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Abstract

The spatial distribution of aerosol particles is of great relevance for air pollution caused by an-

thropogenic aerosol emissions but also for global climate by changing the radiative forcing either

directly or via aerosol cloud interaction. Hence it is essential to study the spatial-temporal distri-

bution of aerosol particles and the processes (e.g. sources, sinks, and transport) leading to these

distributions. Currently, it is still difficult to obtain high-resolution and quantitative aerosol dis-

tributions due to instrumental limitations. However, scanning aerosol lidars have the capability

to measure three dimensional aerosol distributions and to reduce retrieval uncertainties compared

with traditional vertically pointing lidars. Hence, the scanning aerosol lidar used in this disserta-

tion allowed me to determine high-resolution and quantitative aerosol distributions. These lidar

data together with other measurements aid to better understand aerosol-boundary-layer interaction

as well as aerosol-cloud interaction.

To investigate the spatial-temporal distribution and properties of aerosols as well as boundary layer

dynamics, a comprehensive data set including remote sensing methods, in-situ measurements at

ground level as well as on an Unmanned Aerial Vehicle (UAV) and on a balloon were collected and

analyzed. Furthermore, these observational data can be used to validate results from the large eddy

simulation (LES) model, PALM-4U, simulating the evolution of boundary layer and urban aerosol

in the city of Stuttgart as well as the transport model ICON-ART simulating the regional transport

of Saharan dust.

Firstly, I developed a new method to retrieve lidar ratios based on scanning elastic lidar measure-

ments, which could significantly reduce the uncertainties compared to traditional elastic lidar re-

trievals. The newly proposed method was applied in one Saharan dust case and the retrieved lidar

ratio is consistent with that retrieved by the Raman retrieval method. In addition, the scanning lidar

retrievals were validated by comparison with in-situmeasurements at ground level, on UAV flights

in and above the boundary layer, and on a balloon flight up to the stratosphere. The good agreement

between scanning lidar retrievals with the newly developed software and the single calculus chain

reference software as well as the in-situmeasurements is a clear indicator of the high quality of the

measured data and the retrieval method.

Secondly, I characterized the dynamics of the urban boundary layer and the air quality in the urban
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Abstract Abstract

background of Stuttgart by comparison of scanning lidar results with those from a Doppler wind

lidar, a radiometer, radiosonde measurements, and a collection of ground level in-situ methods in-

cluding aerosol particle sizers, meteorological sensors, and an aerosol mass spectrometer (AMS).

The boundary layer structure retrieved by the scanning aerosol lidar shows good agreement with

radiosonde analysis with a slope and a Pearson correlation coefficient of 1.102± 0.135 and 0.860,

respectively. The ground-level aerosol concentrations correlated with mixing layer heights but

were anti-correlated with nocturnal boundary layer heights. Stagnating atmospheric conditions

with temperature inversion, low wind speed, and a shallow boundary layer caused an accumulation

of ground-level aerosols, which is one main reason for severe air pollution events in cities like

Stuttgart especially in winter. In a case study I could show, that clouds during a previous night

can accelerate growth of the boundary layer after sunrise by changing the thermal structure of the

nocturnal boundary layer. In addition, I am going to use the observational data to validate the large

eddy simulation model, PALM-4U, simulating the evolution of the boundary layer and the spatial-

temporal distribution of aerosols in Stuttgart with a spatial resolution of 10 m.

Thirdly, I investigated the evolution and properties of Saharan dust plumes by combining remote

sensing methods (aerosol lidar, sun photometer), in-situ measurements (aerosol sizer), and the

transport model ICON-ART for four different Saharan dust cases in western Europe. Compared

to the remote sensing measurements, the transport model predicts the plume arrival times (± 20

min), layer heights (± 50 m), and structures quite well. Only for one case significant differences

in dust layer heights were observed. The modeled dust backscatter coefficients assuming non-

spherical dust particles show a quantitative agreement with lidar retrievals for a wavelength of 355

nm. Furthermore, I found first indications that Saharan dust plumes can have an inhibiting effect

on precipitation.

In summary, I investigated the boundary layer dynamics and spatial-temporal distributions of aerosol

particles by employing mainly a scanning aerosol lidar in this dissertation. The additional infor-

mation obtained from spatial aerosol lidar scans allowed me to investigate aerosol properties and

the evolution of the atmospheric boundary layer in urban and rural locations in winter and summer,

respectively. This work provides new insights in the application of a scanning aerosol lidar, its

data quality, dynamics of the planetary boundary layer, the quality of the models ICON-ART and

potentially PALM-4U, as well as aerosol distributions and their impact on air quality, weather, and

climate.
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Zusanmenfassung

Die räumliche Verteilung von Aerosolpartikeln hat großen Einfluss auf die Luftverschmutzung

durch anthropogene Emissionen aber auch auf das globale Klima, indem der Strahlungsantrieb

entweder direkt oder über Aerosol-Wolken-Wechselwirkung verändert wird. Daher ist es uner-

lässlich, die räumlich-zeitliche Verteilung von Aerosolpartikeln und die Prozesse, die zu diesen

Verteilungen führen (z. B. Quellen, Senken und Transport), zu untersuchen. Derzeit ist es auf-

grund instrumenteller Einschränkungen noch schwierig, hochauflösende und quantitative Aero-

solverteilungen zu erhalten. Schwenkbare Aerosol-Lidare sind jedoch in der Lage, dreidimension-

ale Aerosolverteilungen zu messen und Auswerteunsicherheiten im Vergleich zu herkömmlichen,

vertikal ausgerichteten Lidaren zu verringern. Das in dieser Dissertation verwendete schwenkbare

Aerosol-Lidar ermöglichte es mir daher, hochaufgelöste und quantitative Aerosolverteilungen zu

bestimmen. Diese Lidardaten helfen zusammen mit anderen Messungen, Aerosol-Grenzschicht-

Wechselwirkungen sowie Aerosol-Wolken-Wechselwirkungen besser zu verstehen.

Zur Untersuchung der räumlich-zeitlichen Verteilung und Eigenschaften von Aerosolen sowie der

Grenzschichtdynamik wurde ein umfangreicher Datensatz mit Fernerkundungsmethoden, in-situ-

Messungen in Bodennähe sowiemit Drohnenflügen (UAV) und auf Ballons gesammelt und analysiert

. Darüber hinaus habe ich diese Beobachtungsdaten verwendet um zwei Transportmodelle zu va-

lidieren. Das LES-Model PALM-4U, das die Entwicklung der Grenzschicht und des städtischen

Aerosols in der Stadt Stuttgart simuliert und das Transportmodell ICON-ART, das den überre-

gionalen Transport von Saharastaub beschreibt.

Zunächst habe ich eine neue Methode entwickelt, um Lidar-Verhältnisse auf der Grundlage von

Lidar-Messungen unter mindestens zwei verschieden Winkel abzuleiten, was die Unsicherheiten

gegenüber traditionellen Methoden erheblich verringern könnte. Die neu vorgeschlagene Methode

wurde für eine Saharastaubwolke angewendet und das abgeleitete Lidar-Verhältnis stimmt mit dem

überein, das durch die klassische Raman-Methode erhalten wurde. Darüber hinaus habe ich die Li-

darauswertung durch Vergleich mit in-situ-Messungen auf Bodenhöhe, bei Drohnenflügen in und

über der Grenzschicht, sowie auf einem Ballonflug in die Stratosphäre validiert. Die gute Übere-

instimmung zwischen Auswertungen mit der neu entwickelten Software und der Single-Calculus-

Chain-Referenzsoftware sowie den in-situ-Messungen ist ein klarer Indikator für die hohe Qualität
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der Lidar-Messdaten und der verwendeten Methodik.

Zweitens wurde die Dynamik der städtischen Grenzschicht und die Luftqualität im städtischen Hin-

tergrund von Stuttgart charakterisiert. Dazu habe ich Daten des schwenkbaren Lidars mit einem

Doppler-Wind-Lidar, einem Radiometer, Radiosonden sowie einer Sammlung von bodennahen in-

situ-Methoden (Größenverteilungen, Meteorologische Parameter, Aerosolzusammensetzung) ver-

glichen. Die vom schwenkbaren Aerosol-Lidar gemessene Grenzschichtstruktur zeigt eine gute

Übereinstimmung mit der Radiosondenanalyse mit einer Steigung der Korrelation von 1,102 ±

0,135 und einem Pearson-Korrelationskoeffizienten von 0,860. Die bodennahen Aerosolkonzen-

trationen korrelieren dabeimit denMischungschichthöhen, aber sind antikorreliert mit den nächtlichen

Grenzschichthöhen. Stagnierende atmosphärischeBedingungenmit Temperaturinversion, geringer

Windgeschwindigkeit und einer flachen Grenzschicht führten zu einer Ansammlung von boden-

nahen Aerosolen insbesondere im Winter. Dies ist einer der Hauptgründe für die hohe Luftver-

schmutzung in Städten wie Stuttgart. In einer Fallstudie konnte ich zeigen, dass Wolken in einer

vorangegangenen Nacht das Wachstum der Grenzschicht nach Sonnenaufgang beschleunigen kön-

nen, indem sie die thermische Struktur der nächtlichen Grenzschicht verändern. Darüber hinaus

verwende ich die Beobachtungsdaten zur Validierung des Large-Eddy-Simulationsmodells PALM-

4U, dass die Entwicklung der Grenzschicht und die räumlich-zeitliche Verteilung von Aerosolen

in diesem Stadtgebiet mit einer räumlichen Auflösung von 10 m simuliert.

Drittens habe ich die Entwicklung und die Eigenschaften einer Saharastaubwolke untersucht, wobei

Fernerkundungsmethoden (Aerosol-Lidar, Sonnenphotometer), in-situ-Messungen (Aerosolgrößen-

verteilungen) und das Transportmodell ICON-ART für vier verschiedene Saharastaubfälle in Wes-

teuropa kombiniert wurden. Im Vergleich zu den Fernerkundungsmessungen sagt das Transport-

modell die Ankunftszeiten der Wolke (± 20 min), ihre Schichthöhen (± 50 m) und Strukturen

für drei Fälle recht gut voraus, während für einen Fall signifikante Unterschiede in der Staub-

schichthöhe beobachtet wurden. Die modellierten Rückstreukoeffizienten des Staubs zeigen unter

der Annahme von nicht kugelförmigen Staubpartikeln eine gute Übereinstimmung mit Lidardaten

für eine Wellenlänge von 355 nm. Außerdem fand ich erste Hinweise darauf, dass Saharastaubfah-

nen niederschlagshemmend wirken können.

Ich habe in dieser Dissertation die Grenzschichtdynamik und die räumlich-zeitlichen Verteilungen

von Aerosolpartikeln hauptsächlich unter Verwendung eines schwenkbaren Aerosol-Lidars unter-

sucht. Die Informationen zu den räumlich-zeitlichen Aerosolverteilungen ermöglichten es mir,
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Aerosoleigenschaften und die Entwicklung der atmosphärischen Grenzschicht in städtischen und

ländlichen Gebieten im Winter bzw. Sommer zu untersuchen. Diese Arbeit liefert neue Einblicke

in die Anwendung des schwenkbaren Aerosol-Lidars, in die Qualität seiner Daten, in die Dynamik

der bodennahen Grenzschicht, in die Qualität der Modelle ICON-ART und zukünftig PALM-4U,

sowie zu Aerosolverteilung und deren Auswirkungen auf Luftqualität, Wetter und Klima.
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1 Introduction

Aerosols are particles or liquid droplets suspended in the air (Lohmann & Feichter 2005) and com-

prise both, the gas and condensed phase components. The global and regional distributions of

aerosols are of great concern as it affects visibility, air quality, cloud formation, atmospheric radia-

tive transfer (Guo et al. 2009, Li et al. 2016, Chan & Yao 2008), and it also has discernible adverse

effects on human health (Asadi et al. 2019, Leung 2021, Port et al. 2022).

The impact of aerosols on global radiative forcing and clouds are among the largest uncertainties

in predicting climate change according to the Intergovernmental Panel on Climate Change (IPCC)

report (Pörtner et al. 2022) as shown in Figure 1.1. This figure also shows that aerosol can af-

fect climate in two ways: direct effect and indirect effect (Levy et al. 2013, Takemura et al. 2005,

Stocker 2014, Ramanathan et al. 2001, Ackerman et al. 2004, Stocker 2014, Guo et al. 2017, Kiehl

& Briegleb 1993). The direct effect refers the aerosol change of radiative forcing through scatter-

ing and absorption of sunlight and terrestrial emissions (Hatzianastassiou et al. 2007, Hong et al.

2020). Indirect effect means that aerosol particles can participate in cloud formation as Cloud Con-

densation Nuclei (CCN) and Ice Nucleating Particles (INP) and thus can influence cloud cover but

also cloud properties to interact with solar or terrestrial radiation. (Ansmann et al. 2008, Su et al.

2008, DeMott et al. 2015, Möhler et al. 2021, Brunner et al. 2021b, Niemand et al. 2012, Min et al.

2009, Karydis et al. 2017).

There is a large uncertainty in aerosol radiative forcing due to the large variation of aerosol distribu-

tions and optical properties (Zhao et al. 2010, Alam et al. 2011). Aerosol particles can be distributed

unevenly in both vertical and horizontal scales (Wei et al. 2019). In addition, the distinct value of

optical parameters (e.g. scattering and absorption coefficient, albedo etc.) for different kinds of

aerosol particles significantly affect the radiative forcing. Hence, collecting accurate data regard-

ing aerosol particle distributions and optical properties as well as achieving a better understanding

of the roles in which aerosols participate is thus crucial for understanding their effects on earth’s

climate.
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1. Introduction 1.1. Planetary boundary layer and urban air quality

Figure 1.1: Global average radiative forcing estimates and ranges for aerosols and other important
agents and mechanisms (Pörtner et al. 2022).

1.1 Planetary boundary layer and urban air quality

1.1.1 Planetary boundary layer and its interaction with aerosols

The Boundary Layer Height (BLH) is generally about 1 - 2 km (10% - 20% of the troposphere)

from the surface, but can in extrem cases vary from 10 m to 4 km or more (Stull 1988). It is the

main layer for human beings and the whole biosphere. The boundary layer greatly affects the en-

tire atmospheric system, determining the exchange of heat, moisture, and momentum between the

earth’s surface and the free troposphere (Garratt 1994, Medeiros et al. 2005). The fundamental def-

inition of boundary layer (normally refer to Nocturnal Boundary Layer (NBL), also called Stable

Boundary Layer (SBL) specifically, has traditionally been turbulence based - the boundary layer is

a turbulent layer adjacent to the earth’s surface layer (Stull 1988). The top of the boundary layer is

the boundary to the free troposphere where the mixing is comparatively less.
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The boundary layer is not static but instead changes dramatically during the course of the day

(Bianco et al. 2011). The structure of the boundary layer and its evolution is illustrated in Figure

1.2. The boundary layer consists of a mixed layer that is stirred by solar heating of the surface and

convection of warm moist air that pops up sporadically from place to place and time-to-time, and,

as a result, mixes the air within the boundary layer (Ferrero et al. 2012, Wiegner et al. 2006). This

convective stirring takes about ten to twenty minutes to go from bottom to top. As the air bubbles

up, it mixes with the air surrounding it and with the air from the free troposphere at the top, thus

creating an entrainment zone, which is where also clouds can form (Liu et al. 2021, Vraciu 2021).

Figure 1.2: Left: Diurnal evolution of the atmospheric boundary layer and the related meteoro-
logical background. The black region is the stable (nocturnal) boundary layer (Stull 1988). Right:
Industrial smoke from two coal fired power plants in Karlsruhe was dissipating in a cone-shape
plume within the boundary layer (Photo by Hengheng Zhang).

After sunset, the solar heating of the surface and the convection and associated turbulent eddies

cease (Pino et al. 2006, Tkachenko et al. 2021). Air from the surface no longer mixes with air

throughout the Convective Boundary Layer (CBL), and the air that was mixed during daytime

stays above the much lower nighttime SBL in a layer called the residual layer (Fochesatto et al.

2001, Blay-Carreras et al. 2014, Ma et al. 2022). Any gaseous or particle emissions from the sur-

face are mixed within this SBL. Because convection ceases at night, the winds in the residual layer

are no longer affected by the friction caused by convection and are accelerated in the presence of

a horizontal pressure gradient. So, the residual layer winds are accelerated, blowing harder across

the top of the more stagnant SBL and a shear develops (Tjernström et al. 2009). This shearing is

unstable and creates turbulence that mixes the boundary layer air and the residual layer air near the

interface, so the SBL grows a little during the night (Kim & Mahrt 1992).
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In the morning, the sun reheats the surface and starts driving convection and mixing again. This

convection bubbles up, bumping into and entraining air from the residual layer. As the solar heat-

ing increases, the convection has more energy and can rise higher and entrain more air from the

residual layer. Eventually, the air driven by convection reaches its maximum energy level, and this

maximum energy limits how high the boundary layer will grow into the stable free troposphere

above it (Kaimal et al. 1976).

Figure 1.3: A schematic figure showing the aerosol-boundary-layer feedback loop for the scenarios
without (left) and with (right) black carbon (BC) emissions in a megacity. The black lines give air
temperature profiles (solid, dotted lines and dash-dotted for the scenarios with BC,without aerosols,
and with aerosols except for BC, respectively). The yellow dashed lines with arrows denote the
reflection of solar radiation by the ground surface, clouds, and aerosols. The red arrows show
absorption of solar radiation by absorbing aerosols. The blue dash-dotted line indicates the top of
the PBL. White arrows shows the vertical ventilation of urban plumes induced by circulations or
large eddies induced by the urban heat island effect. (From Ding et al. (2016))

The boundary layer and aerosol particles can influence each other through aerosol-boundary-layer-

interaction (Huang et al. 2020, Li et al. 2017a, Ding et al. 2021). The aerosol-boundary-layer-
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interaction is depicted in Figure 1.3 and can be explained in two aspects: Firstly, the aerosol distri-

bution and concentration within the boundary layer is affected by the BLH because of dilution for

an expanding boundary layer but partally also a concentrating for a shrinking BLH (Pal et al. 2014,

Miao et al. 2019, Lee et al. 2019). Secondly, absorbing aerosol particles like Black Carbon (BC)

within the boundary layer can absorb sunlight and further enhance a temperature inversion. This

enhancement of temperature inversion would cause a stable and shallow boundary layer and a

lower BLH. This shallow boundary layer would induce the accumulation of aerosols at ground

level again. This is a so-called positive feedback mechanism (Petäjä et al. 2016, Li et al. 2017b,

Liu et al. 2018). To conclude, the boundary layer structure affects the aerosol concentration and

distribution while the distribution and composition of these aerosols also has a feedback effect on

the boundary layer by changing the thermodynamics of the boundary layer.

1.1.2 Urban air quality

Urban air quality has become a significant problem especially for certain megacities because of ur-

ban air pollution events which occurred in recent years (Shen et al. 2021, Li et al. 2018). According

to the World Health Organization (WHO), each year air pollution is responsible for nearly seven

million deaths around the globe. Nine out of ten human beings currently breathe air that exceeds

the WHO’s guideline limits for pollutants, with those living in low- and middle-income countries

suffering the most (Fuller et al. 2022). Air pollution is a significant risk factor for a number of

pollution-related diseases, including respiratory infections, heart disease, Chronic Obstructive Pul-

monary Disease (COPD), stroke, and lung cancer (WHO 2014).

Air pollution results from a complex mixture of thousands of pollutants. This mixture may include

solid and liquid particles suspended in the air (particulate matter (PM)), and various gases such

as ozone (O3), nitrogen oxides (NO2 or NOx), volatile organic compounds (VOCs), and carbon

monoxide (CO) (Bell et al. 2009, Peng et al. 2009). Aerosol particle pollution in a city is com-

monly quantified by two parameters: PM2.5 (particle matter less than 2.5 µm) and PM10 (particle

matter less than 10 µm). The reason for choosing these two parameters is that aerosol size distri-

butions are characterized by 3 modes: fine mode (d < 2.5 µm) and coarse mode (d > 2.5 µm); the

fine mode is further divided in the nuclei mode (about 0.005 µm < d < 0.1 µm) and accumulation

mode (0.1 µm < d < 2.5 µm).

The aerosol concentration in a city is determined by the sources, sinks and transport of aerosol in
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this region (Salma & Maenhaut 2006, Guo et al. 2014). With respect to their emission sources,

the aerosols can be grouped into biogenic and anthropogenic aerosols (KULMALA et al. 2001,

Lei et al. 2011, Samset et al. 2018) with anthropogenic aerosols only accounting for 10% of total

aerosols (Taylor et al. 2013). Though less abundant than natural forms, anthropogenic aerosols can

dominate the air downwind of urban and industrial areas (Heald et al. 2006, Äijälä et al. 2017). In

addition, the anthropogenic aerosols emitted from smokestacks, car exhausts, wildfires, and even

clothes dryers have increased rapidly, largely in step with greenhouse gases responsible for climate

change (Charlson et al. 1992, Fiedler et al. 2019). Their sinks are related to meteorological condi-

tions like wind speed, BLH, and dry and wet deposition. Normally, a high wind speed provided a

good opportunity for aerosol dilution while a low wind speed will favor accumulation of aerosols.

The impact of the boundary layer on the urban aerosol concentrations is due to the changing volume

of the boundary layer (Nilsson et al. 2001). The product of boundary layer and wind speed is the

ventilation coefficient, which determines the aerosol dissipation ratio on the local scale (Lu et al.

2012, Genc et al. 2010). The photo on the right side of Figure 1.2 well illustrates the disipitation

of the industrial plume, which shows that this plume had a cone shape within the boundary layer.

1.2 Saharan dust sources and transport

Saharan dust is an aeolian mineral dust from the Sahara desert, the largest hot desert in the world.

The desert spans just over 9 million square kilometers, from the Atlantic Ocean to the Red Sea,

from the Mediterranean sea to the Niger River valley, and the Sudan region in the south (Cook

& Vizy 2015). The Saharan desert is the largest source of aeolian dust in the world, with annual

production rates of about 400 - 700 x 106 tons/year, which is almost half of all aeolian dust inputs

to the oceans (Middleton & Goudie 2001). Saharan dust is mainly produced by natural processes

such as wind storms and doesn’t appear to be heavily impacted by human activities (Kandler et al.

2007).

Saharan dust has been found to be transported in the free troposphere of long distances reach-

ing e.g.the Amazon basin, middel and north america, Europe (Guerzoni & Chester 1996), Japan

(Tanaka et al. 2005), and other regions. Figure 1.4 shows a massive Saharan dust storm engulf-

ing western Europe observed by satellite on 16th, March 2022, which illustrates that Storm Celia

has carried dust from North Africa to Europe, affecting air quality in a number of countries in-

cluding France, Spain, Portugal, and Germany. The dust supplied to the North Atlantic and the
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Mediterranean (Guerzoni & Rampazzo 1993) brings limiting nutrients (e.g. iron) that help to boost

primary biogenic production. For the Amazon basin, which is limited in phosphorus in much of

the soil, Saharan dust is a main source of phosphorus. This dust has also impacted ecosystems

in the southeastern United States and the Caribbean by supplying limiting nutrients, and in some

cases promoting soil development on land (Guerzoni & Rampazzo 1993). Saharan dust has even

been found on glaciers and studied to examine atmospheric circulation Aarons et al. (2013). Sa-

haran dust can cause respiratory difficulties for humans Korenyi-Both et al. (1992), Garrison et al.

(2006) and other adverse health conditions especially during dust storms (Goudie 2014).

Figure 1.4: Massive Saharan dust storm engulfing western Europe observed by satellite (European
Union, Copernicus Sentinel-3 imagery) on 16th, March 2022. Insert: A photo of orange sky during
this Saharan dust storm taken in Karlsruhe (Photo by Dr. Harald Saathoff).

The diameter of Saharan dust particles range from 100 nm to 50 µm and most of the particles ob-

tain increasing coatings by sulfates or nitrates during their atmospheric transport (Kandler et al.

2007). Typically, Saharan dust particles in the size range of 1-5 µm dominate those transported

over longer distances. In the atmosphere, these particles can deflect sunlight back into space, par-

ticipate in cloud formation and redistribute solar energy over the globe. The albedo of all Saharan
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samples varied between 0.945 and 0.955. Values close to 1 indicate that these particles are highly

reflective (Kandler et al. 2007). The size of Saharan dust particles is largely determined by the

distance from their source. The first particle to leave the atmosphere and return to the surface will

be the largest. As the particles travel further, more of the smaller particles will then remain (Aarons

et al. 2013).

Long range transport of Saharan dust occurs mainly in the free troposphere and has a great impact

on the biosphere, weather, and climate change. Changes in circulation patterns associated with cli-

mate change have led to an increase in the frequency and intensity of Saharan Dust Events (SDEs)

in the Carpathian Basin. The annual number of dust events was 4.2 on average between 1979 and

2010, while in the period of 2011–2018, it has increased to 10.3. And an average of about 33,000

tons of atmospheric dust was transported to Central Europe each year from 2002–2017 (Rostási

et al. 2022). The increased frequency and amount of Saharan dust plumes have caused larger un-

certainties in global radiative forcing (Saidou Chaibou et al. 2020, Zhao et al. 2011, Mallet et al.

2009).

1.3 Recent methods in boundary layer and aerosol measurement

1.3.1 Remote sensing methods

Various techniques have been used to characterize atmospheric boundary layer behaviors in recent

years (Stellmach et al. 2014, Sullivan & Patton 2011). The characterization of the boundary layer

usually refers to the measurement of atmospheric parameters (e.g. windspeed, potential tempera-

ture, turbulence etc.) affecting the boundary layer or atmospheric composition (e.g. aerosol, water

vapor etc.) within the boundary layer (Lachmann 2014, Dang et al. 2019). And the BLH can be

retrieved from the vertical distributions of these atmospheric parameters or atmospheric composi-

tion. Among these measurement techniques, remote sensing methods have become efficient ways

because they can provide vertical profiles in high temporal and spatial resolution (Wang et al. 2012,

de Arruda Moreira et al. 2020). For example, sodar can provide wind speed from tens of meters

to hundreds of meters above ground level using the principle of Doppler shift (Prabha et al. 2002).

Wind lidar has become an efficient tool for obtaining high-resolution wind profiles and further in-

vestigating the boundary layer structure (Zhang et al. 2018, Kiseleva et al. 2021).

Another very useful tool to investigate the boundary layer is the aerosol lidar (Barlow et al. 2011,
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Korhonen et al. 2014, Pal et al. 2010a). The principle of determining BLH by an aerosol lidar is

that the gradient of aerosol concentration reaches its maximum at the top of the boundary layer.

In other words, most of the aerosols are within the boundary layer and the aerosol concentration

above the boundary layer is much lower than that within the boundary layer. This typical distribu-

tion of aerosol concentrations will cause a negative gradient in lidar backscatter at the top of the

boundary layer, from which the BLH can be determined. Different types of aerosol lidars have

been used to study the boundary layer and Micro Pulse Lidar (MPL) is one type of them (Chu et al.

2019, Su et al. 2017). In addition, the boundary layer evolution was also studied by multiple wave-

length lidar systems based on European Aerosol Research Lidar Network (EARLINET) multi-year

observation (Boselli et al. 2009, Matthias et al. 2004, Amiridis et al. 2005). The disadvantage of

this traditional vertically pointing lidar is that it cannot be used to detect very low boundary layers

(e.g SBL) due to the overlap limit (Pal 2014). The field of view of the telescope collecting the

backscattered photons of the lidar overlaps with the laser beam only after some hundred meters

distance from the instrument. One way to solve this problem is to use a lidar with a complete or

near complete transceiver overlap. Ceilometer is this kind of lidar with overlap normally being tens

of meters (de Arruda Moreira et al. 2020, Lee et al. 2019, Kotthaus & Grimmond 2018). Another

way is to use a scanning lidar allowing vertical to nearly horizontal measurements and hence to

determine also very low BLHs (Strawbridge & Snyder 2004).

An aerosol lidar can be used not only to determine BLH but also to measure the vertical profiles

of aerosols with high spatial and temporal resolution. However, retrieving backscatter coefficients

from traditional elastic lidar data requires assumptions of lidar ratios and reference values (Fernald

1984, Klett 1985a). The lidar ratio is the ratio of extinction-to-backscatter coefficient and reference

values are backscatter values without aerosol particles. The lidar ratio is an important parameter for

lidar research as it can not only help to determine extinction coefficients but also be used in other

aspects like aerosol typing (Haarig et al. 2018, 2022, Lei et al. 2021). However, determining lidar

ratios is not easy. One of the most widely used technology is the Raman lidar (Wandinger 2005),

which typically uses the backscatter by nitrogen Raman shift to determine the backscatter from the

particle free atmosphere. However, this technology is mainly limited to nighttime measurements

due to weak intensities of Raman scattering. Another widely used technology is the High Spectral

Resolution Lidar (HSRL) (Liu et al. 1999) which used a narrow-band filter (e.g. atom or molecule

filter) to separate signals from molecule and particle backscatter. But this kind of filter can only
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work at specific wavelengths. For example, the most commonly used filter is the iodine cell, which

only works at 532 nm (Piironen & Eloranta 1994). Recently, a HSRL that uses an interferometer

as the filter has been deployed at other wavelengths. The recently launched Doppler wind lidar,

ALADIN, uses this technology to measure tropospheric wind profiles on a global scale but can also

obtain vertical aerosol profiles (Schillinger et al. 2003). However, this technology is still not widely

used due to the complex configurations of this kind of system. The aerosol optical depth measured

by a sun photometer (see below) can also be used to constrain the lidar retrieval, thus helping us get

column average lidar ratios (Chen et al. 2009). Furthermore, a method using multiple angles e.g.

based on scanning aerosol lidar measurements was proposed to retrieve extinction coefficients in-

dependently in horizontal homogeneous atmospheres (Adam 2012, Gutkowicz-Krusin 1993). The

uncertainties of this method applied for inhomogeneous atmospheres and an improved method for

poorly stratified atmospheres was also discussed (Kovalev et al. 2011, 2012, 2015). This method

has the advantage of retrieving extinction from elastic lidar measurements without assumptions of

lidar ratios for the elastic lidar. Another better way to obtain extinction coefficients from elastic

scattering lidar measurements is via the Klett-Fernald method with a known lidar ratio. Recently, a

method to retrieve lidar ratio based on multi-angle scanning elastic scatter lidar (at least two angles)

was proposed to eliminate uncertainties in lidar retrievals (Zhang et al. 2022).

In the last decades, different lidar networks was established to measure the aerosol and cloud pro-

files as well as BLH. For example, the EARLINET was established in 2000 as a research project

with the goal of creating a quantitative, comprehensive, and statistically significant database for

the horizontal, vertical, and temporal distribution of aerosols on a continental scale. Since then

EARLINET has continued to provide the most extensive collection of ground-based data for the

aerosol vertical distribution over Europe (Pappalardo et al. 2014, Matthias et al. 2004, Bösenberg &

Matthias 2003). The NASAMicro-Pulse Lidar Network (MPLNET) is a federated network ofMPL

systems designed to measure aerosol and cloud vertical structure, and BLHs. The data are collected

continuously, day and night, over long time periods from sites around the world. Most MPLNET

sites are co-located with sites in the NASA AErosol RObotic NETwork (AERONET). MPLNET

is also a contributing network to the World Meteorological Organization (WMO) Global Atmo-

spheric Watch (GAW) Aerosol Lidar Observation Network, GALION (Welton et al. 2006, 2018).

Another network of researchers in East Asia (Japan, Korea, and China), Asian Dust and Aerosol

Lidar Observation Network (AD-Net), for studying Asian dust was formed around (Sugimoto et al.
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2014, Nishizawa et al. 2016).

In addition to these active remote sensing measurements, passive remote sensing methods also

help us to understand the distribution and proprieties of aerosols. Most satellite carried passive re-

mote sensing devices that provide column-integration aerosol products like Aerosol Optical Depth

(AOD). Sun photometer is another passive remote sensing instrument that can be used to infer

wavelength-dependent optical and microphysical properties of aerosols from observing direct and

diffuse solar radiation (Holben et al. 1998, 2001). The ground-based sun photometers aerosol

network AERONET has provided a long-term, continuous, and readily accessible public domain

database for aerosol research (Holben et al. 1998).

1.3.2 In-situ methods

Also in-situmeasurements can provide an accurate and reliable dataset to characterize aerosol pro-

prieties and atmospheric conditions. The aerosol parameters measured by in-situ instruments can

be grouped into physical properties and chemical composition. The physical proprieties include

aerosol concentration, size distribution, hygroscopicity, and optical proprieties etc. The aerosol

concentration and size distribution can be measured by different aerosol sizers like Condensation

Particle Counte (CPC), ScanningMobility Particle Sizer (SMPS), Optical Particle Counter (Optical

Particle Counter (OPC)), and Aerodynamic Particle Sizer (APS). Also, aerosol mass concentration

can be measured by different gravimetric methods or mass spectrometers. The aerosol hygroscop-

icity can bemeasured by a Hygroscopicity TandemDifferentialMobility Analyzer (HTDMA) (Zar-

dini et al. 2008). The optical proprieties can be determined e.g. by nephelometer (Moallemi et al.

2022), aethalometer, Fourier-Transform Infrared Spectroscopy (FTIR), photoacoustics (Lindberg

et al. 2022). The chemical composition can be measured by mass spectrometry like Aerosol Mass

Spectrometry (AMS) (Nash et al. 2006, Aljawhary et al. 2013, Jordan et al. 2009). Last but not

least, weather sensors deployed in meteorological stations can provide information on heat, mois-

ture, and momentum in the boundary layer (Gentine et al. 2016, Stull & Eloranta 1984). Finally,

these in-situ instruments can also be deployed aboad of balloons, aircraft, or Unmanned Aerial Ve-

hicle (UAV) to get vertical profiles of aerosols and atmospheric parameters (Greenberg et al. 1999,

Neff et al. 2008, Reineman et al. 2016, Kim & Kwon 2019, Zhang et al. 2020, Lenschow 1986).
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1.4 Aerosol and boundary layer modeling

Large Eddy Simulation (LES) is a mathematical model for turbulence used in computational fluid

dynamics. It was initially proposed in 1963 by Joseph Smagorinsky to simulate atmospheric air

currents (Smagorinsky 1963) and first explored by Deardorff (1970) (Deardorff 1970). LES is cur-

rently applied in a wide variety of engineering applications, including combustion (Pitsch 2006),

acoustics (Wagner et al. 2007), and simulations of the atmospheric boundary layer (Sullivan et al.

1994). Advantage of LESmodels is the potentially high spatial resolution e.g. allowing predictions

for individual street canyons with a resolution of 10 m or even 1 m (Stoll et al. 2020, Moeng &

Wyngaard 1988).

Transport models can simulate the distribution and evolution of aerosol over the globe. Recently,

various global and regional transport models have been developed and many of them can simulate

the transport, transformation, and properties of aerosol particles. Examples of such models are the

general circulation model the ECHAM-HAMMOZ (Pozzoli et al. 2008a,b), the ECHAM/MESSy

Atmospheric Chemistry (EMAC) (Roeckner et al. 2006, Jöckel et al. 2006, 2010), theWhole Atmo-

sphere Community Climate Model (WACCM) (Kunz et al. 2011, Smith et al. 2011), the Weather

Research and Forecasting (WRF) model coupled with Chemistry (WRF/Chem) (Chapman et al.

2008), COsortium for Small-scale MOdeling (COSMO) and its extension on Aerosol and Re-

active Trace gases (ART) (Vogel et al. 2014), and its successor the ICOsahedral Nonhydrostatic

model (ICON) and its extension on Aerosol and Reactive Trace gases (ART) (Rieger et al. 2017a,

Weimer et al. 2017). A special focus has been on mineral dust due to its strong impact on at-

mospheric radiative forcing (Stocker 2014). A three dimensional mineral dust model has been

developed to study its impact on the radiative balance of the atmosphere (Tegen & Fung 1994).

Recently, various models like Copernicus Atmosphere Monitoring Service (CAMS) (O’Sullivan

et al. 2020), WRF/Chem (Kang et al. 2011) , EMAC (Gläser et al. 2012), COSMO-ART (Deetz

et al. 2016, Vogel et al. 2014) and ICON-ART (Rieger et al. 2017a, Gasch et al. 2017, Hoshyaripour

et al. 2019) have been used to predict mineral dust plumes. A multi-model forecast comparison is

available by the Sand and Dust Storm Warning Advisory and Assessment System (WHO 2021), a

program of the WMO. High-resolution spatial aerosol distributions are ideal data to validate the

prediction of LES but also of global or regional transport models.
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1.5 Synergistic methods for characterising boundary layer and aerosols

Recently, synergistic methods by combining remote sensing and in-situ measurement have been

widely used in characterizing the boundary layer behavior and the distribution of aerosols within

and above the boundary layer. For example, Kong & Yi (2015) investigated the relationship be-

tween the CBL and surface aerosol concentration in Wuhan using lidar and OPC and suggested

that the seasonal behavior of the surface fine particle concentration mainly depends on the seasonal

variation in available volume (determined by the Mixing Layer Height (MLH)) for aerosol disper-

sion. Cooper & Eichinger (1994) used lidar and radiosonde measurements to study the structure

of the atmosphere in an urban Planetary Boundary Layer (PBL). de Arruda Moreira et al. (2018)

compared PBL measured by microwave radiometer, elastic lidar, and Doppler lidar estimations in

the Southern Iberian Peninsula. Lenschow et al. (2012) compared higher-order vertical velocity

moments in the CBL from lidar with in-situ measurements and large-eddy simulation. Panahifar

et al. (2020) monitored atmospheric particulate matters by using lidar, in-situ measurement, and

satellite data over Tehran, Iran. Combination of these different methods increases the accuracy of

information about the boundary structures and aerosol distributions.

For the mineral dust investigation, synergistic methods including ground-based, airborne, remote

sensing, and numerical modeling have become important ways to better understand dust plume

evolutions (Haarig et al. 2019, Papayannis et al. 2012, Perrone et al. 2004) and to optimize the

models. Various studies characterized Saharan dust in the last decades either near the sources or

during long-range transport. Freudenthaler et al. (2009) reported pure Saharan dust depolarization

ratio profilings at several wavelengths during the Saharan Mineral Dust Experiment (SAMUM)

2006. Kanitz et al. (2014) observed Saharan dust with shipborne lidar from 60° to 20°W along

14.5°N. Soupiona et al. (2020) studied dust properties and their impact on radiative forcing over

the northern Mediterranean region based on EARLINET observations. The three-dimensional

evolution of Saharan dust transport towards Europe was studied based on a 9-year EARLINET-

optimized Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) dataset

(Marinou et al. 2017). The CAMS forecast systems simulated the aerosol transport events over

Europe during the 2017 storm Ophelia and validated these results with passive (Moderate Res-

olution Imaging Spectroradiometer (MODIS) aboard Terra and Aqua) and active (Cloud-Aerosol

LIdar with Orthogonal Polarization (CALIOP)/CALIPSO) satellite sensors as well as ground-based
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measurements (European Monitoring and Evaluation Programme (EMEP)) (Akritidis et al. 2020).

Osborne et al. (2019) compared model simulations with ground-based remote sensing measure-

ments (lidar and sun photometer network). A comparison of dust observations by lidar and BSC-

DREAM8bmodel results was studied byMona et al. (2014). In addition, intensive field campaigns

such as SAMUM investigated the relationship between chemical composition, shape, morphology,

size distribution, and optical properties of dust particles with an emphasis on vertical profiling of

dust optical properties. The SAMUM experiment consists of two campaigns – SAMUM-1 and

SAMUM-2. SAMUM-1 was mostly conducted at Ouarzazate (30.9° N, 6.9° W, 1133 m asl) and

Tinfou near Zagora (30.24°N and 5.61°W about 730 m asl) in 2006 and SAMUM-2 was conducted

at Praia (Sao Vicente island, Cape Verde, 14.9°N, 23.5°W, 75 m asl) in 2008 (Freudenthaler et al.

2009, Müller et al. 2010, Groß et al. 2011, Heintzenberg 2009, Petzold et al. 2009, Kandler et al.

2009). By these field campaigns, the chemical/mineralogical composition, microphysical charac-

teristics, and optical properties of Saharan dust were studied. The chemical composition is beyond

the scope of this thesis. Here we briefly summarize the latter two characteristics. On the African

continent, particles with diameters significantly larger than 10 μm were observed e.g. during the

SAMUM-1 study. However, in 80% of the cases, the measured particle diameters were below 40

µm. During SAMUM-2, the mean dust particle diameter was significantly smaller than during

SAMUM-1 (Kandler et al. 2009, Weinzierl et al. 2009, Kandler et al. 2011). This phenomenon is

related to that large particles were falling out of the plume during long-range transport and the ob-

servation station of SAMUM-2 is further away from the dust source region(Ansmann et al. 2011).

The authors also found that Saharan dust particles observed during SAMUM–1 and SAMUM–2

were almost non-hygroscopic (Schladitz et al. 2011). In addition, the complex refractive index of

pure dust (from 1.55 to 1.56 for real part but showing strong variations for imaginary part), the

Single Scattering Albedo (SSA) at different wavelengths (0.91 at 450nm, 0.96 at 550 nm, and 0.98

at 950 nm), and the Ångström Exponent (AE) (around 0 for large dust particles) were obtained with

remote sensing and airborne measurements (Petzold et al. 2009, Müller et al. 2010, Weinzierl et al.

2011).

1.6 Research objectives

As outlined above, the spatial-temporal distribution and the optical properties of aerosols are of

great importance and reward dedicated research using advanced methods. Figure 1.5 shows the
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research objectives and methods used in this thesis. For the urban background aerosol, most of

the aerosol is accumulated within the boundary layer and their distribution is largely affected by

meteorological parameters like wind and boundary layer evolution. The boundary layer structure

and evolution have become key factors in understanding or explaining urban air pollution. Despite

the large number of studies that have been done on the aerosol-boundary-layer interaction to date,

at least three major questions are still unclear and remain to be addressed. One question is how the

boundary layer influences the distribution of aerosol in complex topography areas. As the move-

ment of airborne particles near the ground level is different from that in the free troposphere which

is only influenced by pressure gradients and Coriolis force but also is affected by the friction force

which is greatly influenced by surface topography. Furthermore, only few experimental studies

characterized the evolution of the SBL. The stable boundary layer height is usually so shallow

(tens of meters to hundreds of meters) that the traditional vertically pointed lidar can not get re-

liable measurements due to the overlap limits of lidars. Benefiting from the unique capabilities

of a scanning aerosol lidar, I want to determine the stable boundary layer height evolutions and

aerosol profiles close to ground level. Another important question is what is the role of clouds in

the aerosol-boundary-layer interaction? In most previous research, the evolution of the boundary

layer and its interaction with aerosol were studied under the clear sky without considering clouds.

Hence, the effect of clouds on aerosol-boundary-layer interaction is still unclear until now.

For the long-distance transport of Saharan dust plumes, the optical proprieties and distributions de-

termine their impact on radiative forcing. Employing a scanning aerosol lidar and new innovative

methods, I want to reduce the uncertainties in corresponding lidar retrievals significantly. In addi-

tion, the comparison between observations and model simulations allows evaluation of the model

performance e.g. based on observations of different characteristic Saharan dust plumes. These

existing knowledge gaps in atmospheric aerosol and boundary layer research lead to my following

main research questions:

1. What kind of additional information can we get from scanning aerosol lidar compared with

vertically pointed lidar? How can this additional information help us better understand

aerosol proprieties and boundary layer dynamics?

2. What is the structure of the boundary layer and how does the boundary layer influence the

surface aerosol concentration in complex terrain regions and during the nocturnal period?
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What is the role of clouds in aerosol-boundary-layer interaction?

3. How do the ICON-ART transport model and the PALM-4U LES model perform when com-

pared with observational data? Can the observational data help to validate and improve

model predictions?

Figure 1.5: Schematic diagram of my research objectives, and methods (cf. chapter 2) modified
based on Stull (1988). (Abbreviations: SBL - Stable Boundary Layer, RL - Residual Layer, ML
- Mixing Layer, FT - Free Troposphere, AMS - Aerosol Mass Spectrometer, CPC - Condensation
Particle Counter, OPC - Optical Particle Counter,MWR - Microwave Radiometer)

This thesis is organized as follows. Chapter 2 describes the methods used in this thesis including

remote sensing, in-situ measurement, and model simulations. In section 3.1, the comparison of

different retrieval software and the validation of lidar retrievals using in-situ measurement will

be discussed. In section 3.2, I will discuss the boundary layer dynamics and related air quality

during winter time in downtown Stuttgart by using a comprehensive dataset from scanning aerosol

lidar and ground-level in-situ measurements. The boundary layer dynamics during summer will

be discussed in section 3.3. The properties of Saharan dust plumes are discussed in section 3.4

employing observational data and ICON-ART modelling results. In the final chapter, I provide

some conclusions and an outlook for my thesis.
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To achieve my research goals, I used the methods illustrated in Figure 1.5 to investigate the aerosol

particle distributions and optical properties within and above the boundary layer. The scanning

aerosol lidar called KArlsruhe SCanning Aerosol Lidar (KASCAL) that is usually deployed on the

roof of a mobile container for the field campaigns but is also deployed at KIT campus-north which

can measure spatial and temporal distributions of aerosol particles, cloud base heights, bound-

ary layer heights, and aerosol particle optical properties. A mobile 16-feet container containing

aerosol characterization instruments allows determination of aerosol chemical and physical prop-

erties including aerosol particle size distributions, aerosol chemical compositions, aerosol particle

absorption coefficients, and different meteorological parameters (e.g. air temperature, air relative

humidity, wind, solar radiation, and precipitation etc.). I could also make use of data from several

instruments belonging to the KITcube of IMK-TRO. A wind lidar can provide vertical profiles of

3 dimension wind speed and the Microwave Radiometer (MWR) can provide vertical profiles of

temperature and humidity. The cloud radar can measure cloud parameters including reflectivity

factor, velocity, spectral width, and linear depolarization ratio. The sun photometer can measure

column-integrated aerosol optical proprieties. In addition, the radiosonde balloon and UAV (both

Forschungszentrum Jülich, FZJ) provide vertical profiles of aerosol and meteorological parame-

ters. Finally, the transport model ICON-ART (IMK-TRO) can predict aerosol particle and trace

gases as well as the structure and optical parameters of Saharan dust plumes. The LES model,

PALM-4U, can simulate the wind flow, BLH, and aerosol distribution in the boundary layer with

spatial resolution down to 1 m.

The scanning aerosol lidar is the main instrument I used for this thesis. I operated this lidar system,

developed and validated retrieval software and analysed data from multiple field measurements.

Other remote sensing dataset includingwind lidar, cloud radar, andMWRwas provided byKITcube

(Dr. Jan Handwerker, IMK-TRO). The sun photometer dataset is from the AERONET website.

The in-situ aerosol characterization instruments employed in a mobile container are operated by

our research group (Dr. Harald Saathoff, IMK-AAF) and analysed for several cases by myself. The

vertical profiles of in-situmeasurements based on a radiosonde balloon and an UAVwere provided

by Dr. Christian Rolf and Dr. Ralf Tillman (both Forschungszentrum Jülich (FZJ)) , respectively.
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The output simulated by the LES model (PALM-4U, developed by the Leibniz Universität Han-

nover) is provided by Dr. Christopher Claus Holst (IMK - IFU) and the Saharan dust predictions

based on ICON-ART calculations were provided by the German Weather Service (DWD) and Dr.

Heike Vogel and Dr. Gholamali Hoshyaripour (both IMK-TRO).

2.1 Remote sensing

2.1.1 3-D scanning aerosol LIDAR

All the experiments for this work were mainly carried out using the KASCAL (LR111-ESS-D200,

Raymetrics Inc.). Figure 2.1 shows a picture of this lidar system and a photo taken during the

Modular Observation Solution for Earth System (MOSES) campaign. The laser head, a 200mm

telescope, and the control unit are shown in this figure. The control unit includes a rotating platform

that allows lidar scanning from−7° to 90° for the zenith angle and from 0° to 360° for the azimuth

angle. The photo on the right side of Figure 2.1 shows that the KASCAL was deployed on the

roof of the aerosol container of IMK-AAF. The Wavelength Separation Unit (WSU) of KASCAL

installed in the lidar head is shown in Figure 2.2, which indicates that KASCAL has an emission

wavelength of 355 nm and is equippedwith elastic, depolarization, and Raman channels, potentially

providing profiles of extinction coefficients, backscatter coefficients, and depolarization ratios. The

Figure 2.1: The picture of KASCAL (left, provided by Raymetrics Inc.) and the photo of the lidar
on the roof of a mobile container taken during the Swabian MOSES campaign in July 2021 (right,
photo by Hengheng Zhang).
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Figure 2.2: The Wavelength Separation Unit (WSU) of KASCAL. (Provided by Raymetrics Inc.)

laser pulse energy and repetition frequency are 32mJ and 20Hz, respectively. This KASCALworks

automatically, time-controlled, and continuously via a software developed by Raymetrics. Detailed

information can be found at the Raymetrics homepage (Raymatrics 2021) and reference literature

(Avdikos 2015). For the data analysis and calibration of the system, I followed the quality standards

of the EARLINET (Freudenthaler 2016). Extinction and backscatter coefficients at 355 nm were

both calculated from the elastic channel using theKlett-Fernaldmethod (Klett 1985a, Fernald 1984)

and are also calculated from the elastic and Raman channels (Ansmann et al. 1992). The extinction

coefficients and lidar ratios were also retrieved using a multi-angle method which is also called the

ratio method in this thesis (Adam 2012, Gutkowicz-Krusin 1993).

The return signal recorded by a lidar system can be described by the lidar equation as follow:

P (r) = C0
βaer(r) + βmol(r)

r2
exp

(
−2

∫ r

0

[αaer(r) + αmol(r)] dr

)
(2.1)

Where P(r) is range-dependent lidar received power; C0 is lidar constant; r is the distance from lidar;

βmol(r) and αmol(r) are the backscatter coefficient and extinction coefficient of the molecule, re-

spectively; βaer(r) and αaer(r) are the backscatter coefficient and extinction coefficient of aerosol,

respectively. In any form of the equation 2.1 has two unknown quantities (βaer(r) and αaer(r)).

This is an intrinsic problem of an elastic backscatter lidar. Several solutions (depending on differ-

ent assumptions) have been proposed in previous literature in order to solve the lidar equation.
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There are two commonly used methods to solve this problem. The first retrieval method was pro-

posed by Klett (1981). In this method, the contribution of molecule backscatter and extinction were

ignored and this method can be applied in very polluted environments. By using this assumption,

we can get βaer(r) >> βmol(r)) and αaer(r) >> αmol(r)), so β(r) ≈ βaer(r) and α(r) ≈ αaer(r).

Let α(r) = Kβ(r). The lidar equation can be written as follow.

P (r) ∗ r2 = C0 ∗
α(r)

K
exp(−2

∫ r

0

α(r)dr) (2.2)

After some mathematical operations, we can arrive the final solution as follow:

α(r) =
RCS(r)

RCS(rc)
α(rc)

+ 2
∫ rc
r

RCS(r)dz
(2.3)

Where RCS(r) = P (r) ∗ r2.

Another method which was proposed by Fernald (1984) considered separating the total backscatter

and extinction into a molecular part and an aerosol particle part. In this method, two new variables

( Sa(r) and Sm(r) ) are introduced. And let αaer(r) = Sa(r) ∗ βaer(r) and αmol(r) = Sm ∗ βmol.

By using these conditions, the lidar equation can be written as follow:

dS(r)

dr
=

1

β(r)

β(r)

dr
− 2 ∗ [Sa(r) ∗ βaer(r) + Smβmol(r)] (2.4)

where S(r) = ln(P (r) ∗ r2), β(r) = βaer(r) + βmol(r)), After some mathematical operations, we

can arrive the final solution as follow:

β(r) =
RCS(r)e

∫ r
0 −2(Sa(r)−Sm)∗βmol(r

′
)dr

′

RCS(r0)
β(r0)

−
∫ r

0
2Sa(r) ∗RCS(r)e

∫ r
0 −2(Sa(r)−Sm)∗βmol(r

′′ )dr′′dr′
(2.5)

By comparing these two methods, we can conclude that the former method is an approximate

solution that can be only applied in very polluted environments. Figure 2.3 shows a simulation

result for both two methods. The three panels in this figure represent different air pollution levels

with extinction coefficient increasing from left to right. From this figure, we can see that only in the

very polluted environment (the right side of this figure), the former method can achieve a correct

solution.

For a well-calibrated lidar system, the reference value RCS(r0)
β(r0)

can be replaced by the lidar constant.
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2. Methodology 2.1. Remote sensing

Figure 2.3: Simulation of backscatter coefficient for two elastic lidar retrieval methods proposed
by Klett (1981) and Fernald (1984) for three different air pollution levels. (The legend is named
after the first contributor. The Klett is the former method and Fernald is the later method.)

And the solution of the lidar equation can be written as:

β(r) =
RCS(z)e

∫ r
0 −2(Sa(r)−Sm)∗βmol(r

′
)dr

′

C0 −
∫ r

0
2Sa(r) ∗RCS(z)e

∫ r
0 −2(Sa(r)−Sm)∗βmol(r

′′ )dr′′dr′
(2.6)

Where C0 is the lidar constant. Equation 2.6 is also called the forward integration method in some

literature. Compared with equation 2.5, equation 2.6 does not need any reference value if the lidar

is well calibrated. However, equation 2.6 will cause unstable results sometime. Figure 2.4 shows

the simulation result of the Fernald method using equation 2.6. This figure shows that equation 2.6

will cause unstable results at high altitudes, especially at short wavelengths. Since this unstable

solution is wavelength-dependent, equation 2.6 is mainly used in ceilometer retrievals which have

longer emission wavelengths in the infrared region. The full mathematical derivation of the lidar

retrieval method is presented in Appendix B.1

Particle depolarization ratio, which represents sphericity of detected particles, is calculated based

on lidar measurement as suggested by (Freudenthaler et al. 2009)

δp =
(1 + δm)δvR− (1 + δv)δm

(1 + δm)R− (1 + δv)
(2.7)
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Figure 2.4: Backscatter coefficient retrieved from forward retrieval method (Equation 2.6) at three
different wavelengths.

Here δm is the depolarization ratio of gas molecules, δv is the volume depolarization ratio and R is

the backscatter ratio:

R =
βp + βm

βm
(2.8)

Here βp is the backscatter coefficient of particles and βm is the backscatter coefficient of molecules.

δm can be calculated from the Rayleigh spectrum (Murphy 1977) and δv can be calculated from two

cross polarization lidar signals for a well calibrated depolarization lidar system. The depolarization

calibration includes two aspects: Polarization channel gain factor calibration and polarization cross-

talk calibration for transmitted and reflected channels. Several depolarization methods have been

proposed in recent years. For this thesis, I used the so-called “GHK” parameters depolarization

calibration which were proposed by Freudenthaler (2016). In this method, the polarization channel

gain factor is derived from±45°measurements. The cross-talk correction parameters are calculated

from the optical parameters of the optical lens and their relative rotation by using the stoke vector

and Mueller matrix. In this method, the δv can be expressed as follow:

δv =
δ∗(GT +HT )− (GR +HR)

(GR −HR)− δ∗(GT −HT )
(2.9)
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2. Methodology 2.1. Remote sensing

Where the calibrated parameters,GT ,HT ,GR, andHR, are expressed as equation (59) of Freuden-

thaler (2016). And δ∗ is the gain factor calibrated depolarization ratio which can be written as:

δ∗ =
K

η∗
IR
IT

(0◦, 90◦) (2.10)

Where K is the polarization calibration correction parameter and η∗ is the gain factor.

η∗ =
IR
IT

(±45◦) (2.11)

The calibration process and the volume depolarization ratio for a Saharan case are shown in Fig-

ure 2.5. This Figure shows that the volume depolarization ratio equals to the molecule volume

depolarization at the altitudes free of aerosol (the vertical orange line is the molecule volume depo-

larization), which reflects the good data quality of our lidar system in depolarization measurement.

Figure 2.5: Depolarization calibration according to Freudenthaler (2016) based on data collected on
21st, August 2020 and volume depolarization ratio for a Saharan dust case based on data collected
on 8th, April 2018.
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2. Methodology 2.1. Remote sensing

The telescope cover test was performed with Raymetrics software to check the alignment between

the laser beam and the telescope before each measurement. Rayleigh fitting was performed to

check the lidar data quality. Figure 2.6 shows the Rayleigh fitting result. The profiles of molecular

backscatter profiles as shown in the grey line are calculated from air temperature and air pressure

measured by radiosonde. This figure shows that the measured backscatter is well consistent with

molecular backscatter at altitudes above 10.0 km, which also reflects the good data quality of our

lidar system.

Figure 2.6: Rayleigh fitting of KASCAL elastic channel on July 12th, 2018. The blue line is the
range corrected lidar signal and the green line is the molecular backscattter coefficient calculated
from air temperature and pressure measured by radiosonde sensors.

The atmospheric BLHwas determined from lidar data by using the HaarWavelet Transform (HWT)

method (Pal et al. 2010b). The method is defined as

zHWT = max[wf (a, b)] = max
1

a

∫ zmax

zmin

X(z)H(
z − b

a
) dz (2.12)

In which Wf is the covariance transformation value, X(z) is the Range Corrected lidar Signal

(RCS) defined as X(z) = P (z) ∗ z2, and H( z−b
a
) is the Harr Wavelet function which is defined as

followed:

H(
z − b

a
) =


1 b− a

2
≤ z ≤ b

−1 b ≤ z ≤ b+ a
2

0 elsewhere

(2.13)

The dilation a is tested and set to be 75 m for this work. Zmin and zmax are the lower and upper

heights for the lidar signal profile, respectively.
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2. Methodology 2.1. Remote sensing

2.1.2 Sun photometer

The sun photometer (CE-318, CIMEL) (Holben et al. 1998) measures solar radiance at 339, 379,

441, 501, 675, 869, 940, 1021, and 1638 nm. It was operated by different colleagues of the IMK-

TRO. It allows the calculation of wavelength-dependent Aerosol Optical Depth (AOD). The sun

photometer data can also be used to infer calculate other aerosol parameters (e.g. SSA, AE, Aerosol

Size Distribution (ASD), and Complex Refractive Index (CRI) (Vermeulen et al. 2000, Sinyuk et al.

2020). The SSA is the ratio of the scattering coefficient to the extinction coefficient, which has a

negative correlation with the absorption ability of the aerosol particles. Hence, this parameter

can be used to characterize the scattering and absorption capability of the particles. The AE is a

parameter that describes how optical depth typically depends on the wavelength of light. Typically,

stronger wavelength dependence occurs when the sizes of particles are smaller than or equivalent

to the incident wavelength. Hence, AE has a negative correlation with particle size. From clear sky

measurements with the sun photometer, ASD between 0.05µm to 15µm, the complex refractive

index in the range 1.33 – 1.6 and 0.0005i – 0.5i (Dubovik & King 2000, Müller et al. 2010) can

be derived. The sun photometer data I used in my work is available on the AERONET Homepage

(NASA 2022) and I used typically level 2.0 data.

2.1.3 Satellite aerosol particle data

To investigate Saharan dust transport and optical properties, I used data from two satellites (Terra

& Aqua). The MODIS instrument on these two satellites monitors the atmospheric aerosol optical

thickness over the oceans with global coverage and also over a part of the continents. Furthermore,

aerosol size distributions are derived over the oceans, and the aerosol types are derived over the

continents. Daily Level 2 data are produced at the spatial resolution of a 10x10 km (at nadir)-pixel

array. I used the MODIS data available on the corresponding NASA webpage (https://modis.

gsfc.nasa.gov/data/).

2.1.4 Wind lidar

The measurement principle of a wind lidar relies on the Doppler shift of the laser when the laser

interacts with the aerosol particles in the air. The WindCube v2 (Leoshpere a VAISALA company)

measures wind speed with a Doppler Beam Swinging (DBS) technique (Rao et al. 2008), where an
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2. Methodology 2.2. In-situ measurements

optical switch is used to point the lidar beam in the four cardinal directions (north, east, south, and

west) at an elevation angle of 62◦ from the ground. This allows to deduce vertical wind profiles of

wind speed and direction, turbulence, and wind shear. Detailed information about the WindCube

is available on the Vaisala homepage (Vaisal 2021). The wind lidar data like wind speeds and

turbulence used in this thesis were provided by Dr. Jan Handwerker (IMK-TRO).

2.1.5 Microwave radiometer

The MWR, Humidity And Temperature PROfilers (HATPRO), was manufactured by Radiometer

Physics GmbH (RPG), Germany as a network-suitable MWR with very accurate retrievals of

Liquid Water Path (LWP) and Integrated Water Vapor (IWV) at high temporal resolution (1 s).

The spectral characteristics of the instrument also make it possible to observe the temperature pro-

file and to a limited extent also the humidity profile (Löhnert &Maier 2012). I used vertical profiles

of humidity and temperature in this thesis. These data were provided by different colleagues from

IMK-TRO who also operated the instrument.

2.1.6 Cloud radar

The cloud radar data used in this thesis is from a dual-frequency Frequency Modulated Continuous

Wave (FMCW) dual-pol cloud radar with the operating frequency of 35 and 94 GHz (Görsdorf

et al. 2015). Operation and data analysis for this cloud radar was done by the group of Dr. Jan

Handwerker (IMK-TRO) for the Swabian MOSES campaign. This cloud radar can measure cloud

reflectivity factor, cloud droplet speed, droplet spectrum width as well as cloud Linear Volume

Depolarization Ratio (LVDR). The cloud radar used in this thesis is to investigate the aerosol-

cloud interaction in combination with data from the aerosol lidar (KASCAL).

2.2 In-situ measurements

For the field campaign in Stuttgart (February 2018), Rottenburg (Swabian MOSES, June - August

2021), and Karlsruhe Mülldeponie West (July - August 2022), a mobile 16-feet container with dif-

ferent aerosol characterization instruments was deployed. These instruments allow determination

of aerosol particle number, size, mass, absorption, and chemical composition. In addition as all ma-

jor meteorological parameters were measured. For the winter campaign from February to March

2021 at the KIT campus north, these in-situ measurements were also deployed in the IMK-AAF
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laboratory. These in-situ instruments were operated by colleagues in our research group.

These in-situ measurements can provide properties of aerosol particles (e.g. number & mass con-

centration, size distribution, chemical composition) that can be used for comparison with remote

sensing measurements. Besides ground level in-situmeasruements also in-situmeasurements on a

balloon and an UAV (drone) were used for this purpose.

2.2.1 Ground-based in-situ measurements

The ground in-situ measurements were mainly conducted in a mobile container. Ambient air tem-

perature, air relative humidity, wind direction, wind speed, global radiation, pressure, and pre-

cipitation data were measured by a meteorological sensor (WS700, Lufft GmbH;). Trace gases

(O3, CO2, NO2, SO2) were measured with commercial gas monitors. Particle number concentra-

tions were recorded with two CPCs. Particle size distributions were measured with a SMPS, an

OPC, and an APS. BC concentrations and absorption were measured with aethalometers. A high-

resolution time-of-flight aerosol mass spectrometer equipped with an aerodynamic high-pressure

lens (Williams et al. 2014) was deployed to continuously measure total non-refractory particle mass

as a function of size (up to 2.5 μm particle aerodynamic diameter) at a time resolution of 0.5 min.

A brief introduction to these in-situ measurements is given below:

Gas monitors: Trace gas were regularly measured via a Fluorinated Ethylene Polypropylene

copolymer (FEP) sampling tubewith different gasmonitors including carbon dioxide (CO2, NGA200,

Rosemount Inc), ozone(O3, O341M, Environment SA), nitrogen dioxide (NO2, AS32M, Environ-

ment SA), and sulfur dioxide (SO2, AF22M, Environment SA). Operation and data analysis of

these gas monitors were performed by Dr. Harald Saathoff (IMK-AAF) proving the time series of

their concentrations.

Condensation particle counter (CPC): Particle number concentration were measured regularly

by two CPCs (CPC 3022A and CPC 3776, TSI Inc.) with 1-butanol as a working fluid. The

CPC3776 and CPC3022A measured the total number concentration of particle diameter ≥ 2.5 nm

and ≥ 7 nm, respectively. Both CPCs collected the data every second. This data was averaged

over 10 minutes for further analysis. Operation and data analysis of these CPCs was performed by

Dr. Harald Saathoff (IMK-AAF).

Scanning Mobility Particle Sizer(SMPS): The SMPS was used to measure the particle size dis-

tributions, which consists of a Different Mobility Analyzer (DMA) (TSI 3080, TSI Inc.) and a
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CPC (CPC3010). The SMPS collected a size distribution every 7 minutes covering the size range

of 13.6-700 nm. I used the SMPS data measured in the Swabian MOSES campaign, which was

performed by Dr. Franziska Vogel and Alexander Böhmländer (IMK-AAF).

Optical particle counter (OPC): The OPC (Fidas 200, Palas Inc.) used in this thesis continuously

measures particles in the size range of 0.18 - 18 µm. The OPC used Lorenz-Mie scattering theory

to determine the particle number size distributions. From this it calculates the total particle mass

concentrations and also the mass concentration of PM1, PM2.5, and PM10. Fidas200 was operated

with a flow rate of 5 L/min and with a time resolution of 1 s. Operation and data analysis of this

Fidas200 OPC was performed by Dr. Harald Saathoff (IMK-AAF).

Aerodynamic particle sizer (APS): The APS (TSI3321, TSI Inc.) measured aerodynamic par-

ticle size distribution in the size range 0.5 µm-20µm. The APS spectrometer uses a patented,

double-crest optical system. It also includes a redesigned nozzle configuration and improved sig-

nal processing. Operation and data analysis of this APS was performed by Dr. Franziska Vogel

and Alexander Böhmländer (both IMK-AAF).

Aethalometers: BC was measured by aethalometers (Alas et al. 2020) including an AE51, a

MA200 (AethLabs Inc.), and an AE33 (Magee Scientific Inc.). The AE51 draws ambient air on a

quartz filter-based strip which thenmeasures BC using a single 880 nmLED. The flow rate of AE51

was set at 100 mL/min to collect data every 5 minutes. MA200 can continuously collect aerosol

particles on a filter tape and measures the Aerosol Optical Attenuation (ATN) at five wavelengths

(375, 470, 528, 625, and 880 nm). MA200 was operated with a flow rate of 150 mL/min and a

time resolution of 5 minutes. AE33 is a dual-spot aethalometer and measured the aerosol light ab-

sorption at seven wavelengths (370,480,520,590,660, 880, and 950 nm). AE33 was operated with

a flow rate of 5 L/min and a time resolution of 1 minute. The mass of particles that absorb light at

880 nm for MA200 and AE33 is considered to represent BC. Operations and data analysis of these

aethalometers were performed by Feng Jiang and Dr. Harald Saathoff (both IMK-AAF).

Aerosolmass spectrometry (AMS):TheAMS (Aerodyne Inc.) is a powerful instrument for online

measurement of the size-resolved (0.07-2.5µm) chemical composition of non-refractory aerosol

particles including total Organic Aerosol (OA) and inorganic species Sulfate (SO4), Nitrate (NO3),

and Ammonium (NH4). The AMS inlet was connected to a PM2.5 head (flow rate 1m3 h−1; Comde-

Derenda GmbH) and a stainless-steel tube of 3.45 m length (flow rate 0.1 L min−1 residence time

0.9 s.). AMS data were analyzed with the AMS data analysis software packages SQUIRREL (ver-
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sion 1.60C) and PIKA (version 1.20C)(Huang et al. 2019). Operation and data analysis of the

AMS during the Stuttgart campaign was performed by Dr. Wei Huang and Dr. Harald Saathoff

(IMK-AAF).

2.2.2 UAV and balloon-borne in-situ measurements

The UAV data used in this thesis is from an eBee plus drone (SenseFly Inc.) which is operated by

Dr. Ralf Tillmann of the Institute of Energy and Climate Research - Troposphere (IEK-8), FZJ.

The particle sizer and meteorological sensors were mounted inside the UAV. The size-dependent

particulate matter was measured in real-time with a time resolution of 1 s by OPC-N3 (Alphasense,

Inc). Additionally, atmospheric parameters such as air temperature (T), air pressure (P), relative

humidity (RH), wind speed (WS), and wind direction (WD) was measured with the same temporal

resolution as particle matter up to the altitudes of about 1400 m. The UAVwas launched from early

morning to late afternoon for 3 days (9th, 10th, and 12th, July 2018) in this experiment to study the

boundary layer behavior and to determine vertical profiles of atmospheric aerosol particles in and

above the boundary layer.

The radiosonde balloon was operated by Dr. Christian Rolf of the Institute of Energy and Cli-

mate Research - Stratosphere (IEK-7), FZJ. A Compact Optical Backscatter Aerosol Detector

(COBALD) backscatter sensor and weather sensors were mounted on this balloon that measured

the backscatter ratio and atmospheric parameters with the temporal and spatial resolution of 1 s and

around 5 m/s, respectively. The COBALD is a lightweight (500 g) aerosol backscatter detector for

balloon-borne measurements developed at ETH Zürich, based on the original prototype by Rosen

& Kjome (1991). Using two Light-Emitting Diodes (LEDs) as light sources and a photodiode de-

tector with Field Of View (FOV) of 6◦, COBALD provides high-precision in-situ measurements

of aerosol backscatter at wavelengths of 455 nm (blue visible) and 940 nm (infrared). COBALD

was originally developed for the observation of high-altitude clouds, such as cirrus (Brabec et al.

2012, Cirisan et al. 2014) and polar stratospheric clouds (Engel et al. 2014), while recently it was

proven able to detect and characterize aerosol layers in the upper troposphere–lower stratosphere

(Vernier et al. 2015, 2018, Brunamonti et al. 2018). In this work, we compared COBALD mea-

surements with scanning aerosol lidar measurements for the analysis of boundary layer and lower-

tropospheric aerosols. For the comparison between COBALD and lidar measurement, the FOV

correction is conducted according to Brunamonti et al. (2021a) due to different FOVs between li-
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dar and COBALD.

In addition, I also used the radiosondes data at Schnarrenberg meteorological station (9.2008◦ E,

48.8292◦ N, 314 m above sea level) during the Stuttgart field campaign as provided by DWD.

These data were used to determine BLHs for comparison with those values retrieved from lidar

measurements. These radiosonde data were analysed for boundary layer heights by Dr. Olga Kise-

leva (IMK-TRO).

2.3 Modelling

2.3.1 Large eddy simulation (PALM-4U)

The model PALM-4U is a large eddy simulation model developed by the Leibniz Universität Han-

nover based on the non-hydrostatic, filtered, incompressibleNavier-Stokes equations in Boussinesq-

approximated form (an anelastic approximation is available as an option for simulating deep con-

vection). PALM-4U is frequently referred to as a separate model for the simulation of urban at-

mospheric boundary layers. However, from a technical point of view, PALM-4U are special com-

ponents that have been developed to suit the needs of modern academic urban boundary layer

research and practical city planning related to the urban microclimate and climate change. PALM-

4U components are shipped with PALM and are available after installation of PALM. PALM-4U

components are thus also available in PALM and might be used without being limited to urban area

applications (Pfafferott et al. 2021, Steuri et al. 2020). The PALM-4U model used in this thesis is

to simulate the wind flow and aerosol distribution within the boundary layer to compare with ob-

servations in the city of Stuttgart. The PALM-4U results used for comparison with my observations

were provided by Dr. Christopher Holst (IMK-IFU).

2.3.2 Dust transport modeling (ICON-ART)

For predicting Saharan dust transport and distribution the online-coupledmodel system ICON-ART

(Rieger et al. 2015, 2017b) was used. ICON is a weather and climate model that solves the full

three-dimensional non-hydrostatic and compressible Navier–Stokes equations on an icosahedral

grid (Zängl et al. 2015). The ART module is an extension of ICON to include the life cycle and

cloud/radiation feedback of aerosols and trace gases. Mineral dust in ART is represented by three

lognormal modes with mass median diameters of 1.5, 6.7, and 14.2µm, and standard deviations
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of 1.7, 1.6, and 1.5, respectively. The dust emission scheme is based on (Vogel et al. 2006) and

(Rieger et al. 2017b) that considers the soil properties (size distribution, residual soil moisture), the

soil dispersion state and soil type heterogeneity. The dust removal processes include sedimentation,

dry, andwet deposition. The simulations are performed on a global domain including a regional nest

(over north Africa and Europe) with horizontal resolutions of 40 and 20 km, respectively.ICON-

ARTmodel calculations were provided for mywork by Dr. Gholamali Hoshyaripour and Dr. Heike

Vogel (both IMK-TRO, KIT). In addition to the ICON-ART transport model, the HYbrid Single-

Particle Lagrangian Integrated Trajectory (HYSPLIT) model developed by National Oceanic and

Atmospheric Administration (NOAA) Air Resources Laboratory (Stein et al. 2015) was used to

generate seven-day back-trajectories with an arrival altitude from 500 m to 7500 m with an interval

of 1000 m to investigate the sources and transport of Saharan dust plumes. I calculated the back-

trajectories using the HYSPLIT python package - Pyhsplit (Cross 2015) developed by the NOAA

Air Resources Laboratory.
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2.4 Field campaigns

During my Ph.D. study, I analyzed data of seven field campaigns. I did lidar measurements in

four of these campaigns and for three of them the measurement were conducted by Dr. Harald

Saathoff (IMK-AAF). Based on my research proposal, I classified these fieldcampaigns into 2

groups: Urban and rural aerosol observations, and Saharan dust studies. The observation sites of

these field campaigns are shown in Figure 2.7 and photos taken during these field campaigns are

shown in Figure 2.8. Detailed information on each field campaign with the research topics and my

contributions are summarized in Table 2.1.

Figure 2.7: (a) Map of observation sites for all field campaigns, Map of Stuttgart (b), KIT-Campus
North (c), Jülich Research Center (d), Rottenburg (e), and Karlsruhe Mülldeponie West (f). (The
red markers in panel(a) represent the field campaigns that I participated in and the green markers
represent the campaigns that I did not participate in. The yellow marker represents that there were
3 campaigns but I only participated in 2 of them in February, 2021 and March, 2022.)
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Figure 2.8: Photos of the lidar during the field campaigns in Stuttgart (a, Photo: H. Saathoff,
02.2018), KIT-Campus North (b, Photo: KIT photographer, 08.2020), Jülich Research Center (c,
Photo: H. Saathoff, 07.2018 ), Rottenburg (d, Photo: H. Zhang, 06.2021 ), and Karlsruhe Müllde-
ponie West (e, Photo: H. Zhang, 07.2022) as well as the main in-situ instruments used in this
thesis.(f, Photo: H. Saathoff, 02.2021).

.

2.4.1 Urban and rural aerosol observations

Stuttgart urban: The aerosol composition, boundary layer dynamics, and air quality were inves-

tigated in Stuttgart by two field campaigns which were conducted in the summer of 2017 (Stuttgart

01) and winter of 2018 (Stuttgart urban) but only for Stuttgart urban the KASCAL was available.

The observation site was in the urban background, the Rosenstein park in downtown Stuttgart

(9.2024◦ E 48.7986◦ N, 247 m above sea level). The city of Stuttgart is a big industrialized city

located in southwest Germany with a population of more than 630000 in a metropolitan area of 2.6
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Table 2.1: Field Campaign with the research topics, my contributions, and tentative publications.

Name Time Research topic Contribution Results

Stuttgart
urban

Feb.-Mar.
2018

Characterize boundary layer
dynamic and aerosol evo-
lution in the downtown of
Stuttgart

Data analysis First-author paper
(in preparation)

Jülich
MOSES Jul. 2018

Characterize vertical aerosol
profiles with remote sensing
and in-situ methods

Data analysis First-author paper
(in preparation)

Swabian
MOSES

Jun.-Aug.
2021

Investigate aerosol-cloud in-
teraction and Saharan dust
plumes

Operated KASCAL
and data analysis

Co-author pa-
pers (Kunz et.al.,
2022, others in
preparation)

Karlsruhe Jul.- Aug.
2022

Characterize industrial emis-
sion and urban boundary layer
dynamics.

Operated KASCAL
and data analysis Analysis ongoing

Saharan
Dust18 Apr. 2018

Characterize Saharan dust
plume and validate the dust
transport model

Data analysis First-author paper
(Zhang et.al., 2022)

Saharan
Dust21

Feb.-Mar.
2021

Characterize Saharan dust
plume and validate the dust
transport model

Operated KASCAL
and data analysis

Saharan
Dust22 Mar. 2022

Characterize Saharan dust
plume and validate the dust
transport model

Operated KASCAL
and data analysis

First-author pa-
per (All Saharan
Dust cases, In
preparation)

million inhabitants. Stuttgart is located in the valley of the Neckar river, in a “bowl” surrounded

by a variety of hills, small mountains, and valleys. The complex topography can prevent the dis-

persion of air pollutants, and the location is characterized by low wind speeds and weak air circu-

lation (Schwartz et al. 1991, Hebbert et al. 2012). Air quality has been a long-standing concern in

Stuttgart, as it is one of the most polluted cities in Germany (Schwartz et al. 1991, Zeitung 2016, for

Environmental Protection 2016); however, few detailed studies are available. For the year 2017, the

state environmental protection agency, Landesanstalt für Umwelt Baden-Württemberg (LUBW),

attributed 58 % of the annual mean PM10 at their monitoring station “Am Neckartor” in down-

town Stuttgart to road traffic (45% abrasion, 7% exhaust, 6% secondary formation), 8% to small

and medium-sized combustion sources, and 27 % to regional background (LUBW 2019). Mayer
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(1999) showed the temporal variability of urban air pollutants (NO, NO2, O3, and Ox (sum of NO2

and O3)) caused by motor traffic in Stuttgart based on more than 10 years of observations, with

higher NO concentrations in winter and higher Ox concentrations in summer. Figure 2.9 shows the

seasonal average of PM10 in four LUBW monitoring stations and the average values of these four

stations in Stuttgart from 2011 to 2021. This figure shows that the concentration of PM10 is highest

in winter (December, January, and February) and the monitoring station “Am Neckartor” in down-

town Stuttgart shows the highest concentrations compared with other monitoring stations. Hence,

a detailed study on aerosol evolution and its related boundary dynamics in downtown Stuttgart

during winter can help to better understand the air quality in Stuttgart and potentially help to im-

prove air quality in this area. This field campaign was conducted from February 5th to March 5th,

Figure 2.9: Seasonal average of PM10 measured in four Landesanstalt für Umwelt Baden-
Württemberg (LUBW) monitoring stations in Stuttgart (left) and the average of those four stations
(right) for ten years data from 2011 to 2021.

2018, with the KASCAL on the roof of a mobile 16-feet container. The measurement container

carried different aerosol characterization instruments including AMS, Fidas200, and meteorologi-

cal sensors to measure the aerosol chemical composition, aerosol size distribution, and atmospheric

parameter. The container was installed on a railway bridge in the Rosensteinpark (RSP, 247 m asl).

In addition, radiosondes launched at Schnarrenberg (SB, 321 m asl) by DWD provided vertically

resolved meteorological parameters. A wind lidar and a microwave radiometer at the Town hall

(TH, 275m asl) measured vertically resolved wind and temperature, respectively. Besides, a LES

model, PLAM-4U, was used to simulate the vertical and horizontal airflow as well as the aerosol

concentrations in this area (Pfafferott et al. 2021, Steuri et al. 2020). The location of Rosenstein-
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Figure 2.10: Left: The terrain of the research area surrounding Stuttgart and the observation sites
during the winter campaign of 2018 in Stuttgart. Right: Example of zenith scanning measurement
during Stuttgart urban field campaign in the downtown Stuttgart on 14th February 2018.

park (RSP), Schnarrenberg (SB), and Town hall (TH) is indicated in the left side of Figure 2.10.

In addition, the KASCAL did zenith scanning measurement with elevation angle from 90◦ to 5◦

with the step of 5◦. The lidar beam direction is shown in Figure 2.7b. There are 19 profiles for

each scanning plane and 1000 laser shoots (50 s) for each profile. The example of zenith scanning

measurement is shown in the right side of Figure 2.10, which illustrates the spatial distribution and

the concentration of aerosol within the boundary layer. The methods used in this field campaign

are summarized in Table 2.2. Finally, the boundary layer heights were both retrieved from lidar and

radiosonde measurements and compared with those from ECMWF Reanalysis v5 (ERA5). Dur-

ing my Ph.D. study, I analyzed the dataset collected by the above methods in this campaign and

investigated the urban boundary layer and aerosol evolution in Stuttgart. Detailed results of this

campaign are presented in section 3.2.
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Table 2.2: List of methods used in Stuttgart urban field campaign.

Method Main parameter

KASCAL Aerosol backscatter, N2 Raman, depolarization at 355 nm

AMS Particle composition, Non-refractory species, e.g. organics,
inorganics, 70 nm - 2.5 µm

Particle sizer and counter Aerosol particle number, size

Gas monitors Trace gases: O3, NO, NO2, CO2, SO2, NH3

Lufft WS800 Meteorological parameters

radiosonde Vertical profiles of meteorological parameters

MWR Vertical profiles of temperature and humidity

Wind lidar (Wind cube WLS8) 3D wind vectors

PALM-4U Simulation of wind flow and PM2.5

Jülich MOSES: The Jülich MOSES campaign was conducted in the Forschungszentrum Jülich,

FZJ (6.4131 °E, 50.9084 °N, 110 m above sea level) near the city of Jülich from July 5th to July

12th, 2018 in frame of the MOSES project. In this field campaign, a comprehensive dataset was

collected including remote sensing by a a scanning lidar and vertical in-situ measurements. An

optical particle counter OPC (OPC-N3, Alphasensor Inc.) on an UAV flying up to 1400 m a.s.l.

altitude, and a COBALD backscatter sonde aboard a balloon flying up to the stratosphere were

used to investigate the vertical distribution of aerosol particles within and above the boundary

layer. The UAV borne OPC measurements provides vertical profiles of atmospheric parameters

from ground to about 1400 m a.s.l., which can be used to determine the vertical profiles of aerosol

particles within the boundary layer as well as the boundary layer evolution in the morning hours.

The COBALD aboard the balloon measured particle backscatter during one flight at wavelengths

of 455 nm and 940 nm as well as atmospheric parameters, which can be used to validate lidar

retrieval. The balloon was launched in the middle of the night. In addition, KASCAL did zenith

and horizontal scans to determine temporal and spatial distributions of aerosol particles. For zenith

scans, the elevation angle varied from 90◦ to 5◦ with step of 5◦ at two azimuth angle at 110◦ and

290◦, respectively. The zenith scanning plane is similar to the measurements in Stuttgart as shown

in the right side of Figure 2.10. For Azimuth scans, the azimuth angle varied from 110◦ to 290◦

with the elevation angle being 5◦. The zero-degree azimuth angle is indicated as a red arrow dash

line as shown in 2.11. This picture also shows a case of horizontal aerosol distributions around the
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observation site. The methods used in this field campaign are summarized in Table 2.3. During

my Ph.D. study, I analyzed the dataset collected by the above methods during this campaign and

investigated boundary layer evolution and vertical aerosol distributions during a heat wave period.

Detailed results of this campaign are presented in section 3.1.

Figure 2.11: Polar map of horizontal backscatter coefficients measured by KASCAL on 11th, July
2018 as well as the location of the observation site on the roof of the IEK7 building at FZJ.

Table 2.3: List of methods used in Jülich MOSES field campaign.

Platform Instruments Main parameter

Ground-based KASCAL Aerosol backscatter, N2 Raman, depolarization
at 355 nm

UAV
OPC-N3 vertical profiles of Aerosol particle size

Meteorological sensor Vertical profiles of meteorological parameters

Balloon
radionsonde

COBALD Vertical profiles aerosol backscatter at 2 wave-
lengths (455 & 940 nm)

Meteorological sensor Vertical profiles of meteorological parameters

SwabianMOSES: The Swabian MOSES field campaign was condicuted in Rottenburg (48.4892°

N, 8.95452° E 339 m a.s.l.). This field campaign is an interdisciplinary field campaign to investi-

gate thunderstorms and the associated event chains (Kunz et al. 2022) in the Neckar Valley and the

Swabian Jura, southwest Germany. Seven intensive operation eriods Intensive Observation Peri-

ods (IOPs) were conducted with a total of 21 operating days as shown in Table 2.4 and the light
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Table 2.4: Overview of all Swabian MOSES IOPs and each IOP started at 00:00 and ended at
23:59 UTC. Radiosondes (RS), payloads (PL), swarmsondes (Sw), the cosmic ray rover (CRR),
water samplers (WS), aircrafts (Air), and aerosol filter probes (AFP) were used for additional ob-
servations. (The light green shaded rows indicate the Intensive Observation Periods (IOPs) that
KASCAL participated in.)

Dates Weather
regime

Precipitation Convection Characteristics Additional ob-
servations

IOP1 10
May

Atlantic
Trough

Mostly dry Stratiform
large scale
lifting

Test IOP RS, CRR

IOP2 2-5
June

European
Blocking

Heavy rain Isolated,
unorganized,
6 km to 9 km
high

Flooding near
Stuttgart

RS, CRR

IOP3 9-10
June

Zonal
regime

Heavy rain Isolated,
unorganized,
>10 km high

Small local
floodings, over-
shooting top
event

RS, PL, WS

IOP4 17-24
June

European
Blocking

Heavy rain,
hail

Organized,
>10 km high

Super cell
passes Rotten-
burg, Saharan
dust

RS, Sw, PL,
CRR, WS, Air,
AFP

IOP5 28-30
June

European
Blocking

Heavy rain,
hail

Unorganized
and line
organized,
>10 km high

Heavy run-
offs Ammer/
Steinlach, Cell
initiation

RS, Sw, PL,
CRR, WS, Air,
AFP

IOP6 12-13
July

Scandi-
navian,
European
Blocking

Some rain
west of
observation
area

7 km to 8 km
high, mostly
east of obser-
vation area

Non case RS, Sw, PL,
AFP

IOP7 24-25
July

European,
Scandi-
navian
Blocking

Showers Isolated,
outside study
area

Saharan dust,
hailstorm on 26
July (no IOP)

RS, Sw, AFP

green shaded rows indicate the IOPs that KASCAL was measuring. My aim during this campaign

was to investigate aerosol-cloud interaction and aerosol distributions by combining remote sensing

and in-situmeasurements. One mobile 16 feet container with KASCAL on the roof of the container

was installed together with KITcube in Rottenburg (8.95° E, 48.48° N, 339 m above sea level) from

June 1st to August 1st, 2021. The measurement container contained different aerosol characteri-
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zation instruments including aerosol particle sizers (SMPS, APS, OPC) and counters (CPC), a

Portable Ice Nucleation Experiment (PINE) (Möhler et al. 2021) to determine the ice nucleating

particles INP and a meteorological sensor. The KASCAL employed on the roof of the container did

zenith scanning measurement from 90◦ to 5◦ with the step of 5◦ at two azimuth angle at 230◦ and

320◦ relative to the north direction (0◦). The schedule of the scanning lidar had two modes - IOP

and Non-IOP. The KASCAL did 4 zenith scan planes each hour (2 scans for each direction) during

IOPs and 2 zenith scan planes each hour (1 scan for each direction ) during non-IOPs. In addition,

15 minutes vertical measurement was conducted during noon time and midnight to measure the

MLH and Residual Layer Height (RLH). In addition, cloud radar, MWR, radiosonde, ceilometer,

and sun photometer data provided by KITcube was used. Finally, the ICON-ART model was used

to simulate the aerosol-cloud interaction. The methods used in this field campaign are summarized

in Table 2.5. During my Ph.D. study, I participated in this field campaign and also analyzed this

dataset together with Dr. Yuxuan Bian (IMK-AAF, now at Chinese Academy of Meteorological

Sciences).

Table 2.5: List of methods used in the Swabian MOSES campaign.

Method Main parameter

KASCAL Aerosol backscatter, N2 Raman, depolarization at 355 nm

SMPS, APS, OPC, CPC Aerosol particle number, size

PINE INP number

Lufft WS800 Meteorological parameters

cloud radar cloud reflectivity factor, cloud droplet speed and spectrum
width, and LVDR

MWR Vertical profiles of temperature and humidity

Wind lidar (Wind cube WLS8) 3D wind vectors

Radiosonde Vertical profiles of meteorological parameters

Ceilometer Aerosol backscatter at 1064 nm

Sun photomter Column integrated aerosol optical parameters

ICON-ART Simulation of aerosol-cloud-interaction and dust

KarlsruheMülldeponieWest: This field campaignwas conducted at KarlsruheMülldeponieWest

(8.33° E, 49.02° N, 159 m above sea level) from July 14th to August 4th, 2022 with a similar in-
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strumentation as during the Stuttgart urban campaign with one additional Proton-Tranfer-Reaction

Mass Spectrometer (PTR-MS) which was operated by Yanxia Li (IMK-AAF). The observation site

is on the top of a small hill (old landfill about 50 m above ground) overlooking the west of Karl-

sruhe, which allows KASCAL to make horizontal measurements (0◦). During this campaign, the

KASCAL did zenith scanning measurements in 4 directions (north (0°), east (90°), south (180°),

and west (270°)) and also made horizontal scans (from 90° to 243° in steps of 17°) from the east

direction to the west direction. The aim of this campaign was to study the industrial and urban

aerosol distribution as well as boundary layer evolution during a summer heat wave. I participated

in this field campaign together with Dr. Yuxuan Bian and data analysis is still ongoing.

2.4.2 Saharan dust observations

Five Saharan dust cases reaching Germany were measured by remote sensing, in-situ measure-

ments, and compared to preditions by the ICON-ART model. The remote sensing methods in-

cluded the KASCAL which did two-angle fixed point measurements for most of the time and sun

photometers which were operated by IMK-TRO as AERONET observation stations. The in-situ

measurements including OPC and APS measured the size distributions of the Saharan dust parti-

cles if these particles reached ground level. The ICON-ART model predicted the dust layer height,

structure, and proprieties that were compared to observational data for each case. The main char-

acteristics of the five cases are given in the following.

Case 1 lasted from April 7 th to April 9th, 2018. The Saharan dust plume was characterized

by remote sensing methods including two lidars (one scanning lidar (KASCAL), one vertically

pointing lidar, both from Raymetrics Inc.) and one sun photometer (AERONET, Karlsruhe) at KIT

campus north (8.4298° E 49.0953° N, 110 m a.s.l.). These three days were almost free of clouds

except for certain periods with clouds existing above 6.0 km altitude.

Case 2 included three Saharan dust periods - the first period was from February 19th to February

20th, 2021 and the second period was from February 23rd to February 26th, 2021 and the last period

was fromMarch 2rd to march 4th, 2021. The days for period 1 and period 2 are free of clouds while

period 3 was cloudy. This Saharan dust case was not only characterized by the remote sensing

methods mentioned for case 1 but in addition by ground level in-situ measurements (e.g. SMPS,

OPC, CPC, and APS) since the dust plume reached ground level at KIT campus north.

Case 3 lasted from June 19 th to June 20th, 2021 with some clouds and was measured at Rot-
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tenburg (48.4892° N, 8.95452° E 339 m a.s.l.). The same characterization methods were used as

for case 2.

The Saharan dust case 4 occurred fromMarch 16th toMarch 21th , 2022with days partly cloudy,

which was also characterized by the same methods as mentioned for case 1 at KIT campus north.

Case 5 occured on 18th, July 2022 without clouds and was characterized by the same methods

as mentioned for case 2 but without APS in Karlsruhe Mülldeponie West (8.33° E, 49.02° N, 159

m above sea level). The main methods used in these campaigns are summarized in table 2.6. The

dataset collected during periods free of clouds allowed me to study the individual Saharan dust

plume properties without considering the influence of clouds while the dataset collected during

cloudy periods allowed me to investigate the aerosol-cloud interactions. For case 4 in March 2022,

I participated in Saharan dust observations in Granada as I was visiting the University of Granada

during that time and the measurements in Karlsruhe were done with remote control with the help

of Dr. Yuxuan Bian and Dr. Harald Saathoff (IMK-AAF).

Table 2.6: List of main methods used for 5 Saharan dust cases.

ID Date Observation site KASCAL OPC APS SPHa ICON-
ART

1 Apr. 2018 KIT-CNb X X X

2 Feb. &
Mar. 2021 KIT-CN X X X X X

3 Jun. 2021 Rottenburg X X X X X

4 Mar. 2022 KIT-CN X X X

5 Jul. 2022 Karlsruhe X X X X
*SPHa: Sun photometer; KIT-CNb: KIT campus north;
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3 Results and discussion

3.1 Development and validation of lidar retrieval methods

3.1.1 New retrieval method for scanning aerosol lidar and comparison of different retrieval

software

During my Ph.D. study, I have used different lidar retrieval software including a LabVIEW code

from the instrument manufacturer Raymetrics Inc., the Single Calculus Chain (SCC) as European

standard retrieval code in the lidar network EARLINET, a lidar data analysis tool from the Uni-

versity of Granada, and a retrieval software especially suitable for scanning lidar data developed

by myself. The EARLINET SCC is a tool for the automatic analysis of aerosol lidar measure-

ments. The SCC is a major component of the Aerosol, Clouds and Trace Gases Research In-

frastructure (ACTRIS) Aeorosol Remote Sensing Node (ARSN) responsible for the curation and

processing of the ACTRIS aerosol remote sensing data. In this thesis, I compared my own re-

trieval software with the SCC retrieval code. The result of this comparison is shown in Figure S1,

which shows that my own algorithm agrees well with the SCC retrieval. The agreement between

my own algorithm and the SCC code allowed me to develop a lidar software that is more suitable

for scanning lidar data analysis. During my Ph.D. study, I have developed two lidar data analysis

software based on the program language Python. The first one is a software with Graphical User

Interface (GUI) as shown in figure S2 and another one is an auto-analysis software which can an-

alyze datasets at a fixed time autonomous according to a fixed schedule. The parameters retrieved

for each lidar data set can be changed by the GUI or configuration text files. Both software tools

allowed me to analyze especially scanning lidar data partially automatic and more conveniently

than by existing software.

Furthermore, I found that scanning elastic lidar observations are not only useful to determine ex-

tinction coefficients as mentioned in section 2.1.1 but can also be used to get information on lidar

ratios from elastic lidar signals. I found that the backscatter coefficients retrieved using the Klett-

Fernald method for different lidar viewing angles showed discrepancies even in a horizontally

homogeneous atmosphere. These discrepancies varied with lidar ratios assumed. Hence, I can use

the backscatter coefficients measured at different lidar viewing angles to determine lidar ratios.
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Consequently, I developed a method to retrieve lidar ratios from elastic lidar signals independently.

Although retrieval of lidar ratios is straightforward with known extinction coefficients based on the

lidar equation, tomy best knowledge, there is no report about retrieving lidar ratios from single elas-

tic lidar measurements. Hence, finding a stable method to determine lidar ratios is important for

the further application of elastic lidar. This method was tested by simulations, proven mathemat-

ically, and validated using a Saharan dust plume. Firstly, I constructed lidar signals based on the

lidar equation at two elevation angles with the same aerosol backscatter coefficient profile. Then

I retrieved backscatter coefficients at these two angles with different values of the lidar ratio using

the Klett-Fernald method. Figure 3.1 shows the input (dashed line) and retrieved (red and green

line) backscatter coefficient profiles for different values of lidar ratios. The input lidar ratio used in

the lidar equation for this simulation is 55 sr. The differences between input and retrieved profiles

increase with lidar ratios deviating from the input lidar ratio (55 sr). More importantly, I found

increasing differences between the profiles retrieved for different viewing angles for lidar ratios

deviating from the input lidar ratio (55 sr). This implies that I can use the difference between two

retrieved profiles at different view angles to determine lidar ratios.

Figure 3.1: The input (dash line) and retrieved (red and green line) backscatter coefficient profiles
for different values of the lidar ratio with an input lidar ratio of 55 sr for the simulation result.
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In conclusion, this method allows for retrieving the lidar ratio if assuming a horizontal homoge-

neous atmosphere based on elastic lidar measurements at two different observation angles. Amath-

ematical derivation for this method is given in Appendix B.2. To test how sensitive this difference

in backscatter coefficients of different viewing angles depends on the lidar ratio, I performed a

series of simulations. Figure 3.2 shows the ratio between vertical and slant backscatter coefficients

for different lidar ratios with input lidar ratios being 55 sr and 30 sr, respectively. From this figure,

we can identify the ratio equal to unity when the retrieved lidar ratio is equal to the correct lidar

ratio. Besides, a smaller value of a chosen lidar ratio caused the backscatter coefficient from the

vertical retrieval to be smaller than that from the slant retrieval, and vice versa. Hence, I proposed

that the lidar ratio can be retrieved from a new method based on scanning aerosol lidar, which can

help us determine the backscatter coefficient and extinction coefficient from Klett-Fernald method

without the assumption of a lidar ratio.

Figure 3.2: The ratio between vertical and slant backscatter coefficient for different values of the
lidar ratio with input lidar ratios being 30 sr (upper panel) and 55 sr (bottom panel), respectively.

3.1.2 Validation by ground-based aerosol particle sizers

The comparison of lidar data with ground-based aerosol particle sizers was conducted during the

field campaign in the urban background of the city of Stuttgart. In this campaign, the aerosol
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lidar did zenith scanning measurement with elevation angles from 90 ◦ to 5◦. The nearly horizon-

tal measurements (5◦) allows to retrieve extinction coefficients from lidar data near ground level

(around 10 m above ground level) that can be compared with ground level in-situ measurement.

The ground level in-situ instrument, OPC (Fidas-200, Palas, inc) measured the size distribution

of aerosol based on side scattered white light. The aerosol size distribution was used to calculate

the aerosol extinction coefficient via Mie calculation and this extinction coefficient can be com-

pared with lidar retrieved extinction coefficients. The extinction coefficients retrieved from lidar

and calculated based on measured aerosol size distributions (legended as ”Raw size distribution”)

are shown in Figure 3.3. The extinction coefficients obtained from lidar were retrieved by a slope

retrieval method. Figure 3.3 shows that the extinction coefficients calculated by Mie theory are

systematically lower than from lidar retrieval by a factor of 4.70 ± 1.49. The main reason for this

phenomenon is that this OPC (Fidas 200) underestimates the particle number by a factor of 2-10 at

a diameter between 250 nm and 500 nm when comparing with SMPS data as shown in Figure S3.

The left side of Figure S3 shows number size distribution from OPC and merged size distributions

from SMPS and APS measurements. From this figure, we can see that the OPC underestimated

particle number size distribution at the diameters between 250 nm and 500 nm when compared

with the merged size distribution (called ”loss effect”). Please note that the SMPS can measure the

particle size distribution from several nanometers up to around 800 nm. The right plot of Figure

S3 shows the accumulated extinction coefficients calculated by Mie theory based on those two size

distributions shown in the left of this figure. The underestimation of particle numbers from 250 to

500 nm leads to lower extinction coefficients by a factor of 4. Hence, I conclude that the under-

estimation of particle number from 250 to 500 nm is the main reason for this underestimation of

extinction coefficients.

The underestimation of particle number for the lowermost channels of the OPC in the size range

250 - 500 nm is systematical, which can be seen by comparison with observational data (Figure

S4). So I calculated the counting efficiency curve by dividing the merged size distribution by the

OPC size distribution. Then I applied this counting efficiency correction to the OPC size distri-

butions measured in Stuttgart urban field campaign and this corrected size distribution is used to

calculate the extinction coefficient via Mie calculation. The time series of the corrected extinction

coefficients calculated from the corrected size distribution is shown in Figure 3.3 and the orange

areas refer to the extinction coefficients corrected for the underestimation of aerosol particle num-
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Figure 3.3: Time series of ground-level extinction coefficients retrieved by the multi-angle retrieval
method, Raman retrieval method, Mie calculations based on Fidas200 raw size distributions as well
as size distribution corrected for counting efficiency and hygroscopicity effects from February 5th
to March 5th, 2018, in downtown Stuttgart.

bers from 250 to 500 nm. After taking into account particle number underestimation, the modelled

extinction coefficients show good agreement with lidar retrievals. Although good agreement be-

tween in-situ and lidar measurements, the aerosol hygroscopic growth effect is still not considered.

The modelled extinction coefficient contributed by aerosol hygroscopic growth is legended as ”hy-

groscopy (container)” and ”hygroscopy (Ambient)” in Figure 3.3, representing the humidity used

in the model are container indoor humidity and ambient humidity, respectively. As shown in this

figure, the extinction coefficient retrieved from lidar measurement shows a similar trend with both

two hygroscopic extinction coefficients but shows better agreement with the one used container

indoor humidity, which implies that the aerosol particles were not thermodynamical equilibrated

and particles lost water partly but not completely when they were sampled by the instruments. The

fraction of water to be lost depends on the humidity, the temperature difference between the ambi-

ent and container indoor environment, and the flow rate. It is hard to quantify in this experiment.

However, for most of the time the hygroscopic growths seems to have only limited influence on

our measurements or the particle drying inside the container before the OPC detector is relatively

small. The correlation plot between the hygroscopic extinction coefficient by container indoor hu-

midity and the lidar-derived extinction coefficient is shown in Figure 3.4, which shows that a slope

and a Pearson correlation coefficient are 1.037 ± 0.015 and 0.878, respectively. The dash-dot line

in this figure is the regression fitting curve between the lidar-derived extinction coefficient and
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Mie calculation by using ambient humidity. From the fraction of extinction coefficient shown in

Figure 3.3, we can determine that the main reason for causing extinction coefficient inconsistency

between in-situ measurement and lidar retrieval is the ”loss effect” of the OPC. In addition, the

comparison between remote sensing with raw in-situ measurements implicates a good agreement

between lidar-derived extinction coefficients and in-situ ground measurements and also reflects the

good quality of lidar retrievals.

Figure 3.4: Correlation of extinction coefficients from multi-angle lidar retrievals and Mie calcula-
tions based on counting efficiency corrected particle size distributions (left). The right plot shows
the same correlation considering also a potential hygroscopic growth effect from February 5th to
March 5th, 2018, in Stuttgart.

3.1.3 Validation by UAV borne aerosol sizers

The comparison of lidar with UAV and balloon in-situ measurements was conducted based on

the dataset collected during the MOSES summer field campaign at the FZJ (see section 2.4). In

this section, I will discuss the comparison between lidar and UAV borne aerosol measurements.

The validation of lidar retrievals by balloon-borne COBALD measurements is discussed in section

3.1.4.
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The comparison of lidar and UAV borne in-situ measurements was conducted at two days, on July

9th and July 12th, 2018, to study the vertical distribution of aerosol particles and the boundary layer

structure. The UAVwas launched 5 times during the morning from 07:00 to 10:00 on July 9th, 2018

and was launched 7 times from 03:50 to 16:30 on July 12th, 2018 to measure the boundary layer

evolution during these times. Details on these UAV flights are gven in table 3.1. The sky was

almost free of clouds during UAV flights on July 9th, 2018 while it was affected by clouds within

the boundary layer on July 12th, 2018.

Table 3.1: The start time, altitude range, and duration of UAV flights for the experiments on July
9th and July 12th, 2018.

ID Date & Start time Min. altitude (masl) Max. altitude (masl) Duration (s)

2018070901 07.09 07:39 90.9 1246.5 709.5

2018070902 07.09 07:48 92.4 1244.8 705.1

2018070903 07.09 08:10 90.9 1243.8 711.7

2018070904 07.09 08:29 89.5 1235.5 691.6

2018070905 07.09 09:34 93.1 1752 1105.5

2018071201 07.12 04:16 91.4 1247.1 701.3

2018071202 07.12 04:31 94.8 1246.1 721.7

2018071203 07.12 07:09 92.7 1246.5 719.6

2018071204 07.12 07:33 93.2 1240.9 717.8

2018071205 07.12 09:44 98.6 1253.7 722.3

2018071206 07.12 14:30 92.8 1248.9 721.3

2018071207 07.12 16:30 92.9 1240.2 716.5

The comparison of the vertical aerosol particle profiles from lidar and UAV borne measurements

was conducted in the following steps. First, I used the temperature and pressure measured by the

UAV instead of the standard atmospheric model to calculate the profiles of molecular backscat-

ter coefficients for lidar retrieval. Second, the backscatter coefficients at all observation angles

were calculated using the Klett-Fernald method with reference values obtained from vertical pro-

files of the backscatter coefficient. Finally, Mie scattering theory was used to calculate the aerosol

backscatter coefficients based on size distributions measured by the UAV borne OPC. Figure 3.5

shows the backscatter coefficients retrieved from KASCAL measurements and those calculated
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Figure 3.5: Backscatter coefficients from lidar measurements at different angles (grey lines) and the
average of these profiles (thick red line), as well as backscatter coefficients (dashed lines) calculated
from particle size distributions measured by the UAV borne OPC-N3 (blue ascent). OPC based
PM1 mass concentrations (solid line, blue ascent; green descent), and particle size distributions for
different average altitudes (inserts on the right side) on July 9th, 2018. Note: The blue and green
colors indicate UAV ascent and descent measurements respectively.

based on measured size distributions as well as vertical profiles of PM1 (particulate matter with

diameter less than 1 µm) concentrations. In this experiment, the lidar performed zenith scans using

elevation angles from 90◦ to 5◦ with steps of 5◦. The backscatter coefficients for each observation

angle are indicated as thin gray lines in Figure 3.5 and the average of these backscatter coeffi-

cients is shown as thick red line. The comparison shows that the vertical distribution of the aerosol

particles in the well-mixed boundary layer is reflected well in both lidar and OPC measurements.

Furthermore, the backscatter coefficients from OPC retrieval show a similar vertical trend as those

50



3. Results and discussion 3.1. Development and validation of lidar retrieval methods

retrieved from lidar measurements but are significantly smaller. In addition, the aerosol size distri-

bution measured by UAV borne OPC is shown in the right part of this figure. Please note that the

particle size was averaged over 300 m of altitude and the horizontal dashed lines represent these

average altitude zones. These size distributions show that large particles were detected only below

300 m altitude above sea level.

Figure 3.6: Correlation of backscatter coefficients retrieved from lidar measurement and calculated
by Mie theory based on aerosol size distributions measured by OPC-N3 on the UAV for all UAV
flights on July 9th and July 12th, 2018. The different scatter point colours indicate the different
UAV flights.

12 UAV flights were conducted on July 9th and July 12th as shown in table 3.1 for comparison

with lidar retrievals. Figure 3.6 shows correlation of backscatter coefficients retrieved from li-

dar measurement and calculated from Mie theory based on aerosol size distributions measured by

OPC-N3 on the UAV. The data from lidar and UAV was averaged over 60 m in vertical direction

to reduce noise the of OPC-N3 measurements. The colours of scatter points indicated different

UAV flights. This figure shows that the backscatter coefficients retrieved from lidar correlate with

those calculated from size distributions with a slope of 0.831 ± 0.095 and a Pearson correlation

coefficient of 0.234. This means that the UAV measurements show a similar trend and magnitude
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as the lidar measurement but also show large deviations varying with from flight to flight. All

these results of UAV borne measurements show that the OPC-N3 on UAV could be comparable

with lidar measurements but cannot provide stable observational data due to very large flight to

flight fluctuations. Potential reasons for this are changing particle size distributions from flight to

flight of which especially the small particles are not detected well by the OPC. Furthermore, also

a changing relative humidity may change the particle size due to hygroscopic growths which may

be captured differently by the two instruments. In addition, the airflow into the OPC on the UAV

was not isokinetic and may lead to certain particle losses especially of larger particles.

3.1.4 Validation by a backscatter sensor on a balloon

A radiosonde balloon that carried a COBALD instrument tomeasure in-situ backscatter coefficients

was launched to an altitude of around 30 km at the night of July 12th to validate lidar retrievals.

The lidar (KASCAL) did only vertical measurements with an integration time of 60 s for each

profile during the balloon flight. Figure S5 shows the range-corrected lidar signal for two hours

of continuous measurement and the vertical trajectory of the balloon. As shown in this figure, the

lidar signal almost did not vary too much in the first hour (the period was highlighted in this figure)

while shows changes in the second half of the experiment. Hence, I select lidar data during the

first hour to compare with the radiosonde measurement. Figure S6 shows the horizontal trajec-

tory of the radiosonde with the color of the plot indicating the radiosonde altitude and the circle

indicating the distance from the lidar observation station. This figure shows that the horizontal

displacement of the radiosonde is about 10 km when the radiosonde reached an altitude of 10 km

and this horizontal displacement is a main reason for the difference in backscatter coefficients be-

tween lidar and COBALD. For the lidar analysis in this experiment, the backscatter coefficients

were retrieved from elastic and Raman data with the vertical profiles of molecular backscatter co-

efficients being calculated from temperature and pressure measured by the balloon. The COBALD

data analysis follows the procedure proposed by Brunamonti et al. (2021b). First, a wavelength

conversion was conducted to get the backscatter coefficients at a wavelength of 355 nm from the

COBALD measurements. The AE used for this wavelength conversion is measured by COBALD

at two wavelengths (455 nm/940 nm) and extrapolated to the wavelength of 355 nm. Second, as the

FOV of the lidar and the COBALD are different (the FOV of COBALD is 6◦ whereas the FOV of

lidar is 2.3 mrad), also a FOV correction is necessary. The correction factors are calculated based
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on Mie scattering theory and these values are shown in figure 2 in Brunamonti et al. (2021b).

Figure 3.7: Backscatter coefficients measured by balloon-borne COBALD and lidar (left) as well
as aerosol volume and particle depolarization ratio measured by lidar (right) on the night time of
July 12th of 2018. (The integration time of lidar is 1 hour from 21:19 to 22:19 UTC.)

Figure 3.7 shows the backscatter coefficients from COBALD and lidar measurement for a lidar

integration time of 1 hour. These two profiles of backscatter coefficients from lidar are retrieved

from the elastic and Raman channel dat, respectively. The retrieval of backscatter coefficients from

the elastic channel remained uncertain due to the assumption of a lidar ratio in the Klett-Fernald

method. Hence, it is meaningful to compare backscatter coefficients from the Raman data with

those from COBALD measurements. This figure shows a good agreement in backscatter coeffi-

cients between lidar Raman data retrieval and the COBALD measurement at an altitude above 2

km. However, there is still a discrepancy at altitudes below 2 km. In addition, the volume and

particle depolarization ratios measured by lidar are shown on the right side of Figure 3.7. The low

depolarization ratios support our assumption that the particles are spherical and that I can use Mie

calculations for the FOV correction.

The discrepancy of backscatter coefficients between lidar retrievals and COBALD measurements

at low altitudes is due to the temporal/vertical variability of aerosol particles in the boundary layer

as can be seen from vertical profiles of backscatter coefficients with high temporal resolution as
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Figure 3.8: Profiles of backscatter coefficients from lidar for integration times of 5 minutes and
vertical profile of in-situ backscatter coefficientsmeasured by balloon-borneCOBALDon July 12th
of 2018. The black line segments indicate the altitude ranges selected to get the merged profile of
the backscatter coefficients from lidar.

Figure 3.8. This figure shows profiles of backscatter coefficients retrieved from lidar Raman data

with 5 - minute temporal resolution and backscatter coefficients measured by COBALD as well

as the vertical balloon trajectory. This figure shows a good agreement in backscatter coefficients

between COBALD measurement and lidar Raman data retrievals if compared for the actual flight

altitude of the balloon. The backscatter values at the altitude of the balloon passing by are se-

lected as shown by the back line in this figure to get merged Raman backscatter coefficients. The

merged Raman backscatter coefficients and backscatter coefficients from COBALDmeasurements

are shown on the left side of Figure 3.9. This shows very good agreement of backscatter coefficients

between lidar and COBALD measurements at all altitudes. The correlation between lidar merged

Raman backscatter coefficients and COBALD backscatter coefficients is shown in the right side

of Figure 3.9. The backscatter coefficients are well correlated with a slope of 1.063 ± 0.016 and

a Person correlation coefficient of 0.925. The good agreement in backscatter coefficients between

lidar retrievals and COBALD in-situmeasurements validates vertical profiles of lidar retrievals but

also the good quality of the COBALD data.
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Figure 3.9: Left: Profiles of backscatter coefficients from lidar for an integration time of 1 hour
(grey dash line) and merged backscatter coefficients (green line) from 5-minute integration profiles
as shown in Figure 3.8 as well as the vertical profile of in-suit backscatter coefficients measured
by balloon-borne COBALD (blue line) on July 12th of 2018. Right: Correlation between lidar
merged backscatter coefficients (the green line in the left) and balloon-borne COBALD backscatter
coefficients (the blue line in the left).

3.1.5 Summary

I have developed a new retrieval software for a scanning aerosol lidar and validated it by compari-

son with software from the instrument manufactorer (Raymetrics Inc.) and the European reference

lidar retrieval software SCC. The new software is more suitable for scanning lidar data analysis.

Furthermore, I developed and validated a method which can retrieve lidar ratios from scanning

elastic lidar data with at least two different observation angles. Under the assumption of a hori-

zontally homogeneous atmosphere it can help to reduce uncertainties of the Klett-Fernald method.

Scanning lidar measurements with low elevation angles allows retrieval of extinction coefficients

near ground level. I validated this approach by comparsion with ground level based in-situ size

distribution measurements. The comparison shows that OPC measurements, e.g. by Fidas200, can

underestimate particle number concentrations by a factor of 2-10 at the diameters between 250 nm

and 500 nm, thus causing the total extinction calculated from size distributions to be systematically

lower than that from lidar retrievals by a factor of 4.70 ± 1.49. Correcting the aerosol particle

size distributions including SMPS size distribution measurements (14-760 nm) leads to a good
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correlation with lidar-derived extinction coefficients with a slope of 0.916 ± 0.012 and a Pearson

correlation coefficient of 0.895. The comparison also shows that the underestimation of aerosol

particles between 250 nm and 500 nm contributes the largest discrepancy between lidar retrieval

and these in-situ measurements. In addition, comparison of lidar and UAV based measurements

shows good agreement for boundary layer heights with similar trends as the ERA5 boundary layer

evolution. The OPC-N3 abroad the UAV shows the similar aerosol vertical distributions and com-

parable backscatter coefficients as the lidar measurement. However, the backscatter coefficients

calculated from these OPC data were unstable and with large uncertainties for different flights

mainly due to the uncertainties of the OPC-N3 sensor. Finally, the backscatter from balloon-borne

COBALDmeasurements is well correlated with the backscatter retrieved from lidar measurements

from near ground level up to the stratosphere with a slope of 1.063± 0.016 and a correlation coef-

ficient of 0.925. This consistency between lidar and COBALD sensor validated both methods and

proved that both can provide reliable and high-resolution vertical profiles of aerosols. In conclu-

sion, these comparisons validated the lidar retrieval and assessed uncertainties of different methods,

thus providing a good base for further investigations related to my Ph.D. topic.

3.2 Urban aerosol and boundary layer dynamics in Stuttgart in winter

This section presents the results of boundary layer dynamics, aerosol composition, and air quality

in downtown Stuttgart in winter 2018 based on data collected during the “Stuttgart urban” field

campaign. One main objective of this work is to study the evolution of the boundary layer, espe-

cially during nighttime, and its relationship with aerosol concentrations at ground level combining

different remote sensing and in-situ measurements. In addition, a LES model, PLAM-4U, was

used to simulate the boundary layer dynamics and aerosol spatial-temporal distribution and these

simulations can be validated by the observational data. This study should help to get a better un-

derstanding of air pollution in Stuttgart and especially on the interplay of boundary layer dynamics

and emissions as well as transport of pollutants. My study, therefore, adds an important piece of

information on air quality in cities like Stuttgart.

The “Stuttgart urban” field campaign employed remote sensing, in-situ, and radiosonde methods.

It was conducted from February 5th to March 5th, 2018. One mobile container containing differ-

ent aerosol characterization instruments and one scanning aerosol lidar on the roof of this container

were installed in downtown Stuttgart, in southwest Germany. A detailed description of instruments

56



3. Results and discussion 3.2. Urban aerosol and boundary layer dynamics in Stuttgart in winter

and measurement modes for this field campaign is given in section 2.4.

Figure 3.10: Time series of range corrected lidar signal and boundary layer heights derived from
scanning aerosol lidar (pink line), radiosonde data at Schnarrenberg station (black stars), and an
ERA5 dataset (grey dash line) (upper panel) (a), the aerosol mass concentrations measured by AMS
(b), five-factor PMF solution of organic aerosol (c), the particulate matter measured by Fidas200
(d), and the temperature at two different altitude levels measured by radiosonde as well as wind
speed measured by a meteorological sensor at ground level (e).

Figure 3.10 shows the time series of the RCS for one-month of measurements as well as the BLH

retrieved from lidar data during periods that were free of clouds within 3 km above the ground level.

In addition, BLH derived from radiosonde data and obtained from the ERA5 dataset are also shown

in this figure as indicated by black stars and the grey dashed line, respectively. This comparison
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shows a quite good agreement in BLH among lidar and radiosonde measurement as well as the

ERA5 dataset. The correlation of BLH between lidar and radiosonde measurements is shown on

the left side of Figure 3.11. The BLH retrieved from lidar and radiosonde correlate well with each

other with a slope of 1.102± 0.135 and a Pearson correlation coefficient of 0.86. The correlation of

BLH between lidar and the ERA5 dataset is shown on the right side of Figure 3.11. They correlate

with a slope of 0.698 ± 0.067 and a Pearson correlation coefficient of 0.607. The BLH from the

ERA5 dataset is systematically lower than that retrieved from lidar and radiosonde data but still

shows a similar trend. A similar underestimation of BLH by the ERA5 dataset due to surface het-

erogeneity as well as land use and land cover was also reported by Dias-Júnior et al. (2022). The

evolution of aerosol composition measured by HR-TOF-AMS as shown in Figure 3.10b indicates

that nitrate dominates the aerosol chemical composition due to low air temperatures, shallow mix-

ing layer, and high NOx emissions in winter. The Positive Matrix Factorization (PMF) analysis of

OA results in five main source factors as shown in Figure 3.10c. It illustrates that Low-Volatility

Oxygenated Organic Aerosol (LV-OOA) are dominant during this time periode in winter. They

are manly related to regional transport of aerosol. Detailed analysis of the chemical composition

of aerosol in Stuttgart can be found in Huang et al. (2019). The average temperatures at two al-

titude ranges (0.5-1.0 km and 1.0-1.5 km) measured by radiosonde as well as surface level wind

speed measured by a meteorological sensor (WS700) on a 10 m mast at the container is shown in
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Figure 3.11: Correlation of boundary layer height (BLH) retrieved from lidar data and radiosonde
measurement (left) as well as the correlation between lidar measurement and the ERA5 dataset.
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Figure 3.10e. It shows that a temperature inversion and low wind speeds cause an accumulation

of aerosols (e.g. time periods from February 6th to February 8th and from February 28th to March

2th). The obvious temperature inversion and low wind speeds during the above two periods are

classified as stagnant weather conditions. The low wind speed and strong temperature inversion

during stagnant weather conditions suppressed the convection in the troposphere, hence causing a

shallow and stable boundary layer associated with accumulation of aerosols at ground level. These

stagnate weather conditions are a typical reason of elevated air pollution in larger cities (Huang

et al. 2018, Katsoulis 1988, Ji et al. 2014).

Figure 3.12: Vertical profiles of temperature and wind speed measured by radiosonde for polluted
and unpolluted periods. (The time when the concentration of PM10 is larger than the average value
is defined as the polluted period.)

Figure 3.12 shows the vertical profile of temperature (left) and wind speed (right) during polluted

and unpolluted periods. The polluted period have concentrations of PM10 of larger than the aver-

age value of 25.8 µg/m3 indicated as the grey dashed line in Figure 3.10d. These average vertical

profiles of temperature and wind speed were calculated after weekend data were excluded to avoid

the influence of local emissions. This figure shows obvious temperature inversion and low wind

speed during the polluted period as expected.

In order to further investigate the evolution of the boundary layer and the impact of BLH on ground-
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level aerosol dispersion, the correlation between BLH and surface aerosol concentration will be

discussed in section 3.2.1. In addition, two cases were selected to better demonstrate the boundary

layer behavior and surface aerosol concentration as well as the related meteorological background

(see section 3.2.2).

3.2.1 Correlation between boundary layer height and ground-level aerosol concentrations

The correlation between ground-level aerosol concentrations and BLH is discussed in this section.

Here I calculated the BLH from lidar measurement when free of clouds within 3 km above the

ground. Figure 3.13 shows the correlations between boundary layer heights and PM10 as well as

back carbon concentrations for three different periods (All data (a), afternoon 12:00-18:00 UTC (b),

and night time and morning 00:00-12:00 & 18:00 - 24:00 UTC (c)). The color of the scatter points

indicates the relative humidity. The correlation for all data is shown in figure 3.13a, which shows

that PM10 values are anti-correlated with boundary layer heights as expected. This anti-correlation

means that a higher boundary layer would dilute the aerosol while a shallow boundary layer would

accumulate aerosol near the ground. However, I also found a positive correlation between PM10

and boundary layer heights for boundary layer heights below 800 m (a.s.l). This positive corre-

lation is also reported in Yuval et al. (2020). This positive correlation corresponds to a low wind

speed, and a high relative humidity, indicating the typical proprieties of a SBL.

Then I divided the data into two groups for two different time periods - Afternoon Time Pe-

riod (ATP) as well as Night and Morning Time Period (NMTP). And the correlations between

the boundary layer and surface aerosol concentrations (PM10) for ATP and NMTP are shown in

Figure 3.13b and Figure 3.13c, respectively. From these two subplots, we can see that the posi-

tive correlation only appeared in NMTP and the MLH during ATP only shows an anti-correlation

with ground-level aerosol concentrations. The correlation between BC concentrations and BLH

are shown in Figures 3.13d-f. These figures revealed that the BC concentrations are always anti-

correlated with the BLH. The potential reasons for the positive correlation between PM10 and the

BLH are accumulation of local emission or new particle formation while the SBL slowly increases

during NMTP. The corresponding growths ofparticle mass can be seen from the time series of

chemical composition measured by the AMS as shown in Figure 3.10b. And the reason for only

anti-correlation between the BC concentrations and the BLH is that the only sources of BC are

car emissions and biomass burning and the generation of the BC particles could be diluted in the
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Figure 3.13: Correlation between boundary layer height and PM10 (upper panel) as well as black
carbon (bottom panel) concentration for three different time periods (All data (a), afternoon 12:00-
18:00 UTC (b), and night time and morning 00:00-12:00 & 18:00 - 24:00 UTC (c)) from February
5th to March 5th, 2018 in Stuttgart. (The color of the scatter points indicates different relative
humidity.)

increasing of boundary layer during NMTP. A good case to illustrate this phenomenon is shown in

Figure 3.16, which shows the chemical composition measured by the AMS shown in Figure 3.16b,

From this figure, I found that the mass concentrations of ammonium sulfate and ammonium nitrate

increased from February 13th, 18:00 to February 14th, 05:00 while the boundary layer heights also

increased slowly during this time period, which cause a positive correlation between the boundary

layer and PM10 concentrations. However, the BC concentration shown in Figure 3.16d is also con-

stant during the nighttime. Hence the PM10 concentration can be correlated with the BLH while

the BC concentration is always anti-correlated with the BLH. Figure S7 also shows the relation-

ship between boundary layer and ground level extinction coefficients as well as CO2 concentration.

These two figures show that the extinction coefficient was also correlated with the BLH for heights

below 800 m (a.s.l). Although the PM10 and extinction coefficients both show the same positive

correlation with the boundary layer for low boundary layer heights, the PM10 decreased more than

the extinction coefficient as BLH decrease. In addition, there is no obvious correlation between

CO2 and boundary layer heights, suggesting that the boundary layer has less impact on gas than
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particle concentrations.

Figure 3.14: Diurnal variations of PM10 and boundary layer height (BLH) based on two years
data from January 1st, 2020 to January 1st, 2022 in Stuttgart. (PM10 concentrations are hourly
reported by Landesanstalt für Umwelt Baden-Württemberg (LUBW) and the BLH are from an
ERA5 dataset).

The above statistical data analysis of the correlation between ground-level aerosol concentrations

and BLH is based on data collected during one month. The correlation would be more reliable if

more data was used. Figure 3.14 shows the diurnal variations of PM10 and BLH based on two-year

data from January 1st, 2020 to January 1st, 2022 in Stuttgart. The PM10 concentration is the hourly

reported dataset by LUBW and the BLH is from an ERA5 dataset. From this figure, a positive

correlation between BLH and PM10 can be found between 04:00 - 08:00, UTC as shaded in Figure

3.14, and this positive correlation is possibly related to the morning local emissions during rush

hours. In addition, the increased boundary layer after sunset (08:00 - 12:00) dilutes the aerosol in

the boundary layer, thus causing a decrease of PM10 concentration.

The diurnal variations of PM10 and BLH for different seasons based on LUBW and ERA5 data

are shown in Figure 3.15, which also shows that the ground-level PM10 concentration is correlated

with BLH from 04:00 to 08:00 for all seasons. However, the strength of the correlation is different

for different seasons. The spring (MAM) shows the strongest correlation while the winter (DJF)

shows the weakest correlation. In addition, the summer has the highest MLH while the winter has
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Figure 3.15: Diurnal variations of PM10 and boundary layer height (BLH) for different seasons
(Winter: DJF, Spring: MAM, Summer: JJA, Spring: SON) based on two years data from January
1st, 2020 to January 1st, 2022 in Stuttgart. (PM10 concentrations are hourly reported by Lan-
desanstalt für Umwelt Baden-Württemberg (LUBW) and the BLH are from an ERA5 dataset).

the lowest MLH as expected due to the solar radiation being strongest in summer while weakest

during winter. The ground aerosol concentration is anti-correlated with the mixing layer heights

and shows the highest concentrations during winter and the lowest concentrations during summer.

From the correlation between PM10 concentration and boundary layer heights, I concluded that the

ground-level aerosol concentration was anti-correlated with the MLH but correlated with the stable

boundary layer height.

3.2.2 Boundary layer dynamic and surface level aerosol - a case study

In Figure 3.10, the boundary layer dynamics, ground-level aerosol concentration, aerosol compo-

sition, and related meteorological parameters were illustrated for the whole experiment period. In
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this section, two cases are discussed in detail to better understand the boundary layer dynamics,

ground-level aerosol, and air quality in downtown Stuttgart in winter. Figure 3.16 demonstrates an

overview of one case (called case 1). Figure 3.16a shows the time series of lidar retrieved backscat-

ter coefficients, the BLH (white line), the RLH (white dash line), and the boundary layer from an

ERA5 dataset (grey dash line) as well as the BLH retrieved from radiosonde (yellow triangles).

Please note that the altitude used here is the height above sea level. The reason for using this alti-

tude is that the altitude of these three observation stations is different as shown in the left of Figure

2.10 and the usage of the same altitudes make these observations comparable. The vertical dis-

Figure 3.16: Time series of backscatter coefficients from lidar measurements (contour plot), the
boundary layer height retrieved from lidar data (white line) and DWD radiosonde (yellow triangle)
(a), the aerosol mass concentrations measured by Aerosol Mass Spectrometry (AMS) (b), five-
factor Positive Matrix Factorization (PMF) solution of organic aerosol source factors (c), black
carbon (BC) concentration (d), potential temperature measured byMicrowave Radiometer (MWR)
(e), Turbulent Kinetic Energy (TKE) retrieved from Doppler lidar (f) as well as the global radiation
measured by a meteorological sensor (WS700) (g) for case 1 from February 13rd to February 14th,
2018. The inserted plot on the right side shows the potential temperature measured by radiosonde
at 06:00 of 13rd (blue) and 14th (red), February 2018.
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tribution of backscatter coefficients are shown from ground level to free troposphere. They were

calculated from zenith and near horizontal (5◦ above the horizon) measurements and allow thus

also determination of data close to the ground level. Despite an overlap range of about 200 m for

the scanning lidar, the analysis of measurement a 5° elevation angle allows retrieval of backscatter

and extinction coefficients down to about 10 m above ground level. The time series of aerosol

chemical composition measured by AMS is shown in Figure 3.16b. A PMF analysis of the OA

resulting in 5 major source factors is shown in Figure 3.16c. In addition, the potential tempera-

ture from MWR and Turbulent Kinetic Energy (TKE) from wind lidar are shown in Figures 3.16e

and Figure 3.16f, respectively. Finally, BC concentration and solar radiation are shown in Figure

3.16d and Figure 3.16g, respectively. The backscatter coefficients in this figure show that aerosol

particles can only reach a maximum height of 1800 m (below BLH) for the whole period, which

indicates that most aerosol stayed within the boundary layer or residual layer and could not reach

to free troposphere as stated in previous literature (Su et al. 2018, Quan et al. 2013, Yuval et al.

2020, Li et al. 2017b, Guo et al. 2009). I also found that the mixing layer heights measured by

lidar and radiosondes show a good agreement for this case. A decreasing trend of the residual layer

and a rather constant, maybe slowly increasing stable boundary layer at around 550 ± 93 m above

sea level can be seen during the night time. The shallow and stable boundary layer and increased

emission during morning rush hours (05:00 a.m. - 10:00 a.m.) caused accumulation of aerosol near

the surface as can be seen from low-attitude backscatter coefficients and in-situ measurements at

ground level. Then, an expanding boundary layer driven by solar radiation after 10:00 on February

14th diluted the aerosol in the boundary layer, thus causing a decrease of aerosol concentrations at

ground level. Furthermore, I found that the aerosol concentrations increased more in morning rush

hours (05:00 - 10:00) than in evening rush hours (17:00 - 20:00) due to the shallow boundary layer

in the morning hours. Increasing aerosol concentrations during morning and evening rush hours is

related to the emissions of traffic (HOA) and industry (Amine-OOA) as can be seen from a PMF

analysis shown in panel (c). At night time, a potential temperatureinversion shown in panel (e) and

small values TKE shown in panel (f) indicate a stable and shallow boundary layer.

A more interesting phenomenon in this case is that the boundary layer increased faster on the first

day (February 13th) than that on the second day (February 14th), which means that there is a time

delay of boundary layer rising on the second day. But the solar radiation is the same for these two

days as shown in Figure 3.16g. The reason for these different boundary layer behaviours is due
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Figure 3.17: A schematic figure showing the boundary layer and the feedback of a cloud on the
boundary layer evolution. The red lines labled with “T” illustrate the air temperature profile (solid
and dotted lines show scenario for cases with a cloud and without a cloud during the previous
night). The yellow arrow lines with “SW” denote the solar short wave radiation and the dashed
red line with “LW” denote the terrestrial long wavelength emission. (SBL: Stable Boundary Layer
RL: Residual Layer ML: Mixing Layer LW: Long wavelength Radiation FT: Free Troposphere)

.

to different vertical thermal structures as can be seen in the vertical temperature profiles shown in

Figure 3.16d as well as the vertical profiles of temperature measured by radiosonde at 06:00 of 13rd

and 14th, February 2018 as shown in the right side of Figure 3.16. On the first day, the temperature

inversion is weaker and the TKE is larger than on the second day as can be seen from Figure 3.16d

and Figure 3.16e, which means that it takes a shorter time to transform the stable boundary layer

(SBL) into a CBL. Hence, the boundary layer increases faster on the first day than on the second

day. One explanation of this thermal structure difference is because of the existence of clouds on

the night of the first day. This cloud hindered the long wave emission during the nighttime, hence

causing a higher temperature at the surface and a weaker temperature inversion on the first day. In

conclusion, the existence of clouds on the first day prevented long wave emission and weaken the

temperature inversion, which would cause a neutral layer during the night time and the boundary

layer would increase faster after sunrise. The conceptual schematic for this phenomenon is illus-

trated in 3.17. In addition, the slower increase of the boundary layer on the second day presented

diffusion of aerosol during morning rush hour (5:00 - 10:00, February 14 th), thus causing accu-

mulation of aerosol at ground level as shown in Figure 3.16a-c.

Figure 3.18 shows an overview of another case (called case 2), in which I used the same methods

as case 1 but the data were collected from 24th to 25th, February 2018. The most obvious obser-

66



3. Results and discussion 3.2. Urban aerosol and boundary layer dynamics in Stuttgart in winter

Figure 3.18: Time series of backscatter coefficients from lidar measurements (contour plot), the
boundary layer height retrieved fron lidar data (white line) and the DWD radiosonde (yellow tri-
angle) (a), the aerosol mass concentrations measured by Aerosol Mass Spectrometry (AMS) (b),
five-factor Positive Matrix Factorization (PMF) solution of organic aerosols(c), black carbon con-
centration (d), potential temperature measured by Microwave Radiometer (MWR) (e), Turbulent
Kinetic Energy (TKE) retrieved from Doppler lidar (f) as well as the global radiation measured by
meteorological sensors (WS700) (g) for case 1 from February 24th to February 25th, 2018.

vation or difference for case 2 is a sharp decrease of aerosol particles from 07:00 to 12:00, 24th,

February 2018. Even though the BLH only increased from 1042 m to 1280 m. In addition, the

BLH did not decrease after the sunset of February 24th as shown in the red rectangle in Figure

3.18a. Furthermore, the boundary layer measured by radiosonde is higher than that derived from

lidar measurements. I also found that the aerosol at ground level was much lower on 25th, February

2018 than that on 24th, February 2018 corresponding to a higher boundary layer on February 25th.

Finally, the PMF analysis result shown in panel (c) reveal a large fraction of the organic aerosol

particles comprises of LV-OOA which is related more to long-range transport.

Figure 3.16 and Figure 3.18 showed the different boundary layer behaviors and different patterns

of aerosol concentration at ground level even with the similar evolution of solar radiation as shown
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Figure 3.19: Time series of temperature and wind for case 1 (upper panel) and case 2 (bottom
panel).

in the panel (e) of both figures. However, the evolution of temperature and wind are different as

shown in Figure 3.19. Comparing the meteorological background in these two cases, we can find

that the temperature decreased more sharply in case 2 than that in case 1. This decrease caused a

low temperature on 25th, February 2018 as indicated that the temperature was below 0◦ C even dur-

ing daytime on 25th, February 2018. In addition, a higher wind speed can be found from 00:00 on

24th, February to 16:00 on 25th, February 2018 for case 2. Then, the wind speed began to decrease,

and the wind direction also changed from east to north since 16:00, 25th, February 2018. All this

meteorological information indicate that a cold front passed by the observation station from 24th,

February to 25th, February 2018 affected local temperature and wind, thus having an impact on

the boundary layer behavior and aerosol distribution in the boundary layer. The high wind speed

during this cold front causes stronger turbulences in the boundary layer as shown in Figure 3.18f,

thus increasing the BLH, especially at nighttime. In addition, this high wind speed also blew the

local aerosol away and caused a low aerosol concentration on 25th, February 2018.

From the above two cases, I conclude that the evolution of the boundary layer was affected by
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related meteorological parameters such as solar radiation, wind speed, and wind direction, thus af-

fecting the aerosol dilution and transport in the boundary layer. The general relationship is that the

ground-level aerosol concentration is anti-correlated with BLH, which means that a low boundary

layer will lead to accumulation of aerosol near ground level, thus causing high aerosol concen-

trations near the surface layer as stated in previous literature. (Su et al. 2018, Quan et al. 2013,

Spracklen et al. 2006).

3.2.3 Potential comparison of LES simulation (PALM-4U) with experimental observations

In this work, I wanted to compare my observational results with those of the high-resolution (10

m) LES model, PALM-4U. Although modellers (Dr. Christopher Holst and Dr. Basit Ali Khan,

IMK-IFU) have made substantial progress to run the model including the transport of aerosol par-

ticles, still no reliable data are available for comparison. However, this should be the case in the

near future and become part of my first author publication on the boundary layer and air pollution

evolution in the city of Stuttgart.

In this section, I show which observational results (cf. Figure 3.20) I plan to compare with the

model results and what scientific questions I expect to answer based on comparison with the model

simulation. Firstly, I will do this comparison for the time series of particulate matter concentra-

tions (PM2.5 & PM10) as shown in Figure 3.20b. Secondly, I will compare the vertical profiles of

backscatter coefficients from lidar measurements as shown in Figure 3.20a with vertical profiles

of aerosol particle concentrations from the model predictions to better understand the mechanism

of aerosol boundary layer interaction. Thirdly, I intend to compare the plane of the measured

backscatter coefficients with three-dimensional model-predicted aerosol distributions to investi-

gate the horizontal and vertical distributions in the basin-like topography of Stuttgart. In the plane

of the measured backscatter coefficient, I chose two time periods (one in the morning rush hour

as shown in Figure 3.20c and one in the later afternoon as shown in Figure 3.20d) to study the

evolution of the boundary layer and the corresponding aerosol distributions.
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3.2.4 Summary

In this section I investigated boundary layer dynamics and its correlation with ground-level aerosol

particle concentrations by combining remote sensing methods, ground-level in-situmeasurements,

radiosonde data, and the PALM-4U high resolution LES model for downtown Stuttgart in winter.

A major advantage of the scanning lidar, KASCAL is, that it can measure the boundary layer struc-

ture with high spatial resolution and vertical profiles of aerosol particles down to about 10 m above

ground level despite an overlap range of 200 m employing low elevation angles. This attitude range

is usually in the overlap region which is not accessible for traditional vertically pointing lidars. This

allows direct comparison of lidar data with ground-level in-situ measurements to achieve a better

understanding of the interaction between the boundary layer dynamics and aerosol concentrations.

I could show that the BLH retrieved from lidar has a good agreement with that from radiosonde

retrievals with a slope of 1.102± 0.135 and a Pearson correlation coefficient of 0.86, respectively.

This agreement reflects also a good quality of our measurements and retrieval algorithms. Stag-

nant meteorological pattern with strong temperature inversion and low wind speeds can cause an

accumulation of aerosol particles near ground level, thus causing air pollution especially in cities

with topographic wind barriers. Ground-level aerosol concentrations are anti-correlated with the

MLH as stated in previous literature but are correlated with the SBL height due to strong emis-

sions during morning rush hours. For two selected cases, I could show that the diurnal evolution

of the boundary layer was strongly affected by solar radiation, temperature, as well as wind, and

can substantially differ for different meteorological conditions. Even clouds present only during

night time can already weaken a temperature inversion causing a faster increase of the BLH after

sunrise than in without a cloud. In addition, these observational data can be used to validate the

large eddy simulation model, PALM-4U, simulating the evolution of the boundary layer and the

spatial-temporal distribution of aerosols in Stuttgart with a spatial resolution of 10 m. In conclu-

sion, I could show how the boundary layer dynamics impacted air pollution in a city with a basin

like topography and this should allow a quantification of aerosol emissions, transport, and dilution

with a validated PALM-4U model in the near future.
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3.3 Urban and rural boundary layer dynamics in summer

This chapter presents results of boundary layer dynamics, aerosol concentrations, and chemical

compositions during summer heat wave periods by combining scanning aerosol lidar, in-situ mea-

surements at ground level and on the UAV flights. The aim of this chapter is to illustrate the

boundary layer dynamics and aerosol distributions in summer to compare these results with the

results in winter time as presented in chapter 3.2. These two chapters discuss the seasonal variation

of boundary layer dynamics and its relationship with aerosols. In this chapter, the data collected in

three field campaigns (Jülich MOSES, Swabian MOSES, and Karlsruhe Mülldeponie West) will

be presented. During the Jülich MOSES campaign, the scanning aerosol lidar and airborne in-situ

instruments were deployed. During the other two field campaigns, the same scanning aerosol lidar

and ground-level in-situ instruments were used. Detailed information on methods used in these

field campaigns can be found in “Jülich MOSES”, “Swabian MOSES”, and “Karlsruhe” sections.

3.3.1 Boundary layer dynamics during the summer heat wave in Jülich

During the Jülich MOSES field campaign, the KASCAL did zenith scanning measurement from

90◦ to 5◦ with steps of 5◦ as stated in chapter 2 together with UAV flights. The UAV conducted

two-day fights on 9th and 12th, July 2018 as shown in table 3.1. In this experiment, the PBL

heights were retrieved from both KASCAL and the in-situmeteorological sensor on the UAV. The

boundary layer heights retrieved from lidar measurements can be compared with that from UAV

measurements and from an ERA5 dataset provided by the European Centre for Medium-Range

Weather Forecasts (ECWMF). Figure 3.21 shows the time series of backscatter coefficients and

boundary layer retrieved from lidar measurement (pink solid line) as well as BLH obtained from

the ERA5 dataset (white dashed line) and potential temperature obtained from UAVmeasurements

(white solid line) on 9th, July 2018 in Jülich. This figure shows that the boundary layer heights

retrieved from the lidar measurements is consistent with the BLH from the UAVmeasurements (the

maximum gradient of potential temperature) which both show an increasing trend of the BLH dur-

ing the morning of this day. In addition, the boundary layer data from ERA5 also shows a similar

trend as the above observations but overestimate BLH especially with increasing time of the day.

A possible reason for this overestimation is the appearance of clouds during daytime preventing

solar radiation reaching the surface and reducing convective mixing and hence leading to a lower
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boundary layer. This figure also shows the stable nocturnal boundary layer and the residual layer

(red squares) during nighttime measured by KASCAL. The low and stable boundary at night time

can suppress the dispersion of aerosol near the surface level. Hence, the backscatter coefficients

within the boundary layer are maximum (highest aerosol concentration) during the morning rush

hour due to the combined effect of the shallow boundary layer and local anthropogenic emission.

After sunrise, the convection became stronger, which caused an increase in the boundary layer and

dilution of aerosol within the boundary layer, so the aerosol concentration within the boundary

layer decreased.
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Figure 3.21: Time series of backscatter coefficients (contour) and boundary layer heights (pink;
residual layer in red) retrieved from KASCAL as well as boundary layer heights obtained from an
ERA5 dataset (dashed white line) and potential temperature measured by UAV flights (white lines)
on 9th, July 2018.

Figure 3.22 shows a time series of RCS and boundary layer heights retrieved from lidar as well as

boundary layer heights obtained from an ERA5 dataset (white dash line) and potential temperature

obtained from UAV measurements (white solid line) on 12th, July 2018. On this day, 7 flights of

the UAV were launched from the early morning to the later afternoon to study the boundary layer

evolution. This figure also shows consistency in boundary layer heights among data from lidar,
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UAV, and ERA5. From this figure, we can also see that clouds played a role. More interestingly,

the clouds were located at the top of the boundary layer from 05:00 to 13:00 and the cloud base

increased with BLH as captured by the lidar measurements. The reason for the cloud formation at

the top of the boundary layer is that the relative humidity has a maximum value at the top of the

boundary layer in the well-mixing boundary layer. This high humidity environment with a rela-

tively high number of potential cloud condensation nuclei provided a good opportunity for cloud

formation.
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Figure 3.22: Time series of range corrected lidar signals (contour)and boundary layer heights (pink
squares) retrieved from KASCAL as well as boundary layer heights obtained from ERA5 dataset
(dashed white line) and potential temperature measured by UAV flights (white lines) on 12th, July
2018 in Jülich.

In addition to the zenith scanning measurement shown above, the KASCAL also did azimuth

scanning measurement with an elevation angle of 5◦. This near-horizontal scanning measured the

aerosol spatial distribution of aerosol near the surface. Figure 3.23 shows maps of the horizontal

distribution of backscatter coefficients retrieved from the scanning aerosol lidar at three different

periods on 11th, July 2018. The maps show the evolution of aerosol particles’ horizontal distribu-

tions and the dissipation of aerosol particles near the observation station. The evolution of aerosol
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Figure 3.23: Maps of horizontal distribution of backscatter coefficients retrieved from the scanning
aerosol lidar at three different periods on 11th, July 2018. The radius of the sector shown on the
map is 3.0 km.

horizontal distribution shown in these maps can be used to validate the high-resolution LES result.

3.3.2 Boundary layer dynamics during a summer heat wave in Rottenburg

During the Swabian MOSES campaign, the KASCAL did zenith scans from 90◦ to 5◦ with the

steps of 5◦ at two perpendicular azimuth angles. One mobile container carrying different aerosol

characterization instruments was deployed with the KASCAL on the roof of the container. Figure

3.24 shows the time series of backscatter coefficient and boundary layer retrieved from KASCAL

as well as boundary layer heights from an ERA5 dataset, particle matter concentrations measured

by OPC, and solar radiation measured by the meteorological sensor from 22nd to 24th, July 2021
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Figure 3.24: Time series of backscatter coefficients (contour) and boundary layer heights (dashed
black line) retrieved from KASCAL as well as boundary layer heights obtained from an ERA5
dataset (dashed white line) (a), particulate matter concentration measured by Fidas200 (b), and
solar radiation measured by a meteorological sensor (c) from 22nd to 24th, July 2021 in Rottenburg
am Neckar.

in Rottenburg am Neckar. This figure shows that the BLH retrieved from KASCAL seems to be at

an altitude of around 2.0 km with relatively small diurnal variations. However, during night time

and especially in the early morning a shallow stable boundary layer becomes visible associated by

strong temperature inversion. The vertical backscatter coefficients have their maximum value at

the top of the boundary layer. One explanation for this phenomenon is that the aerosol and water

vapor were well-mixed due to strong convection during summer time and this well-mixed bound-

ary has the maximum value of relative humidity at the top of the boundary layer. This high relative

humidity caused a large backscatter coefficient value at the top of the boundary layer due to hygro-

scopic growths of the aerosol particles. Compared to the observations in Jülich the aerosol didn’t

fully activate to cloud droplets. In addition, the boundary layer from ERA5 dataset is consistent

with that retrieved from KASCAL at noon (MLH) and also shows a shallow SBL during the night

and morning hours. In addition, the particle matter concentrations in Figure 3.24b shows relative

constant values due to relative constant boundary layer heights but still are anti-correlated with

BLH with peaks during the night and early morning hours.
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3.3.3 Boundary layer dynamics and horizontal aerosol distributions during a summer heat

wave in Karlsruhe

Figure 3.25: Time series of backscatter coefficients (contour) and boundary layer heights (dashed
black line) retrieved from KASCAL as well as boundary layer heights obtained from an ERA5
dataset (dashed white line) (a), aerosol chemical composition measured by Aerosol Mass Spec-
trometry (AMS) (b), particulate matter concentrations measured by Fidas200 (c), and solar radia-
tion measured by a meteorological sensor (d) from 2nd to 4th, August 2022 in Karlsruhe on top of
a hill 50 m above ground level.

During the Karlsruhe Mülldeponie West field campaign, the KASCAL was deployed on the roof

of a mobile 16-feet container which contained various instruments to characterize aerosol particles

and trace gases. The KASCAL did zenith scans from 90◦ to 0◦ with the steps of 15◦ at four az-

imuth angles (north, east, south, and west). In addition, the KASCAL also did horizontal scans

(from 90°to 243° with step of 17°) with a time resolution of 30 minutes to measure the horizontal

aerosol particle distribution over downtown Karlsruhe. This scanning mode aims to investigate the

boundary layer dynamics for different underlying surfaces and the spatial-temporal distribution of

aerosol particles over Karlsruhe during a heatwave period in summer 2022. A detailed description

of this field campaign can be found in section 2.4.

Figure 3.25 shows the time series of backscatter coefficients (contour) and BLH (dashed black line)
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retrieved from KASCAL as well as boundary layer heights obtained from ERA5 dataset (dashed

white line), aerosol chemical composition measured by the AMS, particulate matter concentration

measured by an OPC, and solar radiation measured by a meteorological sensor from 2nd to 4th,

August 2022 in Karlsruhe near the Rhein habour. Evolution of the boundary layer including the

residual layer is clearly visible in the lidar data. This figure also shows smoke plumes (a layer

with a large value of backscatter coefficient (> 2 Mm−1) but a low value of particle depolarization

ratio (< 0.05)) over the observation station and this smoke plume touched to ground level before

10:00 on 2nd to 4th, August 2022 as indicated by peak values of PM10. These smoke plumes may

originate from forest fires in south of Europe (Spain, Portugal, Italy) or even France according to

back-trajectories calculated by HYSPLIT model. This figure also shows the transition of the SBL

to a CBL after sunrise on 3rd, August 2022, with an increase of BLH from 200 m to 2000 m and

dilution of local aerosols during daytime. The BLHs from an ERA5 dataset shows a similar trend

but systematically higher values than that retrieved from KASCAL for this case. This may be due

to the limited resolution of the ERA5 data. The aerosol chemical composition shows that organic

aerosol is dominant during the summer period which is in agreement with previous studies (Huang

et al. 2019, Song et al. 2022, Jiang et al. 2022). In addition, the peak value of particulate matter

concentrations is consistent with the peak value of the backscatter coefficient at low attitudes at

06:00 of 2nd and 4th, August 2022 and this consistency reflects good data quality of our measure-

ments in both remote sensing and in-situ methods.

Figure 3.26 shows a time series of particulate matter concentrations (PM2.5 & PM10) (d) measured

by a Fidas200 as well as horizontal distributions of backscatter coefficients retrieved from scan-

ning aerosol lidar data for three different periods during July 26th, 2022. These map plots show the

horizontal distribution of aerosol nearby the observation station. Please note that the radius of the

sector shown on the map is 2.0 km, which corresponds to the maximum detection range in these

cases. In addition, there is no lidar data within 200 m from the lidar position due to the overlap limit

of this lidar system. The lidar measurements show a good agreement with in-situ measurement.

The strong intensities of the backscatter coefficients near or at the observation station as shown

in Figure 3.26a and Figure 3.26c correspond to peak values of particulate matter concentrations

as shown in 3.26d. The unexpected increase of aerosol particles shown in these two periods is

caused by dust emission from a nearby construction site and this construction site is in about 200

m distance south of our observation station. In Figure 3.26b, smoke was detected by the scanning
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aerosol lidar at a distance of around 1 km away from the observation station. About 3 minutes later,

a small aerosol peak concentration was measured by the Fidas200 as shown in the grey dashed line

in Figure 3.26d. The wind speed was measured to 5 m/s with the direction as indicated in the

right upper corner of this figure from 08:00 to 10:00, which matched very well with the aerosol

transport speed. This good agreement between lidar retrievals and in-situmeasurement reflects the

good quality of our observation data. However, the lidar horizontal scans did not resolve the move-

ment of aerosol particles due to the coarse temporal resolution of scanning lidar measurement (30

min per scanning plane). Further field experiments can increase this temporal resolution of lidar

scans to better resolve the transport of local aerosol in the urban and industrial area. This kind of

high-resolution observational data can then be used to validate high-resolution LES models.

3.3.4 Summary

In this chapter, I presented an overview of boundary layer evolution and corresponding ground-level

aerosol concentrations during summer heat waves by combining a scanning aerosol lidar, in-situ

measurements at ground level and on an UAV. The boundary layer evolution at the three different

locations for typical summer heat waves are quite similar showing shallow stable boundary layers

with high aerosol concentrations during the night and early morning hours with intensive residual

aerosol structures. All cases showed a dynamic increase of BLH in the morning and substantial

aerosol particle mixing and dilution until noon. The summer boundary layer increased faster after

sunrise than that in winter due to stronger solar radiation during summer, resulting in effective

dilution and lower aerosol concentrations than in winter. In addition, the comparison of horizontal

lidar scans with in-situ measurements show a good agreement and potential understanding of the

horizontal transport of aerosol particles in the urban area and the consistency of this comparison

reflects the good quality of our observational data. The data analysis of this observation data and

the comparison with other data (e.g. source fingerprint from mass spectrometry) is still ongoing.

3.4 Characterization of Saharan dust plumes in Western Europe

During my Ph.D. studies, I analyzed four Saharan dust cases as labeled from case 1 to case 4 in Ta-

ble 2.6 by combining remote sensing, in-situ measurements, and ICON-ART model calculations.

I demonstrate the advantages of multi-angle lidar measurements in characterizing Saharan dust

plumes and compared lidar with sun photometer measurements to better understand the dust opti-

80



3. Results and discussion 3.4. Characterization of Saharan dust plumes in Western Europe

cal properties in western Europe. Furthermore, I validated transport model predictions for these 4

dust events in terms of dust arrival time, dust layer height, and dust backscatter intensity. Finally, I

used different aerosol sizers (e.g. OPC, SMPS, APS) to investigate the dust size distributions and

compared these size distributions with ICON-ART model results. It was my aim to investigate the

Saharan dust plume properties in western Europe and to validate the ICON-ART predictions of the

Saharan dust plumes.

The transport of Saharan dust plumes was first investigated by the HYSPLIT model. The hourly

seven-day backward trajectories were calculated during Saharan dust periods for altitudes from

500 to 7500 m with an interval of 1000 m based on the HYSPLIT model. The frequency of these

trajectories at two altitudes levels (Low altitude: 500 m & High altitude: 1500 m - 7500 m) is

shown in Figure 3.27. The reasons for classifying these trajectories into two groups is that the

trajectories at an altitude of 500 m are related to the transport of aerosol within the boundary layer

while the high-altitude (1500 - 7500 m) ones are related to the long-distance transport in the free

troposphere. From the frequency map of high altitude trajectories shown at the bottom of Figure

3.27, most of the trajectories originated from north Africa (Sahara Desert) as expected. However,

the places of origin are different at low-altitude for these 4 Saharan dust cases. For case one, most

of the trajectories originated from the Atlantic Ocean, which is related to long-distance sea salt

transport. During case 2 period, most of the low-altitude trajectories also originated from north

Africa (Sahara Desert), which is the reason why the Saharan dust particles could be measured by

ground in-situ instruments during this case. Detailed results of ground-level dust measurement are

discussed in section 3.4.2 for case 2. During case 3 and case 4, the low-altitude trajectories are

local originated, which is related to the transport of local aerosol.
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Figure 3.27: Frequency of trajectories at two altitude levels (500 m and 1500 - 7500 m) during
four Saharan dust case periods based on back trajectories calculated by the HYbrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT) model. (The case IDs are labeled in Table 2.6)

In this section, the advantages of multi-angle lidar measurements in characterizing Saharan dust

plumes introduced in section 3.1.1 will be applied and be discussed in section 3.4.1. Detailed

information on observation results is discussed in section 3.4.2 and the comparison of model results

with observational data is presented in section 3.4.3.

82



3. Results and discussion 3.4. Characterization of Saharan dust plumes in Western Europe

3.4.1 Application of two-angle lidar measurements for a Saharan dust case

The method to retrieve lidar ratios discussed in the section 3.1.1 was applied for the Saharan dust

case 1 from 19:21 to 22:54 (UTC) on 8th, April 2018 with the dust layer at altitudes between 2.5

- 6.0 km. I choose this time period since I had a well-stratified dust layer and also Raman data

available. Figure 3.28 shows backscatter coefficients from vertical and slant lidar measurements

for different values of assumed lidar ratios ranging from 20 sr to 80 sr. Consistent backscatter

values for vertical and slant profiles in the dust layer are only available for a lidar ratio being 50

sr. This means that a lidar ratio of around 50 sr at the Saharan dust layer can be derived from this

case, which is also a typical value for Saharan dust over Europe (Groß et al. 2013).

Figure 3.28: Vertical and slant backscatter coefficients from lidar measurements from 19:21 to
22:54 (UTC) on 8th, April 2018 for lidar ratios ranging from 20 to 55 sr.

Figure 3.29a shows that the backscatter coefficients for vertical and slant measurements are consis-

tent for Saharan dust particles (2.5 - 6.0 km) but inconsistent for boundary layer aerosol particles

(below 1 km) when the lidar ratio is assumed to be 50 sr. This is because a lidar ratio of 50 sr

is not suitable for boundary layer aerosol particles at this location (Groß et al. 2011). Therefore,

I calculated lidar ratios based on our Raman signals for boundary layer aerosol particles and the

Saharan dust particles. The results are shown in the right panel of Figure 3.29. The lidar ratio is
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46 ± 5 sr for the dust particles and 31 ± 3 sr for the boundary layer aerosol particles as the average

of both vertical and slant measurements. I parameterized these lidar ratios being 46 sr and 31 sr,

respectively, as a function of altitude with a single step at 2 km and then used it as a lidar ratio for

the elastic lidar signal retrieval. The results are shown in the left of Figure 3.29. These backscatter

coefficients are consistent for vertical and slant measurements for both dust and boundary layer

aerosol. A lidar ratio of 31 sr below 2 km altitude leads to much better agreement of backscatter

coefficient profiles from the elastic channel and Raman channel compared to Figure 3.28c. How-

ever, there remain small differences at low altitudes for backscatter coefficients from elastic data

for two elevation angles. This inconsistency may be related to an inhomogeneous atmosphere in

the boundary layer as can also be seen in the backscatter coefficients calculated from Raman data.

Figure 3.29: Backscatter coefficients from elastic and Raman methods for different optical paths
(left) and lidar ratios retrieved (right) from 19:21 to 22:54 (UTC) on 8th, April, 2018. The retrieval
for the elastic channel data uses two different lidar ratios at different altitudes. (Elastic and Raman
represent the channels of lidar data used in retrieval; Vertical and slant represent the laser beam
direction; and low represents data retrieval for low altitude (below 2 km). E.g. ElasticVerticalLow
means the backscatter coefficient is retrived from the elastic channel in vertical direction for alti-
tudes below 2 km.

The application of this multi-angle method for this Saharan dust case has proven that this method

is useful to retrieve lidar ratios from scanning elastic lidar measurements. Compared with other
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methods like Raman or HSRL, the multi-angle method provides an applicable solution for both

day and night as the elastic lidar can get reliable measurements for both periods. Furthermore,

this method can also be used in multi-wavelength scanning lidar systems to determine wavelength-

dependent lidar ratios.

3.4.2 Properties of the Saharan dust determined for four different cases

Dust case 1 in April, 2018:

In early April 2018, a far southward reaching upper-level trough associated with a large low-

pressure complex in the western North Atlantic led to a cold front with strong surface winds and

dust emission in the northern Sahara in Morocco and Algeria. The dust was transported northward

into the western Mediterranean where it entered a warm conveyor belt that effectively lifted the

dust and transported it towards central Europe. This Saharan dust plume was characterized by re-

mote sensing and model simulations for nearly three days in April 2018 near the city of Karlsruhe

in southwest Germany. The ICON-ART model has predicted the arrival of the dust plume and its

spatial-temporal evolution which I characterized by lidar and sun photometer measurements. Fig-

ure 3.30 shows the corresponding backscatter coefficients from the KASCAL (a) and the Deutscher

Wetterdienst- Depolarizarion Raman lidar (DWD-DELiRA) (b) measurements, predicted backscat-

ter coefficients by ICON-ART for spherical (SPH) particles (c) and non-spherical (NSP) particles

(d) as well as the LVDR (e) and the Linear Particle Depolarization Ratio (LPDR) (f) from of the

KASCAL measurement from April 7th to April 9th, 2018. The KASCAL was operated by doing

vertical and slant measurements at 90◦ and 30◦ elevation angle alternatively with integration times

for each observation angle of 300 s. The data shown for KASCAL is averaged over two of these

measurement periods. The data shown for the DWD-DELiRA is averaged for 30 minutes. As can

be seen in these figures, the plume arrived in Karlsruhe at 11:00 on April 7th (dashed line T1) and

lasted about 3 days. Initially, this dust layer showed a maximum backscatter at an altitude of 2.5

km which subsequently also reached lower altitudes. At 12:00 UTC, April 8th, another dust layer

between 5.0 -11.0 km arrived at the observation station (dashed line T2). Then the dust layer started

sinking and overlapped with the lower dust layer at around 03:00 am on April 9th (dashed line T3).

A cloud with a base at 4.5 km appearing at 11:00 (UTC) of April 9th made it difficult to retrieve

the backscatter coefficients for the aerosol particles below. Hence, the backscatter coefficients of

the lidar measurements are not shown for this period. In addition, two periods (C1 and C2) are
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highlighted for which I have done a more detailed analysis.

All six panels in Figure 3.30 show a good agreement among dust layer height, dust plume arrival

time, and dust plume structures. In particular, ICON-ART predicts the arrival time of the dust

plume precisely (± 20 minutes difference with the observations). This indicates that the model

reproduces the synoptic scale processes very well which leads to precise prediction of dust trans-

port. Thus, the generally good agreement between lidar measurements and ICON-ART partially

validates the model’s capabilities to predict dust transport. The dust NSP particles backscatter co-

efficients predicted by the model are on average larger by a factor of 1.01 ± 0.56 than those from the

lidar measurements. Please note that this special model run did only include desert dust aerosols.

Hence, differences due to boundary layer aerosol particles are expected in this case. Furthermore,

there are dust layers predicted by the model for higher altitudes (e.g. a dust plume at around 8 km

on April 7th and April 8th) which were not detected by lidar measurements. Potential reasons for

the agreement and differences between lidar observations and model predictions are discussed in

detail in section 3.4.3.

During this dust event, the lidars used three optical measurement paths (two vertical measurements

and one slant measurement with an elevation angle of 30°). The comparison of these three pro-

files can be used to test different lidar retrieval methods and to characterize the properties of the

dust plume (e.g. horizontal homogeneity of the dust plume). Figure 3.31 shows the extinction and

backscatter coefficients obtained for different retrieval methods and different optical paths for the

measurement time from 19:21 to 22:54 (UTC) of April 8th (period C2 in Figure 3.30) and averaged

over 66 minutes for scanning lidar measurements and 213 minutes for vertical lidar measurements.

Please note that the scanning lidar measured alternating at the two angles (90° and 30°). A lidar

ratio of 50 sr, which is a typical value observed for Saharan dust (Groß et al. 2013), was used

in the Klett-Fernald method to retrieve the elastic backscatter coefficients and extinction coeffi-

cients. The extinction coefficients and backscatter coefficients calculated using the above methods

as shown in Figure 3.31a and Figure 3.31c are consistent but the extinction coefficients calculated

from the Raman measurements have larger variations. In addition to the classical methods to re-

trieve extinction coefficients, I also calculated the extinction coefficients from the elastic channels

with a multi-angle method, which also agrees with the other methods. The denoising methods can

have a substantial impact on the remaining variability of the extinction coefficients retrieved from

Raman data. In Figure S8, I provide extinction coefficients retrieved from Raman data for different
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Figure 3.30: Time series of backscatter coefficients from KASCAL measurements (a) and from
DWD-DELiRA measurements (b), predicted backscatter coefficients by ICON-ART for spherical
(SPH) particles (c) and for non-spherical (NSP) particles (d), linear volume depolarization ratios
(e), and particle depolarization ratios (f) from KASCALmeasurements from April 7th to 9th, 2018.
Please note that the model data shown only includes the Saharan dust while the lidar data shows
also other aerosol particles and clouds. The profiles of backscatter coefficients measured by the
two lidars and predicted by ICON-ART model for C1 case (Averaged profiles from 15:30 to 16:30
for lidar measurement and profile at 16:00 for ICON-ART prediction on April 7th, 2018) and for
C2 case (Averaged profiles from 20:21 to 22:54 for lidar measurement and averaged profile from
21:00 to 23:00 for ICON-ART prediction on April 8th, 2018) are shown on the right side of this
figure. The vertical dashed lines in the contour plots indicate dust arrival (T1), second dust layer
appeared (T2), and the two dust layers merged (T3). C1 and C2 represent time periods used for a
more detailed data analysis as shown in the right size of this figure.
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Figure 3.31: Extinction coefficients (a) and backscatter coefficients (c) from elastic and Raman
retrieval methods are shown on the left. On the right Raman extinction coefficients (b) and elastic
backscatter coefficients (d) are given for different optical paths for measurements in the time from
19:21 to 22:54 (UTC) on April, 8th, 2018. (Two vertical paths are from DWD-DELiRA and KAS-
CAL and one slant path is from KASCAL).

filters and different filter lengths. In addition, the average extinction coefficients and their standard

deviations averaging from 4.0 km to 6.0 km altitude are listed in Table S1. These data show that

the mean values of extinction coefficients for different filter types and filter lengths remain almost

constant. In contrast, their uncertainties vary from around 35 to 5 Mm−1 with window lengths

from 82.5 m to 1207.5 m for different types of filters. Hence, the Raman extinction coefficients are

affected more by the filter window lengths than the filter type, which is in agreement with observa-

tions by Shen & Cao (2019). The backscatter coefficients and extinction coefficients for different

optical paths are shown in Figure 3.31b and Figure 3.31d, respectively. The consistency of these

profiles reflects the high quality of measurements and retrieval algorithms.

Figure 3.30e and Figure 3.30f shows the LVDR and LPDR respectively, which show the same dust
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Figure 3.32: Volume and particle depolarization ratio in vertical and slant observation direction
from the scanning lidar (KASCAL) from 19:21 to 22:54 (UTC) on 8th, April 2018.

structure as the backscatter coefficients. The average value of LPDR for this Saharan dust plume is

0.29 ± 0.04, which agrees well with literature data (Freudenthaler et al. 2009, Haarig et al. 2017).

LVDR and LPDRs were measured by KASCAL for different elevation angles, and the values of

them for the C1 case at these two elevation angles are shown in Figure 3.32. No obvious difference

between vertical and slant measurements was found for LVDR and LPDR. This may mean that the

dust particles had no specific orientation (Asano 1983, Geier & Arienti 2014). The LPDR of this

dust plume in this case was 0.33 ± 0.07 which is very similar to depolarisation ratios determined

at 532 nm for Saharan dust particles (Freudenthaler et al. 2009) but about 20% larger than typical

values reported for aged Saharan dust at 355 nm (Freudenthaler et al. 2009, Haarig et al. 2017).

However, this is still within the combined uncertainty limits. Furthermore, the day-to-day variabil-

ity of values given by Freudenthaler et al. (2009) is ranging from about 0.22 to 0.31.

Comparison between the active lidars and the passive sun photometer can help to understand the

properties of the dust aerosol particles employing dust aerosol scattering information from different

scattering angles to retrieve dust particles’ microphysical properties. During this dust event, I com-

pared the AOD from DWD-DELiRA measurements and a sun photometer for two continuous days
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(April 7th-8th). The AOD from the sun photometer is the AERONET version 3 level 2.0 product

(Sinyuk et al. 2020) while that of lidar measurement was corrected in the following ways. First, as

discussed above, two aerosol layers existed with different lidar ratios. Hence, I used two different

lidar ratios at different altitudes to retrieve the backscatter coefficients, which are shown in Fig-

ure S9. I have used a lidar ratio of 50 sr for the upper layer (above 2 km, red line) and 30 sr for the

lower layer (below 2 km, green line), typical values for Saharan dust and boundary layer aerosol

(Groß et al. 2013). Secondly, constant backscatter coefficients are used in the lidar overlap region

and these constant values are set to be the backscatter coefficient at 255 m (the overlap region of

DWD-DELiRA). Finally, the AOD in the far range (e.g. stratosphere) is assumed to be zero. The

hourly AODs from the sun photometer, the vertical lidar (DWD-DELiRA) and the ICON-ART

model are shown in Figure 3.33. As the signal-to-noise ratio of lidar data is low for KASCAL

during daytime, the AODs were not calculated by this lidar. All these three methods show a sim-

ilar trend with AODs increasing from around 0.13 to 0.45 during these two days. However, the

average AOD retrieved from the lidar data for two days is systematically lower by 0.053 ± 0.031

than that from the sun photometer after wavelength conversion to 340 nm. The AE used for this

wavelength conversion is 0.471, which is calculated from the sun photometer data at wavelengths

of 340 nm and 380 nm. The average stratospheric AOD in the Northern Hemisphere for the years

2018-2019 was 0.01 at 340 nm (Kloss et al. 2020). Hence, the averaged AOD measured by the

sun photometer is still larger by 0.043 ± 0.031 than the AOD from the lidar measurement even

considering stratospheric AOD. This bias may be due to an inappropriate assumption of constant

backscatter coefficients in the overlap region of the lidar. Such an uncertainty of AOD corresponds

to an uncertainty in backscatter coefficients of 5.6 ± 4.1 Mm−1 sr−1 in the overlap region, which

is reasonable for typical boundary layer aerosol variations (Ansmann et al. 1992, Matthias et al.

2004, Navas-Guzman et al. 2013). On April 8th, clouds lead to increased uncertainties in AOD

retrievals from the lidar measurements and also to some gaps in the sun photometer data. Hence,

the AOD from lidar measurements can be given only for some selected clear sky periods while the

sun photometer has still enough valid data points to calculate hourly averages. Figure 3.34 shows

the SSA, AE, and ASD calculated based on the sun photometer measurements on April 7th and

8th. The AE at wavelengths of 440/880 nm decreased from 1.38 to 0.08 during these two days

as shown in Figure 3.34a and Figure 3.34b. This may be related to a smaller wavelength depen-

dence of the AOD, which may be caused by larger particles. Particle size distributions provided by
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Figure 3.33: AOD from lidars (blue circles) and sun photometer (black squares) on 7th and 8th of
April for 1 hour temporal resolution. ICON-ART results are shown for comparison (dashed green
line) and will be discussed in section 3.3.

sun photometer retrievals are shown in Figure 3.34c and Figure 3.34d. They indeed show increas-

ing amounts of larger particles. The maximum column-integrated volume concentration of coarse

mode particles increased from around 0.007 µm3/ µm2 in the early morning of April 7th (before

Saharan dust arrival) to 0.093 µm3/ µm2 in the afternoon of April 8th. The SSA determined for

the wavelengths between 439 and 1018 nm range between 0.88 and 0.96 and agree quite well with

data from previous observations (cf. table 3.2).

Table 3.2: Overview of Single Scattering Albedos (SSAs) measured for Saharan dust during case
1 in comparions with literature values.

SSA Wavelength [nm] Reference
0.88 – 0.92 439 This work

0.91 450 Müller et al., 2011
0.96 – 0.99 530 Petzold et al., 2011

0.96 537 Schladitz et al., 2009
0.96 550 Müller et al., 2011
0.98 637 Schladitz et al., 2009

0.87-0.96 675 This work
0.86-0.94 870 This work
0.98 950 Müller et al., 2011

0.85-0.94 1018 This work
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Figure 3.34: Single scattering albedo (SSA), Angström exponents (AE) (a, b), and aerosol size
distribution (c, d) from sun photometer measurements for April 7th (left) and 8th(right), 2018.

Dust case 2 in February, 2021:

Another dust plume, case 2, was characterized in February 2021 at the KIT campus north near the

city of Karlsruhe by combining remote sensing, ground in-situ aerosol characterization instrument,

and ICON-ART simulations. During February 2021 actually three different dust periods were ob-

served. In this section, I will focus on the period with the longest duration of nearly 5 days from

22nd to 26th, of February 2021. This period was almost free of clouds. Figure 3.35 shows the time

series of backscatter coefficients from KASCAL measurements, ICON-ART predicted backscat-

ter coefficients for NSP and SPH particles, LVDR and LPDR from KASCAL measurements, and

particle mass size distributions and particle matter concentrations from OPC (Fidas200) measure-

ments from 22nd to 26th, February 2021. The KASCAL was operated at two observation angles

similar as for case 1 but the lidar data shown in this figure is averaged for each observation angle

with an integration time of 300 s. The missing lidar data from 22:15 on 22nd, February to 10:25 on

23rd, February 2021 was due to a technical problems (loss of laser cooling). As can be seen from

this figure, the dust arrived at the observation site at 04:00 on 22nd, February 2021 (dashed line

T1) and lasted for about 5 days. Initially, the dust plume had a maximum backscatter at around

2.0 km altitude, and then the Saharan dust plume started sinking and reached ground level at 10:00

on 23rd, February 2021 (dashed line T2), and these ground level particles were characterized by

an in-situ aerosol sizer (Fidas200). Subsequently, the ground level aerosol concentration increased
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Figure 3.35: Time series of backscatter coefficients from KASCAL measurements (a), predicted
backscatter coefficients by ICON-ART for spherical (SPH) particles (b) and for non-spherical
(NSP) particles (c), Linear Volume Depolarization Ratio (LVDR) (d) Linear Particle Depolariza-
tion Ratio (LPDR) (e) fromKASCALmeasurements, particle mass size distribution (f) and particle
matter concentration (g) from Fidas 200 from February 22th to 26th, 2021. Please note that the
model data shown only includes the Saharan dust while the lidar data shows also other aerosol par-
ticles and clouds. The profiles of backscatter coefficients measured by the two lidars and predicted
by ICON-ART model for C1 case (Averaged profiles from 00:30 to 1:30 for lidar measurement
and profile at 01:00 for ICON-ART prediction on 24th, February 2021) and for C2 case (Averaged
profiles from 02:30 to 03:30 for lidar measurement and profile at 03:00 for ICON-ART prediction
on 25th, February 2021) are shown on the right side of this figure. The vertical dashed lines in
the contour plots indicate dust arrival (T1), dust touched to the ground (T2), an increase of PM
concentration at ground level (T3 & T4) and a low-level cloud appeared (T5). C1 and C2 represent
time periods used for a more detailed data analysis as shown in the right side of this figure.
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stepwise as can be seen from the mass size distributions (Figure 3.35f) and particle mass concen-

trations (Figure 3.35g) from 12:00 of 24th, February 2021 to 12:00 of 26th, February 2021. The

size distributions measured by Fidas200 during these periods shows that large particles (dp > 1 µm)

dominated the particle mass concentration. Finally, a sharp decrease of ground level aerosol dust

particles and vertical dust concentration can be seen both from both, ground level in-situ and lidar

measurements at 12:00 on 26th, February 2021 (dashed line T5) due to increasing wind speeds

which blew the aerosol particles away.

The backscattersmeasured by lidar and predicted by the ICON-ARTmodel show good agreement in

dust arrival time but show some disagreement in dust height and dust structure, especially the time

periods from 06:00 on 22nd, February, (dashed line T1) to 18:00 on 24th, February 2021, (dashed

time T3). After 18:00 on 24th, February 2021 (dashed time T3), the predicted Saharan dust plume

was within 2.0 km altitude, in agreement with lidar measurements in terms of dust layer height

and structure. In this figure, two periods (C1 and C2) are highlighted to further investigate this

dust plume and vertical profiles of backscatter coefficients measured by lidar and predicted by the

ICON-ART model. The right side of this figure shows a comparison of the vertical profiles for C1

and C2. A detailled comparison of lidar measurements and ICON-ART predictions is presented in

section 3.4.3.

The LPDR shown in the panel (e) of figure 3.35 indicates that the value of LPDR is 0.25 ± 0.09

before 08:00 on 24th, February 2018 (former period ) while the value of LPDR is 0.119 ± 0.06

after that time (latter period). The LPDR measured in the latter period is smaller than measured in

the former period and both these two periods have a lower value of LPDR than that measured in the

dust case 1 and previous literature (Freudenthaler et al. 2009). The reason for this phenomenon is

that the dust particles sunk to lower altitudes and mixed with boundary layer aerosol, which results

in a lower value of LPDR as expected (Tesche et al. 2009). Figure 3.36 shows the vertical and slant

profiles of LPDR measured by scanning lidar for two selected cases (C1 and C2) and both two

cases show that an increasing trend of LPDR with altitude. The value of LPDR measured in these

two cases is 0.19 ± 0.09, which is smaller than previous results for pure dust particles Freuden-

thaler et al. (2009). The reason for these two phenomena is also related to the mixture of Saharan

dust particles and boundary layer aerosol during transport. The LPDR values increasing with alti-

tude indicate that the contribution of dust particles to backscatter increased with altitude and this

is the reason why the C1 has a larger value of LPDR as the dust layer height is higher in C1 case.
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Figure 3.36: Profiles of vertical and slant linear particle depolarization ratio (LPDR) measured by
KASCAL for case C1 (left) and case C2 (right) (The time periods selected for C1 and C2 case are
indicated in Figure 3.35).

The measured LPDR demonstrates the mixing of boundary layer aerosol with Saharan dust during

Saharan its transport and also indicates the contribution of this mixing on the average particle de-

polarization. Furthermore, the inconsistent values of LPDR for the two observation angles are due

to spatial variation of aerosol within the boundary layer as can be seen from both backscatter and

volume depolarization as shown in the right side of Figure 3.35.

In addition to the measurements with two fixed elevation angles (90° & 30°), scanning measure-

ments from 90◦ to 30◦ with steps of 5◦ were conducted by KASCAL on 22nd, February 2021

to measure the spatial-temporal distribution of the Saharan dust plume. Figure 3.37 shows the

scanning plane of LVDR measured by the scanning aerosol lidar, which demonstrates the spatial-

temporal distribution of the Saharan dust plume over Karlsruhe and scenes of dust plume arrival

for this Saharan dust case. This figure shows that the dust layers arrive in Karlsruhe around at

04:00 on 22nd, February 2021, and mainly occurred between 1.5 - 3.5 km above ground level. In
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Figure 3.37: Spatial-temporal evolution of volume depolarization ratiomeasured byKASCAL over
a range of 6 km from 3:39 to 06:12, UTC, on 22nd, February, 2021.
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addition, this figure shows a partially homogeneous dust layer in horizontal direction. This high

spatial-temporal resolution dataset can be used to validate ICON-ART simulations in predicting

high spatial resolution aerosol particle distributions.

Sun photometer data from the Karlsruhe AERONET station were also used to investigate this Sa-

haran dust case. Figure 3.38 shows the time series of AOD (a), AE (b), SSA (c) measured by

the sun photometer for different wavelengths as well as aerosol volume size distributions retrieved

from the sun photometer (d) and aerosol mass size distributions measured by Fidas200 at ground

level (e). From this figure, we can see a relatively small trend of AOD for different wavelengths

caused by large Saharan dust particles over Karlsruhe. These large particles have only very little

wavelength dependence in light scattering, thus causing a low value of AE which is below 0.3 most

of the time. In addition, the AOD at the wavelength of 340 nm increased from 0.41 at 07:22 of

23nd, February to 0.66 at 15:57 on 24th, February 2021 and then decreased to 0.42 at 16:00 on 25th,

February 2021. The SSA shown in panel (c) of this figure indicates that the SSA is wavelength

dependent and has the lowest value at a wavelength of 439 nm. This phenomenon is due to the

strong absorption of Saharan dust at short wavelengths and this strong absorption caused a low

value of SSA. The aerosol volume size distribution retrieved from sun photometer and mass size

distributions measured by Fidas200 shown in panel (d) and panel (e) show relatively large particle

(dp > 1 µm) dominating during this Saharan dust period as expected. In addition, the volume size

distribution retrieved from sun photometer and the mass size distributions from Fidas200 do not

show a similar trend. The volume size distribution retrieved from sun photometer has the highest

concentration on 24th, February 2021 while the mass size distribution measured by Fidas200 has

the highest concentration on 25th, February 2021. The reason for this inconsistency can be ex-

plained as follow: (1) The sun photometer measures the column integral aerosol from ground level

to the tropopause while the Fidas200 measured ground level aerosols. (2) the Saharan dust has the

strongest intensity on 24th, February 2021 (as can be seen from AOD value at panel(a)) but most

dust particles are aloft (can be seen from lidar measurement shown in the 3.35a) which cannot be

measured by Fidas200 but can be measured by sun photometer. However, on 25th, February, most

of the dust particles were sunken to the ground level (as can also be seen from lidar measurement

shown in the 3.35a) which can be measured by Fidas200. In addition, as the dust plume intensity

on 25th, February 2021 is weaker than that on 24th, February 2021, the volume size distribution

retrieved by sun photometer is lower on 25th, February 2021.
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Figure 3.38: Time series of Aeosol Optical Depth (AOD) (a), Ångström Exponent (AE) (b), Single
Scattering Albedo (SSA) (c) at different wavelengths, and aerosol size distributions (d) measured
or retrieved from sun photometer (AERONET, Karlsruhe station) as well as particle mass size
distributions (e) measured by Fidas 200 from February 22th to 26th, 2021.

Dust case 3 during June, 2021:

The Saharan dust case 3 was captured during the Swabian MOSES campaign from June to August

2021 near the city of Rottenburg in western Germany. During this field campaign, several inten-

sive observation periods (IOPs) were conducted and this Saharan dust case was measured during

IOP4. Durning this IOP, nearly two days of Saharan dust plume were characterized by combin-

ing KASCAL, sun photometer, ground in-situ measurements, and ICON-ART simulations. Figure
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Figure 3.39: Time series of range corrected lidar signal for the cross-polarized channel (a), and
Linear Volume Depolarization Ratio (LVDR) from KASCAL measurements (b), backscatter co-
efficients predicted by ICON-ART for non-spherical (NSP) particles (c), particle mass size dis-
tributions (d) and particulate matter concentrations (e) from Fidas200, and ground meteorological
parameters (e.g. wind, precipitation, WS700) (f) from February 22th to 26th, 2021. Please note that
the model data shown only includes the Saharan dust while the lidar data shows also other aerosol
particles and clouds. The profiles of backscatter coefficients measured by the lidar and predicted by
the ICON-ART model for case C1 (averaged profiles from 13:30 to 14:30 for lidar measurements
and profile at 14:00 for ICON-ART prediction on 19th, June 2021) and for case C2 (averaged pro-
files from 22:30 to 23:30 for lidar measurements and profile at 21:00 for ICON-ART prediction on
19th, June 2021) are shown on the right side of this figure. The vertical dashed lines in the contour
plots indicate dust arrival (T1), dust touched to the ground (T2 & T4), and dust particle removal
due to precipitation (T3 & T5). C1 and C2 represent time periods used for a more detailed data
analysis as shown in the right side of this figure.
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3.39 shows the time series of RCS for the cross-polarized channel and LVDR from KASCAL mea-

surements. The backscatter coefficient and particle depolarizations are not shown in this figure as

the retrievals of the backscatter coefficients by the Klett-Fernald method were largely affected by

the existence of clouds and this effect would bring large uncertainties in calculating the backscatter

coefficients and LPDR. Figure 3.39 also shows the time series of ICON-ART predicted backscat-

ter coefficients for NSP particles (c), the particle mass size distribution (d) and particulate matter

concentrations (e) from Fidas200, and meteorological parameters from WS700 from 19nd to 20th,

June 2021. The KASCAL conducted zenith scans from 90◦ to 5◦ elevation angle with the step of

5◦ at two azimuth angles as described in section 2.4. The lidar measurements shown in this figure

are based only on the vertical profiles extracted from for each scanning plane. As can be seen from

this figure, this dust plume arrived in Rottenburg at 11:00 on 19th, June 2021 (dashed line T1)

and lasted for nearly 2 days. Initially, the dust layer showed a maximum in volume depolarization

ratio at an altitude of 4.0 km which subsequently sunk to an altitude of 2.0 km. At 22:00 on 19th,

June 2021, another dust layer with an initial altitude between 2.0 km to 4.0 km arrived at the ob-

servation station then subsequently touched ground level at 00:30 on 20th, June 2021 (dashed line

T2). Those particles reaching ground level were characterized by Fidas200 showing an increase

of aerosol concentrations between 00:30 and 03:30 dashed line T3) on 20th, June 2021. At 03:00

on 20th, June 2021, drizzle occurred as shown in panel (f) of this figure and washed the particles

out. This caused a decrease of aerosol concentrations at ground level. At 11:30 on 20th, June 2021

(dashed line T4), the aerosol particles reached ground level again and caused an increase of aerosol

concentrations at ground level from 11:30 on 20th, June 2021 to 19:00 on 20th, June 2021 (dashed

line T5). Finally, a moderate rain occurred at around 17:00 on 20th, June 2021 causing a sharp

decrease of aerosol particles (T5) due to wet removal.

The measurements by lidar and the ICON-ART model predictions show a good agreement for dust

arrival time, dust height, and dust structure but still show some discrepancies for some time periods.

Two time periods (C1 and C2) are used to further characterize the dust plume and to compare ver-

tical profiles of backscatter coefficients measured by lidar and predicted by the ICON-ART model.

A more detailed discussion of the comparison of lidar measurements and ICON-ART predictions

is presented in section 3.4.3.

The time series of LPDR are not shown in Figure 3.39 due to the presence of clouds impeding their

retrieval for longer periods. However, two time periods free of clouds as indicated in Figure 3.39
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Figure 3.40: Profiles of vertical and slant linear particle depolarization ratios (LPDR) measured by
KASCAL for case C1 (left) and case C2 (right). (The time periods selected for the cases C1 and
C2 are indicated in Figure 3.39.)

are selected to calculate the LPDR. For case C1 , the profiles measured at an elevation angle of 90◦

and 60◦ were analyzed. The reason for not using profiles measured at the elevation angle of 30◦ is

due to the low signal-noise ratio during this time period. The retrieved LPDR for these two cases

are shown in Figure 3.40, which shows agreement in LPDR for vertical and slant measurements

with a LPDR value of 0.32 ± 0.06. For case C2, an increase of LPDR can also be seen below

2.0 km altitude indicating a lower dust plume mixing with the local aerosol in the boundary layer,

similar as discussed for the Saharan dust case 2.

Dust case 4 during March, 2022:

The Saharan dust case 4wasmeasured at theKIT campus north near the city of Karlsruhe from 16th,

March 2022 to 12th, March 2022 combining remote sensing, in-situmeasurements, and ICON-ART

model calculations. This Saharan dust plume is the most intensive dust outbreak among all 4 cases

with an AOD reaching values of 1.8± 0.07 at a wavelength of 550 nm in Karlsruhe. In addition to
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Figure 3.41: Time series of range corrected lidar signal for the parallel polarized channel (a), cross-
polarized channel (b), and Linear Volume Depolarization Ratio (LVDR) (c) from KASCAL mea-
surements, backscatter coefficients predicted by ICON-ART for non-spherical (NSP) particles (d),
particle mass size distribution (e) and particulate matter concentrations (f) from Fidas200 from
February 22th to 26th, 2021. Please note that the model data shown only includes the Saharan dust
while the lidar data shows also other aerosol particles and clouds. The profiles of backscatter co-
efficients measured by the two lidars and predicted by ICON-ART model for C1 case (Averaged
profiles from 20:30 to 21:30 for lidar measurement and profile at 21:00 for ICON-ART prediction
on 16th, March 2022) and for C2 case (Averaged profiles from 00:30 to 01:30 for lidar measurement
and profile at 01:00 for ICON-ART prediction on 21 th, March 2022) are shown on the right side
of this figure. C1 and C2 represent time periods used for a more detailed data analysis as shown in
the right side of this figure.
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the measurements in Karlsruhe, I also participated in joint measurements with the DWD combining

remote sensing measurements (e.g. at Hohenpeissenberg) and aircraft in-situ measurements, and

with colleagues from the University of Granada performing measurements in Granada, Spain. In

this section, I will mainly focus on the measurements conducted in Karlsruhe. Figure 3.41 shows

the time series of RCS for the polarized channel (a), cross-polarized channel (b), and LVDR (c)

from KASCAL measurements. The backscatter coefficients and particle depolarizations are not

shown in this figure since their retrieval was impeded due to the presence of clouds from time to

time. Figure 3.41 also shows the time series of ICON-ART predicted backscatter coefficents for

NSP particles, particle size distributions, and particulate matter concentrations from 16th to 22th,

March 2022. The KASCAL conducted two-angle fixed pointed measurements during this field

campaign in a similar way as for Saharan dust cases 1 and 2. As can be seen from this figure, the

Saharan dust arrived in Karlsruhe at 12:00 on 16th, March 2022 at an altitude between 2.0-3.5 km,

and a cloud began to appear at 00:00 on 17th, March 2022 at an altitude above 2.0 km. From 12:00

of 17th, March to 12:00 of 18th, March 2018, the presence of low level clouds and intermittent

drizzle prevented the observation of the dust plume by KASCAL. On midday of 18th, March, an-

other dust plume arrived in Karlsruhe at an altitude of 2.0 - 3.0 km and subsequently sunk to lower

altitudes. This latter dust plume was less intensive than that observed on 16th, March as can be

seen from the lower LVDR shown in panel (c) of this figure. The dust particles in the Saharan dust

event did not reach the ground as can be seen from aerosol mass size distributions and particulate

matter concentrations shown in panel (e) and panel (f) of Figure 3.41. In addition, two special

periods (C1 and C2) are highlighted in this figure. These periods were used to further investigate

dust properties measured by lidar and predicted by the ICON-ART model for different dust mass

loadings.

Figure 3.42 shows the profiles of vertical and slant LPDR of two selected time periods. From this

figure, I deduced that the dust particles have no special orientation and have a LPDR value of 0.32

± 0.06 for case C1 and 0.13 ± 0.02 for case C2 . The LPDR for case C1 is significantly larger

than that for case C2 due to mixing of the dust plume with local aerosol for case C2 as discussed

already before.

Figure 3.43 shows LPDR versus lidar ratios retrieved from KASCAL for aerosol layers present

during different days. This figure shows that the Saharan dust plume, biomass burning aerosol,

and a mixture of both were all detected during this period. On 16th, March 2022, a dense dust
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Figure 3.42: Profiles of vertical and slant linear particle depolarization ratios (LPDR) measured by
KASCAL for case C1 (left) and case C2 (right). (The time periods selected for cases C1 and C2
are indicated in Figure 3.41.)

layer was detected with a large value of depolarization (0.32 ± 0.06) and a large value of the li-

dar ratio (56 ± 11) and on 18th, March 2022, two layers were detected with the dust layer above

(LPDR: 0.32 ± 0.04, lidar ratio: 38 ± 8) and a biomass burning aerosol layer below (LPDR: 0.02

± 0.003, lidar ratio: 36 ± 7). On 19th, March 2022, a layer of Saharan dust mixed with biomass

burning aerosol (LPDR: 0.11 ± 0.019, lidar ratio: 27 ± 7) and the pure biomass burning aerosol

layer(LPDR: 0.05 ± 0.004, lidar ratio: 49 ± 3) were detected with the biomass burning aerosol

layer above. On the 19th, March, the dust layer and the biomass burning aerosol layer were mixed

homogeneously (LPDR: 0.1 ± 0.02, lidar ratio: 33 ± 13). The temporal evolution of those LPDR

and lidar ratios illustrate the mixing process between Saharan dust and biomass burning particles.
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Figure 3.43: Linear Particle Depolarization Ratio (LPDR) versus lidar ratio retrieved from KAS-
CAL for aerosol layers present on different days for Saharan dust case 4. (A square and a circle
indicate different aerosol layers and a square point indicates that the aerosol layer is the upper layer.
Only a square is used when just one aerosol layer was detected.)
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3.4.3 Comparison of Saharan dust predictions by ICON-ART with observations

Model simulations and remote sensing observations were used to study the spatial and temporal

evolution of these four dust cases. The comparison between the model results and observations

can be used to evaluate the performance of model predictions including dust layer height, dust

arrival time, dust layer structure, and dust optical parameters. In this section, I will discuss the

comparison between remote sensing observations and ICON-ART simulations for the 4 dust cases

mentioned before.

Dust case 1 during April, 2018:

The evolution of the dust plume over Karlsruhe for dust case 1 predicted by the ICON-ART model

is shown in panel (c) and panel (d) of Figure 3.30. According to the model simulation, the dust layer

arrived in Karlsruhe at 11:00 of April 7th, and this plume passed over that location for nearly two

and a half days. Two dust layers were observed from 12:00 (UTC) of April 8th until the morning

of April 9th when they merged. A comparison between model prediction and lidar measurement

is shown in panel (b) of Figure 3.30, where the black contour line is the modeled backscatter co-

efficient and the contour fill is the lidar (DWD - DELiRA) observation. The white line in panel

(b) is the cloud base height from the lidar measurements. The dust layer heights (vertical extend)

and their peak heights (the heights for the maximum backscatter coefficients) for both lidar mea-

surements and ICON-ART prediction for this Saharan dust case are shown in Figure 3.49a. The

criteria for an aloft dust layer are as follows: (i) the value of LVDR is larger than 0.1 throughout

the layer and the value of LPDR is between 0.2 and 0.4; (ii) the layer thickness exceeds 0.3 km;

(iii) the layer base is above the PBL (He et al. 2021). Figure 3.49a shows a very good agreement

in dust layer heights for these two measurements and the ICON-ART prediction. The comparison

shows that dust plume arrival time, layer height, structure, and backscatter coefficients are con-

sistent between lidar measurements and model simulations for this event. Although the lidar data

shows more details of the dust plume structures, the agreement with the model is quite good con-

sidering the relatively coarse spatial resolution used in this model run (20 km). On the other hand,

in the presence of clouds, aerosol properties cannot be retrieved well from lidar data. Therefore, a

comparison of thin dust layers is not always meaningful. The dust layer height range is based on

the dust layer heights shown in Figure 3.49a which doesn’t include the boundary layer aerosol for

lidar measurements. All comparisons between lidar measurements and ICON-ART model results
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follow these criteria. The vertical profiles of the backscatter coefficients from two lidar measure-

ments and two ICON-ART modes are shown in the right of Figure 3.30 for two selected periods

indicated as C1 and C2 in Figure 3.30. For case C1, the backscatter coefficients are given for lidar

measurements from 15:30 to 16:30 and ICON-ART calculations for 16:00 on 7th, April, and for

case C2, the backscatter coefficients are given for lidar measurements 20:21 to 22:54 (UTC) and

ICON-ART calculations for the average profile from 21:00 - 23:00 on 8th, April 2018. The case

C1 shows a good agreement in dust layer vertical backscatter coefficients from the model calcu-

lation for this time period. Comparing cases C1 and C2, I found that ICON-ART can predict dust

layer structures quite well for most of the time of this event but also shows substantial differences

with lidar measurements e.g. for the time period C2. The substantial difference between lidar and

model simulation may be caused by the coarse spatial resolution used in this model run (20 km)

and inhomogeneous dust horizontal distribution. The comparison between lidar and ICON-ART

model shows that the ICON-ART predictions agree very well with the measurements, although

some variability can be observed as well.

Figure 3.44: Time series of AODs at three wavelengths from the sun photometer and ICON-ART
model simulation on 7th and 8th of April for 1 hour temporal resolution.

Besides, the AODs for three wavelengths from sun photometer and model calculation are shown

in Figure 3.44. This figure shows that the AODs from sun photometer and model show a similar

trend. However, the modeled AODs are systematically lower than those from the sun photometer.

Figure S10 shows the time series of coarse particle mode AOD for sun photometer and modeled

AOD, which shows that the modeled AOD values agree well with coarse mode AOD of the sun

photometer at a wavelength of 550 nm. Hence, the reason for underestimating the AOD by the

model shown in Figure 3.44 is partially due to the fact that the modeled AOD only includes the
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Saharan dust plume and the sun photometer also the boundary layer aerosol. After the arrival of the

dust plume, the AOD from the model calculation is systematically lower than the sun photometer

measurement and the bias between the model and sun photometer increases with decreasing wave-

length towards the ultraviolet (UV) spectral region. In other words, the discrepancy is wavelength

dependent with a bigger difference in the UV. This wavelength-dependent discrepancy may be re-

lated to the overestimation of small particles in the model simulation.

Figure 3.45: Correlation of Saharan dust backscatter coefficients measured by lidar and simulated
by ICON-ART assuming non-spherical (top) and spherical particles (bottom). SPH = spherical;
NSP = non-spherical.
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Figure 3.45 shows the correlation of backscatter coefficients from lidar measurements and ICON-

ART simulations for the dust plume, assuming both NSP (left panel) and SPH (right panel) parti-

cles. The color of the scatter points in this figure indicates the normalized density of backscatter

coefficients, which indicates the frequency of occurrence of these values. These data points are

selected according to the dust layers shown in Figure 3.49 which doesn’t include the boundary

layer aerosol for lidar measurements. The parameterizations for NSP and SPH are given in Hosh-

yaripour et al. (2019) and are based on work by Meng et al. (2010). For the whole dust episode,

there is a remarkable agreement between model simulation and observations although individual

profiles might differ significantly. The regression fitting was done for both NSP and SPH data

points which have a normalized density larger than 0.4. The corresponding results of a regression

analysis for NSP show a slope of 0.9 ± 0.1 and an R2 of 0.68. This is an excellent result taking

into account all uncertainties and assumptions for measurements and model simulations. How-

ever, the regression fitting for the SPH has a slope of 2.3 ± 0.3 and an R2 of 0.68. This means

that assuming spherical particles leads to overestimated backscatter coefficients. This is confirmed

in Figure 3.30 which shows the backscatter coefficients of two lidar measurements and two model

simulations using SPH and NSP particle parameterizations, respectively. This figure shows that the

ICON-ART model overestimates backscatter coefficients at a wavelength of 355 nm by assuming

spherical particles to calculate backscatter coefficients. The reason for the overestimation is that

the spherical particles have larger backscatter coefficients (at 180◦) than non-spherical particles

Mishchenko (2014), Hoshyaripour et al. (2019). The physical meaning behind this phenomenon

is that for spherical particles surface waves can contribute to the backscatter, hence causing larger

backscatter coefficients for spherical particles (Hovenac & Lock 1992). The coarse mode AOD

of the sun photometer and ICON-ART results for spherical and non-spherical particle models are

shown in Figure S10. All AOD values follow a similar trend but the model results are higher by a

factor of 1.25 ± 0.21 for NSP particles and 1.14 ± 0.18 for SPH particles, both at a wavelength of

550 nm.

Dust case 2 during February, 2021:

The evolution of the dust plume over Karlsruhe for dust case 2 predicted by the ICON-ARTmodel is

shown in panel (b) and panel (c) of Figure 3.35. According to the model simulation, the dust plume

arrived in Karlsruhe at 04:00 on 22nd, February 2021, and lasted for about five days. Initially, the

ICON-ART predicted vertical backscatter between 1.0 to 8.0 km. Subsequently, the high-altitude
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dust plume disappeared at 18:00 on 24th, February 2021 and the main dust layer began to reach

ground level. The vertical backscatter coefficients from lidar measurements and ICON-ART sim-

ulation are shown in Figure 3.35a and 3.35b&c. The dust layer height predicted by ICON-ART

did not agree well with lidar measurements before 18:00 on 24th, February 2021 while it shows

consistency after this time. The dust layer heights and their peak heights for both lidar measure-

ment and ICON-ART prediction are shown in figure 3.49b. The dust peak heights are not shown

after 18:00 on 24th, February 2021 for lidar measurement due to the influence of boundary layer

aerosol loading during this time and boundary layer aerosol tends to have maximum values near

ground level. The vertical profiles of backscatter coefficients from lidar measurements and two

ICON-ART modes are shown in the right of Figure 3.35 for two selected periods indicated as C1

and C2 in Figure 3.35. For case C1, the backscatter coefficients are given for lidar measurements

from 00:30 to 01:30 and ICON-ART calculations for 01:00 on 24th, February and for case C2, the

backscatter coefficients are given for lidar measurements between 02:30 to 03:30 and ICON-ART

calculations for the average profile from 03:00 on 25th, February 2021. As can be seen in the ver-

tical profiles for the C2 period, the boundary layer aerosol and dust particles are mixed below 2.0

km and this mixing causes problems to determine dust peak heights from lidar measurements. In

addition, the vertical profiles of the backscatter coefficients for case C1 show inconsistencies for

dust layer heights and backscatter coefficients while profiles in case C2 show consistency in dust

layer height but inconsistency in backscatter coefficients. As discussed for Saharan dust case 1, the

predicted backscatter coefficients can agree well with values retrieved from lidar measurements if

non-spherical particles are assumed while overestimating a factor of 2.3± 0.3 when spherical par-

ticles are assumed. However, during period C2 of Saharan dust case 2, the ICON-ART predicted

backscatter coefficients for non-spherical particles were systematically lower than those from lidar

retrievals. The main reason for this underestimation of the backscatter coefficient retrieved from

lidar measurements is the contribution of non-dust particles to the total backscatter coefficient in

this mixing layer.

Tesche et al. (2009) proposed a method to separate the total backscatter coefficient into a dust part

and a non-dust part using the following equation:

βλ,d = βλ,p
(δλ,p − δλ,nd)(1 + δλ,d)

(δλ,d − δλ,nd)(1 + δλ,p)
(3.1)
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Where βλ,d is the pure dust backscatter coefficient, βλ,p is the total particle backscatter coefficient,

δλ,p is the total particle depolarization ratio, δλ,nd is the particle depolarization ratio of non-dust

particles, δλ,d is the particle depolarization ratio of pure dust plume. In this equation, βλ,p and δλ,p

can be retrieved from lidar measurement. The particle depolarization ratio of pure dust plume, δλ,d,

is estimated from the high-altitude dust layer which is not mixed with non-dust particles and the

particle depolarization ratio of non-dust particles, δλ,nd, is the average value of particle depolariza-

tion measured on 1st, March 2021 when there was no dust layer over Karlsruhe. For this Saharan

dust case, a value of 0.3 for δλ,d and a value of 0.046 for δλ,nd were used.

Figure 3.46: Vertical profile of total backscatter coefficients and dust backscatter coefficients from
KASCAL and the predicted backscatter coefficient for non-spherical (NSP) and spherical (SPH)
particles from ICON-ART for case C2 as indicated in Figure 3.35.

Figure 3.46 shows vertical profiles of total backscatter coefficients and pure dust backscatter coef-

ficients from KASCAL measurement and ICON-ART predicted backscatter coefficients for NSP

and SPH particles. This figure shows that backscatter coefficients predicted by ICON-ART for

NSP particles are smaller than the total backscatter coefficients measured by KASCAL by a factor

of 2.12 ± 0.66 while it agrees well with the pure dust backscatter coefficient by a factor of 1.06

± 0.22. Figure 3.47 shows the correlation of the backscatter coefficient predicted by ICON-ART

for NSP particles and retrieved from KASCAL measurement for both total aerosol particles (top)
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and dust particles only (bottom). This correlation only shows the data after 20:00, 24th, February

2021 as the dust layer heights are inconsistent between lidar and ICON-ART model before this

time. The backscatter coefficients predicted by ICON-ART is systematically lower than the total

backscatter coefficient retrieved from lidar data by a factor of 1.94 ± 0.65. However, the pure

dust backscatter coefficients retrieved from KASCAL agrees well with the backscatter coefficients

predicted by ICON-ART for NSP particles with the a slop of 0.976 ± 0.01 and a Pearsonr cor-

Figure 3.47: Correlation of backscatter coefficients predicted by ICON-ART for non-spherical
(NSP) particles and retrieved from KASCAL for both total aerosol particles (top) and dust particles
only (bottom).
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relation coefficient of 0.96 0.543 as shown in Figure 3.47. From these comparisons, we can see

that the non-dust aerosol particles can contribute to total backscatter coefficients, thus causing an

apparent inconsistency between lidar measurement and ICON-ART simulation. The contribution

of non-dust aerosol particles can also be seen from comparisonof AOD values between ICON-ART

results and sun photometer data.

The time series of AODs at three wavelengths from sun photometer measurements and ICON-ART

model simulations from 22nd, February 2022 to 26th, February 2021 is shown in Figure 3.48. This

time series was divided into three periods (A, B, C) as shown in the figure based on the relation-

ship of AOD from model simulations and sun photometer data. This figure shows that the AOD

measured by the sun photometer is systematically larger than that predicted from ICON-ART by a

factor of 2.78± 1.60 due to the contribution of non-dust particles as shown for the periods A and C

. However, during period B, the AOD from ICON-ART prediction is larger than that measured by

sun photometer by a factor of 1.41± 0.18 due to overestimating the dust loading during this period,

which can also be seen from the comparison between model simulation and lidar measurements as

shown in 3.35.

Figure 3.48: Time series of AODs at three wavelengths from the sun photometer and ICON-ART
model simulations from 22nd, February 2022 to 26th, February 2021 for 1-hour temporal resolution.
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Dust case 3 during June, 2021:

The evolution of the dust plume over Rottenburg for dust case 3 predicted by the ICON-ARTmodel

is shown in panel (c) of Figure 3.39. This panel shows that the dust plume arrived at Rottenburg

at 11:00 on 19th, June 2021 with an initial dust layer height between 4.0 - 5.0 km and lasted for

nearly two days. Since 23:30 on 19th, June 2021, a thick dust layer between ground level and

up to 6.0 km was over Rottenburg. The dust layer heights and their peak heights for both lidar

measurements and ICON-ART predictions for this Saharan dust case are shown in Figure 3.49c.

The dust peak heights from KASCAL after 02:00, 20th, June 2021 are not shown in this panel as

low clouds and precipitation impeded the retrieval of dust peak heights from lidar measurement.

This figure shows that the dust layer heights from ICON-ART predictions and lidar measurements

show similar trends but still show some discrepancy. The ICON-ART predicted dust layer heights

are 899 ± 693 m higher than those retrieved from lidar measurements. The vertical profiles of

the backscatter coefficients from lidar retrievals and ICON-ART predictions for two selected pe-

riods indicated as C1 and C2 in Figure 3.39 are shown on the right side of Figure 3.39. For case

C1, the backscatter coefficients predicted by ICON-ART for NSP particles is systematically lower

than those retrieved from lidar measurements by a factor of 3.91 ± 1.66 between 2.6 - 4.4 km.

There are two possible reasons for this underestimation of the backscatter coefficients. One is that

ICON-ART underestimated the dust loading in this case and the second one is that the Saharan

dust particles increased in size by condensation of water vapor at this altitude, which enhances the

backscatter measured by lidar. For case C2, the backscatter coefficients predicted by ICON-ART

were lower by a factor of 7.48 ± 1.9 below 3.2 km. The first reason for this underestimation of

the backscatter coefficients is because of the mixture of dust particles with non-dust particles. So

I separated the backscatter coefficients into the dust part and non-dust part as I have done it also

for Saharan dust case 2. The results are shown in Figure S11, which shows that the mixing effect

cannot explain all this underestimation as the pure dust backscatter coefficient is still higher than

ICON-ART predicted backscatter coefficient. The second possible reason for this underestimation

is that ICON-ART underestimates dust loading in this case. Although the ICON-ART results did

not agree well with lidar measurements in this case, some consistency between model simulations

and lidar measurement can also be seen. For example, the dust layer between 3.2 - 6.0 km for case

C2 as shown in the right side of Figure 3.39 shows a good agreement between model simulation

and lidar measurement.

114



3. Results and discussion 3.4. Characterization of Saharan dust plumes in Western Europe

Dust case 4 during March, 2022:

The evolution of the dust plume over Karlsruhe for dust case 4 predicted by the ICON-ART model

is shown in panel (d) of Figure 3.41. This panel shows that two dust plumes arrived at Karlsruhe

during these six days. The first dust plume arrived at Karlsruhe at 00:00 on 16th, March 2022 with

an initial dust layer height between 2.0 - 4.0 km and lasted nearly 3 days. This dust plumewas dense

until 00:00 on 18th, March 2022 and was washed out by precipitation on 18th, March 2022. Then

another dust plume arrived at Karlsruhe at 06:00 on 21th, March 2022 at an altitude of 2.0-3.0 km

but was less dense. The dust layer heights and their peak heights for both lidar measurement and

ICON-ART prediction for this Saharan dust case are shown in Figure 3.49d, which shows that the

dust layer heights from ICON-ART prediction and lidar measurement show good agreement with

each other. The vertical profiles of the backscatter coefficient from lidar retrieval and ICON-ART

prediction for two selected periods indicated as C1 and C2 in Figure 3.41 are shown on the right

side of Figure 3.41. For case C1, the vertical profile of backscatter coefficients predicted by ICON-

ART for NSP particles agrees well with those retrieved from lidar measurements except for abrupt

change of backscatter coefficients at altitudes between 1.6 km and 2.4 km. One possible reason for

this phenomenon is that the ICON-ART model cannot resolve this high-resolution vertical aerosol

distributions. For case C2, the backscatter coefficients predicted by ICON-ART underestimated

the backscatter coefficients below 3.2 km. The one main possible reason for this underestimation

of the backscatter coefficient is because of a mixing of dust particles with non-dust particles. An-

other possible reason is that ICON-ART overestimate the washout effect of precipitation in this

case, thus calculating low concentration of dust particles.

So far, I have discussed mainly the properties (backscatter & depolarization) of the Saharan dust

plumes and compared these observational data with ICON-ART results. In the following part, I

will discuss average values of Saharan dust parameters in a systematic comparison between obser-

vational data and model results.

Table 3.3 shows the optical parameters of Saharan dust as measured by lidar and sun photometers

for all four cases. The lidar ratio for case 3 is not shown in this table as there is no reliable lidar data

during cloud free periods at nighttime and the SSA values for case 3 are not provided due to the

presence of clouds. The optical parameters of Saharan dust summarized in this table shows good

agreement with data provided by previous publications (Freudenthaler et al. 2009, Schuster et al.

2012, Cao et al. 2014).
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Figure 3.49: Time series of dust layer heights (vertical extend) and their peak heights (heights of
maximum backscatter coefficients, indicated as red (lidar) and blue (ICON-ART) solid line) from
both lidar measurements (red bars) and ICON-ART predictions (light blue area) for cases 1 - 4
(a-d).

The comparison of ICON-ART predictions with lidar measurements presented in this section is fo-

cused on the dust arrival time and dust layer height. The comparison of dust backscatter intensity

was discussed for different cases. Figure 3.49 shows the time series of dust base height, dust top

height, and dust peak height for both lidar measurements and ICON-ART simulations. This figure

shows that the dust arrival times predicted by the ICON-ART model agrees well with lidar mea-
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Figure 3.50: Correlation of dust base heights (left), dust peak heights (middle), and dust top heights
(right) from lidar measurements and ICON-ART simulations for all 4 Saharan dust cases.The blue-
shaded area indicates slopes between 0.75 and 1.25 and the number shown in the left upper corner
is the percentage of data points within this blue-shaded area.

surements (± 20 minutes) for all 4 cases. This plot also shows that the dust layer heights predicted

by ICON-ARTmodel and measured by lidar show consistency most of the time but still show some

inconsistencies for certain time periods (e.g. the first half experiment for case 2 as shown in Figure

3.49b). The remaining discrepancies between observations and ICON-ART predictions may be

related to the following reasons: 1) The ICON-ART model simulation used a relatively coarse hor-

izontal resolution (20 km), which means that ICON-ART simulation results can’t reflect structural

details of Saharan dust plumes in such detail as possible e.g. by lidar measurements. Therefore,

larger differences are to be expected especially for inhomogenously structured dust plumes. In

the future, this may be improved with a high-resolution ICON-ART model e.g. coupled with the

LES model PALM. 2) Depending on different meteorological conditions during transport of the

dust plumes from Africa to Germany especially the washout of dust particles may need different

parameterizations. This may be improved also using my scanning lidar data before and after heavy

and light precipitation as will be discussed in the following section on aerosol cloud interaction. 3)

The inappropriate meteorological background information used in ICON-ART may also cause the

discrepancy between model simulation and observation data. Figure 3.50 shows the correlation of

dust base heights, dust peak heights, and dust top heights from lidar measurement and ICON-ART

prediction for 4 Saharan dust cases. The blue-shaded area in these plots indicates slopes between

0.75 and 1.25 and the number shown in the left upper corner of each plot is the percentage of data

points within this blue-shaded area. These plots show that there are 51%, 61%, and 61% of data

points within this blue-shaded area for dust base heights, dust peak heights, and dust top heights.

To be detailed, good agreement in dust layer heights can be seen for case 1, case 3, and case 4 but
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not for case 2 as discussed for Figure 3.49. In general, the ICON-ART model predicts dust arrival

times and dust layer heights very well if considering the spatial resolution of ICON-ART model

(20.0 km horizontally).

Figure 3.51 shows theAOD values at a wavelength of 500 nm both from sun photometer mea-

surements and ICON-ART predictions as well as the AE values retrieved from sun photometer

measurements for all 4 Saharan dust cases. The AOD values given in the left side of this figure

show that Saharan dust case 4 had the largest AODwith a value of 0.91± 0.42, which indicates that

the Saharan dust case 4 was the strongest dust events among these 4 cases. In addition, the AOD

predicted by ICON-ART model is systematically lower than that measured by the sun photometer

even though the ICON-ART model overestimates the dust concentration for part of the Saharan

dust case 2. The reason for this phenomenon is that the sun photometer measured the total AOD

while only the dust particles are considered in ICON-ART model prediction. The biggest differ-

ence in AOD values between sun photometer measurements and ICON-ART simulations can be

seen for case 4. This was caused by the strong haze over Karlsruhe during that time as discussed

in section 3.4.2 and this strong haze was not considered in the ICON-ART model simulation. The

AE values shown on the right side of this figure illustrate relatively lower value of AE for Saharan

dust cases 2 and 4 compared to cases 1 and 3. These smaller values of AE refer to larger Saharan

dust particles over the observational stations for these two cases.

3.4.4 Saharan dust cloud interaction

Aerosol-cloud-interaction was investigated during the Swabian MOSES field campaign in Rotten-

burg am Neckar (see section 2.4) by combining remote sensing methods (e.g. lidar, ceilometer, sun

photometer, radar), in-situ measurements (e.g PINE,OPC, CPC, and APS), as well as radiosondes.

Several intensive observation periods (IOPs) were conducted during this Swabian MOSES field

campaign as indicated in Table 2.4. During IOP4 also Saharan dust was present at that location and

therefore I will discuss potential aerosol-cloud-interactions for this case. A Saharan dust plume

arrived in Rottenburg during this IOP as discussed in section 3.4.2 and dust particles are known

to be effective INPs (Brunner et al. 2021a, Ansmann et al. 2019). Furthermore, the precipitation

observed during IOP4 was less than predicted by most weather forecast models (Kunz et al. 2022).

The objective of the aerosol measurements in this experiment was to study potential INP concentra-

tions in relation to other aerosol particle characteristics. Various meteorological parameters were
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Figure 3.51: Mean value and standard deviation of Aerosol Optical Depths (AODs) both from sun
photometer measurement for total aerosol and ICON-ART predictions for Saharan dust only (left)
as well as Ångström exponen (AE) (right) measured by sun photometer for all four Saharan dust
cases.

measured to investigate the role of aerosol particles and INPs for the formation of strong convec-

tive clouds. Therefore, aerosol particles were characterized with respect to their number and mass

concentration, size distribution, ice nucleation ability, and their spatial distribution. In addition to

the measurements at the SwabianMOSESmain site in Rottenburg, mobile INPmeasurements were

performed for special events in conjunction with the mobile operation of the swarmsondes. The

INP concentrations were measured by my colleaguesDr. Franziska Vogel and Alexander Böhm-

länder.

An especially interesting period during IOP4 is shown in Figure 3.52, during which a Saharan dust

plume was reaching ground level (indicated by the grey shaded areas). These periods show higher

PM10/PM2.5 ratios (particulate matter with maximum diameter of 10/2.5 µm) and significantly

more particles with sizes larger than 2 µm. Please note, that the particle number concentrations

are dominated by smaller particles, as opposed to the mass concentration, which is dominated by

the larger ones. The fraction of ice active aerosol particles at 251K (Figure 3.52D), calculated

by dividing the ice crystal number concentration by the total aerosol number concentration, shows

similar patterns as the PM10 concentrations (Figure 3.52B).

The volume depolarization ratios and range corrected backscatter signals of the lidar (Figure 3.52E

and F) illustrate the spatial distribution of the aerosol particles in and above the PBL. The Saha-
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Figure 3.52: Overview of aerosol measurements at the Swabian MOSES main site Rottenburg
during IOP4 with higher concentrations of Saharan dust. (A) Wind speed, wind direction, and pre-
cipitation, (B) particle mass (PM10 and PM2.5; lines) and particle mass size distributions (contour),
(C) particle number concentrations for particles larger than 2.5 and 7 nm, (D) ice active fraction at
251K, (E) lidar volume depolarization ratio (contour), (F) lidar range corrected backscatter signal
perpendicular to the emitted laser polarization (contour). Grey shaded areas indicate Saharan dust
reaching ground level. I generated this figure for (Kunz et al. 2022).
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ran dust plume arrived at noon (19th, June) above the measurement site at an altitude between 3

and 4 km and reached ground level about 12 hours later. Please note that aerosol lidar data are

not available during precipitation events (cf. Figure 3.52A). Both the PM10 and PM2.5 concentra-

tions were highly affected by thunderstorms. On 20th, June around 18:00 UTC, for example, an

mesoscale convective systeme (MCS) that passed the measurement site led to an abrupt decrease in

Figure 3.53: Same as Figure 3.52, but for IOP5.
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the particle mass concentrations due to wet deposition of the aerosol particles. On 23th June around

15:45 UTC, the concentration of larger particles presumably from the surface (PM10) substantially

increased prior the passage of a supercell over the measurement site. Directly with the onset of

heavy precipitation (rain and small hail), the PM10 concentration abruptly dropped to low values

that remained almost constant until midnight. A direct relation between thunderstorms and the ice

active fraction (Figure 3.52D), however, is not evident based on this data.

Figure 3.53 shows the evolution of aerosol particles during IOP5. During this period, no substantial

Saharan dust influence was detected. Therefore, aerosol particles in the boundary layer dominated.

On 28 July, as a supercell passed the measurement site, no substantial changes in aerosol proper-

ties were detected. As can be seen by comparing both IOPs, there was no significant precipitation

in presence of Saharan dust over Rottenburg from 12:00 of 19th June, 2021 to the 15:00 of 20th

June, 2021. In contrast several precipitation event occurred in absence of Saharan dust as shown

in Figure 3.52A and Figure 3.53A. One possible explanation for this phenomenon is that the pres-

ence of Saharan dust suppressed precipitation in this case (Rosenfeld et al. 2001). In presence of

Saharan dust more cloud droplets or ice crystals may have formed in the cloud leading to smaller

droplets and less ice and rain formation. However, also the mixing with air of Saharan origin may

have altered the humidity profiles of the air masses reaching Rottenburg leading to a supression of

precipitation. These and other protential reasons are currently studied by different colleagues using

the large set of observational data and the cloud resolving version the the ICON-ART model.

In addition my aerosol measurements, I could also use a comprehensive set of data from a cloud

radar, a ceilometer, a sun photometer, and several radiosonde measurements all operated and ana-

lyzed by my colleagues from the KITcube. These data help to better understand the vertical profiles

of clouds and the meteorological background (e.g. wind shear, CAPE), thus helping us to study

the potential role of aerosol particles in formation of clouds and precipitation. I have analyzed

these data together with Dr. Yuxuan Bian. Figure 3.54 shows the time series of wind profiles from

radiosonde, RCS and LVDR from scanning aerosol lidar, RCS from ceilometer, AOD and aerosol

coarse-mode fraction from sun photometer, temperature and relative humidity from weather sensor

(WS 700), aerosol volume size distribution and particulate matter concentration from OPC mea-

surements, Radar reflectivity, Doppler velocity, and spectral width from Doppler cloud lidar during

a Saharan dust outbreak from 19th to 20th, June 2021 during IOP4 at Rottenburg am Neckar. This

figure shows a comprehensive dataset we obtained during this Swabian MOSES campaign. This
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dataset can help to understand the the aerosol and cloud properties as well as the mechanism of

aerosol cloud interaction. However, to achieve a scientific understanding of the relevant different

and complex processes a dedicated comparison of the also complex observations with a cloud re-

solving model is required. The data analysis on this scientific topic is still ongoing together with

Dr. Yuxuan Bian (IMK-AAF, now at Chinese Academy of Meteorological Sciences) and other

colleagues at IMK-TRO (Dr. Heike Vogel, Dr. Gholamali Hoshyaripour, Dr. Lena Anna Frey and

Dr. Christian Barthlott).
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3.4.5 Summary

The objectives of the work presented in this section were to compare different measurements and

retrieval methods including remote sensing and in-situ measurements and to demonstrate which

aerosol properties can be determined by combining the different measurement techniques. Further-

more, I wanted to understand the quality of the dust plume predictions with the ICON-ART model

by comparison with the observations. The evolution and the properties of Saharan dust were char-

acterized for 4 Saharan dust plume cases combining data from lidars, a sun photometer, and ground

level in-situ measurements. The comprehensive dataset from different methods could characterize

the dust plume in different ways, thus providing additional information for further analysis. The

scanning angle lidar measurements enabled us retrieving lidar ratios and extinction coefficients

independently and during day and night, which were comparable to Raman based retrievals. The

comparison of extinction and backscatter coefficients for different retrieval methods was used to

quantify uncertainties of the different methods and the impact of different denoise filters on extinc-

tion coefficients from Raman scattering lidar signals. The consistency among three different lidar

laser beam paths reflects the high quality of the measurements as well as the retrieval algorithms.

Vertical and slant volume and particle depolarization ratio measurements contain information on

shape and partially orientation of dust particles. Comparison between lidar and sun photometer

measurements has proven useful to study the dust optical properties like aerosol optical depth and

to obtain information about lidar parameters like the lidar ratio. Comparison among lidar measure-

ments, sun photometer, and ICON-ART predictions shows a quite good agreement for dust arrival

time, dust layer height and structure, backscatter coefficients, and AODs. The modeled backscat-

ter coefficients for dust show a good agreement with lidar retrievals at a wavelength of 355 nm if

assuming non-spherical particle but the model would overestimate the backscatter coefficients if

assuming spherical particle. This demonstrates how crucial it is to use an appropriate parameterisa-

tion for the dust particle properties. This has also implications for a potential particle assimilation

scheme. Despite the good agreement between model predictions and observations for these four

Saharan dust plumes still some deviation can be seen for certain periods. The discrepancies be-

tween ICON-ART predictions and observational data still needs to be studied further in order to

identify potential model improvements. The systematic comparisons for different meteorological

conditions and at different locations are discussed here to substantiate the model validation and to
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facilitate a potential improvement of the dust processes (emission, transport, removal and micro-

physics) and properties (size distribution and optics) in models like ICON-ART. Finally, the role of

Saharan dust particles on cloud formation and precipitation was discussed combining a broad set

of remote sensing, in-situ, and radiosonde measurements. These measurements are currently com-

pared with ICON-ART model results to study potential mechanisms of aerosol-cloud-precipitation

interaction.
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4 Conclusion and outlook

4.1 Conclusions and atmospheric implications

The impact of atmospheric aerosols on the Earth’s climate system is significant and remains highly

uncertain, which is attributed to the large spatial-temporal variability of aerosol particles and their

complex interaction with other atmospheric constituents as well as radiation and clouds (Zhao et al.

2011, Alam et al. 2011). Hence, to assess their environmental and climatic impacts it is crucial to

characterize aerosol distributions and especially three dimensional aerosol distributions on a global

and regional scale, as well as their transport, and their characteristic properties (e.g. optical, CCN,

INP). Based on the advanced capabilities of the scanning aerosol lidar (Zhang et al. 2022, Ji et al.

2022), I investigated the boundary layer dynamics and air quality in urban and rural background

areas as well as Saharan dust transport over Western Europe in detail.

In this dissertation, I compared different lidar retrieval methods including software from the li-

dar manufacture Raymetrics Inc., the reference software (SCC) from the European lidar network

EARLINET, software developed by the university of Granada, as well as the software code devel-

oped by myself. The good agreement between the retrievals using different software validates my

development which is especially suitable for scanning lidar retrievals. I also proposed a newmethod

to retrieve lidar ratios based on scanning aerosol lidar measurement with at least two different el-

evation angles. Compared to only vertical lidar measurements this method allows determination

of lidar ratios or extinction even without a Raman channel and thus helps to significantly reduce

uncertainties in lidar retrievals (Zhang et al. 2022, Wandinger 2005). Also, the retrieved lidar ratio

from scanning aerosol lidar will be helpful in aerosol classification (Haarig et al. 2022). In addition,

I validated my lidar retrievals by different in-situ measurements including aerosol sizers at ground

level, an optical particle counter on an UAV, as well as an in-situ backscatter detector (COBALD)

on a balloon radiosonde. The extinction coefficients retrieved from the scanning lidar KASCAL is

well correlated with that calculated from Mie calculations based on the aerosol size distributions

measured at ground level OPC with a slop and Pearson correlation coefficient of 1.037± 0.015 and

0.878, respectively. The comparison between my lidar retrievals with OPC data from drone flights

up to 1200 m above ground shows a very similar vertical aerosol distribution and boundary layer

evolution. The comparison of my lidar retrievals with COBALD also shows a good agreement in
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backscatter measurements up to the stratosphere with a slop of 1.063± 0.016 and a Pearson corre-

lation coefficient of 0.925. The good agreement between the lidar data and these in-situ methods

reflects the good data quality of my datasets and also validates the scanning lidar retrievals (Xia-

fukaiti et al. 2020, Brunamonti et al. 2021a). This is a good basis also for further comparison of the

scanning lidar data with other remote sensing data like EARLINET, AERONET or satellite data

(Deng et al. 2010, McGill et al. 2007, Abril-Gago et al. 2022).

Based on the dataset collected in downtown Stuttgart in winter, I investigated the boundary layer

dynamics and air quality in the urban background of downtown Stuttgart in a basin-like topog-

raphy. The comparison of the boundary layer heights and detailed structures from lidar retrieval

and radiosonde measurement shows a very good agreement with a slop and a Pearson correla-

tion coefficient of 1.102 ± 0.135 and 0.860, respectively. Also and the boundary layer from the

ERA5 dataset shows a similar trend but systematically lower heights than those retrieved from lidar

measurements. This comparison shows the advantage of scanning aerosol lidar measurements in

determining the structural details of the boundary layer including the residual layer in greater detail

and accuracy than the other methods. Furthermore, I could show that the ground-level aerosol con-

centrations were anti-correlated with mixing layer heights but were correlated with the nocturnal

boundary layer height (Yuval et al. 2020). Stagnant weather conditions with strong temperature

inversions and low wind speeds cause accumulation of aerosol particles in the shallow boundary

layers especially during nighttime and early morning hours. These stagnant weather conditions

with shallow boundary layers suppress the dispersion of local aerosol, potentially causing strong

air pollution especially in bigger cities in winter. This case study allows to distinguish how the dis-

persion of local aerosol is affected by the boundary layer dynamics versus horizontal transport and

varying local emissions. This includes also the potential role of clouds above the city during night

as they influence the thermal structure underneath and can lead to accelerated growth of the bound-

ary layer after sunrise. My observational data are thus ideally suited to validate high-resolution

models like PALM-4U. The dataset collected in this field campaign and the simulation conducted

in this area help us better understand the mechanism of air pollution in bigger urban areas like the

Stuttgart basin.

Based on the data collected during Saharan dust events in April 2018, February 2021, June 2021,

and March 2022, I determined the proprieties and transport of Saharan dust plumes and validated

the dust transport model, ICON-ART, for Saharan dust transport to Western Europe. The newly
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proposed method to retrieve lidar ratios from scanning elastic lidar data was applied for Saharan

dust and the lidar ratios retrieved by this method agree well with those from the classic Raman

retrieval method. The lidar measurement shows the pure dust particles measured during these four

cases have a lidar ratio of 53 ± 11 sr and a linear particle depolarisation ratio of 0.29 ± 0.03. These

values are in good agreement with those obtained in previous studies of Saharan dust plumes in

Western Europe (Freudenthaler et al. 2009). The properties of mixtures of dust particles with other

aerosol particles were also characterized by scanning aerosol lidar in this dissertation. Saharan

dust particles also mixed with other aerosol particles (e.g. sea salt and biomass burning emissions)

during dust transport and this mixing substantially changed the proprieties (e.g. lidar ratio, ex-

tinction, and particle depolarization ratio) of the mixed aerosol. Also the condensation of organic

and inorganic gaseous compounds contribute to the aging of the dust particles and corresponding

modified properties e.g. to act as condensation or ice nuclei. The comparison of ICON-ARTmodel

simulations with sun photometer data shows that the predicted AOD is systematically lower than

observed values. This was expected since the ICON-ART model version only accounted for the

Saharan dust while the sun photometer sums up the contributions of all aerosol particles. Compared

to the lidar measurements, the ICON-ART model predicted the plume arrival time, its layer height,

and its structure very well. The comparison of dust plume backscatter values from the ICON-ART

model and lidar observations show that ICON-ART model can predict dust backscatter intensities

quantitatively when a non-spherical particles parameterization is used but would overestimate the

backscatter by a factor of 2-3 when assuming spherical particles. This demonstrates how crucial it

is to use an appropriate parameterization for dust particle optics. This has implications for the par-

ticle assimilation scheme of the models. This systematic comparison between the transport model

and observational shows typically reasonable to very good Saharan dust predictions by the ICON-

ART model. However, for some cases or periods I observed some discrepancies that still need

to be discussed for different meteorological conditions and at different locations. Generally, my

observational data could be used in the context of the dust transport model comparison (Weimer

et al. 2017, Zängl et al. 2015). Finally, I discussed the potential role of Saharan dust particles on

cloud formation and precipitation combining different observational data including remote sens-

ing (e.g. lidar, cloud radar, and sun photometer), in-situ, and radiosonde measurements. These

measurements are currently compared with the cloud resolving ICON-ART model to study the

mechanisms of aerosol-cloud-precipitation interaction. So far, it seems that there was less precipi-

130



4. Conclusion and outlook 4.2. Outlook

tation than predicted in presence of Saharan dust plumes. However, a causal relationship is not yet

proven.

To conclude, this dissertation contributes new insights regarding the application of scanning elastic

lidar to boundary layer dynamics, aerosol transport, and transport model validation, which im-

proves our understanding of their impacts on air quality. Figure 4.1 summarizes the major findings

of this dissertation in a simplified schematic.

Figure 4.1: Schematic of boundary layer evolutionmodified based on Stull (1988) and the scientific
topics related to my thesis. Mymajor results are related to scanning lidar validation, boundary layer
dynamics and air pollution, and Saharan dust properties and transport.

4.2 Outlook

This dissertation studies planetary boundary layer dynamics and aerosol spatial-temporal distribu-

tions combining remote sensing and in-situmethods as well as numerical simulations. The diurnal

evolution of the boundary layer and the proprieties of aerosol particles were investigated in detail

benefiting from additional information from scanning aerosol lidar data. In addition, this disserta-

tion also raises several new technical and scientific questions, which could be the research topics

for future studies:

1. In this dissertation, I proposed a new method to retrieve lidar ratio based on scanning aerosol

lidar. However, this method was only applied in our KASCAL system that has only one
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emission wavelength at 355 nm. In principle, this method can be applied in scanning multi-

wavelength lidar systems as well to determine the wavelength-dependent lidar ratios, which

can help to better distinguish different aerosol types by remote sensing.

2. Mie theory was used in this dissertation to calculate extinction and backscatter coefficients

from aerosol particle size distributions. The assumption of the spherical particle is needed

when using Mie theory. Further studies can be focused on using T-matrix or Discrete Dipole

Approximation (DDA) to calculate optical parameters by considering the shape of particles.

3. In this dissertation, mainly the vertical boundary layer height was considered. Employing

scanning lidar measurements, it is also possible to determine the horizontal boundary layer

heights to investigate boundary layer dynamics for different underlying surfaces or topogra-

phies.

4. The impact of pre-existing clouds during the previous night on the evolution of the boundary

layer during the following day was discussed in this dissertation for one case. More data

including from satellites or reanalysis should be used to validate my finding.

5. The validation of Saharan dust predictions by the ICON-ART model was only conducted for

western Germany. It would be valuable to validate this model in other regions as well e.g.

by satellite data or data collected in observation networks (e.g. AERONET, EARLINET).

More importantly, it would be valuable to discuss the potential reasons for the discrepan-

cies between model simulations and observations for different meteorological conditions to

improve model predictions in the future.
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Appendix A: Supplement for result and discussion

Table S1: Averaged extinction coefficients and its their stand deviations for different window types
and lengths.

Ext. coeff. (Mm−1) H=82.5 m H=157.5 m H=307.5 m H=457.5 m H=607.5 m H=1207.5 m

Rect. window 48 ± 32 49 ± 19 48 ± 11 49 ± 8 51 ± 5 53 ± 5

Hamming window 49 ± 36 48 ± 27 49 ± 14 49 ± 9 50 ± 6 51 ± 4

Hanning window 49 ± 37 48 ± 29 49 ± 16 49 ± 10 49 ± 7 51 ± 4

Kalman filter 46 ± 39 47 ± 14 46 ± 8 48 ± 8 48 ± 6 48 ± 5

Figure S1: Elastic backscatter coefficient (a), Raman backscatter coefficient (b), Raman extinction
coefficient (c) and lidar ratio (d) retrieved using the Single Calculus Chain (SCC) and our data
algorithm (Klett – Fernald).
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Appendix A: Supplement for Result and Discussion Appendix A: Supplement for Result and
Discussion

Figure S2: GUI of KASCAL data analysis software developed by me

Figure S3: Particle size distribution measured by OPC and merged size distribution measured by
SMPS and APS (left) as well as accumulated extinction coefficients calculated from model calcu-
lation based on these two size distributions.
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Appendix A: Supplement for Result and Discussion Appendix A: Supplement for Result and
Discussion

Figure S4: The particle counting effective curve calculated from merged aerosol number size dis-
tribution by SMPS and APS data and measured by OPC.

Figure S5: Time series of Range corrected lidar signal and radiosonde vertical trajectory indicated
as red dash line on July 9th July 12th, 2018.

Figure S6: Horizontal trajectory of radiosonde on 9th July 12th, 2018. The color of this plot in-
dicates the altitude of radiosonde and the circle indicates the distance from the lidar observation
station.
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Appendix A: Supplement for Result and Discussion Appendix A: Supplement for Result and
Discussion

Figure S7: The correlation between boundary layer height and PM10, extinction coefficient, black
carbon, and carbon dioxide from February 5th to March 5th, 2018 in Stuttgart.(The color of scatter
point indicated wind speed.)
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Appendix A: Supplement for Result and Discussion Appendix A: Supplement for Result and
Discussion

Figure S8: Extinction coefficients from Raman signal from vertical and slant measurements with
different types of filters and different filter lengths.
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Appendix A: Supplement for Result and Discussion Appendix A: Supplement for Result and
Discussion

Figure S9: Elastic backscatter coefficients from vertical lidar measurement for different values of
altitude -dependent lidar ratios with interval time being 1 hour on 7th, April 2018.

Figure S10: AOD from the sun photometer (coarse mode) and ICON-ART for both SPH and NSP
particles model simulation on 7th and 8th of April for 1hour temporal resolution. SPH = spherical;
NSP = non-spherical.
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Appendix A: Supplement for Result and Discussion Appendix A: Supplement for Result and
Discussion

Figure S11: The same plot as 3.46 but for C2 case during Saharan dust case 2.
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Appendix B: Mathematical derivation

B.1 Mathematical derivation lidar retrieval method

This supplement reviewed the elastic lidar retrival methods mainly based on the previous literature

(Fernald et al. 1972, Fernald 1984, Klett 1981, 1985b). The aim of work to be clarify these methods

and summary these methods. In addition, some mistake in previous literature was corrected in this

supplement.

Let begin with lidar equation:

P (r) = C0
βaer(r) + βmol(r)

r2
exp

(
−2

∫ r

0

[αaer(r) + αmol(r)] dr

)
(B.1)

Then

P (r) ∗ r2 = C0 ∗ (βaer(r) + βmol(r)) exp
(
−2

∫ r

0

[αaer(r) + αmol(r)] dr

)
(B.2)

Assume in very polluted conditions, βaer(r) >> βmol(r)) and αaer(r) >> αmol(r)), so β(r) ≈

βaer(r) and α(r) ≈ αaer(r). Let α(r) = Kβ(r). we get

P (r) ∗ r2 = C0 ∗
α(r)

K
exp(−2

∫ r

0

α(r)dr) (B.3)

Take logarithm on both size and let S(r) = ln(P (r) ∗ r2), we can get

S(r) = ln(C0) + ln(α(r))− ln(K)− 2

∫ r

0

α(r)dr (B.4)

Take the derivative of r,
dS(r)

dr
=

1

α(r)

dα(r)

dr
− 2α(r) (B.5)

Equation B.5 is Bernoulli differential equation. Then we can get the solution of lidar equation.

α(r) =
RCS(r)

RCS(rc)
α(rc)

+ 2
∫ rc
r

RCS(r)dr
(B.6)
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Appendix B: Mathematical derivation B.1. Mathematical derivation lidar retrieval method

If condition: βaer(r) >> βmol(r)) and αaer(r) >> αmol(r)), cannot be satisfied. We can separate

the extinction and backscatter into particle part and molecule part. Then we can get the follow:

P (r) ∗ r2 = C0 ∗ (βaer(r) + βmol(r)) exp
(
−2

∫ r

0

[αaer(r) + αmol(r)] dr

)
(B.7)

let S(r) = ln(P (r) ∗ r2), β(r) = βaer(r) + βmol(r)) and take logarithm on both size, we can get

S(r) = ln(C0) + ln(β(r))− 2

∫ r

0

[αaer(r) + αmol(r)] dr (B.8)

Take the derivative of r

dS(r)

dr
=

1

β(r)

β(r)

dr
− 2[αaer(r) + αmol(r)] (B.9)

we have αaer(r) = Sa(r) ∗ βaer(r) and αmol(r) = Sm ∗ βmol, Then

dS(r)

dr
=

1

β(r)

β(r)

dr
− 2[Sa(r) ∗ βaer(r) + Smβmol(r)]

=
1

β(r)

β(r)

dr
− 2[Sa(r) ∗ βaer(r) + Sm ∗ βmol(r) + Sa(r) ∗ βmol(r)− Sa(r) ∗ βmol(r)]

=
1

β(r)

β(r)

dr
− 2[Sa(r) ∗ β(r) + Sm ∗ βmol(r)− Sa(r) ∗ βmol(r)]

=
1

β(r)

β(r)

dr
− 2Sa(r) ∗ β(r) + 2βmol(r) ∗ (Sa(r)− Sm)

(B.10)

let S ′
(r) = S(r) − S(rm) − 2

∫ rm
r

(Sm − Sa(r)) ∗ βmol(r
′
)dr

′ . Here is sign correction for Klett

(1985b)). rm is the reference height for lidar retrieval. Then

dS
′
(r)

dr
=

dS(r)

dr
+ 2Sa(r) ∗

d

dr

∫ rm

r

βmol(r
′
)dr

′ − 2Sm ∗ d

dr

∫ rm

r

βmol(r
′
)dr

′

=
dS(r)

dr
− 2Sa(r) ∗ βmol(r) + 2Sm ∗ βmol(r)

(B.11)
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Appendix B: Mathematical derivation B.1. Mathematical derivation lidar retrieval method

Put equation B.10 into equation B.11, we get

dS
′
(r)

dr
=

dS(r)

dr
− 2Sa(r) ∗ βmol(r) + 2Sm ∗ βmol(r)

=
1

β(r)

β(r)

dr
− 2Sa(r) ∗ β(r) + 2βmol(r) ∗ (Sa(r)− Sm)− 2Sa(r) ∗ βmol(r) + 2Sm ∗ βmol(r)

=
1

β(r)

dβ(r)

dr
− 2Sa(r) ∗ β(r)

(B.12)

Then
1

β2(r)

dβ(r)

dr
− 1

β(r)

dS
′
(r)

dr
= 2Sa(r) (B.13)

Hence,

β(r) =
e[S

′
(r)−S

′
(rm)]

C +
∫ r

rm
−2Sa(r) ∗ e[S

′ (r′ )−S′ (rm)]dr′ (B.14)

Then we arrive at,

β(r) =
P (r)r2e

∫ r
rm

−2(Sa(r)−Sm)∗βmol(r
′
)dr

′

C ∗ P (rm) ∗ r2m −
∫ r

rm
2Sa(r) ∗ P (r)r2e

∫ r
rm

−2(Sa(r)−Sm)∗βmol(r
′ )dr′dr′

(B.15)

AS r = rm, β(r) = β(rm), Hence, C = 1
β(rm)

, let RCS(r) = P (r) ∗ r2,

β(r) =
RCS(r)e

∫ r
rm

−2(Sa(r)−Sm)∗βmol(r
′
)dr

′

RCS(zm)
β(rm)

−
∫ r

rm
2Sa(r) ∗RCS(z)e

∫ r
rm

−2(Sa(r)−Sm)∗βmol(r
′′ )dr′′dr′

(B.16)

For the Forward integral,rm can be set to zero (from ground integral)

β(r) =
RCS(r)e

∫ r
0 −2(Sa(r)−Sm)∗βmol(r

′
)dr

′

RCS(r0)
β(r0)

−
∫ r

0
2Sa(r) ∗RCS(z)e

∫ r
0 −2(Sa(r)−Sm)∗βmol(r

′′ )dr′′dr′ (B.17)

As C0 =
RCS(0)
β(r0)

, Then,

β(r) =
RCS(z)e

∫ r
0 −2(Sa(r)−Sm)∗βmol(r

′
)dr

′

C0 −
∫ r

0
2Sa(r) ∗RCS(z)e

∫ r
0 −2(Sa(r)−Sm)∗βmol(r

′′ )dr′′dr′
(B.18)

From B.18, we know that for a well calibration lidar system (C0 is know), the reference value is

unnecessary.) Here test the application of this forward method using lidar constant. The simulation

result is shown in Figure 2.4. As shown in this figure, the stability of forward method is wavelength
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Appendix B: Mathematical derivation B.1. Mathematical derivation lidar retrieval method

dependent (more stable at longer wavelength). So this method is common used in ceilometer with

wavelength at 1064 nm.
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B.2 Mathematical derivation of multi-angle method

This supplement gives the mathematical derivation of innovation lidar retrieval method based on

scanning elastic lidar.

The lidar equation and klett-Fernald method can be expressed as following:

P (r) = C0
βaer(r) + βmol(r)

r2
exp

(
−2

∫ r

0
[αaer(r) + αmol(r)] dr

)
(B.19)

β(r) =
RCS(r) ∗ exp

{
2 ∗ (Sa − Sm) ∗

∫ Rref

r βmol (r
′) dr′

}
RCS(r)

C∗βmol (rref)
+ 2 ∗ Sa ∗

∫ Rref

r

[
RCS (r′) ∗ exp

{
2 ∗ (Sa − Sm) ∗

∫ Rref

r βmol (r′′) dr′′
}]

dr′

(B.20)
In term of the numerator, Sa is for the retrieval method and Sa0 is for the input lidar ratio. Let elevation
angle be θ1 and θ2, and θ1 > θ2, µ1 =

1
sinθ1

, µ2 =
1

sinθ2
, µ = µ2 − µ1. For θ1 direction:

P (µ1r) = C0
βaer (µ1r) + βmol (µ1r)

(µ1r)
2 exp

(
−2

∫ µ1r

0
[αaer (µ1r) + αmol (µ1r)] dr

)
(B.21)

β (µ1r) =
RCS (µ1r) ∗ exp

{
2 ∗ (Sa − Sm) ∗

∫ µ1rref
µ1r

βmol (µ1r
′) dr′

}
RCS(µ1r)

C∗βmol(µ1rref)
+ 2 ∗ Sa ∗

∫ µ1Rref

µ1r

[
RCS (µ1r′) ∗ exp

{
2 ∗ (Sa − Sm) ∗

∫ µ1R′
ref

µ1r′
βmol (µ1r′′) dr′′

}]
dr′

(B.22)
For θ2 direction:

P (µ2r) = C0
βaer (µ2r) + βmol (µ2r)

(µ2r)
2 exp

(
−2

∫ µ2r

0
[αaer (µ2r) + αmol (µ2r)] dr

)
(B.23)

β (µ2r) =
RCS (µ2r) ∗ exp

{
2 ∗ (Sa − Sm) ∗

∫ µ2rref
µ2r

βmol (µ2r
′) dr′

}
RCS(µ2r)

C∗βmol(µ2rref )
+ 2 ∗ Sa ∗

∫ µ2Rref

µ2r

[
RCS (µ2r′) ∗ exp

{
2 ∗ (Sa − Sm) ∗

∫ µ2R′
ref

µ2r′
βmol (µ2r′′) dr′′

}]
dr′

(B.24)
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Appendix B: Mathematical derivation B.2. Mathematical derivation of multi-angle method

Replace the RCS in Equation B.22 and Equation B.24 by Equation B.21 and Equation B.23, respectively.
Please note that RCS = P(r)*r2. Equation (4) divided by Equation (6). For numerator:

RCS (µ1r)1 ∗ exp
{
2 ∗ (Sa − Sm) ∗

∫ µ1rref
µ1r

βmol (µ1r
′)1 dr

′
}

RCS (µ2r)2 ∗ exp
{
2 ∗ (Sa − Sm) ∗

∫ µ2rref
µ2r

βmol (µ2r′)2 dr
′
}

=
exp

{
−2

∫ µ1rref
0 αmol (µ1r

′)1 dr
′ − 2

∫ µ1r
0 αaer (µ1r

′)1 dr
′ + 2 ∗ Sa ∗

∫ µ1rref
µ1r

βmol (µ1r
′)1 dr

′
}

exp
{
−2

∫ µ2rref
0 αmol (µ2r′)2 dr

′ − 2
∫ µ2r
0 αaer (µ2r′)2 dr

′ + 2 ∗ Sa ∗
∫ µ2rref
µ2r

βmol (µ2r′)2 dr
′
}

=
1

exp
{
−2

∫ µrref
0 αmol (r′) dr′ − 2

∫ µr
0 αaer (r′) dr′ + 2 ∗ Sa ∗

∫ µrref
µr βmol (r′) dr′

}
=

1

exp
{
−2

∫ µrref
0 αmol (r′) dr′ − 2

∫ µr
0 αaer (r′) dr′ + 2 ∗ Sa ∗

∫ µrref
0 βmol (r′) dr′ − 2 ∗ Sa ∗

∫ µr
0 βmol (r′) dr′

}
(B.25)
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Appendix B: Mathematical derivation B.2. Mathematical derivation of multi-angle method

If Sain = Sa, the Ratio R = 1, which means that the backscatter coefficient profiles of two

elevation angle are consistent. We can also see that Sain = Sa is also the only solution for R = 1,

which also means that we can indeed get the lidar ratio from this method.
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