mast, DEP = deposition sam-
pler, MM3 = mobile mast 3), (d) photo of the site center including most instruments used in this study in their
field deployment. Background map copyright for (b) and (c) Esri, Maxar, Earthstar Geographics, and the GIS
User Community, generated by M. Klose.

sizes. Here I present only instruments and data used in this study. Other measurements from J-WADI are

described elsewhere (e.g., Dupont et al., 2024).

4.2. Meteorological measurements

The meteorological instruments and data used here are summarized in Tab. 4.1. I obtained the momen-
tum flux and Obukhov length (L) using a scintillometer (Scintec SLS-40, 1 min data acquisition rate)
positioned parallel to the main instrument line (Fig. 4.2 a). The scintillometer measures the refractive
index structure parameter (C2) and sensible heat flux (H), from which u. and L were derived based on
Monin-Obukhov Similarity Theory (MOST). The Obukhov length L characterizes atmospheric stabil-

ity as the ratio of mechanical turbulence to buoyancy effects, where negative values indicate unstable,
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Table 4.1.: Overview of meteorological instruments and measured variables used in this article. Abbreviations:
MOST - Monin-Obukhov Similarity Theory; EC - Eddy Covariance; TFEM - Time Fraction Equivalence Method

Instrument (Model) Variable(s) Height (m) Temporal Purpose / Usage
resolution
Scintillometer C,%, sensible heat 2.54 1 min (logging Derivation of u. and Obukhov
(Scintec SL.S-40) flux (H); frequency) length L via MOST; provides
derived u, and L spatially representative turbulence
measurements;
gaps filled with 3D sonic anemome-
ters (Campbell)
3D sonic anemometer Wind vectors, tem- 3.0 (on 50 Hz (logging Gap-filling for u, and L when
(Campbell CSAT3) perature (sonic); 10mtower) frequency) scintillometer data are missing and
uy via EC when wind data from MM3 are
missing
3D sonic anemometers ~ Wind speed, direc- 2.0 and 4.0 40 Hz (logging Wind input for particle concentra-
(R.M. Young 81000) tion (on MM3 frequency) tion calculations;
mast) gaps filled with 3D sonic anemome-
ter (Campbell)
Barometer Air pressure 1.0 (on 15-min mean Provides pressure data for atmo-
(R-M. Young 61202V) MM3 mast) (analysis fre- spheric context;
quency) gaps filled with MM 1 sensor
Temperature and Temperature and 2.0 (on 15-min mean Used for ambient conditions and to
humidity sensor relative humidity MM3 mast) (analysis fre- derive humidity;
(Rotronic MP100) quency) gaps filled using MM1 sensor
Saltation sensor Saltation counts at 0.05, 0.15, 15-min mean Used to derive threshold friction ve-
(SANTRI) three heights; and 0.3 (analysis  fre- locity us, via TFEM
streamwise  salta- quency)
tion flux

positive values stable, and large magnitudes near-zero indicate neutral stratification. The original data
acquisition software for the Scintillometer used in this study was a legacy application designed exclu-
sively for MS-DOS, presenting significant challenges for integration with modern hardware. During the
Iceland campaign, data collection relied on an outdated Windows 98 laptop running the software via the
middleware TameDOS. However, this setup was cumbersome, difficult to use in the field and it could not
be synchronized with the time server. To modernize the system and enhance reliability, a new approach
was implemented: the software was migrated to a Raspberry Pi using the MS-DOS emulator DOSBox-
X, which supports hardware emulation and improved integration with serial interfaces. This allowed
for synchronization with a time server and provided a more secure approach for data acquisition and a
user-friendly platform for field deployment. Necessary configurations were made to enable serial port
access, and the emulator environment was adapted to support continuous and stable data acquisition dur-
ing the campaign. This solution not only facilitated a smoother operation in the field but also extended
the usability of the aging scintillometer system for future studies'. I assumed a constant air density of
Pair = 1.07kgm~3 (mean over the campaign) for calculating the friction velocity (i) from the momentum
flux. The instrument itself cannot distinguish stable and unstable conditions and provides data for night

(stable) and daytime (unstable) times. The manufacturer advises to use a temperature gradient to distin-

I These modifications were employed in cooperation with Bernhard Deny (Karlsruhe Institute of Technology (KIT), Insti-
tute of Meteorology and Climate Research Troposphere Research (IMKTRO), Karlsruhe, Germany)
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guish between those. I used temperature measurements from a 10 m measurement tower in 2 and 4m
height (Campbell Scientific 43502 fan-aspirated shield with 43347 RTD Temperature Probe, Fig. 4.1d)
to retrieve this gradient. Scintillometer data where the percentage of error-free diagnostic periods (NOK)
was lower than 30 were removed by setting values to NaN. The primary reason for the choice for the
scintillometer is that the scintillometer provides values representative of a larger surface area, reducing
local turbulence biases. The setup of the scintillometer consists of two primary components, both placed
at z = 2.54m height: a transmitter, which emits a laser beam, and a receiver (located 97 m away from
the transmitter), which captured the transmitted light (Fig. 4.1d). Variations in air temperature along
the path of the laser beam cause fluctuations in the intensity of the received light. Detecting these fluc-
tuations gives information about turbulence along the beam’s trajectory. Atmospheric stability classes
were determined using z/L intervals following the classification by Berg et al. (2011). The classification
distinguishes five stability regimes: unstable (z/L < —0.2), near-unstable (—0.2 < z/L < —0.04), neutral
(—0.04 < z/L < 0.04), near-stable (0.04 < z/L < 0.2), and stable conditions (z/L > 0.2).

Some data gaps occurred due to scintillometer issues, including high noise levels, power cuts, and over-
heating. Gaps in u, and L were filled based on measurements of a 3D sonic anemometer (Campbell
Scientific CSAT3, 50 Hz, Fig. 4.2b) mounted on a 10m tower at 3.0 m height retrieved based on the
eddy covariance (EC) method, as presented in Dupont et al. (2024)%. To calculate particle concentra-
tions from particle counts detected by the UCASS and SANTRI2 instruments (described in Section 4.4
and mounted on a rotating mast), I used wind speed data at 2 m and 4 m height measured by 3D sonic
anemometers (R. M. Young Company, model 81000 Ultrasonic Anemometer, 40 Hz, Fig. 4.2d) mounted
on a 4 m mast (mobile mast MM3) located less than 2 m from the rotating mast (ROTMAST, Fig. 4.1c).
Pressure was measured using a barometer (R.M. Young Company, Model 61202V) positioned at a height
of 1 m on the 4 m mast, while (potential) temperature and relative humidity were measured (and inferred)
using a temperature and humidity sensor (Rotronic, Model MP100) mounted at a height of 2m on the
4 m mast (Fig. 4.2¢, 4.1c). Some gaps in the data of the 4 m mast occurred due to power cuts and faulty
data acquisition. To fill any gaps in the wind data, I used measurements of the 3D sonic anemometers
from the 10m tower at 2m and 4 m heights (Fig. 4.2b). Gaps in temperature, relative humidity, and
pressure measurements were filled using instruments of the same type mounted on an identical mobile

mast located approximately 500 m upwind of the expected dominant wind direction (MM1 in Fig. 4.1b).

24, and L data of the 3D sonic anemometer was provided by Dr. Sylvain Dupont (INRAE, Bordeaux Sciences Agro, ISPA,
Villenave d’Ornon, France).
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Figure 4.2.: Meteorological instruments deployed during J-WADI and used in this study: (a) Scintillometer SLS40
used to retrieve the friction velocity u, with transmitter in the foreground and receiver in the background. (b)
3D sonic anemometer Campbell Scientific® CSAT3B used to fill gaps from u,, L and wind speed. (c) Temper-
ature, humidity and GPS sensor mounted on a 4 m meteorological mast. (d) 3D sonic anemometer R. M. Young
Company, model 81000, mounted on the 4 m mast and used to retrieve particle concentrations from UCASS and
SANTRI2.

4.3. Threshold friction velocity?

The threshold friction velocity u,; represents the minimum friction velocity required to initiate saltation.
To retrieve u,,, I used saltation data from the SANTRI (Standalone AeoliaN Transport Real-time Instru-
ment) platform (Etyemezian et al., 2017; Goossens et al., 2018; Klose et al., 2019) and implemented
the Time Fraction Equivalence Method (TFEM; Stout, 1998; Barchyn and Hugenholtz, 2011) for 15-
min averaged data over the whole campaign period. This method assumes that the time fraction during
which saltation is detected is equivalent to the time fraction during which the friction velocity exceeds
the threshold. SANTRI measures saltation counts at three heights as described in Gonzalez-Florez et al.
(2023, Sect. 2.2.3). Here I counted times of active saltation as those during which at least two out of four

sensors measured saltation and the height-dependent streamwise saltation flux (calculated as described

3TT-Prof. Dr. Martina Klose provided the saltation flux (Karlsruhe Institute of Technology (KIT), Institute of Meteorol-
ogy and Climate Research Troposphere Research (IMKTRO), Karlsruhe, Germany) provided the saltation flux based on the
SANTRI measurements.
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4. Data from the J-WADI field campaign and applied methods

Figure 4.3.: SANTRI instrument to measure saltation and retrieve flux density to obtain threshold friction velocity.

in Klose et al. 2019) was non-zero. SANTRI are the original saltation measurement design of which
later on the SANTRI2 evolved. It was located approximately 40 m from the tower (Figs. 4.1c, 4.3). For

values of u,, I used the scintillometer data with gaps filled by the 3D sonic anemometer retrieved u,.

4.4. Aerosol spectrometer

In this study, I analyze a comprehensive set of aerosol spectrometer measurements from the J-WADI
campaign to investigate the size distribution of airborne mineral dust particles, with a particular focus
on the larger particles (>10um). Their set-up during J-WADI, their working principle, and the data
treatment are explained in the following. The aerosol spectrometer suite included the UCASS (Universal
Cloud and Aerosol Sounding System, designed at the University of Hertfordshire; Smith et al. 2019),
the saltation particle counter SANTRI2 (Standalone AeoliaN Transport Real-time Instrument, second
edition, designed at the Desert Research Institute; Etyemezian et al. 2017; Goossens et al. 2018), the
CDA (Cloud Droplet Analyzer), the Welas 2500 (White Light Aerosol Spectrometer, Kuhli et al. 2010),
and the Fidas 200S (Gonzilez-Florez et al. 2023; all three manufactured by the Palas GmbH). This
multi-instrument approach was chosen to ensure a robust examination of the entire size distribution from
approximately 0.4 to 200 um in terms of optical diameter (except SANTRI2, projected-area diameter).
This encompasses the fine to giant particle fractions with significant overlap between the size ranges
covered by the instruments as shown in Fig. 4.4. The UCASS and SANTRI2 devices were positioned
on the rotating mast (Fig. 4.5) and the two Welas, two Fidas, and CDA next to or on a scaffolding (Fig.
4.6). Key instruments properties are summarized in Table 4.2.

SANTRI2: To explore the giant particle size range, SANTRI2s were employed, which uses optical
gate devices to infer time and size-resolved particle counts (Etyemezian et al., 2017; Goossens et al.,

2018; Klose et al., 2019). Originally designed to measure saltation, these instruments are normally
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Figure 4.4.: Size ranges covered by the five instrument types in terms of optical diameter (except SANTRI2,
projected-area diameter). The multi-instrument strategy covers the full size range from about 0.4 to 200 pum,
effectively encompassing fine to giant particle sizes. Dashed lines indicate the size ranges of the dust size classi-
fications (Adebiyi et al., 2023).

Table 4.2.: Characteristics of the aerosol spectrometers used in this study. Diameters are optical diameters (except
for SANTRI2: projected-area diameter).

Instrument Measurement Light Inlet Diameter  Scattering Position # of Height Number
principle source size range  angle bins

UCASS  light laser: nearly 1-20 pm, 16- rotating 16 4m 2
scattering 658 nm open-path  2-80 um 104° mast

Welas light Xenon directional 1-100pm  90° scaffolding 256 2/4m 2
scattering light inlet

Fidas light LED light  directional 0.4-37pm  90° scaffolding 256 2/4m 2
scattering inlet

CDA light white light  Sigma-2 0.75- 90° scaffolding 256 4m 1
scattering head 100 um

SANTRI2 shadowing  diode: open-path  85- none rotating 7 2/4m 4 6

890 nm 200 um mast Sensors
each)

positioned vertically on the ground to detect particles transported in saltation at different heights. For the
purpose of detecting giant dust particles during J-WADI — the size range of which fits to that of typical
saltation particles — the SANTRI2s were mounted at greater height (2 m and 4 m) oriented horizontally
to have multiple synchronous measurements at the same height. One unit consists of 5 sensors and
each comprises a photosensor that is 9.53 mm away from the diode with 890 nm light wavelength. The
onboard electronics interpret the reduction in light signal caused by a sand grain or giant dust particle
traveling through the beam as voltage drop of a circuit in which the sensor is incorporated when it arrives
at the photosensitive sensor. The SANTRI2 therefore measure projected-area diameters. Four SANTRI2
units were employed during J-WADI measuring in the size range dpy ~85um to 200 um (projected-
area diameter) in 7 size bins. The four SANTRI2 instruments were mounted on the rotating mast (Fig.
4.5a). It consisted of a wind vane and a rotating pole, so that the instruments were turned toward the
wind. Two units were mounted at 2m height and two at 4 m height with one unit facing upward and one

facing downward at each height. This setup was chosen to avoid possible biases in particle detection due
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SANTRIZ UCASS SANTRIZ

Figure 4.5.: UCASSs and SANTRI2s on the rotating mast: (a) The rotating mast (b) with two UCASS and two
SANTRI2 at 4 m height and ¢) SANTRI2 at 2 m height, (d) view from below the UCASS at 4 m height.

to interference between particle trajectories and flow around the (relatively slim) instruments’ bodies.
Analysis showed that the downward-facing units exhibited a high level of noise. They were therefore
excluded from further analysis. The exact cause of this behavior remains unclear and requires further
investigation.

UCASS: UCASS is a low-cost particle counter designed at the University of Hertfordshire. It was used
for airborne measurements of aerosol and droplet concentrations and size distributions using, e.g., drones
and dropsondes in greater heights (Smith et al., 2019; Girdwood et al., 2020, 2022) while during J-WADI
it was used ground-based. Here, the UCASSs were deployed at 4 m on the rotating mast together with
the SANTRI2 (Fig. 4.5b). As measurement principle, it uses wide-angle elastic light scattering with a
passive open-geometry system (nearly open-path). The input beam is a 658 nm continuous-wave diode
laser, operating at 10 mW. The optical setup includes a laser with a collimator, a cylindrical lens, and a
2 mm aperture. The laser beam is directed into the instrument using a front-silvered mirror positioned at

a 45° angle. When particles intersect the laser beam, they scatter light. An elliptical mirror then gathers
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the light scattered at angles between 16° and 104°, and focuses it onto the detector, where both the pulse
height and duration are measured. Two versions of the UCASS were used, measuring in 2 different size
ranges: one in a larger size range with diameters d,, from 2 — 80 um (UCASS B) and the other one in a
smaller size range with d, = 1 — 20 um (UCASS A) in 16 different size bins each.

Welas and Fidas: The Welas and Fidas systems measure number and size of aerosols through light scat-
tering detection at a 90° angle. Both instruments use a white light source (Fidas: LED; Welas: Xenon) to
uniformly illuminate a small, T-shaped measurement volume. This design minimizes optical limitations,
border-zone effects, and coincidence errors, ensuring high measurement accuracy. As particles traverse
this volume, they scatter light pulses of varying intensities, which are detected and analyzed based on Mie
theory, assuming spherical particles. Particle number is determined by counting the number of detected
pulses per time unit, allowing simultaneous and independent measurement of both size and quantity. To
measure a wide size range within the same air volume, the active instruments Welas 2500 and Fidas
200S were connected through an optical tube, allowing both instruments to sense particles in the same
air flow (Fig. 4.6 b). The Fidas 200S measured particles in the size range of 0.4-37 um (up to 40 um
but with last bin removed, see Sect. 4.4.1), whereas the Welas measured in the range between 1 and
100 um (after coincidence removal), extending the joint size range of both instruments to include larger
particles. Importantly, the pump of the Welas was not used; instead, the pump of the Fidas provided a

steady flow rate of 4.8 Imin~!

, ensuring consistent sampling conditions for both instruments. This setup,
deployed for the first time in a field campaign, allowed simultaneous measurements across an expanded
size range, enhancing the characterization of the PSD. Instead of using the standard Palas Sigma-2 pas-
sive collector, a custom-made directional inlet was used to align the inlet flow with the mean wind. The
exact dimensions of the inlet are provided in Fig. 5.5. After the inlet, the particles are guided through
a sampling tube with drying section IADS (Intelligent Aerosol Drying System), avoiding condensation
effects. The combined instruments were used at 2.1 m (referred to as Welas_2m/Fidas_2m) and 3.8 m
height (Welas_4m/Fidas_4m) on a scaffolding at a distance of about ~5 m from the rotating mast (Fig.
4.6a).

CDA: Next to Fidas_4m and Welas_4m, a CDA was placed at 4 m height on the scaffolding and set to
measure in the size range of 0.75 — 100 um (after coincidence removal) with a flow rate of 5 1min~!. The
CDA uses the same measurement principle as the Fidas and Welas, but unlike the other two instruments, it
senses the entire flow volume rather than just a portion of it. This approach was expected to be beneficial
for larger particles, as their number concentrations in ambient air are typically much lower than those of
smaller particles. By increasing the sensed volume, and thereby the number of detected particles for any
given concentration, this setup should improve the statistical robustness at which the larger, less abundant
particles are counted.

The measurements of all aerosol spectrometers were time-synchronized by connecting them to a time

server. The devices used different sampling frequencies, mostly 1 Hz, but for the analysis I averaged them
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Figure 4.6.: Welas, Fidas, and CDA (a) on and next to the scaffolding, (b) Welas and Fidas sharing the same air
flow in the metallic box.

over 15 min (time stamps correspond to the end of the interval) in consistency with earlier campaigns
(Gonzalez-Florez et al., 2023; Panta et al., 2023; Yus-Diez et al., 2023). Note that Dupont et al. (2024)
used time stamps that corresponded to the middle of each interval, but the data used here (e.g. u.) was re-
assigned to match the time stamps used in this study. The time interval of 15 min was chosen as it is still
small enough to identify variations, but also large enough to characterize the boundary layer turbulence
spectrum. Fidas, Welas, and CDA were calibrated using monodisperse polystyrene latex spheres (PSL,
MonoDust 1500, manufactured by Palas GmbH). The Fidas and Welas instruments were calibrated at
the start of the campaign, while the CDA and UCASS (Girdwood et al., 2025) were calibrated prior to
shipping. As a result, the optical diameters used to describe the original instrument PSD correspond to
the diameters of latex spheres that produce the same intensity of scattered light as the dust particles being
measured. To make the the measurements comparable, they need to be converted in a common diameter

class as described in the following sections (Sections 4.4.1, 4.4.3).

4.4.1. Retrieving PSDs from instrument data

To gain information about the mineral dust emission, dust fluxes are often used to infer the emitted dust
PSD (Shao, 2008). This emission PSD at height zero can not be measured directly. The dust fluxes are
typically estimated using the flux-gradient (FG) and eddy covariance (EC) methods, but their applica-
bility for particles d;, > 10um is limited (Fratini et al., 2007; Shao, 2008; Dupont et al., 2021). Recent

experiments confirmed that dry deposition can strongly influence both concentration and diffusive flux
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PSDs, modulated by wind-dependent fetch length and friction velocity (Gonzalez-Flérez et al., 2023),
supporting earlier modeling studies (Dupont et al., 2015; Fernandes et al., 2019). Therefore, in this study,
as a first step, I approximate the PSD of emitted dust flux by the PSD of near-surface dust concentration
during emission, assuming that the latter is shifted toward smaller sizes compared to the actual emission

flux PSD due to the removal of large particles by gravitational settling.

Bin retrieval

The counts of aerosol spectrometers are typically categorized into size bins. To obtain their size bound-
aries and later the PSD, several steps need to be pursued as outlined in the following.

Welas, Fidas, and CDA: During the campaign, single-particle and .promo data, a format which can be
analyzed by the PDAnalyze software from the Palas GmbH were recorded. The single-particle data ap-
proach provides high-resolution data (>1 Hz) as it detects every particle individually, whereas the .promo
data is already time-averaged. Therefore, where possible, I used the single-particle data. The Welas
and CDA instruments provide 256 approximately logarithmically spaced raw size bins as defined by the
manufacturer. Here, I aggregated the raw 256 bins into 31 approximately logarithmically spaced bins to
reduce noise and enhance the clarity of trends in the PSD. A reduction to 31 bins was sufficient to achieve
this in case of the Welas. The approach assigns bins based on their logarithmic spacing, maintaining a
balanced resolution across the size range. The algorithm iterates through the raw bin data, dynamically
adjusting the binning strategy depending on the relative logarithmic differences between consecutive bin
boundaries. This method prevents overly large or small bin intervals and ensures a smooth PSD rep-
resentation. For the largest bin, the method adapts the binning scheme to avoid excessively large last
bins.

For the Fidas, only .promo data were recorded. The Fidas data were analyzed with the PDAnalyze
software from Palas GmbH and I summarized the 256 bins into 16 logarithmically-spaced bins similar
to the approach in Gonzalez-Flérez et al. (2023). The last bin of the Fidas, Welas, and CDA were
removed because they correspond to the respective upper boundaries of the instruments’ measurement
range, where limitations in size classification accuracy and potential edge effects introduce uncertainties
in the recorded data.

UCASS*: A data file from the UCASS contains, among other, the counts in every size bin (b0 to b15).
To interpret the data, the instrument’s bin boundaries must be considered. The UCASS provides 16 bin
boundaries, which define the upper limits of each bin.

Each bin boundary corresponds to an instrument response value measured by an analog-to-digital con-
verter (ADC) with a range of 0 to 4095. The lower boundary of bin 0 lies between 3 and 4, but I discarded
it due to uncertainties in its lower limit. To determine particle diameters from these values, both the cali-

bration coefficients for the specific instrument and the Mie scattering curve for the sampled material must

4Dr. Jessica Girdwood and Prof. Dr. Chris Stopford (Particle Instruments and Diagnostics, University of Hertfordshire,
Hatfield) provided the bin classification for the UCASS and corresponding scientific and technical support.
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Figure 4.7.: Experimental data and linear regression to receive SL and gain (Eq. 5.1) for the UCASS instrument
(linear and logarithmic scale).

be applied. The linear relationship between the ADC response and the scattering cross-section (Oyc,) 1S

given by:
(ADC — SL)

- 4.1)
gain

Osca =

where ADC is the instrument response, SL is the first calibration coefficient, and gain is the second
calibration coefficient, the latter two retrieved from experimental data by linear regression as shown in
Fig. 4.7.

The obtained scattering cross-section O, is then used to derive the particle diameter by applying the
Mie scattering curve, which depends on the instrument’s optical geometry and the refractive index of
the particles. This curve is typically precomputed and stored as a lookup table. To retrieve the (optical)
particle diameter, Generalized Lorenz-Mie Theory (GLMT, Gouesbet 2019) is used. GLMT extends
the classical Lorenz-Mie framework to account for scattering by particles under non-uniform or partial
illumination, such as those exposed to focused or structured beams (e.g., Gaussian or Bessel beams).
It adapts the incident field’s spatial characteristics, modifies scattering coefficients, and uses numerical
integration over the illuminated particle region to model these complex interactions. Several of these
Mie-curves for different material and polystyrene latex spheres (PSL) were provided by Dr. Jessica
Girdwood (Fig. 4.8, different conversion tables). These curves are not monotonically increasing, requir-
ing the application of interpolation techniques to establish a continuous conversion function. Several
interpolation methods were tested, including linear interpolation, curve fitting, smoothing techniques,
and selecting the first value where the given o, threshold is met. Despite these efforts, none of the
approaches yielded satisfactory results, as they led to unrealistic PSD characteristics. Specifically, the
UCASS PSD exhibited oscillatory behavior or significantly overestimated concentrations for particles

smaller than 10 pm. These issues highlight the challenges in accurately interpreting UCASS measure-
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Figure 4.8.: UCASS scattering cross section (SCS) to radius conversion with different conversion curves (material
or methods).

ments, necessitating further refinement of the conversion methodology to ensure reliable PSD estimates.
For this reason, they are mainly not used for the analysis in this thesis.

SANTRI2: To determine the lower limits of the projected-area diameter bins for the SANTRI2, I
applied a method similar to that previously used with the SANTRI instrument (Klose et al., 2019) with

| 4A.b;
dpp = | =l 42
P\ Signall - 7’ 4.2)

where dp, is the lower bin boundary for the projected-area diameter, b; represents the bin levels, given

as [10.0, 12.0, 14.0, 18.0, 29.0, 41.0, 76.0], and A, is the sensor area, set to 1.61 mm?2. The factor

the formula:

47~! accounts for the assumption that particles are circular in projection, ensuring that the diameter
calculation corresponds to the equivalent projected-area diameter. Using these values and assuming
Signall = 3000mV (for valid measurements, it should lay between 2750 and 3250mV), I obtained bin
boundaries of approximately 83,91, 98, 111, 141, 168, and 228 um. Since Signall varied over time, these
boundaries were not fixed but adjusted dynamically based on the recorded Signall values throughout the
campaign as shown in Fig. 4.9. The averaged geometric particle diameters from lower and upper bin

boundaries obtained are provided in Table 4.3 with the standard deviation in parentheses.

Table 4.3.: Geometric mean of weighted averaged lower and upper bin boundaries of the SANTRI2 over the whole
campaign with mean standard deviation in parentheses over all 15-minutes time step. Values are in um. The bins
are named according to the ranges the developers (George Nikolich and Vicken Etyemezian, Desert Research
Institute (DRI), NV, USA) gave them (in um), as the mean sizes differ slightly for both instruments.

Cnt 73-80  Cnt 80-87 Cnt 87-99 Cnt 99-125  Cnt 125-149  Cnt 149-202

SANTRI2_2U 88.9(0.06) 97.3(0.05) 105.0(0.04) 119.0(0.04) 150.6(0.02) 178.7 (0.02)
SANTRI2_4U 89.4(0.03) 97.8(0.02) 105.6(0.02) 119.7(0.02) 151.4(0.01) 180.1(0.02)
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Figure 4.9.: Probability density function for the different SANTRI2 bin diameter lower boundaries from the original
time resolution over the course of the campaign. Dashed lines are 99th percentile of each bin, except the one on
the left-hand side (1st percentile).

As the largest bin, which extends to diameters dp4 > 200 um, has no upper size limit, I do not currently use
it. To determine a representative central value for each size bin for all instruments, I used the geometric

mean of the upper and lower bin boundaries.

Concentration retrieval

Most aerosol spectrometers record the size and count of particles (#), but the conversion to concentration
metrics such as number concentration (#m ) and mass concentration (kg m™) requires additional cal-
culations. The specific approach depends on the instrument type: active, aspirated instruments such as
the Fidas, Welas, and CDA, or passive instruments such as the SANTRI2 and UCASS. In all cases, the
sample flow must be considered, with aspirated instruments relying on controlled flow rates and passive
instruments depending on ambient wind flow.
For the Welas instrument, were single-particle data is obtained, i.e., number per size bin, the number
concentration is determined using: -

P

dCy = ———— 4.3
N odv-dt’ .3)
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where # represents the detected particle counts, pl is the pulse length (averaged over a time period dt),

dt represents the sampling time (e.g., 10s), odv is the optical detection volume calculated as:
odv = length - cross-section “4.4)

with length = 0.0313 cm and cross-section = (0.0493)? cm?. For the Fidas, concentration calculations
are handled internally by the instrument’s software. For the CDA, as it probes the entire flow, the number

concentration is calculated as:
#

dCy =
N How-dr’

(4.5)

where the flow is assumed to be 5 L/min.
For passive instruments, the sample volume (Vs) is calculated based on the exposed sampling area and

the airspeed flowing through the instrument:

Vs =Ag- Vasp * dt, 4.6)

where Ag is the sample area in m? and Vasp 18 the airspeed in ms~ .

The calculation for the UCASS concentration follows this formula with Ag = 0.5mm?. Alternatively, as
the wind speed might be altered inside the housing of the UCASS, a more precise approach would be to

use the time-of-flight (ToF'), which represents the time a particle takes to cross the laser beam:
Vs =Ss- Wy - ToF -dt 4.7

where wy is the laser beam width. However, due to poor correlation between wind speed and ToF
and an unrealistic behavior for the ToF, the wind speed (see Sect. 4.2) was applied for the UCASS
to retrieve the concentration. The same calculation was used for the SANTRI2, adjusting for different
sensor dimensions (1.27-9.53mm?).

To derive mass concentration from number concentration, I assumed a particle density of p = 2650kgm 3

as reported by Tegen and Fung (1994). Particle density was not measured in the field.

4.4.2. Outlier correction

Throughout the research campaign, I observed irregularities in the mineral dust PSD across instruments,
which presented two main challenges. Some instruments (UCASS, SANTRI2, occasionally Welas, and
CDA) displayed sharp peaks in their size distribution data that were unrealistic and inconsistent with
visual observations (e.g., periods of low wind) and did not align with data from other instruments (or
other sensors, in the case of the SANTRI2). I attribute these anomalies to outliers.

Outliers are expected due to various instrumental factors: in SANTRIZ2, light reflected from surfaces can

lead to erroneous detections; in UCASS, a occasionally faulty connection could result in recurring high
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Figure 4.10.: Parameters measured by SANTRI2_2U during 29 Sep. with colors corresponding to the 5 sensors of
each unit. The parameters are: Signal 1, Signal 2, and counts (Cnt xx-yy) for the expected bin ranges in um in an
ascending order in all 7 sensors, as well as Flux 1 and Flux 2.

numbers in the counts (without similar values in the surrounding period); and in Fidas, Welas, and CDA,
outliers can arise from misclassification errors, where particle counts are incorrectly assigned to adjacent
bins. These discrepancies in PSD underscored the necessity of correcting such outliers to ensure the
accuracy and reliability of subsequent statistical analyses. This step was crucial for uncovering trends
and patterns in the data. To address outliers and harmonize measurements between instruments, various
correction methods were applied as described in the following. Outliers were identified and removed in
the SANTRI2, UCASS, and, to a lesser extent, in the Welas and CDA data as described in the following.
SANTRI2 outlier correction: Since the SANTRI2 is an open-path instrument, its sensors are directly
exposed to environmental factors such as sunlight, shadows, light reflections from nearby metal, and dirt.
This exposure can result in artifacts in the data counts in different bins. Additionally, fluctuations in light
source intensity may be misinterpreted by the sensors as particles in the air. Outliers in the SANTRI2
data were first identified during the Iceland campaign, providing the basis for the development of the
correction methods applied in this study. While the data collected in Iceland proved valuable for un-
derstanding instrument behavior under high-latitude dust conditions, the SANTRI2 setup during that
campaign was limited to three size bins, with the upper boundary of the largest bin remaining undefined.
As a result, no detailed PSD could be retrieved from SANTRI2 data alone. However, by applying the
outlier correction techniques developed here and combining SANTRI2 measurements with data from
other aerosol spectrometers used during the Icelad campaign, a broad PSD can be reconstructed, though
not continuous with a large gap in the super-coarse and giant particle range. This approach could enable

the characterization of the PSD at a high-latitude dust source and contributes to closing existing observa-
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Figure 4.11.: SANTRI2_2D quantities during 29 Sep. with colors corresponding to the 5 sensors of each unit. The
quantities are: Signal 1, Signal 2, and counts (Cnt xx-yy) for the expected bin ranges in um in an ascending order
in all 7 sensors, as well as Flux 1 and Flux 2.

tional gaps in this understudied region in the future. Due to the limitation to three size bins and missing
upper size limit, I focus exclusively on the data collected during the J-WADI field campaign.

During the J-WADI campaign, both SANTRI2 upfacing units (2U and 4U) exhibited more daytime peaks
than nighttime peaks and generally reported fewer counts compared to SANTRI2_2D and 4D, which
displayed less systematic behavior with more disordered and ubiquitous high peaks and more counts in
general (compare Fig. 4.10 and 4.11). The behavior of the upfacing units (SANTRI2_xU) reflects the
observations made by other instruments that dust concentrations during nighttime were generally lower
due to calm winds. To better understand this behavior, I investigated whether the elevated counts in
the downward-facing SANTRI2 units were due to their orientation toward the light. Consequently, be-
tween 13:08 UTC on 19 September and 16:30 UTC on 21 September, the upfacing units were inverted
for testing so that they faced downward. No direct correlation was observed between turning the unit
and corresponding counts in 2U and 2D. During this period, counts in SANTRI2 2D changed but not
immediately after turning the unit (16:08 local time = 13:08 UTC) and persisted even after turning the
unit back, suggesting no significant impact. With increasing bin size, outliers became less pronounced,
with most outliers disappearing in the 99-125 um bin (Fig. 4.10 and 4.11). This reduction in outliers
may stem from higher noise sensitivity in smaller bins, where the corresponding voltage levels are rel-
atively low. Although noise decreased for larger bins, the downward-facing units still show numerous
unrealistic outliers, especially in the smaller bins, and also unrealistically high counts in the larger bins.
Consequently, I decided to exclude the downward-facing units from the analysis, as these outliers do not

appear to arise from misdirected light reflections but rather from other hardware or software issues.
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For the remaining two units, the outliers detected in SANTRI2 data were managed by applying a filter

based on comparison between counts registered at the different sensors and outlier statistics and I applied

the following steps: (1) time periods of instrument cleaning were removed from the data entirely; (2) I

excluded sensors across all bins for the time frames which included highly unrealistic counts exceeding

on average four times those recorded by other sensors; (3) Sensor 1 of SANTRI2_4U was removed

entirely from the dataset due to persistent unrealistic behavior. After these initial steps, additional outliers

were identified and removed using a statistical comparison with measurements of other sensors of the

same and of other SANTRI2 devices. The comparison was applied to all data points at their original 1 Hz

frequency as discussed below:

I: Intra-Sensor and Intra-Instrument Comparison (Bins and Flux) of the SANTRI2

50

1. Signal 1 recorded by SANTRI2 corresponds to the voltage obtained by the photosensor. I

removed counts which were outside the signal range 2750 to 3250 mV.

. Signal 2 is the indicator of IR-led light source intensity required to keep the detector (Signal

1) in the range from 2500 - 3500 mV. I did not see any abnormal behavior here for the

remaining two units.

. The flux recorded by SANTRI2 (Fig. 4.11) is proportional to the cross-sectional area (Flux

1 over all bins, Flux 2 only the upper 3 bins) of all particles recorded in the corresponding
time. Visual inspection of the time series suggests that Flux 1 values above 1000 may be
unrealistic and potentially indicative of measurement error. Therefore, data points for which

Flux 1 surpassed this threshold were removed.

. For a given time step in which a count in the smallest bin was significantly higher than its

surrounding counts and which exceeded a predefined threshold, the counts in all bins were
set to NaN. I considered these counts outliers, as observing numerous giant particles in one
second and much fewer in the next was deemed unrealistic. This procedure was applied using

two methods:

a) Localized Spike in Sum: An outlier was flagged if the sum of the surrounding 30 data
points was at least ten times higher than the sum of the 300 data points around them.
Additionally, individual counts were only removed (set to NaN) if their value exceeded
2, to prevent the removal of valid low-magnitude data. The correction procedure is

shown in Fig. 4.13.

b) Local Anomaly in Individual Counts: An individual count was considered an outlier
if it was at least ten times higher than the sum of the surrounding 180 data points (+90).
This method aimed to identify sharp, localized spikes in the data that significantly de-
viated from their immediate surroundings. The correction procedure is shown in Fig.

4.12.
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Figure 4.12.: SANTRI2 outlier correction 1.4a

Il: Inter-Sensor and Inter-Instrument Comparison of the SANTRI2

1. I averaged counts over 3600 points (1 hour, running mean) in the 73-80 um bin (first bin) and
compared it to the mean of the same bin for all other sensors of the two units. If the mean
of the 73-80 um bin was more than 10 times higher than the averaged counts from all other
sensors, I set the corresponding count in all bins of the unit under test to NaN. Additionally,
individual counts were only removed if their value exceeded 3 to prevent the removal of valid

low-magnitude data (arbitrary threshold).

The thresholds and time windows for these methods were chosen based on exploratory analysis,
as there is no defined standard for identifying outliers in data for such large particles. While
somewhat arbitrary, these parameters effectively removed unrealistic spikes without eliminating

data I considered realistic based on observatory analysis and in comparison with other instruments.
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Figure 4.13.: SANTRI2 outlier correction process 1.4b
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Figure 4.14.: Outlier correction method for UCASS.

UCASS outlier correction: Although the electronics of the UCASS were protected from ambient light
by a housing (Fig. 4.5), some light could still enter through the cylindrical opening but this did not result
in systematic outliers.

However, I observed a large number of counts with recurring values, such as 243, 512, 514, and 65535
(2'6 — 1) but also others. The value 65535 corresponds to 2'® — 1, which is the maximum value that can
be recorded using a 16 bit variable. However, since the UCASS records data using 12-bit variables, the
occurrence of this value indicates an anomaly, specifically suggesting occasionally faulty communication
between the UCASS and the Raspberry Pi. Those recurring values were removed from the data. For the
remaining data, [ used the probability density function of the counts as the basis to remove other recurring
count values as outlined below. Firstly, for each instrument, I created a count distribution of detected
values for all particle size bins. The maximum observed value in each size bin was determined, and a
complete range of integer values up to this maximum was generated. The actual frequency of occurrence
for each integer value was then compared against this range, with missing values set to zero. To identify
outliers, each detected value was assessed based on its local neighborhood as exemplarily shown in
Fig. 4.14. Specifically, for each value, the sum of occurrences in the five preceding and following integer
bins was computed. If this sum was less than one-tenth of the observed value, the value was flagged as an
outlier. Once the outliers were identified, a thresholding step was applied to remove only those outliers
exceeding a minimum value of 2 (as counts of 1 and 2 differed significantly). These flagged values were
replaced with NaN values. Consequently, I excluded these values from the analysis.

Welas, Fidas, and CDA outlier correction: The concentrations of the CDA differed significantly in
some aspects from that of other instruments as outlined in Sect. 5.2. For the CDA, some data gaps from

a few seconds to several minutes were observed, which were possibly due to coincidence, i.e., too many
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particles in the measurement volume to be analyzed. Due to these data gaps, the averaged measured
number of particles likely deviates from the true one. To reduce time periods were this issue was occur-
ring, the smaller bins were successive removed which lead to a decrease of these periods. To analyze
the periods were these gaps occurred, several approaches were tested. Even though they are technically
no outliers, I list them here. First, I analyzed the time series of pulse lengths and checked if they were
in line with the one from the Welas. Second, I compared the CDA data with Welas measurements by
removing periods where no data were recorded in the CDA. Third, I examined the flow in the CDA to
check for potential pump malfunctions. For all these approaches, I found no connection between these
issues. Forth, I compared the number of particles obtained from .promo files with that of single-particle
data to determine whether the manufacturer’s algorithm applied any data correction methods in this for-
mat. Although both datasets were largely consistent, small discrepancies were identified, yet they did
not provide a solution to the observed data gaps.

In addition to the data gaps in the CDA, there were almost no detectable outliers in Welas, Fidas, and
CDA, except that occasionally, they measured counts for large d,,, but not in the smaller sizes. For
instance, occasionally, they measured ten counts in a size range d;, > 60um but none for 40pym < d,, <
60um in a 15 minutes time interval. For Welas and CDA, I applied a filtering criterion for particles larger
than 10 um, where I removed counts if particles were detected in one size bin but not in the preceding,
smaller size bin. This criterion was applied to the integrated size distribution, where approximately eight
raw bins were combined, over the 15-minute averaging intervals. Such outliers could arise due to re-
entrainment in the inlet, which can lead to inaccurate size measurements, inconsistent particle sampling

or wrongly interpreted light scattering.

4.4.3. Conversion from optical to geometric diameter®

By deriving the geometric diameter for Welas, CDA, Fidas, and SANTRI2 assuming biaxial ellipsoids,
I make the measurements more tailored to dust and the PSDs of the different instruments comparable

(Fig. 4.15).

Fidas, Welas, and CDA: Optical diameters for Fidas, Welas, and CDA were converted into geomet-
ric (volume-equivalent) diameters by following the approach proposed by Huang et al. (2021) that was
implemented in Gonzdlez-Florez et al. (2023) for the same Fidas instruments as used in this work. I
assumed an average complex refractive index (CRI) for the Middle East (1.53 - 0.0011i) from Di Biagio
et al. (2019), and a prolate biaxial ellipsoids shape for the dust particles with an aspect ratio (AR, length-
to-width) of 1.49, which were obtained from the median diameter from the physical samples introduced

in Sect. 4.5. In this diameter conversion procedure, I made use of the single-particle scattering calcula-

5Dr. Jerénimo Escribano (Barcelona Supercomputing Center (BSC), Barcelona, Spain) provided the transformation from
optical to geometric diameter for the Fidas, CDA, and Welas.
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Diameter conversi\on

Figure 4.15.: Conversion from measured to geometric diameter. The irregular particle (left, exemplary) is approx-
imated by an ellipsoid to retrieve the geometric diameter (the diameter a sphere with the same volume would
have).

tions for biaxial ellipsoids from the Gasteiger and Wiegner (2018) database in this diameter conversion
procedure.

It is important to note that dust is assumed to be highly irregular and would be better approximated by
triaxial ellipsoids (Huang et al., 2020). However, the triaxial approach is only possible up to ~50um
diameter of PSL (80 um dust) for the database of Meng et al. (2010). They indicate a larger size in their
work, but this is only for the best case (i.e., spheres). The more the HWR deviates from unity, the more
the maximum size possible decreases.

In Fig. 4.16, I compare the resulting geometric diameters (1) assuming biaxial ellipsoids with an aspect
ratio of 1.49 (y-axis) and (2) assuming triaxial ellipsoids with the default optical diameters from PSL (x-
axis). This shows that optical diameters of PSL tend to underestimate the sizes of biaxial dust particles,
particularly for larger particles. In contrast, the transformation for smaller particles is minimal, which
can be attributed to the combined effects of dust asphericity and the refractive index.

SANTRI2: To determine the ratio of the volume-equivalent diameter dg,, to the projected-area diameter

dpa, the following equation was used:

3 2
dgeo = dps - VAR-HWR- . 4.8
geo — A (ARP-l-HWRP n (AR-HWR)”) +5)
In this equation, p is a shape-dependent exponent given by:
log(3)
= . 4.9
P = 1og(2) 4.9)

This equation was derived based on the surface area of spheres and triaxial ellipsoids, providing a ge-
ometric approximation of the relationship between the volume-equivalent and projected-area diameters.

For the main analysis, I assumed that mineral dust particles can be approximated as biaxial ellipsoids,
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Figure 4.16.: Conversion from optical (retrieval for PSL, x-axis) to geometric diameter (biaxial/triaxial ellipsoids,
y-axis) for Welas, Fidas, and CDA.

meaning they exhibit two equal axes and one distinct axis. For AR = 1.49 and HWR = 1, I computed the

ratio dge,/dpa as

1
dyeo 3 %
—— =+149-1- . 4.1
dpa ? (1'49[)4_1174_(1‘49,1)17) (4.10)

which led to

dgeo 1.055. 4.11)
dpa

This result provides an estimate of the conversion factor between the volume-equivalent and projected-
area diameters, which is essential for relating different measurement techniques in aerosol and dust
research. The assumption of biaxial ellipsoids aligns with the assumption for the Fidas, Welas, and
CDA. For a more accurate analysis, triaxial ellipsoids should be considered with a HWR-ratio # 1.

For the UCASS, no conversion to geometric diameter could be performed as no conversion table was

provided for these analyses.

4.4.4. Rebinning method for harmonizing and comparing PSDs

To create a unified PSD covering the entire size range out of the two SANTRI2 (with 5 sensors each), the
two Welas and the two Fidas instruments (2 and 4 m height), data of these instruments were combined by
aligning overlapping size bins. Due to high inconsistencies in two SANTRI2 units (high noise level), the
UCASS (oscillation) and CDA (decrease for d, > 20um) data, I excluded them from the analysis (for
more detail see Sect. 5.2). To harmonize the PSD from different instruments and enable averaging into
a single PSD, I applied a rebinning method that calculates bin-weighted averages. Due to differences in

the operational size ranges of these instruments, I included the data of the encompassed instruments only
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Figure 4.17.: Rebinning method: The old bins (top) are resorted based on the fraction of the old bin that overlaps
with the new bin assuming uniform distribution.

above specific size thresholds to avoid inaccuracies near the boundaries of their measurement ranges
to obtain an average PSD. For the Welas, data were included from d, > 1.5um, for the Fidas from
dp > 0.5um, and for the SANTRI_xU from d,, > 80 um.

The rebinning method interpolates measurements from the original (old) bin edges to a common set of
target (new) bin edges. For each time step, I calculate the contributions of the old bins to the new bins
by determining the overlapping bin widths. Specifically, the method computes a bin-weighted average
by considering the fraction of the old bin that overlaps with the new bin, weighted by the corresponding
particle concentration. This approach accounts for both constant and varying (such as for SANTRI2)
bin edges over time, allowing flexibility for instruments with differing size classifications (Fig. 4.17).
In cases where no overlap exists between old and new bins, or where contributions to a specific new
bin are entirely invalid (e.g., NaN values), the resulting value is set to NaN. The method ensures that all
instruments’ outputs are harmonized to a consistent set of size bins, which allows for intercomparison
and averaging of the PSD. For some analysis steps (e.g. comparison to other studies or the comparison
of different time steps), to make the averaged PSDs’ shape from different time steps comparable, they
are normalized over a certain diameter range (Sect. 4.4) so that the integral is equal to 1 in every time
step. The rebinning method described above was also applied to compare the J-WADI data with results
from other field campaigns and was normalized according to the approach outlined by Formenti and Di
Biagio (2024).

4.4.5. Intercomparison and bias correction

To establish a baseline for identifying and quantifying systematic differences between the instruments,
intercomparison measurements were conducted at the end of the campaign. From 2 October to 5 October,
2022, at the end of the J-WADI measurement period, Welas, Fidas, CDA, and UCASS were installed
in close proximity to each other at ~2m height for comparative analysis. The SANTRI2 units were
mounted also next to each other on the ground and vertically, i.e. in their standard setup, to capture more

large particles, now transported in saltation. This substantially increased the number of particles they
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registered and enabled a more robust statistical comparison. Even though particles were measured in this
time period, unfortunately, there were no notable dust events, which posed limitations to the comparative

assessment. In this section, I describe three procedures applied to correct for systematic errors.

Systematic x-axis (diameter) correction of the Welas

During the measurement period, the Welas_2m instrument often recorded lower number concentrations
than Welas_4m across the full measured size range, especially towards larger sizes. Often, no large
particles were measured for Welas_2m but for Welas_4m while their overall shape remained similar.
This observation was contrary to expectations, as concentration are supposed to decrease with distance
to the source. This trend persisted during the intercomparison period, when both instruments were posi-
tioned at the same height. While the Fidas instruments displayed higher concentrations at 2 m compared
to 4 m, the Welas instruments did not follow the same pattern. Instead, Welas_4m typically measured
higher concentrations than Welas_2m, except for certain nighttime periods, where Welas_2m showed
comparable or slightly higher concentrations. To investigate possible explanations for these discrepan-
cies, the influence of wind direction and speed was analyzed by comparing the relative occurrences of
Welas_2m exceeding Welas_4m and vice versa. However, no significant dependency on wind conditions
was identified.

Additionally, the flow, temperature, and pressure of both instruments were examined, but no clear cor-
relation with the observed differences was found. Cross-correlation analysis between the two Welas
instruments was also performed, but it did not reveal a conclusive reason for the unexpected differences
in number concentrations.

The Welas instruments utilize a light source with a guaranteed lifespan of 400 hours. Beyond this period,
the light spectrum, and therefore also the bin classification, may shift, which I suspect occurred for
Welas_2m. During the campaign, the Welas lamps were not exchanged. I assume that degradation of the
lamps due to their limited nominal lifetime may have led to a gradual shift in bin classification toward
smaller bins over time. Such an effect was likely the cause of the lower number size distributions for the
Welas_2m data, which matches with the observation of similar shapes of PSD but lower concentrations

in the Welas_2m. To correct this bias, I sought a method to transform the x-axis (bin diameters) of
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Figure 4.18.: Systematic correction of the Welas by applying a quadratic function on the bin boundaries.
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Figure 4.19.: Bin-wise correction via linear regression. For SANTRI2, Fidas, and Welas, for each bin, a linear
regression between the number concentration is applied in order to correct their systematic biases between instru-
ments of the same type.

the PSDs by analyzing data collected during the intercomparison period, where both Welas instruments
measured next to each other at the same height.

From this analysis, I identified a quadratic relationship of the form a + bx 4 cx? to correct the bin bound-
aries, with the parameters a = 0.16, b = 1.15, and ¢ = 0.006. This correction approach was implemented
by optimizing the diameter-wise alignment of the size distributions using data from both instruments
(Fig. 4.18). The optimization minimized the discrepancy between the two instruments by comparing
the linearly interpolated concentration of Welas_2m with the observed values of Welas_4m across their
overlapping size ranges. To account for the influence of larger particles with smaller number concentra-
tions, I weighted the diameter-values using x*, which further improved the alignment for super-coarse
and giant particles. The correction parameters were determined using a global optimization routine,
specifically the differential evolution algorithm (SciPy’s differential evolution algorithm). By apply-
ing this correction to the Welas_2m data, I observed an improvement in the correlation between the
size distributions of the two instruments. The Pearson and Spearman correlation coefficients and the
Kolmogorov-Smirnov statistic were calculated to evaluate the alignment, showing an increase in agree-
ment after applying the correction (Original Spearman Correlation = 0.978/Scaled Spearman Correlation
= (0.987, Original Kolmogorov-Smirnov = 0.161/Scaled Kolmogorov-Smirnov = 0.139). The correction
function a + bx + cx? with the corresponding parameters were then applied to the original bin diameters
of Welas_2m.
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Systematic error correction via linear regression of Welas, Fidas, and SANTRI2

For instruments of which more than one device was used, such as Fidas, Welas, and SANTRI2, I applied
bin-wise linear regression corrections to the counts to eliminate systematic biases between devices of the
same type. This approach follows the methodology outlined in Gonzélez-Flérez et al. (2023) and Dupont
etal. (2024). The average dust concentration in each 15-minute bin from one instrument was compared to
the corresponding values from the other aerosol spectrometer of the same type. The systematic correction
parameter, A;, for each bin i, was calculated as the slope of the regression between the concentrations of
the compared instrument bins:

Coc(di) = A,,'C,»(di), (4.12)

where d; represents geometric mean of upper and lower boundaries for bin i, ¢, the concentration from
the reference instrument and ¢, the concentration from the instrument to be corrected. A A; > 1 indicates
that the concentration of the reference instrument is lower, and A; < 1 indicates that the concentration of
the reference instrument is higher. A perfect match would yield a correction factor of one. The corrected
concentration (c,,;;) was then obtained as:

Coclds) = M (d) /. (4.13)

- ~oc

The correction parameter obtained during the intercomparison period was applied to the entire mea-
surement period. The Pearson correlation coefficient » was used to assess the correlation between the
instruments. At correlations less than » =0.6, no correction was applied as I assumed this correlation to
be too low to represent a meaningful relationship. For the Welas, only a few data points existed above
dp > 45um with low mass concentrations, with many values being 0 in one instrument and small number
in the other. Therefore the concentrations across the last bins (d, > 45um) were averaged and treated to-
gether. This procedure was implemented for the different instrument types. Here, Fidas_4m, Welas_4m,
and SANTRI2_2 m served as the reference, while Fidas_2m, Welas_2m, and SANTRI2_4 m were cor-
rected and adjusted by the slope determined from the linear regression. The issue of unrealistically large
numbers of counts in some bins of the SANTRI2 persisted during the intercomparison period for the
SANTRI2s. For correction, I applied the first step of the outlier correction method (Sect. 4.4.2) without
adjusting for higher fluxes, as higher fluxes are possible due to SANTRI2 being positioned at ground
level.

The retrieved correction parameters A; for the different instruments and the corresponding bins (i) are
given in Table 4.4, 4.5, and 4.6. For SANTRI2, the sensors closer to the ground (ascending from S1 to
S5) and for small bins A; ¢ were closer to 1, decreasing for sensors in more distance to the ground and
larger bins. For the largest bins and the sensors furthest from the ground the correlation was < 0.6, so
Ais was set to 1. For Welas and Fidas, the values were closer to 1, except for Welas d; > 45um (= 0.3)
and d; = 1um (= 0.5).
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Table 4.4.: Correction parameter A;s to bin-wise correct the concentration of SANTRI2 4U (reference
SANTRI2_2U). A; s was set to 1.0 (indicated in red), if the correlation was lower than 0.6. The bins are indicated
according to the nominal ranges the developers gave them, as the mean sizes differ slightly for both instruments
(Table 4.3).

Sensor ‘ Cnt73-80 Cnt80-87 Cnt87-99 Cnt99-125 Cnt125-149 Cnt 149-202  Cnt > 202

S1 0.97 0.97 0.97 0.97 0.96 0.97 0.99
S2 1.05 1.03 1.05 1.05 1.14 1.18 1.2
S3 1.18 1.04 0.86 0.84 0.76 0.69 1.0
S4 0.79 0.61 0.43 0.3 1.0 1.0 1.0
S5 0.45 0.42 0.42 0.19 1.0 1.0 1.0

Table 4.5.: Correction parameter A; w to bin-wise (i) correct the concentration of Welas_2m (reference Welas_4m).
The bins are indicated by the geometric mean of upper and lower bin d;.

d; [pm]‘1.4 1 2 24 29 36 43 53 65 79 96 12 14 17 21 26 31 37 >45
Ai ‘0.1 05 08 08 09 07 08 07 0.7 08 08 06 07 07 08 1.1 1 06 03

Systematic instrument differences correction via comparison with Fidas_4m

Since all instrument types rely on slightly different measurement principles, harmonizing their outputs
is essential to ensure consistent and comparable PSD data. This harmonization minimizes systematic
biases and allows for intercomparison across instruments, which is particularly crucial for combining
size-resolved dust measurements.

In this study, I use Fidas_4m as the reference instrument due to its reliable performance and broad oper-
ational size range, which overlaps to some extent with all other instruments except with the SANTRI2.
This makes it well-suited for establishing correction factors for the other instruments. To remove sys-
tematic differences between instruments, I applied a constant correction factor relative to the reference
instrument after rebinning all instruments to the Fidas bins, as explained in Section 4.4.4. The correction
factor for each instrument was obtained by minimizing (SciPy in Python) the squared difference between
the instrument’s PSD and that of the Fidas_4m during the intercomparison period. The correction factors
were determined in a specific size range in which they overlapped with Fidas_4m and which were not too
close to the limits of their measurement range. For the Welas, a size range of 2—7 um was used, while size
ranges of 2—10 um and 4-7 um were applied for UCASS A and UCASS B, respectively. For the CDA,
a size range of 5-10 um was used. To ensure the statistical robustness of the correction, I calculated the
correction factor for every 15 minute time step in the intercomparison period. Then I used a trimmed
mean (5% on every end) over the whole time frame for all retrieved correction factors to calculate the
scaling factors. The scaling factors obtained were 1.03 for UCASS A, 1.23 for UCASS B, 1.10 for We-
las_4m, 1.15 for Welas_2m, and 0.62 for CDA. For the SANTRI2s, no correction factor was applied as

they measure outside the Fidas size range.

Following the correction procedures explained in the last sections, the PSDs of all instruments considered

for analysis (Welas, Fidas, SANTRI2) could be harmonized. After the initial outlier correction and the
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4.4. Aerosol spectrometer

Table 4.6.: Correction parameter A; 7 to bin-wise (i) correct the concentration of Fidas_2m (reference Fidas_4m).
Air was set to 1 (indicated in red), if the correlation was lower than 0.6. The bins are indicated by the geometric
mean of upper and lower bin d;.

d; in pm‘0.36 049 0.67 092 1.2 1.7 24 34 47 64 88 12 16 22 30 40
Ai ‘ 09 1 09 1 1 09 08 08 0.8 0.8 09 0.7 0.8 1.0 1.0 1.0
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Figure 4.20.: Correction via comparison with Fidas_4m. An optimal factor is retrieved via the optimization of the
distance to the Fidas_4m during the intercomparison period.

geometric diameter conversion, all subsequent correction steps based on the intercomparison period were
applied as shown in Fig. 4.21, with the applied order indicated by arrows (1 conversion to geometric
diameter: SANTRI2, Welas, Fidas; 2 diameter stretching: only Welas_2m; 3 bin-wise linear regression
correction: SANTRI2, Welas, Fidas; 4 correction via comparison with Fidas_4m: Welas, Fidas_2m).
Each of the methods outlined above was a crucial step in preparing the data for the subsequent analysis
of the full PSD directly after emission. Moreover, they provide a transferable framework for future

campaigns aiming to investigate the full PSD.

4.4.6. Sampling efficiency

Inlets are critical components of instruments used for aerosol sampling, and they serve the purpose of
guiding particles into the measurement system. Aspirating an aerosol sample through an inlet toward a
sensor involves several complexities. The sizes of the particles, inlet design as well as wind conditions
in comparison to the aspiration airstream inside the inlet determine the occurring particle losses. The

sampling efficiency Nsampling 15 used to describe the effectiveness of an inlet system in capturing and
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Figure 4.21.: All systematic correction methods applied on the instruments and in the corresponding order: 1) geo-
metric diameter conversion (SANTRI2, Welas, Fidas), 2) diameter stretching (only Welas_2m), 3) bin-wise linear
regression correction (SANTRI2, Welas, Fidas), and 4) correction via comparison with Fidas_4m (Welas, Fi-
das_2m). The sequence in which the correction mechanisms were applied is indicated by the arrows starting after
the outlier correction explained in Sect. 4.4.2.

transporting particles from the environment to the measurement chamber. It is defined as the product of

inlet and transport efficiencies, Minter and Meansport:

nsampling = MNinlet * ntransport‘ (4- 14)

When measuring larger particles, such as (super-) coarse and giant mineral dust particles, the choice of
inlets can significantly impact the amount of detected particles and is therefore discussed for the different
instruments used in this study. These losses are depicted in Fig. 4.22. For this study, especially the losses
in the nozzle due to varying flow dynamics outside and inside the inlet, sedimentation, losses in the bend

and possibly inertial deposition are of importance as outlined in the following.
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Figure 4.22.: Alteration processes influencing the sampling efficiencies. Figure from Weiden et al. (2009)/ CC BY.

Inlet efficiency

The inlet efficiency (Mintet) is the product of the aspiration and transmission efficiencies, representing the

fraction of ambient particles delivered to the sampling system, defined as:

Ninlet = Tasp * Mtransm- (4.15)

For inlets of instruments that actively aspirate air with pumps, i.e., the directional from Fidas and Welas
and the Sigma-2 (in other studies used for passive sampling, Waza et al. 2019) inlet of the CDA in this
study, measurements suffer from anisokinetic conditions which alter the particle concentration in the
nozzle of the inlets compared to the original samples. Super-isokinetic conditions, where the airflow
speed in the inlet U exceeds ambient air speed Uy, lead to an underestimation of larger particles. Sub-
isokinetic conditions, where the inlet airflow speed U is slower than the surrounding air speed Uy, lead
to an overestimation of larger particles. The concentration of particles of given size entering the inlet
divided by their concentration in the ambient environment is defined as aspiration efficiency (1asp).

Several studies have investigated sampling from a flowing gas using thin-walled nozzles under various
conditions, including isokinetic and anisokinetic sampling in both isoaxial and anisoaxial flows. Sum-
maries of this work are provided by Kulkarni et al. (2011). The developed equations are applied under
conditions of constant ambient and sample gas velocities, which are typically much higher than the par-
ticle settling velocity, making gravitational effects negligible. Among the various studies, I chose the
correlation from Liu et al. (1989) and Zhang and Liu (1989) for the aspiration efficiency (7,) due to
its applicability over a larger Stokes number (Stk) range (0.01 < Stk < 100) and wind speed range (0.1
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< % < 10) to represent particle sampling under various flow conditions. Aspiration efficiency (14sp) is

estimated as:

U
( 1+ ﬂ fort > 1
=y i
Nasp = 1 for% =1 (416)
1 {%_1] for Lo < 1
+ { 0.506 UO/U] orgy <1l
= —

The transmission efficiency (Nyans) 1S the fraction of aspirated particles transmitted through the inlet
(Kulkarni et al., 2011). Inertial transmission losses have been studied by Liu et al. (1989) and Hangal
and Willeke (1990). For sub-isokinetic sampling (when % > 1), particles are often deposited on the
nozzle walls, resulting in a transmission efficiency of less than 1 (Liu et al., 1989). Liu et al. (1989)
proposed the following expression for the inertial transmission efficiency Nirans. inert Under sub-isokinetic,

isoaxial sampling conditions:

[ -1] ) 1+ 2%
(g -1]/ [+ ]

Conversely, Hangal and Willeke (1990) assume no inertial transmission losses for sub-isokinetic isoax-

4.17)

MNtransm, inert,L89 =

ial sampling. For super-isokinetic sampling (when % < 1), Liu et al. (1989) stated that the particle
movement is not directed towards the walls, leading to a transmission efficiency of 1.

However, Hangal and Willeke (1990) argue that under super-isokinetic conditions, flow separation occurs
at the nozzle inlet, leading to the formation of a constricted jet (vena contracta). This induces turbulence,
which enhances particle deposition. They provide the following inertial transmission efficiency for super-
isokinetic sampling:

Ntransm,inert, HW90 = €XP [_7513] 5 (4 1 8)

where the parameter /, describes the inertial losses in the vena contracta and is given by:

Stk

Equation (4.17) applies for 0.01 < Stk < 100 and 1 < % < 10 (Liu et al., 1989) and Eq. (4.18) for
0.02 <Stk<4and 0.25 < % < 1.0 (Hangal and Willeke, 1990). In this study, I combine the expression
for sub-isokinetic sampling conditions from Liu et al. (1989) and for super-isokinetic sampling from
Hangal and Willeke (1990) to estimate Niansm inert-

A minor issue is that the approximations might not be applicable for calm (Uy < 0.5ms~!) and slow
wind conditions (0.5 < Uy < 1.5ms™") due to an enhanced gravitational force (Kulkarni et al., 2011). I
neglect this issue here as I am particularly interested in the large-size range of the PSD, which I assume

to be most relevant under higher wind speeds.
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Transport efficiency

Transporting the aerosol sample through pipes to the measurement chamber involves bends and other
flow elements, with either laminar or turbulent flow. Particle deposition during transport in the pipes can
alter aerosol characteristics, influenced by mechanisms such as agglomeration and re-entrainment. These
phenomena depend on flow regime, rate, tube size and orientation, temperature gradients, and particle
size (Kulkarni et al., 2011). The transport efficiency (Nyansport) for a given particle size is the product of

the efficiencies for each deposition mechanism, m, in each flow element, f:

Ntransport = H H Nfm
f m

The different mechanisms and flow elements which lead to transport losses for the inlets considered in
this study are explained in the following.

Fuchs (1964) and Thomas (1958) developed expressions for gravitational settling in horizontal tubes
with laminar flow. These losses are especially important for the directional inlet due to its horizontal
first part. Heyder and Gebhart (1977) extended this to inclined tubes, providing a general correlation for

gravitational deposition (7)gr,y) from laminar flow in circular tubes:

2
My =1 — = [2:“/1 — k23 — 131 123 + arcsin(x/3) (4.20)
with Kk =€cos 0 = %5% cosfand € = %Z = %%% where V“z/ﬂ < 1 with Vi being the settling velocity, L

the length of the pipe element, 8 the possible inclination of the element, and d the diameter. This formula
applies to various tube orientations and is consistent with experimental results (Kulkarni et al., 2011).
It reduces to the case of the horizontal tube when 6 = 0°. In vertical tubes, the transport efficiency for
gravitational settling is 1 (100%) as particles do not deposit horizontally. Here, V;; is the settling velocity
that can be approximated by Stokes settling for small particles. However, as discussed in Adebiyi et al.
(2023), this cannot be applied for larger particles. Adebiyi et al. summarize alternative calculations for
V,s and I implement Wu and Wang (2006) with a Corey Shape Factor (CSF) of = 0.8 (in line with the
HWR =1 and AR = 1.49, I used for the geometric conversions).

Another relevant loss of particles during sampling is the transport efficiency for bends 1p.,s. This is an
important part in the directional inlet. I implement a formula based on the experimental work developed
in Wang et al. (2024) to calculate 1.4, as it shows advantages compared to other experimental data (Pui
et al., 1987) and models proposed before (e.g., Pui et al., 1987, e.g., a larger Stokes number range). It is

defined as:

1
Moend = 1 (Stk/0.17)27

4.21)

65



4. Data from the J-WADI field campaign and applied methods

Turbulent inertial deposition occurs when large particles, due to their high inertia, cannot follow the
curved streamlines of turbulent eddies and are deposited on the walls of a tube. For this study, this is
relevant for the UCASS for their large housing diameter (which is similar to the pipe of other inlets) and
corresponding high Reynolds numbers but not for the directional inlet in which I assume a laminar flow
due to the calculated low Reynolds numbers. This phenomenon is described by the transport efficiency

Nwrb-inert (Kulkarni et al., 2011):

ndLV: ) (4.22)

Ntube, turb-inert = €XP <_ 0

where d is the tube diameter, L is the transport length, V; is the turbulent inertial deposition velocity, and
Q is the volumetric flow rate. Liu and Agarwal (1974) found that the dimensionless deposition velocity
(V1) increases with particle relaxation time (¢7) in the so-called turbulent diffusion—eddy impaction
regime and peaks at #* = 30. For larger t*, deposition velocity decreases in the particle inertia-moderated
regime, as reduced turbulence influence allows particles to penetrate the sublayer and deposit directly
onto the wall.

The re-entrainment of particles could significantly influence the PSD. To my knowledge, there is no
widely accepted approximation for the re-entrainment of particles (Kulkarni et al., 2011). I assume that
especially for changing wind conditions and therefore, e.g., a moving directional inlet (Welas, Fidas, or
rotating mast) or acceleration in the UCASS, re-entrainment could be a relevant alteration mechanism of
the PSD, but this mechanism could not be quantified further. Another effect, the diffusional deposition
only becomes relevant for particles < 0.1um, and therefore I neglect it here. In addition, the calculation
of the pipe enlargement is not included due to inconsistencies in published methods and difficulties in

reproducing the reported calculations (Schade et al., 2007).

4.4.7. Impact of topography on the uplift of (super-) coarse particles

Heisel et al. (2021) investigates how gentle topography affects the vertical transport of coarse and super-
coarse dust particles in the atmosphere. The study implies that atmospheric dust models need to account
for topography effects to accurately represent coarse dust concentrations. The authors suggest that a
simple parameterization based on enhanced dispersion due to topography might be sufficient to correct
for the underestimation of coarse dust in current models. Aiming to test the hypothesis that elevated
terrain might favor the uplift of (super-)coarse particles, an additional UCASS (UCASS E) instrument
was mounted on top of a small hill (<100 m) at 4 m height during the J-WADI campaign to explore
the influence of topography on the uplift of (super-)coarse particles (Heisel et al., 2021). This unit was
mounted on a hill approximately 500 m downwind of the other two units that were installed at the main
site (Figure 4.1b). The unit on the hill was configured to cover the same size range as the site-mounted
unit UCASS B with only slight differences in geometric mean diameter dycass x of upper and lower bin

boundaries (Table 4.7). However, during the intercomparison period, when all UCASS instruments were
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operated at 2 m height, UCASS B and UCASS E showed a poor correlation for particles with diameters
d, > 36 um (Table 4.7). Due to another unresolved general issues for the UCASS, i.e., an unrealistic PSD
(Sect. 5.2), which is assumed to stem from a false bin classification, the UCASS data were not included
in the combined PSD analysis. Therefore, before this dataset can be used to investigate the influence
of topography, the aforementioned challenges, particularly the bin conversion, need to be addressed.
Thereafter, the data may still hold potential for future studies, especially for particles <36 um, where the

instruments’ correlation is good and more particle counts are expected.

Table 4.7.: Correlation coefficients R during the intercomparison period when UCASS B and UCASS E measured
next to each other at 2 m height on the rotating mast and mean bin diameters for UCASS B and UCASS E in pm.

Bin 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
ducassp[um] - 23 36 47 6 8 10 13 15 19 24 30 36 45 56 70
ducassglum] - - 17 34 5 7 10 12 15 19 24 29 36 45 56 70
R - - 1 1 1 1 1 1 1 1 08 07 08 04 0 O

4.5. Particle sampling and analysis®

Dry deposition samplers of a ’flat-plate’ type (FPS; Waza et al., 2019; Panta et al., 2023) were used
to collect deposited particles directly on pure carbon adhesive substrates (SpectroTabs, Plano GmbH,
Wetzlar, Germany) during J-WADI. Briefly, the FPS consists of two circular brass plates, a top plate with
a diameter of 203 mm and a bottom plate with a diameter of 127 mm with a distance of 16 mm (Fig. 4.23).
Between the plates the wind is channeled and thus turbulence is reduced. A 25 mm aluminum stub is
placed in the center of the lower plate with the adhesive surface level with the plate. As a function
of wind speed, particles larger than a few hundreds of um are generally prevented from reaching the
sampling surface due to their large settling velocities (Ott and Peters, 2008). The sampler was placed
approximately 10 m from the rotating mast and 1.5 m above ground on a tripod. The substrates were

typically exposed for 24 hours with some exceptions during high dust loadings (Table 7.2).

Scanning electron microscopy (SEM)

A FEI Quanta 400 FEG ESEM (FEI, Eindhoven, The Netherlands) was used to analyze the morphol-
ogy, size, and surface features of individual particles by directing a focused beam of electrons onto a
sample and detecting the resulting secondary and backscatter electrons (Scanning Electron Microscopy,
SEM). The system is operated in a semi-automated way, in which backscatter images are used to detect
the particle on the carbon substrate by their higher brightness. For each identified particle, size, shape
and an X-ray fluorescence spectrum (using an X-Max 150 energy-dispersive X-ray detector (EDX), Ox-

ford, Oxfordshire, UK) is recorded. The samples were analyzed under high-vacuum conditions without

5Prof. Dr. Konrad Kandler (Technical University of Darmstadt, Germany) conducted the Flat-Plate Sampler (FPS) sam-
pling, SEM analysis, and provided the corresponding PSDs.
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Figure 4.23.: Flat-plate sampler (FPS) used in the J-WADI campaign, adapted from Ott and Peters (2008). Posi-
tioned 10m from the rotating mast, it consists of two brass plates at a distance of 16 mm and a circular substrate
(diameter = 25 mm) in the center of the bottom plate. Figure by TT- Prof. Dr. M. Klose.

pretreatment. An acceleration voltage of 12.5kV, a beam current of 18 nA, and a working distance of
approximately 10 mm were used. Analysis was carried out at two different magnifications (1.28 and
0.16umpixel!). This allowed for the sizing of particles with a minimum projected-area diameter of
0.2um at the high magnification. The low magnification enabled the analysis of a large sample area,
yielding sufficient counting statistics for larger particles. At higher magnification, analysis locations on
the substrates were randomly selected, while at lower magnification the total substrate could be investi-
gated. After the automated analysis, the images were manually inspected for obvious surface defects and
the corresponding regions removed from the data (less than 1 % of the surface). Plant fibers found on
some samples sized several 100 um were also disregarded. Also, particles with very low EDX count rates
due to shading effects were not included. On average, 3500 particles were analyzed for each sample (min.
1700). The projected area-equivalent diameter, dpy, is derived from a two-dimensional (2-D) projection
image of a three-dimensional (3-D) irregularly shaped dust particle with a volume-equivalent diameter
dgeo. The FPS is expected to collect dust particles in an orientation where their largest surface lies paral-
lel to the collection substrate, meaning the smallest dimension (height H) is aligned perpendicular to the
surface (Huang et al., 2021). Consequently, the projected area-equivalent diameter might overestimate
the geometric diameter. To convert from the projected area, I assume that all particles deposit in this

orientation. In this case, the projected area-equivalent diameter can be approximated as:

darea = VIW. (4.23)
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Thus, the ratio of projected area-equivalent to geometric diameter can be expressed as a function of the

aspect ratio (AR = L/W) and height-to-width ratio (HWR = H /W):

darea  VIW VAR

= = : 4.24
deeo  ~IWH ~/HWR @29

This formulation accounts for the systematic overestimation of particle size due to orientation effects
in impactor-based measurements. Detection limits were calculated using 20 of the peak intensity, and
a final sorting step was applied to remove particles with low X-ray counts due to shading effects. For
details on the procedure, I refer to Kandler et al. (2018) and Panta et al. (2023). Geometric (volume-
equivalent) diameters were estimated from the apparent projected area and the particle shape as explained

in Appendix 4.4.3.

Deposition velocities to retrieve mass deposition rates

To derive mass deposition rates from the concentration PSDs retrieved from the aerosol spectrometers,
assumptions about deposition velocities are required. Because the FPS captures particles that have set-
tled out of the atmosphere, these measurements reflect number deposition rates (in # area™! time~!), not
directly the ambient airborne number concentration as for the aerosol spectrometers (in # volume ™).
Sedimentation plays a key role in determining the atmospheric lifetime of dust particles. The terminal
fall velocity of particles describes the rate at which particles settle onto surfaces and reflects the balance
between gravitational and drag forces. Numerous expressions exist to estimate the velocity of particle
deposition (e.g. Stokes approximation). However, most formulas are poorly suited for super-coarse and
giant mineral dust particles (d, > 10um) due to their complex aerodynamic behavior, which deviates
from Stokes approximation and the idealized spherical shape (Adebiyi et al., 2023). This limitation is
compounded by a lack of experimental data to validate their deposition, particularly under natural en-
vironmental conditions. Adebiyi et al. (2023) compared several expressions to estimate particle settling
velocity and concluded that for d, = 450 um, which represents the approximate size of the largest par-
ticles observed after long-range atmospheric transport (Betzer et al., 1988; van der Does et al., 2018),
the measured deposition velocity ranges from approximately 1.5 to 3.5m s~'. This range aligns with
the empirical relationships proposed by e.g., Cheng (1997) and other expressions used in Adebiyi et al.
(2023). However, the assumptions underlying the estimates of deposition velocity presented in Adebiyi
et al. (2023) may not fully apply to the field conditions. While terminal fall velocity describes the rate at
which particles settle under gravitational and drag forces, the actual settling onto the FPS may be influ-
enced by turbulent diffusion outside or inside the sampler which does not have such a strong dependence
on particle size (Guha, 2008) and small lifting events before deposition, through, e.g., flow dynamics
around the FPS (e.g., the plates) and other instruments. Therefore, the particles might not reach the
terminal fall velocity. Consequently, formulas for particle settling velocity, including those reviewed by

Adebiyi et al. (2023), might not accurately represent the deposition behavior of the particles. Waza et al.
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4. Data from the J-WADI field campaign and applied methods

(2019) and Panta et al. (2023) reported that with none of the traditional deposition velocity expressions
the shape of aerosol spectrometer and FPS could be matched, but instead the deposition velocities ap-
peared to have a much lower particle size dependency, i.e., the general shape of aerosol spectrometer
concentrations and FPS deposition rates were similar. In this study, I could confirm that none of the
formulas could match the shapes of PSDs of FPS and aerosol spectrometer and therefore also assumed
a uniform deposition velocity for all particle sizes. A constant deposition velocity of vy = 0.0003 ms™!

provided the best fit to my data as found by minimizing the mean squared errors.

The methods described in this chapter provide a comprehensive framework for measuring, processing,
and analyzing the PSD of mineral dust at an emission source. The combination of multiple aerosol spec-
trometers with overlapping size ranges, supported by deposition samplers and detailed meteorological
measurements, enables a robust characterization of the full size spectrum from fine to giant particles. Key
methodological advancements developed during this work include outlier correction routines, bin-wise
and intercomparison-based inter-instrument correction, and a rebinning technique to generate consistent
PSDs across instruments. These methods contribute directly to the results presented in the subsequent
chapter and offer a transferable approach for future measurement campaigns aiming to resolve the full

dust size distribution.
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This chapter provides an overview of meteorological conditions and measured dust mass concentrations
during the campaign (Sect. 5.1). Mass concentration PSDs from active dust emission events before and
after applying correction methods (Sects. 5.2-5.3) and discrepancies between instruments, including
inlet efficiency estimates are discussed (Sect. 5.4). The PSD variability is analyzed in relation to friction
velocity and atmospheric stability (Sect. 5.5), followed by a comparison of the aerosol spectrometer
PSDs and FPS and SEM results (Sect. 5.6). Finally, I compare my findings with other field measurements
(Sect. 5.7). The correction and harmonization procedures developed in Chapter 4 form an integral part
of the results presented here, as they enabled the generation of consistent and comparable particle size

distributions across instruments.

5.1. Meteorological and dust conditions during J-WADI

The meteorological conditions during the campaign (Fig. 5.1) are characterized by high air tempera-
tures, with mean daily minimum and maximum averages of 7 4aily min = 18.2°C and T gaily max = 32.4°C,
respectively (Fig. 5.1a). Relative humidity at 4 m height was continuously low, with average daily min-
imum and maximum averages of ﬁdany min = 20% and ﬁdany max = 61% (Fig. 5.1b). No precipi-
tation was recorded during the campaign. The mean atmospheric pressure during the campaign was
924 hPa, exhibiting a diurnal cycle with the lowest values occurring around 0 and 12 UTC (local time =
UTC+03:00 h local time), and two maxima, one around 6 and the other around 21 UTC (Fig. 5.1c).

Local dust emissions predominantly occurred between 12 and 15 UTC at wind speeds of more than about
V4m ~ 6ms ™!, with usually north-westerly wind directions (Fig. 5.1 d, e, h, Fig. 5.2). Wind speeds during
the campaign were generally relatively low (Fig. 5.2). The 15 minute averaged dust mass concentration
time series is shown in Fig. 5.1h. It represents the average of the two SANTRI2 (with 5 sensors on each),
the two Welas and the two Fidas instruments (2 and 4 m height), including the correction procedure
explained in Sect. 4.4 and in further detail in Sects. 4.4.2-4.4.4. Results obtained with each instrument
and more detail on the combined PSDs are presented in Sect. 5.4. Several events with high total mass
concentrations (C,, > 1 x 10*ugm™3) were recorded, with significant contributions of particles with
diameters greater than 20 um and also regularly larger than 60 um. For higher total mass concentrations,
typically also more larger particles contributed to the mineral dust mass. The most continuous dust event
occurred on 29 September 2022 with intensive dust emission between 10 and 15:30 UTC and high total

mass concentrations up to C,, = 10 x 10* ugm~3,
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Figure 5.1.: 15-minute averaged meteorological and dust conditions during the campaign. Dashed lines (a-e, mast
data) and red dots (f-g, scintillometer data) indicate missing values in the measurements used that were filled
with data from other instruments as described in Sect. 4.1. (a) Temperature (4 m), (b) relative humidity (2 m),
(c) pressure (1 m), (d) wind speed (4 m), (e) wind direction (4 m), (f) friction velocity u, from the scintillome-
ter (2.54 m) with the dashed line representing the threshold friction velocity u,, = 0.22ms~!. (g) Atmospheric
stability represented by z/L, where L is the Obukhov length from the scintillometer and z is the reference height
2.54m. The dashed line represents z/L = 0. (h) Particle mass concentration by particle size averaged for Welas,
Fidas, and SANTRI2. These data include the corrections explained in Sect. 4.4. Color shading represents the
mass concentration in each size bin, whereas the red line indicates the total dust concentration summed over all
bins.

I obtained a threshold friction velocity of u,, = 0.22ms™! using the Time Fraction Equivalence Method
(Sect. 4.2). I note that saltation was occasionally registered already at lower friction velocities as shown
in Fig. 5.3 where the flux density from SANTRI4 together with u, to retrieve u,, is depicted. This
discrepancy could be due to intermittent saltation not captured within the 15-min periods used to derive
Uy, or localized variations in surface conditions.

During periods when the threshold friction velocity was exceeded (i, > 0.22ms~!, typically around
noon or in the afternoon in UTC time zone, Fig. 5.1f, gray line), noticeable contributions from particles
with diameters (d),) exceeding 62.5 um (giant mineral dust particles) were observed. Additionally, several
particles > 80 um in diameter were registered. For unstable and neutral conditions (z/L < 0), the majority

of more intense dust events were observed, particularly during the transition from unstable to neutral
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Figure 5.2.: Averaged daily wind speeds during the campaign with shaded areas as standard deviation.

conditions (Fig. 5.1g). A more detailed analysis of the sensitivity of observed dust mass concentrations

to stability and friction velocity is presented in Sect. 5.5.

5.2. Uncorrected aerosol spectrometer size distributions

I present the uncorrected 15-minute average PSDs of mass concentration of the two Fidas, Welas,
UCASS, and the one from the CDA with optical diameters, and that of the two SANTRI2 with projected-
area diameter in Fig. 5.4a. The diameters to which the mass concentrations are assigned are the geometric
mean of the upper and lower bin boundaries. The PSDs highlight significant mass concentrations of par-
ticles larger than 10 um, with pronounced peaks between approximately 10 um and 30 um in diameter.
The 15-minute average PSDs from each instrument demonstrate substantial temporal variability, as indi-
cated by the error bars, which represent the standard errors within the corresponding averaging period,
and for SANTRI2s also across the analyzed sensors per instrument.

PSDs from Fidas_4m and Welas_4m are consistent for particle diameters smaller than 7 pm (Fig. 5.4a).
However, the diameter corresponding to the peak mass concentration of the PSDs from different instru-
ments varies, ranging in d,, from ~10 um to 30 um. Contrary to expectations of higher dust concentrations
and larger particles closer to the ground, Welas_2m PSDs show peak mass concentration at a smaller di-
ameter of approximately 20 pm compared to Welas_4m, which peak at around 30 um (Fig. 5.4a). For par-
ticles smaller than 10 um, Welas_4m and Welas_2m alternate in exhibiting higher mass concentrations.
In contrast to the Welas instruments, the behavior of the two Fidas PSDs aligns with expectations, as Fi-
das_4m generally shows lower concentrations across most of the size range. However, toward the upper

end of the size range, the concentration of Fidas_4m partially exceeds that of Fidas_2m (e.g., Fig. 5.4a
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Figure 5.3.: Flux density for the four sensors of the SANTRI4 at 5, 15, and 30 cm height over u, to retrieve u.;.

2022-09-29 14:45). Another characteristic of the Fidas mass concentration PSDs is the absence of a
distinct peak. Instead, their mass concentration appears to be relatively evenly distributed across sizes
between approximately 5 — 20 ym in Fig. 5.4a. Mostly, UCASS B and Welas_4m generally show good
agreement. The measurements of UCASS B closely match those of Welas_4m for particle diameters
d, < 4pm and up to d, ~ 10um. However, the PSD measured by UCASS B exhibits oscillations instead
of forming a smooth curve up to approximately d,, = 10um. Beyond this range, UCASS B shows a more
gradual increase in concentration compared to Welas_4m. Both instruments exhibit peak concentrations
in the particle size range of d;, = 20 to 30 um, with the peak concentration of UCASS B being roughly an
order of magnitude smaller than that of Welas_4m. UCASS A exhibits significant differences in its mass
concentration PSD compared to the other instruments. At approximately 1 um, its mass concentration is
comparable to that of the other instruments, but it increases by an order of magnitude for the third bin
(around 1.3 um). For larger particles, the concentration decreases until it matches the concentrations of
the other instruments at ~2 um and increases again at ~3 um to an order of magnitude higher than the
concentrations of other instruments (at ~4 um) and oscillates around the other instruments’ PSDs for d,
up to ~10um. At 10 um, UCASS A’s mass concentration aligns well with the UCASS B concentrations.
The oscillation of the PSD, i.e., the classification of size bins and the conversion from scattering cross-
section to particle diameter, seems to be unrealistic in comparison to the other instruments, and further
adjustments may be needed to optimize particle categorization. UCASS A and B are therefore excluded
from further analysis. The CDA PSDs (measured at 4 m height) show significant differences compared
to the PSDs of the other instruments. Before peaking at around 15 um, the CDA concentrations generally
agree well with those of Fidas_4m and Welas. After the peak, the CDA concentration decreases rapidly,
crossing below Fidas’ mass concentration and eventually falling below all other measurements. This

decrease could not be resolved by any correction method. I suspect that this decrease was due to either a

74



5.2. Uncorrected aerosol spectrometer size distributions

(a) Uncorrected

| 2022-09-29 14:30, u» = 0.31 m/s _ | 2022-09-29 14:45, us+ = 0.53 m/s _ | 2022-09-29 15:00, u+ = 0.79 m/s _
i i i i i i i i i
I I 1 I 1 1 1 1 1
-4 i i i i i i i i i
10744 1 1 I 1 1 1 1 1 1
I I 1 I I 1 1 I I
1 1 1 1 1 1 1 1 1
] I 1 1 ] 1 1 ] ]
= I I 1 1 ] 1 ] ] ]
T Lo | : | | | | gl |
€ E ! ! 1 I | 1 H ﬁ L
] A ! » l 1 ’\ > 1 | \,,’-Xé/
g L KA : et A | | F |
S A~ T\ ¥ il : | |
CRURE : U : : - . : : 3
o 1 I 41 1 I A 1 1
3 i i i i i i 7o i i
= 1 1 1 1 1 1 [ 1 1
9., : : ; ] : ! /1 & ! !
T 10774 / ! I F 3 ' ! ! 3 / | —— UCAss A —— Fidas_4m
: : : : : : / : UCASS_B Fidas_2m
i i i / i ] 1 | —— Welas_4m  —¥— SANTRI2_2U
10-8 1 i i i i i | | —— Welas_2m SANTRIZ_4U |
i i i i i i | CDA_4m
1 } L 1 } L 1 } L
(b) Corrected
_ 2022-09-29 14:30, u+ = 0.31 m/s _ | 2022-09-29 14:45, u+ = 0.53 m/s _ | 2022-09-29 15:00, u+ = 0.79 m/s _
i i | i i i 1
: ' : : : :
104 : ' ! : = : !
1 1 1 1 ]
1 1 1 1 I
1 1 1 1 1 P ]
— e I 1 7 I
o 20 ¥ I 41)/“‘ P — _ 1
A )
10-5 1 1 A~ ! Lo 1 1
E ,x/i/ ! ot ! ! Pow
2 < | | | : ¢
S | X | | : Lo\
9 107 | b | | F 4 : N
1 1 1 1 ] ] 1
2 i i i i J i i
3 | | | | Ve : |
T 1077 i i i i 1/ i i i
1 1 ] 1 1 ] ]
1 1 I 1 / ] I I
: : : : : —+— Welas_4m Fidas_2m
10-8 H | | H L | —— Welas_2m  —¥— SANTRI2_2U |
| | | | | —— Fidas_4m SANTRI2_4U
1 L 1 L 1 1 L
100 10! 102 10! 102 10° 10! 102
Diameter d, [um] Diameter d,, [um] Diameter d, [um]

Figure 5.4.: 15 minute average size distributions of mass concentration for dusty conditions on 29 September 2022
for 3 subsequent 15-min time periods from 14:30 until 15 UTC. (a) Uncorrected PSD with optical diameters (ex-
cept SANTRI2, which uses projected-area diameter) and (b) corrected PSDs with geometric diameters. Standard
errors are indicated by vertical lines (only positive errors are shown). Average 4 m friction velocity, u, for each
15-min period are indicated in the panel titles. Dashed lines indicate the size ranges of the dust size classifications
(see Chapter 1).

reduced sampling efficiency of the Sigma-2 inlet in that size range or a lower sensitivity for larger par-
ticles (e.g., due to saturation of the larger sampling volume during high particle concentrations), which
was not the case for the other instruments. Consequently, the CDA data were also excluded from further
analysis.

In certain cases, the SANTRI2 PSDs align well with the extended particle size trends observed with
the other instruments (Figs. 5.4a 2022-09-29 14:45, 15:00). However, in Fig. 5.4a 2022-09-29 14:30,
the two SANTRI2 units, each averaged over the five sensors, show higher mass concentration PSDs
than expected, compared to measurements from the other instruments. It is important to note that the
SANTRI2s recorded projected-area diameter whereas the other instruments recorded optical diameters

which could potentially change the agreement between SANTRI2 and other instruments’ PSDs.
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5.3. Corrected aerosol spectrometer size distributions

The uncorrected PSDs with optical diameter shown in Fig. 5.4a reveal the original measurements taken
by the instruments, indicating potential biases and inaccuracies due to low sampling efficiencies and
variability between instruments. The data presented in this section was corrected as explained in Sects.
4.4.2-4.4.3. Here, I discuss the corrected PSD mass concentrations as shown in 5.4b and the remaining
variability between instruments. Overall, the comparison between Figs. 5.4a and 5.4b highlights that the
correction procedures result in more consistent concentrations across instruments, although I could not
eliminate all sources of discrepancy.

After correction, Welas_2m consistently shows higher values than Welas_4m under dusty conditions,
with some exceptions for particles larger than 60 um (Fig. 5.4b 2022-09-29 14:45, 15:00). Both instru-
ments exhibit a peak at approximately the same diameter (~50 um). After correction, they better match
the concentrations observed in the Fidas measurements, particularly for particles larger than d), = 1.2 um
and up to ~10um. In the Fidas’ mass concentrations, a plateau in measurements for particles larger
than d,, ~ 12 um is visible, which I attribute to potential limitations in measuring larger particles, limi-
tations that could not be corrected by any of the correction mechanisms applied. In comparison to the
uncorrected PSDs of the SANTRI2s, most of the corrected PSDs now better fit the prolongation of the
other instruments. In Figs. 5.4b 2022-09-29 15:00, the two SANTRI2 present lower mass concentration
PSDs than would be expected from the Welas but fit well the overall appearance. For further analysis,
only the SANTRI2, Welas, and Fidas instruments were considered, as most of the differences between
these instruments were resolved. They were also used for the combined overall PSDs shown in the next

subsection.

5.4. Possible reasons for discrepancies between aerosol spectrometers

The observed differences in the uncorrected and corrected PSDs presented in Sects. 5.3 and 5.2 can be

attributed to several instrumental factors.

The use of inlets

The use of inlets for aerosol sampling significantly influences the measurements. All instruments equipped
with inlets, such as the Welas, Fidas, and CDA, experience sampling inefficiencies, particularly for larger
particles, due to losses within the inlet system (Kulkarni et al., 2011). In contrast, open-path instruments
without inlets, do not suffer from inlet losses, but may be more susceptible to environmental interference.
The sampling efficiency, Nsampling, 1S influenced by the inlet or pipe design, flow dynamics, and particle
characteristics. The inlet losses of the different instruments used here are described in Sect. 4.4.6. In
the following, the efficiencies of the inlets and instruments used in this dissertation are quantitatively or

qualitatively analyzed.
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Figure 5.5.: Design of the directional inlet used for Welas and Fidas. Figure by S. HaaB.

Directional inlet of Welas and Fidas: During J-WADI, Welas and Fidas sampled the same air stream of
4.81min~! and used the same inlet for guiding the aerosols to their corresponding measurement chambers.
A directional inlet was deployed as shown in Fig. 4.6 and detailed in Fig. 5.5. In the directional inlet,
particles are transported through a horizontal nozzle where the inlet undergoes enlargement, through a
bend, guided through a vertical pipe piece, an IADS (Intelligent Aerosol Drying System) drying system,
i.e., vertical transport, and eventually reach the measurement chamber.

I calculated the sampling efficiency with the following formula:

Nsampling = Tinlet * Mtransport = Masp * Mtransm * Tgrav * Mbend - (5 1)

For Njnter, I used the formulas introduced above for Ngansm and M,sp (Eqs. 4.16, 4.17/sub-isokinetic condi-
tions, 4.18/super-isokinetic conditions). As the Reynolds numbers for all parts of the inlet were smaller
than 600, I assumed a laminar flow and that turbulent inertial deposition is negligible. The most relevant
losses for the directional inlet for large particles were sedimentation losses (7)gray) in the horizontal part
of the inlet, as they tended to settle out of the airstream due to gravity. These losses could result in un-
derestimations of larger particle concentration. The resulting sampling efficiency Nsampling for different
wind conditions is shown in Fig. 5.6a. For wind speeds v < 5 ms~! and particle diameters dp, < Sum,

the efficiency 7 is approximately 100%, decreasing to 0% at dj, ~ 30um. For wind speeds v > 5 m 5!
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Figure 5.6.: Sampling efficiency Nsampling (@) for different wind conditions Uy for the directional inlet of Welas
and Fidas. Dashed curves indicate that the applied formulas may not be valid for the respective diameter range
and wind conditions. (b) Example PSD (solid lines) together with the corrected PSD corrected by the sampling
efficiency Nsampling for Welas and Fidas in dashed lines. Vertical dashed lines indicate the size ranges of the dust
size classifications (see Chapter 1).

and particle diameters d,, > 5 um, the efficiency 1 increases, peaking at d,, ~ 12 um, and then decreases
to 0% at dj, ~ 40 um. The peak for wind speeds v=11m s~ ! is even at sampling efficiencies of 140%, so
an oversampling of particles d;, ~ 12 um occurs. The peak is introduced due to sub-isokinetic conditions
(Fig. 5.7), whereas the sharp decrease starting at 20 um is mainly caused by gravitational losses in the
horizontal part of the inlet and losses in the bend (Fig. 5.8). However, it should be noted that for wind
speeds Uy > 5 m s~ ! and particles with dp, > 30 um, most of the formulas are not valid.

A similar inlet design with comparable dimensions was previously quantified by Schoberl et al. (2024).
They reported cut-off diameters (defined as 50% loss) smaller than 10 um. In contrast, my calculations
showed a cut-off diameter of approximately 30 um for v=75 m s~!. The lower cut-off diameters observed
by Schoberl et al. (2024) may be attributed to their slightly different inlet dimensions (inner diameter
= 4.527 mm), the calculation of the bend efficiency 7Mp.,s in degrees instead of radians (as noted in
the supplementary material of Schoberl et al. 2024), or the high flow velocities and Reynold numbers
associated with their airplane measurements.

By dividing the mass concentration PSDs of the Fidas and Welas instruments shown in Fig. 5.4b (2022-
09-29 14:30) by the sampling efficiencies 7 of the directional inlet under the measurement conditions,

corrected PSDs can be estimated, as shown for an example PSD in Fig. 5.6b. For the Welas, no signifi-
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Figure 5.7.: Inlet efficiency 0;,.; of the directional inlet for different wind conditions introducing the peak in the
sampling efficiency Nsampiing (Eq. 5.1).

cant change in concentrations is observed for d,, < 20 um, not even for the oversampling which occurs at
d, ~ 12um. However, for larger particle sizes, the corrected PSDs are clearly increased by several orders
of magnitude compared to the uncorrected ones. A similar trend is observed for the Fidas, although most
of the Fidas size range remains unaffected by large inlet inefficiencies as their size range stops before
d, = 50um and they do not show a significant peak which can be further increased. The estimated inlet
efficiencies suggest that almost no particles larger than around 20 um should have been detected, yet the
results showed the measurement of a significant number of particles in this size range. The empirically
estimated inlet efficiencies, therefore, appear unrealistic. The underestimation of inlet efficiencies for
large particles could potentially result from neglecting the re-emission of particles that initially settled, a
process not considered in the applied formulas. Additionally, traditional deposition schemes may over-
estimate gravitational settling for large particles (Adebiyi et al., 2023), highlighting potential limitations
in the modeled particle dynamics. To test whether other formulas or assumptions would be more in line
with the detected particles in the Welas, I also applied deposition schemes other than Stokes’ settling as
introduced in Adebiyi et al. (2023). For example, I implemented Wu and Wang (2006) for different Corey
Shape Factors (CSFs). In line with the biaxial ellipsoids considered in this dissertation and applied in the
calculation of the sampling efficiencies as shown in Fig. 5.7, a CSF = 0.8 would be considered (Fig. 5.8,
light orange line). This assumption leads to rapid deposition of approximately 7,4, ~ 0 at d), = 40 um,
similar to Stokes settling (light violet line) and the settling velocity of Cheng (1997). For a CSF = 0.3
and the Wu and Wang (2006) deposition scheme, g, would fall to zero at around d,, =~ 50um. Even
with this low CSF, i.e., highly irregular particles, the gravitational loss in the inlets is still high and does

not correspond well with the amount of particles measured during J-WADI. Turbulence in the directional
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inlet was not expected due to low Reynolds numbers. However, when assuming turbulent conditions for
the three settling schemes implemented, 7, falls to zero much later and the directional inlet would
potentially measure some particles with d,, > 60 um.

Several formulas exist for Npe g (e.g. Pui et al., 1987; Zhang et al., 2012; Wang et al., 2024). In this
study, the approach by Wang et al. (2024) was implemented to calculate the inlet efficiency, as shown
in Fig. 5.8 . While the formula by Wang et al. (2024) results in higher inlet efficiencies particularly in
the super-coarse and giant particle size range, combining the formulas to a unified 1,45 leads to a rapid
decrease of inlet efficiency to nearly zero for d,, > 30um, which is against the observations as depicted
in Fig. 5.9.

These results suggest that turbulence may have developed even though the Reynolds numbers did not
indicate this, and that the transport or inlet efficiency might be underestimated. Additionally, it is possible

that certain assumptions necessary to accurately calculate the sampling efficiencies of the system are

missing.
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Figure 5.8.: Npend and Ngray from different formulas and assumptions.

Furthermore, the underestimation may also stem from limitations in the applicability of the used formu-
las, which are not entirely suitable for this context, for instance, due to the presence of particles that are
so large that the Stokes number regimes, for which the expressions are valid, is exceeded. Results from
application of the formulas beyond their valid range are indicated by dashed, lighter lines in Fig. 5.6a,
overlapping with diameter ranges that have low 1. However, not all studies specify the validity ranges of
their parameterizations, and the calculations performed in this study may therefore extend beyond their
originally validated domains. The magnitude of the resulting potential error remains unknown.

Sigma-2 inlet of the CDA: The CDA used a Sigma-2 sampling head (Palas GmbH). The Association of
German Engineers (VDI-2119, 2013) validated the Sigma-2 sampler after testing it in numerous inves-

tigations and concluded that it is a reliable collector for coarse and super-coarse particles (Dietze et al.,
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Figure 5.9.: Transport efficiency as calculated by multiplying Nyend and Ngray for different schemes.

2006; Waza et al., 2019; Rausch et al., 2022; Tian et al., 2017). However, due to the low concentrations
measured for particle diameters d,, > 20 um compared to the other instruments, I suppose that substan-
tial losses occurred from that diameter on. I assume the inlet to have less gravitational losses than the
directional inlet due to missing horizontal sampling lines. In addition, I expect it to be able to sample
from all horizontal angles, but to have losses due to the wire grid inside the head and the side panels
between the three openings. To my knowledge, no inlet efficiency simulations or measurements were
conducted and existing formulas cannot be adapted to the needs of the Sigma-2 head so that I cannot
quantify Nsampling for the Sigma-2 inlet. Conducting own numerical inlet simulations is beyond the scope
of this dissertation, but it is considered for future work.

UCASS: The UCASS is a passive instrument and in principle open-path (i.e. inlet-free), however its
cylindrical shape may act similar to an inlet. Limited information about its sampling efficiency 1 is
available beyond the findings of Girdwood et al. (2022), who reported low losses for droplet diameters
between 3 and 10 um. Flow dynamics simulations by Smith et al. (2019) indicated that the air velocity in
the sampling area is approximately 12% higher than the ambient air velocity for an ambient wind speed
of 5ms~!. Their results showed no significant turbulence inside the instrument and good sampling
efficiency for particles smaller than 40 um. Therefore, due to its large opening (5 cm on the larger side),
significant losses in the nozzle are not expected.

The UCASS are also a passive system, nearly open-path where the electronics are placed in a housing
with a 2.2 cm (small side) wide oval opening. When applying the formulas described in Section 4.4.6 to a
simplified geometry of the UCASS (i.e., assuming a round instead of a oval opening, and no electronics
inside the tube to disturb the flow), as well as assuming approximately the same air flow inside and
outside the instrument, I found gravitational efficiencies (1)g,4v) close to one, but substantial losses due to
turbulent inertial deposition. In the large opening of the UCASS, high Reynolds numbers can develop.
When applying Eq. 4.22 to a simplified geometry of the UCASS with two parts (enlargement and straight
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Figure 5.10.: Turbulent inertial deposition within the UCASS for different wind conditions Uy estimated based on
Eq. 4.22.

pipe: L = 4.5cm: averaged as it increases in the opening and 9cm and D = 4.3 cm and 6.4 cm for the
different parts), I found substantial losses due to turbulent inertial deposition as shown in Fig. 5.10.

This phenomenon occurs when large particles, owing to their high inertia, are unable to follow the curved
streamlines of turbulent eddies and are deposited on the walls of the instrument. For higher wind speeds
around 10 m s~ inlet efficiencies rapidly decrease from approximately 90% for 11 um particles to nearly
0% for particles of 20 um due to the large pipe diameters, high flow rates, and resulting high Reynolds
numbers (Eq. 4.22). These findings highlight a discrepancy in the turbulent flow in the UCASS between
the empirical formulas and simulations, particularly for larger particles, which may stem from simplified
assumptions in the modeled particle dynamics and the omission of re-suspension effects in the formulas,
as partly discussed in Kulkarni et al. (2011). Based on the calculations explained above and especially
due to turbulent inertial deposition, I would not expect to measure particles with diameters larger than
d, =20um. However, as these large particles were measured and the PSDs are smoother than for smaller
particles, Nube, wrb-inert Might be underestimated by Eq. 4.22.

Given the limitations of the calculation for the directional inlet and the UCASS housing and the appar-
ent mismatch between the theoretical/empirical estimates of inlet efficiencies and the observed particle
counts, the inlet efficiencies will not be applied for the correction of the PSD in the following analysis to
avoid introducing additional uncertainties, particularly for particles larger than 10 um. Instead, the results
will be interpreted with awareness of potential losses due to turbulent inertial deposition (UCASS) and
gravitational settling in sampling pipes or bends (directional inlet). The inlet efficiencies of the instru-
ments will be investigated in more detail in the future using numerical modeling of the flow dynamics in
the inlets.

SANTRI2: Operating inlet-free, the SANTRI2 relies on the wind field to guide the particles through

the optical path. Although this design avoids inlet-induced biases, potential turbulence effects caused by
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the (quite slim) platform to which the sensors are attached can still lead to modifications of the aerosol
sample seen by the sensors compared to its surrounding. Despite this, the approach offers the most direct
and unaltered sampling of ambient aerosol among the J-WADI instruments, providing insights into the
nearly undisturbed characteristics of large dust particles. Due to its slim design, I expect these alterations

to be small.

Measurement principle differences

A second reason for the discrepancies in PSDs between instruments lies in their measurement principles,
such as optical scattering (used by Welas, Fidas, CDA, and UCASS) versus the optical gate mechanism
employed by SANTRI2, which introduces additional variability as it measures the projected area. Optical
instruments estimate particle size based on light scattering, which can be influenced by factors such as
particle shape, composition, and refractive index. The various devices based on optical scattering differ in
aspects like scattering angle, sensor area, and light source, which can lead to inaccuracies, especially for
non-spherical or irregularly shaped particles. In contrast, optical gate devices determine particle size by
measuring the shadow cast on a photodiode, meaning the obtained 2D shape for non-spherical particles
is highly dependent on their orientation when illuminated. In order to overcome these limitations, I
harmonized measurements from the different devices and transformed the particle sizes to geometric
diameters, assuming biaxial ellipsoids. However, some of the aforementioned causes of uncertainties,
such as particle shape and refractive index, remain unresolved. The differences between the assumption

of biaxial and triaxial ellipsoids are discussed in the following.

PSDs for triaxial particle assumption

Although it would be more realistic to assume triaxial ellipsoids rather than biaxial ones for geomet-
ric diameters (Huang et al., 2021), the lack of a suitable database for PSL particles with diameters
d > 50um limits the applicability of this approach for the Welas, as the Meng et al. (2010) database does
not cover such large particles. With the missing size range of ~80 — 100um for Welas_4m, Fig. 5.11
presents 15-minute average size distributions of mass concentration for dusty conditions on 29 Septem-
ber 2022, focusing on three consecutive 15-minute intervals from 14:30 until 15:00 UTC. The PSDs in
Fig. 5.11c show the corrected PSDs assuming triaxial ellipsoids after the correction steps as explained
in Sects. 4.4.2-4.4.3. The PSDs reveal differences, e.g., in general lower mass concentrations compared
to the biaxial assumption in Fig. 5.11b. Notably, the Welas size range is not entirely covered since the
Meng et al. (2010) database does not include particles from around 50um (PSL). Especially for We-
las_4m, only particles d, < 70um are covered whereas Welas_4m covers also larger particles due to
the diameter correction. The Fidas show lower mass concentrations, especially in the coarse range and
in comparison to the Welas. The higher difference to the Welas might be due to the applied correction

methods which may not be fully applicable for triaxial spheroids and could be further refined. Further-
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more, the SANTRI2s are attributed to a smaller size range, due to the consideration of HWR = 0.45, i.e.,
the third axis of the ellipsoid differing from the other two. Additionally, the Welas show a less smooth
PSD than in Fig. 5.11a, b possibly due to the bin-wise PSD diameter correction. This is also evident
for particles larger than 30 um, where Welas_2m shows oscillating PSDs and a peak at smaller diameters
than Welas_4m, likely due to low particle counts during the intercomparison period in this size range.
Furthermore, the peak of both Welas size distributions shift slightly towards smaller diameters, but its
position is ambiguous between 30 and 60 um.

In Sect. 7.2, the same figures as presented in this chapter are depicted but with the assumption of tri-
axial instead of biaxial spheroids for the conversion from optical to geometric diameters. The overall
results remain the same but the shape of the PSDs and the amount of concentration falling in each size
class is differing. Especially the change in shape and peak of the PSDs underline that the discrepancies
between instruments can stem from different assumption for the particle shape (and refractive index).
These results demonstrate that the estimation of geometric diameters is highly sensitive to particle shape
assumptions and refractive index, the latter being estimated from Di Biagio et al. (2019) but not retrieved
directly from the field data. As the interpretation depends on these parameters, further research is es-
sential to improve the reliability of geometric diameter estimates, particularly for larger particles where

uncertainties remain substantial.

Additional differences

The classification of particle size bins makes use of different theoretical frameworks. For optical diameter
measurements, Mie theory assuming spherical particles is commonly applied (e.g., Welas, Fidas, and
CDA), whereas for the retrieval of projected area diameters, the projected area on the instrument is used.
For the transformation to geometric diameters ellipsoidal particles are assumed, which are either based
on databases for for different CRI (i.e., sensitive to assumed CRI, e.g., Gasteiger and Wiegner, 2018) or
on geometric calculations as described in Sect. 4.4.3. These differing approaches influence the shape of
the retrieved PSDs.

Moreover, the instruments differ in how they handle partially illuminated particles: the Welas, Fidas, and
CDA avoid them by their measurement principle, the UCASSs account for this in its calculations but
the SANTRI2s do not. In addition, the size ranges covered by different instruments introduce variability
in accuracy towards the edges of these ranges. Instruments optimized for detecting fine particles may
exhibit reduced accuracy and sensitivity for larger particles towards the edge of their size range, and vice
versa. This discrepancy is particularly evident in the overlap regions where the detection capabilities of
different instruments intersect, resulting in inconsistencies in PSDs.

Finally, the location of instruments can affect recorded PSDs due to proximity to emission locations, at-
mospheric conditions, and particle transport dynamics. Differences in height and positioning can cause

variations in sheltering, turbulence, and detected dust concentrations. For Fidas and Welas, these dif-
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Figure 5.11.: 15 minute average size distributions of mass concentration for dusty conditions on 29 September
2022 for 3 subsequent 15-min time periods from 14:30 until 15 UTC. (a) Uncorrected PSD with optical diameters
(except SANTRI2, which uses projected-area diameter) and (b) corrected PSDs with geometric diameters assum-
ing biaxial ellipsoids. (c) Same as (b) but with geometric diameters assuming triaxial ellipsoids. Standard errors
are indicated by vertical lines (only positive errors are shown). Average 4 m friction velocity, u, for each 15-min
period are indicated in the panel titles. Dashed lines indicate the size ranges of the dust size classifications (see
Chapter 1).
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ferences should be minimal since they share the same flow and are separated only by a tube. However,
discrepancies may arise if particles are trapped in the tube connecting both instruments (Fig. 4.6b), po-
tentially reducing counts in the Fidas, though tube clogging was not observed during the campaign. After
applying my correction steps, Fidas and Welas concentrations agreed well for d,, < 10um, but discrep-
ancies arose for larger particles, with Welas concentrations being up to an order of magnitude higher at
the upper limit of its size range. It is unlikely that particles with d,, > 10um continuously got trapped
before reaching the sensors of the Fidas, as measurements over several weeks with the instruments were
conducted, and no impacts of enhanced blockage were evident from the Fidas measurements. Therefore,
I attribute most of these differences to discrepancies in the instruments’ sensitivities (especially at the
edges of the instruments size ranges).

Overall, these instrumental differences underscore the importance of employing a suite of complemen-
tary measurement techniques to achieve a comprehensive and robust characterization of the full PSD,
particularly in the challenging super-coarse and giant particle size ranges. Understanding these differ-
ences and their implications is crucial to improving the reliability of dust measurements and developing

better calibration and correction methodologies.

5.5. Variability of the PSD with «, and stability

Fig. 5.12a shows the corrected 15-minute averaged PSDs combined across SANTRI2, Welas and Fidas
(shown individually in Fig. 5.4b) over the entire measurement period and averaged within different
u, ranges similar to Gonzélez-Florez et al. (2023). The process of combining and harmonizing the
concentrations of these instruments is explained in App. 4.4.4. While the mean of all PSDs in Fig. 5.12a,
indicated by a dashed black line, shows the peak at around 60 um, the categorized PSDs differ in their
shape and height. As expected, higher u, values correlate with an increase in mass concentration (dCyy)
across all particle diameters (Fig. 5.12a) although the level of increase varies. However, for lower u,

values (< 0.2ms™!

, I.e. below the threshold friction velocity for saltation, u.;), the PSDs remain largely
consistent. Differences emerge at d, > 30 um, where concentrations corresponding to lower u, values
decrease more rapidly—except in the 0.1ms~' < u, < 0.2ms~! range where a peak at around d, =
60um (same for u, > u,,) is visible—suggesting that some larger particles were already effectively lifted
and detected at friction velocities (> 0.1ms~!) and below the calculated threshold friction velocity
(us; = 0.22m s~ ). For particles d, > 60um, the standard error increases significantly, casting doubt on
the reliability of this relationship. Starting from u, > 0.25m s~!, which is above the threshold friction
velocity, significantly higher mass concentrations are observed, although the shape of the PSD remains
largely consistent as for 0.2ms~! <u, < 0.25ms~!. For u, > 0.35m s~!, only a small number of PSD
samples is available, but the PSD for the two largest u, categories are very similar, except for d, >

100 um, where concentrations for u, > 0.4m s~ ! fall behind those observed at lower friction velocities.

The SANTRI2 were the only devices operating for d;, > 100um. In this size range, the PSDs show

86



5.5. Variability of the PSD with u, and stability

(a) (b)

10 | | :
1 1 1 -1
. . 3 1] us [ms™1]
: : : 10 —— [0,0.05) (196)
i i —— [0.05,0.1) (549)
1075 4 1 i —— [0.1,0.15) (429)
: i —— [0.15,0.2) (280)
i - —— [0.2,0.25) (288)
! ! _ —— [0.25,0.3) (169)
—_ 1 ] 2
@ 1076 4 ' ) % 10 [0.3,0.35) (29)
£ { 5 [0.35,0.4) (8)
o S >0.4) (7)
v
X ! % ——- mean
% 1077 4 S
S N
'% = 10
© 1078 2
10-2 4 1074
100 T } t T } !
10° 10! 102 10° 10! 102
Diameter [um] Diameter [pum]

Figure 5.12.: (a) Variability of mass concentration PSD with u, deduced from SANTRI2, Welas and Fidas over
the whole campaign time. Colors indicate u, during the 15-min averaging time period corresponding to the PSDs
and the black dashed line the mean of all PSDs. Shaded areas depict the standard error of PSDs within each
class across the different time steps used. Numbers in parentheses indicate the number of 15-min PSDs taken into
account in each u, range. Dashed lines indicate the size ranges of the dust size classifications (see Chapter 1). (b)
Same as (a) but normalized to unity in each time interval.

generally lower concentrations at smaller u, values, but the behavior of dCy; becomes less consistent
for small ., either increasing or decreasing with friction velocity. Especially for u, < 0.05ms™!, the
concentrations are decreasing to almost zero at ~d,, > 100 um. In this friction velocity range, the presence
of super-coarse and giant particles is expected to be low. Additionally, these particles may not be captured
by the Welas due to inlet inefficiencies. However, the open-path approach of the SANTRI2 allows for
direct sampling, increasing the likelihood of detecting these (few) larger particles which might explain
the abrupt change in mass concentration.

Figure 5.12b shows mass concentrations normalized to unity (15-minute PSDs were first normalized,
then averaged). Here, the relative amount of the different particle sizes can be observed and shows more
prominently the shift in peak mass concentrations for different u,. The slope of the concentrations is
relatively similar up to about 10 um. However, the concentration peak shifts gradually from 12 pum to
60 um for u, exceeding 0.1ms~'.

Variations in the normalized abundance of particles in different size ranges with varying u. can also
be observed in Fig. 5.13, which shows the total mass concentration contribution of fine, coarse, super-
coarse, and giant particles across different u, categories. At low friction velocities (u, < 0.2ms™!),
less than 10% of the mass concentration are contributed by giant particles, and approximately 60% by
super-coarse particles. Below the threshold friction velocity (u,; = 0.22ms™!), recorded dust might

be due to intermittent releases or due to dust previously emitted and/or advected from nearby sources.
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Figure 5.13.: Percentage mass concentration abundance of particle size ranges deduced from SANTRI2, Welas and
Fidas over the whole campaign time with ..

Dust that occurred at u, < 0.22ms~!, however, already contained a great amount of super-coarse
and giant particles (see Fig. 5.13). As u, increases up to 0.4ms~!, the contribution of giant particles
rises to about 25%, while super-coarse particles contribute slightly over 60%. For u, > 0.4ms~!, the
contributions of both super-coarse and giant particles decrease slightly. This behavior suggests that either
the large variability for this size range, which can be observed in Fig. 5.12 (not shown in Fig. 5.13),
and low statistics blur the trend or that factors other than friction velocity alone, such as deposition
processes, direct entrainment of large particles, or even inlet efficiency at these sizes, may influence the
concentration of larger particles in the PSD.

Earlier studies focused on the finer part of the PSD. Alfaro et al. (1997); Shao (2004); Ishizuka et al.
(2008); Kok (2011a) were restricted to particles < 10um or < 20um, so only that part of my PSD can be
directly compared. The findings from the present study indicate that the shape of the mass concentration
PSD is largely invariant in the size range 2 — 10um (see Fig. 5.12 c), supporting the conclusions of Kok
(2011a) in that size range. Below 2um, we find that the relative proportion of particle mass concentra-
tion decreases with increasing u,. Alfaro et al. (1997); Shao (2004); Ishizuka et al. (2008) predicted a
shift toward finer sizes for particles < 10um or < 20pum, whereas my results suggest a coarsening with
increasing u, both for diameters < 2um and > 10um. It is also important to note that we analyzed the
PSDs of dust concentration rather than dust emission fluxes, as done in the mentioned studies.

Fig. 5.14a shows 15-minute averaged PSDs over the entire measurement period, calculated across all
instruments except CDA and UCASS and categorized into different stability regimes (Sect. 4.2). The
total mass concentration across all bins is greatest during near unstable and neutral conditions, followed
by unstable conditions. The lowest mass concentrations are predominantly observed at night under stable
and near stable conditions when friction velocities are small (Fig. 5.1). For stable conditions, very few
super-coarse and giant particles are present.

Fig. 5.14b shows the normalized PSDs. For stable conditions, smaller particles with diameters less

than 20 um are most abundant, followed by unstable, and near stable conditions. As stable stratification
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Figure 5.14.: (a) Variability of mass concentration PSD deduced from SANTRI2, Welas and Fidas over the whole
campaign time with atmospheric stability. The colors indicate different stability ranges and shaded areas the
standard error of PSDs within each class across different time steps, and the black line the mean of all PSD.
Numbers in parentheses indicate the number of PSDs available within each stability class. Dashed lines indicate
the size ranges of the dust size classifications (see Chapter 1). (b) Same as (a) but normalized to unity in each time
interval.

suppresses turbulence, the lifting and transport of larger particles is limited, while allowing smaller
particles to remain suspended longer. In contrast, for particles larger than 20 um but smaller than 90 um,
the opposite trend is observed and they are more present for neutral and near (un)stable conditions. No
clear trend in stability is apparent for particles larger than 90 um in Fig. 5.14b. Further investigation is
necessary to determine whether this behavior is due to instrument inaccuracies, limited particle statistics,
or other reasons.

Atmospheric stability and u, are strongly interconnected as L depends on u, and for large u., conditions
become increasingly neutral. To investigate the dependency of mass concentration on stability while
accounting for the interdependence between z/L and u,, Fig. 5.15 presents mass concentration as a func-
tion of u, and colored by z/L across different particle size ranges. For u, < 0.2m s~!, the majority of
the total mass concentrations are below 10~®kgm™3 (Fig. 5.15a). Across all size ranges, stable condi-
tions correspond to the lowest friction velocity values (mostly u, < 0.15m s~!, with the smallest mass

1 conditions become more unstable to neutral.

concentrations observed. With increasing u, > 0.1m s~
Between u, =0.1m s~ and u, = 0.2m s~ !, (near) stable and (near) unstable conditions are present. For
larger u,, mass concentrations increased sharply with slight increases in u, (Fig. 5.15a). The majority
of these data points is categorized as unstable conditions with some near unstable and near stable condi-
tions. These near unstable time periods, however, tended to have slightly higher mass concentrations for

a given u,.. For instance, for u, = 0.25m s~ ! and for near unstable conditions, mass concentrations could
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Figure 5.15.: Mass concentration deduced from SANTRI2, Welas and Fidas over the whole campaign time over u,.
The colors indicate the different stability regimes in terms of z/L for (a) total, (b) fine, (c) coarse, (d) super-coarse,
and (e) giant dust mass concentration.

reach approximately one order of magnitude higher than the average for unstable conditions. However,
most of the near unstable and near stable time period data points gather with the unstable conditions. For
u, > 0.3m s~!, mostly neutral conditions were registered with a potentially lower mass concentration
than would be expected from the elongation of unstable conditions, but with a lack of a clear pattern due
to few data points. For all size ranges (Fig. 5.15b-e), the trends for (near-) unstable and (near-) stable
conditions aligns with that of the total mass concentration (Fig. 5.15a). However, for giant particles,
generally less data points exists. Most data points cluster between u, = 0.2m s~! and u, = 0.4m s~/
for unstable conditions. For neutral conditions, the mass concentration started to increase at higher
u, >0.3m s~! (Fig. 5.15e).

I observed a slight trend for increased mass concentrations for diameters > 10um with near unstable

followed by neutral and unstable conditions, but no clear pattern emerged. The results neither fully

support nor contradict previous findings by Khalfallah et al. (2020) and Shao et al. (2020), which found

90



5.6. Comparison between PSDs from aerosol spectrometers and physical samples

a dependency of the PSD on atmospheric stability, or Gonzalez-Flérez et al. (2023) and Dupont (2022),
which did not find it. However, it should be noted that these analyses were restricted to particles < 30 um,
so only that part of my PSD can be directly compared and no direct dependency on stability is visible for
this size range in the J-WADI data. Further investigation is required to fully understand these dynamics.
Moreover, it is important to note that I analyzed dust concentration PSDs rather than fluxes, as done in

these studies.

5.6. Comparison between PSDs from aerosol spectrometers and physical
samples

To confirm the PSDs obtained with aerosol spectrometers (Sect. 5.3), I compared the results with those
derived from physical samples collected using FPS and analyzed by SEM. This comparison allowed me
to evaluate the accuracy of the spectrometers, particularly for larger particle sizes where instrumental
biases, such as inlet efficiencies and optical corrections, might affect the measurements more than for
the FPS. As the diameters from the analysis of the FPS differed in every analysis step and to make them
comparable to the aerosol spectrometer data, the FPS are linearly interpolated and binned into 25 bins
over the full size range of the FPS.

Fig. 5.16 presents the mass of particles deposited per mm? per day, normalized by dlogD from the FPS
and the average across the aerosol spectrometers SANTRI2, Welas, and Fidas at different time steps. The
samples and corresponding time frames are shown in Table 7.2. For comparison with the FPS samples,
the number of particles deposited per unit area and their corresponding particle sizes were determined
from the aerosol spectrometer measurements as outlined in Sect. 4.5 assuming a constant deposition
of vy = 0.0007 ums~! across all size ranges (corresponding to the Stokes settling velocity of particles
with diameter ~2um). The PSDs for different time steps derived from the FPS and aerosol spectrometer
show reasonable agreement (always less than an order of magnitude, mostly less than 20% deviation).
However, the PSDs sometimes differ in the position of the peak which is often at d;, =~ 60um but at
smaller particle sizes for the FPS (e.g. 2022-09-17). In most cases, the peak of the FPS is vague (2022-
09-27) or matches the one of the aerosol spectrometer (e.g., 2022-09-21, 2022-09-24 11:03, 2022-09-26).
Overall, the agreement between the PSDs obtained from different measurement techniques is quite good,
considering the differences in sampling methods and instrument principles. However, discrepancies
between the PSDs may be attributed to factors such as variations in sampling efficiency, changes in
wind conditions, the underlying assumption on shape and orientation on the substrate or limitations in
accurately capturing super-coarse and giant particles with the aerosol spectrometer setup, as discussed
in Sect. 5.4. Despite these differences, the overall trends align well, reinforcing the robustness of the
measurements across different techniques.

In a previous study using the same FPS in a different field experiment (Panta et al., 2023), data from the

Fidas 200S aerosol spectrometer data aligned more closely with the FPS measurements (almost perfectly

91



5. Results

10-8 2022-09-14 13:55:00 2022-09-15 13:55:00 2022-09-16 14:09:00 2022-09-17 15:21:00 2022-09-18 14:01:00 2022-09-19 15:12:00
10-10
10712
~ 10-8 2022-09-21 13:35:00 2022-09-23 12:15:00 2022-09-24 11:03:00 2022-09-25 15:14:00
a
o
D
€
£10°10
o
<
[a) 5
81012
= 7
3 7
g [/ | ‘
10-¢ 2022-09-26 11:34:00 2022-09-27 15:10:00 2022-09-29 11:56:00 2022-09-29 16:01:00 2022-09-30 12:45:00
10—10
10-12 -@ FPS
Aerosol
- spectrometer
100 10 102 10° 10 102 100 10 102 100 10 102 100 10 102

Diameter dj, [um]

Figure 5.16.: Mean aerosol spectrometer mass deposition rates combined from SANTRI2, Welas and Fidas with
the flat-plate sampler (FPS) within the sample time steps shown on top of every subplot and in Table 7.2. Error bars
for FPS represent the statistical 95% confidence interval for dDy/dlogD (1.96 x standard deviation, estimated
according to the Poisson distribution as square roots).

matching, deviation for d, ~ 1.2uym with less than 10 % deviation). However, in Panta et al. (2023),
although the spectrometer measurements were conducted with a Fidas 200S (included in the averaged
aerosol spectrometer data), a smaller size range (d, = 0.2 — 19um) was probed and a lower zoom was
used for the SEM. In the smaller size range, inlet inefficiencies may have a negligible effect, as these
particles are less likely to experience significant losses during sampling. Additionally, the re-binning of
the FPS data in those studies was coarser, which may have reduced the observed differences.

The assumption of a constant deposition velocity to convert the aerosol spectrometer particle concentra-
tions into deposition rates is a simplification that likely has not fully represented the actual deposition
dynamics (Sect. 4.5). Larger particles are typically subject to higher gravitational settling velocities,
whereas smaller particles are more influenced by atmospheric turbulence and Brownian motion. To
evaluate the impact of this assumption, I tested alternative deposition velocity profiles, including those
accounting for size-dependent settling relevant to large particles as described in Adebiyi et al. (2023).
However, the constant deposition velocity provided the best agreement with the deposition patterns ob-
served using the flat-plate samplers (FPS). This outcome may indicate that the rapid removal of large
particles near emission sources, as estimated in Adebiyi et al. (2023), could be even more uncertain than

previously thought, in line with earlier findings (van der Does et al., 2018; Adebiyi and Kok, 2020; Rat-
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Figure 5.17.: "SOURCE" PSDs from different field campaigns within one day after emission from Formenti and
Di Biagio (2024), all normalized at the integral of 1 between 1.58 and 7.1 um before weighting by dlogD. The
mean of PSDs ("MEAN"), where at least two datasets are available in the diameter range, is indicated in black and
the standard deviation in gray. J-WADI results averaged over the entire campaign are shown in dark red, averaged
for periods with active dust emission (u, > u,) in gold and on 29 September, a particularly dusty day, during the
most dusty period (between 9:30 and 17:15) in dark green with shaded areas indicating the standard deviations
across time.

cliffe et al., 2024). As discussed in Sect. 4.1, the assumption that particles attain their terminal settling
velocity may not hold under turbulent flow conditions. Furthermore, the FPS may inherently overesti-
mate the abundance of large particles, since smaller particles—being more coupled to the airflow—are
less likely to be deposited onto the collection surface. This could explain why assuming lower settling
velocities for larger particles improves the agreement with FPS measurements. Nonetheless, a more
refined approach incorporating size-dependent deposition velocities could potentially offer a more ac-
curate representation of particle behavior. Yet, the alignment of the constant-velocity approximation
with the FPS observations raises important questions regarding the underlying deposition processes of

super-coarse and giant particles.

5.7. Comparative analysis of J-WADI data with other field campaigns

To contextualize the findings from the current study, I compared the results with previous research on
mineral dust size distributions. Formenti and Di Biagio (2024) conducted a comprehensive analysis
of mineral dust aerosol size distributions, synthesizing data from more than 50 years of in situ field
observations to create a harmonized dataset. They organized dust size distributions by the stage in the
dust transport life cycle: source (SOURCE, within one day after emission), mid-range transport (MRT,

one to four days of transport), and long-range transport (LRT, more than four days of transport). Here, I
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compare the J-WADI dataset with the Formenti and Di Biagio (2024) SOURCE dataset, acknowledging
that their conversion to geometric diameters was not completely equal to the ones we applied. Most of
the measurements presented in Formenti and Di Biagio (2024) were ground-based and taken at heights
of a few meters above the surface, similar to J-WADI, but the data from Rosenberg et al. (2014) and
Ryder et al. (2013b) are aircraft-based and at heights where smaller concentrations of larger particles are
expected. The compiled campaigns are summarized in Tab. 2.1. It has to be noted that particle diameters
d, > 30um were only covered by the aircraft-based measurements and in none of the ground-based
studies.

Figure 5.17 compares the SOURCE volume concentration PSDs from different field campaigns as com-
piled by Formenti and Di Biagio (2024). The mean for at least two PSDs from the Formenti and Di
Biagio (2024) dataset is indicated in black (MEAN), with the standard deviation in gray. The averaged
J-WADI data over the whole campaign, including dusty periods and non-dusty periods, are shown in dark
red. As an example for dusty conditions, I also present results during daytime (10:00-15:30 UTC) on 29
September 2022, which is depicted in dark green, with shaded areas indicating the standard deviation.
Data for active dust emission (u,; > 0.22ms~!, Sects. 4.3, 5.1) are indicated in gold. The averaged
J-WADI data show reasonable agreement with the averaged SOURCE dataset from Formenti and Di Bi-
agio (2024), demonstrating overall consistency in the general shape of the PSDs. However, differences
are evident: For fine and coarse particles up to around 5 um, the J-WADI PSD exhibits lower values
compared to Formenti and Di Biagio (2024), while for larger particles, the J-WADI PSD is increased and
extends to even larger particle diameters. This behavior becomes more pronounced in the data for active
dust emission and even more in the data from 29 September, where the PSD reveals a distinct enhance-
ment in the super-coarse and giant particle size ranges. In the averaged dataset from Formenti and Di
Biagio (2024) (Fig. 5.17, black line), no clear maximum in the volume concentration PSD is observed.

In contrast, a peak around 60 pum is visible in all three J-WADI datasets.

Table 5.1.: Comparison of volume size distribution percentages across different particle diameter ranges for the
SOURCE dataset from Formenti and Di Biagio (2024) and from J-WADI (this study).

Dataset D<25um 25<D<10pm 10<D<625um D >62.5um
SOURCE (Formenti et al., 2024) 10.8% 34.9% 52.7% 1.6%
J-WADI complete measurement period 1.3% 21.5% 63.9% 13.3%
J-WADI 29 September 2022 0.3% 7.8% 57.4% 34.5%
J-WADI u,. > s 0.7% 13.7% 60.4% 25.2%

Compared to the averaged SOURCE data, the normalized and averaged J-WADI dataset suggests a shift
in the emitted dust size distribution toward coarser particles (Table 5.1). While Formenti and Di Biagio
(2024) reported a fine particle (< 2.5 um) contribution of 10.8%, the J-WADI dataset shows only 1.3%,
indicating a lower proportion of fine particles in the J-WADI measurements. The fraction of 2.5 — 10 um

particles is also smaller during J-WADI (34.9% vs. 21.5%). In contrast, the J-WADI results indicate a
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higher proportion of super-coarse particles (52.7% vs. 63.9%) and much higher fraction of giant particles
(>62.5um; 1.6% vs. 13.3%).

During periods of active dust emission (i.e. for u. > u,), the contributions of fine, coarse, and super-
coarse particles decreased (0.7%, 1.7%, and 60.4%, respectively), whereas the percentage of giant par-
ticles increased to 25.2% (Table 5.1). This behavior is even enhanced on 29 September, a particularly
dusty day, where we found even lower fine and coarse particle fractions (0.3% and 7.8%). With 57.4%,
the contribution of the super-coarse range was also lower on 29 September, but more similar to SOURCE
(52.7%). The giant particle fraction with 34.5% is significantly increased for 29 September in compari-
son to the average J-WADI data (13.3%), J-WADI active dust emission periods (25.2%), and especially
the SOURCE data (1.6%). Overall, dust emission in J-WADI was characterized by a smaller propor-
tion of smaller particles (fine, coarse) and a larger proportion of larger particles (super-coarse and giant)
compared to the reference data.

For u, > u,, and 29 September J-WADI data, I included measurements taken during active dust emission.
These conditions are similar to aircraft campaigns as for the two datasets including d;, > 20 um (Ryder
et al., 2013b; Rosenberg et al., 2014), where they actively targeted dust outflow regions and therefore
tended to sample elevated dust concentrations. On the other hand, the J-WADI campaign was conducted
directly at an emission source, where a higher fraction of super-coarse and giant particles is expected, as
these larger particles are more likely to settle out of the atmosphere before reaching greater height and
distance from the source and may explain the elevated contributions of super-coarse and giant particles
in my averaged data over the whole campaign. This proximity to emission sources in J-WADI may

therefore explain the increased contributions of super-coarse and giant particles in my data.
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6. Conclusions and Outlook

An in-depth understanding of the full size distribution of mineral dust at emission and its behavior dur-
ing atmospheric transport is crucial for an accurate representation in climate models and for assessing
dust impacts on the climate and Earth systems. Large particles remain significantly underrepresented in
models, largely due to an incomplete understanding of their physical behavior. This challenge is further
compounded by the scarcity of observational data, as the measurement of large particles involves con-
siderable technical and conceptual difficulties. With this doctoral thesis, I contributed to advancing our
understanding of the full size distribution of mineral dust at emission, especially in the super-coarse and
giant range, based on measurements from J-WADI, an intensive dust field campaign conducted in Wadi
Rum, Jordan.

The main outcomes obtained in this thesis are outlined in Sect. 6.1 and compared to the objectives
formulated in Chapter 3 (Fig. 6.1). The subsequent Sect. 6.2 discusses potential future research based

on these findings.

6.1. Conclusions

The data collected during J-WADI have provided valuable insights into the size distribution of mineral
dust particles ranging from ~0.4 to 200 um at a desert emission source in Wadi Rum, Jordan (Objective 1,
Chapter 3). This study is the first to encompass such a broad range of particle diameters directly at
the emission source, with a particular emphasis on super-coarse (10 < d,, < 62.5um) and giant (d,, >
62.5 um) particles.

A key feature of this study was the utilization of a diverse set of aerosol spectrometers, including active,
passive, and open-path devices, and their comparison with physical samples from a flat-plate sampler.
The aerosol spectrometers covered different size ranges that were partly complementary to extend the
overall observed size range, and partly overlapping to enable systematic intercomparison and validation.
While agreement in mass concentrations was good for smaller particle sizes, discrepancies arose for
particles with d, > 10um, largely due to differences in measurement principles (e.g., light source and
the illumination of the particles), size ranges (sensitivity limitations), and inlet effects. By applying the
correction and harmonization techniques developed in Chapter 4, data from multiple instruments with
overlapping size ranges could be successfully merged, resulting in coherent and robust PSDs. These
methods include the correction of outliers, especially from the SANTRI2 instruments, the conversion

of all data to a common diameter definition, namely the geometric diameter, systematic bias correction
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Summary of main outcomes aligned with objectives

Objective 1 — Measurement: Successfully measured near-surface dust
concentrations from 0.4-200 pm during J-WADI, capturing the full PSD, in-
cluding super-coarse and giant particles, under varying meteorological condi-
tions.
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Objective 2 — Instrument evaluation: Identified and addressed chal-
lenges in large particle detection due to inlet inefficiencies and sensitivity lim-
its, confirmed through cross-instrument comparison and physical sampling.
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Objective 3 — Harmonization methods: Developed and applied robust
methods to merge overlapping instruments, including outlier correction, di-
ameter conversion, bias adjustment, and rebinning—yielding consistent, reli-
able PSDs.

Objective 4 — Particle occurrence: Super-coarse and giant particles dom-
inated during J-WADI with PSD peaks around 60 um and significant contri- 0
butions of up to ~90% in the super-coarse and giant size range.
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Objective 5 — PSD Variability: Demonstrated that PSD varies strongly
with friction velocity and slightly with atmospheric stability, with highest
large-particle concentrations under neutral and unstable conditions.
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Figure 6.1.: Conclusion and alignment with objectives.

through intercomparison of identical instrument types, and subsequent bin-wise adjustment, harmoniza-
tion of concentration levels by scaling all measurements to a reference instrument, and the development
of a rebinning approach to unify the PSDs across different instruments. This approach offers a trans-
ferable framework for future measurement campaigns to obtain consistent and harmonized particle size
distributions (Objective 3). During J-WADI, a peak in mass concentration PSD during periods of ac-
tive emission was observed at around 60 um (Objective 4), although the detection of larger particles was
likely constrained by inlet inefficiencies (calculated cut-off diameter ~30 um for Welas, compared to
no restrictions for inlet-free SANTRI2s) and instrument insensitivity near the limits of their size ranges
(Objective 2). The results show that during active dust emission events, when the threshold friction ve-
locities (us; = 0.22ms™!) was exceeded, 0.7 % of the mass concentration was found in the fine, 13.7 %
in the coarse, 60.4 % in the super-coarse range and 25.2 % in the giant range during active dust emission.

Data averaged over the whole campaign (including periods of calm winds) showed a significant shift to-
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ward the fine and coarse size fractions (1.3%, 21.5 %, 63.9 % and 13.3 %) with larger proportions in the
super-coarse and giant ranges compared to findings from previous studies as compiled in Formenti and
Di Biagio (2024) (Objective 4). I found that with higher friction velocities (u,) and under (near) unsta-
ble and neutral atmospheric stability conditions, dust concentrations were highest and the abundance of
super-coarse and giant particles was largest (Objective 5). Physical samples collected using a flat-plate
sampler largely confirmed the PSDs derived from aerosol spectrometers.

The results highlight the challenges in accurately quantifying giant particles but also demonstrate strate-
gies to overcome them. Despite these challenges, the results demonstrate a remarkably high abundance
of super-coarse and giant particles in emitted dust. This emphasizes the need to account for the full PSD,
including super-coarse and giant particles, in future studies. By improving our knowledge of the size
distribution and abundance of super-coarse and giant particles directly after their emission, the founda-
tion for unraveling their evolution during atmospheric transport and their broader impacts on the climate
system is laid. Incorporating more accurate PSDs, particularly of super-coarse and giant particles, into
dust models is essential for improving predictions of long-range dust transport, cloud microphysics, and
radiative forcing. These advances will ultimately enable better assessments of the environmental and

climatic impacts of mineral dust.

6.2. Outlook

The work presented in this PhD thesis serves as a basis for future studies aimed at improving our un-
derstanding of the variability and mechanisms driving the full PSD at emission. Based on the insights

gained, the following directions are suggested:

1. Guidelines for measuring the full PSD:

- It is strongly recommended that future campaigns employ multiple instruments with over-
lapping size ranges to ensure full PSD coverage and compensate for limitations inherent to
individual measurement principles, especially when measuring super-coarse and giant parti-
cles. This particle range should not be neglected as this work has shown. The correction and
harmonization methods developed here can serve as a guideline for combining measurements
from different instruments for which intercomparison periods between instruments are essen-
tial. This includes systematic outlier correction and inter-instrument comparison techniques

to derive consistent PSDs across devices regardless of different instrument types.

- For the super-coarse and giant particle range, if possible, inlet-free instruments should be
used as I calculated high sampling losses for those with inlets. When conducting measure-
ments with instruments with inlets, the expected losses should be characterized and, if pos-
sible, corrected. In this work, among the inlet-free instruments, the SANTRI2 emerged as a

promising candidate for measuring super-coarse and giant particles. However, the cause of
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occasional outliers needs further investigation and mitigation, particularly for the two units

excluded from analysis due to an insufficient signal-to-noise ratio.

2. J-WADI dataset in the context of super-coarse and giant particles: The dataset of J-WADI

100

retrieved and harmonized in this study is very valuable as it is the first which measured the full

PSD directly after emission. Further analysis will provide additional information on the behavior

of super-coarse and giant particles during emission and near-surface transport. For this purpose, it

should be further analyzed regarding:

the meteorologic conditions, e.g., wind lidar data or high frequency wind data collected dur-
ing J-WADI to extend the knowledge of the role of turbulence in the super-coarse and giant

particle dynamics.

the shape of particles to gain insights about the influence of shape on the dynamics in every

size range regarding uplift and sustaining of super-coarse and giant particles.

the role of gentle topography could be explored, as one UCASS instrument was mounted on
a meteorological mast on a hill downwind of the main measurement site, where the other two
were positioned at the main site, once the bin classification of the UCASSs is clarified (Sect.

4.4.7).

the inclusion of a more realistic particle shape, i.e., triaxial (in this study biaxial), once
databases for giant particles are available for the conversion from optical to geometric di-
ameter. This helps to decrease uncertainties in the harmonization of PSDs of different mea-

surement principles, i.e., different diameter types.

inlet and flow characterization. Both for inlets and open-path instruments, better character-
ization of flow dynamics is essential. Since the inlet efficiency calculations applied in this
study appear to underestimate particle transmission for d, > 30 um, numerical simulations
should be conducted to better quantify these effects. Numerical simulations should be used
to understand and correct particle losses and discrepancies between sampled and measured
aerosol concentrations. Additional research is needed to better understand the influence of
flat-plate sampler flow dynamics on the measured PSDs, especially for capturing the largest
particles, and to refine techniques for comparing flat-plate sampler results with those from

optical spectrometers.

emission fluxes for the full size distribution of mineral dust by calculating them from PSDs
in different heights. However, for these calculations, alternative approaches beyond the flux-
gradient or eddy-covariance methods need to be developed, as both methods have limitations

when applied to the super-coarse and giant particle size ranges.
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3. Further harmonizing PSDs across studies: There is a need to unify concentrations and di-
ameter conversions from the measurements of distinct instruments to make results from different
campaigns comparable across aerosol spectrometer and also physical samples to enhance compa-
rability and reduce interpretation errors. Future research should focus on a better characterization
of (1) particle shape and (2) refractive index for different size ranges of the PSD, especially super-
coarse and giant particles from different source regions, to refine the conversion between varying
equivalent diameters (e.g., geometric, aerodynamic, and projected area). This would enable a

better comparison across studies and a deeper understanding of the full PSD.

4. Modeling applications: The comprehensive PSD dataset collected during J-WADI should be uti-
lized to evaluate and improve dust emission and transport parameterizations in atmospheric mod-
els, with an emphasis on better representing the super-coarse and giant particle size ranges. This
lays the foundation for decreasing uncertainties regarding mineral dust impacts in atmospheric

models.
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7. Appendix

7.1. Selection of measurements in different stages of the mineral dust
cycle

Table 7.1 provides an overview of selected field measurements in which the particle size distribution
(PSD) of mineral dust was retrieved.

Table 7.1.: Selection of measurements in different stages of the mineral dust cycle: emission, transport, and depo-
sition. The dataset was compiled by Formenti and Di Biagio (2024).

Citation Campaign Device(s) Used Diameter Type Size Range Location
(tm)
Gillette et al. | - Impactors Projected-area 1-20 Texas, Nebraska
(1972, 1974);, (Ground-based)
Gillette (1974)
Schiitz et al. (1981) | - Microscopy Projected-area - Atlantic Ocean
(Ship-based)
d’Almeida (1987) - Microscopy Projected-area - Senegal, Mali,
Niger (Ground-
based)
de Reus et al. | ACE-2 DMPS + OPC Geometrical 0.02-31 Canary Islands
(2000) (Airborne)
Maring et al. (2000) | - SMPS + APS Geometrical 0.013-15 Tenerife (Ground-
based)
Formenti et al. | CLAIRE-98 Cascade  im-  Aerodynamic 0.045-8.5 Brazil  (Ground-
(2001) pactor based)
Bates et al. (2002) INDOEX DMPS + APS Geometrical 0.02-7 Indian Ocean
(Ground-based)
Maring et al. (2003) | PRIDE SMPS + APS Geometrical 0.013-15 Puerto Rico
(Ground-based)
Reid et al. (2003a) PRIDE Microscopy Projected-area Up to 20 Puerto Rico (Air-
borne)
Reid et al. (2003b) PRIDE Cascade im- Geometrical, Up to 22 Puerto Rico
pactor, OPC Optical (Ground-based,
Airborne)
Clarke et al. (2004) | ACE-Asia, OPC Optical 0.1-10 Sea of Japan (Air-
TRACE-P borne)
Fratini et al. (2007) | - OPC Geometrical 0.35-9.5 Gobi Desert
(Ground-based)
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Kobayashi et al.
(2007)
Otto et al. (2007)

Chou et al. (2008)

McConnell et al.
(2008)
Osborne et al.
(2008)
Rajot et al. (2008)

Reid et al. (2008)
Sow et al. (2009)
Wagner et al
(2009)

Weinzierl et al.
(2009)

Miiller et al. (2010)

Chen et al. (2011)

Formenti et al.

(2011)

Johnson and Os-
borne (2011)
Kandler et al
(2011)

Shao et al. (2011a)

Weinzierl et al.
(2011)
Jung et al. (2013)

Ryder et al.
(2013a,b)
Rosenberg et al.
(2014)

Meloni et al. (2015)

Denjean et al.
(2016b)

ACE-2

AMMA/DABEX

DODO

AMMA/DABEX

AMMA

UAE2

DAPRO
MUM)
SAMUMI1
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RHaMBLe
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FENNEC
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Dust-ATTACk

Coulter Multi-

sizer

DMA + OPC

Microscopy

OPCs

OPC

OpPC

APS

OPC

OPC

OPCs + CPCs

SMPS + APS

USHAS + APS

OpPC

OPCs

DMPS + APS +

Microscopy

OPC

OPCs

OPC

OPC + OAP

OPC + OAP

OPC

SMPS + OPC

Geometrical

Optical

Projected-area

Optical

Optical

Optical

Aerodynamic

Optical

Geometrical

Geometrical

Geometrical

Geometrical

Geometrical

Geometrical

Projected-area

Geometrical

Geometrical

Optical

Geometrical

Geometrical

Optical

Geometrical

0.4-12

0.02-31

0.01-10

Up to 40

0.1-10

Up to 30

Upto 15

>0.3

0.01-35

0.1-50

0.01-10

0.07-5

0.1-9

0.1-60

0.04-500

0.3-8.4

0.1-30

0.1-2.5

0.1-100

0.5-300

0.3-20

0.011-32

Japan (Ground-
based)

Canary Islands
(Airborne)

West Africa, Sahel
(Airborne)

Senegal (Airborne)

Sahel (Airborne)

Niger (Ground-
based)

UAE (Ground-
based)

Niger (Ground-
based)

Portugal (Airborne)
Morocco (Air-
borne)

Cape Verde
(Ground-based)
Tropical  Atlantic
(Airborne)

Niger (Airborne)
Western Sahara
(Airborne)

Cape Verde

(Ground-based)
Australia (Ground-
based)

Cape Verde (Air-

borne)

Barbados (Air-
borne)

Western Africa
(Airborne)

Western Africa
(Airborne)
Lampedusa, Italy
(Airborne)

Puerto Rico

(Ground-based)



7.2. PSD assuming triaxial ellipsoid

Denjean et al. | ChArMEx/ SMPS + OPCs  Geometrical 0.01-12 Mediterranean
(2016a) ADRIMED Basin (Airborne)
Struckmeier et al. | DIAPASON APS Aerodynamic 0.5-20 Rome, Italy
(2016) (Ground-based)
Weinzierl et al. | SALTRACE OPCs Geometrical 0.06-50 Atlantic Ocean
(2017) (Airborne)
Moran Zuloaga et | GoAmazon OopPC Optical 0.3-10 ATTO, Brazil
al. (2018) (Ground-based)
Renard et al. (2018) | ChArMEx OPC Optical - Mediterranean
Basin (Airborne)
Ryder et al. (2018) AER-D OPC + CIP Geometrical 0.1-100 Cape Verde (Air-
borne)
Huang et al. (2019) | - OPC Geometrical 0.49-7 California, USA
(Ground-based)
Khalfallah et al. | WIND-O-V’s OPC Geometrical - Tunisia  (Ground-
(2020) based)
Gonzélez-Flérez FRAGMENT OPC Geometrical 0.2-19.1 Moroccan  Sahara
et al. (2023) (Ground-based)

7.2. PSD assuming triaxial ellipsoid

Here, I present the same figures as in Section 5 but instead of biaxial ellipsoid particles, I assumed
triaxial ellipsoids for the transformation to geometric diameters. The overall results remain the same
but especially the peak of the PSDs shifted to S0um (~60 um for biaxial ellipsoids) and the shape of the
PSDs differs slightly.
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Figure 7.1.: (a) Variability of mass concentration PSD with u, deduced from SANTRI2, Welas and Fidas assuming
triaxial particles over the whole campaign time. Colors indicate u, during the 15-min averaging time period
corresponding to the PSDs. Shaded areas depict the standard error of PSDs within each class across different time
steps, and the black dashed line the mean of all PSD. Numbers in parentheses indicate the number of 15-min PSDs
taken into account in each u, range. Dashed lines indicate the size ranges of the dust size classifications (Adebiyi
et al., 2023). (b) Same as (a) but normalized to unity in each time interval.
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Figure 7.2.: (a) Variability of mass concentration PSD deduced from SANTRI2, Welas and Fidas assuming triaxial

particles over the whole campaign time with atmospheric stability. The colors indicate different stability ranges
and shaded areas the standard error of PSDs within each class across different time steps, and the black line
the mean of all PSD. Numbers in parentheses indicate the number of PSDs available within each stability class.
Dashed lines indicate the size ranges of the dust size classifications (Adebiyi et al., 2023). (b) Same as (a) but
normalized to unity in each time interval.
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7.2. PSD assuming triaxial ellipsoid
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Figure 7.3.: Mass concentration deduced from SANTRI2, Welas and Fidas assuming triaxial ellipsoids over the
whole campaign time over u,. The colors indicate the different stability regimes in terms of z/L for (a) total, (b)
fine, (c) coarse, (d) super-coarse, and (e) giant dust mass concentration.
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7.3. PSD and heat flux

7.3. PSD and heat flux

Figure 7.6 illustrates the influence of heat flux on the shape of the PSDs. While no clear trend is observed
overall, higher heat fluxes appear to slightly enhance the presence of particles in the 20-60um size range.

It is worth noting that for heat fluxes > 200 Wm ™2 few data were recorded.
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Figure 7.6.: (a) Variability of mass concentration PSD with heat flux deduced from SANTRI2, Welas and Fidas
assuming triaxial particles over the whole campaign time. Colors indicate heat flux during the 15-min averaging
time period corresponding to the PSDs. Shaded areas depict the standard error of PSDs within each class across
different time steps, and the black dashed line the mean of all PSD. Numbers in parentheses indicate the number
of 15-min PSDs taken into account in each heat flux range. Dashed lines indicate the size ranges of the dust size
classifications (Adebiyi et al., 2023). (b) Same as (a) but normalized to unity in each time interval.

7.4. Time step information on the sampling periods of the FPS samples

The table below shows the sample time for each FPS sample as collected in the field. The corresponding

mass deposition fluxes are shown in Figure 5.16.

Table 7.2.: Time step information on the sampling periods of the FPS samples.

sample code  start timecode (UTC)  stop timecode (UTC) | sample code start timecode (UTC)  stop timecode (UTC)
WRS_01 12.09.2022 13:55 13.09.2022 13:55 WRS_12 24.09.2022 11:03 24.09.2022 15:36
WRS_02 13.09.2022 13:55 14.09.2022 13:55 WRS_13 24.09.2022 15:36 25.09.2022 15:14
WRS_03 14.09.2022 13:55 15.09.2022 13:55 WRS_14 25.09.2022 15:14 26.09.2022 11:32
WRS_04 15.09.2022 13:55 16.09.2022 14:09 WRS_15 26.09.2022 11:34 27.09.2022 15:02
WRS_05 16.09.2022 14:09 17.09.2022 15:21 WRS_16 27.09.2022 15:10 28.09.2022 14:15
WRS_06 17.09.2022 15:21 18.09.2022 14:01 WRS_17 28.09.2022 14:15 29.09.2022 11:56
WRS_07 18.09.2022 14:01 19.09.2022 15:12 WRS_18 29.09.2022 11:56 29.09.2022 16:01
WRS_08 19.09.2022 15:12 20.09.2022 15:34 WRS_19 29.09.2022 16:01 30.09.2022 12:45
WRS_09 20.09.2022 15:34 21.09.2022 13:35 WRS_20 30.09.2022 12:45 01.10.2022 15:54
WRS_10 21.09.2022 13:35 23.09.2022 12:15 WRS_21 01.10.2022 15:54 02.10.2022 15:23
WRS_11 23.09.2022 12:15 24.09.2022 11:03
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