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Abstract 
 
Natural mineral dust from arid regions, also referred to as desert dust, is the second largest 
natural source of PM in the atmosphere, right after sea spray, with the deserts in the Saharan-
Sahel region as the main emitters. Large quantities are known to be regularly transported over 
the North Atlantic Ocean or across the Mediterranean to Southern Europe via synoptic wind 
patterns. Still, demonstrations of the impact of desert dust on PM concentrations or deposition 
in Austria on a long-term base are missing. This thesis investigates the quantitative influence 
of desert dust on PM concentrations and deposition in Austria, as such an analysis is missing 
until now. 
 
The long-term influence of desert dust on the ion concentration in wet deposition is explored 
to reveal that desert dust deposition is a constant factor influencing the ecosystem in the Alps. 
Based on a snow pack of the winter accumulation period 2015/2016 situated close to the 
Sonnblick Observatory in the National Park Hohe Tauern in the Austrian Alps, featuring two 
Saharan dust events visible by a reddish colour of the snow, thresholds of a pH > 5.6 together 
with a Ca2+ concentration > 10 μeq/l were defined to identify desert dust affected snow layers. 
This approach was extended to the accumulation periods 2014/2015 and 2016/2017 and the 
performance was validated together with trajectories and on-line aerosol measurements at the 
Sonnblick Observatory. Subsequently the whole data set of the 31-year long snow chemistry 
data set (1987–2017) was investigated regarding the contribution of desert dust to ion 
deposition loads. Results show that especially Mg2+ and Ca2+ depositions are strongly affected 
by desert dust input while the long-term decreasing trends of other ions, such as sulfate or 
Nitrate, are not affected. 
 
The influence of mineral dust on PM10 concentrations was investigated to draw conclusions on 
its impact on PM10 limit value exceedance in Austria. The applicability of the approach 
proposed in the European Air Quality Directive (2008/50/EC), for the subtraction of desert 
dust contributions, is investigated for two stations in the region of Graz, Styria, over a time 
period of six years (2013 to 2018). Different stations and different statistical parameters were 
evaluated to determine the regional background load and subsequently the net dust load 
(NDL) which might be subtracted. Results suggest an adapted approach to the methodology 
described in the directive, using the +/− 15-day mean average of the PM10 at the regional 
background station Masenberg, together with threshold criteria to identify only desert dust 
affected days. The results of calculated NDLs were in good agreement with crustal loads 
determined on filter samples during two desert dust events in 2016. In contrast to regions in 
southern Europe or the Mediterranean, the impact of desert dust to a daily PM10 limit value 
exceedance in Austria is neglectable, although, considering the legal maximum amount of days 
exceeding the daily PM10 limit value as given in the EU directive, the scales might be tipped in 
favour of a transgression of that very maximum. 
 
Based on the need for an easy and fast quantification method of mineral dust on filters sampled 
within the air quality monitoring networks methodological developments were started. While, 
in a first step, analysis was limited to elemental carbon, the approach may serve as a step for 
further refinement into mineral dust also.  
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v 

Kurzfassung 
 
Mineralstaub aus natürlichen Quellen, wie bspw. aus Wüstenregionen, stellt global gesehen, 
nach Meersalzaerosolen, die zweitgrößte Aerosolquelle dar. Hauptemittenten sind dabei die 
Wüsten der Sahara-Sahel-Region. Große Mengen an Wüstenstaub aus der Sahara werden 
regelmäßig über den Nordatlantik aber auch über das Mittelmeer bis nach Europa 
transportiert. Trotzdem ist der Einfluss von Wüstenstaub auf die Partikelkonzentration und 
Deposition sowie der Einfluss auf die Luftqualität in Österreich, im Hinblick auf den 
Langzeiteinfluss, kaum erforscht. Im Rahmen dieser Arbeit wird der Einfluss von Wüstenstaub 
auf die Partikelkonzentration und -deposition sowie auf die Luftqualität in Österreich 
quantitativ erfasst. 
 
Die Untersuchung des Langzeiteinflusses von Wüstenstaub auf die hochalpine, nasse 
Deposition zeigt einen regelmäßigen Einfluss. Basierend auf Proben der Winterschneedecke 
2015/2016 gesammelt im hochalpinen Raum in der Nähe des Sonnblick Observatoriums im 
Nationalpark Hohe Tauern, welche 2 orange-braune Saharastaubschichten enthielt, wurde, 
basierend auf pH-Werten > 5.6 und Ca2+- Konzentrationen > 10 µeq/l eine Methode zur 
Identifikation von Saharastaubschichten etabliert. Dieser Ansatz wurde für die 
Akkumulationsperioden 2014/15 und 2016/17 erweitert und zusammen mit 
Rückwärtstrajektorien und on-line Aerosolmessungen validiert. Anschließend wurde der 
Ansatz auf die gesamte 31-jährige Zeitreihe (1987-2017) angewandt um den Langzeiteinfluss 
von Wüstenstaub auf die Ionendeposition zu untersuchen. Die Auswertungen zeigten, dass vor 
allem die Depositionen von Mg2+ und Ca2+ von Wüstenstaubeintrag stark beeinflusst werden. 
Im Gegensatz dazu spielen sie keine Rolle für die abnehmenden Langzeittrends der anderen 
Ionen wie, bspw. Sulfat oder Nitrat. 
 
Der Einfluss von Wüstenstaub auf die PM10 Konzentrationen sowie deren Einfluss auf die 
Überschreitungen der PM10 Grenzwerte in Österreich wurde anhand zweier Stationen in Graz, 
Steiermark, über einen Zeitraum von 6 Jahren (2013 bis 2018) untersucht, da es besonders in 
diesem Gebiet aufgrund der geographischen Lage immer wieder zu Überschreitungen der 
Grenzwerte kommt. Dabei wurde die Anwendbarkeit der EU-Richtlinie 2008/50/EC zum 
Abzug des Beitrages von natürlichen Feinstaubquellen im Hinblick auf Wüstenstaubeintrag 
evaluiert. Unterschiedliche statistische Parameter sowie unterschiedliche Stationen wurden 
dabei berücksichtigt um einen repräsentativen ‚Net Dust Load (NDL)‘ zu ermitteln, welcher 
dann von den Tagesmittelwerten der PM10 Konzentrationen abgezogen werden darf. 
Ergebnisse zeigen, dass ein adaptierter Ansatz der EU-Richtlinie unter Verwendung des 
Mittelwertes der PM10 Konzentration, der 15 Tage vor und nach dem zu untersuchenden Tag 
an der Station Masenberg ermittelt wird, sowie weitere Schwellwerte herangezogen werden 
können um Wüstenstaubtage zu identifizieren. Die so ermittelten NDLs stimmen sehr gut mit 
den ‚crustal loads‘ überein, welche durch chemische Messungen der Filter ermittelt wurden. 
Es zeigte sich jedoch, dass der Einfluss von Wüstenstaub auf Grenzwertüberschreitungen der 
PM10 Konzentrationen in Österreich, im Gegensatz zu Stationen in Südeuropa oder im 
Mittelmeerraum, eher vernachlässigbar ist. Allerdings besteht dennoch die Möglichkeit, 
betrachtet man das in der EU-Richtlinie festgesetzte Maximum jener Tage die das tägliche 
PM10 Limit überschreiten, dass Wüstenstaubereignisse ggf. als das Zünglein an der Waage 
fungieren und zu einer Überschreitung von eben jenem Maximum führen können. 
 
Basierend auf der Notwendigkeit Wüstenstaub auf Filtern der Immissionsmessnetze 
quantifizieren zu können wurde versucht eine einfache und rasche Analysenmethode zu 
entwickeln. Der methodische Ansatz über Durchlichtmessungen der Filter konnte jedoch 
bisher nur für ‚Black Carbon‘ realisiert werden. Diese Ergebnisse stellen aber eine wichtige 
Grundlage für weiterführende Arbeiten hinsichtlich der Quantifizierung von Mineral- oder 
Wüstenstaub dar. 
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“The saddest aspect of life right now is that science gathers knowledge 

faster than society gathers wisdom.” 
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Chapter 1 

General Introduction 
 
Atmospheric aerosols are technically defined as a disperse system consisting of solid or liquid 
particles suspended in air. Commonly the term ‘aerosol’ is often referred to the particle phase 
only, but also the more precise term of particulate matter (PM) is widely used. The aerosol 
properties are highly dependent on the size and the chemical composition of the PM, which 
itself are a result of the different sources. In the following an overview of the aerosol properties 
as well as the chemical composition of the PM will be given. Furthermore the lifetime of PM as 
well as the impact on climate and health will be discussed, all in the light of the importance of 
natural mineral dust as one of the main contributors to atmospheric PM. PM can be found in 
the troposphere as well as in the stratosphere, but for the purpose of the thesis only 
tropospheric PM is regarded, based on the fundamentals given in Finlayson-Pitts and Pitts Jr. 
(1999), Seinfeld and Pandis (2006) and additional references given therein. 
 

Physical and chemical properties of ambient aerosols 
 
The size of PM in the atmosphere ranges from a few nanometers to hundreds of micrometers. 
Due to the irregular shape of the particles, the size of the particles is often presented via the 
aerodynamic diameter. This diameter refers to a sphere particle with a density of 1 g/cm³ 
featuring the same aerodynamic properties as the irregular shaped particle. Within this work 
all given diameters refer to the aerodynamic diameter unless explicitly mentioned otherwise. 
 
The most important terms describing the PM include the total suspended particle number 
(TSP) as well as size specific mass fractions of it such as PM10 (all particles up to a diameter of 
10 µm), PM2.5 (all particles up to a diameter of 2.5 µm) and PM1 (all particles up to a diameter 
of 1 µm). Generally, particles with less than 2.5 µm in diameter are referred to as ‘fine’ and 
those larger than 2.5 µm as ‘coarse’ fraction. These two size fractions in general originate 
separately, are transformed separately, are removed by different mechanisms, have different 
chemical and optical properties and significantly differ in their deposition patterns in the 
human respiratory system. Therefore, the size distribution is fundamental for any discussion 
on physics, chemistry, climate or health effects of aerosols. 
Due to the high importance and different impact of the size of the aerosol or, precisely the size 
of the PM suspended in air, there exists the necessity to mathematically describe aerosol size 
distributions in detail. A common way is to plot the logarithm of the aerodynamic particle 
diameter against the particle number, the particle surface or the particle volume (which is 
highly related to particle mass) to receive the respective number, surface or volume 
distributions. An idealistic scheme of the phenomena influencing the particle sizes is shown in 
Figure 1, highlighting the different modes, sources, and formation and removal mechanisms 
of atmospheric particles. The different modes can be classified as the nucleation mode with 
particles up to 10 nm in diameter, the Aitken mode with the size range of 10 nm to 0.1 µm, the 
accumulation mode extending from 0.1 µm to about 2.5 µm and the coarse mode, comprising 
particles greater than 2.5 µm. According to the classification mentioned before particles in the 
nucleation, Aitken and accumulation modes are often summarized as ‘fine’ particles with the 
‘ultrafine’ particles with diameters smaller than 0.1 µm as a subset. 
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Figure 1: Idealistic scheme of the particle distribution of the atmospheric aerosol as given in Whitby and Cantrell 
(1976), figure taken from Seinfeld and Pandis (2006). The principal modes, sources, formation processes and 
removal processes are displayed. 

 
The predominant occurrence of PM within different size ranges is related to the particle 
formation and removal processes and hence also reflects the chemical composition. Particles 
in the nucleation mode are formed by condensation of hot vapours during combustion 
processes and from nucleation from the gas phase of atmospheric gaseous species. This process 
is often referred to as ‘gas-to-particle conversion’. The particles grow relatively fast through 
coagulation and further condensation of gases and water vapour and reach the Aitken mode. 
The major sink of these particles is the condensation of low-volatile vapours as well as 
coagulation and coalescence with equally sized or larger particles, thus conveying these 
particles to the accumulation mode. The nucleation and Aitken mode represent the prevalence 
of particles by number and, due to their rapid growth, their atmospheric lifetime is relatively 
short, sometimes in the order of minutes. Particles in the accumulation mode are too small to 
settle out, hence they tend to accumulate in this size range. Correspondingly these particles 
tend to have considerably longer atmospheric residence times than those in the other modes, 
even up to several weeks. The major removal process for the particles in the accumulation 
mode is by incorporation into cloud droplets followed by rainout, or by washout during 
precipitation. The linkage of the removal process to precipitation can thereby shorten their 
lifetime significantly. Alternatively, the particles may be carried to the surface of coarse 
particles, thereby forming a so called ‘coating layer’ and can thus be removed via dry deposition 
due to gravitational settling. The nucleation, Aitken and accumulation modes are highly 
related to each other due to the respective formation and removal processes, also highlighted 
in Figure 1. The coarse mode fraction is decoupled from the formation and removal processes 
described above. These particles are generally directly emitted and formed by mechanical 
processes and are thus often referred to as ‘primary particles’. A major removal process 
involved is sedimentation due to the relatively large settling velocities as a result of their large 
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particle size, hence the atmospheric lifetime of these particles is rather small. Still, these 
particles can also be removed by rain- or washout and thus shortening their lifetime. Compared 
to air pollution gases, residence times of aerosols are rather long if the removal via rainout or 
washout is not considered as the amount of particles removed by dry deposition is quite small 
except for the coarse particle fraction. 
Contradictory to size distribution, the nucleation and Aitken modes account only for a few 
percent of the total aerosol mass because of their small size, although they represent the 
majority of the particles by number. Vice versa the coarse mode dominates the particle mass 
distribution but is almost neglectable in terms of particle number. 
 
The main constituents of the ambient aerosol are inorganic species (sulfates, nitrates, 
ammonium and sea salt), organic species (secondary organic aerosol SOA, primary organics), 
other carbonaceous species (i.e. elemental carbon, EC), mineral species (mostly from desert 
dust) and biological aerosol particles (such as pollen, spores or plant debris). Mineral dust, sea 
salt, primary organics, EC and biological aerosol particles are directly emitted into the 
atmosphere and hence account for ‘primary particles’, whereas Sulfate, Nitrate, Ammonium 
and SOA predominantly represent the ‘secondary particle’ fraction. The pattern of the different 
chemical composition of the primary and secondary particle fraction is also reflected in the 
chemical composition of the different size fractions. Sulfate, Ammonium as well as organics 
and EC are predominantly found in the fine fraction while human-made or natural crustal 
materials, including silicon, calcium, magnesium, aluminium and iron as well as biological 
aerosol particles dominate the coarse fraction. Nitrate can be found in both fractions since fine 
nitrate is usually the result of the formation of ammonium nitrate, while coarse nitrate is the 
product of the reaction of coarse particles with nitric acid. A comparison of the ambient fine 
and coarse particles is given in Table 1 and the key aerosol properties of the main aerosol 
species are summarized in Table 2. 
 
Table 1: Comparison of ambient fine and coarse particles including their formation, composition and sources as 
well as their atmospheric lifetime. Table taken from Lippmann and Schlesinger (2000) adapted from Seinfeld 
and Pandis (2006) 
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Table 2: Key aerosol properties of the main aerosol species as presented in the 5th assessment report of the 
Intergovernmental Panel on Climate Change IPCC (Boucher et al., 2013). 

 
 
Supplementary to the classification based on the size distribution (fine vs. coarse aerosol) or 
the different formation processes (primary vs. secondary aerosols), the ambient aerosol can 
also be classified based on its origin and can hence be separated in natural or anthropogenic 
aerosols. Natural sources include mineral dust erosion from arid regions, volcanoes, sea spray, 
biomass burning from natural fires and secondary inorganic aerosols from natural gaseous 
emissions. Anthropogenic emissions arise primarily from fuel combustion, industrial 
processes, transportation and anthropogenic related mineral dust sources (e.g. unpaved roads, 
cropland, construction sites, etc.), thus the majority of sulfate, nitrate, ammonium and BC are 
of anthropogenic origin. The classification based on the origin of the aerosol is overlapping 
with the classification based on the formation (primary vs. secondary) or the size (fine vs. 
coarse). While the latter ones are highly correlated to each other, meaning that primary 
particles correspond predominately to the coarse fraction and vice versa, the sources are not. 
According to Seinfeld and Pandis (2006) and references therein the global estimates for the 
major PM classes can be given as listed in Table 3. It is obvious that e.g. the carbonaceous 
fraction together with industrial dust form a substantial part of the anthropogenic fraction, but 
are of primary origin. 
 
According to Table 3 natural sources clearly dominate the mass emissions of PM on a global 
scale covering 97% of the total emissions (see also Griffin, 2013). Sea salt is with 87% the main 
source of natural particulate matter followed by mineral dust as second largest source with a 
contribution of 13%. Of course it is very likely that local inventories may show a different 
pattern compared to the presented global emission estimates. Especially on a regional or local 
scale dominated by urban influence the anthropogenic contribution must not be ignored. 
There the contribution of natural sources might be negligible. A study of the Austrian 
Environmental Agency (Umweltbundesamt, UBA) on suspended dust in Austria suggests 
elemental carbon, organic matter and secondary inorganic aerosols such ammonium sulfate 
and ammonium nitrate as the main contributors to the PM fraction. Depending on the station 
type, the local emissions and seasonality the respective contributions range between 6-20% for 
EC, 16-31% for organic matter, 20-46% for secondary inorganic aerosols. The contribution of 
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mineral dust is with 3-5% relatively small (Umweltbundesamt, 2006). 
 
Table 3: Global emission estimates in Tg per year for the major PM classes as given in Seinfeld and Pandis 
(2006) and references therein. 

Natural [Tg/year]  Anthropogenic [Tg/year] 
Primary Secondary  Primary Secondary 

Mineral dust 1490 Sulfates from 
DMS 

12.4  Industrial dust 100 Sulfate-S from 
SO2 a 

48.6 

Sea salt 10 100 
Sulfates from 
volcanic SO2 

20 
 C from Black 

Carbon 
12 

Nitrate-N from 
NOx 

21.3 

Volcanic dust 30 
Organic aerosol 
from biogenic 
VOC 

11.2 
 C from Organic 

aerosol 
81   

Biological 
debris 

50   
 

    

Total 
11 670 
(97%) 

 
44 

(0.4%) 
 

 
193 

(2%) 
 

70 
(0.6%) 

 
As a consequence of the different formation and removal processes as well as of the chemical 
composition, the concentration of atmospheric aerosols varies considerably in space and time. 
The variability is determined mainly by the geographic distribution of the sources for the direct 
emission of the primary aerosol or the emission of their precursors for secondary particle 
formation as well as the meteorological conditions. Thus, for example, the sunshine duration, 
the temperature or residential heating influence aerosol concentrations on a seasonal scale 
whereas precipitation, advection or vertical mixing affect the aerosol concentrations on an 
hourly scale. 
Figure 2 shows the typical number and volume distribution of atmospheric particles, which is 
highly correlated to the mass distribution. There the volume distribution is clearly dominated 
by the accumulation mode and the coarse mode. Particles in the accumulation mode are the 
result of primary emissions, condensation of secondary sulfates, nitrates and organics from 
the gas-phase (gas-to-particle conversion) and coagulation of smaller particles. Coarse 
particles are usually primarily emitted by mechanical processes but also include some 
secondary sulfates and nitrates. If the number distribution of the ambient aerosol is 
investigated, the nucleation and Aitken mode are clearly dominant, usually fresh aerosols 
created in situ from the gas-phase by nucleation. 
 

 
Figure 2: Typical number and volume distribution of atmospheric particles taken from Seinfeld and Pandis 
(2006) 
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The role of the main aerosol species in different environments is obvious when the aerosol size 
distributions are displayed for different aerosol types. 
The number, surface and volume distribution of an urban aerosol, a mixture of primary and 
secondary particles highly influenced by anthropogenic activities, is exemplarily shown in the 
left panel of Figure 3. The number distribution is dominated by the nucleation and Aitken 
mode, the surface distribution by the accumulation mode and the volume distribution almost 
equally by the accumulation mode as well as the coarse mode, although the latter two modes 
being highly distinct, as already described earlier. In rural areas the aerosol is mainly of natural 
origin with moderate anthropogenic influence. The shape of the number distribution is 
comparable to the urban aerosol although with a much smaller value. The volume distribution 
has a small accumulation mode and is clearly dominated by the coarse fraction. For remote 
continental aerosols the Aitken and accumulation modes clearly dominate the number 
distribution, contradictory to the urban or rural aerosol where the nucleation and Aitken 
modes dominate. The volume distribution is dominated by the accumulation mode with only 
a small fraction in the coarse mode. In contrast, the number distribution of desert aerosol 
exhibits three overlapping modes at 0.1 µm, 0.5 µm and 10 µm according to (Jaenicke, 1993) 
and spanning a wide range of particle sizes in the right panel of Figure 3. Distinct to the before 
mentioned volume distributions of the different aerosol species the volume distribution of 
desert aerosol is almost solely represented by the coarse fraction and particles greater than 10 
µm in diameter. Contradictory to urban and rural aerosols, the desert aerosol is almost solely 
of natural origin and thus primarily emitted. 
 

 
Figure 3: Typical urban (left panel) and desert (right panel) aerosol number, surface and volume distributions 
(to-down), figures take from Seinfeld and Pandis (2006). Note the different scales of the y-axis. 

 

Impact of ambient aerosols on climate 
 
Aerosols affect climate due to their impact on radiative forcing either directly via absorption 
or scattering of radiation or indirectly due to their influence on cloud formation and their life 
time. Thereby the size distribution and chemical composition are the most critical properties 
for the climate impact of aerosols. A schematic diagram of the various radiative mechanisms 
is given in Figure 4 and will subsequently be discussed in further detail based on the 5th 
assessment report of the International Panel on Climate Change IPCC (Boucher et al., 2013). 
An overview of the key climate relevant properties of the respective aerosol species is also given 
in Table 2. 
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Figure 4: Schematic diagram of the various radiative mechanisms of aerosols. Figure taken from the 3rd 
assessment report of the IPCC (Andreae et al., 2001). The small black dots represent aerosol particles; the larger 
open circles cloud droplets. 

 
The direct effect implies the mechanism where aerosols scatter and absorb solar and infrared 
radiation, thereby altering the radiative balance of the atmosphere. The optical properties of 
the aerosol, the atmospheric loading and the geographical distribution are the key parameters 
involved. The main agents of this mechanism in respect to the chemical composition are 
sulfates, organic carbon (OC) and black carbon (BC) from fossil fuel combustion, biomass 
burning aerosol as well as mineral dust since these components are known to be highly light 
absorbing, with BC and brown carbon (BrC) leading the way. The size properties mainly 
influence the scattering process since fine particles scatter more light per unit mass and have 
longer lifetimes than coarse particles. 
 
The indirect effect includes the mechanisms where aerosols modify the microphysical and 
hence the radiative properties, the amount and the lifetime of clouds. An unperturbed cloud 
contains larger cloud droplets while clouds perturbed with more aerosol particles contain a 
higher number of smaller cloud droplets due to the increased availability of cloud condensation 
nuclei (CCNs). Such clouds will rain out less easily and thus have a longer residence time, also 
cloud heights might be influenced (‘cloud lifetime effect’). Besides such clouds appear much 
whiter and reflect sunlight more efficiently (‘cloud albedo effect’). The effectiveness of aerosol 
particles as a CCN depend on its size and its response to water, thereby the chemical 
composition of the aerosol is the most crucial point. Water-insoluble particles may feature 
hydrophilic sites and activate at higher supersaturations or have some water-soluble 
components and will activate at lower supersaturations. Especially sulfates, sodium chloride, 
originating mainly from sea salt, as well as inorganic acids are common CCN precursors. 
Organic aerosols may be important sources for CCN under some circumstances, e.g. aerosols 
from biomass burning often also due to inorganic coatings.  
The droplet formation on CCN is the most relevant process to generate precipitation in warm 
clouds, i.e. clouds that are only in the liquid phase. These are responsible for the precipitation 
in the tropics. Aerosols decrease the precipitation efficiency of warm clouds and thereby cause 
an indirect radiative forcing associated with changes of cloud properties. Besides, aerosols can 
serve as ice nuclei (IN), allowing ice formations at higher temperatures, i.e. closer to zero, than 
would be needed without the presence of IN. This is a process highly relevant for the formation 
and lifetime of ice clouds and contrails. The formation of ice crystals is especially relevant for 
precipitation formation outside the tropics, the so-called cold cloud precipitation formation 
process. Especially mineral dust is known to be a very effective IN but also volcanic ash and 
primary bioaerosols like bacteria, fungal spores and pollen are typically known as good IN. 
 
Besides the described direct and indirect effects, a semi direct effect on the lifetime of clouds 
exist due to aerosols in the atmosphere. Thereby the absorption of short wave radiation by 
aerosols lead to heating of the troposphere and thus a change in the relative humidity and the 
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thermal stability of the atmosphere. According to the wording in Figure 4 this causes a ‘cloud 
burn off’, thereby shortening the lifetime of clouds. 
 

Impact of ambient aerosols on health 
 
According to the report on health effects of particulate matter released by the World Health 
Organization in 2013 especially particles smaller than 10 µm aerodynamic diameter are small 
enough to penetrate the thoracic region of the respiratory system including respiratory and 
cardiovascular morbidity, such as aggravation of asthma, respiratory symptoms and an 
increase in hospital admissions as well as mortality from cardiovascular and respiratory 
diseases and lung cancer (Pope, 2000). 
 
The effective health impacts of PM are again strongly related to the particle size and the 
chemical composition. Depending on their size they penetrate deep into the lower respiratory 
tract and potentially enter the blood stream via resorption of the alveoli (compare Figure 5). 
Especially ultrafine insoluble particles can be found in blood vessels and can thus be 
transported throughout the body. 
 

 
Figure 5: Scheme of the compartmental deposition of aerosols within the respiratory tract. Figure taken from 
Guarnieri and Balmes (2014) 

Based on the health aspects of air pollution, with aerosols or particulate matter as part of this, 
many countries set up air quality monitoring networks to monitor and control air pollution, 
the basis for an effective air quality management system. Reasons to implement an air quality 
management system include the assessment of the extent of the pollution and to provide the 
data to the general public in a timely manner, to support or implement air quality goals or 
standards, to evaluate the effectiveness of emissions control strategies, to investigate air 
quality trend and provide data for the evaluation of air quality models and to support research 
regarding e.g. long-term studies of health effects of air pollution. Most of the ambient air 
monitoring networks supporting air quality management are designed and operated by the 
state or the local governments. 
 
Air quality monitoring in Austria, including greenhouse gases, aerosols and PM, is operated by 
the local regional governments which have to report the data annually to the Austrian 
Environmental Agency (Umweltbundesamt, UBA) who in turn have to report the results of the 
national air quality monitoring to the European Commission (EC) through the European 
Environment Agency (EEA). Limit values are nationally regulated within the 
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‘Immissionsschutzgesetz Luft (IG-L)’ and on a European level within the actual European Air 
Quality Directive 2008/50/EC. Limit values for PM, as can be found in the respective 
directives as well as from the World Health Organization (WHO) are listed in Table 4. 
 
Table 4: Limit values given in the IG-L and in the European Air Quality Directive 2008/50/EC. *) 35 days until 
2004, 30 days between 2005 and 2009 

 Daily mean value 
[µg/m³] 

Annual mean value 
[µg/m³] 

Amount of days where a 
daily mean value 

exceedance is permitted 
PM10 IG-L 50 40 25*) 
PM2.5 IG-L  25  
    
PM10 EC 50 40 35 
PM2.5 EC  25  
    
PM10 WHO 50 20  
PM2.5 WHO 25 10  

 
The air quality situation in Austria is documented in the annual reports of the UBA including 
results of the measurements from the air quality networks of the local regional governments 
as well as results from the background monitoring network of the UBA itself. Therein the 
annual situation as well as the long-term evolution of the air quality situation is displayed. Due 
to the relevance for this work, results from the monitoring of the particulate matter only will 
be presented in detail. 
 
Within the latest report for 2018 (Spangl and Nagl, 2019), 127 PM10 monitoring sites of which 
125 are registered as IG-L station where operated. 34 stations measured the PM10 
concentration via the gravimetrical methods via weighting of filters before and after sampling 
according to the European standard reference method EN12341:2014, and 93 stations via 
continuous measurements. At 53 stations the continuous aerosol mass measurements are 
performed using the beta attenuation technology (MetOne beta attenuation monitor or the 
FH62I-R TRS beta gauge particulate sampler), sometimes combined with light-scattering 
nephelometry (Sharp Monitor). At 22 stations the aerosol mass is calculated based on the 
particle counts using a Grimm optical particle counter and 18 stations use the Tapered Element 
Oscillating Microbalance (TEOM) technology. 
 
In 2018 only 3 of these stations exceed the 25-day limit with measured PM10 concentrations 
higher than 50µg/m³ as set by the IG-L whereas the 35-day limit as set by the EC was exceeded 
only at 1 station. All stations exceeding the daily limits are located in Graz, Styria. The annual 
mean value of 40 µg/m³ was not exceeded at any of the 125 stations with a maximum value of 
30 µg/m³. Still, 55 stations exceeded the annual mean value limit of 20 µg/m³ as set by the 
WHO. Long-term trends of the PM10 pollution in Austria can be retrieved from 73 stations 
which continuously monitored the PM10 concentration since 2004. The amount of days 
exceeding the 50µg/m³ limit as well as the annual mean value significantly decreased but 
trends are overlaid by annual variations. 10 years ago many stations regularly measured 
concentrations higher than 50 µg/m³, thus exceeding the 35-day limit. Within the last years 
only stations in Graz exceed the 35-day limit on a regular base, mainly due to the specific 
orographic situation (Lazar and Podesser, 1999), whereas almost all other stations are below 
the IG-L criteria of 25 days. Still, also in Graz a strong decreasing trend from more than 100 
days exceeding 50 µg/m³ especially in the years before 2005 to about 40 days in the last years 
could be observed. 
 
In order to establish policies for PM emission reductions a detailed understanding of the 
source contribution is necessary. Based on results from Caseiro et al. (2009) and Puxbaum et 
al. (2004) the main contributors to PM10 are found to be Secondary Inorganic Aerosols (SIA) 
with Sulfate leading the way, OC and BC. Thereby wood burning aerosol was found to be the 
major contributor to OC, especially during winter in smaller cities and the rural background. 
Indicators for mineral aerosol were found as well, especially in the coarse fraction defined as 
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the difference of PM10 and PM2.5. 
 
Although mineral dust is only a minor contributor to the common PM composition, its impact 
on PM is undoubted. Regularly newspapers, not only in Austria, report on the impact of 
mineral dust or Saharan dust on air quality, and furthermore also on the influence of such 
events by disturbing the unadulterated sky thus reducing visibility, colouring snowy 
landscapes or the sky orange or by getting cars covered in dust (see Figure 6). According to a 
EU Commission working staff paper (European Commission, 2011), the contribution of 
natural sources to the PM10 load can be subtracted implying the necessity for a characterization 
of the sources of PM.  
 

  
 

  
 
Figure 6: Phenomena caused by mineral dust, regularly making a great stir in the media and the society, Sources 
from top left to bottom right: https://www.diepresse.com/4959869/wetter-saharastaub-trubt-fernsicht-und-
farbt-gletscher (c) imago/Roland Mühlanger; https://kurier.at/chronik/weltchronik/wie-auf-dem-mars-
saharastaub-faerbt-schnee-orange/400011144 (c) Instagramm; https://www.express.de/ratgeber/wie-
gefaehrlich-ist-der-sand-fuer-mein-auto-3769822 (c) dpa; https://www.wetter.at/wetter/oesterreich-
wetter/Sahara-Staub-Oesterreich-sieht-bis-Dienstag-rot/330137058 (c) APA/Robert Parigger 

 
Thus, based on the influence of mineral dust in the atmosphere on PM loads as well as the 
property of being an active ice nuclei involved in the process of cloud and precipitation 
formation, a detailed investigation of this atmospheric phenomena is justified not only in the 
sense of fundamental research but also for applied research regarding the implementation of 
air quality guidelines and will hence be elucidated within the next section. 
 

Mineral dust in the atmosphere 
 
As was shown in the previous section mineral dust, and as such desert dust, serves as a major 
aerosol source and hence is a key factor in the determination of the impact of aerosols on 
radiative forcing and has the potential to contribute to observed PM loads even in Austria, 
affecting air quality.  
 
Mineral dust is introduced into the atmosphere primarily through wind erosion or different 
saltation related processes (compare Figure 7). As a function of wind speed mineral dust 
particles of about 100µm diameter are lifted and ‘dance’ along the surface, the so called 
saltation process. These leaping particles can mobilize additional particles of a wide range of 
sizes which are ejected into the air. Depending on the particle size the particles stay suspended 
in the air for short-term (20-70µm diameter) or long-term (<20 µm diameter) periods. 
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Especially long-term suspended mineral dust can remain in the atmosphere up to several 
weeks and can thus be transported thousands of kilometers from the source region. (Kok et al., 
2012). While particles larger than 100 µm in diameter are found in the source regions, only 
particles smaller than 10 µm are transported over long distances (Seinfeld and Pandis, 2006). 
 
Estimates of the mineral dust emission source strength vary strongly between 500-5000 
Tg/year because of the different model assumptions regarding erosion, transport and 
scavenging of the particles (Goudie and Middleton, 2001). Independently, the main emitters 
of mineral dust to the atmosphere are the arid and semiarid regions of the world with the 
Saharan-Sahel region leading the way followed by Central Asia (Goudie and Middleton, 2001; 
Seinfeld and Pandis, 2006). According to Washington et al. (2009) half of the mineral aerosol 
emitted from the Sahara comes from the Bodélé depression in Chad whereas Salvador et al. 
(2014) report that the Saharan dust mainly originates from the Western Sahara, Morocco, 
Algeria and Tunisia. 
 

 
Figure 7: The three different dust emission mechanisms: (a) wind erosion, (b) ejection of dust by saltation of 
particles and (c) ejection of dust due to saltation of soil aggregates. Figure taken from Kok et al. (2012), adapted 
from Shao (2008). 

Saharan dust, regularly released to the atmosphere via the processes described above, is mainly 
transported westwards over the North Atlantic Ocean towards the Caribbean as well as North 
and South America (e.g. Prospero, 1996), serving an important input of ions and nutrients to 
the Atlantic Ocean (e.g. Field et al., 2010; Schulz et al., 2012) and the Amazon (e.g. Rizzolo et 
al., 2017; Swap et al., 1992). However, large quantities are also regularly transported via 
synoptic wind patterns across the Mediterranean to Southern Europe, sometimes reaching as 
far north as Scandinavia, and towards east to the Middle East (Goudie and Middleton, 2001 
and references therein). Estimated Saharan dust deposition amounts exist from various 
studies with a tendency toward decreasing impact with increasing distance to the source 
region, still providing a significant event based contribution to PM loads further North. A 
summary of dust deposition amounts from various studies is given in Goudie and Middleton 
(2001) with annual values ranging between 0.2 g/m² in the French Alps to 181 g/m² in 
Northern Algeria. Also for northern Scandinavia Saharan dust depositions of up to 0.16 g/m² 
were reported, although such events are very exceptional (Barkan and Alpert, 2010; Franzén 
et al., 1995). Due to the prominence of Saharan dust deposition far up to the North and not 
only in Southern Europe closer to the source region, the investigation of the influence of 
Saharan dust in middle Europe is of great importance. While most of the studies focus on the 
impact of Saharan dust only, contributions from the Arabian Peninsula should not be neglected 
as well (Tanaka and Chiba, 2006). Thus the more general terms ‘desert dust’ or ‘mineral dust’ 
are preferred. 
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Several studies investigate the influence of desert dust transport to middle Europe and the 
alpine region. Thereby the studies focus on the influence on snow chemistry on an event base 
or cover short time periods of only a few years, on the impact on high alpine ecosystems such 
as the nutrient input of alpine lakes or the impact on the bacterial community. Still, 
demonstrations of the impact of desert dust on PM concentrations or deposition in Austria on 
a long-term base, as well as their impact on air quality issues, are missing. For the first time 
the qualitative impact of mineral dust deposition on a long-term base of more than 30 years 
was highlighted in preliminary work to this thesis (Greilinger et al., 2016) while quantitative 
studies are still lacking. 
 

Aim of this thesis 
 
Based on the importance of desert dust aerosols in the atmosphere and the periodical long-
range transport towards Europe and hence also towards Austria, the overall aim of this thesis 
is to assess the quantitative influence of desert dust on PM concentrations and 
deposition in Austria. Besides these quantitative studies a methodological approach was 
addressed to improve the routine determination of light absorbing compounds within air 
quality networks. 
 
Following this general aim of the thesis, three subsidiary research questions are addressed and 
discussed in the subsequent chapters: 
 

1. Is there an ongoing influence of desert dust on ionic concentrations in wet 
deposition? 

In chapter 2, the long-term influence of desert dust on the ionic concentration in wet 
deposition is explored to reveal that desert dust deposition is a constant factor influencing 
terrestrial and aquatic ecosystems in the Alps. 
 

2. What is the influence of mineral dust on measured PM10 concentrations? 

For chapter 3 the influence of mineral dust on PM10 concentrations was investigated to draw 
conclusions on its impact on the PM10 limit value exceedance in Austria. 
 
Based on the need to expand the set of available data in order to expand future evaluations, 
methodological developments were started to better and more widely access atmospheric 
concentration data of mineral dust. This led to investigate: 
 

3. How can light absorbing particles, and as such also desert dust, be 
measured on offline filters from air quality monitoring networks? 

In chapter 4 a methodological approach for the quantitative assessment of light absorbing 
particles sampled on filters within the air quality monitoring networks was investigated. While, 
as a first step, analysis was limited to black carbon, the approach may serve as a step for further 
refinement into mineral dust also. 
 
The specific aims and backgrounds of the respective research questions are addressed in a 
short introduction in every chapter including the underlying methodology. 
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Chapter 2 

Long-term influence of desert dust on 
ion concentrations in wet deposition 
 

Background and aim 
 
At a number of sites the monitoring of ionic concentrations in wet deposition was initiated in 
the early 1980s to monitor the development of acid rain, originating mainly from 
anthropogenic emissions of gaseous pollutants with sulfur dioxide leading the way. Many 
research groups and national agencies throughout Europe and North America established 
extensive monitoring programs to examine the extent of the acid rain problem (Aherne and 
Farrell, 2002; Avila, 1996; Lehmann et al., 2007; Puxbaum et al., 2002). Also in Asia 
precipitation chemistry studies were initiated in the 1980s and gained more and more 
importance (Huang et al., 2008; Okuda et al., 2005). All of these quantitative long-term 
studies report that the anthropogenic influence of the sulfur emissions shows a negative trend, 
mainly associated to successive abatement regulations for sulfur dioxide by various countries 
worldwide. A global assessment of precipitation chemistry and deposition was performed by 
(Vet et al., 2014) using measurement data and modelling results to generate global and 
regional maps of major ion concentrations in precipitation and deposition. The results that in 
North America and Europe wet deposition levels of sulfur have decreased significantly since 
1990, and particularly between 2000-2002 and 2005-2007, is in line with results from the 
other studies. 
 
In Austria the investigation of the composition and impact of wet deposition started in 1957 at 
the station ‘Retz’ within the European Air Chemistry Network (EACN) and within the WMO 
Background Air Pollution Monitoring Network BAPMON. Sampling was performed on a 
monthly basis using bulk-collectors. The measurements showed that before 1960 
concentrations of sulfate, nitrate and ammonium strongly increased which lasted until the mid 
(sulfate and nitrate) or end (ammonium) of the 70s (Cehak and Chalupa, 1985). The pattern of 
increasing sulfate depositions was recognized in the whole of Middle Europe between the 
1950s and the early 1970s with an increase of 40-60% (Rodhe and Granat, 1984). In 1982 
guidelines for the development and implementation of a national precipitation and wet 
deposition network in Austria, based on daily sampling using wet-only samplers, were 
prepared. On the basis of these guidelines the first stations within the monitoring networks of 
the respective environmental authorities of the local governments were activated. The first 
stations were activated in 1983 in Tyrol and Salzburg, 1984 in Upper Austria, 1986 in Vienna, 
1989 in Carinthia and Lower Austria and 1990 in Styria. Thus, in the 1990s the wet deposition 
monitoring network in Austria comprised more than 30 stations, 5 of these stations were also 
part of the EMEP network, a ‘Co-operative programme for monitoring and evaluation of the 
long-range transmission of air pollutants in Europe’ and were operated by the Austrian 
Environmental Agency (Umweltbundesamt, UBA). The stations contributing to the EMEP 
network are Illmitz (117 m a.s.l.), Sankt Koloman (848 m a.s.l.), Zöbelboden (899 m a.s.l.), 
Vorhegg (1010 m a.s.l.) and Sonnblick (3106 m a.s.l.). 
 
Approximately 20 years later first long-term trend evaluation studies (Puxbaum et al., 2002; 
Tsakovski et al., 2000, SIMEONOV 1999), investigated the concentration and deposition of 
major ions measured at 11 sites within the Austrian wet deposition network in the period from 
1984 to 1999 and revealed a serious decrease of sulfate concentration and deposition, reflecting 
the effective emission reduction measures of the precursor gas sulfur dioxide, as well as for the 
hydrogen ion associated with acidity. The nitrogen containing ions nitrate and ammonia, base 
cations as well as chloride showed only a slight concentration and deposition decrease with 
some sites being exceptional by showing no trend at all. Thus, some local authorities reduced 
the amount of stations because the necessity for an extensive and dense network was not 
needed as much as at the beginning of the measurements, where acid rain was still a big issue. 
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Presently (status 2018) the wet deposition network in Austria comprises 18 stations in Tyrol, 
Salzburg, Lower Austria, Upper Austria and Styria. Respective annual reports of the local 
authorities, which are available online for Styria (e.g. Pongratz, 2018)and Tyrol (e.g. Egger, 
2019), still document a significant decrease in sulfate concentration and deposition for the 
already more than 30-year long time series of some of these stations. This decrease is also 
documented in the master’s thesis of Schreiner (2017). Within this study also nitrate and 
ammonium concentrations showed a decreasing trend for most of the stations, for the 
respective depositions the trend was not as pronounced.  
 
Source classification analyses of the wet deposition data from Austria, e.g. via principal 
component analysis, reveals a factor including the afore discussed anthropogenic or acidifying 
ions like sulfate and nitrate in relation with ammonium from traffic and fossil fuel combustion, 
but also a factor related to crustal sources including mainly calcium and magnesium and one 
‘mixed salt’ factor with sodium, chloride and potassium mainly attributed to manure and sea 
spray (compare Rogora et al., 2006; Simeonov et al., 1999; Tsakovski et al., 2000). For the 
‘crustal’ factor not only mineral dust intrusion from long-range transport but also sporadic 
local events, like construction sites or agricultural activities, were found as potential sources 
(Rogora et al., 2006; Tsakovski et al., 2000). A recent thesis of Firmkranz (2019) also mentions 
gritting in winter and the resuspension of road dust to contribute to an increase of the ions 
loaded in the ‘crustal’ factor. Thus, besides the topic of acid rain in relation to the acidifying 
components, also the deposition of the base cations Na+, Ca2+, Mg2+ and K+ should be 
investigated in more detail to draw conclusions on e.g., the influence of sea salt and mineral 
dust on precipitation acidity or the role of deposition on the biogeochemical cycling of Aeolian 
dust. It is well known that mineral dust, especially Saharan dust, serves as an important input 
of ions and nutrients to the Atlantic Ocean (e.g. Field et al., 2010; Schulz et al., 2012), the 
Amazon (e.g. Rizzolo et al., 2017; Swap et al., 1992) and alpine lakes (Psenner, 1999). Also the 
impact on the bacterial community due to desert dust intrusion, especially in remote areas (e.g. 
Chuvochina et al., 2011; Peter et al., 2014; Weil et al., 2017) can be altered. 
 
Globally, wet deposition sums of the base cation Na+, Ca2+, Mg2+ and K+ are investigated and 
were found to range from 0.01 to 11.7 keq ha-1 a-1 measured from 2000 to 2002 and from 0.01 
to 8.5 from 2005 to 2007. Most of the high deposition sites (i.e. >1 keq ha-1 a-1) are located in 
coastal zones or islands reflecting the importance of sea salt Na+ to the sum of the base 
cations(Vet et al., 2014). The influence of land-based sources of base cations increases with 
distance inland from the coast, mainly attributed to the influence of aeolian soil dust, road dust 
or biomass burning. According to Vet et al. (2014)and references therein in Europe spatial and 
temporal analyses of base cations and sea salt in precipitation and wet deposition are presented 
in a few regional studies only, based on measurements and model estimates. The level of the 
deposition of sea salt ions was found to be, to a large extent, determined by the distance from 
the sea and the significance of sea salt episodes. Highest deposition amounts are seen at coastal 
sites in Norway, Island, Ireland, UK, France and Spain. In most areas of Europe, the 
anthropogenic contribution of mineral base cations was found to be small as well and that 
Saharan dust outbreak events have a large impact on levels of base cation wet deposition 
especially in the south of Europe, but occasionally, when atmospheric transport conditions are 
favourable, lead to observable further North as well (e.g. Barkan and Alpert, 2010; Franzén et 
al., 1995). 
 
Several studies from Europe on the influence of mineral dust on wet deposition exist, mostly 
investigating this effect on either an event basis or short time spans of a few years at the most 
whereas long-term studies are very scarce. Avila et al. (1998) analysed the contribution of 
North African dust in rainwater samples collected weekly in the Montseny Mountains in NE 
Spain for the period of 1983 to 1994. Results from the same site but from subsequent years 
(1996-2002) were summarized in Escudero et al. (2005). The more recent study of Kutuzov et 
al. (2013) examined a four year record (2009-2012) of dust deposition events on Mt. Elbrus in 
the Northern Caucasus, Russia, using data from one snow pit dug in June 2009 featuring four 
visible yellow-brown layers of deposited mineral dust and from a firn core extracted in June 
2012 featuring 13 visible dust layers. Maupetit and Delmas (1994) collected snow samples in 
the accumulation zone of four high altitude glaciers in the French Alps during three 
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consecutive years from 1989 to 1991 and investigated the acid and alkaline input. Rogora et al. 
(2004) investigated the rainwater chemistry from 1975 to 2002 at the Pallanza station in 
Northwestern Italy including event based samples and weekly rain water samples. Existing 
long-term dust records were obtained predominantly from ice cores and not from wet 
deposition measurements, characterizing dust events on a millennial time scale (De Angelis 
and Gaudichet, 1991; Gabbi et al., 2015; Schwikowski et al., 1999). 
 
While the sampling of ice cores via deep drilling is much more laborious compared to event or 
annual based sampling, the chemical analysis is much more consistent since all samples, 
covering a time span of millennia, are analysed at the same time and in the same way. For 
event based or annual wet deposition sampling over a long-term period of several centuries 
the situation is different. Not only might the technological progress in the measurement 
techniques and the corresponding limits of detection have changed but also the person 
performing the measurements. This introduces an uncertainty to the data which has to be 
considered. Furthermore, event or annual based sampling may be easier compared to deep 
drilling, whereas the retrospective characterization or identification of mineral dust and its 
impact on long-term wet deposition data sets is not as straightforward. Thus, a uniform 
methodology for the investigation and quantification of the influence of mineral dust from 
long-term wet deposition data at a specific moment in time is appreciated to provide a 
possibility also for retrospective evaluations. 
 
As in ice cores the identification of mineral dust events in wet deposition samples of rain or 
snow can be separated into two approaches. On the one hand, mineral dust affected samples 
are optically identified by their reddish, brownish or yellowish colour of either the snow sample 
itself, a visible turbidity of rain samples or by a colouring of the filters used for filtering the 
precipitation or snow samples (Avila et al., 1998; Kutuzov et al., 2013). On the other hand, they 
might be identified using the ‘chemical footprint’ of mineral dust affected samples such as their 
ability to increase the alkalinity and the concentrations of dust related cations such as Ca2+ and 
Mg2 (e.g. Maupetit and Delmas, 1994; Rogora et al., 2004). 
 
Within this study a methodology for the retrospective quantification of the influence of mineral 
dust to deposition samples collected in Austria was developed and applied to the most suitable 
data set, i.e. the snow pit samples collected at Sonnblick. The sampling site and the snow pit 
samples were chosen for several reasons. (1) The site is in the close vicinity to the Sonnblick 
Observatory, a remote station listed as global background station in the GAW (global 
atmosphere watch) program of the World Meteorological Organization (WMO). Thus, no 
anthropogenic related intrusion of mineral dust, as is the case at urban and rural site allows 
the determination of the dry deposition as well, a benefit compared to wet deposition 
measurements only, although this was not regarded within the presented study. (3) Due to the 
sampling within a snow pit, a stratigraphic evaluation is possible and a visual investigation 
based on the colour of the snow layers can be included. Due to a reliable reporting over the 
whole sampling period, this information is also available for retrospective evaluations. 
 
The data set of these snow pit samples covers a time period from 1987 onwards and long-term 
records of inorganic ion concentrations of these wet and dry deposition samples were already 
published in a previous work from Greilinger et al. (2016). These snow chemistry 
measurements are performed annually within the Global Cryosphere Watch (GCW) Program 
of the WMO, financed by the Austrian federal ministry for tourism and sustainability. Figure 
8 gives an impression of the snow sampling procedure as well as a picture of the snow pit from 
2014 where two distinct orange-coloured Saharan dust layers are visible. 
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Figure 8: Pictures from the snow sampling, annually performed at the end of the winter accumulation period to 
perform ion deposition measurements. In the snow pit sampled at the end of April 2014 two distinct Saharan 
dust layers, representative for the events observed in February and April 2014. 

The qualitative source assignments of the ions of the snow pit samples using principal 
component analysis (PCA) was investigated and a factor related to Ca2+, Mg2+ and the pH, 
being indicative for a marked contribution of desert dust, could be identified (Greilinger et al., 
2016). This result shows the presence of a significant ‘chemical footprint’ related to mineral 
dust in snow pack samples in Austria and provides a starting point for a retrospective analysis 
of the impact of mineral dust, or to be more specific the impact of Saharan dust deposition on 
the high alpine snow packs. The ‘chemical footprint’ together with documentations on a visible 
presence of coloured mineral dust layers in snow packs (compare Figure 8) were used to 
establish a method to distinguish mineral dust affected and non-affected samples according to 
the approach of Rogora et al. (2004) using the thresholds of the pH and the calcium 
concentration. Once the affected samples were identified, the intensity and frequency of 
mineral dust deposited in the high alpine snow pack was investigated and the impact of these 
events on the total deposition load was quantified. This quantitative assessment provides 
fundamental knowledge on further investigations and impact related studies tackling the 
above mentioned fields of e.g. nutrient input and microbiological studies regarding the 
bacterial community.  
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Chapter 3 

Influence of mineral dust on PM10 
concentrations 
 

Background and aim 
 
Due to the impact of PM on human health, causing serious cardiovascular diseases and 
increased mortality (e.g. Pope, 2000), the European Commission has established limit values 
for PM concentration within the air quality directive 2008/50/EC. Limit values for various PM 
parameters, such as PM10 and PM2.5 are given therein which may be exceeded only on a limited 
amount of days per year. The limit value for PM10 is set to 50µg/m³ which may be exceeded on 
only 35 days per year. A more comprehensive description of limit values was already given 
earlier, in Table 4. The main goal of the regulation is to avoid, prevent and reduce harmful 
effects of ambient air pollution on human health and the environment as a whole. To achieve 
this, the EU member states have to assess their ambient air quality and apply counter measures 
if the amount of days with concentrations above the limit values is exceeded on a regular basis. 
 
As described in the directive 2008/50/EC, concentrations of regulated pollutants, in particular 
in the case of PM and SO2, may exceed the set limit values due to the contribution from natural 
sources such as desert dust or volcanoes. The directive offers the possibility to provide evidence 
that the exceedance is due, in part or as a whole, to natural sources which can be assessed but 
not controlled. If the contribution of a natural source can be quantified its contribution may 
thus be subtracted from the daily mass concentration, which might affect the compliance with 
air quality limit values. 
 
The natural contributions of desert dust assessed in the directive can vary significantly 
depending on the place where they are measured and are especially relevant in Southern and 
South-eastern Europe due to their vicinity to the dry regions in Africa, mainly the Saharan 
desert, and the Arabian Peninsula, e.g. the Negev desert (Pey et al., 2013). Many studies 
investigated the contribution of desert dust on the daily PM10 load for several years (compare 
Table 5), highlighting the significant input especially for the Mediterranean region. 
 
The methodology provided by the directive 2008/50/EC for the subtraction of desert dust 
contribution from the daily PM10 load is based on a method developed in Spain and Portugal 
for the application in both countries (Escudero et al., 2007). The method allows a 
quantification of the desert dust contribution on a daily basis which can be used for a 
subtraction from the daily PM10 load. The procedure can be described by two steps. Firstly, 
dates affected by desert dust transport have to be identified and secondly the net dust load 
(NDL) on the daily PM10 record has to be quantified. The identification of desert dust events 
can be based on different supporting information like trajectory analysis, model forecasts 
and/or satellite data, which have to be screened and interpreted. The second step, the 
quantification phase, requires a continuous PM10 monitoring at a single selected and 
representative regional background site providing the reference or background load (BGL). 
Thereby the BGL represents the moving 40th percentile of the measured PM10 15 days before 
and 15 days after the investigated day, where days influenced by desert dust are excluded. The 
40th percentile was selected from validation studies from the Iberian Peninsula (Pey, 2007). 
The NDL at the regional background site, representing the contribution of desert dust to PM10, 
is then estimated as difference between the measured daily PM10 load and the calculated BGL. 
In the directive it is clearly stated that the use of this statistical measure has not been validated 
for other countries. It might be preferable to use the average or the median of the PM10 
concentrations measured 15 days before and 15 days after the investigated day, excluding 
desert dust affected days, to determine the BGL. Member states applying this method should 
provide an evidence that reliable estimations of the BGL and subsequently on the NDL can be 
achieved to avoid an underestimation of the NDL and an overestimation of the desert dust 
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contribution. Thus, the choice of a representative background station and the definition of its 
spatial representativeness plays an important role. A validation of the NDL is recommended 
in the directive via measurement campaigns and the determination of a ‘crustal load’. 
According to the directive the measurements of the elements calcium, aluminium, iron, 
magnesium and potassium is used to subsequently quantify the crustal load. Therefore, the 
stoichiometric mass of CaCO3, MgCO3, Al2O3 and Fe2O3 is calculated, while K is included as the 
element and SiO2 is indirectly quantified via 3*Al2O3=SiO2. 
 
Table 5: Contribution of desert dust on the daily PM10 load as provided in the respective studies. 

Study Observation 
Rodríguez et al. (2001) 
 
PM10, TSP, 24h 
Iberian Peninsula 
Spain 
(1996-1999) 

 23-55% of the daily exceedances of the EU limit value during Saharan dust 
episodes 

 63% of the Saharan dust intrusion from May to September 
 Peak PM10 levels during Saharan dust episodes >150µg/m³ 

Viana et al. (2002) 
 
PM10, 24h 
Canary Islands 
Spain 
(1998-2000) 

 25% of the days affected by desert dust  
 Winter 600-700 µg/m³ 
 Summer <75 µg/m³ 
 Fall 400-500 µg/m³ 
 

Achilleos et al. (2014) 
 
PM10, 24h 
Nicosia 
Cyprus 
(1993-2008) 

up to 470 µg/m³ due to desert dust 

Pey et al. (2013) 
 
PM10, 24h 
Mediterranean Basin 
(2001-2011) 

 30-37% of the days affected by desert dust at Southern sites 
 <20% of the days affected by desert dust at Northern sites 
 35-43% desert dust contribution on the daily PM10 in SE Spain, Crete and 

Cyprus 
 19-25% DD of daily PM10 in SW and central Spain, Sardinia, South Greece 
 6-10% DD of daily PM10 in populated areas 
 35-50% of PM10 from DD (peak 80%) 
 2-5% extreme DD days (>100µg/m³) 
 5-25% moderate DD days (30-99µg/m³) 
 50-70% low DD days (1-10µg/m³) 

 
Querol et al. (2009) applied this method to the whole Mediterranean basin with participants 
from Greece, Cyprus, Spain, Italy and France, aiming to quantify the African dust contribution 
to mean PM10 levels recorded. A common methodology has been applied to 21 stations, of 
which some only cover a few years within the time frame ranging from 1996 to 2007 and some 
covering that whole timespan. To identify days influenced by African dust outbreaks NCEP 
meteorological maps, HYSPLIT4 back trajectories, aerosol maps from NRL (Naval Research 
Laboratory, USA) and SKIRON, BSC-DREAM dust maps and satellite images from the NASA 
SeaWIFS project were used. The daily BGL was obtained by computing the monthly moving 
30th percentile (as suggested by Escudero et al., 2007) at the respective regional background 
stations after a prior exclusion of desert dust affected days. 
 
Pey et al. (2013) performed the same analysis as Querol et al. (2009) extending the time series 
from 2007 to 2011 and exchanging some of the stations but still investigating 19 stations in 
total. The methodology used for the identification of African dust outbreaks is the same as in 
the previous study of Querol et al. (2009) but for the computation of the BGL the monthly 
moving 40th percentile was used, excluding the days impacted by African dust. They propose 
that they use the 40th percentile instead of the 30th percentile initially published by Escudero 
et al. (2007) for conservative reasons because the 40th percentile is the official method as given 
in the EU directive. This alternate use of the 30th or the 40th percentile of the same regions 
point out the problems of fixing defined thresholds for the evaluation process. 
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Cuspilici et al. (2017) studies the Saharan dust influence on PM10 in Sicily from 2013 to 2015. 
They used HYSPLIT back trajectories, the BSC-DREAM model and the NAAPS (Navy Aerosol 
Analysis and Prediction System for estimating the concentration of mineral aerosol as a 
function of the aerosol optical thickness) for the identification of Saharan dust affected days. 
Only days exceeding the daily limit value of 50µg/m³, as set by the European Commission, 
were subjected to this procedure. For the quantification of the Saharan dust contribution to 
the PM10 loads, the regional BGL was computed by the monthly moving 50th percentile. It is 
not clearly stated if Saharan dust affected days were excluded for this computation or not. They 
chose the 50th percentile to follow the recommendation of the directive that when the 40th 
percentile cannot be validated with chemical measurements the more conservative 50th 
percentile should be used. 
 
Barnaba et al. (2017) investigated the applicability of the directive for Italy from 2012 to 2014. 
They proposed an adapted methodology where they used each site as a reference for its own 
background load and used the 50th moving percentile from a +/- 3 day time-window instead of 
the monthly moving percentile. 
 
The studies listed above reveal the importance of validation studies of the application and 
suitability of the methodology given in the directive as well as the necessity to adopt the 
procedure for single regions or sites. Until now evaluation studies of the applicability of the 
directive always focus on the Mediterranean region because the impact of Saharan dust or 
mineral dust from the Arabian Peninsula is known to be very high. Still significant impact was 
observed also in the Alpine region e.g. in Austria (Baumann-Stanzer et al., 2018; Schauer et 
al., 2016), even in the Arctic (Barkan and Alpert, 2010; Franzén et al., 1995). Inventories from 
the Austrian environmental agency (e.g. Spangl and Nagl, 2019) reveal a regular impact of 
desert dust leading to exceedance of PM10 short-term limit values loads, highlighting the 
importance of a detailed investigation of the applicability of the air quality directive for Austria. 
 
For evaluation studies the choice of a representative background station and the choice of the 
statistical parameters used for the computation of the BGL as well as the identification of 
desert dust affected days are the most important steps. Especially the identification is very 
crucial because it is a very subjective and hence user-dependent process. Some effort has been 
made by Barnaba et al. (2017) to introduce an automatic, model-based method to identify 
desert dust affected days. Also the DIAPASON-Project (Desert dust Impact on Air quality 
through model Predictions and Advances Sensors ObservatioNs) has implemented a semi-
automated system to collect, organize and store the information necessary to identify desert 
dust advections and to evaluate their contribution to the observed PM10 levels. For regions 
further afar from the source regions the desert dust impact can be overlaid by the local impact 
which is mostly the case during weak desert dust events. Thus not only the identification of 
desert dust affected days, but also the selection of a representative background station together 
with a representative computation of the BGL is very important. 
 
To evaluate the applicability of the air quality directive for Austria a six-year time series from 
2013 to 2018 of PM10 measurements was investigated for the region of Graz, Styria. The 
evaluation is focused on days with PM10 concentrations exceeding the daily limit value of 
50µg/m³ as set by the European Commission. It provides a discussion on the selection of a 
suitable regional background station as well as a discussion on the statistical approach used 
for the computation of the BGL. Results reveal an adapted approach of the methodology 
described in the directive, using the monthly mean average of the PM10 concentration at the 
regional background station, together with threshold criteria to identify only desert dust 
affected days, skipping the subjective and user-dependent process of identifying desert dust 
events from satellite, back trajectories or model evaluations. The study highlights that desert 
dust can be responsible for a limit value exceedance, but in the investigated region the 
anthropogenic sources are mainly responsible for that. Additionally, the manuscript discusses 
a number of effects a different interpretation of the guideline might have, e.g. the use of 
different statistical parameters or the exclusion of Saharan dust affected days for the 
computation of the BGL. In general the impact of desert dust to a daily PM10 limit value 
exceedance in Austria can be expected to be rather small considering the legal maximum 
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amount of days exceeding the daily PM10 limit value as given in the EU directive but still the 
scales might be tipped in favour of a transgression of that very maximum where one single day 
can be crucial (Pongratz, 2018). The presented study reveals the necessity of further evaluation 
studies regarding the determination of the boundary layer height to better validate the 
representativeness of the background station together with filter based measurements for a 
corresponding determination of the crustal load. 
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This chapter corresponds to the following peer-reviewed publication in its original form: 
 
Greilinger, M., Zbiral, J., Kasper-Giebl, A. (2019) Desert dust contribution to PM10 loads in 
Styria (Southern Austria) and impact on exceedance of limit values from 2013-2018. Applied 
Sciences, 9, 2265, doi: 10.3390/app9112265 
 
The study was conceived in the terms of scientific collaborations with the first author being 
main responsible for the content and realization of the work. The detailed author contributions 
can be found in the respective section in the article. 
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Styria (Southern Austria) and impact on exceedance of limit values from 2013-2018. Applied 
Sciences, 9, 2265, doi: 10.3390/app9112265 
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Chapter 4 

Identification of light absorbing PM 
using filters from air quality 
monitoring networks 
 

Background and aim 
 
The scientific literature reports carbonaceous light absorbing particles and mineral dust to be 
the main actors of light absorption in the atmosphere (Bergstrom et al., 2007; Moosmüller et 
al., 2009). The carbonaceous light absorbing particles can be divided into highly light 
absorbing carbon particles, termed ‘Black Carbon (BC)’or ‘Light Absorbing Carbon (LAC)’ and 
weakly absorbing organic carbon particles, termed ‘Brown Carbon (BrC)’ or loosely “organic 
carbon” (Bergstrom et al., 2007; Moosmüller et al., 2009). 
 
The optical properties, especially scattering and absorption properties of PM, are widely used 
to differentiate between the different light absorbing particles. A common approach is the 
investigation of the wavelength dependence of the absorption and scattering coefficients σabs 
and σscat. Based on their measurements at different wavelengths also the extinction coefficient 
(σext = σscat + σabs) and the Single Scattering Albedo (SSA) can be computed. Thereby the SSA 
is defined as: 𝑆𝑆𝐴 = 𝜎𝑠𝑐𝑎𝑡𝜎𝑠𝑐𝑎𝑡 + 𝜎𝑎𝑏𝑠 =  𝜎𝑠𝑐𝑎𝑡𝜎𝑒𝑥𝑡  

 
Once the respective coefficients are determined at different wavelengths, a power-law fit 
(y=b*x-α) can be applied to obtain the respective exponents (α).  
 𝜎𝑎𝑏𝑠 = 𝑏𝑎𝑏𝑠 ∗ 𝜆−𝛼𝑎𝑏𝑠 
 𝜎𝑠𝑐𝑎𝑡 = 𝑏𝑠𝑐𝑎𝑡 ∗ 𝜆−𝛼𝑠𝑐𝑎𝑡 
 𝜎𝑒𝑥𝑡 = 𝑏𝑒𝑥𝑡 ∗ 𝜆−𝛼𝑒𝑥𝑡 
 𝑆𝑆𝐴 = 𝑏𝑆𝑆𝐴 ∗ 𝜆−𝛼𝑆𝑆𝐴  
 
These exponents can then be used to distinguish the different light absorbing particles such as 
desert dust, BC or BrC (e.g. Fialho et al., 2005; Meloni et al., 2006). In case of σext the respective 
exponent αext is often referred to as Angström exponent å. 
 
Coen et al. (2003) developed a new and very sensitive Saharan dust detection method, using 
the inversion of the wavelength dependence of the SSA during Saharan dust occurrence as 
indicator. Based on one-hour time resolved σabs and σscat measurements at different 
wavelengths measured from March 2001 to December 2002 at the high alpine site 
Jungfraujoch, the wavelength dependence of the SSA was investigated. They found (1) an 
increase of σscat, σabs and consequently σext, (2) a wavelength independence of σscat and σext 
resulting in a vanishing of the respective exponents in the power-law fit, (3) a larger absorption 
exponent and (4) a negative SSA exponent (αSSA) during the presence of Saharan dust. The 
resulting negative exponent αSSA is due to the larger size of mineral aerosol, which induced the 
wavelength independence of σscat due to the dominance of geometric optics. The larger 
wavelength dependence of σabs is linked to the Saharan dust chemical composition (e.g. 
(Sokolik and Toon, 1999) an thus its colour. 
 
A common on-line filter based instrument for the measurement of the absorption coefficient 
σabs at different wavelengths is an aethalometer. Using this instrument for the real-time 
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measurements of the ATN, air is drawn through a filter and the ATN of the light passing 
through the sample area is measured to compute σabs at the different wavelength. Subsequently 
σabs is expressed for all wavelengths as the result of an additive contribution. The basic idea 
behind decoupling σabs into different source contributions is exemplarily shown by the 
approach of Fialho et al. (2005) to differentiate between dust (σdust) and BC particles (σBC). 
They used the following approach to decouple the influence of Saharan dust and BC at Pico 
Mountain in the Azores Island: 𝜎𝑎𝑏𝑠 = 𝜎𝐵𝐶 + 𝜎𝑑𝑢𝑠𝑡 
 
To determine the respective absorption exponents α, the power-law fit as given previously is 
applied to differentiate the contributions of light absorbing particles. 
 𝜎𝑎𝑏𝑠 = 𝜎𝐵𝐶 + 𝜎𝑑𝑢𝑠𝑡 =  𝑏𝐵𝐶 ∗ 𝜆−𝛼𝐵𝐶 + 𝑏𝑑𝑢𝑠𝑡 ∗ 𝜆−𝛼𝑑𝑢𝑠𝑡 
 
Depending on the chosen source contributions in various studies, different values for the 
absorption exponent αabs were achieved which are listed in Table 6. 
 
Table 6: Reported values for the source-attibuted absorption exponent αabs as denoted in the respective studies. 

Coen et al. (2003) Fialho et al. (2005) Sandradewi et al. (2008) Schauer et al. (2016) 
αSDE = 1.0 

αnon-SDE = 1.5-1.8 
αBC = 0.8 +/- 0.1 
αdust = 2.9 +/- 0.2 

αtraffic =1.1 
αwb=1.6-2.1 

αwildfires = 1.3 
αdust = 3.0 

 
Schauer et al. (2016) adopted the approach of Fialho et al. (2005) and Coen et al. (2003) for 
the high alpine Global Atmospheric Watch (GAW) site Hoher Sonnblick in the Austrian Alps 
to distinguish between a wildfire and a Saharan dust contribution during a combined event. 
Both, Saharan dust and Brown Carbon, a common tracer for wood burning aerosol, cause an 
increased wavelength dependence of the σscat and σabs, which has to be regarded in the 
respective evaluations. The approach of Schauer et al. (2016) was further improved to establish 
an on-line Saharan dust detection, introducing a so called Saharan Dust Index (SDI) due to 
on-line measurements of the aerosol optical properties and hence the inversion of the αSSA. 
Such an identification method is especially useful for investigations regarding the frequency of 
the occurrence of Saharan dust episodes and interpretations of other aerosol parameters such 
as particle mass, particle numbers or particle size distributions. The implementation of such 
an algorithm into the aerosol monitoring program enables the possibility of an internal alert 
system for the occurrence of mineral dust events.  
 
The increased wavelength dependence of σabs during the presence of desert dust in the 
atmosphere opens the possibility to develop a method to identify or even quantify desert dust 
collected on filters loaded within the air quality monitoring networks. Of course a 
quantification is possible using a detailed chemical analysis of the respective filters, but 
thereby the filter material acts as a limiting factor. Besides, this kind of analysis is quite time 
consuming and cost-intensive. Using a transmissometer (OT-21, Magee Scientific) offers the 
possibility to apply this approach to attenuation measurements at two different wavelengths 
(880 nm and 370 nm) of filters sampled within the Austrian air quality monitoring networks 
of the respective provincial governments. It is well known that the attenuation in the near 
infrared spectrum is dominated by BC and cross sensitivities to mineral dust or organic carbon 
compounds (BrC) are lowest whereas they strongly enhance the attenuation in the UV (Petzold 
et al., 2013; Sandradewi et al., 2008). Thus, online ATN measurements at 880nm e.g. using an 
aethalometer, are commonly used to determine BC concentrations, more precisely equivalent 
BC (eBC) according to Petzold et al. (2013), using the relationship: 
 𝑒𝐵𝐶 =  1𝜎  ∗  𝛥𝐴𝑇𝑁𝛥𝑡 ∗ 𝐴𝑄 

 
Thereby σ is the particle mass attenuation cross section of eBC. 
 
The relationship between ATN and eBC concentration is not linear due to the fact that both 
scattering and absorbing particles on the filter alter the internal reflection of the filter in a way 
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that it changes the absorption of the aerosol/filter combination. This non-linearity represents 
the so called ‘filter loading effect’. Due to this, as the filter gets darker, eBC concentrations tend 
to be underestimated. Additionally, scattering aerosol gets interpreted as eBC as well. 
Therefore empirical correction functions are needed to take these effects into account. Besides 
the determination of the ‘filter loading effect’, it is crucial to determine also MAC, the 
respective mass absorption cross section of eBC at 880 nm. It is well known that these two 
parameters depend on the aerosol type and have thus be evaluated separately for different 
station types or locations. Still, the high correlation between ATN measured at 880nm and EC 
was already shown by Moosmüller et al. (2009) and Weingartner et al. (2003). 
 
Within the presented article two different approaches based on previous works from Drinovec 
et al. (2015) and Virkkula et al. (2007) are compared to derive a relationship between the 
optical ATN measurements and the thermal-optically determined Elemental Carbon (EC) from 
filters loaded within the Austrian air quality monitoring networks. The ‘filter loading effect’ 
represented by the so-called ‘filter loading parameter k’ and the particle absorption cross 
section MAC, needed for the determination of BC using the ATN measurements from the OT-
21 transmissometer at 880 nm, were computed. MAC is presented as σ based on the 
relationship MAC=σ/C and C=2.14 according to Weingartner et al. (2003) throughout the 
article. The computation of both parameters, k and MAC (σ), is a mandatory step to investigate 
eBC from different station types (urban-traffic, rural-background and remote), based on the 
ATN measurements only. 
 
The approach based on Virkkula et al. (2007) was already used by Davy et al. (2017) 
investigating BC concentrations based on reflectance and transmittance measurements of 
PM10 samples of different filter materials for urban stations in London (UK). These 
investigations represent the first mandatory steps to further investigate the source 
contributions, as k and MAC (σ) has to be retrieved when ATN measurements are used to 
determine the respective contributions at different wavelengths. 
 
Further investigations were planned to determine k and MAC (σ) for the UV, using a 
representative tracer, such as for example the iron concentration for desert dust, analogous to 
the methodology applied for the determination of BC. Due to the fact that almost all filters 
sampled at the air quality monitoring stations were overloaded for the measurements in the 
UV at 370 nm, no ATN in the UV could be measured. Thus, only the ATN measurements of the 
filters at 880 nm are available and were used for further investigations, serving as a first step 
towards a refinement of the method for the quantification of mineral dust also. 
 
The presented paper highlights the complexity of optical measurements based on ATN and 
hence the complexity to quantify mineral dust on filters exposed to ambient air, carrying also 
other particles besides mineral dust 
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Supplementary material 
 
This chapter corresponds to the supplementary material of the peer-reviewed publication 
 
Greilinger, M., Drinovec, L., Močnik, G., & Kasper-Giebl, A. (2019). Evaluation of 
measurements of light transmission for the determination of black carbon on filters from 
different station types. Atmospheric Environment, 198, 1-11, doi: 
10.1016/j.atmosenv.2018.10.017 
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Evaluation of measurements of light transmission for 

the determination of Black Carbon on filters from 

different station types  

Marion Greilinger a,b), Luka Drinovec c,d), Griša Močnik c,d), Anne Kasper-Giebl b) 

a) Zentralanstalt für Meteorologie und Geodynamik (ZAMG),Vienna, 1100, Austria 
b) Technical University of Vienna, Institute for Chemical Technologies and Analytics, Vienna, 
1060, Austria 
c) Aerosol d.o.o., Ljubljana, 1000, Slovenia 
d) Jožef Stefan Institute, Ljubljana, 1000, Slovenia 
 
Correspondence: 
Marion Greilinger 
Marion.greilinger@zamg.ac.at 
 

1. First evaluation of k and σ for different station types 
 

Here we give the results of the first evaluation, showing that the null hypothesis of a t-test, 

testing that the coefficients are different from zero using p<0.05 as threshold for significance, 

could not be rejected. Thus k was set to zero and evaluations for σ were repeated. If k=0, Eq. 

(1) and Eq. (2) simplify to B= ATN/σ and only σ is fitted 

 

  VIRKKULA DRINOVEC 
Stations for 

computation 
Station for 
validation 

k 
(880 nm) 

σ [m2g-1] 
(880 nm) 

k 
(880 nm) 

σ [m2g-1] 
(880 nm) 

URBAN-TRAFFIC 

KLG, RUD, DB KEND -1.7*10-5 
+/- 2.8*10-4 

24.1 * 
+/- 2.7 

-3.1*10-5 
+/- 5.7*10-4 

24.2 * 
+/- 2.7 

KEND, RUD, DB KLG -1.3*10-4 
+/- 2.5*10-4 

23.0 * 
+/- 2.4 

-2.6*10-4 
+/- 6.5*10-4 

23.0 * 
+/- 2.7 

KLG, KEND, DB RUD 1.8*10-5 
+/- 3.2*10-4 

26.4 * 
+/- 3.0 

2.9*10-4 
+/- 4.7*10-4 

26.2 * 
+/- 2.6 

KLG,KEND, RUD DB 4.2*10-4 
+/- 3.4*10-4 

28.4 * 
+/- 3.2 

5.6*10-4 
+/- 3.5*10-4 

27.6 * 
+/- 2.4 

All urban-traffic - 1.0*10-4 
+/- 2.6*10-4 

25.4 * 
+/- 2.4 

1.7*10-4 
+/- 4.2*10-4 

25.3 * 
+/- 2.2 

RURAL-BACKGROUND 

ARN, STIX ENZ 4.5*10-4 
+/- 5.2*10-4 

33.5 * 
+/- 2.8 

9.4*10-4 
+/- 6.9*10-4 

33.9 * 
+/- 2.4 

ARN, ENZ STIX 3.2*10-4 
+/- 2.8*10-4 

34.7 * 
+/- 1.8 

6.0*10-4 
+/- 4.0*10-4 

34.8 * 
+/- 1.6 

ENZ, STIX ARN 2.0*10-5 
+/- 3.1*10-4 

31.5 * 
+/- 2.0 

4.6*10-5 
+/- 6.0*10-4 

31.5 * 
+/- 2.0 

All rural-background - 1.8*10-4 
+/- 2.7*10-4 

32.9 * 
+/- 1.7 

3.7*10-4 
+/- 4.6*10-4 

33.0 * 
+/- 1.6 

REMOTE      
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SBK SBK -1.1*10-3 
+/- 1.1*10-3 

29.5 * 
+/- 4.1 

-4.0*10-3 
+/- 4.0*10-3 

29.2 * 
+/- 5.1 

Table S1: Results for the mass attenuation cross section σ and the mass absorption cross section 
MAC=σ/2.14 (Weingartner et al., 2003) at 880nm for the different station types. * indicates that a 
t-test supports the null hypothesis that the coefficients are different from zero using p<0.05 as 
threshold for significance Lowercased values represent the respective standard error. 
 

2. Reduced data set covering the whole ATN range 
 

To check whether the result of k=0 for the different station types is an effect of the reduced 

amount of data points, a reduced data set covering the whole ATN range but only 75 filters 

instead of 299 was evaluated as in section 3.1.1. The 299 filters in total have been arranged in 

ascending order of the ATN of which every fourth filter has been extracted. Thus, filters of all 

stations are still represented. The calculation again resulted in a k value significantly different 

from 0 indicating that k=0 is only obtained when station types are considered separately. 

 

 
k 

(880nm) 
σ [m2g-1] 
(880nm) 

Number 
of Filters 

„Virkkula equation“ reduced data set 0.00079 * 
+/-0.00036 

34.2 * 
+/-3.5 

75 

„Drinovec equation“ reduced data set 0.00081 * 
+/-0.00028 

31.7 * 
+/-2.2 

75 

Table S2: Results for the filter loading parameter k and the mass attenuation cross section σ at 
880nm using a reduced data set of 75 filters of all stations covering the whole ATN range. 
Lowercased values represent the respective standard error, * indicates that a t-test supports the 
null hypothesis that the coefficients are different from zero using p<0.05 as threshold for 
significance. 
 

3. Conditional quantile plots 
 
In analogy to Davy et al. (2017), the conditional medians, using the R function 

conditionalQuantile() from the ‘openair’ package (Carslaw and Ropkins, 2012), were plotted. 

Therefore, the values used for validation were separated in evenly spaced bins, using a bin size 

of √(n). The median for each bin is calculated and plotted as a red line to show how the medians 

vary across all bins. Due to the rather small sample size, it is not possible to calculate the other 

percentiles like the 25th and 75th or the 10th and 90th percentiles. The plot also shows the 

histogram of Bcalc with grey bars and the histogram of the Bmeasured with blue bars. The 1:1 line, 

based on the observations, is shown as a blue line. This kind of plot shows how well the 

predictions agree with observations (Carslaw and Ropkins, 2012). The closer the red and the 

blue lines are, the better Bcalc values (predictions) match Bmeasured (observations). If the red line 

is above the blue line, Bcalc is underestimated and vice versa. 

 

The conditional median plots for the validation of the urban-traffic stations given in 

Supplementary Figure 1 underline the good correlation. A slight underestimation of Bcalc for 

RUD and DB and a slight overestimation for KLG was observed. The plot for KEND (top left) 

also indicates an underestimation of Bcalc, showing high deviations of the 1:1 line especially in 

the third bin due to a big scatter of Bmeasured for samples in this bin. A reanalysis of the thermal-

https://www.tuwien.at/bibliothek
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optically measurement to verify this was not possible because no sample was left. 

 
 
Figure S1: Conditional quantile plot for the validation of the urban-traffic stations always excluding 
one station for the computation of k and MAC and using the excluded station (given in the left 
corner of the respective graph) for validation by comparing Bcalc and Bmeasured. The red line 
represents the median for each bin, the blue 1:1 line shows the perfect model, both referring to the 
left axis. Grey bars are the histogram of Bcalc whereas the blue histogram shows Bmeasured, both 
referring to the right axis. Note the different scales! 
 
The validation of the rural-background stations resulted in a slight underestimation of Bcalc for 

STIX and a slight overestimation for ENZ and ARN. 

The conditional quantile plot for the validation of the remote station (bottom right in 

Supplementary Figure 2) shows that especially the higher B values are overestimated. This 

might be due to the fact that there is no Bmeasured in the last bin only a Bcalc. This leads to an 

extension of the red line (median) beyond the perfect 1:1 model line (blue). 
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Figure S2: Conditional quantile plot for the validation of the rural-background stations always 
excluding one station for the computation of k and MAC and using the excluded station (given in 
the left corner of the respective graph) for validation by comparing Bcalc and Bmeasured. The red line 
represents the median for each bin, the blue 1:1 line shows the perfect model, both referring to the 
left axis. Grey bars are the histogram of Bcalc whereas the blue histogram shows Bmeasured, both 
referring to the right axis. Note the different scales! 
 
If σ of the urban-traffic stations (σ =24.4 m2g-1) is used, an overestimation of Bcalc was observed 

for all three stations. This result is also presented in the left column of the scatterplots in 

Supplementary Figure 3. If σ of the rural-background stations (σ =31.8 m2g-1) is used, an 

underestimation of Bcalc, is observed for LEI and LAVA. For LIM again an overestimation of 

Bcalc is observed. The respective conditional median plot (Supplementary Figure 3 right 

column, middle) underlines the result for LAVA. The plots for LEI and LIM (Supplementary 

Figure 3 right column top and bottom) are not as clear, showing an over- or underestimation 

of Bcalc, depending on the bin. Lower Bcalc values tend to be overestimated whereas higher ones 

are underestimated. 

 

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
is

se
rt

at
io

n 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
do

ct
or

al
 th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

is
se

rt
at

io
n 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

do
ct

or
al

 th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

  Chapter 4 

 

101 

 
Figure S3: Conditional quantile plot for the validation using three additional stations not 
representing one of the station types used for the computation of k and MAC by comparing Bcalc and 
Bmeasured. Bcalc was once calculated with k and MAC computed using urban-traffic stations and once 
using rural-background stations. The red line represents the median for each bin, the blue 1:1 line 
shows the perfect model, both referring to the left axis. Grey bars are the histogram of Bcalc whereas 
the blue histogram shows Bmeasured, both referring to the right axis. Note the different scales! 

4. Discussion on the effect of the loading parameter k 
 

To investigate the effect of the loading parameter k on the evaluation of station types other 

than urban-traffic or rural-background we calculated the RMSE, the slope and R2 using k and 

sigma values derived by using all urban-traffic and all rural-background stations as presented 

in Table S1 for the calculation of Bcalc. Since it is not recommended to use k and sigma values 
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from different fits, we decided to use those values, although the k values were found to be 

statistically indifferent from zero. Results are presented in Table S3. 

 

 URBAN-TRAFFIC  RURAL-BACKGROUND 

Approach  Virkkula Drinovec   Virkkula Drinovec 

k 0 0.0001 0.00017  0 0.00018 0.00037 

σ [m2 g-1] 24.4 25.4 25.3  31.8 32.9 33 

LAVA        

RMSE 1.16 1.05 0.96  1.48 1.52 1.52 

slope 0.933 1.013 1.011  1.215 1.293 1.293 

R2 0.966 0.956 0.956  0.966 0.955 0.955 

LEI        

RMSE 3.15 3.05 3.06  2.29 2.20 2.18 

slope 0.89 0.816 0.816  1.053 1.032 1.029 

R2 0.946 0.947 0.947  0.946 0.949 0.949 

LIM        

RMSE 3.08 2.95 2.96  1.63 1.60 1.59 

slope 0.719 0.689 0.688  0.827 0.875 0.874 

R2 0.941 0.944 0.944  0.941 0.946 0.947 

Table S3: Results for the validation of station types other than urban-traffic or rural-background 
using the linear regression Bmeasured=a*Bcalc. Thereby Bcalc was calculated using the “Virkkula” and 
“Drinovec” equations given in Eq. (1) and Eq. (2) with the respective k and σ values computed by 
using all filters of the different station types and given in Table S1 in comparison to results using 
k=0 and the respective σ values as given in Table 6. 
 

Results reveal, that the loading correction (k NOT 0) in general does only slightly improve the 

RMSE. Also the deviation from the 1:1 line, given as the slope, is in most of the cases not 

improved while R2 is always comparable high with values >0,9. 
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Chapter 5 

Summary and Conclusion 
 
The importance of the investigation of desert dust contributions to PM concentrations and 
deposition in Austria is highly relevant due to its impact not only on air quality and the related 
health issues, but also considering its optical properties related to the direct and indirect effects 
on radiative forcing, as well as corresponding ecological aspects, e.g. the nutrient supply. 
 
The aim of this thesis was to assess the influence of desert dust on PM concentrations and 
deposition in Austria. For the first time the long-term influence of desert dust on the ion 
concentration in wet deposition is explored, to reveal that desert dust deposition is a constant 
factor influencing terrestrial and aquatic ecosystems in the Alps. On the other hand, the 
influence of mineral dust on PM10 concentrations was investigated to draw conclusions on its 
impact on PM10 limit value exceedance in Austria. Additionally, a method for the identification 
of desert dust based on its light absorbing properties using filters from air quality monitoring 
networks is discussed. Aiming at a simple quantification method for mineral dust, an 
evaluation method for BC could be established in a first step, acting as a basis for further 
refinement also including mineral dust. 
 
A long-term influence of desert dust on ion concentrations in wet deposition was identified 
over more than 30 years from 1987 to 2017 for high alpine snow packs. This is the first long-
term time series of the investigation of mineral dust in wet deposition in the Alps. Results 
reveal that especially magnesium and calcium depositions are strongly affected by desert dust 
input with a 25% and 35% contribution, respectively, on the average annual deposition amount 
determined for the 30-year period. The contribution of the other investigated ions is well 
comparable to the deposition amount expected according to the snow water equivalent of 
affected snow layers. The pH, and hence the acidity, of the samples is markedly influenced, 
ranging from 5.58 to 7.17 in desert dust affected layers, while the median pH value of all 
samples is 5.40. It is important to note that the long term decreasing trends which were 
identified for sulfate and nitrate are not altered if the deposition loads related to the deposition 
of desert dust would be deducted. This implies that the introduction of sulfur via desert dust 
deposition is rather small at the investigated site due to its location in the middle of Europe 
where anthropogenic sources related to SO2 emissions clearly dominate. This seems 
straightforward, but within the years the dust samples showed highest ionic loads, also for 
electrolytes, therefore it was checked. 
 
The documentation of the 30-year time series of mineral dust deposited onto a high alpine 
snow pack in Austria is of great scientific value as it may trigger further research to investigate 
the impact of the desert dust contribution on ecology, especially in a sensitive environment 
such as remote alpine snow. Although this study provides a first quantification on the 
deposition of mineral dust, measurements of minerals and trace elements were not performed. 
In particular phosphor and iron are essential nutrients for microorganisms and are known to 
be contained in mineral dust. Not only the biogeochemical cycles of these elements might be 
affected, also the metabolism, respiration, and productivity of the microbes might be altered, 
especially if the impact of desert dust on acidity is considered as well. Besides the required 
chemical investigations, also microbiological studies are of great interest regarding a microbial 
‘contamination’ of sensitive habitats via mineral dust intrusion. 
 
Regarding the influence of mineral dust on measured PM10 concentrations an impact was 
found, but the influence on the exceedances of the daily limit value in a highly polluted urban 
surrounding is rather small with a maximum of ten days. This is relatively low compared to the 
allowed amount 25 or 35 days (WMO or IG-L threshold, respectively) exceeding the respective 
limit values, but still the scales might be tipped in favour of a transgression of that very 
maximum. Results were obtained via an investigation of two stations, representing a hot spot 
regarding PM10 concentrations in Austria, over a time period of six years (2013 to 2018). 
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Thereby the applicability of the European Air Quality Directive (2008/50/EC) for the 
subtraction of the contribution of natural sources from the daily PM10 load was evaluated. 
Different stations and different statistical parameters were evaluated to determine the regional 
background load (BGL) and subsequently the net dust load (NDL) which can then be 
subtracted. Results reveal an adapted approach of the EC-methodology, using the +/- 15-day 
mean average of the PM10 at the regional background station Masenberg, together with 
threshold criteria of BGL > 12µg/m³ and NDL > 10 µg/m³ to identify only desert dust affected 
days. The results of calculated NDLs were in good agreement with crustal loads determined on 
filter samples during two desert dust events in 2016.  
Within this study only days exceeding the daily limit of 50µg/m³, as set by the European 
Commission, the World Health Organization (WHO) and the national regulations in the frame 
of the ‘Immissionsschutzgesetz Luft (IG-L)’, were examined. This first analysis and the 
proposed approach allow conclusions on the impact of mineral dust on the limit value 
exceedance but the impact of desert dust events on the total dust load as well as on annual 
mean values of PM10 concentrations remains unexplored, especially in regions not directly 
influenced by anthropogenic activities. This would be of special interest regarding the overall 
impact of mineral dust from natural sources. The proposed approach tends to underestimate 
the NDL due to the inclusion of all days (also the desert dust affected days) for the computation 
of the moving 30-day average but a comparison of the NDL with crustal loads chemically 
measured on filters showed that the NDL is still higher. Thus, using the proposed method also 
the impact on the mean annual concentrations will be underestimated. To further investigate 
this discrepancy and two draw conclusions on the annual impact a measurement campaign 
over at least one year would be worthwhile, to compare the calculated NDL with the chemically 
measured crustal load. Based on the results obtained, the approach proposed in this work 
might has to be adapted. Also the representativeness of the proposed station Masenberg for 
the investigated region should be validated by using e.g. ceilometer measurements to 
determine the height of the mixing layer, to check whether the higher located stations are 
decoupled from the lower ones, especially during inversion weather situations, which are very 
likely around the investigated region. 
 
Besides the need for further research in the region of Graz, the applicability of the proposed 
approach to other stations needs further investigation too, especially in regions not directly 
influenced by anthropogenic activities, and thus remains of great importance. By all means, 
this should be supported by a chemical analysis of the crustal loads, although this is quite time 
and cost consuming. Thus, a rather easy quantitative assessment of mineral dust on filters 
sampled within the air quality monitoring networks would be of great interest. Such a new 
approach was pursued within this work, but unfortunately could not be implemented due to 
technical limitations of the measurement set up. The idea was to set up a quantification method 
based on transmissometer measurements of the filters at two wavelengths in the IR and the 
UV. Based on the obtained values of attenuation at the two wavelengths a source contribution 
would be possible. Unfortunately, filters sampled at the air quality monitoring stations were 
overloaded for the measurements in the UV and the applicability of the method could not be 
further investigated. Still the presented investigation of BC is of great scientific value since the 
proposed methodology offers the possibility to easily investigate long time series, e.g. from 
archived filters measured within air quality monitoring networks. Due to the presentation of 
station type specific factors, such as the filter loading parameter and the mass attenuation 
cross section, BC concentrations in different environments can be assessed. 
 
In a nutshell, this thesis highlights the influence of desert dust events in Austria. Results show 
that the impacts on wet deposition in a remote area as well as on air quality in an urban 
environment are rather small and limited to single events only. Still a remarkable impact can 
be found for almost every year even if it is limited to a few days only. The findings of this thesis 
absolutely encourage and endorses further research to investigate the impact on sensitive 
ecosystems, such as the high alpine regions for which the first quantitative assessments within 
this study serve as a starting point.  
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