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Abstract

Natural Saharan dust transport represents a significant but episodic contributor to par-
ticulate matter concentrations in central Europe, complicating air quality management
and regulatory compliance assessment. This Master’s thesis quantifies the contribution of
Saharan dust to air quality in Baden-Wiirttemberg, Germany, through integrated analysis
of ground-based observations and operational dust concentration forecasts from the DWD
ICON-ART model during the five-year period 2020-2024.

Hourly PM;y and PM; 5 measurements from five selected monitoring stations operated
by the Landesanstalt fiir Umwelt Baden-Wiirttemberg (LUBW) are systematically analysed
alongside dust concentration data from the Deutscher Wetterdienst (DWD) ICON-ART
model forecast archive. Multi-method event identification combining satellite imagery
(NASA Worldview, MODIS aerosol optical depth), coordinated concentration increases
across multiple stations, and model dust predictions enables robust detection of dust
transport episodes. Chemical composition analysis of PM;, samples provides independent
geochemical confirmation of dust origin through diagnostic element ratios.

Three major Saharan dust events are documented during 2020-2024, occurring ex-
clusively during January—-April with durations of 2—4 days. The most intense episode
(February 24-25, 2021) produces regional-scale PM;, concentrations of 119-156 pg/m>
and PM, 5 daily means of 28.7-32.5 pg/m?, exceeding both EU regulatory thresholds and
WHO Air Quality Guidelines. Size distribution analysis reveals strong coarse-mode domi-
nance during dust events (PM; 5/PM; ratio: 0.28-0.48) compared to typical urban aerosol
(0.58-0.67), though absolute PM; 5 concentrations during major events substantially ex-
ceed WHO guidelines (15 pg/m?), warranting health-protective measures for vulnerable
populations.

Chemical composition measurements document 2.9-3.1-fold crustal element enrichment
during events, with diagnostic Ca/Al ratios (3.7-3.9) and K/Al ratios (0.3) confirming North
African dust origin and excluding local soil resuspension. The inverse K/Al signature (ratio
decrease during events from 1.2-1.3 to 0.3) provides unambiguous evidence for Saharan
dust transport, as potassium shows minimal increase despite substantial aluminium en-
richment. Fe/Al ratios (1.0-1.2) align with iron-rich North African mineralogy, providing
additional confirmation.

Dust fraction analysis indicates that natural Saharan dust accounts for approximately
50% of observed PM;( during the most intense event (February 2021), with lower frac-
tions during moderate episodes. Dust-attributed exceedances of the EU daily limit value
(50 ug/m?) represent 2—4 days per station over the five-year period, constituting a mean-
ingful fraction of total PMy, violations. Under projected 2030 standards (45 ug/m?> daily
threshold, reduced from 50 pg/m?), dust contributions remain significant for PM;, daily
limit compliance, whilst all stations currently comply with the anticipated PM; 5 annual
limit (10 pg/m?), with observed means ranging from 7.0 to 8.8 ug/m?>.



Spatial analysis reveals a systematic southwest-to-northeast gradient in dust impacts
across Baden-Wirttemberg, with southwestern stations (Freiburg, Karlsruhe) receiving di-
rect exposure to Mediterranean transport pathways. This spatial pattern reflects prevailing
meteorological transport pathways approaching from the Mediterranean and progressive
dilution and deposition during eastward advection across the state. A notable finding
emerges from station comparison: Freiburg exhibits the lowest mean PM concentrations
(PMo: 11.3 ug/m?) yet records more daily exceedances (14.8 days/year) than rural Biberach
(11.2 days/year), illustrating that long-term mean concentrations and short-term peak
concentrations respond to different processes and geographical factors.

The findings demonstrate that Saharan dust, though episodic and representing a modest
fraction of annual mean PM, significantly influences short-term air quality exceedances
in Baden-Wiirttemberg. The quantified dust contributions provide evidence supporting
potential applications of EU Air Quality Directive Article 21 provisions for natural source
subtraction from compliance assessments. The operational DWD ICON-ART model fore-
cast system offers utility for advance warning of dust-affected PM episodes, enabling
proactive public health communication and appropriate source attribution in air quality
management.

This work establishes a robust methodological framework combining observations,
satellite remote sensing, model dust concentration data, and chemical composition analysis
for dust impact quantification, applicable to other central European regions affected by
long-range mineral dust transport.

Keywords: Saharan dust, particulate matter, air quality, Baden-Wiirttemberg, ICON-ART,
dust forecasts, PM;o, PM; 5, natural aerosols, source apportionment, air quality compliance
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Zusammenfassung

Der natiirliche Transport von Saharastaub stellt einen bedeutenden, aber episodischen
Beitrag zu Feinstaubkonzentrationen in Mitteleuropa dar und erschwert das Luftqualitéts-
management sowie die Bewertung der Einhaltung regulatorischer Vorgaben. Diese Master-
arbeit quantifiziert den Beitrag von Saharastaub zur Luftqualitit in Baden-Wiirttemberg,
Deutschland, durch die integrierte Analyse von bodengebundenen Beobachtungen und
operationellen Staubkonzentrationsvorhersagen des DWD ICON-ART Modells wihrend
des fiinfjahrigen Zeitraums 2020-2024.

Stiindliche PM;y- und PM; 5-Messungen von fiinf ausgewéhlten Messstationen der
Landesanstalt fiir Umwelt Baden-Wiirttemberg (LUBW) werden systematisch mit Staub-
konzentrationsdaten aus dem ICON-ART Modellarchiv des Deutschen Wetterdienstes
(DWD) analysiert. Die Identifikation von Staubereignissen erfolgt durch eine Kombina-
tion mehrerer Methoden: Satellitenbilder (NASA Worldview, MODIS Aerosol-optische
Dicke), koordinierte Konzentrationsanstiege iiber mehrere Stationen hinweg und Modell-
Staubvorhersagen ermdglichen eine robuste Detektion von Staubtransportepisoden. Che-
mische Zusammensetzungsanalysen von PM;y-Proben liefern unabhéngige geochemische
Bestatigung des Staubursprungs durch diagnostische Elementverhiltnisse.

Wihrend des Zeitraums 2020-2024 werden drei bedeutende Saharastaubereignisse
dokumentiert, die ausschliefilich im Zeitraum Januar—April mit Dauern von 2—-4 Tagen
auftreten. Die intensivste Episode (24.-25. Februar 2021) erzeugt regionalweite PM;,-
Konzentrationen von 119-156 ug/m® und PM; 5s-Tagesmittelwerte von 28.7-32.5 pg/m?,
wodurch sowohl EU-Grenzwerte als auch WHO-Luftqualitatsrichtlinien iberschritten
werden. Groflenverteilungsanalysen zeigen eine starke Dominanz der Grobfraktion wah-
rend Staubereignissen (PM; 5/PM;¢-Verhéltnis: 0.28-0.48) im Vergleich zu typischem urba-
nem Aerosol (0.58-0.67), wobei absolute PM; 5-Konzentrationen wahrend bedeutender
Staubereignisse die WHO-Richtlinien (15 pg/m?®) deutlich iiberschreiten, was gesundheits-
schiitzende Mafinahmen fiir vulnerable Bevolkerungsgruppen erforderlich macht.

Chemische Zusammensetzungsmessungen dokumentieren eine 2.9-3.1-fache Anrei-
cherung von Krustenelementen wahrend der Ereignisse, wobei diagnostische Ca/Al-
Verhiltnisse (3.7-3.9) und K/Al-Verhiltnisse (0.3) die nordafrikanische Staubherkunft
bestitigen und lokale Bodenaufwirbelung ausschlieflen. Die inverse K/Al-Signatur (Ver-
haltnisabnahme wahrend Ereignissen von 1.2-1.3 auf 0.3) liefert eindeutige Beweise fiir
Saharastaubtransport, da Kalium trotz substanzieller Aluminium-Anreicherung nur mini-
male Erhohungen zeigt. Fe/Al-Verhaltnisse (1.0-1.2) entsprechen der eisenreichen nord-
afrikanischen Mineralogie und liefern zusatzliche Bestatigung.

Staubfraktionsanalysen zeigen, dass natiirlicher Saharastaub wahrend des intensivs-
ten Ereignisses (Februar 2021) etwa 50% des beobachteten PM;, ausmacht, mit niedri-
geren Fraktionen wihrend moderater Episoden. Staubbedingte Uberschreitungen des
EU-Tagesmittelgrenzwerts (50 ug/m>) betragen 2—4 Tage pro Station iiber den fiinfjahrigen
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Zeitraum und stellen einen bedeutsamen Anteil aller PM;o-Uberschreitungen dar. Unter
den projizierten Standards fiir 2030 (45 pg/m?® Tagesschwellenwert, reduziert von 50 pg/m?)
bleiben die Staubbeitrage signifikant fir die PM;(-Tagesgrenzwert-Einhaltung, wahrend
alle Stationen derzeit den voraussichtlichen PM, 5-Jahresgrenzwert (10 pg/m?) einhalten,
mit beobachteten Mittelwerten zwischen 7.0 und 8.8 pg/m>.

Riaumliche Analysen zeigen einen systematischen Stidwest-Nordost-Gradienten der
Staubauswirkungen iiber Baden-Wiirttemberg, wobei siidwestliche Stationen (Freiburg,
Karlsruhe) direkte Exposition gegeniiber Transportwegen aus dem Mittelmeerraum erhal-
ten. Dieses raumliche Muster spiegelt vorherrschende meteorologische Transportwege
wider, die aus dem Mittelmeerraum heranfiithren, sowie progressive Verdiinnung und
Ablagerung wahrend ostwartiger Advektion iiber das Bundesland. Ein bemerkenswerter
Befund ergibt sich aus dem Stationsvergleich: Freiburg weist die niedrigsten mittleren
PM-Konzentrationen auf (PMjo: 11.3 ug/m?), verzeichnet jedoch mehr Tagesiiberschrei-
tungen (14.8 Tage/Jahr) als das landliche Biberach (11.2 Tage/Jahr), was verdeutlicht,
dass langfristige Mittelwertkonzentrationen und kurzfristige Spitzenkonzentrationen auf
unterschiedliche Prozesse und geographische Faktoren reagieren.

Die Ergebnisse zeigen, dass Saharastaub, obwohl episodisch und nur einen moderaten
Anteil des jahrlichen PM-Mittelwerts darstellend, kurzfristige Luftqualitatsiiberschrei-
tungen in Baden-Wiirttemberg signifikant beeinflusst. Die quantifizierten Staubbeitrige
liefern Belege zur Unterstiitzung potenzieller Anwendungen der Artikel-21-Bestimmungen
der EU-Luftqualitatsrichtlinie zur Subtraktion natiirlicher Quellen bei Einhaltungsbewer-
tungen. Das operationelle DWD ICON-ART Modellvorhersagesystem bietet Nutzen fiir
Friihwarnungen staubbedingter PM-Episoden und erméglicht proaktive Gesundheitskom-
munikation sowie angemessene Quellenzuordnung im Luftqualititsmanagement.

Diese Arbeit etabliert einen robusten methodischen Rahmen, der Beobachtungen, Sa-
tellitenfernerkundung, Modell-Staubkonzentrationsdaten und chemische Zusammenset-
zungsanalysen fiir die Quantifizierung von Staubauswirkungen kombiniert und auf andere
mitteleuropéische Regionen anwendbar ist, die von Ferntransport mineralischen Staubs
betroffen sind.

Schlagworter: Saharastaub, Feinstaub, Luftqualitit, Baden-Wiirttemberg, ICON-ART,
Staubvorhersagen, PM;o, PM; 5, natiirliche Aerosole, Quellenaufteilung, Luftqualitétsein-
haltung
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1 Introduction and Motivation

1.1 Air Quality and Particulate Matter: A Global Challenge

Air quality has emerged as one of the foremost environmental and public health challenges
of the 21st century. Among atmospheric pollutants, particulate matter (PM) — the complex
mixture of solid and liquid particles suspended in air — represents a pollutant class of
particular concern due to its well-documented adverse effects on human health, ecosys-
tem functioning, and climate processes (Fuzzi et al., 2015; Poschl, 2005; World Health
Organization, 2021). Epidemiological evidence accumulated over the past four decades
has established robust associations between exposure to elevated PM concentrations and
increased morbidity and mortality from cardiovascular and respiratory diseases (Cohen
et al., 2017; Lelieveld et al., 2015; World Health Organization, 2021). The Global Burden of
Disease study attributes approximately 4.2 million premature deaths annually to ambient
fine particulate matter (PM; 5) exposure, positioning air pollution amongst the leading
environmental risk factors for global disease burden (Burnett et al., 2018; GBD 2019 Risk
Factors Collaborators, 2020).

Particulate matter is operationally classified according to aerodynamic diameter into
distinct size fractions: PMy (particles with aerodynamic diameter < 10 pm) and PM, 5 (<
2.5 um), also termed “coarse” and “fine” particles, respectively (Hinds, 1999; Seinfeld &
Pandis, 2006). This size-based classification reflects not only differences in atmospheric
behaviour — transport distances, deposition mechanisms, atmospheric residence times
— but also critical variations in health impacts (Brunekreef & Holgate, 2002; Pope III
& Dockery, 2006). Fine particles (PM;5) penetrate deeper into the respiratory system,
reaching bronchioles and alveoli, whereas coarse particles (PM1¢_3 5, the 2.5-10 pm fraction)
are primarily deposited in the upper airways (Brown et al., 2013; Obergorster et al., 2005).
Consequently, PM; 5 is generally associated with more severe health outcomes, though
both fractions contribute to air quality degradation and regulatory exceedances (Atkinson
et al., 2014; Brunekreef & Holgate, 2002; Pope III & Dockery, 2006).

The sources of atmospheric particulate matter are diverse and can be broadly categorised
into anthropogenic and natural origins (Hallquist et al., 2009; Seinfeld & Pandis, 2006).
Anthropogenic PM arises from combustion processes (vehicular traffic, residential heating,
industrial emissions, power generation), mechanical processes (construction, road dust
resuspension, agricultural activities), and secondary aerosol formation from precursor
gas emissions (sulphur dioxide, nitrogen oxides, volatile organic compounds) (Jiménez
et al., 2009; Kulmala et al., 2004; Zhang et al., 2007). Natural sources include sea salt spray,
volcanic emissions, biogenic aerosols (pollen, spores, plant fragments), wildfires, and
mineral dust mobilised from arid and semi-arid surfaces (Boucher et al., 2013; Jickells et al.,
2005; Knippertz & Stuut, 2014). Whilst air quality management efforts have traditionally
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focused on controlling anthropogenic emissions — the component amenable to regulatory
intervention — natural aerosol contributions can episodically dominate PM concentrations,
particularly during extreme events such as desert dust outbreaks or wildfire episodes
(Ginoux et al., 2012; Karanasiou et al., 2012; Pey et al., 2013).

1.2 European Air Quality Policy and Regulatory Framework

Recognising the severity of air pollution impacts, the European Union has progressively
developed one of the world’s most comprehensive air quality regulatory frameworks
(European Environment Agency, 2020). The current cornerstone of European air quality
legislation is the Ambient Air Quality Directive (2008/50/EC), which establishes legally
binding limit values, target values, and alert thresholds for multiple pollutants including
PM; and PM; 5 (European Parliament and Council, 2008). Table 1.1 summarises the current
EU standards, proposed 2030 revisions, and WHO Air Quality Guidelines for PM;y and
PM2'5.

Table 1.1: Particulate matter air quality standards: Current EU Directive (2008/50/EC),
proposed 2030 EU standards, and WHO Air Quality Guidelines (2021).

Pollutant Averaging Current EU  Proposed 2030 WHO 2021
Period Standard EU Standard Guideline
PMy Daily (24-h mean) 50 pg/m? 45 ug/m? 45 pg/m?
(max 35 exc./yr) (max 18 exc./yr) (99th percentile)
PMy Annual mean 40 pg/m?® 20 ug/m?® 15 pg/m?
PM, 5 Daily (24-h mean) — — 15 pug/m®
(99th percentile)
PM;s Annual mean 25 ug/m?* 10 pg/m> 5pg/m?

Member States are obligated to demonstrate compliance through extensive monitoring
network data, and exceedances trigger mandatory implementation of Air Quality Plans
containing specific emission reduction measures (European Environment Agency, 2020;
European Parliament and Council, 2008). Furthermore, the European Commission has
proposed substantial tightening of these standards through the 2022 revision of the Air
Quality Directive, seeking closer alignment with World Health Organisation (WHO) Air
Quality Guidelines (Brunekreef et al., 2022; European Commission, 2022; World Health
Organization, 2021). The proposed 2030 standards represent a significant strengthening:
PM daily limit value reduced from 50 to 45 pg/m> (with maximum exceedances reduced
from 35 to 18 days/year), PM;y annual limit value halved from 40 to 20 ug/m?, and PM; s
annual limit value reduced from 25 to 10 ug/m® — doubling the stringency (European
Commission, 2022).

Despite decades of emission reduction policies — vehicle emission standards (Euro
norms), industrial emission controls (Best Available Techniques), combustion installation
regulations — many European regions continue to experience periodic exceedances of
PM limit values (European Environment Agency, 2020; Guerreiro et al., 2014). Germany,
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whilst achieving substantial progress in reducing anthropogenic emissions (PM;¢ emissions
decreased by approximately 25% between 2000-2020), still reports limit value exceedances
at urban and traffic-influenced monitoring stations (Umweltbundesamt, 2022, 2023). This
persistence of air quality violations despite stringent controls on anthropogenic sources
has directed scientific and policy attention toward the role of natural aerosol contributions,
which remain outside the scope of conventional emission reduction strategies (Escudero
et al., 2007; Querol et al., 2009).

1.3 Natural Aerosols and Their Regulatory Implications

The European air quality regulatory framework recognises the complexity posed by natu-
ral aerosol contributions. Article 21 of the Ambient Air Quality Directive (2008/50/EC)
provides a mechanism for Member States to subtract contributions from natural sources
— specifically including desert dust, sea salt, and winter sanding — when assessing com-
pliance with limit values, provided that natural source contributions can be adequately
quantified, exceedances are demonstrably attributable to natural sources, and Member
States have taken all necessary abatement measures for anthropogenic emissions (Euro-
pean Commission, 2011; European Parliament and Council, 2008).

This provision acknowledges the practical and ethical challenges of penalising Mem-
ber States for air quality exceedances caused by phenomena beyond regulatory control
(Pey et al., 2013; Querol et al., 2009). However, implementation of this article has proven
methodologically challenging, requiring robust quantification of natural aerosol contri-
butions through source apportionment, modelling capabilities, observational validation,
and temporal attribution to identify specific exceedance events caused by natural sources
(Beuck et al., 2011; Escudero et al., 2007; Viana et al., 2012).

Amongst natural aerosol types affecting Europe, mineral dust originating from North
African deserts — primarily the Sahara — represents the single largest natural PM contribu-
tor by mass (Ginoux et al., 2012; Pey et al., 2013; Querol et al., 2009). Saharan dust transport
to Europe is a well-documented meteorological phenomenon occurring with considerable
frequency, particularly affecting southern and central European regions (Goudie, 2014;
Knippertz & Stuut, 2014; Moulin et al., 1998).

1.4 Saharan Dust Transport to Europe: Mechanisms and
Climatology

The Sahara Desert, spanning approximately 9 million km? across North Africa, constitutes
the world’s largest source of airborne mineral dust (Knippertz & Stuut, 2014; Prospero et al.,
2002). Annual global dust emissions from the Sahara are estimated at 600-800 Tg/year,
representing more than half of global natural dust emissions (Ginoux et al., 2001; Huneeus
et al., 2011; Kok et al.,, 2021). Dust mobilisation occurs when surface wind speeds exceed
threshold values (typically 7-10 m/s depending on soil properties), entraining fine particles
through saltation and sandblasting processes (Knippertz & Stuut, 2014; Marticorena &
Bergametti, 1995; Shao, 2008). Once aloft, dust particles are transported by prevailing
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atmospheric circulation patterns, with trajectories determined by synoptic meteorological
conditions (Knippertz & Stuut, 2014; Prospero et al., 2002; Tegen, 2002).

Several well-characterised atmospheric transport pathways facilitate Saharan dust
advection to Europe (Barkan et al., 2005; Knippertz & Stuut, 2014; Moulin et al., 1998).
The Mediterranean pathway involves low-level transport associated with Sirocco winds,
affecting southern Europe (Spain, Italy, Greece) most frequently (Gobbi et al., 2000; Querol
et al., 2009; Rodriguez et al., 2001). The Atlantic pathway features westward transport
from the Sahara into the Atlantic, followed by northward advection affecting the Iberian
Peninsula, France, and occasionally the British Isles (Ansmann et al., 2003; Prospero &
Nees, 1981). The continental pathway involves eastward or northeastward transport
affecting eastern Mediterranean and Balkans (Mitsakou et al., 2008; Papayannis et al.,
2008). The high-altitude pathway occurs when dust is lifted to mid-tropospheric levels
(3-6 km) during intense convective events, subsequently transported over considerable
distances (> 2000 km) before descending and affecting surface air quality (Ansmann et al.,
2003; Knippertz & Stuut, 2014; Mattis et al., 2008).

The frequency and intensity of dust transport to Europe exhibit pronounced seasonal and
interannual variability (Barnaba & Gobbi, 2004; Moulin et al., 1998). Southern European
regions experience dust impacts throughout the year, with spring (March-May) and
summer (June—-August) maxima corresponding to enhanced dust mobilisation in North
Africa due to Harmattan winds, Mediterranean cyclogenesis, and shamal events (Knippertz
& Stuut, 2014; Pey et al., 2013; Querol et al., 2009). Central European regions, including
Germany, experience Saharan dust impacts primarily during spring months (March—-April)
when large-scale atmospheric circulation patterns favour southerly flow configurations
(Ansmann et al., 2003; Lohmann & Feichter, 2005; Mattis et al., 2008).

Recent investigations have documented the surprisingly frequent occurrence of Saharan
dust transport to Germany (Ansmann et al., 2021; Mattis et al., 2008). Analysis of long-term
lidar observations at Leipzig revealed Saharan dust presence in the atmospheric column on
approximately 25-30% of days, with surface-level impacts on 10-15% of days (Ansmann
etal., 2021; Wandinger et al., 2002). The extended Dust Calendar developed by Hermes et al.
(2024) catalogued multiple documented dust events affecting Germany during January-
April 2024 alone, demonstrating that central European air quality is far from immune to
Saharan dust influences despite the > 2000 km transport distance from source regions.
This systematic catalogue provides crucial validation data for model-based dust transport
assessments and highlights the operational importance of dust event forecasting for air
quality management (Hermes et al., 2024).

1.5 Dust Impacts on Air Quality in Germany: State of
Knowledge

Within Germany, Baden-Wiirttemberg — the southwestern federal state bordering France
and Switzerland — represents a region of particular susceptibility to Saharan dust trans-
port (Lohmann & Feichter, 2005). Its geographic position in the Upper Rhine valley and
proximity to major dust transport corridors make it a frequent recipient of dust-laden air
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masses advected from the Mediterranean and North Africa (Corsmeier et al., 2005; Vogel
et al., 2001). Several studies have identified substantial dust contributions to PM concentra-
tions in southwestern Germany, though published estimates vary considerably reflecting
methodological differences and temporal coverage limitations (Huber & Kerschbaumer,
2020; Schwarz et al., 2012).

Despite growing evidence, several critical knowledge gaps persist (Beuck et al., 2011;
Birmili et al., 2009): substantial variability exists amongst published dust contribution
estimates; the 2020-2024 period includes novel meteorological conditions requiring con-
temporary quantification; insufficient operational methodology exists for real-time dust
contribution quantification to support Article 21 implementation (Viana et al., 2012); in-
complete understanding remains regarding whether dust disproportionately affects PM;,
versus PM; 5 fractions (Pey et al., 2013).

1.6 Research Objectives and Questions

This Master’s thesis seeks to address the outlined knowledge gaps through comprehensive
analysis of Saharan dust contributions to air quality in Baden-Wiirttemberg during the
2020-2024 period. Specifically, the investigation pursues the following research objectives.

The primary objective is to quantify the contribution of natural Saharan dust to PM;j
and PM; 5 concentrations at representative monitoring locations in Baden-Wiirttemberg
through integrated analysis of observational data and DWD ICON-ART model meteogram
dust concentration data.

Secondary objectives include: (1) characterising observational PM patterns by analysing
temporal variability, seasonal cycles, and spatial coherence of PM;y and PM; 5 observa-
tions across the LUBW monitoring network (2020-2024); (2) quantifying dust fractional
contributions by determining the proportion of observed total PM attributable to Saharan
dust during transport events, distinguishing PM;, versus PM; 5 impacts; (3) identifying
major dust events by compiling a comprehensive catalogue of significant Saharan dust
transport episodes affecting Baden-Wiirttemberg during 2020-2024, documenting event
characteristics (duration, intensity, spatial extent); and (4) assessing regulatory implica-
tions by evaluating the magnitude of natural dust contributions relative to EU air quality
limit values, informing potential Article 21 applications.

These objectives translate into the following specific research questions:

RQ1: What are the characteristic temporal patterns (seasonal, monthly, event-scale) of
PM;y and PM; 5 concentrations across Baden-Wiirttemberg’s monitoring network?

RQ2: How frequently do Saharan dust transport events impact Baden-Wiirttemberg,
and what are their typical durations and PM concentration enhancements?

RQ3: What fraction of total observed PM (PM;, and PM, 5) can be attributed to natural
Saharan dust during documented transport events?

RQ4: To what extent do Saharan dust contributions affect compliance with EU air
quality daily and annual limit values in Baden-Wiirttemberg?
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1.7 Methodological Approach Overview

This investigation employs a multi-faceted analytical strategy integrating three comple-
mentary data sources. Ground-based observations provide high-quality PM;y and PM; 5
measurements from five LUBW air quality monitoring stations representing diverse en-
vironmental settings (urban background, rural background) across Baden-Wiirttemberg.
DWD ICON-ART model meteogram data provide size-resolved dust concentration in-
formation at station-specific locations. Satellite imagery and auxiliary data from NASA
Worldview true-colour imagery and MODIS Aerosol Optical Depth (AOD) products enable
independent dust event verification (Levy et al., 2013).

The analytical methodology combines dust fraction quantification and event-based
case study analysis. A critical component of the approach involves conversion of ICON-
ART size-resolved dust mixing ratios (three prognostic size bins) to PM; 5 and PM;,
mass concentrations through integration of lognormal particle size distributions — a
methodological step requiring careful treatment of size-dependent fractional contributions
(detailed in Chapter 2).

Dust fraction quantification proceeds via a dual approach employing both a model-
based method (ratio of model-predicted dust concentration to observed total PM) and a
baseline subtraction method (empirical determination of dust contribution by subtract-
ing station-specific no-dust baseline concentrations). This dual methodology provides
internal consistency checks and quantifies uncertainty inherent in single-method analyses
(Escudero et al., 2007; Viana et al., 2012).

1.8 Thesis Structure and Organisation

The remainder of this thesis is organised as follows. Chapter 2 (Data and Methodology)
presents comprehensive description of all data sources (LUBW observational network,
DWD ICON-ART model meteogram product, satellite datasets), theoretical framework for
PM calculation from dust size distributions, and detailed exposition of analytical methods
including event identification procedures and dust fraction quantification approaches.

Chapter 3 (Results) documents empirical findings organised into thematic subsections:
observational analysis of PM temporal patterns and air quality limit value exceedances;
dust fraction analysis quantifying natural aerosol contributions; PM compositional analysis
during dust versus non-dust conditions; and summary of major dust events during 2020-
2024.

Chapter 4 (Discussion) interprets the quantitative findings in broader scientific and
policy contexts, addressing dust contribution magnitudes relative to published literature,
chemical composition evidence for Saharan origin, size distribution and health implications,
spatial variability patterns, regulatory implications for EU Air Quality Directive compliance,
and methodological strengths and limitations.

Chapter 5 (Conclusions) synthesises key findings, evaluates research question responses,
discusses implications for air quality management in Baden-Wiirttemberg and broader
central European contexts, and identifies directions for future investigation.
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1.9 Scientific and Societal Relevance

This investigation addresses a topic of substantial scientific and societal importance.
From a scientific perspective, the work contributes to process understanding through
improved quantification of natural aerosol contributions to central European air quality
and methodological advancement through demonstration of integrated observational-
modelling approaches for dust quantification (Beuck et al., 2011; Viana et al., 2012).

From a policy and societal perspective, the findings bear direct relevance to air quality
management by providing an evidence base supporting potential Article 21 applications for
natural source subtraction (European Commission, 2011); public communication through
enhanced understanding of natural versus anthropogenic PM contributions, informing
public awareness campaigns (European Environment Agency, 2020); future planning
by establishing baseline quantification of dust impacts relevant to assessment of future
air quality standard revisions (WHO guideline alignment) (European Commission, 2022;
World Health Organization, 2021).

With the European Commission proposing substantially tightened PM standards (re-
ducing annual PM, 5 limit to 10 ug/m? by 2030, pending final adoption), quantifying the
natural PM baseline assumes heightened importance (Brunekreef et al., 2022; European
Commission, 2022). If natural sources contribute episodically to PM concentrations in
Baden-Wiirttemberg, compliance with future standards may prove challenging regardless
of further anthropogenic emission reductions — underscoring the necessity for robust
natural source quantification methodologies (Pey et al., 2013; Querol et al., 2009).

This thesis represents a timely contribution to an evolving scientific and policy dialogue
at the intersection of atmospheric science, air quality management, and environmental
regulation. By integrating DWD ICON-ART model data with high-quality observational
datasets spanning a climatologically significant five-year period, the investigation aims to
provide actionable insights supporting evidence-based air quality policy development in
Baden-Wirttemberg.
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This chapter provides a comprehensive description of the data sources, theoretical frame-
work, and analytical methods employed in this investigation. The analysis relies primarily
on two independent data streams: ground-based air quality observations from LUBW
monitoring stations and dust concentration data from the DWD (Deutscher Wetterdienst)
ICON-ART model meteogram product. Following data source characterisation, the theo-
retical basis for particulate matter calculations from model output is presented, including
detailed treatment of dust particle size distributions and their integration to derive PM; 5
and PM;( mass concentrations. Finally, methods for event identification and dust fraction
quantification are documented.

2.1 Observational Data: LUBW Air Quality Monitoring Network

2.1.1 Data Source and Instrumentation

The observational component of this study utilises air quality measurements from the
LUBW (Landesanstalt fiir Umwelt Baden-Wiirttemberg) ambient air quality monitoring net-
work. LUBW operates a comprehensive network of automated monitoring stations across
Baden-Wiirttemberg, providing continuous measurements of regulated air pollutants
including particulate matter, gaseous species, and supporting meteorological parameters.

For this investigation, hourly PM;, and PM; 5 concentration data were obtained from five
selected monitoring stations representing diverse geographic and environmental settings
across Baden-Wiirttemberg. Table 2.1 summarises the station locations, coordinates,
elevations, and classifications, whilst Figure 2.1 shows their spatial distribution across
Baden-Wiirttemberg.

Stuttgart-Bad Cannstatt represents an urban background station located in the Stuttgart
metropolitan area within the Neckar valley. The site is characterised by high population
density, heavy traffic influence, and industrial activity, making it representative of major
urban air quality conditions in southern Germany. Karlsruhe-Nordwest serves as an urban
background station in northwestern Karlsruhe within the Upper Rhine valley. As a major
urban centre, this location provides favourable positioning for dust transport detection with
enhanced sensitivity to southwestern advection patterns. Freiburg operates as an urban
background station in southwestern Baden-Wiirttemberg near the Black Forest. Its Upper
Rhine graben location experiences frequent exposure to long-range transport, positioned
at the western boundary of the study region where it serves as a first-impact location for
Atlantic and Mediterranean flows. Heilbronn represents an urban background station in
the Neckar valley of northern Baden-Wiirttemberg. This site occupies an intermediate
position between major urban centres and rural areas, with sheltered valley topography
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Table 2.1: LUBW air quality monitoring stations used in this study, including geographic
coordinates, elevation, station classification, and key environmental characteris-

tics.
Station Station Latitude Longitude Elevation Environmental
Name Type (°N) (°E) (m asl)  Characteristics
Stuttgart-Bad Urban 48.8085 9.2250 207 Major metropolitan area;
Cannstatt background Neckar valley location; high
traffic and industrial influence
Karlsruhe- Urban 49.0000 8.3000 110 Upper Rhine valley; major
Nordwest background urban centre; southwestern
exposure to dust transport
Freiburg Urban 47.9990 7.8421 236 Southwestern Baden-
background Wiirttemberg; Upper Rhine
graben; first-impact location
for Mediterranean flows
Heilbronn Urban 49.1000 9.2000 157 Northern Neckar valley;
background intermediate urban-rural;
sheltered valley topography
Biberach Rural 48.1000 9.7000 533 Eastern Upper Swabia; rural
background location; lowest anthropogenic

PM influence; regional
background representative

influencing pollutant dispersion. Biberach functions as a rural background station in
Upper Swabia, eastern Baden-Wiirttemberg. It exhibits the lowest anthropogenic PM
influence amongst selected stations and provides representation of regional background
concentrations.

PM; and PM; 5 concentrations are measured using beta-attenuation or TEOM (Tapered
Element Oscillating Microbalance) instrumentation, both of which comply with European
reference method requirements (EN 12341 for PM;y, EN 14907 for PM; 5). These methods
provide hourly averaged concentrations with detection limits typically ranging from
1-2 pg/m® and measurement uncertainty of + 10-15% at ambient concentration levels.
Concentrations are reported in units of ug/m> (micrograms per cubic metre) at standard
temperature and pressure (20°C, 101.3 kPa).

The dataset spans the period January 1, 2020 through December 31, 2024 (5 complete
years). Data availability exceeds 85% for all stations, with gaps primarily attributable to
scheduled instrument maintenance and calibration periods. Quality assurance procedures
implemented by LUBW include automated plausibility checks (range tests, rate-of-change
limits), regular instrument zero and span calibrations, bi-weekly filter changes and flow
rate verifications, and annual instrument audits and inter-comparisons. Invalid or suspect
data flagged during quality control were excluded from analysis following standard LUBW
protocols.
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Figure 2.1: Spatial distribution of the five LUBW air quality monitoring stations across
Baden-Wiirttemberg used in this investigation. Stations are marked by red
coloured stars and include, Freiburg, Karlsruhe, Stuttgart-Bad Cannstatt, Heil-
bronn and Biberach.

2.1.2 Data Processing

Raw hourly PM measurements were subjected to several processing steps to ensure data
quality and consistency. Quality filtering removed negative values (instrument artefacts)
and values flagged by LUBW quality control procedures. Temporal aggregation calculated
daily mean concentrations from hourly values, requiring a minimum of 18 valid hours for
daily mean computation. Station name harmonisation mapped between LUBW station
nomenclature and meteogram grid point identifiers. Time zone standardisation converted
all timestamps to UTC for consistency with meteogram output timestamps.

2.2 Dust Concentration Data from DWD

2.2.1 The ICON Modelling System

The DWD, Germany’s national meteorological service, operationally produces dust con-
centration information for air quality applications using the ICON (ICOsahedral Non-
hydrostatic) modelling system. These products are disseminated as meteogram outputs
providing location-specific temporal profiles of atmospheric variables, including mineral
dust concentrations, meteorological parameters, and related quantities.

11
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The ICON model has been developed and widely used for weather and climate prediction
across scales. It solves the 3D non-hydrostatic and compressible Navier-Stokes equations on
an icosahedral-triangular grid (Gassmann & Herzog, 2008), facilitating precise predictions
across scales (Giorgetta et al., 2018; Heinze et al., 2017; Zéang] et al., 2015). The ART module,
integrated into the ICON framework, enables comprehensive modelling of atmospheric
composition. It handles emissions, transport, and transformations of trace gases and
aerosols, incorporating gas-phase chemistry and aerosol dynamics in the troposphere and
stratosphere (Hoshyaripour et al., 2025; Rieger et al., 2015; Schroéter et al., 2018; Weimer et
al., 2017). ICON-ART has been successfully used to investigate mutual feedbacks between
the chemical and physical states of the atmosphere across different scales ranging from
large-eddy simulations (Muth et al., 2025) to regional weather (Rieger et al., 2017; Seifert
et al., 2023) and global climate (Weimer et al., 2021).

For this investigation, dust concentration data were obtained from DWD’s operational
meteogram archive rather than conducting independent model simulations. This approach
ensures consistency with operational air quality products and leverages DWD’s established
quality control procedures.

2.2.2 Operational Configuration and Dust Parametrisation

The operational DWD-KIT ICON-ART dust forecasting system employs an icosahedral-
triangular grid with regionally refined resolution. The global domain operates at ap-
proximately 40 km horizontal grid spacing with 90 vertical levels extending from the
surface to 75 km altitude (Hoshyaripour et al., 2019). A two-way nested configuration
provides enhanced resolution over Europe and the North Atlantic (EU-NA nest) at ap-
proximately 20 km horizontal grid spacing, covering the region of primary dust transport
pathways affecting central Europe (Hoshyaripour et al., 2019). This nesting strategy bal-
ances computational efficiency with adequate spatial resolution to capture synoptic-scale
dust transport features whilst resolving regional-scale concentration gradients across
Baden-Wirttemberg. The system produces forecasts extending 5 days ahead, updated on
a regular operational schedule.

The dust parametrisation scheme, based on Tegen (2002) and refined by Rieger et al.
(2015), includes size-resolved dust emission dependent on soil type, vegetation coverage,
surface wind speed, and soil moisture; resolved-scale advection by predicted winds and
subgrid-scale turbulent mixing; gravitational settling (dry deposition) and below-cloud/in-
cloud scavenging (wet deposition); and dust-radiation feedbacks through modification of
shortwave and longwave radiation. The model accounts for particle nonsphericity effects
on dust optical properties, which significantly affect radiative transfer calculations and
satellite retrieval comparisons (Hoshyaripour et al., 2019). Aerosol-radiation interactions
are represented following the methodology of Hoshyaripour et al. (2019), wherein radia-
tive transfer parameters are calculated online depending on optical properties and size
distributions of the prognostic dust modes.

12
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2.2.3 Dust Size Distribution and PM Calculation

The ICON-ART dust scheme represents the particle size distribution using three prognostic
size bins (modes), each characterised by distinct microphysical and transport properties
(Rieger et al., 2015). Mode a (dusta) represents the accumulation mode with diameter
range 0.1-1.0 um, median diameter Dpeq, = 0.37 um, and geometric standard deviation
0ga = 1.59. This mode exhibits long atmospheric lifetime (days to weeks), efficient long-
range transport, and is primarily removed by wet deposition. Mode b (dustb) represents
the coarse mode with diameter range 1.0-2.5 um, median diameter Dy,eqp = 1.9 um, and
geometric standard deviation o), = 2.00. This mode demonstrates intermediate lifetime
(days), significant contribution to both PM; 5 and PMy,, and mixed removal by dry and
wet deposition. Mode ¢ (dustc) represents the giant mode with diameter range 2.5-10 um,
median diameter Dyeqc = 6.0 pm, and geometric standard deviation o, = 2.15. This mode
is characterised by short lifetime (hours to days), rapid gravitational settling, local to
regional-scale transport, and primarily PM;, contribution.

Each mode follows a lognormal size distribution, where the model system carries the
mass mixing ratio (kg/kg) as the prognostic variable. Conversion from model prognostic
variables (dust mass mixing ratios for modes a, b, ¢) to PM; 5 and PM;, mass concentrations
requires determining what fraction of each lognormal mode falls within PM; 5 (D < 2.5 pm)
and PMj, (D < 10 um) size ranges, followed by multiplication by air density to convert
mixing ratio to concentration.

The mass fraction of each mode contributing to PM; 5 and PM; is computed by integrat-
ing the lognormal distribution over the relevant diameter range. For PM; 5 contribution
fractions:

PM,s,i — ———————— €X
Jovts 0 V27 In(o,;) 21n%(0,;)

where i = a, b, ¢ denotes the dust mode. For the ICON-ART dust mode parameters
specified above, numerical integration yields fpm, ., = 0.832 (83.2% of mode a mass falls
within PM; 5 range), fom, . » = 0.0179 (1.79% of mode b mass falls within PM; 5 range), and
foMys.c = 9.184X 107° (negligible contribution from mode c to PM, 5).

For PM;, contribution fractions:

25 pm 1 In D — In Dypeq;;)?
p[—(“ 1 Dined.) ]d(lnD) 2.1)

; 10 pim 1 (InD — In Dypeq;)*
PMoi = ooty P
! 0 V2 In(oy,;) 2 lnz(ag,i)

Numerical integration yields fpam,,q = 0.999 (essentially all mode a mass in PMy), fom,,.p
= 0.802 (80.2% of mode b mass in PM;j), and fpm,,c = 0.193 (19.3% of mode ¢ mass in PMj).

The total PM; 5 and PMj, dust mass concentrations (ug/m?) are computed from model
output as:

] d(InD) (2.2)

P1\/[2,5,dust =pX (fPMg_s,a X Gdusta +fPM2_5,b X qdustb +fPM2_5,c X Qdustc) X 109 (2-3)

P1\/[10,dust =pX (ﬁ’Mw,a X qdusta + ﬁ’MlO,b X qdustb + ﬁ’Mlo,c X C]dus’tc) x 10° (2-4)
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where p represents air density (kg/m>) from model output, gausta> Gdustb> Gduste are dust
mass mixing ratios (kg/kg) for each mode, and the 10° factor converts kg/m> to pg/m®.
These formulations enable comparison between model-predicted dust concentrations and
observed total PM concentrations, with the understanding that observations include both
natural dust and non-dust PM components whilst model output represents mineral dust
exclusively.

2.2.4 Meteogram Data Acquisition and Processing

Meteograms are station-specific vertical profiles and time series extracted from full model
fields at pre-defined geographic locations corresponding to observation sites or points
of interest. The DWD dust meteogram product provides hourly information on three-
dimensional atmospheric variables at multiple vertical levels (dust mass mixing ratios for
modes a, b, c; air density; temperature; horizontal wind components; relative humidity;
and vertical velocity) and two-dimensional surface variables (2-metre temperature, 10-
metre wind components, surface solar radiation, precipitation, latent heat flux, and surface
pressure).

Meteogram files are stored in netCDF format following CF (Climate and Forecast)
conventions, with separate files for each initialisation time. Data extraction workflow
involved identification of meteogram grid points nearest to each LUBW station (within
approximately 20 km horizontal distance, consistent with the EU-NA nest resolution),
extraction of surface-level dust mixing ratios and air density, calculation of hourly PM; 5
and PM;, using the formulations presented above, and temporal aggregation to daily means
for consistency with processed observational data. Meteogram data are available for the
complete study period (2020-2024) with higher temporal density during the focus season
(January—-April) when dust event frequency is maximum. Data availability approaches
100% except during occasional brief interruptions for model system upgrades.

2.3 Satellite Imagery Data

2.3.1 NASA Worldview True-Colour Composites

NASA Worldview satellite imagery was used to visually confirm Saharan dust transport
events and provide synoptic-scale context for ground-based observations. True-colour com-
posites from the Moderate Resolution Imaging Spectroradiometer (MODIS) instruments
aboard NASA’s Terra and Aqua satellites were obtained via the NASA Earth Observing
System Data and Information System (EOSDIS) Worldview application (NASA EOSDIS,
2024). MODIS provides daily global coverage at spatial resolutions of 250-500 m for visible
bands, enabling identification of Saharan dust plumes by their characteristic tan/brown
colouration in true-colour imagery.

Satellite imagery was visually inspected for all dates during January—April 2020-2024 to
identify potential dust transport episodes affecting southern and central Europe. Images
were downloaded for dates showing visible dust plumes extending from North Africa
across the Mediterranean Sea towards Baden-Wiirttemberg. The Terra and Aqua overpass

14



2.4 Methodological Approaches

times (approximately 10:30 and 13:30 local time, respectively) provide near-simultaneous
snapshots of atmospheric dust distributions, though cloud coverage occasionally obscures
dust signatures. Satellite imagery serves as independent qualitative confirmation of dust
transport, complementing quantitative model and observational data.

2.4 Methodological Approaches

2.4.1 Dust Fraction Quantification

A central objective of this investigation is quantifying the fractional contribution of natural
dust to total observed PM during transport events. The dust fraction (DF) methodology
provides a straightforward yet physically meaningful metric:

DF = PMdust,meteogram (2.5)
PI\/Itotal,observed

where PMgust meteogram represents the meteogram dust concentration value (ICON-ART
model output representing exclusively mineral dust) and PMgta1 observed represents the
ground-based measurement encompassing all PM sources (natural dust, traffic, industry,
heating, secondary aerosols).

This approach relies on several key assumptions:

1. Meteogram values accurately capture the relative magnitude of dust contributions,
even if absolute concentrations exhibit differences from observations due to model
limitations or spatial representation uncertainties;

2. PM from various sources combine additively without significant non-linear in-
teractions (e.g., no substantial enhancement or suppression of secondary aerosol
formation during dust events);

3. The dust fraction estimated from days with elevated meteogram values (> 2 pg/m?)
provides representative characterisation of dust contribution patterns during the
January-April dust transport season.

This ratio is computed separately for PM;y and PM; 5 on a daily mean basis. Dust
fraction values approaching 1.0 indicate dust-dominated conditions, whilst values much
less than 1.0 reflect high non-dust backgrounds. Interpretation requires consideration of
model uncertainties and event-to-event variability in non-dust emissions.

2.4.2 Event Identification and Classification

Dust transport events are identified using a multi-criteria approach combining satellite
imagery (visual inspection of NASA Worldview true-colour imagery for visible dust
plumes over southern Europe and North Africa), MODIS AOD (Aerosol Optical Depth
retrievals showing elevated columnar aerosol loading), meteogram indicators (ICON-
ART meteogram showing elevated dust concentrations at surface), and PM observations
(coordinated PMy increases across multiple stations). An event is classified as a “major
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dust event” when satellite imagery confirms dust plume presence, at least three of five
LUBW stations exceed 50 pg/m> daily PM;, (EU daily limit value), meteogram indicates
dust concentrations exceeding 20 pg/m?, and spatial coherence of elevated PM exists across
the station network.

2.4.3 Temporal Aggregation Procedures

To ensure robust statistical comparison and minimise influence of sub-daily variability,
temporal aggregation was applied as follows. For observational data, hourly measurements
were converted to daily means computed from 24 hourly values with a minimum of 18
valid hours required, ensuring data completeness exceeding 75% for each daily mean.
For meteogram data, hourly values were aggregated to daily means (24-hour average),
with alignment using 00:00 UTC initialisation where hours 1-24 comprise day 1. Daily
aggregation reduces noise from diurnal variability, instrument precision limitations, and
subgrid-scale heterogeneity not resolved by the approximately 20 km EU-NA nest grid.
Dust transport events typically persist for 2—4 days, making daily resolution appropriate
for event characterisation.

2.4.4 Baseline Subtraction Approach

To isolate the dust contribution independent of model-observation differences, a baseline
subtraction method was developed. First, baseline determination identified extended
periods (at least 7 consecutive days) with PM;, below 35 ug/m? (well below EU limit value),
stable meteorological conditions, and no satellite-confirmed dust plumes. Station-specific
no-dust baselines were calculated as the mean PM;, during these clean days. Second,
event-day dust contribution was computed as the difference between observed PM;, during
events and the station baseline. This empirical approach provides an observation-based
dust quantification complementary to the meteogram-derived dust fraction method.

2.5 PM Composition Analysis Methods

2.5.1 Composition Data Source

To provide independent geochemical confirmation of Saharan dust transport and quantify
crustal element contributions during dust events, daily PM;, composition measurements
from two LUBW stations were analysed: Stuttgart-Bad Cannstatt and Freiburg, both
providing daily filter-based PM;(, composition data (24-hour integrated samples). These
measurements are part of LUBW’s intensive composition monitoring programme con-
ducted at select stations. Sample collection follows European reference method EN 12341,
with filters analysed using energy-dispersive X-ray fluorescence (ED-XRF) or inductively
coupled plasma mass spectrometry (ICP-MS) to quantify elemental concentrations.

The composition dataset includes concentrations (ug/m?) of major crustal tracers (Al,
Fe, Ca, Si), minor crustal elements (Mg, K, Na, Mn, Ba, Ti), secondary inorganic ions
(sulphate, nitrate, ammonium; water-soluble cations Ca?*, Mg?*, Na*, K*; and chloride),
and carbonaceous species (elemental carbon EC, organic carbon OC).

16



2.5 PM Composition Analysis Methods

2.5.2 Crustal Element Fraction Calculation

To quantify the mineral dust component of PM;y, crustal elements were aggregated
following established methodologies (Pey et al., 2013; Putaud et al., 2010):

Crustal Fraction = Z Ci (2.6)
i
where c; represents the concentration of crustal element i (Al, Fe, Ca, Mg, Na, K, Mn,

Ba, Ti, Si). For stations lacking direct Si measurements, crustal fractions were estimated
using aluminium as a proxy, applying empirical crustal multipliers:

Crustal Material = k¢puge X [Al] (2.7)

where keust = 8—10 based on average crustal composition (Wedepohl, 1995). This
approach provides conservative estimates of total mineral dust mass.

To quantify dust-related crustal enrichment, baseline crustal concentration was calcu-
lated as the mean of daily crustal fractions during non-dust periods (periods excluding + 5
days around identified dust events). Event-period crustal concentration was calculated
as the mean during dust event days (February 24-25, 2021). Enhancement factor was
computed as:

Crustal
Enhancement Factor = — <2t (2.8)
Cr uSta—lbaseline

Enhancement factors exceeding 2.0 indicate substantial dust impact, whilst factors below
1.5 suggest minimal dust influence.

2.5.3 Element Ratio Source Attribution

Beyond absolute crustal concentrations, diagnostic element ratios provide robust source
discrimination between Saharan dust and local soil resuspension. Three key ratios were
computed. The Ca/Al ratio:

[Ca]
[Al]
exhibits Saharan dust signatures of 3.0-4.5 (calcite-rich North African soils) compared

to local soil signatures of 0.5-1.5 (silicate-dominated central European soils), with ratios
exceeding 2.5 indicating Saharan origin. The K/Al ratio:

Ca/Al = (2.9)

[K]
K/Al = — 2.10
Al (2.10)
shows Saharan dust signatures of 0.2-0.4 (K-depleted relative to Al), local soil signatures
of 0.8-1.2 (feldspar contribution), and anthropogenic background values exceeding 1.0
(biomass burning K addition). Importantly, ratio decrease during events is diagnostic of
Saharan dust. The Fe/Al ratio:
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[Fe]
Fe/Al = — 2.11
demonstrates Saharan dust signatures of 0.8—1.3 (iron-rich North African mineralogy)
versus local soil signatures of 0.5-0.8, with ratios exceeding 1.0 suggesting iron-enriched

North African sources.

2.5.4 PM, 5/PMy, Ratio Analysis

To characterise particle size distributions during dust events versus background periods,
the PM, 5/PM;, concentration ratio was calculated:

[PMZ.S] daily
[PMlo] daily

This ratio provides insight into aerosol size distribution. High ratios (0.6-0.8) indicate
fine-mode dominance, typical of anthropogenic combustion sources. Low ratios (0.3-0.5)
indicate coarse-mode dominance, characteristic of mineral dust. Very low ratios (below
0.3) indicate strong coarse dominance, indicative of intense dust events or mechanical
particle generation.

The PM; 5/PM;, ratio was computed for event periods (dust event days), background
periods (non-dust days with + 10 days around events excluded), and temporal evolution (5
days before, during, and 5 days after events). Lower PM, 5/PMj ratios during dust events
imply reduced alveolar deposition fraction compared to fine-mode pollution and lower
health risk per unit PM;y mass since coarse particles deposit in upper airways. However,
absolute PM; 5 concentrations during major events may still exceed health guidelines. The
PM, 5/PMy ratio thus provides critical context for health risk assessment, distinguishing
coarse-dominated natural aerosol episodes from fine-mode anthropogenic pollution events.

PM2_5/PM10 = (212)

2.5.5 Statistical Analysis of Composition Data

Given the limited temporal resolution of composition data (daily samples at 2 stations),
statistical analyses focused on mean comparison using Student’s t-test comparing back-
ground versus event-period crustal concentrations and element ratios, temporal evolution
through visual inspection of time series showing composition changes before, during,
and after events, and literature comparison of observed element ratios with published
Saharan dust and local soil signatures. Due to sample size limitations (n = 2-5 days per
event), formal multivariate source apportionment (PMF, CMB) was not attempted. Instead,
element ratios provide qualitative-to-semi-quantitative source attribution.

2.6 Data Visualisation and Analysis Tools

Data visualisation and figure generation were performed using the Python 3. Assistance
with figure generation, code optimisation, and manuscript editing was provided by Claude
Code, an Al-assisted software development tool developed by Anthropic. All generated
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figures were manually reviewed and validated to ensure scientific accuracy and appropriate
data representation.
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3 Results

This chapter presents a comprehensive analysis of natural aerosol impacts on air quality
across Baden-Wiirttemberg during the period 2020-2024, with particular emphasis on
Saharan dust transport events and their influence on PM concentrations. The investigation
encompasses measurements from five strategically selected LUBW (Landesanstalt fiir
Umwelt Baden-Wiirttemberg) monitoring stations distributed across the region: Stuttgart-
Bad Cannstatt, Karlsruhe-Nordwest, Freiburg, Heilbronn, and Biberach. These stations
represent diverse environmental settings, ranging from urban centres to more rural loca-
tions, thus providing a comprehensive spatial perspective on dust impacts.

Section 3.1 identifies and characterises all documented Saharan dust transport events
during the study period, including detailed synoptic analysis of meteorological conditions
at 850 hPa facilitating dust transport from North African source regions. Section 3.2
characterises the temporal and spatial patterns of PM;y and PM; 5 concentrations through
observational data analysis. Section 3.3 presents meteogram dust concentration data as
supporting evidence for dust event identification. Section 3.4 quantifies the natural aerosol
contribution to total observed particulate matter. Finally, Section 3.5 elucidates the physical
and chemical characteristics of dust events through composition data and size distribution
analysis.

3.1 Saharan Dust Event Calendar and Detailed
Characterisation (2020-2024)

Identifying genuine Saharan dust transport events presents a fundamental methodological
challenge: ground-based PM;( measurements alone cannot distinguish natural mineral dust
from non-dust-related PM sources (traffic, industry, domestic heating, wildfires), as both
contribute to measured concentrations. To overcome this limitation, independent visual
confirmation through satellite imagery provides a clear identification of dust plumes during
their advection across Europe. Systematic screening of NASA Worldview true-colour
satellite imagery for the January—-April period (2020-2024), combined with coordinated
PMj concentration increases at multiple ground-based monitoring stations, identifies
three major Saharan dust transport events with clearly visible dust plumes affecting Baden-
Wiirttemberg. Table 3.1 presents the complete calendar of documented dust events during
the five-year study period.

These three satellite-confirmed episodes concentrate exclusively in the January-April
period, with zero major visible dust plumes identified during May-December. The temporal
clustering reflects large-scale atmospheric circulation patterns favouring southerly flow
configurations and North African dust mobilisation during winter-spring months. The
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Table 3.1: Calendar of documented Saharan dust transport events affecting Baden-
Wiirttemberg during 2020-2024. Events identified through NASA Worldview
satellite imagery, coordinated PM;, concentration increases across multiple
stations, and MODIS aerosol optical depth (AOD) retrievals.

Event Date Duration Peak PM;;, Range Spatial Pattern
February 24, 2021 2 days 119-156 pg/m°> Regional (all 5 stations)
February 25, 2021

March 30, 2024 2-3days  66-193 pg/m3 East-West gradient
March 31, 2024

April 7, 2024 3 days 49-132 ug/m3 Relatively uniform

April 8, 2024
April 9, 2024

inter-annual distribution shows substantial variability: 2020, 2022, and 2023 exhibit no
major events, while 2021 and 2024 account for all three documented episodes. Each event
satisfies multiple identification criteria: (1) visible dust plume in satellite imagery extending
across the study region, (2) peak PM;, concentrations exceeding regulatory thresholds at
multiple stations simultaneously, (3) coordinated timing of concentration increases across
spatially distributed monitoring sites, and (4) availability of meteogram dust concentration
forecasts.

The concentration of events in 2021 and 2024, with no major visible plumes in 2020,
2022, or 2023, reflects substantial inter-annual variability in large-scale atmospheric cir-
culation patterns controlling dust transport pathways from North Africa. The three
episodes encompass varying intensities (moderate to extreme), spatial patterns (uniform
to gradient-dominated), and temporal structures (rapid 2-day events to extended 3-day
episodes), enabling comprehensive characterisation of dust impacts across different trans-
port scenarios.

3.1.1 February 24-25,2021 Event

The late February 2021 event represents the most significant dust intrusion documented
during the five-year study period. Satellite imagery from NASA Worldview reveals an
extensive dust plume originating from the central Sahara, transported northward across
the Mediterranean and western Europe (Figure 3.1a). Synoptic analysis at the 850 hPa
pressure level reveals conditions highly conducive to meridional dust transport from North
African source regions to central Europe (Figure 3.2). ERA5 reanalysis data for February
24, 2021 at 12:00 UTC shows a pronounced high-pressure ridge over central and western
Europe, with geopotential heights exceeding 1500 m establishing strong anticyclonic
circulation. The geopotential height pattern generates sustained southerly flow at 850
hPa, creating a direct transport pathway from the Saharan dust source region to Baden-
Wiirttemberg. The 850 hPa temperature field exhibits pronounced warm air advection,
with temperatures reaching 10-15°C over central Europe, substantially elevated for late
February and confirming the presence of warm African air masses at this atmospheric
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Figure 3.1: February 24-25, 2021 dust event characterization: (a) NASA Worldview true-
colour satellite imagery showing dust plume over central Europe, (b) observed
PM;j, time series showing coordinated concentration increases across all five
monitoring stations.

level. Wind speeds at 850 hPa range from 8-15 m/s with flow consistently oriented from
south to north, facilitating rapid dust transport over the approximately 2000 km distance
from North Africa to the study region.

Peak PM;, concentrations reach 119-156 },lg/m3 across all five stations, representing
the highest values observed during any documented dust event in the study period. The
temporal evolution shows rapid concentration increase on February 24 between 06:00—
12:00 UTC as the dust plume arrives, peak values sustained through February 24 evening
and February 25 morning, and gradual decline over February 25-26 as the synoptic pattern
evolves. The spatial extent demonstrates regional-scale character affecting all of Baden-
Wiirttemberg with relatively uniform concentrations throughout the monitoring network
(coefficient of variation: 6.2%), reflecting the broad meridional flow pattern captured in
the ERA5 analysis. The primary event window spans 48 hours, with residual elevated
concentrations persisting for 2-3 additional days as dust settles from the atmosphere.
PMj, 5 concentrations during this event reach peak hourly values of 39-58 pg/m?® with daily
means of 28.7-32.5 ug/m>. The PM; 5/PM, ratio ranges from 0.32-0.38, substantially below
background ratios (0.58-0.67), indicating strong coarse fraction dominance characteristic
of mineral dust aerosol.
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Figure 3.2: 850 hPa synoptic chart for February 24, 2021 at 12:00 UTC showing geopotential
height (black contours, m), temperature (colour shading, °C), and wind flow
(barbs, m/s). Strong southerly flow and pronounced warm air advection (10—
15°C) from North Africa to Baden-Wiirttemberg (red star) establish direct dust
transport pathway. High geopotential heights over western Europe (>1500 m)
create meridional circulation pattern. Data: ERA5 reanalysis (Hersbach et al.,
2020).
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Figure 3.3: March 30-31, 2024 dust event showing spatial heterogeneity: (a) satellite im-
agery, (b) observed PM;, time series revealing east-west gradient in concentra-
tion patterns.

3.1.2 March 30-31, 2024 Event

The late March 2024 event exhibits distinct spatial heterogeneity, with eastern Baden-
Waiirttemberg stations (Heilbronn, Biberach) experiencing substantially different concen-
tration patterns than western locations. Synoptic conditions at 850 hPa on March 30,
2024 at 12:00 UTC reveal an upper-level ridge positioned over western Europe, creating
south-westerly flow rather than the pure southerly flow observed during the February 2021
event (Figure 3.4). ERA5 reanalysis shows geopotential heights of 1450-1500 m over the
central Mediterranean and western Europe, with the ridge axis oriented north-south along
approximately 5°W. This configuration establishes south-westerly to westerly flow at 850
hPa over Baden-Wiirttemberg, with wind speeds of 6—10 m/s. The 850 hPa temperature
field indicates moderate warm air advection with temperatures of 8-12°C over southern
Germany, confirming African/Mediterranean air mass influence albeit less pronounced
than during the February 2021 episode. The south-westerly flow direction explains the
observed east-west gradient in surface PM;, concentrations, as eastern monitoring stations
lie more directly downwind of the Mediterranean dust transport pathway established by
this circulation pattern.

Peak PMj, concentrations vary spatially: 66-98 pg/m? at western stations (Stuttgart:
98 ug/m?, Karlsruhe: 66 pg/m?, Freiburg: 78 ug/m?) and 83-193 pg/m?® at eastern stations
(Heilbronn: 193 pg/m®, Biberach: 83 pg/m®). The spatial gradient shows east-to-west
concentration differences, with eastern stations experiencing peak values approximately
70% higher than western stations on average, consistent with the south-westerly flow
pattern identified in the ERA5 analysis. The event duration spans primarily 2 days (March
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Figure 3.4: 850 hPa synoptic chart for March 30, 2024 at 12:00 UTC showing upper-level
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ridge over western Europe and south-westerly flow. Temperature field (8-
12°C, colour shading) indicates moderate warm air advection from Mediter-
ranean/North African regions. Flow configuration explains observed east-west
gradient in dust concentrations across monitoring network, with eastern sta-
tions (downwind) experiencing higher PM;, values. Data: ERA5 reanalysis
(Hersbach et al., 2020).
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30-31), with residual elevated concentrations extending through April 2-3, and pronounced
afternoon peaks corresponding to boundary layer growth and vertical mixing of elevated
dust layers. PM; 5 concentrations show daily means of 10.9-16.6 pg/m?> at western stations
and 15.2-21.5 pg/m?> at eastern stations, with peak hourly values reaching 22-64 pg/m>.
The PM;5/PM;, ratio ranges from 0.31-0.48, maintaining coarse fraction dominance
characteristic of mineral dust.

3.1.3 April 7-9, 2024 Event

The early April 2024 event demonstrates extended duration and more complex temporal
evolution compared to earlier events. Synoptic analysis at 850 hPa for April 8, 2024 at
12:00 UTC reveals markedly different meteorological conditions than the previous two
events, with persistent high pressure and exceptionally weak pressure gradients over
central Europe (Figure 3.6). ERAS5 reanalysis shows geopotential heights of 1500-1550
m across a broad area from the western Mediterranean to central Europe, with closely-
spaced contours indicating minimal pressure gradient and consequently light, variable
winds. Wind speeds at 850 hPa average only 3-6 m/s, approximately half the values
observed during the February 2021 and March 2024 events—with flow direction varying
between south-westerly and westerly across the domain. Despite the weak flow, the 850
hPa temperature field exhibits pronounced warm anomaly with temperatures reaching
14-16°C over Baden-Wiirttemberg, exceptionally warm for early April and providing
clear evidence of African air mass presence aloft. The stagnant high-pressure conditions
and weak horizontal transport explain the extended event duration (3 days, April 7-9)
compared to the more rapid 2-day events driven by stronger synoptic-scale flow.

Peak PM;, concentrations range from 49-132 pg/m?> across the network, with the spatial
pattern showing more uniform distribution than the March event and modest concentration
differences (western stations averaging 84 pg/m? vs. eastern 77 ug/m?® peak values). The
relatively uniform spatial distribution reflects the weak, variable flow regime identified in
the ERAS analysis, contrasting with the gradient patterns produced by stronger directional
flow during earlier events. The total duration extends 3 days (April 7-9), longer than
typical 2-day events, with multiple concentration peaks emerging: a primary peak on
April 7 evening and a secondary peak on April 9. The multiple peaks likely reflect complex
interactions between weak horizontal advection, diurnal boundary layer evolution, and
gravitational settling of dust particles under the stagnant synoptic regime. PM; 5 daily
means range from 8.2-13.7 pg/m® with peak hourly values of 20-33 pg/m?>. The PM, 5/PMj,
ratio of 0.28-0.35 indicates the strongest coarse-mode dominance of all three events,
consistent with prolonged gravitational settling removing finer particles whilst coarser
dust remains suspended.

3.1.4 Summary of Event Characteristics

Table 3.2 summarises the key characteristics of these three major events across all five
monitoring stations.

These three events represent the documented major satellite-confirmed Saharan dust
transport episodes with visible dust plumes over Baden-Wiirttemberg during the 2020-2024
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Figure 3.5: April 7-9, 2024 dust event characterization showing extended duration (3 days)
and multiple concentration peaks: (a) satellite imagery, (b) observed PM;, time
series.

Table 3.2: Summary characteristics of the three major Saharan dust transport events docu-
mented during 2020-2024. AOD values represent MODIS aerosol optical depth
retrievals at 550 nm.

Event Duration PM;, Range PM;; Daily Mean AOD Range
February 24-25,2021  2days  119-156ug/m®  28.7-32.5 ug/m® 0.60-0.69
March 30-31, 2024 2-3days  66-193 ug/m? 10.9-21.5 pg/m?> 0.45-0.62
April 7-9, 2024 3days  49-132pg/m’ 8.2-13.7 pg/m> 0.38-0.80

study period. The 7 dust days (February 24-25, March 30-31, April 7-9) collectively produce
a total of 22 station-day exceedances across the five-station network. The diversity in
intensity (PMjo: 49-156 pug/m?), spatial patterns (uniform to gradient-dominated), and
temporal structures (2-3 day durations) enables comprehensive characterisation across
different dust transport scenarios.

3.2 Observational Analysis

3.2.1 PMg and PM, s Temporal Patterns (2020-2024)

Figure 3.7 illustrates the annual mean PM;, and PM; 5 concentrations for each station
across the five-year study period, showing inter-annual variability alongside the persistent
spatial gradient from urban to rural sites. The five-year observational datasets covering
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Figure 3.6: 850 hPa synoptic chart for April 8, 2024 at 12:00 UTC showing persistent
high pressure and weak pressure gradients over central Europe. Elevated
temperatures (14-16°C, colour shading) confirm African air mass presence
despite light winds (3—-6 m/s). Stagnant conditions contributed to extended
event duration (3 days, April 7-9) and multiple concentration peaks through
complex mixing processes. Data: ERA5 reanalysis (Hersbach et al., 2020).
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Figure 3.7: Annual mean PM;, and PM; 5 concentrations for each monitoring station across
the five-year study period (2020-2024), showing inter-annual variability and
the persistent spatial gradient from urban (Heilbronn, Stuttgart) to rural sites
(Freiburg, Biberach).

January 2020 through December 2024 show distinct temporal and spatial patterns in PM
concentrations across Baden-Wiirttemberg. The extensive analysis of hourly PM;, and
PM; 5 measurements from the five LUBW monitoring stations reveals noticeable seasonal
variability, with systematically elevated PM concentrations occurring during the winter
months (January-March) and the spring dust season (March-April).

Across the five monitoring stations, annual mean PM;y concentrations exhibit values
ranging from 10-16 ug/m> during the study period, demonstrating an inter-station vari-
ability reflecting differences in local emission sources and geographical settings. Upon
ranking the PM;( annual mean concentrations, from highest to lowest, it is seen that Heil-
bronn displays the highest annual mean PM;, concentration (mean: 15 pg/m?), followed
by Stuttgart-Bad Cannstatt located in the urban core of the state capital (mean: 14 ug/m?).
Karlsruhe-Nordwest, representing an intermediate urban-suburban environment, shows
mean concentrations of 13 pg/m?. Biberach, characterised by its more rural setting with
lower traffic density and industrial activity, exhibits mean concentrations of 11.6 ug/m®.
Freiburg displays the lowest PM; concentrations (mean: 11.4 pg/m?).

Upon ranking the PM; 5 annual mean concentrations again, from highest to lowest,
Heilbronn and Stuttgart-Bad Cannstatt share the highest annual mean PM; 5 values (mean:
8.8 ug/m? for both stations). Biberach shows intermediate concentrations (PM; s mean:
7.9 ug/m?), while Freiburg exhibits the lowest fine particle concentrations (PM; s mean:
7.0 ug/m?). The spatial pattern from highest (Heilbronn, Stuttgart) to lowest (Freiburg,
Biberach) reflects the gradient in emission source intensity across the monitoring network,
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with urban stations experiencing elevated concentrations relative to rural background sites.

Looking at the seasonal variability, Figure 3.8 presents monthly box plots of PM;j
concentrations for all stations, illustrating seasonal patterns and the range of variability
within each month. Monthly aggregated data reveals distinct seasonal patterns consistent
across all monitoring stations, albeit with varying magnitudes.

Monthly concentration distributions reveal a pronounced seasonal cycle consistent
across all five monitoring stations, albeit with station-specific absolute levels. Winter-
spring months (January-April) exhibit the highest PM;, concentrations, with median values
ranging from 15-25 pg/m?® (30-50% above annual station means) and frequent excursions
above 30 pg/m®. This seasonal maximum reflects the combined influence of enhanced non-
dust related sources of PM and increased frequency of Saharan dust transport events (as
documented in Table 3.1). Notably, the upper whiskers and outliers during January-April
extend to 35-40 pg/m? at all stations, with extreme values reaching 50 pg/m® (EU daily
limit) during documented dust episodes.

Summer months (June-August) consistently show the lowest concentrations across all
stations, with median PM;, values of 8-12 pg/m® and narrow interquartile ranges (IQR
= 3-5 ug/m?), reflecting reduced non-dust related emissions, and absence of major dust
transport. Maximum summer values rarely exceed 20 pg/m? demonstrating the dominant
role of seasonally variable sources rather than constant background pollution.

Autumn (September-November) and late spring (May) display intermediate concen-
tration levels with transitional characteristics. Median values (12-18 pg/m?®) lie between
summer minima and winter-spring maxima, whilst interquartile ranges broaden com-
pared to summer (IQR = 5-8 pg/m®), indicating increased day-to-day variability as heating
emissions (though not quantified in this work) commence (autumn) or diminish (May).
December exhibits elevated concentrations approaching winter levels, particularly at
urban stations (Heilbronn, Stuttgart), signalling the onset of the heating season.

Focussing on the Winter-Spring dust season, the January-April period warrants par-
ticular attention as it encompasses both elevated winter concentrations and the primary
natural dust transport season (see dust event calendar, Table 3.1). Figure 3.9 shows PM;
temporal evolution (7-day rolling mean) for all five stations during 2020-2024. Recurring
seasonal patterns show elevated concentrations during January-April and reduced concen-
trations during June—August. Three major dust events produce coordinated concentration
peaks across all stations: February 24-25, 2021 (peak 119-156 ug/m?®); March 30-31, 2024
(66-193 pug/m?); April 8-9, 2024 (49-132 pg/m?). Years 2020, 2022, and 2023 show no major
dust episodes that violates the PM thresholds. It is evident that events that are closely
spaced (temporally) to each other show signs of major Saharan dust transport events.

3.2.2 Air Quality Standard Violations

Assessment of air quality standard compliance quantifies exceedances under current EU
thresholds and projected 2030 standards (regulatory framework detailed in Section 2.4.3).
The analysis examines both current compliance status and projected violation frequencies.
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Figure 3.8: Monthly box plots of PM;, concentrations for all five monitoring stations
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(2020-2024), showing pronounced seasonal cycle across all sites. Winter-spring
months (January-April, corresponding to the dust transport season) exhibit
elevated median concentrations (15-25 pg/m?®) with frequent outliers extending
to 35-50 pg/m® during documented Saharan dust events. Summer months (June-
August) show minimum concentrations (8-12 pg/m?®) with narrow distributions.
Box plots display median (red line), interquartile range (box), 1.5xIQR whiskers,
and outliers (individual points). Red dashed line indicates EU daily limit value
(50 pg/m?). Station-specific annual means shown in labels. All stations exhibit
consistent seasonal timing despite differing absolute levels.



3.2 Observational Analysis

Figure 3.9: Temporal evolution of PMj, concentrations (7-day rolling mean) across five
monitoring stations (2020-2024). Each panel shows one station with shaded
area under the curve. Light yellow vertical bands indicate January—April dust
season. Red vertical lines mark major dust events (February 24, 2021; March
30, 2024; April 8, 2024). Red dashed line shows EU daily limit (50 ug/m?).
Coordinated concentration peaks across all stations during red-marked dates
confirm regional dust transport events.
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Under the current European Union air quality framework (Directive 2008/50/EC), the
daily limit value for PMj is set at 50 pg/m®, with up to 35 exceedances permitted per
calendar year. For PM, 5, an annual mean limit of 25 ug/m? applies (reduced to 20 pg/m?
from 2020 onwards). Annual PM;, exceedance frequencies (Figure 3.10) show four stations
maintaining compliance throughout 2020-2024, whilst Heilbronn violated the annual limit
during 2020-2022 (47, 40, 37 exceedances/year) before achieving compliance in 2023-2024.
Documented dust events contribute 2-3 exceedance days per station over the five-year
period.

The three documented dust transport events (Table 3.1) produced distinct compliance
impacts reflecting differences in event intensity, spatial extent, and temporal evolution.
The February 24-25, 2021 event constitutes the most severe episode, generating simulta-
neous daily limit exceedances at all five monitoring stations with peak concentrations of
119-156 pg/m>—values 2.4-3.1 times the 50 ug/m?® threshold. This event alone contributed
2 exceedance days to each station’s annual total for 2021, representing the only docu-
mented dust-attributed violations during 2020-2022. The regional-scale uniformity of
this event, with all stations exceeding thresholds within a 24-hour window, distinguishes
dust transport from typical localised pollution episodes that affect individual stations
independently.

The March 30-31, 2024 event exhibited greater spatial heterogeneity, with peak con-
centrations ranging from 66 ug/m?® (Karlsruhe) to 193 ug/m? (specific station values in
Table 3.1), reflecting a pronounced east-west gradient in dust deposition. Three south-
western stations (Freiburg, Karlsruhe, Stuttgart) recorded daily limit exceedances, whilst
northeastern stations (Heilbronn, Biberach) remained below the threshold despite elevated
concentrations. This spatial pattern aligns with dust transport pathways approaching from
the Mediterranean, with progressive dilution and deposition during eastward advection.
The April 8-9, 2024 event (corrected dates accounting for boundary layer mixing delay; see
Section ??) produced similar spatial gradients with peak concentrations of 49-132 pg/m?
and selective exceedances at southwestern stations. Together, the two 2024 events con-
tributed 2-3 exceedance days per station, concentrated at locations with direct exposure
to Mediterranean transport corridors.

Figure 3.10 contextualises these dust-attributed exceedances within the broader com-
pliance picture. Across the five-year period, dust events account for 2-3 exceedance
days per station (representing 3-9% of total station exceedances), with perfect temporal
synchronisation: all stations show 2 dust exceedances in 2021, zero during 2020/2022/2023
(years without major dust events), and 2-3 in 2024. This coordinated inter-annual pattern,
contrasting sharply with the station-specific violation patterns during non-dust periods,
provides independent confirmation of regional-scale natural aerosol influence distinct
from local anthropogenic sources. Specifically, Figure 3.10 displays the annual number
of PM;4 exceedance days (>50 ug/m?) for each station across the five-year period, with
dust-attributed versus other exceedances differentiated by colour.

The analysis shows substantial inter-station variability in exceedance frequency, ranging
from 56 total exceedances at Biberach (rural background) to 165 at Heilbronn (urban back-
ground) over the five-year period. Heilbronn exceeds the EU annual limit (35 exceedances
permitted) in three consecutive years (2020-2022), with 47, 40, and 37 exceedances, respec-
tively, although concentrations improve markedly from 2023 onwards (15 exceedances)
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Figure 3.10: Annual number of PM;, exceedance days (>50 ug/m?) for each monitoring
station (2020-2024). Bars distinguish dust-attributed exceedances (identified
through satellite imagery confirmation and multi-station temporal coherence)
from other exceedances. Heilbronn exceeded the EU annual limit (35 days)
during 2020-2022.

and remain compliant in 2024 (26 exceedances). This three-year non-compliance pattern
mirrors the original EU-limit violations documented for this station in previous regulatory
assessments.

Applying the dust-attributed exceedance identification criteria (Section 2.4.5), dust
events account for 4-5 exceedance days per station over the five-year period (3-9% of
total exceedances). The temporal pattern shows perfect inter-station synchronisation: all
five stations record 2 dust exceedances in 2021 (February 24-25), zero during 2020, 2022,
and 2023, and 2-3 in 2024 (March 30-31 and April 8-9). In contrast, total exceedance
frequencies vary substantially by station (56 days at Biberach to 165 days at Heilbronn
over five years), indicating that dust events constitute a small but temporally coherent
component of overall regulatory PM violations.

3.2.3 Projected 2030 WHO/EU Standards

Figure 3.11 visualises the PM;, exceedance frequency increases under projected 2030
standards, with dust-attributed components distinguished to illustrate their proportional
contribution to the compliance challenge.

The European Union has committed to aligning its air quality standards more closely
with World Health Organisation (WHO) recommendations by 2030. The anticipated
revised standards include a daily PM;, limit of 45 pg/m® and an annual PM; 5 mean of
10 pg/m? (potentially 15 pg/m?® as an intermediate target). Evaluating the observational
dataset against these more stringent thresholds reveals substantially increased violation
frequencies.

Application of the projected 2030 thresholds to the 2020-2024 observational dataset re-
veals contrasting compliance outlooks for PM;( daily and PM; 5 annual standards. For PM;
daily limit violations, lowering the threshold from 50 to 45 pg/m® increases exceedance
frequencies by 28-50% across the monitoring network, adding 17-56 violation days per
station over the five-year period. Heilbronn experiences the most pronounced impact,
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with annual violations averaging 44.2 days/year under the stricter standard—substantially
exceeding the anticipated 35-day annual limit and indicating that achieving 2030 compli-
ance at this urban background site will require significant emission reductions beyond
current levels. Stuttgart and Freiburg show intermediate violation frequencies (22-24
days/year), whilst Karlsruhe and Biberach exhibit the lowest increases (15.4 days/year
each), remaining well within the 35-day annual allowance.

The documented dust transport events contribute 5-6 exceedance days per station
under the 45 pg/m?> threshold (1.0-1.2 days/year average), representing only a marginal
increase from the 4-5 dust exceedances identified under current standards. This mini-
mal change reflects the high-intensity nature of major dust episodes: satellite-confirmed
dust days already exceed both the current (50 pg/m?) and projected (45 pg/m?) thresholds
during transport events, with peak concentrations reaching 119-193 ug/m?> (Table 3.1).
Consequently, dust events account for 2.3-6.5% of projected 2030 violations, a small but
temporally coherent component that remains largely invariant to threshold adjustments
within the 45-50 pg/m? range. The implication is that achieving 2030 PM, daily compli-
ance depends primarily on reducing non-dust PM sources, with natural dust subtraction
(Article 21 provisions) providing only marginal relief equivalent to 1-2 days per year.

In contrast to PM; daily challenges, all five monitoring stations currently comply with
the proposed 2030 PM, 5 annual mean target (10 pg/m?), with 2020-2024 overall means
ranging from 7.1 pg/m?® (Freiburg) to 8.8 pg/m® (Heilbronn/Stuttgart). Even the highest
annual mean remains 1.2 pg/m> (12%) below the threshold, providing a compliance margin
that accommodates inter-annual variability. This favourable PM; 5 situation reflects sub-
stantial progress in fine particulate matter reduction over recent decades, driven primarily
by decreased combustion emissions (cleaner vehicles, improved heating technologies,
industrial emission controls). Natural dust contributes minimally to PM; 5 annual means
due to the predominantly coarse-mode size distribution of transported Saharan particles,
further widening the compliance margin for this metric.

Table 3.3 provides a comprehensive summary of compliance metrics for both current
and projected standards.

Table 3.3: Compliance metrics for current PM;, standard (50 ug/m® daily limit) across
all five monitoring stations (2020-2024). Dust-attributed violations identified
through satellite imagery confirmation and multi-station temporal coherence.

Station Total Mean Annual Dust-Attributed Dust % Mean Annual
Exceedances Exceedances Exceedances of Total Dust Days
(2020-2024) (days/yr) (days) (days/yr)
Stuttgart-BC 83 16.6 5 6.0% 1.0
Karlsruhe-NW 60 12.0 4 6.7% 0.8
Freiburg 74 14.8 4 5.4% 0.8
Heilbronn 165 33.0 5 3.0% 1.0
Biberach 56 11.2 5 8.9% 1.0

Note: Heilbronn exceeded EU annual limit (35 days/year) during 2020-2022 (47, 40, 37 exceedances
respectively), achieving compliance in 2023 (15 days) and 2024 (26 days).
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Figure 3.11: Comparison between PM, exceedance frequencies under current (50 pg/m?)
and projected 2030 (45 pug/m?) standards for all five monitoring stations. Bars
show annual average exceedance days over the 2020-2024 period.

Heilbronn’s three-year non-compliance with annual limits shows concentration patterns
consistent with the original EU-limit violations, with compliance achieved in later years
(2023-2024) following the same temporal trend as previous regulatory assessments.

3.3 Dust Concentration Analysis

3.3.1 Overview of Meteogram Data Application

Figure 3.12 shows a time-series plot for Karlsruhe station with both the LUBW (observa-
tions) and the DWD (model) data in order to visualise the systematic differences among
the two data sets regarding PM;( concentrations.

Meteogram dust concentration forecasts from the DWD ICON-ART modelling system
provide independent supporting evidence for the presence and timing of Saharan dust
transport events. Daily averaged surface concentrations of dust aerosols are extracted from
the DWD meteogram archive for grid points nearest to each LUBW monitoring station
during the January-April period (2020-2024). Heilbronn maps to the same meteogram grid
point as Stuttgart-Bad Cannstatt and therefore shares identical meteogram values; Biberach
lacks a nearby meteogram station within reasonable proximity. The analysis therefore
focuses on three stations with unique grid point representation: Stuttgart, Karlsruhe, and
Freiburg.

A fundamental distinction must be emphasised: meteogram values represent exclusively
mineral dust concentrations simulated by the atmospheric model, whereas ground-based
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Figure 3.12: Comparison of meteogram dust component (red line) and observed total
PMjy (black line) for Karlsruhe-Nordwest during January-April 2020-2024.
Meteogram values represent mineral dust concentrations only (ICON-ART
model output), whilst observations encompass all PM sources. The systematic
offset between the two time series reflects the contribution of non-dust PM
sources, estimated at 8-10 ug/m> based on the difference between curves
during background periods. Shaded regions indicate periods with meteogram
dust > 2 pg/m®. Elevated meteogram values during February 2021, March 2024,
and April 2024 correspond temporally with satellite-confirmed dust events and
observed PM;, peaks, providing independent atmospheric modelling evidence
for dust presence.

PM; observations measure complete particulate mixtures from all sources (natural dust,
traffic emissions, industrial activities, residential heating, secondary aerosol formation).
Consequently, meteogram dust values are systematically lower than total observed PM;y,
with the magnitude of this difference reflecting the non-dust PM contribution at each
location. This relationship is illustrated through temporal comparison (Figure 3.12) and
quantitative summary statistics (Table 3.4).

Table 3.4: Comparison of meteogram dust component and observed total PM;( during
January-April 2020-2024 across three monitoring stations. The systematic differ-
ence represents non-dust PM contributions at each location, with larger offsets
at more urbanized sites.

Station Meteogram Dust Observed Total PM;, Difference
(ng/m’) (ng/m’) (ng/m’)
Stuttgart-BC 5.6 16.3 10.7
Karlsruhe-NW 5.9 14.0 8.1
Freiburg 6.0 12.6 6.6

Table 3.4 quantifies the relationship between meteogram dust values and total observed
PMj, concentrations. Average meteogram dust values during the January-April period
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range from 5.6-6.0 ug/m> across the three stations, exhibiting minimal inter-station vari-
ability (coefficient of variation: 3.6%). By contrast, observed total PM;, concentrations
show substantially larger absolute values (12.6-16.3 pg/m®) and greater spatial variability
(coefficient of variation: 12.7%), reflecting the spatial heterogeneity in emission sources
across the monitoring network. The systematic offset between meteogram dust and total
observations ranges from 6.6 ug/m> at Freiburg (the cleanest location) to 10.7 ug/m? at
Stuttgart-Bad Cannstatt (the most urbanised location within the state capital). This spa-
tial pattern is consistent with the established gradient in total PM contributions across
the monitoring network, with larger non-dust components at urban sites and smaller
contributions at rural/suburban locations.

During documented dust events, meteogram values increase substantially above back-
ground levels, reaching peak values of 50-70 pg/m® during the major transport episodes
(February 2021, March 2024, April 2024). These meteogram elevations temporally coincide
with satellite-confirmed dust plumes and observed PM; concentration peaks, thereby cor-
roborating dust event identification through independent atmospheric modelling evidence.
The temporal alignment between meteogram dust increases and observed concentration
peaks demonstrates the utility of meteogram data as supporting evidence for dust transport
timing, complementing satellite imagery and multi-station observational coherence in the
multi-criteria event identification framework (Section 3.1).

The spatial uniformity of average meteogram dust values (5.6-6.0 ug/m?>, range: 0.4 ug/m?>)
contrasts with the spatial variability in total observed PMj, (12.6-16.3 ug/m>, range:
3.7 pg/m?), indicating that natural dust contributions exhibit regional-scale homogeneity
whilst other PM sources create pronounced local-scale gradients. This finding supports the
conceptual framework underlying Article 21 provisions in EU air quality legislation: natu-
ral dust constitutes a spatially uniform regional background component, whereas other
emission sources generate the spatial heterogeneity observed in compliance monitoring
networks.

3.4 Dust Fraction Analysis

Dust fraction estimates, calculated according to Equation 2.5 (Section 2.4.1), quantify the
natural dust contribution to total observed PM;y and PM; 5 concentrations during the
January-April dust transport season. Analysis encompasses 1506 event-days for PM;y and
1270 event-days for PM, 5 (days with meteogram dust > 2 ug/m?) across three monitoring
stations (Stuttgart, Karlsruhe, Freiburg) during 2020-2024.

3.4.1 Overall Dust Fraction Distributions

Table 3.5 summarises aggregate dust fraction statistics for both PM size fractions across all
stations and events. PM;, dust fractions exhibit a median value of 0.481 (48.1%), indicating
that natural dust typically accounts for approximately half of total observed PM;( during
identified dust transport periods. The mean value of 0.627 (62.7%) exceeds the median,
reflecting right-skewed distribution with occasional very high dust fractions during intense
events. PM; 5 exhibits systematically higher dust fractions than PM;, (median: 0.608, mean:
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0.805), suggesting that fine dust particles constitute a larger proportion of fine-mode PM
compared to coarse-mode contributions. The high skewness values (2.163 for PM;, 3.455
for PM, 5) indicate distributions with long right tails, driven by intense dust events where
meteogram concentrations occasionally equal or exceed total observed PM, yielding dust
fractions approaching or exceeding unity.

Table 3.5: Aggregate dust fraction statistics for PM;y and PM; 5 during days with me-
teogram dust > 2 pug/m?® (January-April 2020-2024, three stations combined).
Dust fractions > 1.0 occur when meteogram dust values exceed total observed
PM, reflecting either model overestimation or observational uncertainties.

Statistic PM;, Dust Fraction PM, 5 Dust Fraction
Sample size (station-days) 1506 1270

Mean 0.627 (62.7%) 0.805 (80.5%)
Median 0.481 (48.1%) 0.608 (60.8%)
Standard deviation 0.529 0.753
Interquartile range (25th-75th) 0.262-0.806 0.311-1.053
Range (minimum-maximum) 0.025-4.321 0.022-9.269
Skewness 2.163 3.455

Figure 3.13 presents histograms of dust fraction distributions for both PM size fractions,
illustrating the right-skewed character of the distributions and the prevalence of dust
fractions in the 0.3-0.8 range for PM;( and 0.4-1.0 range for PM; 5. The majority of event-
days exhibit dust fractions between the 25th and 75th percentiles (yellow shading in figure),
with substantial spread reflecting event-to-event variability in dust intensity, transport
patterns, and background PM conditions.

3.4.2 Station-Specific and Event-Intensity Patterns

Table 3.6 decomposes dust fractions by monitoring station, revealing systematic spatial
variations consistent with urbanisation gradients. Freiburg, representing the cleanest
location with minimal traffic and industrial activity, exhibits the highest mean dust fractions
(DFpp,, = 0.698, DFpyy, , = 0.895), indicating that natural dust constitutes a larger proportion
of total PM at this rural/suburban site. By contrast, Stuttgart-Bad Cannstatt, the most
urbanised location within the state capital, shows the lowest dust fractions (DFpy,, = 0.522,
DFpyy, . = 0.710)—approximately 25% lower than Freiburg for PM;,—reflecting larger non-
dust PM contributions from traffic, heating, and industrial sources. Karlsruhe-Nordwest
occupies an intermediate position (DFpyy,, = 0.660, DFpy;, . = 0.812), consistent with its
semi-urban character.

Figure 3.14 illustrates these spatial patterns through box plots, showing the full distri-
bution of dust fractions at each station. The west-to-east gradient (Freiburg — Karlsruhe
— Stuttgart) corresponds to increasing urbanisation levels, with median dust fractions
declining systematically from 0.54 at Freiburg to 0.48 at Karlsruhe and 0.40 at Stuttgart for
PMjy. This spatial pattern demonstrates that dust represents a relatively larger fraction
of total PM variability at cleaner locations, whilst urbanised sites exhibit larger non-dust
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Figure 3.13: Histograms of dust fraction distributions for days with meteogram dust
> 2 pg/m> during January-April 2020-2024. Panel (a): PM;, dust fractions
(n=1506 event-days, median=0.481, mean=0.627, IQR=0.262-0.806). Panel
(b): PM;5 dust fractions (n=1270 event-days, median=0.608, mean=0.805,
IQR=0.311-1.053). Yellow shading indicates interquartile range, red dashed
line shows median, green solid line shows mean, red curve represents fitted
log-normal distribution. Both distributions exhibit positive skewness with
long right tails.

Table 3.6: Station-specific dust fraction statistics for PM;, and PM; 5 during days with
meteogram dust > 2 pg/m?® (January-April 2020-2024). Stations arranged by
decreasing urbanisation level.

Station Sample Mean DF Mean DF Median DF Median DF
Size (n) PM10 PM2.5 PM10 PM2_5
Stuttgart-BC 495/ 417 0.522 0.710 0.40 0.54
Karlsruhe-NW 519 / 443 0.660 0.812 0.48 0.61
Freiburg 492 / 410 0.698 0.895 0.54 0.68

baselines that dilute fractional dust contributions even when absolute dust concentrations
remain comparable.

Table 3.7 stratifies dust fraction statistics by meteogram forecast intensity categories,
revealing systematic relationships between dust concentration levels and fractional con-
tributions. During low-intensity periods (meteogram dust < 5 pg/m?, representing 8.8%
of event-days), dust fractions remain modest (0.44-0.67 for PM;,), with total observed
PM, averaging 12.6 ug/m>—dominated by non-dust sources. Moderate-intensity events
(5-12 pg/m?>, 20.8% of events) exhibit intermediate dust fractions (0.77 for PMy,), whilst
high-intensity events (meteogram dust > 12 pg/m3, 70.4% of events) show dust fractions
exceeding unity (1.02 for PM;, 1.27 for PM; 5), indicating that during intense dust transport
episodes, meteogram values equal or exceed total observed PM. The three documented
major events (February 2021, March 2024, April 2024) span this intensity range, with the
February 2021 event exhibiting dust fractions of 0.49-0.54 (meteogram dust ~65 pg/m?,
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Figure 3.14: Station-specific dust fraction distributions for days with meteogram dust >
2 ug/m® during January-April 2020-2024. Panel (a): PM;, dust fractions; Panel
(b): PM; 5 dust fractions. Stations arranged geographically from west to east
(Freiburg, Karlsruhe, Stuttgart). Box plots show median (black horizontal
line), interquartile range (coloured box), whiskers extending to 1.5xIQR, and
outliers (circles). Red diamonds indicate mean values. Grey dashed line marks
DF=0.5 (50%); red dotted line marks DF=1.0. Sample sizes: Freiburg (n=492
PM;jy, n=410 PM; 5), Karlsruhe (n=519, n=443), Stuttgart (n=495, n=417).

observed PM;4 119-139 pg/m?), whilst the March and April 2024 events show dust fractions
approaching or exceeding 1.0.

Figure 3.15 demonstrates the positive relationship between meteogram dust concentra-
tion and dust fraction for both PM;q and PM; 5. At low meteogram intensities (< 5 pg/m?),
dust fractions typically remain below 0.5, indicating that non-dust sources dominate total
PM. As meteogram dust concentrations increase beyond 10 ug/m?, dust fractions progres-
sively approach and frequently exceed unity, particularly for PM, 5. The substantial scatter
around the positive trend (many points deviating +0.3-0.5) reflects event-to-event variabil-
ity in dust transport patterns, atmospheric mixing, and background PM conditions. The
February 2021 major event (annotated in yellow) shows dust fractions of 0.5-0.7 across all
stations, whilst the March and April 2024 events exhibit higher dust fractions (approaching
or exceeding 1.0), consistent with their different meteorological characteristics and spatial
patterns documented in Section 3.1.

3.4.3 Implications for Air Quality Standard Violations

The dust fraction analysis enables quantitative assessment of natural aerosol contributions
to regulatory threshold exceedances under both current and projected future standards.
Table 3.8 summarises dust contributions to PM; exceedances for the current 50 ug/m?®
daily limit and the projected 2030 threshold of 45 pg/m?3.
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Table 3.7: Dust fraction statistics stratified by meteogram dust concentration intensity
categories. Event classification based on meteogram PM;, dust concentration.
PM, 5 statistics calculated for corresponding days (n=1270 with valid PM; 5
observations). Dust fractions > 1.0 indicate meteogram dust exceeding total

observed PM.
Meteogram Frequency Meteogram Observed DF DF
Category (% of events) Mean Mean PM;, PM;, PM, 5
(ng/m’) (ng/m’)
Low (< 5 pg/m3) 8.8% 34 12.6 0.44-0.67 0.50-0.78
Moderate (5-12 pg/m?®) 20.8% 7.4 14.3 0.77 1.10
High (> 12 pg/m®) 70.4% 215 - 1.02 1.27

Table 3.8: Contribution of natural dust to PM;, daily limit exceedances during January-
April 2020-2024 under current (50 ug/m?®) and projected 2030 (45 ug/m?) stan-
dards. Analysis based on three stations (Stuttgart, Karlsruhe, Freiburg) with
complete meteogram and observational data coverage.

Metric Current Standard 2030 Standard
(50 pg/m’) (45 pg/m®)

Total exceedance days (station-days) 21 27

Mean meteogram dust on exceedance days 27.7 pg/m® 23.9 pg/m®

Dust as % of total PM;, 37.6% 34.3%

Exceedances eliminated if dust excluded 17 (81%) 17 (63%)

Exceedances remaining if dust excluded 4 (19%) 10 (37%)

Under the current 50 ug/m?® limit, 21 station-day exceedances occurred during the
January-April period across the three stations over five years (2020-2024). Meteogram
dust contributes an average of 27.7 ug/m® on these exceedance days, representing 37.6%
of the total observed PM;, concentration. Counterfactual analysis (observed PM;, minus
meteogram dust) indicates that 81% of current exceedance days (17 out of 21) would
fall below the 50 pg/m?® threshold if natural dust could be excluded from compliance
calculations, with only 19% (4 days) remaining as exceedances attributable to non-dust
sources. The February 2021 major event alone accounts for 6 of the 21 total exceedances
(29%), with meteogram dust contributing 34-61 pg/m?> absolute concentration (47-76% of
observed PMy,). Without this dust contribution, observed concentrations would range
18-49 pg/m?, remaining below the threshold at all affected station-days.

Under the anticipated stricter 2030 threshold of 45 ug/m?, total exceedances increase
by 28.6% to 27 station-days during the January-April period. However, the fraction of
dust-associated violations decreases to 63% (17 out of 27 days), compared to 81% under
current standards. This lower dust-associated fraction indicates that threshold reduction
captures additional exceedance days with elevated non-dust PM contributions that would
not have exceeded under current regulations. Station-specific extrapolated annual rates
(based on January-April sampling, assuming similar patterns throughout the year) show
Stuttgart experiencing 9.0 exceedance days/year under the 2030 standard (increase from
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Figure 3.15: Relationship between meteogram dust concentration and dust fraction for
PMj (a) and PM, 5 (b) during days with meteogram dust > 2 pg/m?® (January-
April 2020-2024). Points colour-coded by station: Freiburg (green triangles),
Karlsruhe (blue squares), Stuttgart (red circles). X-axis uses logarithmic scale.
Grey dashed line (DF=0.5) and red dotted line (DF=1.0) provide reference
thresholds. Major dust events annotated with yellow boxes. Substantial scatter
reflects event-to-event variability in transport patterns and background PM
conditions. n=1506 (PMy,), n=1270 (PM, s).

6.6 under current), Karlsruhe remaining stable at 3.0 days/year, and Freiburg increasing to
4.2 days/year (from 3.0 currently).

Figure 3.16 illustrates the contribution of natural dust to air quality violations under
both regulatory scenarios. Panel (a) reveals that under the current 50 pg/m?® limit, 81%
of exceedance days are associated with periods when meteogram dust contributes sub-
stantially (orange segments), with only 19% (grey segments) occurring when meteogram
dust is minimal. The projected 2030 standard increases total violations by 28.6% to 27
station-days, but the dust-associated fraction decreases to 63%, reflecting the capture of
additional non-dust exceedances. Panel (b) demonstrates substantial spatial heterogeneity,
with Stuttgart experiencing the highest absolute violation frequency (11 current, 14 future),
whilst Karlsruhe shows remarkable stability (5 exceedances under both standards) and
Freiburg exhibits intermediate behaviour (5 current, 7 future).

These findings demonstrate that natural Saharan dust transport constitutes a major con-
tributor to PM;( daily limit exceedances in Baden-Wiirttemberg during the winter-spring
dust season, accounting for the majority (81%) of violations under current standards. The
quantitative dust contribution estimates provide technical basis for potential application of
Article 21 provisions in EU air quality legislation, which permit subtraction of natural con-
tributions when assessing compliance with limit values. However, implementation would
require demonstration that dust contributions cannot be reasonably reduced through local
emission control measures, a condition inherently satisfied for long-range transported
Saharan dust originating >2000 km from receptor locations.
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Figure 3.16: Contribution of meteogram dust to air quality violations during January-April
2020-2024. Panel (a): Stacked bar chart comparing total exceedance days under
current (50 ug/m?) and 2030 (45 pg/m?) standards. Bars divided into compo-
nents that would remain without dust (grey) and components eliminated by
removing dust (orange). Current standard: n=21 (81% dust-associated), 2030
standard: n=27 (63% dust-associated). Panel (b): Station-specific breakdown
showing grouped bars for Stuttgart, Karlsruhe, and Freiburg. Light colours
represent current standard, dark colours represent 2030 standard. Total moni-
toring days: 1768 (3 stations x 122 days/year = 5 years, January-April only).

3.5 PM Composition Analysis

Chemical composition measurements provide independent evidence of dust event charac-
teristics and enable source attribution through elemental fingerprinting. PM;y composition
data from Stuttgart-Bad Cannstatt and Freiburg, available for selected sampling days during
2021-2024, offer detailed characterisation of chemical species including crustal elements
diagnostic of mineral dust, carbonaceous components (elemental and organic carbon), and
secondary inorganic aerosols (nitrate, sulphate, ammonium). This section examines crustal
element concentrations, inter-element ratios for source attribution, temporal evolution of
composition during dust events, and size distribution characteristics relevant to health
risk assessment.

3.5.1 Crustal Element Analysis and Dust Source Attribution

Crustal elements—including aluminium (Al), iron (Fe), calcium (Ca), magnesium (Mg),
potassium (K), sodium (Na), and manganese (Mn)—serve as unambiguous tracers of mineral
dust. Their concentrations and inter-element ratios enable distinction between different
dust source regions and provide quantitative evidence for Saharan versus local soil contribu-
tions. Table 3.9 summarises crustal element concentrations during background conditions
(non-dust days) and dust-influenced periods (+5 days around documented events) for both
monitoring stations.
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Table 3.9: Total crustal element concentrations and composition fractions during back-
ground and dust event periods at Stuttgart-Bad Cannstatt and Freiburg. Back-
ground statistics based on 150-200 sampling days without identified dust trans-
port influence; event statistics based on 30-40 sampling days within +5 days of
documented dust transport episodes. Values shown as mean =+ standard devia-

tion.
Station / Period Total Crustal Elements Crustal % of PM;;, Enhancement
(pg/m?) Factor
Stuttgart-Bad Cannstatt
Background (non-dust) 1.76 £ 1.2 12.5 + 8% —
Dust events (+5 days) 457 + 3.8 18.7 £ 15% 2.6X
Freiburg
Background (non-dust) 157 £ 1.0 115+ 7% —
Dust events (+5 days) 5.57 + 4.2 16.6 £ 12% 3.5%

During background conditions (periods without identified dust transport influence),
total crustal elements at Stuttgart-Bad Cannstatt average 1.76 + 1.2 pg/m?, representing
12.5 8% of total PM;y. The remaining PM;, composition during background periods
is dominated by organic carbon ( 2.5%1.5 ug/m3, 18%), nitrate ( 1.6 + 1.0 pg/mg, 11%),
elemental carbon ( 1.1 £ 0.6 pg/m?, 7%), sulphate ( 1.0 + 0.6 ug/m?>, 7%), and ammonium
( 0.4%0.3ug/m>, 3%), reflecting contributions from traffic, heating, secondary aerosol
formation, and industrial sources typical of urban environments. Freiburg exhibits similar
background crustal element concentrations (1.57 £ 1.0 pg/m3, 11.5+ 7% of PMyy), with
comparable contributions from carbonaceous and secondary inorganic components.

Composition measurements during dust event-influenced periods (within +5 days of
identified dust transport) reveal substantial enrichment of crustal elements. At Stuttgart-
Bad Cannstatt, total crustal elements increase to 4.57 + 3.8 ug/m> (18.7 £ 15% of PMyy),
representing a 2.6-fold enhancement relative to background. Freiburg shows even stronger
enhancement, with crustal elements increasing to 5.57 + 4.2 pg/m3 (16.6 + 12% of PMyy), a
3.5-fold increase. Table 3.10 presents event-specific crustal element contributions for the
three major documented dust transport episodes.

The February 2021 event exhibits the strongest crustal enrichment, with crustal elements
accounting for 40-42% of total PM;, (25-30 pg/m® absolute concentration) during peak
event days—representing a 3-4 fold increase in crustal fraction compared to background.
The March and April 2024 events show somewhat lower but still substantial crustal contri-
butions (30-35% of PMjg, 15-20 pg/m> absolute), consistent with their moderate intensity
relative to the February 2021 episode. The consistent multi-fold enhancement of crustal
elements during all three satellite-confirmed dust events, occurring simultaneously across
spatially separated monitoring stations, provides independent chemical confirmation of
natural mineral dust transport.

Inter-element ratios provide diagnostic fingerprints for distinguishing Saharan dust from
local soil sources. Table 3.11 compares observed element ratios during background and dust
event periods with reference values for Saharan dust and local Baden-Wiirttemberg soil,
using aluminium (Al) as the denominator since it is chemically stable and representative
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Table 3.10: Event-specific crustal element contributions during the three major docu-
mented dust transport episodes (February 2021, March 2024, April 2024). Values
represent composition during peak event days at Stuttgart-Bad Cannstatt and

Freiburg.

Event / Station Crustal Elements Crustal % of Total PM;,
(absolute, pg/m?) PMy, (ng/m3)

February 24-25, 2021
Stuttgart-BC ~25 ~40% ~62
Freiburg ~30 ~42% ~71
March 30-31, 2024
Stuttgart-BC ~15 ~30% ~50
Freiburg ~20 ~35% ~57
April 7-9, 2024
Stuttgart-BC ~18 ~32% ~56
Freiburg ~19 ~33% ~58

of crustal material. The observed dust event element ratios exhibit systematic differences
from background conditions and show closer correspondence with Saharan dust source
signatures than with local soil composition.

Table 3.11: Element ratios (relative to Al) during background and dust event periods com-
pared with reference source signatures. Reference values from North African
dust source characterisation studies (Formenti et al., 2014; Kandler et al., 2009)
and local Baden-Wiirttemberg soil composition (Putaud et al., 2010). Event
ratios shown for February 2021 peak period.

Element Background Event Saharan Dust Local Soil
Ratio (Stut./Freib.) (Feb 2021) Reference  Reference
Ca/Al 1.8-2.0 3.7-3.9 3.0-4.5 0.5-1.5
K/Al 1.2-1.3 0.3 0.2-0.4 0.8-1.2
Fe/Al 0.5-0.8 1.0-1.2 0.8-1.3 0.5-0.8
Mg/Al 0.4-0.6 0.6-0.9 0.5-1.0 0.3-0.6

The observed dust event element ratios show closer agreement with Saharan dust refer-
ence ranges than with local soil composition across multiple independent element pairs.
Most notably, the Ca/Al ratio increases dramatically from 1.8-2.0 during background to
3.7-3.9 during dust events, falling within the Saharan dust reference range (3.0-4.5) whilst
substantially exceeding local soil values (0.5-1.5). The K/Al ratio provides particularly
diagnostic discrimination: background values of 1.2-1.3 decrease sharply to 0.3 during dust
events, approaching the characteristic Saharan dust range (0.2-0.4) and clearly distinct
from local soil (0.8-1.2). This K/Al depression reflects mineralogical differences between
African and European soil sources, with Saharan dust exhibiting systematically lower
potassium content relative to aluminium due to differences in parent geology and weath-
ering processes. The Fe/Al ratio shows moderate elevation during dust events (1.0-1.2)
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consistent with Saharan dust (0.8-1.3), whilst Mg/Al ratios (0.6-0.9 during events) fall
within overlapping ranges for both Saharan dust (0.5-1.0) and local soil (0.3-0.6), providing
supporting but less discriminatory information. The systematic shifts in multiple indepen-
dent element ratios during dust events, converging towards Saharan dust source signatures
whilst diverging from local soil composition, provide robust geochemical evidence for
North African dust origin rather than local re-suspension or other European soil sources.

3.5.2 Temporal Evolution of PM Composition During Dust Events

Analysis of composition changes within +5 day windows around documented dust events
reveals the characteristic temporal evolution of chemical components during dust trans-
port episodes. Figures 3.17 and 3.18 present the temporal evolution of PM;, chemical
composition for the major dust events at Stuttgart-Bad Cannstatt (February 2021, March
2024, April 2024) and Freiburg (February 2021 only, due to data availability), showing
composition changes across three distinct phases: pre-event (5 days before), event days,
and post-event (5 days after).

Table 3.12 quantifies the composition shifts across event phases for Stuttgart-Bad
Cannstatt. During pre-event periods (5 days before event onset), composition is dominated
by carbonaceous aerosols (40-49%) and secondary inorganic aerosols (19-25%), with crustal
elements representing only 21-23% of PM;o—values typical of urban background conditions
dominated by traffic, heating, and secondary aerosol formation. Total PM;, concentrations
during pre-event phases range 6.2-8.2 pg/m?, reflecting typical winter-spring background
levels. With event onset, composition undergoes dramatic shifts towards crustal domi-
nance, with crustal elements becoming the largest single contributor (37-53% of PMy).
The February 2021 event exhibits the strongest crustal enrichment (53%), whilst March
and April 2024 events show somewhat lower but still substantial crustal fractions (37-
40%). Secondary inorganic aerosol fractions increase moderately to 24-27% during events
(reflecting nitrate and sulphate contributions), whilst carbonaceous fractions decrease
relatively to 21-27% as crustal dust dilutes other components. Total PM;, concentrations
increase dramatically to 11.3-75.0 ug/m® depending on event intensity, with the February
2021 event producing the highest concentrations.

Post-event periods (5 days after event conclusion) show partial return towards pre-
event composition, with crustal elements decreasing to 20-26% but remaining slightly
elevated relative to background. Carbonaceous aerosols recover to 30-37%, whilst sec-
ondary inorganic fractions show moderate elevation (30-32%) compared to pre-event levels,
possibly reflecting enhanced secondary aerosol formation on dust particle surfaces or
meteorological conditions favouring nitrate/sulphate accumulation. Total PM;, returns to
13.0-26.6 pg/m>, remaining somewhat elevated compared to pre-event concentrations due
to residual dust settling and continued influence from the meteorological patterns that
facilitated dust transport. Freiburg exhibits similar temporal patterns for the February 2021
event (the only event with available composition data), with crustal elements increasing
from 31% (pre-event, PMy = 25.8 ug/m?>) to 53% (event days, PM;q = 70.0 ug/m?), followed
by post-event shift towards secondary inorganic dominance (42%, PMyy = 26.0 pg/m?).

This temporal sequence, a rapid onset with crustal element enrichment, brief peak period
with crustal dominance, followed by gradual decay back towards background composition,
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Figure 3.17: Temporal evolution of PM;, chemical composition around dust events at
Stuttgart-Bad Cannstatt. Pie charts show composition during three phases:
pre-event (5 days before), event days, and post-event (5 days after) for February
2021, March 2024, and April 2024 events. Composition categories: crustal
elements (grey), carbonaceous aerosols (blue), secondary inorganic aerosols
(red), and water-soluble ions (yellow). Total PMj, concentrations indicated
for each phase.

Figure 3.18: Temporal evolution of PM;( chemical composition around the February 2021
dust event at Freiburg (composition data available only for 2021). Format as
Figure 3.17.
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Table 3.12: Temporal evolution of PM;y composition at Stuttgart-Bad Cannstatt across
three phases (pre-event, event, post-event) for the three major documented
dust transport episodes. Composition expressed as percentage of total PM;;
absolute PMj, concentrations shown in parentheses.

Event / Phase Crustal Carbonaceous Secondary Total PM;,
Elements Aerosols Inorganic (pg/m3)
February 2021
Pre-event (5 days before) 21% 49% 19% 6.2
Event days 53% 21% 24% 75.0
Post-event (5 days after) 20% 37% 30% 26.6
March 2024
Pre-event (5 days before) 23% 40% 25% 8.2
Event days 37% 27% 27% 11.3
Post-event (5 days after) 26% 30% 32% 13.0
April 2024
Pre-event (5 days before) 22% 42% 23% 7.8
Event days 40% 25% 26% 18.5
Post-event (5 days after) 24% 33% 31% 15.2

demonstrates the characteristic signature of episodic long-range dust transport events.
The timescale of composition evolution (rapid increase within <1 day, peak sustained for
1-2 days, gradual decay over 3-5 days) reflects the synoptic-scale meteorological forcing
documented in Section 3.1, with dust arrival controlled by upper-tropospheric transport
and subsequent removal governed by gravitational settling, wet deposition, and changing
atmospheric circulation patterns.

3.5.3 PM; 5 Size Fractions and Health Implications

PM; 5 (fine particulate matter, aerodynamic diameter < 2.5 um) poses enhanced health
risks compared to coarse particles due to deeper respiratory penetration, with fine particles
bypassing upper respiratory defences and depositing in the alveolar region where gas
exchange occurs. During Saharan dust events, the relative contributions of fine (PM; 5)
versus coarse (PM; 5_1¢) fractions have implications for health risk assessment and regu-
latory compliance evaluation. Table 3.13 summarises PM; 5 concentrations, PM; 5/PMj
ratios, and coarse fraction contributions during the three major documented dust transport
episodes.

The PM; 5/PM; ratios during dust events (0.28-0.48, mean: 0.35) are substantially
lower than background ratios (0.58-0.67, mean: 0.62), indicating that Saharan dust is
predominantly composed of coarse particles—consistent with the mineral/crustal nature
of desert dust and the preferential gravitational settling of fine particles during long-range
transport. The February 2021 event exhibits PM; 5/PM; ratios of 0.32-0.38, corresponding
to coarse fraction (PMy 5_10) contributions of approximately 55 ug/m?>, representing 63-67%
of total PMjy. The March and April 2024 events show similar or even lower PM; 5/PM;j
ratios (0.31-0.48 for March, 0.28-0.35 for April), maintaining coarse fraction dominance
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Table 3.13: PM; 5 size distribution characteristics during the three major documented dust
transport episodes. PM; 5/PMj ratios during dust events substantially lower
than background ratios (0.58-0.67), indicating coarse-mode dominance. Values
represent peak event-day averages across monitoring stations.

Event PM, ;5 PM; PM, 5/ Coarse Coarse
(daily mean) (daily mean) PMy, Fraction % of
(ng/m’) (ng/m’) Ratio  (pg/m’) PM
Feb 24-25, 2021 28.7-32.5 79.9-93.9 0.32-0.38 ~55 63-67%
Mar 30-31, 2024 10.9-21.5 22.7-64.9 0.31-0.48 varies 65-69%
Apr 7-9, 2024 8.2-13.7 24.1-46.6 0.28-0.35 varies 65-72%

Background (non-dust): PMj; 5/PMyg ~ 0.58-0.67, PM; 5 ~ 10-15 pg/m3

of 65-72% across the region. The April 2024 event exhibits the strongest coarse-mode
dominance (PM;5/PM;o = 0.28-0.35), potentially reflecting enhanced gravitational settling
during the extended event duration (3-4 days) or differences in source region characteristics.

Despite the coarse-mode dominance, absolute PM; 5 concentrations during dust events
exhibit substantial elevations compared to background levels (10-15 ug/m?). The February
2021 event produces the highest PM, 5 concentrations, with daily means of 28.7-32.5 pug/m?
and peak hourly values reaching 39-58 pg/m®—exceeding WHO Air Quality Guidelines
(2021 update: 15 pug/m> daily mean, 5 ug/m?® annual mean) by approximately 2X on a daily
basis. The March 2024 event shows spatially variable PM, 5 elevations (10.9-16.6 pg/m?
at western stations, 15.2-21.5 ug/m? at eastern stations), with peak hourly values of 22-
64 ug/m>, whilst the April 2024 event produces more moderate PM; 5 concentrations (daily
means: 8.2-13.7 ug/m?, peak hourly: 20-33 ug/m?) remaining near or moderately above
the WHO guideline threshold. All three documented dust events exceed the WHO daily
guideline (15 pg/m?) at multiple monitoring stations, indicating that natural dust transport
constitutes a source of episodic PM; 5 exposure even though the dust itself is predominantly
coarse-mode.

The extended duration of the April 2024 event (3-4 days compared to typical 2-day
events) presents cumulative exposure considerations, with sustained PM; 5 concentrations
of 8-14 pg/m® over multiple days representing continuous fine particle exposure, albeit
at levels only moderately above background. For the more intense February 2021 event,
sustained PM, 5 concentrations of 29-33 ug/m?® over 48 hours represent significant multi-
day exposure to elevated fine particle concentrations. These findings demonstrate that
Saharan dust events, despite their coarse-dominated size distribution, still contribute
measurable fine particle concentrations with potential health relevance, particularly during
intense transport episodes. The episodic nature and relatively short duration (2-4 days) of
dust events differentiate them from chronic fine particle pollution characteristic of traffic
and combustion sources, with implications for health risk assessment and regulatory
compliance evaluation under future air quality frameworks adopting WHO guidelines.
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4 Discussion

This chapter interprets the empirical findings documented in Chapter 3, contextualising
results within the scientific literature on mineral dust transport and air quality impacts of
natural aerosols. The analysis examines dust contribution magnitudes, chemical composi-
tion evidence for Saharan origin, size distribution characteristics with health implications,
spatial variability patterns, and regulatory compliance considerations. The discussion
seeks to evaluate the extent to which natural Saharan dust influences air quality standard
compliance in Baden-Wiirttemberg and assess the implications for regional air quality
management.

4.1 Dust Transport Characteristics and Contribution
Magnitudes

4.1.1 Event-Based Patterns and Literature Context

The dust fraction analysis (Section 3.3) demonstrates that Saharan dust transport makes
substantial contributions to PM;, concentrations during documented events. The February
2021 event exhibited dust fractions approaching 50%, whilst the March and April 2024
events showed more variable contributions depending on station location and meteorolog-
ical transport pathways. During the most intense episode (February 24-25, 2021), observed
PM, concentrations reached 119-156 pug/m?® at Stuttgart-Bad Cannstatt, exceeding the
EU daily limit value (50 ug/m?) by factors of 2-3. These magnitudes demonstrate that
individual Saharan dust events can produce PM;, levels comparable to severe winter
pollution episodes in major European cities.

Previous quantifications for central European locations provide context for these find-
ings. Huber et al. (2020) estimated similar dust contributions to annual PM;, in southern
Germany based on chemical speciation and positive matrix factorisation source appor-
tionment. The temporal patterns and event-based dust signatures observed in Baden-
Wiirttemberg align with these independent receptor modelling approaches. Pay et al.
(2012) used the CHIMERE regional chemistry-transport model to estimate annual mean
Saharan dust contributions of 2-4 ug/m® to PM;, across France, with higher values (4—
6 ug/m3) in southern regions. Southern European studies report substantially higher dust
contributions (5-10 pg/m*® annual mean, 15-30% of total PM;,) (Pey et al., 2013; Querol
et al., 2009), confirming the expected latitudinal gradient in dust impacts.

The consistency between the present meteogram-based estimates and independent
receptor-modelling and regional-modelling studies across multiple countries provides
confidence in the magnitude of inferred dust contributions. The agreement is particularly
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notable given the different methodologies employed (numerical forecasting versus chemical
speciation), suggesting that dust contribution estimates are robust across approaches.

4.1.2 Interannual and Seasonal Variability

The documented interannual variability in dust event frequency exhibits notable patterns:
2020 and 2022-2023 experienced no major visible dust events, whilst 2021 and 2024 each
recorded intense episodes. This substantial year-to-year variability (0-2 events annually)
underscores the challenge of using short-term datasets for climatological dust contribution
assessment. Five-year averages provide more robust estimates than single-year analyses,
though decadal-scale datasets would be preferable for detecting potential trends related to
climate change or North African land use modifications.

The pronounced seasonal cycle — with all 3 documented events occurring during
January—-April versus none during May-December — reflects the seasonal climatology of
favourable transport conditions. Spring months feature enhanced dust mobilisation in
North Africa due to seasonal maximum in surface wind speeds associated with Harmat-
tan winds and Mediterranean cyclogenesis, alongside increased frequency of large-scale
troughs over the eastern Atlantic and western Mediterranean promoting southerly flow to
central Europe. Additionally, lower precipitation frequency compared to summer months
allows dust to survive multi-day transport without efficient washout. This spring maxi-
mum in central European dust impacts is well-documented in lidar climatologies (Ansmann
et al., 2003; Mattis et al., 2008) and is consistent across observational studies for Germany
and surrounding regions.

Analysis of hourly data reveals minimal systematic diurnal cycle in dust concentrations
at Baden-Wiirttemberg stations during transport events, contrasting with typical urban
PM diurnal patterns (morning and evening rush-hour peaks). This absence of diurnal
structure provides additional evidence for the natural, regionally transported origin of
elevated PM during documented events and validates the use of daily mean aggregation in
the primary analysis: dust transport events represent multi-day, synoptic-scale phenomena
without strong sub-daily structure.

4.2 Chemical Composition Evidence for Saharan Origin

Daily PM;, composition measurements at Stuttgart-Bad Cannstatt and Freiburg during the
February 2021 event provide definitive geochemical confirmation of Saharan dust transport.
The composition analysis (Section 3.4) documented striking increases in crustal element
concentrations during the February 24-25 event. At Stuttgart-Bad Cannstatt, crustal
elements (Al, Fe, Ca, Mg, Na, K, Mn, Ba, Ti) increased from a background mean of 1.6 ug/m3
(11% of PMy) to an event-period mean of 4.6 pg/m?® (17% of PMy,), representing a 2.9x
enhancement factor. At Freiburg, crustal elements increased from 1.8 pg/m?® (12% of PMj)
background to 5.6 ug/m> (19% of PMyy) during the event, yielding a 3.1x enhancement
factor.

These enhancement factors fall within the range reported for Saharan dust events in
Europe (2-5%; (Pey et al., 2013; Querol et al., 2009)), providing quantitative confirmation of
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dust impact magnitude. The slightly higher enhancement at Freiburg compared to Stuttgart
aligns with Freiburg’s southwestern position providing more direct dust exposure with
less mixing with other aerosol during transport across Baden-Wiirttemberg.

4.2.1 Diagnostic Element Ratio Signatures

Beyond absolute crustal enrichment, diagnostic element ratios provide unambiguous
source discrimination between Saharan dust and local soil resuspension. The Ca/Al ratio
increased dramatically from background values of 1.8-2.0 to 3.7-3.9 during the February
2021 event. These event-period values match published Saharan dust signatures of 3.0-4.5
(Formenti et al., 2014; Guieu et al., 2010) and far exceed local soil signatures of 0.5-1.5.
The elevated Ca content reflects calcite-rich North African soils (Paleozoic limestone
weathering products) contrasting with silicate-dominated central European soils.

The K/Al ratio provides a particularly diagnostic signature. Background values of 1.2-1.3
(elevated by biogenic K from wood combustion and vegetation) decreased dramatically
to 0.3 during the February 2021 event. This event value matches Saharan dust signatures
of 0.2-0.4 (K-depleted relative to Al) and differs markedly from local soil signatures
of 0.8-1.2 (feldspar contribution). The decrease in K/Al ratio during the dust event is
especially significant: whilst most crustal elements increase in absolute concentration,
potassium shows minimal increase due to Saharan dust’s naturally K-depleted composition
relative to aluminium. This inverse signature (ratio decrease during event) eliminates any
possibility that observed crustal enrichment results from local soil resuspension, which
would maintain or increase K/Al ratios.

For Fe/Al ratios, event-period values of 1.0-1.2 align with Saharan dust signatures of
0.8-1.3 (iron-rich North African mineralogy) compared to local soil values of 0.5-0.8,
providing additional confirmation.

The chemical composition evidence provides several important insights. First, the
diagnostic element ratios eliminate alternative explanations for observed PM;, increases
(local resuspension, other sources), confirming genuine Saharan dust transport. Second,
the 2.9-3.1% crustal enhancement factors align with DWD ICON-ART model predictions
of dust contribution magnitude, providing independent validation. Third, the documented
increase in crustal silicate and iron oxide minerals during dust events implies distinct
toxicological properties compared to other PM sources, though PM;, crustal material is
predominantly coarse-mode and thus deposited in upper airways rather than reaching
alveolar regions.

The observed composition patterns align well with published European dust event
characterisations. Querol et al. (2009) reported similar Ca/Al ratio increases (2.0 — 3.8)
during Spanish dust events. Pey et al. (2013) documented K/Al ratio decreases from 0.9
(background) to 0.3 (dust events) at Barcelona. Putaud et al. (2010) found crustal fractions
increasing from 10-15% to 20-25% during Italian dust episodes. The consistency across
multiple European sites confirms the robustness of elemental ratio approaches for dust
identification and validates the Baden-Wiirttemberg composition measurements.
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4.3 Size Distribution and Health Implications

Whilst PMy, serves as the primary regulatory focus for dust transport, PM; 5 concentra-
tions carry greater health significance due to enhanced alveolar deposition and systemic
circulation potential (Pope III & Dockery, 2006; World Health Organization, 2021). The
concurrent analysis of PM;o and PM; 5 observations during the three major dust events
reveals important insights for health risk assessment.

4.3.1 Coarse-Dominated Size Distribution

Analysis of the February 2021, March 2024, and April 2024 events demonstrates that
Saharan dust arriving at Baden-Wiirttemberg exhibits strong coarse-mode dominance
(PM; 5/PMy ratio: 0.28-0.48, mean: 0.35) compared to typical urban background aerosol
(PM; 5/PMy ratio: 0.58-0.67, mean: 0.62). This represents a 42% reduction in the fine
particle fraction during dust events, confirming that long-range transported Saharan dust
retains its predominantly coarse mineral composition despite 3—-4 days of atmospheric
processing.

The PM, 5/PM; ratios varied systematically across events. The February 2021 event
(most intense) exhibited ratios of 0.32-0.38, indicating 63-68% coarse fraction. The March
2024 event (moderate intensity) showed ratios of 0.31-0.48, with spatial heterogeneity as
eastern stations demonstrated stronger coarse dominance. The April 2024 event (weakest
intensity) displayed ratios of 0.28-0.35, exhibiting the strongest coarse-mode signature of
all three events.

These ratios align well with previous European dust event studies. Pey et al. (2013)
reported PM; 5/PM; ratios of 0.35-0.45 during Saharan dust events at Spanish sites.
Putaud et al. (2010) documented ratios of 0.30-0.40 at northern Italian locations during
dust intrusions. Viana et al. (2010) found ratios decreasing from ~0.70 (background) to
0.35-0.50 during dust episodes across Mediterranean Europe. The consistency across
multiple European regions confirms that Saharan dust maintains its coarse character
during long-range transport.

4.3.2 PM, 5 Exposure and WHO Guidelines

Despite the coarse-dominated nature, absolute PM; 5 concentrations during major dust
events substantially exceeded WHO Air Quality Guidelines (15 pg/m® daily mean, 2021
update). The February 2021 event produced daily mean PM; 5 of 28.7-32.5 ug/m?> (2.0x
WHO guideline), with hourly peaks reaching 39-58 pg/m®. The March 2024 event showed
daily mean PM, 5 of 10.9-21.5 pg/m? (0.7-1.4x WHO guideline), spatially variable across
the region. The April 2024 event exhibited daily mean PM, 5 of 8.2-13.7 pg/m> (0.5-0.9x
WHO guideline), near threshold values.

The February 2021 event thus represents a significant fine particle exposure episode
despite dust’s coarse character. All five monitoring stations exceeded the WHO daily PM, 5
guideline, with sustained 48-hour exposure at approximately 30 pg/m® — levels comparable
to moderate pollution episodes in major European cities.
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4.3.3 Toxicological Considerations

The coarse-dominated size distribution has important toxicological implications. Epidemi-
ological evidence suggests that coarse particles pose lower health risks per unit mass
than fine particles, with PM; 5 associations with mortality approximately 2—-3X stronger
than PM;, associations (Brunekreef & Forsberg, 2005). However, this general principle
requires careful interpretation for mineral dust. Even the PM, 5 fraction during dust events
contains substantial crustal material (composition analysis, Section 4.2), contrasting with
the carbonaceous and secondary inorganic composition of typical urban PM; 5. Emerging
evidence suggests that mineral particle toxicity differs from combustion particle toxicity,
with potential inflammatory responses to crystalline silica and iron-catalysed reactive
oxygen species generation (Morman & Plumlee, 2013). The health effects of mineral dust
PM, 5 versus combustion PM, 5 remain an active research area, and unit-mass risk factors
derived from urban pollution epidemiology may not apply directly to dust episodes.

Despite potentially lower unit-mass toxicity, the absolute PM; 5 concentrations during
intense dust events (29-33 pg/m?®) warrant public health concern, particularly for vulnera-
ble populations (children, elderly, individuals with pre-existing respiratory/cardiovascular
conditions). The WHO guideline exceedances documented during February 2021 indicate
that dust events contribute meaningfully to PM; 5 exposure burden beyond their more
recognised PM;, impacts.

4.4 Spatial Variability Patterns Across the Monitoring Network

The five LUBW stations exhibit systematic differences in dust impact characteristics
reflecting both geographic position and local PM source influences. Freiburg, located in
the southwestern region, shows favourable positioning for dust detection. Its geographic
position in the Upper Rhine valley provides direct exposure to Mediterranean and North
African air mass advection with minimal orographic blocking. Karlsruhe-Nordwest, also
situated in the Upper Rhine valley, benefits from similar southwestern exposure but with
slightly higher non-dust baseline contribution due to urban setting.

Stuttgart-Bad Cannstatt, positioned in the Neckar valley, exhibits high non-dust PM
baseline from major urban area traffic influence. Dust events are clearly detectable but
superimposed on baseline concentrations of 10-11 ug/m?>, reducing fractional contribution.
Heilbronn, located in the northern Neckar valley, shows patterns similar to Stuttgart but
with moderately lower non-dust baseline. Biberach, situated in eastern Upper Swabia,
reflects rural location with minimal non-dust baseline (enhancing relative detection of
even small dust signals) but also genuinely reduced dust impacts due to eastern position.
Transport pathways from the south and southwest weaken with eastward progression
across Baden-Wiirttemberg due to dispersion and deposition.

This spatial gradient (southwest-to-northeast decreasing dust influence) aligns with
meteorological transport climatology: prevailing dust advection pathways approach Baden-
Wiirttemberg from the southwest (Mediterranean), with upstream stations (Freiburg,
Karlsruhe) experiencing first contact whilst downstream stations (Biberach) receive diluted,
partially deposited air masses.
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4.4.1 The Freiburg Paradox: Low Mean, High Exceedances

A notable and initially counterintuitive finding emerges from the station comparison:
Freiburg exhibits the lowest mean PM concentrations among all stations (PMj: 11.3 pug/m®,
PM,5: 7.1 pug/m?), yet records more PM;, daily exceedances (74 days over 2020-2024, or
14.8 days/year) than the rural background station Biberach (56 days, or 11.2 days/year),
despite Biberach having marginally higher mean concentrations (PMyo: 11.6 ug/m>, PM, 5
7.9 ug/m®). This pattern — lower mean but higher exceedance frequency — warrants
careful interpretation.

Several complementary mechanisms likely contribute to this observation. Freiburg’s
favourable long-term mean reflects consistently low baseline concentrations during typical
meteorological conditions, but its southwestern geographic position makes it particularly
susceptible to episodic pollution events, including both Saharan dust transport and regional-
scale pollution episodes advected from France or southern Germany. The station thus
exhibits a bimodal concentration distribution: very clean background conditions punctu-
ated by occasional sharp excursions above regulatory thresholds. In contrast, Biberach
experiences a more uniform concentration distribution with a slightly elevated but stable
baseline and less pronounced episodic variability.

Freiburg’s position in the Upper Rhine valley, aligned with predominant dust transport
corridors from the Mediterranean, ensures exposure to virtually all Saharan dust events
affecting Baden-Wiirttemberg. The station recorded exceedances during all three major
documented dust events (February 2021, March—April 2024), contributing dust-attributed
exceedances. Biberach’s eastern location results in reduced dust impacts during events
with strong west-to-east concentration gradients, potentially missing some marginal
exceedances that affect western stations.

Additionally, Freiburg may experience regional-scale pollution transport from the
densely populated Upper Rhine region (Strasbourg, France; Mulhouse, France; Basel,
Switzerland) during southerly or southwesterly flow conditions. These transboundary
pollution episodes, unrelated to dust, could produce additional exceedances. Biberach’s
more isolated geographic position in eastern Upper Swabia reduces exposure to such
regional pollution transport. The Upper Rhine valley’s topographic configuration can en-
hance pollutant accumulation during stable atmospheric conditions, potentially producing
localised high-concentration episodes at Freiburg despite generally favourable dispersion.

This apparent paradox illustrates a fundamental principle in air quality management:
long-term mean concentrations (which determine annual limit value compliance) and
short-term peak concentrations (which determine daily limit value compliance) respond
to different processes and geographical factors. A station can simultaneously exhibit
excellent average air quality whilst remaining vulnerable to episodic violations driven by
regional-scale transport phenomena beyond local control. The finding underscores the
importance of multi-metric air quality assessment and the limitations of relying solely on
annual mean statistics when evaluating compliance and exposure risks.
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4.5 Regulatory Compliance and Policy Implications

4.5.1 EU Air Quality Directive Compliance Assessment

A central motivation for this investigation concerns the extent to which natural dust
contributes to exceedances of EU air quality limit values, and consequently the potential
applicability of Article 21 (natural source subtraction) provisions. The analysis reveals
several key findings relevant to regulatory compliance.

For the PM daily limit value (50 ug/m?, maximum 35 exceedances/year), LUBW stations
experienced 8-47 exceedance days per year during 2020-2024, with Heilbronn recording
the highest frequency (exceeding the 35 days/year EU limit in 2020-2022). Documented Sa-
haran dust events accounted for 2—4 exceedance days across the five-year period (Table 3.8).
The relatively small number of dust-attributed exceedances indicates that achieving EU
daily limit compliance primarily depends on reducing other PM sources rather than dust
subtraction.

For the PM;y annual mean limit value (40 ug/m?®), current annual means at Baden-
Wiirttemberg stations range from 11.4-15.0 pg/m>, well below the limit value. All stations
are currently compliant, and dust subtraction is not necessary for annual mean compliance
under current standards.

For the proposed 2030 PM, 5 standard (10 pg/m® annual mean), current PM; 5 annual
means range from 7.0-8.8 ug/m?>. All stations currently comply with the projected 2030
target, demonstrating substantial progress in PM; 5 reduction over recent decades.

These findings suggest that Article 21 natural source subtraction provisions are most
relevant for PM daily exceedances rather than annual means or PM; 5 compliance. Achiev-
ing compliance with tightening European standards will primarily depend on continued
emission reductions, with dust representing a component requiring recognition but not
the dominant compliance obstacle.

4.5.2 Operational Implementation Considerations

Whilst the scientific case for recognising natural dust contributions is established, oper-
ational implementation of Article 21 provisions faces practical challenges. Compliance
assessment requires rapid (24-48 hour) identification of dust-affected exceedance events.
The DWD ICON-ART model meteogram system provides timely predictions, though sys-
tematic concentration differences between model dust and total observed PM necessitate
careful interpretation for regulatory purposes. Regulatory authorities require demonstra-
ble evidence that exceedances result from natural sources. Satellite imagery, AERONET
AOD, lidar vertical profiles, and multi-station spatial coherence provide supporting evi-
dence but introduce procedural complexity. Public perception may resist acknowledging
air quality violations attributable to natural sources. Transparent communication of the
dust phenomenon and its health implications (natural does not equal harmless) is essential.

Despite these challenges, several European regions have successfully implemented
natural source subtraction procedures. Spain’s dust subtraction methodology, validated
through intensive chemical speciation campaigns, provides a potential template for Baden-
Wiirttemberg applications.
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4.6 Methodological Considerations

The methodology employed in this study, combining high-quality surface observations
with DWD ICON-ART model dust concentration data, offers several advantages over
alternative approaches. Compared to receptor modelling alone, this approach provides
temporal continuity: chemical speciation datasets for PMF or CMB source apportionment
are typically limited to campaign periods (days to months), whereas the 5-year continuous
dataset captures interannual variability and rare extreme events. The system also provides
explicit PM; 5 versus PM; dust contributions through size distribution integration, difficult
to achieve with chemical speciation alone.

Compared to satellite observations alone, surface monitoring offers direct surface rele-
vance: AOD and lidar measurements characterise columnar or elevated-layer dust, which
may not reach the surface to affect air quality, whereas surface monitors directly measure
health-relevant concentrations. Additionally, satellite retrievals suffer from cloud contami-
nation and polar-orbit sampling gaps, whilst surface networks provide continuous hourly
data.

4.6.1 Limitations and Uncertainties

Several methodological limitations warrant acknowledgment. The fundamental challenge
of comparing dust-only model output to total PM observations introduces interpretive
complexity, partially addressed through the dust fraction approach. The PM; 5 and PM;,
calculations from model output depend critically on assumed lognormal distribution pa-
rameters (median diameters and geometric standard deviations). Whilst these parameters
are based on measurements from Saharan source regions (Tegen, 2002), they may not
accurately represent transported dust arriving in central Europe after several days of
size-selective deposition.

The baseline subtraction approach (Section 3.3) requires identification of extended “clean”
periods representative of no-dust conditions. The selection criteria (PM;y < 35 pg/m®,
no satellite dust, stable meteorology) involve subjective thresholds. Alternative baseline
definitions produce dust contribution estimates varying by +15%, encompassed within
reported uncertainty ranges.

Daily mean aggregation reduces noise but may obscure sub-daily processes. Some dust
events exhibit vertical stratification (elevated layers not mixed to surface) during certain
hours, producing elevated afternoon PM concentrations after boundary layer deepening.
However, the minimal systematic diurnal variability observed during dust events validates
this aggregation choice.

Five monitoring stations provide reasonable spatial coverage of Baden-Wiirttemberg’s
diverse geography but cannot capture fine-scale spatial heterogeneity. Dense urban
networks or additional rural background stations might reveal spatial patterns not evident
in the current network.
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4.7 Future Perspectives

4.7.1 Climate Change Considerations

An important contextual question concerns potential trends in Saharan dust transport
frequency or intensity attributable to climate change. Published literature presents mixed
findings. Some studies project increased North African dust emissions due to enhanced
aridity and desertification (Moulin et al., 1998), whilst other analyses suggest decreased
emissions due to vegetation greening in Sahel regions or altered atmospheric circulation
patterns reducing favourable transport conditions (Evan et al., 2016).

The 2020-2024 analysis period is too short to reliably detect climate-driven trends
(natural interannual variability dominates). Extended multi-decadal datasets would be
required to assess whether dust impacts on Baden-Wiirttemberg air quality are increasing,
stable, or decreasing. However, the methodological framework established in this study is
well-suited for ongoing monitoring of potential long-term changes.

4.7.2 Transboundary Cooperation

The results underscore the inherently transboundary character of Saharan dust impacts:
emissions in North Africa, transport over the Mediterranean and Alps, deposition in central
Europe. Effective management requires international cooperation through coordination of
monitoring networks, harmonised compliance assessment methodologies for consistent
natural source subtraction across EU member states, and continued scientific collaboration
for model improvement efforts leveraging diverse European observational datasets. Baden-
Wiirttemberg’s experience with dust quantification provides valuable insights applicable
to other central and northern European regions experiencing similar dust impacts.

4.7.3 Directions for Future Work

Based on the findings and limitations identified in this investigation, several directions
emerge for strengthening the scientific basis for incorporating natural dust considerations
into air quality management. Intensive PM chemical composition measurements during
documented dust events would enable direct verification of dust contribution estimates
via crustal element tracers and validation of assumed dust size distribution parameters.
Incorporating lidar or ceilometer aerosol layer height measurements available at some
Baden-Wiirttemberg sites would distinguish elevated dust layers from surface-coupled
dust and improve understanding of boundary layer mixing processes governing surface
dust arrival.

Continuation of the observational analysis beyond 2024 using the established method-
ology would enable trend detection with higher statistical confidence and characterise
longer-term event frequency climatology. Comparing DWD ICON-ART model predic-
tions with alternative dust forecast systems (e.g., BSC-DREAM8b, CAMS ensemble) would
quantify inter-model spread and structural uncertainty, identifying robust versus model-
dependent features.
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These research directions would support the broader European effort to accurately char-
acterise natural aerosol contributions under increasingly stringent regulatory standards.
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This Master’s thesis has investigated the role of natural Saharan dust in air quality degra-
dation in Baden-Wiirttemberg, Germany, through integrated analysis of observational
measurements and DWD ICON-ART model meteogram dust concentration data spanning
thes five-year period 2020-2024. By systematically comparing ground-based PM;y and
PM; 5 observations from the LUBW monitoring network with dust concentration informa-
tion from operational meteograms, this work provides comprehensive quantification of
dust contributions to particulate matter concentrations in southwestern Germany and eval-
uates regulatory implications. This concluding chapter synthesises the principal findings,
addresses the research questions posed in the Introduction, discusses broader implications
for air quality management, and identifies directions for future investigation.

5.1 Principal Findings

During the 2020-2024 analysis period, 3 major Saharan dust events were documented
affecting Baden-Wiirttemberg, with event durations ranging from 2 days for brief advection
episodes to 3-4 days for persistent southerly flow regimes. Event frequency exhibits
strong seasonality, with 100% of documented events occurring during January-April when
meteorological conditions favour dust transport from North Africa to central Europe. This
spring maximum aligns with published dust transport climatologies and confirms that
Baden-Wiirttemberg experiences regular exposure to natural mineral dust despite its >
2000 km distance from Saharan source regions.

During documented dust events, observed PM;, concentration enhancements ranging
from moderate (50-100 ug/m?) to extreme (119-156 ug/m>) were recorded. The most
intense event (February 24-25, 2021) produced PM;, concentrations of 119-156 pg/m>
at Stuttgart-Bad Cannstatt, more than triple the EU daily limit value of 50 ug/m®. These
episodic contributions demonstrate that single Saharan dust transport events can dominate
air quality conditions over multi-day periods.

Dust contributions exhibit a systematic southwest-to-northeast gradient across Baden-
Wiirttemberg, with southwestern stations (Freiburg, Karlsruhe) receiving direct exposure to
Mediterranean transport pathways. This spatial pattern reflects prevailing meteorological
transport pathways approaching from the Mediterranean and progressive dilution and
deposition during eastward advection across the state.

Analysis of PM; daily limit value exceedances (> 50 pg/m?) reveals that documented
Saharan dust events accounted for 2—-4 exceedance days per station over the five-year
period. This finding implies that natural dust transport meaningfully affects compliance
with EU air quality standards, particularly for the PM;, daily limit value. In contrast,
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annual mean limit values are primarily determined by other sources, with dust playing a
secondary role.

Daily PM; composition measurements during the February 2021 event documented
striking crustal element enrichment: Stuttgart-Bad Cannstatt showed 2.9x enhancement
(1.6 — 4.6 pg/m° crustal fraction), Freiburg showed 3.1x enhancement (1.8 — 5.6 ug/m?).
Diagnostic element ratios provided unambiguous Saharan dust attribution. Ca/Al ratios
increased from 1.8-2.0 (background) to 3.7-3.9 (event), matching Saharan signatures
(3.0-4.5) and far exceeding local soil values (0.5-1.5). K/Al ratios decreased from 1.2-1.3
(background) to 0.3 (event), matching Saharan K-depleted signatures (0.2-0.4) distinct
from local soils (0.8-1.2). This inverse K/Al signature eliminates alternative explanations
(local resuspension), confirming genuine Saharan dust transport.

Concurrent PM;y and PM; 5 observations reveal that Saharan dust arriving at Baden-
Wiirttemberg exhibits strong coarse-mode dominance (PM; 5/PM; ratio: 0.28—-0.48, mean:
0.35) compared to typical urban background aerosol (PM; 5/PMj, ratio: 0.58-0.67, mean:
0.62). However, absolute PM; 5 concentrations during major events (February 2021: 28.7-
32.5 pg/m® daily mean) substantially exceeded WHO Air Quality Guidelines (15 pg/m?®),
with all monitoring stations experiencing PM; 5 guideline exceedances during this event.

5.2 Responses to Research Questions

RQ1: Characteristic temporal patterns. Observations reveal clear seasonal cycles
with spring maxima (March—April) and summer minima, modulated by enhanced dust
transport frequency during spring months. Substantial interannual variability is driven by
meteorological variability governing dust event frequency. Event-scale patterns show rapid
onset (1-2 day PM increases) and gradual decay (2-4 day return to baseline), characteristic
of advective transport followed by deposition. Spatial coherence across the five-station
network is high during dust events and lower during background periods, enabling event-
versus-baseline discrimination.

RQ2: Event frequency and characteristics. Saharan dust events affect Baden-
Wiirttemberg with a frequency of approximately 1 event per year on average (range:
0-2 events annually over 2020-2024), concentrated in January-April (100% of documented
events). Typical event durations are 2—-4 days. PM;y concentration enhancements range
from 50-100 pug/m> for moderate events to 119-156 pug/m> for exceptional episodes, corre-
sponding to 2-10-fold increases above station-specific baselines.

RQ3: Dust fractional contributions. During documented dust events, dust fractions
vary substantially by station and event characteristics. Peak event dust fractions reached
approximately 50% for PM;y during the most intense episode (February 2021), indicating
temporary dust dominance. On an annual basis including non-event periods, dust contri-
butions are episodic rather than constant. Station-specific variations reflect geographic
position (southwestern stations higher) and non-dust baseline levels (urban stations lower
apparent fractions). These estimates align well with independent source apportionment
studies for central European sites.

RQ4: Regulatory compliance implications. Documented dust events accounted for
2-4 exceedance days (> 50 ug/m?) per station over the five-year period. Subtracting dust
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contributions under Article 21 provisions would reduce annual exceedance frequency by
1-2 days per station, marginally improving compliance at locations currently experiencing
elevated exceedances. In contrast, dust impacts on annual mean compliance are modest,
and current PM; 5 annual means are dominated by other sources. For proposed future
PM, 5 standards (10 pg/m® by 2030), natural dust provides modest relief, implying that
compliance requires substantial emission reductions.

5.3 Implications for Air Quality Management

The quantified dust contributions, validated through multiple independent approaches
(meteogram-based dust fraction, baseline subtraction, satellite imagery, chemical com-
position), provide robust evidence supporting Article 21 applications for PM;, daily ex-
ceedances. Implementation requires development of operational procedures for real-time
dust event identification and contribution quantification.

Whilst dust events exhibit coarse-mode dominance, absolute PM, 5 concentrations
during major events pose meaningful health risks. The February 2021 event produced
PMj 5 daily means of 29-33 pg/m? (2x WHO guideline), warranting public health advisories
despite natural origin. Dust-event PM; 5 exposures require public communication but may
warrant differentiated health messaging from other PM; 5 episodes. Size-resolved health
risk assessments should consider both absolute PM; 5 concentrations and compositional
differences (mineral versus carbonaceous aerosol).

Saharan dust represents an inherently transboundary phenomenon originating thou-
sands of kilometres from affected receptor regions. Effective management requires har-
monised monitoring approaches across European member states, coordinated compliance
assessment methodologies to ensure regulatory fairness, and continued scientific collabo-
ration for improving dust quantification methods.

5.4 Limitations

This investigation, whilst comprehensive within its scope, is subject to several limitations.
The five-year analysis period represents only a snapshot of dust transport climatology;
decadal-scale datasets would better characterise low-frequency variability and enable ro-
bust trend detection. The analysis relies primarily on PM mass concentrations; systematic
chemical composition data throughout the study period would strengthen source attribu-
tion. Five monitoring stations provide reasonable regional coverage but cannot resolve
fine-scale spatial heterogeneity in complex terrain. The empirical baseline determination
assumes that extended low-PM periods represent stable non-dust conditions, introducing
+ 15% uncertainty into baseline-subtracted dust estimates.

5.5 Recommendations for Future Work

Building on the findings and addressing identified limitations, several research directions
merit priority. Continuation of systematic analysis through 2025-2030 would enable
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detection of multi-year trends in dust activity and support assessment of climate change
impacts on dust transport. Coordinated field campaigns during forecast dust events in-
corporating PM; 5 and PMy filter collection for elemental analysis, ion chromatography,
and carbon measurements would directly validate dust fraction estimates and characterise
composition. Incorporation of existing lidar and ceilometer measurements would charac-
terise vertical distribution of dust layers and improve understanding of boundary layer
mixing processes governing surface arrival. Development of statistical methods to provide
probabilistic dust contribution estimates with calibrated uncertainty quantification would
support operational air quality applications.

5.6 Final Remarks

This Master’s thesis has demonstrated that natural Saharan dust constitutes a scientifically
significant and policy-relevant component of air quality in Baden-Wiirttemberg, Germany.
Through integrated analysis of five years of observational data and DWD ICON-ART
model meteogram dust concentration information, the investigation has quantified dust
contributions ranging from modest annual mean impacts to dominant episodic influences
during transport events. These findings establish that central European air quality, even
at > 2000 km from Saharan source regions, cannot be fully understood through emission
frameworks alone.

From a regulatory perspective, the work provides robust scientific evidence supporting
potential application of EU Air Quality Directive Article 21 natural source subtraction
provisions for PMy, daily exceedances, whilst simultaneously clarifying that future PM 5
standard compliance requires continued emphasis on emission reductions. The methodol-
ogy developed here — combining continuous surface monitoring, DWD ICON-ART model
data, satellite remote sensing, and chemical composition analysis — offers a template
for systematic dust impact assessment applicable across central and northern European
regions.

As European air quality standards continue tightening toward WHO guideline levels,
accurate characterisation of the natural aerosol baseline becomes increasingly critical.
The present investigation contributes to this evolving scientific and policy challenge by
providing contemporary, methodologically rigorous estimates specific to southwestern
Germany’s environmental context.

Looking forward, the established framework of continuous analysis using operational
meteogram archives positions Baden-Wiirttemberg to monitor temporal evolution of
dust impacts, detect potential climate-change-driven trends, and adaptively refine air
quality management strategies as scientific understanding advances. The transboundary
nature of Saharan dust transport underscores the necessity for international cooperation
in monitoring and policy implementation — themes that will only grow in importance as
Europe pursues ambitious air quality improvements in coming decades.

In conclusion, this thesis affirms that the role of natural aerosols in European air
quality, whilst secondary to other sources on an annual basis, is episodically dominant and
regulatory-relevant. Recognising this natural component — quantifying it accurately and
incorporating it appropriately into compliance assessment — represents not an excuse for
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inaction on emissions but rather a scientific imperative for evidence-based environmental
policy. Baden-Wiirttemberg’s air quality future will be determined primarily by success
in reducing traffic, heating, industrial, and agricultural emissions, but the irreducible
natural dust contribution establishes a physical constraint within which these efforts must
operate.
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