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Abstract

Aerosols play an important role in atmospheric physics. The airborne particles
in diameters of a few nanometres to some micrometres affect the climate system
by altering the energy balance of the atmosphere. However, the quantification
of the climate effect is an open question until today. Large uncertainties exist in
the knowledge of the global aerosol distribution and their properties.
The present work assesses the spatial and temporal distribution and variability
of aerosol particles and their properties above Europe during stable synoptic con-
ditions. A data set of airborne measurements unique in its spatial dimensions
over Europe was obtained within this work in May 2008. It covers microphysical
aerosol properties throughout the whole tropospheric column above Central and
Western Europe. The airborne aerosol measurements were performed aboard the
DLR Falcon 20 within the EUCAARI-LONGREX field campaign. The aircraft
operated from Oberpfaffenhofen, Germany.
The influence of source contributions on the aerosol particles and ageing pro-
cesses over a densely populated region were measured and analysed using a new
developed trajectory analysis tool (FLYTUL). The trajectory analysis tool uses
the EDGAR 3.2 Fast Track 2000 dataset to quantify the source contributions
along each trajectory of a trajectory bundle for a qualitative classification of the
air mass. Meteorological information along the air mass transport pathway is
retrieved from the ECMWF.
The prevailing anticyclonic conditions led to an increase of particulate matter
in the continental boundary layer. Total aerosol number concentrations reached
22000 cm−3, number concentrations of accumulation mode particles 1600 cm−3.
The volume fraction of secondary aerosol matter increased to 95 % for submicron
particles due to coagulation processes and condensation of the abundant aerosol
precursor gases within the dry and stable meteorological conditions.
A positive gradient of particulate matter was observed along the anticyclonic
transport pathway from the Baltic Sea towards the Benelux States and Southern
England. The vertical aerosol distribution featured clean conditions with respect
to particles in the lower free troposphere and suggested a trapping of aerosol par-
ticles inside the boundary layer.
Undisturbed transport of continental anthropogenic pollutants to remote regions
was observed and a direct effect on the radiative properties of the aerosol popu-
lation was found. 90 % of the aerosol optical depth above the Atlantic southwest
of Ireland was caused by the pollution layers, which originated from continental
Europe.
The analysis of air mass transport and ageing processes indicated that the main
coagulation process of aerosol particles happens within the first 12–24 h. The
saturation of the coagulation process occurred after two days.
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Kurzfassung

Aerosole spielen eine wichtige Rolle im Bereich der Atmosphärenphysik. Par-
tikel mit Durchmessern von wenigen Nanometern bis einigen Mikrometern bee-
influssen das Klima indem sie die Energiebilanz der Atmosphäre ändern. Die
Quantifizierung dieses Effektes ist jedoch bis heute ein ungelöstes Problem. Das
Wissen um die globale Aerosolverteilung und deren Eigenschaften ist mit großen
Unsicherheiten behaftet.
Die vorliegende Arbeit bestimmt die räumliche und zeitliche Verteilung und Vari-
abilität von Aerosolpartikeln und deren Eigenschaften während stabilen synop-
tischen Bedingungen über Europa. Während dieser Arbeit wurde ein in seiner
räumlichen Ausdehnung über Europa einmaliger Datensatz von flugzeuggetra-
genen Messungen gewonnen. Mikrophysikalische Aerosoleigenschaften wurden
über den gesamten Höhenbereich der Troposphäre über Mittel- und Westeuropa
gemessen. Die Messungen wurden auf dem Forschungsflugzeug DLR Falcon 20
während der EUCAARI-LONGREX Messkampagne im Mai 2008 durchgeführt.
Die Flüge starteten von Oberpfaffenhofen, Deutschland aus.
Der Einfluss verschiedener Quellbeiträge über dicht bevölkerten Gebieten und
von Alterungsprozessen auf Aerosolpartikel wurde gemessen und mit Hilfe eines
neu entwickelten Trajektorienanalyseprogramms ausgewertet (FLYTUL). Das
Trajektorienanalyseprogramm verwendet die EDGAR 3.2 Fast Track 2000 Daten-
bank um Quellbeiträge entlang jeder einzelnen Trajektorie eines Trajektorienbün-
dels zu bestimmen. Somit kann eine Klassifizierung der gemessenen Luftmassen
durchgeführt werden. Meteorologische Parameter entlang des Transportweges
werden vom ECMWF geliefert.
Die vorherrschenden Hochdruckbedingungen führten zu einer Anhäufung von
Partikeln in der kontinentalen Grenzschicht. Die Gesamtanzahlkonzentration der
Partikel erreichte Werte um 22000 cm−3, die Anzahlkonzentration der Akkumula-
tionsmode 1600 cm−3. Durch Koagulation von Partikeln und Kondensation von
Aerosolvorläufergasen erhöhte sich der Volumenanteil des sekundären Aerosols
auf 95 % für Partikel im Sub-Mikrometerbereich.
Eine Zunahme der Partikelmasse konnte während des Luftmassentransports von
der Ostsee über die Beneluxstaaten nach Südengland beobachtet werden. Der
ungehinderte Transport von kontinentalen anthropogenen Verschmutzungen in
abgelegene Gebiete wurde beobachtet und ein direkter Effekt auf die optischen
Eigenschaften des lokalen Aerosols gefunden. 90 % der optischen Dicke über dem
Atlantik südwestlich von Irland wurde von Verschmutzungsschichten erzeugt,
welche von Kontinentaleuropa stammten.
Die Analyse des Luftmassentransports und der Alterungsprozesse wiesen darauf
hin, dass innerhalb der ersten 12–24 h der Großteil des Koagulationsprozesses
abläuft. Die Koagulation erfährt ihre Sättigung nach zwei Tagen.
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Chapter 1

Introduction

Aerosol is a mixture of liquid or solid particles in a carrier gas. The aerosol particles
are small airborne particles, which occur all over our atmosphere. Although every kind
of airborne particle can be considered as an aerosol particle independent of its size,
only particles in diameters less than a few micrometers are usually the scope of aerosol
science. Larger particles in the atmosphere most commonly exist of hydrometeors, i.e.
cloud droplets or ice crystals, and are covered by cloud physics. Nevertheless, aerosol
and cloud physics are strongly related to each other. Aerosol particles appear to be
small and normally cannot be detected by human eyes. However, their effects on our
life and environment are significant and can take considerable scales.

Why do we care about aerosol particles?

The effects of aerosols reach from human health problems to the influence of particles
on the global radiation budget and climate effects (Oberdörster et al., 2005; Kulmala,
1999). Most problems in aerosol science have in common that the detailed processes
and interactions of particles with their environment are not well understood. For in-
stance, several studies using statistical approaches demonstrated that aerosols could
have health effects on people exposed to fine particles. Fine particles generated by
combustion engines may cause sensitization to allergic reactions (Pöschl, 2005) or mal-
functions of heart and lung (Kennedy, 2007). In addition, not only exposures to aerosol
particles close to the sources might cause health effects. Increased mortality due to lung
cancer and cardiopulmonary deceases could be connected to intercontinental transport
of polluted air masses (Liu et al., 2009). Nevertheless, the authors point out that the
details in the interaction between aerosol particles and the cardiopulmonary system is
yet not well understood.

1
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Next to the effects of aerosols on human health, the effect of airborne particles on
the climate system of our earth is the major field in aerosol science. The alteration of
visible light due to airborne particles is for example an effect we can directly observe
almost every day (Horvath, 1981). The extinction of light by particles causes blue
haze due to natural particles over forest areas (Went, 1960) or reduces the visibility
due to increasing concentrations of anthropogenic particles in urban areas (White and
Roberts, 1977; Patterson and Wagman, 1977). Also meteorological conditions and air
mass history have an impact on the visibility as they alter the physicochemical prop-
erties of the prevailing particles (Fenn et al., 1981). Most studies, which focus on the
impact of aerosol particles on atmospheric visibility, have been performed in the last
decades. However, John Tyndall made first experiments on the effect of particles and
gaseous molecules on solar radiation as long ago as the nineteenth century (Gentry,
1997). He discovered that fine particles can be detected by light which is scattered
by the occurring particles. This effect is now known as the Tyndall effect. Tyndall
used this effect e.g. to detect pollution constituents in the air or in water. He also
suggested that fine particles and gaseous species have influence on the energy balance
to the earth, i.e. alter the radiative heat transfer in the atmosphere.

The effect of aerosol particles on atmospheric radiative transfer and thus on climate is
still an open question to the present. Aerosols can have a cooling effect on the atmo-
sphere by increasing the albedo, i.e. more solar radiation is scattered back into space
(e.g. Haywood and Boucher, 2000). On the other hand they can heat the atmosphere
due to particles containing light absorbing substances (Charlson and Pilat, 1969). The
quantification of the effect of aerosols on climate was one of the major tasks in aerosol
science in the last years and the complexity of the problem limits the accuracy of the
statements until today. The effects are classified into the direct aerosol effect, i.e. the
direct interaction of particles with radiation, and the indirect aerosol effect, i.e. the
influence of particles on clouds and the subsequent radiative effects (e.g. Penner et al.,
2004). The complexity of the problem gets apparent by having a short look to the in-
direct aerosol effect. Increasing concentrations of particles, which act as condensation
nuclei for cloud droplets, increase the concentration of cloud droplets. As a result of
the increased concentration of cloud droplets the optical depth of the cloud and the
cloud albedo increase (Twomey effect; Twomey (1977c)). In addition, the increased
concentration of particles leads to smaller cloud droplets at constant water content
and therefore may prevent or delay precipitation. This results in an extension of the
lifetime of clouds. Models indicate that both effects cool the atmosphere. On the other
hand particles containing absorbing matter may cause evaporation of cloud particles
and reduce cloud cover and cloud optical depth. This semi-direct effect might cause a
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warming of the earth-atmosphere system (Lohmann and Feichter, 2005). According to
current knowledge (Forster et al., 2007), the overall aerosol effect cools the atmosphere
and thus counteracts the warming by greenhouse gases. However, the cooling effect
of aerosol particles is far from being quantified and the uncertainties are large. Major
uncertainties appear to result from insufficient quantification of the global aerosol load
leading to uncertainties in emission factors used for modelling the atmospheric burden
of greenhouse and particle precursor gases and aerosol species. In addition, large un-
certainties arise in the quantification of the indirect aerosol effect. Measurements of
trace gases and aerosol particles help to improve models and emission databases and
are therefore an essential tool to decrease the uncertainties (Laj et al., 2009).

What has been done so far in aerosol measurements?

A major part of in-situ observations is realised by ground-based measurements. Ground-
based measurements are frequently performed at permanent measurement sites build
for atmospheric research. Several measurement sites are associated in European and
worldwide networks built for air quality monitoring, e.g EUSAAR (European Super-
sites for Atmospheric Aerosol Research), EMEP (European Monitoring and Evaluation
Programme), and Global Atmosphere Watch (GAW). The networks provide long-term
in-situ data of near-ground air pollutants (van Dingenen et al., 2004; Putaud et al.,
2004, 2010). The measurement sites over Europe cover urban sites located close or
within cities as well as remote sites in rural areas. Depending on their location, the
measurements serve to gain knowledge of different aerosol species and processes. The
constituents and evolution of marine aerosol can be observed at sites located close
to the ocean like Ireland (Kleefeld et al., 2002; Jennings et al., 2003; Junker et al.,
2006; Yoon et al., 2007; O’Connor et al., 2008) and new particle formation in clean
air masses can be studied preferably at remote regions e.g. in Scandinavia (Kulmala
et al., 2004; Lyubovtseva et al., 2005; dal Maso et al., 2007; Sogacheva et al., 2008).
Anthropogenic influence on particles can be best observed in the densely populated
regions of Central Europe. The observations range from measurements for air quality
purposes in cities and urban areas (Mayer, 1999; Kukkonen et al., 2005) to studies
of changing (decreasing) concentrations of pollutants in formerly highly polluted re-
gions in Eastern Germany (Müller, 1999; Hamed et al., 2010) and measurements of
rural and free tropospheric aerosol at elevated stations located on hills and mountains
(Hock et al., 2008; Venzac et al., 2009). Particular attention is paid to the transport
of aerosol particles and their impact on the aerosol budget at remote regions. The
effect of air mass transport and subsequently the effect of meteorological conditions
and source regions along the transport pathway was studied in combination with the
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ground-based measurements at remote sites in Western and Northern Europe (Huang
et al., 2001; Tunved et al., 2003, 2005; Niemi et al., 2009) and rural regions in Central
Europe (Spindler et al., 2010).

However, as the name already indicates, ground-based in-situ measurements are lim-
ited to the ground. Even if some ground stations are located on hills and mountains, a
lack of vertical information on aerosol species is apparent. Ground based remote sens-
ing measurement networks like AERONET (Aerosol Robotic Network) provide vertical
information retrieved from sun photometer and radiometer measurements. However,
the remote sensing data have to be validated with in-situ measurements. Airborne
aerosol in-situ measurements provide the ideal platform to retrieve essential informa-
tion of the vertical particle distribution. A lot of effort was made in the last decade
to retrieve aerosol data throughout the tropospheric column. Among other studies
above the European continent aerosol radiative properties were analysed over East-
ern Germany (Ansmann et al., 2002; Petzold et al., 2002), long-range transport of
North American anthropogenic emissions and forest fire plumes were measured over
Western Europe (Methven et al., 2006; Petzold et al., 2007), and ship emissions were
probed in the marine boundary layer above the English Channel (Petzold et al., 2008).
In-situ measurements in the upper troposphere comprised studies of the outflow of
thunderstorms (Huntrieser et al., 2002), aerosol and cirrus cloud properties (Minikin
et al., 2003) and aircraft emissions and contrails (Voigt et al., 2010). Like all other
airborne in-situ measurements, these campaigns delivered valuable data about atmo-
spheric aerosol. Nevertheless, the measurements focussed either on certain locations
or on specific altitude ranges over Europe depending on the scope of the respective
campaign. All measurements together provide a dataset, which covers almost the com-
plete European continent. However, the flights were performed during different years
and different seasons. Therefore, measurements covering the whole troposphere over
a wide horizontal range performed during similar conditions would be useful to derive
an entire overview of the aerosol distribution over Europe.

What will be done in this work?

Chin et al. (2009) points out the importance of aerosol measurements to reduce the un-
certainties in assessing the anthropogenic impacts on climate. To evaluate the effects of
aerosol particles on climate one has to take the high spatial and temporal variability of
aerosol concentration and properties into account. Formation and evolution of aerosol
particles have to be measured. Chin et al. (2009) set these tasks to high priority in
the report on atmospheric aerosol properties and climate impacts by the U.S. Climate
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Change Science Program (CCSP).

Stable synoptic conditions during high pressure situations lead to favourable conditions
to observe the spatial and temporal distribution and evolution of aerosol particles on a
continental scale during several consecutive days. The present work comprises airborne
measurements and the analysis of atmospheric aerosol properties as well as air mass
transport analysis to contribute to answering the following questions on microphysical
aerosol properties during stable synoptic conditions over Europe:

• What is the spatial and temporal distribution and variability of aerosol particles?

• How do stable synoptic conditions affect the aerosol particles in the boundary
layer and free troposphere?

• How do fresh or aged emissions affect the aerosol properties?

• What is the turnover time from fresh to aged aerosol particles and when comes
the ageing process to its saturation?

A data set of airborne measurements unique in its spatial dimensions over Europe
was collected within this work to achieve the listed objectives. The flights reached a
horizontal extension from Austria to the Baltic Sea and from Western Poland to the
Atlantic west of Ireland. They covered the whole tropospheric column. The mea-
surements open the possibility to quantify the probed aerosol properties over a wide
horizontal and vertical range at comparable conditions. The retrieved dataset also en-
ables the investigation of formation and transformation of atmospheric aerosol over a
variety of different source regions. Meteorological analysis and an air mass transport
analysis tool developed within this work (FLYTUL) are used to interpret the retrieved
data with a focus on the prevailing meteorological conditions and air mass history.

The tasks of the present work covered:

• Preparation of the aerosol in-situ measurements
aboard the DLR Falcon 20 aircraft.

• Meteorological forecast for flight planning.

• Airborne aerosol in-situ measurements.

• Development of a trajectory analysis tool
specified for airborne aerosol measurements.

• Meteorological analysis.
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• Analysis of aerosol measurements with a focus
on the prevailing meteorological conditions and air mass history.

The present section is followed by a short introduction to the basics of aerosol micro-
physical properties (Section 2), which are required to understand the methods of aerosol
in-situ measurements (Section 3.1) and the subsequent analysis. The new trajectory
analysis tool is presented in Section 3.2. After a short overview of the measurement
campaign (Section 3.3) and the analysis of the meteorological conditions during the
campaign (Section 4.1) a case study above the Atlantic southwest of Ireland shows
the effect of European anthropogenic pollution on aerosol properties in remote regions
(Section 4.2). The vertical and horizontal distribution of aerosol properties over Eu-
rope is analysed in Sections 4.3 and 4.5. The trajectory analysis tool will finally be
employed to the measurements in Section 5.



Chapter 2

Basics of aerosol microphysical properties

2.1 Aerosol sources, transformations and sinks

Aerosol particles evolve from an abundance of sources on the earth’s surface and the
atmosphere. The aerosol comprises natural particles consisting of biological mate-
rial, wind-borne dust or sea spray, and anthropogenic particles mainly resulting from
combustion processes or agricultural land use. The properties of aerosol particles are
strongly correlated to the particle sources and the subsequent transformation processes.
Considering the different sources particles can be classified into two major groups, pri-
mary particles directly emitted into the atmosphere and secondary particles formed
by chemical interactions of so-called aerosol precursor gases in the atmosphere. The
two different source types result in particles of two distinct size classes. Secondary
aerosol usually contains fine particles in diameters smaller than 1 μm, primary aerosol
contains coarse particles in diameters larger than 1 μm. A variety of exceptions occur
of course in the field, e.g. soot particles from combustion sources which are considered
as primary particles appear in the low sub-micron size range. A schematic evolution
following the transformations due to condensation of precursor gases, coagulation of
particles, chemical interactions, and activation as condensation nuclei and subsequent
formation of cloud droplets is outlined in Figure 2.1 (Raes et al., 2000).

Nucleation is the formation process of secondary particles. Two processes describe
the formation of particles through nucleation. The homogeneous nucleation, which de-
scribes the self-nucleation of precursor gases forming particles, and the heterogeneous
nucleation, which describes the condensation of the precursor gases on pre-existing
condensation nuclei. Major compounds of aerosol precursor gases are sulphur from
combustion of fossil fuel or organic matter and biological decay, nitrogen from fuel

7
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Figure 2.1: Evolution of the tropospheric aerosol after Raes et al. (2000).

burning especially at high temperatures and use of fertilizer, and hydrocarbons like
α-pinene and β-pinene emitted by e.g. pines or spruces. The vapour species are oxi-
dized in the atmosphere and undergo photochemical processes. Major products of the
oxidation process, which serve as condensable vapours are e.g. sulphuric acid (H2SO4),
nitric acid (HNO3), or pinic acid (Seinfeld, 1986).

To determine the conditions for particle nucleation we consider a cluster of molecules
from aerosol precursor gases as a continuous particle embryo. Thus, we can describe
the energetic state of the molecule cluster neglecting the structure and orientation of
the single molecules. For the following, we only need to know if the molecule is inside,
outside or on the surface of the particle embryo, or in the gaseous phase. The energy
dissipated or released during the phase transition of the molecules can be written as
the Gibbs free energy ΔG of a spherical particle embryo (Twomey, 1977a):

ΔG =
4π
3
r3ΔGV + 4πr2σ. (2.1)

The first term describes the change of Gibbs free energy due to the change of the
volume of the condensed phase without changing the surface (ΔGV ). The second term
depicts the change of energy due to the change of the surface of the particle embryo
with radius r. The free surface energy σ is equivalent to the surface tension. As σ is
always positive ΔG will always increase for positive ΔGV . Thus, more energy would be
required to increase the radius of the particle and evaporation would be energetically
more favourable. For negative ΔGV we can find a maximum of ΔG at a particle radius
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r∗ = − 2σ
ΔGV

. (2.2)

If the particle radius r exceeds the critical radius r∗, the Gibbs free energy ΔG decreases
and the system gets into an energetically more favourable state for larger particles, i.e.
condensation and particle growth occur. Using the first law of thermodynamics and
the ideal gas law we can derive the Kelvin or Thomson-Gibbs equation from Equation
2.2 (Hinds, 1999)

SR = exp
(

2σM
ρRTr∗

)
. (2.3)

SR is the saturation ratio at temperature T for a particle embryo of density ρ, M the
molecular mass, and R the gas constant. SR defines the ratio of the vapour pressure
of the precursor gas above the particle surface to its saturated vapour pressure and is
always greater than 1. This means that equilibrium between evaporation and conden-
sation only occurs for supersaturation. SR decreases for increasing particle radius and
precursor gases can condensate at lower vapour pressures. The effect of decreased SR
above larger particles with less curvature of the surface is called Kelvin effect. The
saturation vapour pressure also decreases if the particle consists of different chemical
components. The effect is known as Raoult’s law. However, the contribution of the
Kelvin effect is three times as large as the effect given by Raoult’s law at the point of
critical saturation (Seinfeld, 1986).

Existing particles covered with a thin film of condensed precursor gases act like larger
particles of the vapour species. The saturation vapour pressure over the surface is
reduced and heterogeneous nucleation and condensation takes place at the cost of ho-
mogenous nucleation. Thus, conditions in the absence of pre-existing particles are
favourable for homogeneous nucleation. If particles already exist, they will grow due
to the condensation of the precursor gases on the particles on the cost of newly formed
secondary aerosol. Another growth process is coagulation of particles, i.e. the particles
collide and adhere. Particles collide due to Brownian motion, inter-particle forces like
van der Waals and Coulomb forces, turbulent motion, or gravitational settling (Se-
infeld, 1986). Further particles grow due to chemical processing in non-precipitating
clouds (O’Dowd et al., 2000).

Sinks of aerosol particles are dry and wet deposition. The removing processes of the
aerosol particles can vary for different particle sizes. Dry deposition of fine particles
happens by diffusion of the particles to the earth’s surface while coarse particles settle
gravitationally. Dry removal of fine particles in the diameter range between 0.1-1.0 μm
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is a very slow process and wet removal is the dominating sink. The particles are acti-
vated in clouds and removed by subsequent precipitation (Raes et al., 2000).
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2.2 Aerosol size distribution
Regarding the different sources, evolution processes and sinks one can understand that
aerosol particles in the atmosphere cover a large size range. Aerosol particles cover par-
ticles in diameters of a few nanometres resulting from nucleation, accumulated particles
in the sub-micron size range formed by condensation and coagulation, and reach the
size of coarse particles consisting of sea salt or dust in diameters of a few micrometres.
In Section 2.1 we have introduced the separation into fine and coarse particles based
on the different sources, evolution processes and sinks. A further size resolved classi-
fication leads to the traditional definition of four aerosol size modes. The nucleation
mode (Nuc: Dp < 0.01μm), the Aitken mode (Ait: 0.01μm < Dp < 0.1μm), the accu-
mulation mode (Acc: 0.1μm < Dp < 1μm), and the coarse mode (Coa: Dp > 1μm).
The total aerosol comprises the sum of the different single aerosol modes. The aerosol
modes do not only cover a large size range, the number concentrations of particles in
several modes can vary by the order of magnitudes from 10 to 10000 cm−3. To cover the
features of each aerosol mode, concentrations per particle size (size distributions) are
presented on logarithmic scales for concentrations and particle sizes (Raes et al., 2000).

It was found that log-normal distributions fit single aerosol modes. Although these
distributions are only empirical fits to the atmospheric aerosol distribution and a phys-
ical basis is still missing they are widely used to describe the particle size distribution
(Whitby, 1978). The number size distribution defines the concentration of particles
per diameter interval (Seinfeld, 1986)

dN = n(Dp)dDp, (2.4)

with n(Dp) =
N√

2πDp lnGSD
exp
(
−(lnDp − lnCMD)2

2(lnGSD)2

)
. (2.5)

The log-normal distribution is defined by the number concentration N , the count me-
dian diameter CMD, and the geometric standard deviation GSD. The CMD is the
median diameter of the particle population associated with the log-normal distribu-
tion. The GSD governs the width of the aerosol mode and gives an indication on the
heterogeneity of the particles that form the mode with respect to their sizes. A GSD
of unity indicates monodisperse aerosol, a GSD greater than 1 polydisperse aerosol due
to the logarithmic nature of the distribution. Finally, we can calculate the number size
distribution per interval of the decadic logarithm of the diameters:

dN

d logDp
= n(Dp)

dDp
d logDp

. (2.6)
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Figure 2.2: Example of a typical multimodal size distribution of urban air masses.
The left panel shows the single modes of the size distribution (Nuc: nucleation mode,
Ait: Aitken mode, Acc: Accumulation mode, Coa: coarse mode). The panel in the
centre shows the number, surface, and volume size distribution from top to bottom,
respectively. The cumulative distribution of number, surface and volume is shown
in the right panel and the respective count median diameter CMD, surface median
diameter SMD, and mass median diameter MMD are indicated by vertical lines.

Based on the number size distribution we can also derive the surface and volume size
distributions for spherical particles to analyse the aerosol surface area and volume with
respect to particle size:

dS

d logDp
= πD2

pn(Dp)
dDp
d logDp

, (2.7)

dV

d logDp
=

1
6
πD3
pn(Dp)

dDp
d logDp

. (2.8)

A typical aerosol size distribution containing the number size distributions of the sin-
gle modes (Nuc, Ait, Acc, and Coa) is shown in Figure 2.2 a. The area under the
curve reflects the number concentrations of particles within a certain diameter range.
This gets more evident in Figure 2.2 b. The graphs show the number, surface, and
volume size distributions from the top to the bottom. Concentrations are plotted on
a linear scale. Now we see clearly which aerosol mode dominates the respective dis-
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tributions. The Aitken mode dominates the number of the total aerosol distribution
whereas the accumulation mode provides the surface. Both, the accumulation and the
coarse mode, affect the total aerosol volume. A similar result arises using the respective
median diameters. The median diameter defines the diameter for which 50 % of the to-
tal cumulated distribution of a parameter is reached by summing up all concentrations
for diameters smaller than the median diameter. Figure 2.2 c shows that the median
diameter increases from number, via surface to volume.

Size resolved concentrations of the atmospheric aerosol give important additional in-
formation to describe properties of the aerosol bulk. Aerosol particles of different
sizes have different effects on e.g. forming cloud droplets (Twomey, 1977b) or altering
the transport of radiation through the atmosphere and decreasing visibility (Horvath,
1981). The basics of aerosol optical properties are discussed in the following section.
Detailed optical theory of aerosol particles can be found in Bohren and Huffman (1983).
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2.3 Aerosol optical properties
It is known since decades that aerosol particles have direct effects on the atmospheric
radiative transfer (e.g., Ångström, 1962; Charlson and Pilat, 1969). However, the quan-
tification of these effects is difficult due to the uncertainties in the quantification of the
global aerosol distribution and aerosol properties. Hence, these effects are still within
the scope of research and occupy a large part of recent aerosol science (Forster et al.,
2007, and references therein). To examine the effects of known aerosol particles on the
radiative transfer within the atmosphere we have to consider the optical properties of
these particles and of the single aerosol particles in particular. The optical effects of
an aerosol particle result from scattering and absorption of radiation on the particle
(Bohren and Huffman, 1983). Basically scattering can be considered as the excitation
of the electric charges of a particle by an electromagnetic wave and its reradiation
into space. The transformation of the incident electromagnetic wave into other forms
of energy like thermal energy describes the absorption of radiation by the particle.
Both, scattering and absorption are considered together as extinction. The optical
properties of aerosol particles and their effects strongly depend on the size, shape, and
composition of the particles. Their theoretical basics will be discussed briefly in the
following.

2.3.1 Scattering and absorption of light by aerosol particles

The discussion of extinction of light by aerosol particles and single particles in partic-
ular follows in general the work of Bohren and Huffman (1983).

General considerations

The ability of a particle to scatter or absorb electromagnetic radiation can be quan-
tified with its scattering cross section Csca and its absorption cross section Cabs. The
quantities have the dimension of an area and the sum gives the extinction cross section
Cext:

Cext = Csca + Cabs. (2.9)

The cross sections can be considered as the ratio of energy scattered (Wsca) or absorbed
(Wabs) across the surface area A of a sphere to the incoming irradiance I0

Cext = Wext
I0
, Csca = Wsca

I0
, Cabs = Wabs

I0
, (2.10)
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where Wext = Wsca +Wabs. To obtain the net rate at which electromagnetic energy
crosses the surface A of the sphere we have to make use of the so called Poynting-Vector
(Poynting, 1884)

S = E×H. (2.11)

S specifies the magnitude and direction of the rate of transfer of electromagnetic energy
in the electromagnetic field (E,H). The time averaged Poynting-Vector of a plane wave
is

S̄ =
1
2
Re{E×H∗}. (2.12)

Its magnitude is called irradiance I (W m−2). S̄ propagates into the direction of the
electromagnetic wave. S̄ can be written as the sum of S̄i, the pointing vector of the
incident field, S̄sca, the pointing vector of the scattered field, and S̄ext, describing the
interaction of the incident with the scattered waves:

S̄ = S̄i + S̄sca + S̄ext. (2.13)

The net rate of electromagnetic energy crossing the surface A of a sphere can be written
as the integral

W = −
∫
A

S̄ · êr dA. (2.14)

Using Equation 2.13 we can derive

W = Wi −Wsca +Wext, (2.15)

where Wi, Wsca, and Wext are

Wi = −
∫
A

S̄i · êr dA, Wsca =
∫
A

S̄sca · êr dA, Wext = −
∫
A

S̄ext · êr dA. (2.16)

For a non absorbing medium Wi vanishes and Equation 2.15 becomes

Wext =Wsca +W. (2.17)

To derive the electromagnetic field that we need to obtain S̄ in the particle and at all
points of the medium surrounding the particle we have to find the solutions of (E,H)
which satisfy the Maxwell equations. Thus, the components of the electromagnetic
field have to be continuous although a discontinuity of electromagnetic properties ex-
ists at the boundary between the particle and the medium.
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The scattering problem has to be solved for two orthogonal polarization states of the
electromagnetic waves. The incident electric field will be divided into components
parallel (E‖i) and perpendicular (E⊥i) to the scattering plane to find the solutions of
the electromagnetic field. The relation between the incident (Ei) and scattered (Es)
electric fields is expressed by the amplitude scattering matrix S̃(θ, φ):

(
E‖s
E⊥s

)
= e

ik(r−z)

−ikr S̃
(
E‖i
E⊥i

)
, (2.18)

with S̃ =
(
S2 S3

S4 S1

)
. (2.19)

S̃(θ, φ) depends on the scattering angle θ and the azimuthal angle φ. Using the vector
scattering amplitude X, which is related to S̃(θ, φ) as follows

X = (S2 cosφ+ S3 sin φ)ê‖s + (S4 cosφ+ S1 sin φ)ê⊥s (2.20)

we have now the basic equations to derive Cext and Csca to quantify the scattering and
absorption of light by a particle:

Cext = 4π
k2 Re{(X · êx)θ=0}, (2.21)

Csca =
∫ 2π

0

∫ π
0

|X|2
k2 sin θ dθ dφ =

∫
4π

|X|2
k2 dΩ. (2.22)

Scattering of light by a single spherical particle

The problem of scattering of light by a particle can be simplified by assuming a spher-
ical shape of the particle. An analytical solution of the problem was developed by
Mie (1908). The Mie theory allows quantifying scattering and absorption of light on
particles. However the theory developed by Gustav Mie has to be implemented in a
numerical algorithm for the quantification of the scattering effects. A widely used nu-
merical code is presented in Bohren and Huffman (1983) (BHMIE). The computation
of aerosol optical properties in this work is based on the BHMIE-code.

According to the Mie theory we derive extinction cross sections Cext and scattering
cross section Csca that are now independent of the azimuthal angle φ due to the sym-
metry of rotation of the simplified problem. The cross sections can now be written
as:
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Cext = 2π
k2

∞∑
n=1

(2n+ 1)Re{an + bn}, (2.23)

Csca = 2π
k2

∞∑
n=1

(2n+ 1)(|an|2 + |bn|2), (2.24)

where an and bn are the scattering coefficients

an =
mψn(mx)ψ′n(x)− ψn(x)ψ′n(mx)
mψn(mx)ξ′n(x)− ξn(x)ψ′n(mx)

, (2.25)

bn =
ψn(mx)ψ′n(x)−mψn(x)ψ′n(mx)
ψn(mx)ξ′n(x)−mξn(x)ψ′n(mx)

. (2.26)

The scattering coefficients are simplified with the Riccati-Bessel functions ψn(ρ) and
ξn(ρ) and have to be calculated by numerical means. an and bn, and thus Cext and Csca,
depend on the size parameter x and the relative refractive index m. The size parameter
describes the ratio of particle size (i.e. particle diameter Dp) to the wavelength λ of
the incident radiation

x = πNmDp
λ
. (2.27)

Nm is the refractive index of the medium containing the particle. We can assume
Nm � 1 if the medium consists of common air (Edlén, 1966; Ciddor, 1996). The
relative refractive index is defined as the ratio of the refractive index of the particle Np
to the refractive index of the medium Nm with its real part n and imaginary part k:

m = n + ik =
Np
Nm
. (2.28)

If the particle solely contains non-absorbing matter the imaginary part k = 0.

Three examples of angle-dependent scattering were calculated for spherical ammonium
sulphate particles in different particle diameters. The incident light has a visible wave-
length of 530 nm. The polar plots of the scattered irradiance are shown in Figure 2.3.
Please note that the magnitude of the scattered irradiance is plotted on a logarithmic
scale. The scattering function is symmetrical in forward and backward scattering di-
rection for particles in diameter Dp � 1 μm. For particles in diameter Dp ≥ 1 μm the
scattering function becomes asymmetrical towards the forward direction (θ = 0◦). For
larger particles in diameter Dp = 3 μm the irradiance scattered in forward direction
is larger by two orders of magnitude. The dominant forward scattered irradiance can
already be observed in the sub-micron size range but intensifies for particles in the
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Figure 2.3: Angle-dependent scattering for spherical ammonium sulphate particles
in different particle diameters (0.1 μm, 1 μm, 3 μm). The scattered irradiance was
calculated from Mie theory for a wavelength of 530 nm.

super-micron size range.

Further simplifications of the Mie theory can be done if particles are small compared to
the wavelength of the incident irradiance. This implies that the size parameter x� 1.
The modified scattering theory is referred to as Rayleigh scattering and the respec-
tive particle size range as Rayleigh regime. For visible light the Rayleigh scattering
is valid for particles Dp ≲ 0.1 μm. The Rayleigh theory describes that for sufficient
small particles the scattered irradiance Is is indirect proportional to fourth power of
the wavelength of the incident light:

Is ∝
D6
p

λ4 . (2.29)

The angular distribution of Is is symmetrical in the forward and backward direction
and differs significantly from the angle dependent scattering of particles in the micron
size range in the Mie regime (cf. left panel of Figure 2.3).

Optical aerosol parameters

To quantify the ability of an aerosol particle to interact with electromagnetic radiation
we defined the scattering cross section Csca and absorption cross section Cabs. Based on
the cross sections we can directly define the dimensionless parameters of the efficiencies
for extinction, scattering and absorption of spherical particles:

Qext =
4
πD2
p

Cext, Qsca =
4
πD2
p

Csca, Qabs =
4
πD2
p

Cabs. (2.30)
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The efficiencies describe the ratio of scattered and/or absorbed irradiance by the par-
ticle to the incoming radiation. If we go back to the Rayleigh regime we derive the
following relationships for sufficient small particles:

Qsca ∝ 1
λ4 , Qabs ∝

1
λ
. (2.31)

Electromagnetic radiation of short wavelength is more affected by the aerosol particles
than radiation of long wavelength in both, scattering and absorption.

So far we focussed on single particles. To describe the effect of a bulk of aerosol
particles on radiation we can define the extinction coefficient (m−1) for a monodisperse
aerosol and a number concentration of N spherical particles per unit of volume (Hinds,
1982):

σext =
πD2
pN

4
Qext = NCext. (2.32)

The scattering coefficient σsca and absorption coefficient σabs of a bulk of aerosol parti-
cles are defined likewise. The extinction coefficient can again be expressed as the sum
of σsca and σabs:

σext = σsca + σabs. (2.33)

To derive the extinction coefficient of polydisperse aerosol we have to calculate the
integral of σext for the size distribution of the present aerosol population:

σext =
∫
Dp

πD2
p

4
Qext

dN

d logDp
d logDp. (2.34)

Knowing the extinction coefficient of aerosol within an atmospheric column of depth
Δz we can calculate the attenuation of light within this column following the Lambert-
Beer Law:

I = I0e−σextΔz, (2.35)

where I0 is the incident irradiance and I the irradiance traversing the aerosol.

2.3.2 Changes of optical properties due to changes in aerosol com-
position

The ability of particles to scatter or absorb electromagnetic radiation and consequently
to attenuate light depends strongly on the chemical composition of the particle which
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is expressed by its relative refractive index m. As described before the relative refrac-
tive index defines the ratio of the refractive index of the particle Np to the refractive
index of the medium Nm. We can set m � Np as the refractive index of air Nm � 1
(Edlén, 1966; Ciddor, 1996). The refractive indices of a lot of substances are well
known and Figure 2.4 a shows the wavelength dependency of soot, a major product
of combustion processes, and ammonium sulphate (NH4)2SO4, one of the most fre-
quently observed volatile component of atmospheric aerosol (Junge, 1954; Eggleton,
1969; Heard and Wiffen, 1969). The plot illustrates the dependency of the refractive
index on the wavelength (Twitty and Weinman, 1971; Volz, 1972; Toon et al., 1976).
However, the refractive indices of the two chosen components remain almost constant
for the wavelength spectrum of visible light.

In the atmosphere, homogeneous particles can rarely be found and the total aerosol
comprises particles consisting of different chemical components. Thus, we have to
consider an effective refractive index that takes the different components with known
refractive indices into account. Only the two components ammonium sulphate and
soot are used in the present work to consider one non-absorbing and one absorbing
component to simplify the problem and to give a first approximation of the effective
refractive index me for an internally mixed aerosol. Several solutions can be found to
compute me (Chýlek et al., 1988). A simple approach is the volume average of the
refractive index:

me = v1m1 + v2m2, (2.36)

where m1 and m2 are the refractive indices of the components and v1 and v2 the
respective volume fractions with v1 + v2 = 1. A second approach is the Maxwell-
Garnett mixing rule that defines the effective refractive index of an internally mixed
particle with absorbing inclusions (m2) in the non-absorbing matrix (m1):

m2
e = m2

1
m2

2 + 2m2
1 + 2v2(m2

2 −m2
1)

m2
2 + 2m2

1 − v2(m2
2 −m2

1)
. (2.37)

Chýlek et al. (1988) and Srivastava et al. (1989) recommend the Maxwell-Garnett
mixing rule for internally mixed particles with absorbing inclusions. Equation 2.37
will be used for internally mixed aerosol of non-absorbing and absorbing components
in the present work to comply with the recommendations. Figure 2.4 b shows the
trend of the effective refractive index for different volume fractions. While me follows
a linear function for the volume average, the function of the Maxwell-Garnett mixing
rule shows a convex curvature. However, the differences between the two mixing rules
remain small with a maximum deviation of 1 %.
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(a) (b)

Figure 2.4: Figure a: Wavelength dependency of complex refractive indices for soot
(Twitty and Weinman, 1971) and ammonium sulfate (Toon et al., 1976). The grey
shade indicates the wavelength spectrum of visible light. Figure b: Change of the com-
plex refractive index due to internal mixing of soot (m = 1.75± 0.63i) and ammonium
sulfate (m = 1.53± 0.00i) particles.

2.3.3 Changes of optical properties due to changes in relative hu-
midity

Condensation of water vapour on aerosol particles due to increased relative humidity
leads to an increase in size and altering of the refractive index of the particles. This
makes it necessary to consider the effects on particles as their optical properties change
with the variation of the humidity. Hygroscopic particles are affected if the relative hu-
midity rises above 70 % (Waggoner et al., 1981). The work of Hänel (1976) provides a
comprehensive discussion of the effects of relative humidity on mass, size, mean density,
and refractive index of aerosol particles. It will be used for the following corrections of
size and refractive index as functions of relative humidity.

The change in particle size is related to the uptake of mass by condensation and to the
relative humidity f . If the water activity of the particle equals the relative humidity
the following equation can be used to describe the growth of a dry particle with initial
radius r0:

r = r0
(

1 + ρ0
ρw

mw
m0

) 1
3

� r0
(

1 + ρ0
ρw
μm
f

1− f
) 1

3

, (2.38)
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r is the radius of the wet spherical particle. ρ0 and ρw are the density and m0 and
mw the mass of the dry particle and the condensed water, respectively. μm depicts the
linear mass increase coefficient of the particle and is a function of f . The equation is
only valid for particles in radii greater than 1 μm. The curvature correction using the
Kelvin equation (Equation 2.3) has to be taken into account for smaller particles. The
following formula is valid for relative humidity between 0.70–0.99 and dry radii larger
than 0.04 μm:

r � r0
⎛
⎝
(

1 + ρ0
ρw
μm
f

1− f
) 1

3

− 2σvw
RwTr0

f

1− f
(

1 + ρ0
ρw
μm
f

1− f
)− 1

3
⎞
⎠ . (2.39)

σ is the surface tension of the wet particle surface, vw the specific volume and Rw the
specific gas constant for water.

The equations for the refractive index m = n+ ik are derived using the average volume
mixing rule for the particle and the condensed water (see Equation 2.36). The equa-
tions for the real part n and imaginary part k of the refractive index can be expressed
as functions of relative humidity:

n = nw + (n0 − nw)
(

1 +
ρ0
ρw
μm
f

1− f
)−1

, (2.40)

k = kw + (k0 − kw)
(

1 +
ρ0
ρw
μm
f

1− f
)−1

. (2.41)

Equations 2.40 and 2.41, assuming a homogeneous internally mixed particle, can also
be used for inhomogeneous internally mixed particles to consider the humidity effect.
Deviations may occur for particles in the accumulation mode for decreasing wavelength
(Tuomi, 1980). Figure 2.5 a shows the effect of increasing humidity on the particle size
using Equations 2.39, 2.40 and 2.41. For relative humidity lower than 90 % aerosol
particles in dry diameter of 1 μm grow by a factor between 1 and 1.5. The particle size
starts to increase strongly for relative humidity larger than 95 % by factors larger than
2. The relative increase in size is larger for initially larger particles in diameter 1 μm
than in diameter 0.1 μm. In addition, the absolute increase of the resulting scattering
cross section Csca is larger for larger particles, whereas the relative increase of Csca
with relative humidity is larger for smaller particles (Figure 2.5 b). This is caused
by the strong relative increase of Csca with increasing particle size for small particles
compared to large particles. E.g. Csca extends between five orders of magnitude for
particles in diameter 0.1–1.0 μm compared to three orders of magnitude for particles
in diameter 1–10 μm for ammonium sulphate particles at visible light.
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(a) (b)

Figure 2.5: Relative increase of particle diameters (Figure a) and scattering cross
sections (Figure b) for increasing relative humidity. The scattering cross sections Csca
were calcutlated for ammonium sulphate particles at a wavelength of 530 nm.





Chapter 3

Methods and implementation of aerosol
airborne measurements

3.1 Methods of aerosol airborne measurements and data
analysis

Microphysical properties of atmospheric aerosol particles are measured by systems
using the properties based on aerosol theory. The measurement systems make use
of known ambient conditions like temperature, pressure, electric field, or wavelength
of the light scattered or absorbed by airborne particles to investigate related aerosol
properties. The following section gives an overview of the measurement techniques
used for the analysis of the aerosol microphysical properties in the present work.

3.1.1 Aerosol number concentrations
So-called Condensation Nucleus Counters (CNCs) or Condensation Particle Counters
(CPCs, this term is used within this work) make use of a popular technique to measure
total number concentrations with a high temporal resolution (Hinds, 1999). They solve
the problem of counting particles, which are too small to be detected by optical means,
using the growth of particles due to condensation of supersaturated vapours on parti-
cles (see Section 2.1). In principal CPCs consist of three parts: a saturation chamber, a
condenser tube, and the optical detection unit (Agarwal and Sem, 1980; Hinds, 1999).
The sampled aerosol particles enter the heated saturation chamber through an inlet.
The saturation chamber is enriched with evaporated liquids, which usually consist of
alcohols (e.g. Butanol) or water. The aerosol vapour mixture subsequently enters the
condenser tube where thermal cooling leads to a supersaturation and condensation of
the vapour on the particles. The level of supersaturation depends on the temperature

25



26 CHAPTER 3. METHODS AND IMPLEMENTATION OF MEASUREMENTS

difference between the saturation chamber and the end of the condenser tube and the
length of the condensation section. Supersaturation up to 400 % (Hinds, 1999) enable
particles in diameter down to 3 nm to grow to a detectable size. The optical detection
unit finally counts the grown aerosol particles. The lower measurement range between
0.003–0.02 μm depends on the design of the respective CPCs and is characterized by
the counting efficiency curve and the 50 % detection efficiency diameter of each CPC
(Wiedensohler et al., 1997; Banse et al., 2001). The lower detection limit can be in-
creased by the use of diffusion screens, which are set in front of a CPC. Fine particles
collide with the mesh of the diffusion screen due to Brownian motion and are deposited
on the mesh and removed from the aerosol population. Larger particles of the sub-
micron range follow the streamlines around the mesh. The penetration efficiency of
particles at given diameter can be set by the number of diffusion screens and the total
surface of the contained wire (Feldpausch et al., 2006). The possibility of different
lower detection limits due to the variation of the condenser characteristics and the use
of diffusion screens allow the size resolved measurement of fine particles in the submi-
cron range. CPCs with different lower detection limits can be combined to a battery
of particle counters to derive the number concentrations of particle populations with
different lower cut off diameters (Stein et al., 2001).

3.1.2 Aerosol size distributions

A more common method used to retrieve size resolved information of the aerosol pop-
ulation and to measure particle size distributions is the measurement of scattered light
by optical particle counters (OPCs). The OPCs measure the intensity of light scattered
by a particle by photoelectric means (Gucker and Rose, 1954). The scattered light is
focussed upon a photomultiplier and the resulting electrical pulses are classified by
their heights. The measured intensity of the scattered light depends on the wavelength
of the light and the detected scattering angle, which are given by the instrument. Fur-
ther it depends on the refractive index and thus on the chemical composition, which
has to be assumed or measured by chemical analysis, and on the shape of the particle
and its sphericity, which can be assumed to be spherical in the ideal case. However,
the size of the particle has the largest impact on the intensity of the scattered light
within a specified angle (see Section 2.3) and this effect is finally used by the OPCs to
measure the size of a single particle.

OPCs measure the size distribution for particles in diameter larger than 0.1 μm. To
detect the upper and lower limits of the channels, which count the classified pulse
heights, i.e. the channel borders, the OPCs used for this work were calibrated us-
ing monodisperse aerosol particles of various non-absorbing substances with known
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refractive index. Particles used for the calibration consisted of Di-Ethyl-Hexyl-Sebacat
(DEHS), polystyrene latex (PSL), ammonium sulphate and sodium chloride. A dif-
ferential mobility analyzer (DMA) (Knutson and Whitby, 1975; Liu and Pui, 1975)
was used to select monodisperse particles from the polydisperse aerosol population.
Although monodisperse aerosol is used for the calibration, particles are counted in
several channels around the channel of the respective particle size. To determine the
mean channel number of the monodisperse aerosol population the following formula
was used (Liu et al., 1992):

CH =
∑
NiCHi∑
Ni
. (3.1)

Ni is the number of particles counted in channel CHi. The size of the aerosol parti-
cles should be selected close to the border between two channels. Thus, particles are
detected equally in two subsequent channels.

After the determination of the bin limits at given refractive indices probe response
curves were calculated from Mie theory for each instrument. The probe response de-
scribes the measured intensity of scattered light integrated over a certain scattering
angle θ. The minimum and maximum scattering angles are defined by the specifica-
tions of the instruments. The OPCs used in this work operate with the following light
detection angles: Grimm Sky-OPC 30◦–150◦ (Grimm, 2007), Passive Cavity Aerosol
Spectrometer Probe (PCASP-100X) 35◦–120◦ (DMT, 2009), and Forward Scattering
Spectrometer Probe (FSSP-300) 6◦–15◦ (Fiebig, 2001). The probe response of the in-
strument is independent of the refractive index. Once the probe response is known
bin limits can be calculated for different substances from Mie theory using the probe
response curves of the respective refractive indices. Figure 3.1 shows the probe re-
sponse curves of the instruments for ammonium sulphate. The probe response curves,
especially for the FSSP-300, indicate that particles of different sizes can produce a
signal, which accounts for more than one bin limit. Thus, channels have to be grouped
according to the response curve to avoid regions of multivalued response due to Mie-
ambiguities (Pinnick and Auvermann, 1979; Pinnick and Rosen, 1979).

Channel borders of the OPCs listed above and used for the calculation of size dis-
tributions in this work are listed in Tables A.2 and A.3. They were retrieved from
calibration and theoretical calculations.
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Figure 3.1: Probe response curves for Grimm Sky-OPCs, PCASP-100X and FSSP-300
for ammonium sulphate.

3.1.3 Aerosol mixing state

An intensive aerosol property and independent from the extensive properties measured
with the methods mentioned above is the mixing state. The mixing state of aerosol
particles can be classified into two major states: external mixing and internal mixing.
The external mixed aerosol describes an aerosol population where particles of different
compounds e.g. soot from combustion processes and ammonium sulphate from natural
sources can be found side by side in the carrier gas. In contrary internal mixed aerosol
consists of particles where the different compounds are mixed internally within each
particle. Coagulation processes of different particles or condensation of aerosol pre-
cursor gases on existing particles can result in the internal mixing state. The internal
mixing state can be divided into homogenous and heterogeneous mixing depending on
the solubility of the compounds within the particle (see Figure 3.2). E.g., a particle
consisting of a non-soluble core coated by condensed matter can be classified as het-
erogeneous internally mixed. The fraction of internally mixed aerosol increases with
the age of the aerosol population (Riemer et al., 2004) as it undergoes condensation
and coagulation processes with preceding time. Thus, the analysis of the mixing state
gives an indication whether fresh or aged aerosol was measured.
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Figure 3.2: Mixing state of volatile (orange) and non-volatile (black) particles after
Bond and Bergstrom (2006): a) external, b) internal homogenous, and c) internal
heterogeneous.

A so-called thermodenuder was used in this study to separate different compounds
of the aerosol particles by heat. The thermodenuder heats the probed aerosol to 250◦C
and evaporates volatile and semi volatile compounds like ammonium sulphate (Slanina
et al., 1981). In the following the nomenclature of volatile particles will be used for
substances that evaporated or decomposed at 250◦C. The residual particles will be
named non-volatile particles. Total number concentrations and size distributions in
the diameter range 0.25–2.5 μm of volatile and non-volatile particles were measured by
the use of CPCs and two Grimm Sky-OPCs without and in combination with the ther-
modenuder, respectively. This instrument setup allowed the measurement of number
and volume ratios of non-volatile particles on the total aerosol.

The mixing state of the aerosol has a large impact on the optical properties of the par-
ticles (see Section 2.3.2) and subsequently on their measurements by optical means (see
Section 3.1.2). Average number and volume ratios of non-volatile particles were used
to retrieve the average refractive index of the aerosol probed during each horizontal
flight leg and to calculate the respective size distributions measured by PCASP-100X
and FSSP-300. The chemical compounds governing the average refractive index could
only be assumed due to the vast diversity of different sources above Central Europe.
In a first approximation it was assumed that volatile matter consists of ammonium
sulphate with m = 1.53± 0.00i (Toon et al., 1976) and non-volatile matter of soot re-
sulting from combustion processes with m = 1.75± 0.63i (Pluchino et al., 1980; Bond
and Bergstrom, 2006). Combustion processes are a major source of primary i.e. non-
volatile particles over a densely populated region like Central Europe. The refractive
index of the mixed aerosol was calculated using Equation 2.36 for external mixing state
and Equation 2.37 for internal mixing state. The Grimm Sky-OPC measurements of
the size distribution of volatile and non-volatile aerosol give the required volume ra-
tios. If the number ratio of non-volatile particles exceeded 80 % an internal mixing
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state was assumed, otherwise external mixing. The mixing of the absorbing with the
non-absorbing component was calculated for particles smaller 1 μm as soot from an-
thropogenic combustion processes dominantly appears in the submicron particle size
range (Rose et al., 2006). Particles larger 1 μm were assumed to consist of ammonium
sulphate. Corrections of the measured size distributions due to high relative humidity
were calculated after the methods described in Section 2.3.3.

3.1.4 Scattering and absorption of light by aerosol particles
To analyse the optical properties of the atmospheric aerosol we have to derive the
scattering coefficient σsca and the absorption coefficient σabs (see Section 2.3.1) from
in-situ measurements. The direct in-situ measurement of light scattering by aerosol
particles is known since several decades (Crosby and Koerber, 1963; Charlson et al.,
1967). If no direct in-situ measurements of σsca are performed the scattering of light
by aerosol can be estimated by theoretical considerations. The scattering cross section
Csca can be calculated for each measured particle size at a known refractive index. σsca
can be calculated from the measured size distribution retrieved by the OPCs using
Equation 2.34 for polydisperse aerosol in the measurement size range of the OPCs.

One of the most popular methods to measure the absorption coefficient of aerosols
is based on filter sampling of aerosol particles. The absorption is derived from the
change in light transmission through the filter on which the particles are collected
(Bond et al., 1999). In the present study a 3λ-PSAP (Particle Soot Absorption Pho-
tometer) (Virkkula et al., 2005) was used to determine the absorption coefficient. The
3λ-PSAP measures the attenuation of light at 467 nm, 530 nm, and 660 nm.

To derive the absorption coefficient σabs we have to correct the outgoing signal of
the instrument σPSAP . First corrections have to be implemented for the flow and the
spot size due to deviations between different instruments (Bond et al., 1999). The
PSAP signal σPSAP has to be multiplied with the following correction factors:

Fflow = QPSAP
Qmeas

and (3.2)

Fspot =
APSAP
Ameas

(3.3)

where QPSAP and Qmeas are the flow given by the PSAP and the flow measured down-
stream the instrument by an external flowmeter, respectively. The spot sizes given by
the manufacturer and measured for the operating instrument are APSAP = 17.81 mm
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and Ameas = 16.62 mm. The flow correction could not be accomplished for the present
work as no external flowmeter was used during the measurements.

The following corrections are of empirical nature. The PSAP signal has to be corrected
for the change of transmission as the filter gets darker with preceding measurement
time which is expressed in the transmission correction function f(Tr). In addition,
purely scattering particles on the filter alter the transmission and have to be taken into
account for the calculation of the absorption coefficient with the scattering correction
factor s. As the transmission correction function after Bond et al. (1999) is already
implemented in the firmware the absorption coefficient can be written as:

σabs = f(Tr)σ0 − s · σsca = σPSAP − s · σsca. (3.4)

σ0 depicts the uncorrected response in the instrument. The correction procedure used in
the present work follows the corrections given by Virkkula et al. (2005) and Virkkula
(2010). To use the transmission correction function of Virkkula et al. (2005) and
Virkkula (2010) we have to calculate σ0 from σPSAP using the transmission correction
function of Bond et al. (1999):

fbond(Tr) =
1

1.0796 · Tr + 0.71
(3.5)

where Tr is the transmission measured by the PSAP. The correction functions given
by Virkkula et al. (2005) and Virkkula (2010) consider the influence of grey aerosol by
using the single scattering albedo

ω0 = σsca
σsca + σabs

. (3.6)

To retrieve a first approximation of ω0 we have to calculate σabs using

σabs = k0 + k1 lnTr σ0 − s σsca. (3.7)

σabs will now be determined iteratively using the following equation until σabs does not
change significantly:

σabs = (k0 + k1(h0 + h1ω0) lnTr) σ0 − s σsca. (3.8)

The constants k0, k1, h0, h1, and s are given for each wavelength in Virkkula (2010)
and listed in Table 3.1. The scattering coefficient σsca used for the scattering correction
was retrieved from the measured size distributions of the Grimm Sky-OPC as the OPC
and the PSAP probed the same aerosol inside the cabin.
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Table 3.1: Constants for Equations 3.7 and 3.8 after Virkkula (2010).

467 nm 530 nm 660 nm

k0 0.377 0.358 0.352
k1 -0.640 -0.640 -0.674
h0 1.16 1.17 1.14
h1 -0.63 -0.71 -0.72

s 0.015 0.017 0.022

3.1.5 Processing the data of aerosol airborne measurements

The measurements realised by the DLR were conducted aboard the research aircraft
DLR Falcon 20. The aircraft was modified for atmospheric in-situ measurements and
remote sensing and can accommodate a payload of up to 1100 kg of scientific instru-
mentation. The scientific payload can be mounted inside the cabin and underneath
it, as well as under the wings. The DLR Falcon 20 has a maximum range of approxi-
mately 3700 km which allows an approximate flight and measurement duration of 5 h.
The maximum flight altitude of 12.8 km makes in-situ measurements throughout the
whole tropospheric column possible.

Several aspects of airborne aerosol in-situ measurements have to be taken into ac-
count. The aircraft flies with horizontal velocities up to 250 m s−1. This means that
the aerosol particles have to be sampled from a moving aerosol stream. An isokinetic
inlet constructed for the specifications of the DLR Falcon 20 is used to ensure that
the sampled aerosol represents the atmospheric state (Hinds, 1982; Fiebig, 2001). In
isokinetic conditions, the flow of the gas carrying the particles is not altered by any
acceleration caused by the inlet and the particles follow the streamlines into the sam-
pler (Addlesee, 1980). Anisokinetic sampling would lead to a distortion of the sampled
aerosol number concentration and size distribution at the nozzle of the sampling inlet
(Belyaev and Levin, 1974; Liu et al., 1989). To achieve isokinetic conditions the flow
velocities inside and outside the inlet should be similar. The flow velocity surrounding
the inlet usually exceeds the flow velocity inside the inlet for airborne measurements. A
diffuser cone mounted around the inlet reduces the flow velocity by increasing the flow
cross-sectional area. The inlet samples the carrier gas from a streamline in the centre of
the diffuser cone to avoid turbulent flow, which may occur at the walls of the diffuser.
Expansion angles smaller than 7◦ reduce the possibility that the flow separates from the
walls and causes turbulent flow (Baumgardner and Huebert, 1993). Although many
efforts were made in airborne aerosol measurements to achieve a sampling method,
which represents the atmospheric state after sampling, losses in number concentrations
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in different particle size ranges cannot be avoided yet. Porter et al. (1992) and Sheridan
and Norton (1998) reported losses of more than 50 % in the super-micron size range
and 10–20 % for sub-micron particles.

To account for losses due to inlet effects the sampling efficiencies of the inlet have
to be considered to characterise the inlet properties. The sampling efficiency E(Dp)
is a function of the particle diameter and defines the ratio of the sampled number of
particles ns(Dp) to the number of particles in the atmosphere na(Dp):

E(Dp) = ns(Dp)
na(Dp)

. (3.9)

The median upper cut off particle diameter Dp,50 (E(Dp,50) = 0.5) can be calcu-
lated once the sampling efficiency per particle diameter is determined. However, Dp,50

strongly depends on the ambient conditions and the properties of the carrier gas in
addition to the specifications of the sampling inlet. To derive an inlet specific value
that characterises its sampling efficiency the Stokes number St can be calculated for
Dp,50 (Liu et al., 1989):

St =
ρpD

2
pCcv

18μadi
. (3.10)

ρp is the particle density, v the free stream velocity, and di the inner diameter of the
sampling tube. The slip correction (Cunningham) factor Cc is a function of the mean
free path l and viscosity μa in air (Jennings, 1988; Seinfeld and Pandis, 1998).

The sampling efficiency and median upper cut off particle diameter were determined for
this work using the size distributions measured by optical particle counters inside the
cabin (Grimm Sky-OPC) and outside mounted on a wing port (PCASP-100X). The
number concentrations per particle diameter to calculate E(Dp) were derived from
linear interpolation of the measured number concentrations to the logarithm of the
respective particle diameters:

ns(Dp) = Ns,CH0 + Ns,CH1 −Ns,CH0

logDp,s,CH1 − logDp,s,CH0
(logDp − logDp,s,CH0), (3.11)

na(Dp) = Na,CH0 + Na,CH1 −Na,CH0

logDp,a,CH1 − logDp,a,CH0
(logDp − logDp,a,CH0). (3.12)

The particle diameter Dp is larger than Dp,CH0 and smaller than Dp,CH1. NCH0 and
NCH1 are the number concentrations measured in the respective channels CH0 and
CH1. The index s indicates measurements inside, the index a measurements out-
side cabin. Measurements used for the determination of the sampling efficiency were
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(a) (b)

Figure 3.3: Inlet efficiency (Figure a) and vertical distribution of the median upper cut
off diameter Dp,50 (Figure b) for ammonium sulphate particles.

taken from flight sequences performed inside the boundary layer and decoupled pollu-
tion layers to ensure high number concentrations and consequently low relative errors
due to detection limits. Average parameters of each single flight sequence that were
used to characterise the aerosol inlet are listed in Table A.1. Ammonium sulphate
particles were used for the calculation of St. The characterisation led to an average
median upper cut off diameter Dp,50 = 1.54μm± 0.24μm (Figure 3.3 a) and an aver-
age Stokes number St = 0.471± 0.126. This is in agreement with the Stokes number
St = 0.486±0.137 reported by Fiebig (2001) who characterised the aerosol inlet of the
DLR Falcon 20 using the wing mounted PCASP-100X and a Nephelometer inside the
cabin. Figure 3.3 b shows the variation of Dp,50 with altitude. Average values of tem-
perature, pressure, and flight velocity as measured during the EUCAARI-LONGREX
field campaign were used for the calculation. Dp,50 decreases with altitude from ap-
proximately 2.2 μm at the ground to less than 1.0 μm above 10 km.

In addition to the inlet considerations for airborne aerosol measurements one has to
consider the wide range of humidities, temperatures and pressures that occur through-
out the tropospheric column (Sheridan and Norton, 1998). The variety of ambient
conditions complicates the comparison of the different aerosol measurements. Thus, it
can be useful from case to case to correct the aerosol properties to standard conditions,
e.g. to low relative humidity (see Section 2.3.3) or to standard pressure and temper-
ature. Ambient concentrations (Namb) can easily be transformed to concentrations at
standard conditions (Nstp) using the following equation:
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Nstp = 1013.25 hPa
pamb

Tamb
273.15 K

Namb. (3.13)

pamb and Tamb are pressure and temperature at ambient conditions. Further one has to
consider that the conditions on the measurement platform vary during the measure-
ments, i.e. the aircraft changes its pitch and roll angle depending on flight velocity
and direction. Thus, the inflow direction to the sampling inlets can vary by time and
the inlet characteristics will change. Some measurement instruments may also be in-
sensitive to fast changes in ambient pressure and take some time to adapt to the new
conditions after ascend or descend. Hence, it is important to consider the flight con-
ditions for the analysis of the measurements. Best measuring conditions can be found
during horizontal flight legs when the aircraft is heading towards one direction. The
flight velocity of maximum 250 m s−1 also requires a high temporal resolution of the
measured data. The aircraft covers a distance of 15 km in one minute of flight and an
instrument with a low time resolution would average over a variety of possibly differ-
ent air masses. Thus, a temporal resolution of a few seconds suits the requirements of
airborne aerosol measurements.
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3.2 Development of a new method to analyse air mass
trajectories

Air mass transport analysis is an essential tool to support the interpretation of aerosol
measurements with additional information of the history of the probed air masses.
The transport analysis can provide information of aerosol source regions, the age of
the aerosol or the evolution of the meteorological conditions along the transport path-
way. This section describes the methods developed for transport analysis in the present
work.

3.2.1 Air mass trajectories

Trajectory models are a widely used method to examine air mass transport within the
atmosphere. In the last decades several different types of trajectory models have been
developed. Out of the different approaches to calculate trajectories several studies
showed that three-dimensional models using the horizontal and vertical wind compo-
nents derived from meteorological fields are the most accurate trajectory type (Stohl
et al., 1995). Nevertheless, trajectories have to be treated with attention. Several er-
rors have to be considered to estimate the accuracy of trajectories. Stohl et al. (1995)
diagnosed that the temporal resolution of the input field leads to the largest uncer-
tainties. Especially the temporal interpolation of the vertical wind component has to
be considered a significant source of error for trajectories. Further errors due to in-
homogeneities of the wind field, turbulent and convective motions and precipitation
processes lead to uncertainties in the appointment of air parcel pathways. Although
the quality of the input meteorological fields increased in the last years, one still has
to consider a position error of 20 % of the travel distance using an input wind field on
a 0.5◦ × 0.5◦ and a temporal resolution of 3 h (Stohl, 1998).

A trajectory represents the pathway of an infinitesimal air parcel. Because of the
error that has to be taken into account a single trajectory is not sufficient for a de-
scription of the path. Thus, ensembles of trajectories were utilized for many foregoing
studies (e.g., Merrill et al., 1985; Kahl, 1993). Although the ensemble method does not
produce more accurate trajectories, it gives a reliable estimation of the sensitivity of
the trajectories to initial errors and other errors (Stohl, 1998).
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3.2.2 The trajectory calculation and analysis tool FLYTUL

The trajectory analysis program FLYTUL (FLight analYsis Tool Using L AGRANTO)
was developed and implemented to provide a trajectory calculation and analysis pro-
gram easy to use for the analysis of aircraft field campaigns. It comprises the calcu-
lation of air mass trajectories, the combination of the trajectories with meteorological
fields and emission data bases (Sections 3.2.3 and 3.2.4), and the classification of each
trajectory using requested parameters (Section 3.2.5). FLYTUL is written in Python
2.5. It contains the core Fortran routine newcaltra.f of the Lagrangian Analysis Tool
(LAGRANTO) developed by Wernli (Wernli and Davies, 1997; Wernli, 1997). LA-
GRANTO is a three-dimensional trajectory model using the wind field data u, v, and
w. Comparisons of the LAGRANTO model with two other trajectory models (TRA-
JKS and FLEXTRA) showed that the accuracy of the trajectories depends more on
the quality of the input data than on the choice of the trajectory model (Stohl et al.,
2001). The study also recommended the use of a temporal resolution of three hours
rather than six hours of the input wind field. Thus, the trajectory calculations improve
significantly and produce stronger vertical motion.

The input data for the trajectory calculation was retrieved from the ECMWF op-
erational archive (Persson and Grazzini, 2007). The horizontal resolution of the input
data was 0.5◦ × 0.5◦. The maximum horizontal resolution of the ECMWF data is
0.225◦ × 0.225◦. The lower resolution used for the trajectory calculation was chosen
because of storage limitations on the local computer. The vertical resolution is split
into 91 vertical levels. Analysis data was available for a six hourly resolution at 00,
06, 12, 18 UT. To provide a temporal resolution of three hours prognostic data (+3 h)
were retrieved for 03, 09, 15, and 21 UT.

The trajectory calculation module of FLYTUL sets the start points of the trajecto-
ries and converts the output of LAGRANTO into files based on the widely used NASA
Ames Format. A box of a specified size is set up around each given start point. Within
the box, an ensemble of trajectories is started to estimate the sensitivity of the tra-
jectories. The start points of the ensemble are randomly distributed inside the box.
The dimensions of the box for the present analysis was set to a maximum horizontal
distance of 500 m and a maximum vertical distance of 100 m to the given start point
and a total number 100 ensemble trajectories. The start points can be selected indi-
vidually or a list of start points can be read in automatically, e.g. a flight track. For
the trajectory analysis of the DLR Falcon 20 flights one ensemble of trajectories was
started every minute along the flight track and calculated backwards for 240 h. Ensem-
bles of back trajectories starting from ground stations were started in 6 hourly intervals
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and calculated backwards for 168 h. The calculation time step was set to 30 min. The
start time of the trajectories can only be set to a multiple of the calculation time step.
Hence the temporal resolution of the trajectory start times had to be set to 30 min.
If trajectories go below the ground, i.e. where the pressure becomes larger than the
surface pressure, they are lifted by 10 hPa to continue the calculation.

The resulting trajectories can be used to calculate meteorological parameters along
each single trajectory pathway in combination with ECMWF fields, which contain the
required additional meteorological parameters. The ECMWF fields can contain two
dimensional surface data like mean sea level pressure or boundary layer height, or three
dimensional data like temperature, humidity or cloud cover. Based on the position data
and time information of the single trajectories the parameters are interpolated in space
and time along the transport pathways. The spatial interpolation method used in the
FLYTUL program is IDW (inverse distance weighting, e.g. Goovaerts (2000), Lloyd
(2005), and Lu and Wong (2008)). As the name indicates the method uses a weight
factor which decreases with increasing distance to the desired interpolation point and
is multiplied with the respective values of the surrounding points. The interpolation
method can be written as:

u(x) =
∑N
k=0wk(x)uk∑N
k=0wk(x)

, wk(x) =
1

d(x, xk)p
(3.14)

where u(x) is the value at point x, uk the values at the surrounding points, N the
number of surrounding points and d(x, xk) the distance between the given point x and
the surrounding points. wk(x) is the IDW weighting factor and can be controlled with
the power parameter p. FLYTUL uses a typical power parameter of 2, i.e. the inverse
square distance for the weighted interpolation method. If parameters of a three di-
mensional field are interpolated the 8 grid points surrounding the trajectory position
and their respective distances in metres are used. After the spatial interpolation the
two values of the model time steps before and after the trajectory position time are
interpolated linearly.

FLYTUL also provides several tools to display the results of the trajectory calcula-
tion graphically. An example of the median vertical cross section of the troposphere
derived from a bunch of trajectories is shown in Figure 3.4.
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Figure 3.4: Vertical cross section of the troposphere showing median values of a bunch
of back trajectories starting south west of Ireland. The upper panel shows the trajec-
tory (red line), boundary layer height (green line), cloud cover (blue shade), tempera-
ture (black lines), and orography (yellow shade). The lower panel precipitation (blue
columns) and night times (grey shade).

3.2.3 The EDGAR 3.2 Fast Track 2000 dataset

The EDGAR database (Emissions Database for Global Atmospheric Research) EDGAR
3.2 Fast Track 2000 dataset (32FT2000) was used to define the regional variation of
the source strength from anthropogenic emissions. To facilitate the naming of the
dataset the EDGAR 32FT2000 dataset is always discussed in the following if only
EDGAR database is mentioned. Detailed information of the EDGAR database can
be found in van Aardenne et al. (2005) and Olivier (2002) or on the project web-
page http://www.mnp.nl/edgar/. The database provides information of global an-
thropogenic emissions for the year 2000 of Kyoto Protocol greenhouse gases CO2, CH4,
N2O, and F-gases (HFCs, PFCs and SF6) and of the air pollutants CO, NMVOC,
NOx and SO2 which also serve as aerosol precursor gases. The main advantage of
the EDGAR database are the classification of emissions into source categories and its
availability on a 1◦ × 1◦ grid. The gridded data provides an easy use of the EDGAR
archive for atmospheric models and, essential for this work, for trajectory analysis.
The EDGAR database is available via the project webpage. The information provided

http://www.mnp.nl/edgar/
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by the EDGAR database was mostly taken from international statistical data sources
and international publications.

The classification of emissions for the gridded dataset comprises the following source
types: fuel combustion (including fuel production/transmission)*, biofuel combustion*,
industrial processes (non-combustion) and solvent use*, agriculture and biomass burn-
ing*, waste handling*, natural sources, and air traffic. The source types marked with
an asterisk (*) were selected to determine the total ground based anthropogenic emis-
sions for the present work and summed to a total emission value per grid cell (ESUM).
Further studies not discussed within the present work were performed with different
groupings of sources (e.g. agricultural and industrial sources) but did not provide sig-
nificant additional outcomes for the analysis of the measured aerosol properties over
Central Europe.

The EDGAR database is used within the present trajectory analysis to provide qualita-
tive information of emissions for different regions. A normalized emission factor ENORM

is calculated for each grid cell to derive a qualitative value for the source strength of
a region relative to the global emissions. ENORM is calculated by normalizing the sum
of the source types of each grid cell to the 95th percentile of the global sums EGLOBAL

not taking 0 values into account:

EGLOBAL = {x | x ∈ {ESUM,0, . . . , ESUM,n} ∧ x > 0}, (3.15)
EP95 = P95(EGLOBAL), (3.16)

ENORM =
ESUM
EP95

. (3.17)

The global 95th percentile of ground based anthropogenic emissions EP95 reaches
∼7.5 Mt/a. All values ENORM greater than 1 are set to 1. The resulting normalized
emission factors ENORM are shown in Figure 3.5 a and b for Europe and Asia, respec-
tively. The mapping of ENORM shows that the major source regions of anthropogenic
emissions in Europe are England, the Benelux States, Germany, and Northern Italy.
A more recent version of the EDGAR database was released within 2009 and covers
emission data bases till the year 2005. Information of the EDGAR v4.0 database can
be found on the project webpage http://edgar.jrc.ec.europa.eu/.

http://edgar.jrc.ec.europa.eu/
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(a) (b)

Figure 3.5: Normalized emission factors ENORM for ground based anthropogenic sources
claculated from the EDGAR 3.2 Fast Track 2000 dataset for Europe (a) and Asia (b).

3.2.4 Boundary layer indices
The combination of the boundary layer height interpolated along the trajectories, their
position over the oceans or continental land masses and the source strength of respective
regions can be used to define simple indices along each trajectory pathway. On the basis
of three initial indices further indices can be calculated for individual requirements. The
initial indices are:

MI ∈ {0; 1} (maritime index),
CI ∈ {0; 1} (continental index),
BI ∈ {0; 1} (boundary layer index).

The BI can be calculated using the boundary layer height retrieved from the ECMWF
data or a fixed boundary layer height. If the trajectory height a.s.l. is lower than the
boundary layer height a.s.l. BI is 1, else 0. Based on these three indices further useful
indices can be defined:

MBI =BI ·MI, MBI ∈ {0; 1} (maritime boundary layer index),
CBI =BI · CI, CBI ∈ {0; 1} (continental boundary layer index).

To assess the amount or the strength of emissions affecting the air masses along their
transport pathway at each time step the mission factor ENORM defined in Section 3.2.3
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Figure 3.6: Schematic description of the construction of several indices along an air
mass trajectory. For the respective index definitions we refer to the text.

can be combined with the previous indices. Thus, it can be assured that anthropogenic
sources solely will be considered if the trajectory is located within the boundary layer
above the respective source region. The continental pollution index is defined as fol-
lowed:

CPI =CBI ·ENORM , CPI ∈ [0, 1] (continental pollution index).

Figure 3.6 shows a schematic description of the construction of the several indices.

3.2.5 Classification of air mass trajectories using time weighted
averaging

The analysis along each trajectory pathway regarding the meteorological conditions
and different source regions provide already useful information for the interpretation of
the probed air masses. However, it is still an ambitious task to compare the trajectories
and the several different historical backgrounds of the air masses with each other in an
objective way. To characterize the probed air masses on the basis of their transport
history they have to be classified by single factors. These factors can comprise the
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meteorological history like cloud cover or the history of emission contributions like the
previously introduced continental pollution index CPI. To derive one factor per pa-
rameter for each trajectory a time weighted averaging method was introduced for the
use with flytul. The function and function parameters have to take into account the
lifetime of aerosols and the dominating effect of recently occurring events, e.g. fresh
aerosol source contributions. The typical lifetime of aerosols was found to be ta ≈ 48 h
in the boundary layer and up to ta ≈ 720 h (30 days) in the free troposphere (Williams
et al., 2002; Riemer et al., 2004; Cubison et al., 2006). The aerosol lifetime is used
to estimate a maximum time after that a distinct signal of aerosols originating from
a certain source region cannot be detected anymore. The distinct signal vanishes due
to processes occurring during the air mass transport like condensation, coagulation, or
sedimentation.

The Gaussian distribution function was chosen to estimate the probability to mea-
sure an aerosol signal originating from a certain source region. It is used to calculate a
decreasing weighting factor along a trajectory with increasing temporal distance from
the trajectory starting point, e.g. the measurement site. The weighting factor is ap-
plied to several parameters along the trajectory like pollution indices or meteorological
properties.

The mean of the distribution function μ is set to 0. The variance σ2 is the free param-
eter of the distribution function and can be varied depending on the weight that has
to be given to fresh or aged contributions. The distribution function is calculated for
three σ2 values to investigate the different impacts on the time weighted parameters.
σ2 is set to one third, half, and the whole aerosol lifetime. Thus, respectively 99.73 %,
95.45 %, and 68.27 % of the total weight (wGAUSS) lies within the aerosol life time. The
Gaussian weight can be derived from:

g(t) = 1√
2πσ2

exp
(
−1

2
(t− μ)2

σ2

)
, μ = 0, (3.18)

σ2 = sf · ta, sf = {1
3

; 1
2

; 1}, (3.19)

wGAUSS(t) = g(t)
max(g)

. (3.20)

The Gaussian weight is normalized between 0 and 1. If one or more transitions happen
between the boundary layer and the free troposphere the new weighting function will
start at its weighting factor wGAUSS(t = ttransition). Figure 3.7 shows the weighting
functions for the free troposphere, the boundary layer and for a mixed case scenario.
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Using the weighting function the time averaged factor ut of the required parameter can
finally be written as:

ut =
∑tmax
t=0 wGAUSS(t) u(t)∑tmax
t=0 wGAUSS(t)

. (3.21)



3.2. TRAJECTORY ANALYSIS 45

Figure 3.7: Weighting funtions for time weighted averaging using a Gaussion distri-
bution function. Displayed are the functions for the free troposphere (blue line), the
boundary layer (red line) and a mixed case scenario (green line).
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3.3 The EUCAARI-LONGREX campaign
The European Aerosol Cloud Climate and Air Quality Interactions project EUCAARI
is a multidisciplinary integrated project which focuses on understanding the interac-
tions of climate and air pollution. The two overall objectives of the EUCAARI project
are (Kulmala et al., 2009):

1. Reduction of the current uncertainty of the impact of aerosol parti-
cles on climate by 50% and quantification of the relationship between
anthropogenic aerosol particles and regional air quality.

2. Quantification of the side effects of European air quality directives on
global and regional climate, and provide tools for future quantifications
for different stakeholders.

The project focusses on problems like the quantification of emissions of primary aerosol
and secondary aerosol precursors from anthropogenic sources, the transformation and
ageing of these emissions during the transport from, into and within Europe and the
impact of these emissions on regional air quality. 48 partners from 25 countries worked
on the modelling of aerosol and climate interactions from nano to global scale, the devel-
opment of instrumentation, laboratory experiments, satellite measurements, long-time
measurements and measurement campaigns to examine the objectives and problems
(see Figure 3.8).

The measurement campaigns can be divided into two specific approaches. Long-time
measurements and intensive observing periods (IOP) at selected European atmospheric

Figure 3.8: Model and data integration philosophy over spatio-temporal scales. CTM
is Chemical Transport Model (Kulmala et al., 2009).
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supersites and aircraft field campaigns. Ground based measurements were conducted
at the following supersites: Kosetice (Czech Republic), Hyytiälä and Pallas (Finland),
Puy de Dome (France), Melpitz and Hohenpeißenberg (Germany), Finokalia (Greece),
K-Puzta (Hungary), Mace Head (Ireland), San Pietro Capofiume (Italy), Vavihill (Swe-
den), Jungfraujoch (Switzerland), and Cabauw (The Netherlands). The IOP took place
in 2008 between 15 May–15 June. In May 2008 two aircraft field campaigns were con-
ducted. The Intensive Observation Period at Cabauw Tower (IMPACT) was a joint
campaign of ground based measurements at the CESAR tower at Cabauw and airborne
measurements with the French ATR–42 operated by the Service des Avions Français
Instrumentés pour la Recherche en Environnement (SAFIRE) and with a helicopter
operated by the Leibniz-Institut für Troposphärenforschung (IfT). The main objec-
tive of the IMPACT campaign focussed on the observation of the boundary layer and
aerosol-cloud interactions. The second aircraft field campaign was the Long-Range
Experiment (LONGREX). Its objectives and its implementation will be described in
the following Sections 3.3.1, 3.3.2 and 3.3.3.

3.3.1 Objectives and strategy of the EUCAARI-LONGREX cam-
paign

The LONGREX aircraft campaign was part of the EUCAARI work package (WP) 4.3
Airborne infrastructure (Kulmala et al., 2007). Aircraft campaigns provide the link be-
tween regional ground based measurements and large scale information of atmospheric
properties retrieved by satellite measurements. The LONGREX campaign focussed on
the horizontal and vertical distribution of aerosol and trace gases on a continental scale
throughout the tropospheric column. The aim was to examine the evolution of aerosol
properties along west-east and north-south transects including semi-lagrangian flights.
Thus, gradients in aerosol properties from marine or biogenic air masses to polluted
air masses or from rural and agricultural dominated regions to industrial dominated
regions could be observed. The semi-lagrangian flights were designed to observe the
transformation processes during air mass transport within the boundary layer or long-
range transport in the free troposphere. However, the completion of semi-lagrangian
flights was strongly limited by the meteorological situations and air traffic restrictions
within the highly frequented European air space.

The British aircraft FAAM BAe-146 (Facility for Airborne Atmospheric Measurements)
operated by Directflight and the German Falcon-20 operated by the Deutsches Zentrum
für Luft- und Raumfahrt (DLR) operated from Oberpfaffenhofen in May 2008. To get
simultaneous measurements of air masses inside the boundary layer and the free tro-
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posphere during continental transects the flights were mainly planned as coordinated
flights of both aircraft. The BAe-146 focussed on chemical, optical and microphysical
aerosol properties and trace gas measurements inside the boundary layer whereas the
DLR Falcon 20 measured aerosol microphysical and optical properties and trace gases
basically in the free troposphere. In addition a light detection and ranging (LIDAR)
system was installed aboard the DLR Falcon 20. Thus the DLR Falcon 20 could serve as
a pathfinder for the BAe-146 by detecting specific pollution layers inside the boundary
layer. The aircraft were limited to real air routes due to restrictions of the national air
traffic controls (ATC). Because of different air routes inside the boundary layer and the
free troposphere both aircraft could not take exactly the same horizontal path. Never-
theless, the maximum deviation of both air routes could be limited to acceptable 50 km.

The DLR Falcon 20 flew stacked horizontal legs with an approximate duration of 5 min
each at different altitudes to obtain in-situ measurements throughout the tropospheric
column above certain regions. These so called vertical profiles have a horizontal exten-
sion of approximately 50–100 km and reach a vertical extension of 10–12 km. Vertical
profiles and overflights of ground stations performed by the DLR Falcon 20 were con-
ducted in the larger regions of the EUSAAR sites Melpitz, Hohenpeißenberg, Mace
Head, Vavihill, and Cabauw. The regions for the vertical profiles were limited by ATC
like the air routes. Thus vertical profiles had to be performed during take off and
landing and in Temporary Reserved Areas (TRA).

3.3.2 The aircraft and instrumentational setup

The present work focuses on the in-situ measurements aboard the DLR Falcon 20.
Thus, the description of the aircraft and instrumentation setup will be limited mainly
to the DLR Falcon 20.

The DLR Falcon 20 is a twin jet aircraft with a maximum range of 2000–5000 km de-
pending on the flight altitude. The maximum flight time is 4–5 h. The aircraft reaches
a maximum flight altitude of 42000 ft (12800 m) and flies with an average true air speed
of 410 KTAS (210 m s−1). Its unique modifications allow the employment of additional
scientific instrumentation inside the cabin and outside on special wing ports. During
the EUCAARI-LONGREX campaign a set of trace gas and aerosol in-situ instruments
as well as a High Spectral Resolution Lidar (HRSL) (Esselborn et al., 2008) for remote
measurements were used aboard the aircraft. Table 3.2 lists the instruments and the
measured properties. Figure 3.9 shows the setup of the aerosol in-situ instrumentation
employed inside the cabin. The aerosol instrumentation allows the measurement of the
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Table 3.2: Scientific payload aboard the DLR Falcon 20 during the EUCAARI-
LAONGREX campaign.

Instrument Measured parameter

Aerosol in-situ

CPC1 (TSI 3760) + TD250 non-volatile number concentration
Dp > 14 nm

CPC2 (TSI 3760) + DS7 + TD250 non-volatile number concentration
Dp >∼ 100 nm

CPSA1 + DS3 ( + TD250) (non-volatile) number concentration
Dp >∼ 50 nm

CPSA2 number concentration
Dp > 10 nm

CPSA3 number concentration
Dp > 4 nm

Grimm Sky-OPC (1.129) dry size distribution
0.25 < Dp <∼ 2.5μm

Grimm Sky-OPC (1.129) + TD250 non-volatile size distribution
0.25 < Dp <∼ 2.5μm

PCASP-100X dry size distribution
0.15 < Dp < 3μm

FSSP-300 in-situ size distribution
0.3 < Dp < 20μm

NAIS Neutral Cluster - Air Ion Spectrometer
by University of Tartu (Estonia)
dry size distribution
0.8 < Dp < 42 nm

3λ-PSAP absorption coefficient

Trace gas in-situ

CO and O3

Remote sensing

HSRL High Spectral Resolution Lidar
extinction profile at 532 nm
backscatter at 532, 925 and 1064 nm
water vapor at 532 nm

Abbreviations:
TD250: Thermodenuder (250◦C), DSx: Number of diffusion screens
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Figure 3.9: Instrument setup for aerosol measurements aboard the DLR Falcon 20.

total number concentration for particles larger 4 nm and the aerosol size distribution in
the size range 0.15–30 μm. In addition, number concentrations and size distributions of
non-volatile particles and the absorption by aerosol particles were measured. The DLR
Falcon 20 also provides the measurement of meteorological properties like temperature,
pressure, or humidity.

3.3.3 Implementation of the EUCAARI-LONGREX campaign
16 measurement flights of the BAe-146 aircraft and 15 measurement flights (plus one
test flight) of the DLR Falcon 20 were realized during the LONGREX campaign. This
section gives an overview of the objectives of the several flights. A summary of the
flights is given in Table 3.3, the flight tracks are plotted in Figure 3.10.

The first coordinated double flights with a stopover at Rotterdam were performed
on 6 May (BAe-146: b362, b363; DLR Falcon 20: 080506a, 080506b). The objective
was to fly first transects over Germany and the Benelux States within high pressure
conditions (Section 4.1) and to measure strong pollution over the British Channel on
the west coast of England. Vertical profiles during the flight were conducted in a mili-
tary area close to Melpitz and on the west coast of England.

On the following day, only one flight was performed by the BAe-146 (b364) to compare
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Figure 3.10: Flight tracks of DLR Falcon 20 and FAAM BAe-146 during the EUCAARI-
LONGREX campaign. Black circles denote the position of vertical in-situ profiles
measured aboard the DLR Falcon 20. The following EUSAAR sites are shown in
blue circles: Cabauw (CBW), Mace Head (MHD), Melpitz (MPZ), Hyytiälä (SMR),
Vavihill (VHL), Hohenpeißenberg (HPB). The gray shades depict regions used for the
classification of vertical profiles (see Section 4.4): Atlantic and southwest of Ireland
(a), Benelux States (b), Baltic Sea and Noth-east Germany (c), and South Germany
(d).

both PCASP-100X mounted on the wing pylon of the aircraft. Still favourable condi-
tions for airborne aerosol measurements allowed for further coordinated double flights
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on 8 May (BAe-146: b365, b366; DLR Falcon 20: 080508a, 080508b). The objective
of the mission flights was the characterization of aerosol sources in Eastern Germany,
Western Poland and over the Baltic Sea under conditions of relatively clean inflow of
Scandinavian air masses. After a stop at Rostock, ageing and mixing processes between
fresh emissions and aged background aerosol were observed over Western Germany and
the Netherlands. Vertical profiles were performed close to Leipzig, over the Baltic Sea
and in a TRA close to the CESAR tower in Cabauw.

On 9 May an intercomparison flight with the three aircraft BAe-146, SAFIRE ATR-42
and DLR Falcon 20 was conducted in the TRA Allgäu west of Oberpfaffenhofen.

The BAe-146 performed two more double flights on 10 May and 12 May. During
the first double flight, the BAe-146 (b368, b369) headed towards Riga to measure re-
circulated pollution from Northern Germany and local pollution over the Baltic Sea up
to Southern Finland. This way an extensive north-south transect with an extension
between 48◦N–62◦N could be performed. The second double flight (b370, b371) fo-
cussed again on the aerosol distribution over Germany, the Benelux States, the North
Sea and the Baltic Sea during stable high pressure conditions. Stopover was in Rostock.

On 13 May an extensive east-west transect from Oberpfaffenhofen to Shannon (Ireland)
was performed with both aircraft. During the first flight of the day the DLR Falcon 20
made a return flight from and to Oberpfaffenhofen heading to the Baltic Sea (080513a).
The flight included a vertical profile between Cottbus and Berlin to measure aged pol-
lution on site. The second flight followed polluted continental European air masses
that were advected via the British Isles towards Ireland and the North East Atlantic
(080513b). The BAe-146 followed the westward air mass transport at low level via the
Benelux States and along the south coast of England and Ireland to Shannon (b372,
b373).

The aged European pollution southwest of Ireland was measured in the morning of
14 May (BAe-146: b374, DLR Falcon 20: 080514a). Both aircraft operated from
Shannon with the BAe-146 flying at low levels and the DLR Falcon 20 in the upper
troposphere to detect the pollution layers with LIDAR measurements. Subsequent
to the LIDAR measurements the DLR Falcon 20 performed a horizontal profile over
the Atlantic south west of Ireland into the pollution layer. Both flights in the after-
noon were direct transfer flights from Shannon to Oberpfaffenhofen (BAe-146: b375,
DLR Falcon 20: 080514b).

A further north-south transect to the Baltic Sea including a vertical profile on the
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southern tip of Sweden was performed with the DLR Falcon 20 on 20 May (080520a).
The DLR Falcon 20 flew back to Oberpfaffenhofen at low levels to measure in-situ
latitudinal gradients of aerosol concentrations right above or inside the boundary layer.

The next coordinated flight was conducted on 21 May (BAe-146: b379, DLR Fal-
con 20: 080521a, 080521b). The flight route directed the aircraft to the Baltic Sea
to measure clean air masses arriving from Scandinavia and to the Netherlands into
air masses affected by anthropogenic pollution. The DLR Falcon 20 made a stop in
Rotterdam. Vertical profiles were performed over the Baltic Sea and inside the TRA
close to Cabauw.

The last measurement flight of the BAe-147 within the LONGREX campaign took
place on 22 May (b380). Another south-north transect followed by an east-west tran-
sect guided the aircraft to North East Germany and via the Benelux states back to
England. The DLR Falcon 20 operated as a pathfinder only at high altitudes (080522a,
080522b). A stopover had to be made at Charleroi (Belgium).

The last flight of the DLR Falcon 20 was performed on 24 May (080524a) within
the framework of the EUFAR TA project AMAPUV of the University of Graz and
other Austrian research institutions to measure the vertical aerosol distribution over
two observatories in Austria (Sonnblick, Kanzelhöhe/Gerlitzen).
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Chapter 4

Results and discussion of aerosol
measurements obtained during the
EUCAARI-LONGREX campaign in May 2008

4.1 The meteorological situation in May 2008
The analysis of the meteorological situation was a key part of this work and is published
in Hamburger et al. (2011). The following sections describe the synoptic situation in
May 2008 with its spatial and temporal focus on the measurement flights, which were
mostly performed over Central Europe. The data used for the analysis was retrieved
from the operational archive of the ECMWF. The model has a spectral resolution
of T799/L91. Hess and Brezowsky Grosswetterlagen (GWL) (Hess and Brezowsky,
1952; Gerstengarbe and Werner, 2005), describing large-scale circulation patterns over
Europe and the North-East Atlantic (James, 2007), are used to describe the general
circulation over Europe. The German Weather Service DWD provides the GWL data
(http://www.dwd.de/GWL).

4.1.1 The evolution of the meteorological situation over Europe

The synoptic situation in May 2008 can be divided into two major periods with an ap-
proximate duration of two weeks each. The first half of May (1 May–15 May; hereafter
period a) was dominated by an anticyclone blocking event, whereas the second half
(16 May–31 May; hereafter period b) was dominated by westerly flow and passage of
frontal systems over Central Europe. The following description of the synoptic situation
focuses on the days during the EUCAARI-LONGREX campaign when measurement
flights were performed with the FAAM BAe-146 and the DLR Falcon 20. Figure 4.1

55
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shows the mean geopotential height at 850 hPa and the integrated precipitation per
flight day, calculated for a time span between 0–24 UTC of the respective day. The
plots are overlaid by the flight tracks of the FAAM BAe-146 and the DLR Falcon 20
aircraft. The GWL occurring in May 2008 are listed in Table 4.1.

Between the measurement flights on 6 May until 11 May dry and stable conditions
could be observed over Central Europe caused by a high over Central Europe (Hoch
Mitteleuropa: HM). The centre of the anticyclone remained approximately stationary
over the North Sea and Denmark. Its maximum surface pressure values averaged at
1032 hPa on 6 May. Horizontal wind speeds at 850 hPa level in the core region of
the anticyclone were quite low with 0–7 m s−1 compared to its western, northern and
eastern borders. Wind speeds increased up to 10–20 m s−1 due to the higher pressure
gradient along these borders, caused by surrounding cyclones. These surrounding cy-
clones also led to an intensification and maintenance of the “Ω” shaped anticyclone
which can be described as a blocking event.

Subsiding air masses in the core region of the anticyclone caused almost clear sky
conditions with only few clouds (mainly cu and strcu) occurring rarely on the top of
the continental and marine boundary layer. Thick cloud cover and precipitation oc-
curred over Southwest Europe and west of the British Isles associated with the frontal
systems of the surrounding cyclones. In addition precipitation occurred on the west
side of the Scandinavian Mountains induced by the eastward transport of moist marine
air masses from the Norwegian Sea.

The anticyclone left its stationary position on 11 May and moved until 14 May west-
wards into the Atlantic north east of the British Isles and turned from an Ω-blocking
into a so-called split-flow block (Barriopedro et al., 2006). The general circulation
pattern was identified as an Icelandic high with a ridge over Central Europe (Hoch
Nordmeer-Island, antizyklonal: HNa). The ridge inducing the high pressure reached
from the British Isles towards Northern Germany and maintained stable synoptic con-
ditions in this region. Cyclones moving from the Atlantic towards continental Europe
via the Bay of Biscay south of the anticyclone led to a westward transport of air masses
from Central Europe to the Atlantic. The anticyclone started to decay on 14 May.

A trough over Central Europe (Trog Mitteleuropa: TM) evolved on 16 May and lasted
until 18 May. Frontal systems associated with the trough led to the first precipitation
over the Benelux states and Germany since the first measurement flights had been per-
formed. They changed the flow regime from westward to eastward air mass transport.
Arctic air masses were now advected via the North Sea towards Northern Germany.
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Figure 4.1: FAAM BAe-146 (blue line) and DLR Falcon 20 (red line) flight tracks.
Meteorological situation on the flight days showing mean geopotential height [m] at
850 hPa (solid gray line) and sum of daily precipitation [mm d−1] (white to black shad-
ing). Mean and sum values are calculated for 00–24 UTC on the respective day.
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The flow regime changed again its wind direction over Central Europe beginning with
18 May with the onset of an anticyclonic North-Easterly pattern (Nordostlage, antizyk-
lonal, NEa). Two cyclones formed consecutively over Northern Italy with a minimum
sea level pressure of 997 hPa on 20 May. These cyclones induced an easterly flow with
horizontal wind speeds between 5–15 m s−1 at 850 hPa level over Central Europe on
the northern border of these cyclones. The easterly flow merged with the northerly
flow associated with a further cyclone located over Scandinavia. The cyclones located
over Northern Italy advected warm and moist air masses from the Mediterranean via
the Balkan Peninsula towards Central and Eastern Europe. In contrast, the cyclone
located over Scandinavia advected cold air masses along the Norwegian Sea and the
North Sea towards Central Europe. The front line of these two air masses extended
from the Alps, the Czech Republic, Southern Poland and Belarus to Russia, and caused
thick cloud cover and precipitation. This front of air masses remained from 18 May
until 22 May. Only few cumulus and stratocumulus clouds occurred in the cold air
masses over land north of this front.

A ridge located over Italy and Germany caused quite fair weather over the Eastern
part of the Alps in the morning of 24 May. Light convection formed some cumulus
clouds during the day.

4.1.2 The anticyclonic blocking event

The major synoptic event occurring during the airborne measurements of EUCAARI-
LONGREX was the blocking over Central and Northern Europe during the first weeks
of the campaign (3–14 May). Thus, we will take a closer look on its evolution.

The evolution of the geopotential height at 500 hPa level in the centre of the anti-
cyclone is used to identify the lifecycle of the blocking event in May 2008 (e.g., Lupo,
1997; Lupo and Smith, 1998). Downstream a trough a large-scale ridge started to
form over Western Europe on 2 May. From 3 and 4 May a cyclone associated with
the trough over the Atlantic started to increase. It remained almost stationary for the
next days. At the same time the ridge reached an extension over Central Europe and
the North Sea and the anticyclone blocking started to develop what can be seen in the
increasing geopotential height in Figure 4.2 a. With the occurrence of another cyclone
over Northern Scandinavia on 5 May the blocking intensified and formed into a “Ω”
shaped blocking. The centre of the blocking was located over the centre of the North
Sea and remained almost stationary until 11 May (Figure 4.2 b). From 6 May, the
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(a) (b)

Figure 4.2: Figure a: Centre position of the blocking anticyclone obtained by its centre
position at 500 hPa. Numbers denote the date in May 2008. Figure b: Maximum
geopotential height [m] at 500 hPa level of the blocking anticyclone versus the date in
May 2008.

cyclones over the Atlantic and Northern Scandinavia started to fill in and the blocking
began to attenuate until 9 May. This mid-life decay ended on 9 May when a cut-off low
north of the Iberian Peninsula upstream the anticyclone started to form and another
cyclone downstream intensified. The geopotential height at 500 hPa started to increase
again. Due to the cut-off low, which was advected westwards over the Mediterranean
south of the anticyclone, the Ω-block turned into a split-flow block. The centre of the
blocking began to leave its former almost stationary position over the North Sea on
11 May and moved via Northern Great Britain into the Atlantic between the British
Isles and Iceland. The blocking decayed on 14 May.

4.1.3 The synoptic situation within a climatological context
Synoptic weather types over Central Europe have been classified into GWL since 1881
(Hess and Brezowsky, 1952), giving the possibility to place the synoptic situation en-
countered during EUCAARI-LONGREX into a climatological context. The overall
number of large-scale circulation patterns (29 GWLs) is too large to reasonably study
the statistics of frequency and duration per month or season of each single pattern,
even though the data have been collected since more than one century (Gerstengarbe
and Werner, 2005). Thus the patterns will be grouped into two categories for the
present study and the statistics will be calculated for the months April, May and June
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between 1977–2007. The first group comprises the patterns representing high pressure
over Europe and the second group all patterns leading to an anticyclonic flow pattern
over Europe.

The first group contains amongst others the patterns HFa, HM and NEa which oc-
curred during EUCAARI-LONGREX (see Table 4.1).The patterns HFa and HM were
part of the blocking event and led to 9 consecutive days of high pressure over Europe.
NEa formed during period (b) and lasted for 5 days. The median duration of consecu-
tive patterns representing high pressure for the months April, May and June between
1977–2007 is 5.5 days, the 75 th percentile 9 days. The sum of the duration of the
two patterns HFa and HM in May 2008 equals 9 days. In average similar consecutive
patterns with an overall duration of 9 days or more occur approximately once between
April and June per year.

The second group contains the patterns mentioned above including HNa, the third
pattern which was part of the life cycle of the blocking event. It lasted for 3 days.
Hence the blocking event covered 12 consecutive days of anticyclonic flow pattern over
Europe. This is twice as long as the median duration of 6 days for the period be-
tween April and June between 1977–2007 but less than the 75 th percentile of 13 days.
Consecutive patterns inducing an anticyclonic flow over Europe and lasting 12 days or
longer occur approximately twice between April and June per year.

The anticyclonic blocking event and its stationary position was a special though not
exceptional synoptic situation. Several climatologies of blocking events have shown
that the European Atlantic region, at the end of the Atlantic storm track, is the region
with the highest frequency of blocking events followed by the eastern Pacific region
(e.g., Barriopedro et al., 2006; Tyrlis and Hoskins, 2008). The annual cycle shows
maximum frequencies in the cold season. A primary blocking episode genesis area for
the eastern Atlantic region was found at 0◦ longitude (Barriopedro et al., 2006), com-
pared to approximately 5◦E for the blocking in May 2008. The described blocking was
located between 50◦N–60◦N, the latitude where most blocking events occur. The mean
duration of blocking events over Europe was found to be between 7.6–8 days (Tyrlis
and Hoskins, 2008). Thus, the blocking event in May 2008 which lasted 12 days, was
exceptionally persistent.
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Table 4.1: Grosswetterlagen (GWL) in May 2008 given by the DWD.

GWL Original definition (German) Date in 2008
Translated definition (English)

TB Tief Britische Inseln 28 Apr–02 May
Low over the British Isles

HFa Hoch Fennoskandien, antizyklonal 03 May–06 May
Scandinavian High, Ridge C. Europe

HM Hoch Mitteleuropa 07 May–11 May
High over Central Europe

HNa Hoch Nordmeer-Island, antizyklonal 12 May–14 May
Icelandic High, Ridge C. Europe

TrW Trog Mitteleuropa 16 May–18 May
Trough over Central Europe

NEa Nordostlage, antizyklonal 19 May–24 May
Anticyclonic North-Easterly

NEz Nordostlage, zyklonal 25 May–27 May
Cyclonic North-Easterly

SEz Südostlage, zyklonal 28 May–31 May
Cyclonic South-Easterly

4.1.4 The transport pathways of anthropogenic pollution within
the anticyclonic wind field

The meteorological situation and the prevailing wind field govern the distribution of
anthropogenic emissions above a certain region. The distribution of airborne partic-
ulate pollutants over Europe primarily originating from anthropogenic sources is one
of the key points of the present work. Transport model analysis help to gain a first
insight into the main transport path ways governed by the meteorological situation
over Europe in May 2008.

Figure 4.3 shows the horizontal distribution of column-integrated BC mass concen-
trations from European anthropogenic emissions obtained from a simulation with the
Lagrangian particle dispersion model FLEXPART (Stohl et al., 2005). The panels show
48 hours intervals beginning with the high pressure over Central Europe on 6 May un-
til the displacement of the anticyclone into the North-East Atlantic which occurred
between 11 and 14 May. On 10 May the anthropogenic emissions were concentrated
inside the boundaries of the anticyclone with its core situated over Denmark. Within
this core region Central European pollution re-circulated via the North Sea and South-
ern Scandinavia back to Northern Germany. The polluted region reached a northward
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Figure 4.3: BC column mass concentrations retrieved from FLEXPART analysis be-
tween 6 May 2008 and 16 May 2008.

extension to approximately 65◦N and shows a clear zonal gradient between 15◦W–
20◦E with increasing concentrations from East to West due to the westward transport
of continental air masses. With the displacement of the anticyclone the re-circulation
of pollutants ceased and the polluted continental air masses were advected towards
the British Isles and into the North-East Atlantic. After the anticyclone decayed, a
trough over Western Europe formed on 16 May. Maximum concentrations of European
anthropogenic BC occurred over Eastern Europe at this time indicating an eastward
transport of pollutants. The northern border between clean Nordic and polluted Cen-
tral European air masses appeared at approximately 55◦N on this day.

The special meteorological situation enabled measurements during a period of stable
synoptic conditions. The aerosol distribution and evolution over Europe in May 2008
will be analysed and discussed in the following sections. The discussion focuses on the
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impact of the stable anticyclonic conditions on airborne aerosol at different locations
all over Central and Western Europe within the tropospheric column. The next section
points out the effect of the special meteorological situation on the aerosol microphys-
ical properties in remote regions. This will be examined on a case study of aerosol
measurements above the Atlantic southwest of Ireland.
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4.2 The impact of anthropogenic pollution on aerosol
microphysical properties in remote regions: A case
study southwest of Ireland

With the beginning of 10 May continental European air masses were advected towards
the British Isles, Ireland and into the north eastern Atlantic. The westward transport
benefited from the displacement of the anticyclone from Central Europe into the At-
lantic between the British Isles and Iceland. The re-circulation of pollutants over North
Germany and the North Sea ceased and the air masses followed the zonal transport
pathway. The time series of accumulation mode number concentrations and BC-mass
concentrations at Mace Head which was discussed in Section 4.3.1 and FLEXPART
analysis (Figure 4.3) show that the pollution plume reached Ireland on 12 May.

Three flights performed with the DLR Falcon 20 (080513b, 080514a, 080514b) and
three flights performed with the FAAM BAe-146 (b373, b374, b375) were planned
on the basis of FLEXPART forecasts to measure the transported and aged pollution
plumes originating from continental Europe and South England on the south west coast
of Ireland and over the Atlantic south west of Ireland. Measurements were conducted
during all flights. The analysis of this case study focuses on the main measurement
flight of the DLR Falcon 20 (080514a) which was conducted in the morning of 14 May.

4.2.1 Aerosol optical depth retrieved from satellite imagery and
LIDAR profiles

Satellite imagery help to gain overview of the horizontal distribution of the transported
pollution south west of Ireland on 14 May. A cloud free region above the north east
Atlantic close to Ireland can be seen in the MODIS (Moderate Resolution Imaging
Spectroradiometer) Terra picture (Figure 4.4) at 12:10 UT. Between approximately
49 ◦N and 52 ◦N at the northern border of a cloud band a haze layer developed above
the ocean and lightens the dark colour of the water. This lightening indicates increased
scattering of radiation above the ocean within the haze layer and an increased aerosol
optical depth (AOD) within the vertical column of the troposphere.

PARASOL AOD measurements aboard the Myriade microsatellite at radiation wave-
length of λ=670 nm prove the assumption of the increased AOD between 49 ◦N–52 ◦N.
Figure 4.5 shows the AOD measured by PARASOL and the AOD retrieved from HSRL
measurements aboard the DLR Falcon 20. The original PARASOL AOD at λ=670 nm
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Figure 4.4: MODIS Terra satellite image on 14 May 2008 at 12:10 UT. Brightness and
contrast are increased over the ocean.

was converted to λ=532 nm using the equation of extinction of light by aerosol given
by Ångström (1964):

τ0 = βλ−α0 , (4.1)

τ(λ) = τ0
(
λ

λ0

)−α
. (4.2)

The Ångström exponent α is also retrieved from PARASOL measurements. Converting
the PARASOL AOD makes the satellite measurements comparable to HSRL measure-
ments which were performed with a downward looking LIDAR at high altitudes of
approximately 9 km to cover a maximum vertical range of the tropospheric column.
However, temporal deviations and different spatial resolution have to be considered
while comparing the two measurements. A box was selected to average the PARASOL
data within a region widely covering the HSRL measurements (see Figure 4.5). The
lower left corner of the box is located at 14.0 ◦E, 50.5 ◦N and the upper right corner
at 11.0 ◦E, 52.0 ◦N. The average AOD τPARASOL=0.31±0.03 appears to be similar to
the overall average AOD of the HSRL measurements τHSRL=0.36±0.05 inside the given
box. The maximum AOD measured by the HSRL along the high altitude flight legs
above the ocean was 0.51. In contrast, PARASOL AOD on the west coast of Ireland
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Figure 4.5: Aerosol optical thickness (AOD) at λ=532 nm retrieved from satellite
(PARASOL) measurements and LIDAR measurements aboard the DLR Falcon 20 on
14 May. The flight track (grey) is overlaid by the colourscale for AOD where LIDAR
measurements are available.

north of 52.0 ◦N was between approximately 0.1–0.3.

AOD values between 0.1–0.3 for the wavelength spectrum of green light are typical
and were observed during previous studies at coastlines and on open sea (Hoyningen-
Huene and Wendisch, 1994; Sakerin and Kabanov, 1997; Zielinski and Zielinski, 2002).
Knobelspiesse et al. (2004) reported global average AOD values over oceans of 0.10 for
maritime aerosol, 0.21 for non-dust continental aerosol and 0.41 for dust aerosol. The
overall average AOD over the north east Atlantic and the North Sea retrieved from
PARASOL measurements in May 2008 was τ̄PARASOL=0.20±0.11 at λ=532 nm and lies
right in between the values reported in literature. The average AOD within the box
described above and measured with the HSRL south west of Ireland on 14 May reaches
the upper limit of the typical values. The maximum AOD exceeds the overall average
in May 2008 by a factor 2.5. Hence a region of increased AOD could be observed above
the Atlantic containing air masses which originated from continental Europe and Great
Britain. The vertical structure of the troposphere above this region is discussed in the
following section.
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4.2.2 Vertical profiles of in-situ measured aerosol microphysical
properties

The European pollution layers advected over the Atlantic were characterised using the
LIDAR measurements aboard the DLR Falcon 20 and by flying into the pollution lay-
ers starting from the top of the troposphere and descending into the marine boundary
layer to perform in-situ measurements. The vertical profile 080514aV2 (see Table A.4
and Figure B.3) covers detailed in-situ measurements of aerosol microphysical proper-

Figure 4.6: Vertical profiles showing: 1. number concentration of particles in diameter
>0.01 μm (NAit, red line) and in diameter 0.15–1.0 μm (NAcc, blue line), 2. number
concentration of non volatile (250 ◦C) particles in diameter >0.014 μm (NNV, black line)
and CO mixing ratio (grey line), 3. ratio of non volatile to total number concentration
(RN(NV/Total), black line) and ratio of volatile to total volume of particles in diameter
<2.5 μm (RV(Vol/Total), orange line), 4. number concentration of particles in diameter
>1.0 μm (NCoa, purple line) and extinction coefficient at λ=532 nm retrieved from
LIDAR measurements (olive line), 5. potential temperature (red line) and relative
humidity (blue line).



68 CHAPTER 4. RESULTS AND DISCUSSION

ties in the European pollution layers. Figure 4.6 shows vertical profiles of aerosol, trace
gas and meteorological measurements as well as the profile of the extinction coefficient
σEXT(LIDAR) at 532 nm retrieved from HSRL measurements. In-situ measurements were
grouped into vertical bins of 250 metre depth each and median values were calculated
for each vertical bin. The aerosol number concentrations are given at standard tem-
perature and pressure.

Panel 1 shows the number concentrations of particles in diameter >0.01 μm and in di-
ameter 0.15–1.0 μm as representatives of Aitken mode and accumulation mode particles,
respectively. Above 3 km altitude Aitken mode particle number concentrations were be-
tween 500–1500 cm−3 and accumulation mode particle number concentrations were be-
tween 40–100 cm−3. Between 2–3 km a transition from lower to higher number concen-
tration occurred with decreasing altitude for both aerosol modes. Below 2 km particle
number concentrations were highest reaching 2200–3800 and 1100–1600 particles/cm3

for Aitken and accumulation mode particles, respectively. A similar structure can be
found for non volatile particles (250 ◦C) in panel 2 with number concentrations of 300–
600 particles/cm3 above 3 km and 3000–4400 particles/cm3 below 2 km.

A layer of minimum CO mixing ratio (153 nmol mol−1) at approximately 1.6 km sep-
arates the layers above (156 nmol mol−1) and below (166 nmol mol−1) (panel 2). CO
mixing ratios above 2 km were between 110–125 nmol mol−1 except one layer at approx-
imately 3.5 km where mixing ratios reached 137 nmol mol−1. I contrast to the vertical
CO profile the particle number concentrations mentioned above showed hardly any
distinct layering below 2 km. A distinct layering showing three maxima of number
concentrations could be found in the vertical profile of coarse mode particles (diam-
eter >1.0 μm, panel 4): at ∼2 km (0.4 particles/cm3), ∼1 km (1.9 particles/cm3), and
∼0.1 km (1.8 particles/cm3). The layering of the coarse mode particles, which have a
wide influence on the optical properties of the aerosol, was also observed in the HSRL
profile of the extinction coefficient (panel 4). By comparing the HSRL profile with the
in-situ profiles one has to consider that the HSRL profile reflects an average of the
measurements during high altitude flight legs 1–2 h before the in-situ vertical profile
was performed. The extinction coefficient reached maximum values of 0.11 km−1 at
∼2 km and 0.20 km−1 at 1 km altitude. No values of the extinction coefficient from
the HSRL were available below 0.3 km. Another profile showing the same structure
like the coarse mode particles at and below 2 km was the vertical profile of the rela-
tive humidity in panel 5. The maxima of coarse mode number concentrations coincide
with the maxima of relative humidity. This suggests an additional growth of particles
due to increased humidity and on that account a considerable fraction of hygroscopic
particles within the total aerosol concentration. Particles in marine air masses, here
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air masses within the marine boundary layer below approximately 0.1 km, exhibit high
hygroscopicity due to a large fraction of inorganic compounds (Swietlicki et al., 2000;
Gysel et al., 2007). Particles within air masses originating from anthropogenic polluted
regions increase in hygroscopicity during transport with increasing particle size (Cu-
bison et al., 2006) or the change in morphology and mixing state (Zhang et al., 2008)
due to condensation and coagulation.

The aerosol mixing state was analysed using the methods described in Section 3.1.3.
More than 95 % of particles contained a non volatile core throughout the region below
2 km. This indicates an internal mixing state at low altitudes. On the other hand the
volume ratio of volatile matter on the total particle volume for particles in diameter
smaller than 2.5 μm reaches values of 90 % and more at low levels. Both, the high frac-
tion of particles containing a non volatile core and the high volume fraction of volatile
material suggest strong coating around the non volatile core. This coating of volatile
matter and the internal mixing state are typical indications for aged aerosol originat-
ing from anthropogenic pollutions. Emitted particles coagulate and aerosol precursor
gases condense on the existing particles during air mass transport leading to an in-
ternal mixed aerosol and coated particles. The coincidence below 2 km of increased
CO mixing ratios, increased concentrations of non volatile particles and particles in all
aerosol modes, except the nucleation mode, and increased extinction coefficients sug-
gests that these layers contained aerosol originating from anthropogenic emissions and
led to increased extinction in combination with the present meteorological conditions,
i.e. the high relative humidity.

One further interesting layer worth to mention but decoupled from the region of in-
creased aerosol concentrations below 2 km was located at approximately 3.5 km. As
already mentioned above, this layer exhibits increased CO mixing ratios. In addi-
tion increased concentrations of accumulation mode particles (110 cm−3) and of par-
ticles containing a non volatile core (520 cm−3) could be observed. In contrast, the
Aitken mode number concentration (530 cm−3), the coarse mode number concentra-
tion (0.06 cm−3), and the volume ratio of volatile matter (53 %) show local minima.
The aerosol extinction coefficient shows no significant variation. The vertical profile of
the potential temperature (panel 5) shows the enhanced vertical stability of this layer.
The different microphysical properties within this layer compared to the layers below
2 km leads to the assumption of different source regions. The different transport path
ways are discussed in Section 4.2.4.
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4.2.3 Aerosol size distributions and deduced optical properties within
the observed pollution layers

Below 2 km four horizontal flight legs were performed giving the possibility of detailed
measurements at constant altitudes. The flight legs were performed at the following
levels and classified into the following tropospheric layer (see Section 4.5.1): (1) at
1.8 km (decoupled layer; DL) for ∼5 min, (2) at 1.2 km (DL) for ∼5 min, (3) at 1.0 km
(DL) for ∼4 min, and (4) at 0.2 km (boundary layer; BL) for ∼4 min. Aerosol size
distributions could be measured precisely along these flight legs due to the constant
pressure conditions and constant pitch angle of the aircraft reducing the uncertainties
due to inlet effects.

Figure 4.7 shows the average number concentrations of the different aerosol modes.
The labels along the x-axes describe the different modes as follows: Nuc: nucleation
mode (0.004–0.01 μm), Ait: Aitken mode (0.01–0.15 μm), Acc: accumulation mode
(0.15–1.0 μm), Coa: coarse mode (>1.0 μm). Two additional number concentrations
measured in the free troposphere are shown in the plot (grey lines) to compare the pol-
lution layers to clean air conditions. In addition averaged data for the four sequences
are listed in Table 4.2.

The polluted and the clean air masses showed maximum number concentration of
2500–3800 and 730–1600 particles/cm3 in the Aitken mode, respectively. The nucle-
ation mode was not present in polluted air masses whereas number concentrations in
the free troposphere reached 130 particles/cm3. Nevertheless the number concentra-
tions of the nucleation mode in the free troposphere were still too small to indicate
distinct nucleation events (Kulmala et al., 2004; Holmes, 2007). But the absence of
nucleation mode particles in the polluted layers at low altitudes point out the occur-
rence of aged aerosol. The high aerosol load within the polluted layers could also be

Table 4.2: Altitude, average number concentrations of Aitken, accumulation and coarse
mode particles [cm−3], number ratio of non volatile particles and volume ratio of volatile
matter (PM2.5) [%], CO mixing ratio [nmol mol−1] and relative humidity [%] measured
during the horizontal flight sequences.

FL Alt Ait Acc Coa RN(NV/Total) RV(Vol/Total) CO RH

(1) 1.8 2600±90 1100±50 0.5±0.1 100±1 94±2 160±1 62±1
(2) 1.2 2700±50 1200±20 2.0±0.8 99±1 93±2 170±3 80±5
(3) 1.0 2500±40 1200±30 1.7±0.4 100±0 94±1 160±1 80±1
(4) 0.2 3800±50 1100±40 1.7±0.2 96±1 88±2 170±1 77±2
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Figure 4.7: Number concentrations of aerosol modes at standard pressure and temper-
ature. Labeling see description in the text.

observed in the accumulation mode size range with ∼1200 particles/cm3 compared to
∼40 particles/cm3 in the free troposphere. However, the small variances of the ac-
cumulation mode number concentrations within the similar air masses illustrate the
stability of the accumulation mode aerosol. The coarse mode particles could not be
satisfactory observed in the free troposphere due to concentrations close to the detec-
tion limit at cloud free conditions and strong noise of the FSSP-300 at high altitudes.
However, the size distributions showed in Section 4.5.3 and discussed in the following
suggest negligible number concentrations of coarse mode particles in the free tropo-
sphere. In contrast, the coarse mode number concentrations in the polluted layers
reach 0.5–2.0 particles/cm3 and have to be considered for optical aerosol properties in
particular.

More detailed aerosol number size distributions are shown in Figure 4.8. The meth-
ods used to retrieve the size distributions and limitations that have to be considered
while interpreting these size distributions are discussed in Sections 3.1.2 and 4.5.3.
Figure 4.8 shows the manually fitted aerosol modes using the initial size distributions
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Figure 4.8: Fitted size distributions measured during four consecutive flight legs. The
concentrations are given at standard pressure and temperature.

of PCASP-100X and FSSP-300. The size distributions were calculated for dry particle
sizes using the refractive index for dry conditions in Table 4.3 and number concen-
trations at standard pressure and temperature. Corresponding to Figure 4.7 two size
distributions measured in the free troposphere (grey lines) are added to the coloured
size distributions of the selected pollution layer. The modal fitting parameters number
concentration (N), count median diameter (CMD), and geometric standard deviation
(GSD) are listed in Table 4.4 for accumulation and coarse mode particles. Smaller
particle modes were not fitted due to the lack of size resolved information. N increased
with decreasing altitude whereas the smallest CMD was observed at the lowest flight
leg (4) at 0.2 km. This indicates a more aged aerosol with grown CMD on the cost
of N in the accumulation mode at upper levels. The coarse mode showed a CMD of
1.9 μm at levels (2) and (3) and an increased CMD of 2.8 μm, though a decreased N,
at level (4). The increased CMD suggests different sources of coarse mode particles at
the lowest level within the maritime boundary layer.

The fitted size distributions were used to calculate the extinction coefficient (σEXT) for
the selected layers. Diameters and refractive indices were corrected for wet conditions
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Table 4.3: Aerosol refractive indices (RF) of selected flight legs (FL 1–4; definition see
text). The RF are calculated for dry and wet conditions at observed relative humidities
(Table 4.2).

FL RFdry RFwet
DP<1 μm DP>1 μm DP<1 μm DP>1 μm

(1) 1.542±0.026i 1.530±0.000i 1.459±0.016i 1.451±0.000i
(2) 1.546±0.034i 1.530±0.000i 1.405±0.012i 1.400±0.000i
(3) 1.544±0.031i 1.530±0.000i 1.405±0.011i 1.400±0.000i
(4) 1.561±0.068i 1.530±0.000i 1.418±0.026i 1.406±0.000i

Table 4.4: Modal fitting parameter for size distributions shown in Figure 4.8. Number
concentrations N are given in [cm−3] and count median diameter CMD in [μm].

FL Acc Coa
N CMD GSD N CMD GSD

(1) 1450 0.20 1.40 0.3 2.8 1.7
(2) 1700 0.20 1.45 1.2 1.9 1.8
(3) 1700 0.20 1.45 1.0 1.9 1.7
(4) 2200 0.16 1.50 0.8 2.8 1.6

(Table 4.3). Due to the dominant accumulation mode, which plays an important role
in governing the aerosol optical properties (Robles González et al., 2003), and the sig-
nificant coarse mode within the pollution layers it was assumed that the Aitken mode
can be neglected to a certain extend. Calculations using the measured Aitken mode
number concentrations and typical values for CMD and GSD for European continental
aerosol (Neusüß et al., 2002) showed that the extinction coefficient can be underesti-
mated by 0–20 % by neglecting the Aitken mode. Estimated Aitken mode CMD and
GSD using CPC measurements aboard the DLR Falcon 20 for the respective layers
showed an underestimation of less than 2.5 %. An error of ±25 % was set for the
extinction coefficients retrieved from in-situ measurements regarding number concen-
trations, composition, refractive indices and size distributions. Extinction coefficients
estimated from in-situ measurements of accumulation and coarse mode particles and
observed with HSRL measurements are shown in Figure 4.9. Despite the rough esti-
mation of the extinction coefficient from in-situ measurements the agreement between
in-situ measurements and HSRL measurements seems to be good within the limits of
the observations. The extinction coefficients for the selected layers and in-situ and
HSRL measurements were: (1) 0.086 and 0.095 km−1, (2) 0.21 and 0.17 km−1, (3) 0.20
and 0.20 km−1, respectively, and (4) 0.16 km−1 for in-situ measurements in the lowest
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Table 4.5: Absorption coefficients σabs in [Mm−1] measured for fine mode aerosol with
the 3λ-PSAP at different wavelength.

FL σabs
467 nm 530 nm 660 nm

(1) 2.7±0.1 2.2±0.1 1.8±0.1
(2) 3.5±0.2 2.8±0.2 2.2±0.2
(3) 3.9±0.2 3.1±0.2 2.4±0.1
(4) 5.2±0.1 4.2±0.1 3.3±0.1

layer. Hence maximum values for the extinction coefficient were measured at flight
legs (2) and (3) above the maritime boundary layer. Nevertheless, the layers at ∼2 km
and within the maritime boundary layer exhibit local maxima. The vertical profile
of the extinction coefficient which shows low values throughout the free troposphere
above 2 km also reveals that the high AOD (Section 4.2.1) over the Atlantic south
west of Ireland resulted from the increased aerosol load and thus from the increased
light extinction within the air masses blow 2 km and at ∼2 km, ∼1 km, and ∼0.1 km
in particular. AOD values retrieved from satellite and airborne LIDAR measurements
(Section 4.2.1) and aerosol in-situ measurements are listed in Table 4.6. The AOD
retrieved from aerosol in-situ measurements (τin−situ) was calculated using the average
extinction coefficient σ̄ext(in−situ) for each distinct layer:

σ̄ext(in−situ) =
∑k
i=0σext(in−situ),i

N̄Coa
NCoa,i

k
, (4.3)

where k is the number of in-situ measurements within each layer, σext(in−situ),i and NCoa,i

the extinction coefficient and the coarse mode number concentration at a distinct in-
situ measurement, and N̄Coa the average coarse mode number concentration of each
layer. Hence the extinction coefficients measured during a flight leg were weighted with
their relative magnitude to the average extinction coefficients within the selected layer
by means of the relative magnitude of the coarse mode number concentration measured
at the respective flight leg to the average coarse mode number concentration.

The AOD measured by different means (satellite, airborne LIDAR, aerosol in-situ)
show good agreement with each other and are between 0.31–0.36. The LIDAR profile
and the in-situ measurements give the possibility to analyse the contribution of the
different layers on the overall AOD. As mentioned above the vertical profile of the
extinction coefficient shows that the vast majority is contributed by the layers below
2 km. The AOD of the distinct layers obtained from in-situ measurements (Table 4.6)
show that the maritime boundary layer caused only ∼10 % of the overall AOD and
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Figure 4.9: Aerosol extinction coefficient σext at λ=532 nm retrieved from HSRL mea-
surements (olive line) and calculated from in-situ measured size distributions (red hor-
izontal lines).

Table 4.6: Average aerosol optical depth for the region south west of Ireland retrieved
from satellite and airborne LIDAR measurements (Section 4.2.1) and aerosol in-situ
measurements.

τPARASOL τHSRL
∑
τin−situ Alt τin−situ

0.31±0.03 0.36±0.05 0.36±0.10
1.5–2.5 km 0.06±0.02
0.2–1.5 km 0.26±0.07
0.0–0.2 km 0.04±0.01

that ∼90 % of the AOD above the ocean were caused by the pollution layers below
2 km. Similar AOD values of 0.04 for the maritime boundary layer were also observed
during previous studies (Pfaffenberger, 2009).

The differences in between the different pollution layers can be studied with the help of
transport analysis to distinguish differences in source regions and transport pathways,
which will be discussed in the following.



76 CHAPTER 4. RESULTS AND DISCUSSION

4.2.4 Transport analysis of polluted air masses

Air mass back trajectories were calculated from flight legs (1–4). In addition back
trajectories were started from the region indicating a layer of increased aerosol concen-
trations and CO mixing ratio at approximately 3.5 km (0; see Section 4.2.2). Median
transport pathways of trajectory bunches containing 400–500 back trajectories each
(-120 hour) are shown in Figure 4.10. The colour scale of the left panel indicates the
altitude, the mid panel the continental pollution index (CPI; see Section 3.2), and the
right panel the cloud cover along the transport pathway. The median back trajectory
starting from the layer at ∼3.5 km (0) is only plotted in the left panel. It followed a
different pathway (arriving from the south) than the back trajectories starting from
flight legs (1–4). It did not show any contact with ground based sources and hardly
any cloud processing within the last 120 h. Trajectories (1–3) were transported via the
Baltic Sea, Central Europe and England towards the Atlantic south west of Ireland.
They followed the anticyclonic flow pattern which governed the air mass transport
pathways over Europe during this period. In contrast to trajectory (3), trajectories (1)
and (2) showed contact with ground based sources over Germany, the Benelux States
or the French coastline close to the English Channel. Back trajectory (4) starting from
the lowermost flight leg at 0.2 km followed a pathway via the North Sea and England
towards Ireland. It passed through the boundary layer across England. Consequently,
these air masses had the possibility to mix with anthropogenic emissions. Trajectory
(4) is the only trajectory showing contact with the maritime boundary layer over the
North Sea and along the south coast of Ireland (not shown here). Negligible cloud
cover occurred along all transport pathways for the last three days.

The trajectory analysis shows that the aerosol measured at flight leg (4) originates
from rather fresh sources (15 h) compared to the aerosol observed at flight legs (2)
and (3) (44 and 48 h). This is in agreement with the observed Aitken mode number
concentrations which showed lower number concentrations for flight legs (2) and (3)
(2700 and 2500 cm−3) than for flight leg (1) (3800 cm−3). In contrast the analysis of
the mixing state showed almost complete internally mixed aerosol for all flight legs
(Table 4.2). This observation indicates that primary particles already coagulated with
secondary particles leading to an internal mixture during the first 15 h but the number
concentration of Aitken mode particles still did not decrease to the same magnitude
due to coagulation as observed in more aged aerosol after ∼48 h. All four flight legs
showed a distinct coarse mode. Based on the transport analysis a contribution of mar-
itime aerosol (i.e. sea salt) on the coarse mode can be assumed at low altitudes (4).
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Figure 4.10: 120 h flytul back-trajectories starting from the flight legs 1–4 (see text).
The colourscale in the left panel denotes the altitude [m], in the centre panel the
continental pollution index CPI [0-1] and in the right panel the cloud cover CC [0-1].

In contrast, no evidence of maritime aerosol contribution on the coarse mode could
be found for flight legs (2) and (3) using the trajectory analysis. This suggests that
the coarse mode grew out of the accumulation mode due to coagulation of particles
and condensation of precursor gases on particles during transport and additionally in-
creased in size due to hygroscopic growth within in the layers of high relative humidity.

4.2.5 Comparison of airborne measurements with previous studies
at Mace Head, Ireland

The ground station at Mace Head underlies similar regional specifications like the re-
gion over the Atlantic south west of Ireland where the airborne measurements took
place. This makes a comparison of the aircraft measurements during the specific pol-
luted conditions on 14 May 2008 comparable to the long-term measurements of different
air mass types at the ground station, which were made in the last decades. The Mace
Head station is located in a region favourable for measurements of clean marine air
masses which arrive in ∼50 % of all cases at the site (Jennings et al., 2003). But still
20 % of the air masses are transported from Europe towards Mace Head and are accom-
panied by anthropogenic pollution as discussed in Section 4.3.2. These events occur
most frequently in May (Huang et al., 2001).
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Optical aerosol properties are continuously measured at Mace Head. Aerosol absorp-
tion and scattering coefficients are measured with Magee Scientific Aethalometer and
integrating nephelometer from TSI, respectively. AOD is retrieved from Precision Filter
Radiometer measurements (O’Connor et al., 2008). The absorption coefficient σabs lies
in between 0.2–1.0 Mm−1 for clean marine air masses and increases up to 8.3 Mm−1 for
polluted cases (Junker et al., 2006). Dall’Osto et al. (2010) reported average absorption
coefficients of ∼0.5 Mm−1 and ∼5.0 Mm−1 for clean and polluted cases, respectively, in
May 2008. The values for the polluted cases are in good agreement with the airborne
3λ-PSAP on 14 May, which reached 5.2 Mm−1 in the marine boundary layer at ∼200 m
altitude for red light. Most of the absorption is caused by BC particles. Increased BC-
mass concentrations of 0.30 μg m−3 were observed at Mace Head in May 2008 during
polluted cases in contrast to 0.05 μg m−3 in clean air masses. Airborne measurements
on 14 May with a Single Particle Soot Photometer (SP2) (Stephens et al., 2003) op-
erating on the FAAM BAe-146 showed increased, though not highest concentrations
of 0.10–0.15 μg m−3 inside the pollution layers (McMeeking et al., 2010). However, the
airborne measured concentrations exceed typical values for clean marine air masses of
0.075 μg m−3 (Cooke et al., 1997).

The scattering coefficient σsca measured with the nephelometer varies for marine air
masses between 5–20 Mm−1 (Kleefeld et al., 2002; Yoon et al., 2007). The main reason
for increased scattering coefficients in marine cases are increased wind speeds and sub-
sequently increased sea spray and sea salt concentrations. The scattering coefficient
reached 30 Mm−1 during the occurrence of continental polluted air masses in May 2008.
It is remarkable that the scattering coefficients measured aboard the DLR Falcon 20
and retrieved from the size distributions from PCASP-100X and FSSP-300 exceed the
ground based measurements by the order of approximately one magnitude (maximum
values ∼200 Mm−1). The study of Kleefeld et al. (2002) yields a similar result. Neph-
elometer measurements were compared to scattering coefficients retrieved from size
distributions measured by DMPS (Wang and Flagan, 1990) and FSSP. The discrep-
ancy of a factor of ∼10 is similar to the factor between the ground based and airborne
measurements in May 2008. Kleefeld et al. (2002) and O’Connor et al. (2008) explain
the difference with the upper cut-off diameter of the nephelometer measurements at
5–10 μm and the dominating role of super-micron particles in light scattering.

The airborne AOD measurements (0.36) agree well with maximum AOD values of
0.38 measured at Mace Head (Jennings et al., 2003). However, the airborne AOD
values of the specific pollution event are higher than average AOD values of 0.25 for
polluted air masses in May 2008. AOD values average for clean air masses at 0.1.
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The average single scattering albedo ω=0.941–0.997 at Mace Head indicates that scat-
tering of light is the main contribution to AOD. Dall’Osto et al. (2010) found that
the chemical composition and subsequent the hygroscopic growth may result in 50 %
impact on the AOD. The hygroscopic growth as well as its impact on AOD increase
for aged polluted air masses like the ones observed during the case study on 14 May.
The chemical composition of continental air masses at Mace Head was found to consist
mainly of organic and sulphuric matter.

The comparison of the airborne measurements with the ground based measurements at
Mace Head showed that cases of continental pollution transported towards the Atlantic
give good examples on the impact of aerosol particles on the optical properties of the
troposphere. The case study on 14 May could be used to demonstrate this impact us-
ing airborne and ground based in-situ measurements, remote sensing aboard the DLR
Falcon 20 and satellites as well as air mass transport analysis.

This case study also depicts the usability of the combination of airborne and ground
based measurements. The ground based measurements support the analysis of airborne
measurements with a continuous recording of data. The combination of airborne and
ground based measurements helps to asses the representativeness of airborne measure-
ments within the temporal evolution of aerosol properties and the representativeness
of ground based measurements within the spatial aerosol distribution. Six EUSAAR
super-sites were selected for the present analysis to provide continuous measurements
of atmospheric properties over Europe in May 2008. The evolution of the meteorolog-
ical and pollution situation at these ground sites is discussed in the following section.
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4.3 Temporal evolution of the pollution situation over
Europe in May 2008: Analysis of ground based
measurements

The present section gives an overview of the pollution situation over Europe in May 2008.
We analyse the temporal evolution of pollution over Europe at selected EUSAAR
ground sites in combination with the synoptic situations described in Section 4.1 (Ham-
burger et al., 2011). Six sites were selected to cover both, rural regions representing
background conditions and sites situated in highly polluted regions in Central Europe
(Figure 4.11). Airborne aerosol measurements within the boundary layer complete the
analysis and will be compared to the ground based measurements.

Figure 4.11: EUSAAR ground stations. CBW: Cabauw, MHD: Mace Head, MPZ:
Melpitz, SMR: Hyytiälä, VHL: Vavihill, HPB: Hohenpeißenberg.

4.3.1 Ground based measurements: Time series data
Time series plots for ground stations are shown in Figures 4.12–4.17. Each graph
consists of four panels. The uppermost time series displays the number concentration
of the accumulation mode particles. In addition, airborne measurements of FAAM
BAe-146 and DLR Falcon 20 are plotted in the graph, in cases where the aircraft were
close to the EUSAAR sites. Only horizontal flight legs inside the boundary layer with
a maximum distance of 150 km to the respective ground station were selected. Time
series of BC measurements are shown in the second panel from the top. The original
time resolution data are overlaid by a running average (3 h) to distinguish tenden-
cies within highly variable time series like that observed during period (a) at Cabauw
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Figure 4.12: Time series of accumulation mode number concentrations (AM) in the
size range 0.1-0.8 μm [particles/cm3] (1st panel, black squares), black carbon (BC) mass
concentrations [μg m−3] (2nd subplot, black squares), temperature [◦C] (3rd subplot,
grey line), wind direction [◦] (3rd subplot, black squares), mean sea level pressure [hPa]
(4th subplot, black line), and precipitation [mm/3h] (4th subplot, grey columns) for
Hyytiälä. The AM number concentrations are overlaid by airborne measurements in
the vicinity of the respective station inside the boundary layer. Blue circles denote
measurements performed by the FAAM BAe-146, red circles measurements performed
by the DLR Falcon 20. The BC mass concentrations are overlaid by an running average
(red line).

(Figure 4.17). The third and fourth panels display the meteorological parameters tem-
perature and wind direction and sea level pressure and precipitation, respectively.

Average values (median, 10th and 90th percentiles) of accumulation mode number
concentrations and BC mass concentrations are presented in Table 4.7. The averaging
time was split into two periods, between 1 May and 15 May (period a) and between
16 May and 31 May (period b). The two periods depict the time during and after the
anticyclonic blocking event.
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Figure 4.13: Same as Figure 4.12 for Mace Head.

Ground stations outside the high pressure core region
Hyytiälä and Mace Head

Regarding the time series data in Fig. 4.12 and the statistical values given in Ta-
ble 4.7 the ground stations at Hyytiälä and Mace Head show no obvious coherence
with the two distinctive synoptic situations during periods (a) and (b). The prevailing
synoptic conditions at each station governed individual pollution events rather than
the long-term pollution trends during the blocking event.

The northernmost ground station at Hyytiälä shows highest accumulation mode par-
ticle number concentrations for all wind directions except north. Peak values of indi-
vidual events reached approximately 2000 accumulation mode particles cm−3 and BC
mass concentrations of 1.30 μg m−3 in the first days of May before the initiation of the
anticyclone blocking. Clean air conditions with respect to the accumulation mode load
(∼200 particles cm−3) occur for air masses arriving from the north with increasing
concentrations if the wind direction turns towards northeast or northwest.

At the Mace Head station, accumulation mode particle concentrations were 100 par-
ticles cm−3 five days before measurement flights were conducted south west of Ireland
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Figure 4.14: Same as Figure 4.12 for Vavihill.

to measure polluted air masses from Central Europe and Great Britain. BC-mass
minimum concentrations at this time were 0.05 μg m−3. These observed minima were
associated with wind directions from north and northeast. On 12 May the concentra-
tions increased up to 2500 particles cm−3 and BC-mass of 1.5 μg m−3 while the wind
direction changed to east and continental European air masses were advected over
Mace Head. The transport of European emissions towards Ireland was caused by the
displacement of the anticyclone from the North Sea into the North East Atlantic and
the pathway of cyclones over Southern Europe.

Ground stations within the high pressure core region measuring the at-
mospheric background
Vavihill and Hohenpeißenberg

The median accumulation mode number concentrations at the second Scandinavian
station at Vavihill were 760 particles cm−3 and 530 particles cm−3 during period (a)
and period (b), respectively. The prevailing wind direction averaged over period (a) was
northwest. Minimum number concentrations occurred when the wind direction turned
to north. A cold front occurred on 12 May and was accompanied by a shift of wind
direction to east and followed by a decrease of accumulation mode number concentra-
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Figure 4.15: Same as Figure 4.12 for Hohenpeißenberg.

tions to 120 particles cm−3 after a short prefrontal increase to 2500 particles cm−3. The
cold front was induced by a cyclone with its centre situated at Northern Scandinavia.
It mainly increased the cloud cover but induced hardly any precipitation over Vavihill.
A following maximum in accumulation mode particle number concentrations (∼1500
particles cm−3) occurred during air mass transport from west and southwest, covering
the source regions of Copenhagen (Denmark), Helsingborg, and Malmo (both Sweden).

On the top of the Hohenpeißenberg (977 m a.s.l) accumulation mode number concen-
trations during period (a) exceeded the concentrations during period (b) by a factor
of approximately 1.5. A similar factor could be observed at Vavihill (see Table 4.7).
Median accumulation mode number concentrations reached during anticyclonic con-
ditions 1000 particles cm−3, median BC-mass concentrations 0.39 μg m−3, and winds
were easterly at Hohenpeißenberg. Frontal passages occurring between 15 and 19 May
and inducing precipitation and change in wind direction towards west led to a decrease
of the median accumulation mode number concentration (680 particles cm−3). Median
BC-mass concentrations remained almost at the same level.
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Figure 4.16: Same as Figure 4.12 for Melpitz.

Ground stations within the high pressure core region
Melpitz and Cabauw

The accumulation mode number concentrations at Melpitz varies between 690 and
2300 particles cm−3. Median values were 1400 particles cm−3 for period (a) and 1300
particles cm−3 for period (b). Prevailing wind direction during the anticyclonic condi-
tions was northeast and air masses were transported towards Melpitz via the Baltic Sea
and the Baltic States. As described in Sect. 4.1 the westerly flow over Melpitz starting
on 15 May lasted only 4 days and turned back to a northeasterly flow similar to period
(a). Within this 4 day period frontal systems associated with two cyclones passed
consecutively over Melpitz and a short decrease of the pollutants could be observed.
The time series of BC-mass concentration varies between 0.12 and 0.89 μg m−3. Both
accumulation mode number concentration and BC-mass concentration time series fol-
low a clear diurnal cycle with maximum concentrations in the morning and minimum
concentrations in the afternoon. Maximum peaks could be observed at 3500 particles
cm−3 and 1.50 μg m−3. These maximum peaks are connected with wind directions west
or east and can be associated with local sources like e.g. the open-cast mining area
Lausitz east of Melpitz or with long-range transport events from Central and Eastern
Europe (Spindler et al., 2010).
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Figure 4.17: Same as Figure 4.12 for Cabauw.

The diurnal variation described for the Melpitz station was also observed at the Cabauw
station. During period (a), daily averages of BC-mass concentrations increased from
0.50 to 1.40 μg m−3. Maximum peaks of the running average occur again in the morn-
ing and minima at early afternoon times. Absolute minimum and maximum BC-mass
concentration of the highly variable time series were between approximately 0.00–
2.50 μg m−3. The anticyclone induced an easterly wind direction over Cabauw. De-
creasing concentrations of accumulation mode particles from 3500 to 500 particles
cm−3 and BC-mass from 1.30 to 0.20 μg m−3 were associated with the passage of two
frontal systems occurring between 15 and 17 May and the change of the wind direc-
tion from east to northeast and north. Air mass trajectories (cf. Section 3.2) showed
that the change of the wind direction resulted in a change from polluted air masses
arriving from North Germany to clean air masses advected over the North Sea towards
Cabauw. The concentrations increased again for wind directions turning back to E
between 21 May and 23 May.
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Table 4.7: Median, 10th and 90th percentile values of the accumulation mode number
concentration, BC mass concentration and median sea level pressure at the selected
ground stations. The averaging time was split up into two periods. Period (a) lasts
from 01 May 2008 until 15 May 2008, period (b) from 16 May 2008 until 31 May 2008.

N0.1−0.8μm [cm−3] BC [μg m−3] SLP [hPa]
Ground site Median P10 P90 Median P10 P90 Median Period

Hyytiälä 330 120 1300 0.17 0.03 0.74 1019 a
360 190 610 0.15 0.06 0.26 1019 b

Mace Head 550 82 1900 0.23 0.03 0.96 1017 a
830 520 1500 0.33 0.18 0.55 1013 b

Vavihill 760 280 1200 1022 a
530 300 820 1019 b

Hohenpeißenberg 1000 380 1400 0.39 0.20 0.59 1017 a
680 270 1300 0.40 0.14 0.72 1011 b

Melpitz 1400 690 2300 0.44 0.12 0.89 1021 a
1300 760 1900 0.56 0.19 1.00 1014 b

Cabauw 0.70 0.06 1.50 1019 a
1700 490 3100 0.54 0.18 1.20 1012 b

4.3.2 Ground based measurements: Discussion

The transport of continental air masses caused by the anticyclonic conditions led to
pollution events in regions usually dominated by clean atmospheric conditions, i.e.
at the ground sites at Hyytiälä and Mace Head. Hyytiälä usually observes clean air
conditions with respect to aged anthropogenic pollution especially for wind directions
from north and northwest leading to conditions favourable for new particle forma-
tion (Tunved et al., 2003; Sogacheva et al., 2005). However two distinct pollution
events could be observed during period (a). The first event during the onset of the
anticyclone showed the maximum concentrations of accumulation mode number and
BC-mass in May 2008 at the station. The wind direction occurring during this event
(east-southeast) and FLEXPART analysis show that the air masses originated from
Eastern Europe. The measured BC-mass concentrations for this case exceeded values
observed for long-range transport cases from Eastern Europe during preceding studies
(Niemi et al., 2009). The second pollution event lasted from 8 May until 12 May. It can
be associated with the transport of Central European pollution within the anticyclone.
However, the concentrations of the pollutants within the Central European air masses
are smaller by a factor of 2–3 than the concentrations within the Eastern European
air masses. This might be an effect of the frequently occurring precipitation at the
Norwegian mountain range or of mixing with clean Arctic air masses during transport.
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A detailed analysis of aerosol microphysical and chemical properties during the EU-
CAARI intensive observing period at Mace Head was accomplished by Dall’Osto et al.
(2010). In general the site provides favourable conditions for the study of natural air
pollution like sea-salt or biogenic organic aerosol resulting from phytoplankton blooms
(O’Connor et al., 2008). Roughly 20% of the air masses arriving at Mace Head per
year, originate from continental Europe. They are most frequently observed in May
(Huang et al., 2001; Junker et al., 2006). Due to the eastward transport of continen-
tal air masses induced by the blocking anticyclone in May 2008 continental European
emissions could be measured at the Mace Head station. As discussed in Section 4.3.1
two pollution events were observed in May 2008 before the beginning of the intense
observing period at the ground stations on 15 May. These two events were followed by
a continuous occurrence of continental pollution until the end of May (Dall’Osto et al.,
2010). Minimum values of accumulation mode number and BC-mass concentrations
at the beginning of May were comparable to typical clean marine conditions in spring
and summer (Cooke et al., 1997; Yoon et al., 2007).

A more continuously increased level of accumulation mode number concentrations re-
lated to the blocking event was observed at the continental background stations at
Vavihill and Hohenpeißenberg. Both stations did not show the diurnal cycle of ac-
cumulation mode number and BC-mass concentrations, which could be observed at
Melpitz and Cabauw. The latter two stations showed minimum concentrations in the
afternoon and maximum concentrations in the morning. Diurnal cycles of particulate
matter in urban areas have been analysed in several previous studies (e.g., Kukkonen
et al., 2005; Schäfer et al., 2006; Pernigotti et al., 2007; Pitz et al., 2008). Minimum
concentrations of particulate matter frequently occur in the afternoon hours in polluted
and urban background regions. Vertical mixing during unstable stratification of the
boundary layer due to surface heating during daytime leads to mixing of surface pol-
lution into upper regions inside the increasing boundary layer. In contrast nocturnal
temperature inversion close to the surface increases the vertical stability and conse-
quently inhibits extensive vertical mixing of pollutants. Increasing traffic intensity in
the morning is an additional dominating factor for increasing concentrations of pollu-
tants.

The ground station at Melpitz is located in a region affected by several anthropogenic
pollution sources (Hamed et al., 2010). Wind directions at Melpitz were most frequently
northeast for period (a) as well as for period (b). Thus air masses were transported
towards Melpitz via the Baltic Sea and the Baltic states. For similar transport condi-
tions Engler et al. (2007) observed similar accumulation mode number concentrations
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of 1100–1400 particles/cm3. The accumulation mode number concentrations measured
during period (a) (1400 cm−3) and period (b) (1300 cm−3) also coincide with values for
aged continental aerosol of 1200 particles/cm3 given by Birmili et al. (2001). Highest
aerosol mass loadings usually occur during temperature inversion periods in wintertime
(Müller, 1999). Spindler et al. (2010) reported elevated aerosol mass loadings during
spring and summer, although not as high as during wintertime, for hot and dry mete-
orological periods. The four year study at Melpitz showed that elevated aerosol mass
concentrations occurred in May 2008, but were below elevated mass concentrations
observed in summer 2006 and spring 2007.

Highest median concentrations of anthropogenic pollutants at all six ground stations
were observed at Cabauw during period (a) (BC mass 0.70 μg m−3, see Table 4.7). This
is in agreement with the previously discussed transport of pollution from Germany to-
wards the West and the Benelux states during the anticyclonic blocking event.

4.3.3 Anthropogenic origin of increased accumulation mode num-
ber concentrations measured at the ground stations

The time series of pollutants show weak correlation between the different ground sta-
tions. However, at each single ground station the time series of accumulation mode
number and BC-mass concentrations show similar trends. These similar patterns in

Figure 4.18: Relative increase (decrease) of 6 hourly averaged BC-mass concentrations
versus relative increase (decrease) of 6 hourly averaged accumulation mode number
concentrations. The legend indicates the regression coefficient r and the number of
points n.
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the temporal evolution indicate that air masses containing a high load of accumulation
mode particles mainly originate from regions rich in sources of anthropogenic emis-
sions from combustion processes (Hitzenberger and Tohno, 2001; Putaud et al., 2004).
Figure 4.18 supports this observation. It shows the relative variation of BC-mass con-
centrations (M) in the last 6 hours (Mi −Mi−6)/Mi−6 versus the relative variation of
accumulation mode number concentrations (N) in the last 6 hours (Ni −Ni−6)/Ni−6

where i is the time in hours. The correlation coefficient r obtained by linear regres-
sion varies between 0.53 (Melpitz) and 0.86 (Hohenpeißenberg). The correlation at all
ground stations is statistically significant on a 99 % confidence level. This means that
in most cases the relative variation of one pollutant is accompanied by the relative vari-
ation of the other one. During several pollution events, the Central European ground
stations showed a stronger relative increase of the BC-mass concentrations than the
accumulation mode number concentrations. Different sources, source strengths and
transport processes can contribute to different fractions of BC particles in different
aerosol size ranges (e.g., Berner et al., 1996; Hitzenberger and Tohno, 2001; Rose et al.,
2006). Thus, the relative variations of the accumulation mode particle concentrations
and the BC-mass concentrations can differ in magnitude, although both were affected
by similar anthropogenic sources.

4.3.4 Ground based measurements compared with airborne mea-
surements

One objective of the EUCAARI-LONGREX campaign was to link the measurements
at the ground stations within the EUCAARI intensive observing period to the airborne
measurements in order to assess the spatial and, in particular, vertical representative-
ness of the ground measurements. We focus here on the comparison of accumulation
mode number concentrations because of its small variability within the aerosol lifetime
inside a given air mass (Williams et al., 2002). Thus, in the absence of sources, the
spatial variation inside the given air mass should also remain small.

Figure 4.19 shows the accumulation mode number concentration of airborne measure-
ments versus ground based measurements to illustrate the correlation between airborne
and ground based measurements. The data used for the flight sequences were measured
inside the boundary layer with a maximum distance of 150 km to the respective ground
station. Each sequence covers one flight leg, i.e. a sequence during the flight when the
aircraft was heading towards one direction on a constant level. The flight legs cover a
large spatial area (∼50 km per flight leg) but a short time span (∼5 min per flight leg).
The data of the ground based measurements were averaged using a time span of ±3 h
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Figure 4.19: Comparison of accumulation mode particle number concentrations (par-
ticle diameter 0.1–0.8 μm) from ground based measurements with airborne measure-
ments. Blue circles denote FAAM BAe-146, red circles DLR Falcon 20 data points.
Airborne measurements are given at standard temperature and pressure (STP).

around the time, when the flight legs close to the stations were performed to account
for the horizontal extension of the flight legs.

The correlation coefficient was 0.76 for FAAM BAe-146 measurements and 0.82 for
DLR Falcon 20 measurements. The lower value of the correlation coefficient for FAAM
BAe-146 measurements results from more frequent observations in more heterogeneous
air masses as can be concluded from the higher standard deviations shown in Fig-
ure 4.19. The correlation of ground based and airborne measurements within the
standard deviation of the selected sequences is statistically significant on a 99 % confi-
dence level. Hence the assumption can be made that the selected flight sequences were
performed within the same air mass as the one that was probed by the ground stations
with respect to temporal relatively stable aerosol properties.

The size resolved comparison of number size distributions measured at the ground
stations and aboard the DLR Falcon 20 (Figure 4.20) mostly show good correlations,
too. Deviations occur most frequently if airborne number size distributions show a
higher number and a larger median diameter of the accumulation mode than at the
ground stations. In these cases, the airborne accumulation mode size distributions ap-
pear narrower and subsequently have a steeper slope towards super-micron particles.
The median of the relative deviation of concentrations between airborne and ground
based measurements was ∼40 %. Maximum relative deviations occurred for particles
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Figure 4.20: Comparison of number size distributions retrieved from measurements at
ground stations (GS) and aboard the DLR Falcon 20 (cf. Section 4.3). The grey shade
of the ground based measurements indicates the standard deviation. The label lists
the start time (UT) of the respective flight leg in seconds after midnight, the flight
altitude [km] and the distance to the ground station [km].

in diameter <0.5 μm. The higher deviation of smaller particles indicates a higher tem-
poral and spatial variability of particles smaller than 0.5 μm than for larger particles.
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4.4 The vertical aerosol distribution over Europe in
May 2008

The major advantage of the aircraft field campaign was the possibility to derive in-
situ measurements of meteorological and aerosol microphysical properties throughout
the whole tropospheric column. The vertical extension of the in-situ measurements
reached from the surface up to a maximum altitude of 12 km. Within the three weeks
of the campaign the DLR Falcon 20 performed 42 vertical profiles (Figures B.1–B.5)
and collected data covering 32 hours of measurements during the vertical profiles. The
regional focus of the vertical profiles concentrated on the greater areas southwest of
Ireland, the Benelux states, North-east Germany and the Baltic Sea and Southern
Germany. Measurements were conducted as close as possible to the EUSAAR ground
stations. An overview of the performed vertical profiles is given in Table A.4. Each
vertical profile is labelled by the flight ID followed by the consecutive number of the
profile during the respective flight (YYMMDDxVn, x: flight of the day, n: number
of the vertical profile). Figures B.1–B.5 show the vertical distribution of CN number
concentrations and virtual potential temperature of each vertical profile.

4.4.1 The temporal evolution of the vertical number concentration
over South Germany

To summarize the vertical distribution and temporal evolution of the pollution sit-
uation, the vertical profiles over Southern Germany are examined. During take off
from and landing to Oberpfaffenhofen a set of vertical profiles were obtained covering
the whole time span of the EUCAARI-LONGREX campaign. Vertical CN profiles are
compared to the CN concentrations measured at Hohenpeißenberg located about 35 km
south west of Oberpfaffenhofen.

Figure 4.21 shows the CN number concentration measured during the vertical profiling
with the DLR Falcon 20 and the time series of the CN number concentration measured
at Hohenpeißenberg in May 2008. In addition the mixing layer height at each day at
12 UTC is shown. The mixing layer height was retrieved from radio soundings launched
at Oberschleißheim / Munich (489 m a.s.l.) using the simple parcel method (Holzworth,
1964; Seibert et al., 2000). This gives the possibility to study a continuous evolution of
the mixing layer height in the region of Munich (28 km northeast of Oberpfaffenhofen,
65 km northeast of Hohenpeißenberg).

In the first half of May during the stable anticyclonic conditions median CN num-
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Figure 4.21: Vertical profiles of CN number concentrations in the vicinity of Ho-
henpeißenberg. The colour scale indicates the CN number concentration between
0 (blue) and 15000 (red) particles cm−3. Concentrations exceeding 15000 particles
cm−3 are marked in magenta. Airborne measurements are given at standard tem-
perature and pressure (STP). The mixing layer height retrieved from soundings at
Oberschleißheim/Munich at 12 UTC is shown as the black line with height shown on
the left hand side vertical axis. The time series on the bottom of the graph depicts the
CN number concentration measured at the ground station at Hohenpeißenberg.

ber concentrations in the free troposphere above 3 km a.s.l. were about 840–1200
particles/cm3 (see Table 4.8). Median values inside the boundary layer reached 8200
particles/cm3. The boundary layer was well mixed vertically and increased in depth to
3.1 km above ground until 14 May. The time series at Hohenpeißenberg also showed
maximum number concentrations within in the first half in May. The CN number con-
centrations measured at the ground station occasionally reached 10000 particles/cm3,
but median concentrations were at 3600 particles/cm3. The vertical profile for pe-
riod (a) shows that median number concentrations were highest in a layer between
1300–1600 m (12000 particles/cm3; Figure 4.21). With the change of the meteoro-
logical conditions, the change of wind directions and the occurrence of precipitation
beginning on 15 May, number concentrations decreased and reached 2300 and 2700
particles/cm3 for airborne measurements blow 3 km a.s.l. and at Hohenpeißenberg, re-
spectively. The vertical structure changed with changing synoptic conditions, too. The
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Figure 4.22: Comparison of the vertical distribution of total particle number concentra-
tions during the EUCAARI-LONGREX campaign (May 2008) and the two SCAVEX
campaigns (April/May 2001 and April 2002). Thick black lines indicate the median
values of bins with a vertical depth of 250 m, gray shade values between 25th and 75th
percentiles. Concentrations are given at standard temperature and pressure (STP).

well-mixed boundary layer shows a heterogeneous layering in the second half of May.
The maximum mixing layer height during period (b) occurs on 21 May at 1.8 km above
ground. Layers of enhanced CN number concentrations could be observed in the upper
troposphere above 6 km a.s.l.. We suggest that this enhancement in the upper tropo-
sphere primarily occurs due to long-range transport of air masses which was inhibited
during period (a) by the anticyclonic blocking.

The CN concentrations indicate only few similarities between ground based and air-
borne measurements. Maximum number concentrations in the boundary layer can be
found during period (a) and decreasing number concentrations in the first half of pe-
riod (b). However, absolute number concentrations cannot be correlated due to large
deviations and a strong spatial and temporal variability of CN particles.

A comparison with previous airborne measurements performed from Oberpfaffenhofen
(SCAVEX April/May 2001 and SCAVEX April 2002) reveals the highly polluted
boundary layer observed during EUCAARI-LONGREX over Southern Germany (see
Table 4.8 and Figure 4.22). The number concentrations between 0–3 km a.s.l. dur-
ing period (b) of 2300 particles/cm3 lie in between the values of the two SCAVEX
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Table 4.8: CN number concentration median, 10th and 90th percentile values calcu-
lated from altitude bins with a thickness of 3 km each. Concentrations are given at
standard temperature and pressure (STP). The vertical profiles were measured during
ascend and descend from and to Oberpfaffenhofen by the DLR Falcon 20 during several
measurement campaigns. The measurements during the EUCAARI campaign in 2008
were split up into two periods, period a from 01 May 2008 until 15 May 2008 and
period b from 16 May 2008 until 31 May 2008. The SCAVEX campaigns took place in
April/May 2001 and April 2002. Number concentrations are given in particles cm−3.

Altitude Campaign Median P10 P90

9-12 km EUCAARI 1200 730 3500
EUCAARI a 1100 690 1700
EUCAARI b 1600 760 4600
SCAVEX 01 680 450 1300
SCAVEX 02 310 170 470

6-9 km EUCAARI 1200 620 2700
EUCAARI a 1200 560 2000
EUCAARI b 1400 720 3400
SCAVEX 01 970 520 2100
SCAVEX 02 350 160 840

3-6 km EUCAARI 820 400 2000
EUCAARI a 840 370 2200
EUCAARI b 800 470 1800
SCAVEX 01 880 490 2100
SCAVEX 02 910 97 1600

0-3 km EUCAARI 5500 970 13000
EUCAARI a 8200 1000 14000
EUCAARI b 2300 930 8300
SCAVEX 01 3300 1200 13000
SCAVEX 02 2100 650 5700

HPB EUCAARI 3300 1600 6000
EUCAARI a 3600 2500 6300
EUCAARI b 2700 1400 5700

campaigns (3300 and 2100 particles/cm3, respectively). In contrast, the number con-
centrations during the high pressure conditions of period (a) exceed these values with
a median number concentration of 8200 particles/cm3.

The median CN concentrations over South Germany of the ground based (3600 cm−3)
and airborne measurements below 3 km (8200 cm−3) show quite large discrepancies re-
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garding the absolute concentrations during period (a). The DLR Falcon 20 mainly
flew above or west of Munich during take off from and landing to Oberpfaffenhofen,
i.e. downwind of Munich during period (a). Thus rather fresh emissions from Mu-
nich were observed aboard the aircraft whilst the ground station at Hohenpeißenberg,
55 km southeast of the Munich, mainly measured the enhanced background aerosol
concentrations during period (a). This local variation of CN number concentrations
also emphasises the use of the less variable accumulation mode size range (Williams
et al., 2002) for the comparison of absolute number concentrations between airborne
and ground based measurements, which will be accomplished in Section 4.3.4.

The CN number concentrations serve to illustrate the vertical aerosol distribution (see
Fig. 4.22). Whilst an almost continuous negative vertical gradient from the surface to
the top of the boundary layer can be observed for period (b) and the two SCAVEX
cases, the high number concentrations partly originating from the emissions of Munich
occur throughout the whole vertical column of the boundary layer during period (a).
Therefore a much more pronounced negative vertical gradient appears immediately
above the polluted boundary layer at the intersection into the clean free troposphere.
This is evident already from the averaged vertical profile in Fig. 4.22, which tends to
smooth out the vertical gradients on a case by case basis because of varying boundary
layer height. The gradient can be illustrated by the differences of the median values
between 0–3 km and 3–6 km in Table 4.8. Whilst the number concentrations decreased
with height by a factor 10 during period (a), the number concentrations during period
(b) and the two SCAVEX cases decreased by a factor 2–4. This reflects the stable
layering of the troposphere during period (a) and suggests a trapping of anthropogenic
pollution particles during high pressure conditions inside the boundary layer.

4.4.2 Regional vertical profiles during anticyclonic conditions

An average of the vertical profiles has to be examined to get an overview of the vertical
aerosol distribution over Europe during the LONGREX campaign. For this purpose
statistics of vertical bins with a depth of 250 m each were calculated for several aerosol
microphysical and meteorological properties. However, the extensive dataset measured
during the vertical profiles covered a large horizontal area on a continental scale and
a time span exceeding the lifetime of typical synoptic events. Thus a simple averaging
of all data, although binned into several vertical levels, would lead to a loss of useful
information.

The first important information is given by the locations of the performed vertical
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Figure 4.23: Vertical profiles of number concentration of particles in diameter larger
0.01 μm (red), accumulation mode number conentration (green), number concentra-
tion of non volatile (250 ◦C) particles (black), the volume fraction of volatile (250 ◦C)
PM2.5 particles (orange/yellow), and relative humidity (blue). The upper (lower) panel
shows values for the period between 1–15 (16–31) May. Each vertical profile contains
P10, P25, median, P75, and P95 values. Observations were performed above South
Germany.

profiles and their exposure towards different transport pathways. Local anthropogenic
emissions over Europe add an essential contribution to the atmospheric aerosol load
(van Dingenen et al., 2004; Putaud et al., 2004, 2010). Hence it can be expected
that the different locations of the vertical profiles over urban, rural and remote sites
show different characteristics. Consequently the vertical profiles were split up into four
different regions: the Atlantic south west of Ireland, the Benelux states, North-east
Germany and the Baltic Sea and South Germany (Figure 3.10).

Further the measured data was separated into the two synoptic periods during EUCAARI-
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Figure 4.24: Like Figure 4.23. Observations were performed above the Benelux States.

LONGREX (periods (a) and (b), see Section 4.1). Figures 4.23, 4.24, and 4.25 show
the vertical profiles measured above South Germany, the Benelux states and North-east
Germany and the Baltic Sea. The vertical profiles south west of Ireland are discussed
in detail separately in Section 4.2. The profiles discussed in this section show num-
ber concentrations of particles in diameter DP>0.01 μm referred to as total particle
number concentration NTotal in the following, accumulation mode particles NAcc, and
non volatile particles NNV. In addition the volume ratio of volatile matter to the total
aerosol volume for particles in diameter smaller 2.5 μm RV(Vol/Total) and the relative
humidity RH were plotted. Median, P10 and P90 values of NTotal, NAcc, and NNV cal-
culated for 1.5 km vertical bins below 3 km altitude and 3 km vertical bins above 3 km
are listed in Table 4.9.

The vertical profiles measured above South Germany (Figure 4.23) showed increased
number concentrations for all discussed particle types within the boundary layer dur-
ing period (a) compared to period (b). Median values within the lower 1.5 km were
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Figure 4.25: Like Figure 4.23. Observations were performed above the Baltic Sea and
North East Germany.

increased by a factor of ∼3 for NTotal and a factor of ∼1.5–2 for NAcc and NNV whereas
the median number concentrations between 3–6 km were similar for both periods. In
contrast the median number concentrations at high altitudes between 6–9 km were in-
creased during period (b) by a factor∼1.5 after the blocking anticyclone dissolved. This
finding is similar to the temporal evolution of vertical profiles of total number concen-
trations measured during ascend and descend from and to Oberpfaffenhofen discussed
in Section 4.4.1. The homogenous vertical mixing of particles inside the boundary layer
during period (a) found for the total number concentration in Section 4.4.1 can also
be seen in the accumulation mode size range and for non volatile particles below 2 km.
Especially the strong negative gradient of NNV, i.e. primary particles from ground
sources, at the transition from the boundary to the free troposphere supports the indi-
cation of the trapping of aerosol particles inside the boundary layer during period (a).
RV(Vol/Total) shows similar magnitudes for both periods. RV(Vol/Total) slightly increased
at altitudes above the boundary layer during period (b). The lower RV(Vol/Total) values
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during period (a) may result from an inhibition of aerosol precursor gases mixing from
the boundary layer into the free troposphere or from the suppression of volatile mate-
rial condensing on pre-existing particles due to subsiding air masses during the high
pressure conditions which also led to low RH between 3–6 km. Relative humidity in-
creased between periods (a) and (b) by a factor ∼1.8 for low and high altitudes and by
a factor ∼5 between 3–6 km. The large difference of relative humidity between period
(a) with RH=14 % and period (b) with RH=78 % at mid altitudes results from the dry
conditions during the anticyclonic period. The change of relative humidity also reflects
the change of the meteorological conditions from stable and cloud free conditions to
less stable conditions accompanied by occurring cloud cover and precipitation.

The vertical profiles of the particle number concentrations above the Benelux states
(Figure 4.24) show high particle load within the boundary layer during both periods.
The particle concentrations inside the boundary layer underwent largest variations due
to a diurnal variation of the mixing layer height in this region as analyzed in Sec-
tion 4.3.1 for the ground station at Cabauw. The number concentrations at altitudes
between minimum and maximum mixing layer heights strongly depend on the diurnal
variation and thus on the time of day. This makes the analysis of the vertical profiles
below 3 km more difficult and the median values in Table 4.9 have to be interpreted
with care. Whereas the median concentrations for NTotal between 1.5 km and 3 km
were 920 and 1300 cm−3, median concentrations for NTotal below 1.5 km were 19000
and 6600 cm−3 for periods (a) and (b), respectively. This shows that the maximum
particle load occurred during period (a) and was measured at low mixing layer depth.
The non-volatile number concentration also showed highest concentrations and a well
mixed layer below 1.5 km during period (a). Between 3–6 km enhanced non volatile
particle concentrations were observed during period (b). This indicates that despite
an average stable layering between boundary layer and free troposphere during period
(b) primary particles were mixed into the free troposphere over Central Europe due to
frontal passages in mid of May and transported towards the Benelux states. Although
the relative humidity increased in the free troposphere during period (b) (15–45 %) it
was observed to be dry in comparison with the relative humidity above South Germany
(50–70 %). The relative humidity below 3 km remained the same during May above
the Benelux States (∼50 %). As discussed in Section 4.1 the general flow pattern over
Central Europe returned after a trough between 16–18 May to an anticyclonic North-
Easterly pattern. Hence, the regions of the Benelux States and North Germany were
influenced by a similar flow pattern during period (b) like during period (a). The sim-
ilar flow pattern led to similar meteorological conditions during both periods.

This observation can be made even clearer by analysing the vertical profiles above
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North-east Germany and the Baltic Sea (Figure 4.25). Within all vertical layers all
number concentrations show similar magnitudes for periods (a) and (b). Only NTotal

below 3 km showed enhanced values by a factor 1.5 during period (a) compared to pe-
riod (b). In contrast maximum concentrations between 6–9 km increased during period
(b) by a factor of ∼2 and reached 1600 cm−3. NAcc and RV(Vol/Total) at low altitudes
were lowest over North-east Germany and the Baltic Sea compared to South Germany
and the Benelux States during anticyclonic flow patterns. This illustrates less influ-
ence of secondary particle matter originating from anthropogenic sources due to the
continuous north easterly flow above this region.

The vertical profiles separated into different regions and temporal periods show that
the regions were affected differently by the occurring synoptic conditions. While the
particle concentrations especially in the boundary layer showed clear variations between
periods (a) and (b) above South Germany, the differences between periods (a) and (b)
were less pronounced above the Benelux States. The particle load above North-east
Germany and the Baltic Sea remained almost similar. The flow pattern over South
Germany changed from an anticyclonic flow associated with the blocking event to a cy-
clonic flow induced by low pressure systems over the Mediterranean. The regions of the
Benelux States and North-east Germany and the Baltic Sea were influenced by anticy-
clonic flow patterns during period (a) as well as during period (b). This anticyclonic
flow was interrupted by a trough passing over Central Europe between 16–18 May. The
different observations encourage the classification of the vertical profiles into different
regions rather than averaging over the whole continental scale.
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Table 4.9: Median values of particles in diameter DP>0.01 μm (NTotal), accumulation
mode (NAcc) and non volatile particle (NNV, 250 ◦C) number concentrations [cm−3] at
standard pressure and temperature.

Altitude NTotal NAcc NNV Period
P50 P10 P90 P50 P10 P90 P50 P10 P90

South Germany

6–9 km 1100 450 1900 16 3 44 130 23 560 a
1600 820 24000 19 8 71 250 110 470 b

3–6 km 700 310 2000 40 9 200 240 140 1300 a
860 550 1800 41 12 270 290 160 1100 b

1.5–3 km 3500 720 15000 640 41 1200 2400 230 4800 a
1500 880 3900 270 42 450 1000 310 1500 b

0–1.5 km 9900 3500 14000 840 290 1100 3500 2500 4800 a
3100 1200 8300 410 230 730 1400 930 4000 b

Benelux States

6–9 km 1300 920 2700 12 3 35 160 64 330 a
810 430 2000 20 3 85 150 56 290 b

3–6 km 640 300 1100 33 3 79 190 140 370 a
650 470 1800 57 10 120 370 240 470 b

1.5–3 km 920 670 13000 110 40 1600 640 490 8900 a
1300 540 12000 190 44 1600 590 350 5100 b

0–1.5 km 19000 5300 26000 1100 460 1300 5400 3600 8200 a
6600 5500 11000 1200 970 1400 4100 3300 5200 b

North-east Germany and Baltic Sea

6–9 km 920 500 1500 22 5 90 160 93 420 a
1600 580 3000 29 4 57 190 43 470 b

3–6 km 500 340 970 43 6 86 220 150 570 a
500 360 950 81 9 280 340 220 640 b

1.5–3 km 870 460 2200 120 27 720 660 250 1700 a
530 350 3300 140 55 500 350 280 2300 b

0–1.5 km 6800 2100 17000 650 210 1100 2300 1700 5300 a
4400 2500 13000 520 210 790 2800 1900 3400 b
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4.5 The horizontal aerosol distribution over Europe in
May 2008

The horizontal distribution of aerosol microphysical properties is analysed using the
large amount of horizontal flight sequences. Horizontal flight sequences or flight legs
describe sequences during the flight when the aircraft is heading towards one direction
on a constant level. In addition start and end times of flight sequences are selected to
describe measurement periods when the measured parameters do not vary significantly.
These periods usually have a duration of a few minutes. This way, measurements
covering well defined conditions can be used for analysing air mass properties. The
conditions cover the air mass properties as well as well defined conditions regarding
the measurement platform as already mentioned in Section 4.2. During one horizontal
flight sequence aircraft speed, pressure, pitch and roll angles are constant and ensure
optimum conditions for aerosol sampling using inlet systems. 91 horizontal flight legs
were performed during the EUCAARI-LONGREX campaign over Europe covering
the whole tropospheric column. Average core parameter of all sequences are listed in
Table A. The horizontal flight sequences will be analysed in the following subsections.

4.5.1 Vertical classification of the troposphere

The horizontal sequences cover the whole tropospheric column. Hence the measured
air masses will show high variations while comparing them with each other because of
their vertical position within the troposphere. To take this variation into account a
vertical classification is necessary which considers typical properties of distinct vertical
layers. The vertical profiles of total number concentrations and relative humidity in
Sections 4.4.1 and 4.4.2 already suggest a classification into three layers. The lowest
layer covers the boundary layer and shows maximum aerosol number concentrations
and high relative humidity during the anticyclonic conditions. A mid layer above the
boundary layer shows minimum aerosol number concentrations and relatively dry con-
ditions. The upper layer exhibits increasing total number concentrations and increasing
relative humidity compared to the mid layer. Each horizontal sequence was manually
analysed within the respective vertical profile of aerosol properties and meteorological
conditions and classified into one of the following vertical layers (see Figures B.1–B.5):
boundary layer (BL), lower free troposphere (LFT) and upper free troposphere (UFT).
Several horizontal flight legs were performed inside stable layers right above the bound-
ary layer showing high aerosol load and significantly different meteorological conditions
than the LFT. These layers, clearly decoupled from the boundary layer, were classified
as decoupled layers (DL). Table 4.10 shows the number of flight legs and altitude range
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of each defined layer. Five horizontal sequences could not be clearly classified and
remained undefined.

Table 4.10: Number of flight legs and altitude range of the layers used for the classifi-
cation of horizontal sequences.

Layer # FL Alt a.s.l.
UFT 25 5.5–10.0
LFT 27 2.1–7.0

DL 12 1.0–3.9
BL 22 0.2–1.8

4.5.2 Horizontal distribution of aerosol microphysical properties
during anticyclonic conditions

The wide horizontal distribution of the horizontal flight legs performed over Europe
reached from 13◦W–18◦E and 48◦N–55◦N. This allows studying the horizontal aerosol
distribution within the vertical layers defined above on a continental scale. To exclude
variations due to changing synoptic flow patterns only horizontal sequences influenced
by an anticyclonic flow pattern were selected for this analysis. Most horizontal flight
legs were performed during anticyclonic flow patterns except the flight legs performed
above South Germany during period (b) (see Section 4.4.2). Although the anticyclonic
flow patterns were induced by different synoptic events they led to similar meteoro-
logical conditions and wind directions along a zonal transport path way covering the
Baltic Sea, North Germany, the Benelux States and the British Isles.

Figure 4.26 shows the horizontal distribution of total and accumulation mode number
concentrations within layers BL, DL and LFT. It can be clearly seen that maximum
total number concentrations occurred inside the BL above Germany and the Benelux
States (NTotal=17000 cm−3). This region features the main sources of anthropogenic
aerosol particles (e.g. van Dingenen et al., 2004). The total number concentrations
decreased during the westward transport towards the British Isles (∼4000 cm−3). In
contrast, the accumulation mode concentration remained similar in number. The in-
crease of the relative fraction of accumulation mode particles on the total number
concentration from east to west suggests a growth of aerosol particles at the cost of
total number concentrations. Highest accumulation mode number concentrations were
observed above the Benelux States. The Benelux States were influenced by the first
westward transport of pollutants from North-east Germany but still cover a region rich
in anthropogenic aerosol sources leading to a high load of particle matter.
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Figure 4.26: Horizontal distribution of total (NTotal, upper panel) and accumulation
mode (NAcc, lower panel) number concentration for BL and DL (left panels) and LFT
(right panels). Small circles in the lower left panel denote measurements aboard the
FAAM BAe-146.

In contrast to the BL and DL, total number concentrations are lowest and accumu-
lation mode number concentrations highest in the LFT above East Germany and the
Baltic Sea. This indicates that aged aerosol was observed inside the LFT above the
BL, where recently emitted and formed aerosol particles could be observed. The aged
aerosol in the LFT may originate from long range transport or recirculation of Euro-
pean air masses during the blocking event in period (a).
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Figure 4.27: Horizontal distribution of non volatile number ratio (RN(NV/Total), upper
panel) and volatile volume ratio (RV(Vol/Total), lower panel) for BL and DL (left panels)
and LFT (right panels).

Aged aerosol can also be determined by analysing the aerosol mixing state. Figure 4.27
shows the number ratio of non volatile particles and the volume ratio of volatile matter
for PM2.5. The ratio of particles containing a non volatile core increases from east to
west showing a transition from external to an internal mixing state, i.e. from fresh to
aged aerosol. On the other hand an internal mixing state mainly occurs above North-
east Germany in the LFT supporting the image of aged aerosol discussed above. The
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Figure 4.28: Horizontal distribution of absorption coefficient (σabs) retrieved from 3λ-
PSAP measurements at 530 nm (left panel) and BC mass concentration (BCMass, right
panel). Large circles in the right panel denote BC mass concentration calculted from
3λ-PSAP measurements, small circles denote SP-2 measurements aboard the FAAM
BAe-146. All values are shown for standard temperature and pressure.

volume fraction of volatile matter was observed to be high throughout the BL and DL
(∼85–95 %). This emphasises that secondary aerosol particles and precursor gases play
an important role in governing the aerosol mass inside the BL. In contrast the volatile
volume fraction reached only ∼60–70 % in the LFT. The low volatile volume fraction
can be a result of low concentrations of aerosol precursor gases inside the LFT but
also a result of subsiding air masses inside the LFT during the anticyclonic conditions
suppressing the condensation of aerosol precursor gases and thus inhibiting the gas-to-
particle conversion. This is in agreement with the analysis of the vertical profiles in
Section 4.3.

The absorption coefficient and BC-mass concentrations in Figure 4.28 show a het-
erogeneous horizontal distribution inside the BL and DL. Individual maxima occurred
above East Germany and the Netherlands. Air masses that were transported from Cen-
tral Europe towards the Atlantic show strong absorption, too, reaching σabs>3 Mm−1.
This coincides with the previous observation of strong anthropogenic pollution over
the Atlantic south west of Ireland (Section 4.2). Absorption minima could be observed
most frequently over South Sweden indicating air masses clean of combustion aerosol
particles that were transported within the anticyclonic flow pattern towards North-east
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Figure 4.29: Average number concentrations at standard pressure and temperature
over South Germany classified by aerosol modes. Nuc: nucleation mode, Ait: Aitken
mode, Acc: accumulation mode, Coa: coarse mode. The panels show measurements
performed during horizontal flight legs within the boundary layer and decoupled layers
(BL/DL), the lower free troposphere (LFT) and upper free troposphere (UFT). Upper
panels show period (a), lower panels period (b). Number of flights (# F) and number
of flight legs (# FL) are listed.

Germany.

4.5.3 Size distributions measured over Europe
Horizontal flight sequences feature suitable conditions to measure aerosol size distribu-
tions in the troposphere. Especially the wing probes PCASP-100X and FSSP-300 and
their inlet systems are sensitive to pitch and roll angles of the aircraft. Optimum mea-
surement conditions can be found during horizontal flight sequences. In this section
the aerosol size distributions are discussed based on the regional classification (Benelux
States, North-east Germany and the Baltic Sea, and South Germany) introduced in
Section 4.4 and the vertical classification discussed above. The analysis is divided into
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Figure 4.30: Same as Figure 4.29 for the Benelux States during May 2008.

Figure 4.31: Same as Figure 4.29 for North-east Germany and the Baltic Sea during
May 2008.

two parts. The first part covers the information of size resolved number concentrations
of nucleation (0.004–0.01 μm, Nuc), Aitken (0.01–0.15 μm, Ait), accumulation (0.15–
1 μm, Acc), and coarse mode (>1 μm, Coa) aerosol particles. By doing this, the Aitken
mode, which covers the major number of particles, is taken into account. In addition,
statistical deviations of each aerosol mode number concentration can be considered in a
simple way. Size resolved information was not measured in the diameter range between
0.01–0.15 μm. Thus the size distributions discussed in the second part solely cover the
size range of PCASP-100X and FSSP-300 (0.15–30 μm).

Figures 4.29, 4.30 and 4.31 show the modal number concentrations for South Ger-
many, the Benelux States, and North-east Germany and the Baltic Sea, respectively.
A separation into the two meteorological periods (a) and (b) (Section 4.1) was only
carried out for South Germany due to similar aerosol concentrations over the Benelux
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Table 4.11: Modal fitting parameter for size distributions selected by regions and
vertical levels. The corresponding size distributions are shown in Figures B.6–B.8.
Average number concentrations N are given in [cm−3] at standard temperature and
pressure and average count median diameter CMD in [μm].

Layer Acc Coa
N CMD GSD N CMD GSD

South Germany, period (a)

UFT 40 0.17 1.6 — — —
LFT 110 0.16 1.7 — — —

BL/DL 1500 0.16 1.5 0.3 2.5 2.2

South Germany, period (b)

*UFT 400 0.15 1.3 — — —
LFT 84 0.14 1.6 — — —

*BL/DL 370 0.19 1.5 — — —

Benelux States

UFT 44 0.17 1.6 — — —
LFT 180 0.15 1.7 — — —

BL/DL 2000 0.20 1.4 0.79 1.6 1.9

North-east Germany and Baltic Sea

UFT 61 0.17 1.6 — — —
LFT 230 0.17 1.6 — — —

BL/DL 860 0.20 1.5 1.4 1.4 2.1
*only one sinlge event

States, and North-east Germany and the Baltic Sea during both periods as discussed
in Section 4.4. All concentrations are given at standard temperature and pressure.
Coarse mode number concentrations are only given for the boundary layer and decou-
pled layers due to low counting statistics and high noise in the free troposphere.

Highest number concentrations of all modes above South Germany can be found within
the boundary layer during high pressure conditions. Aitken mode number concentra-
tions averaged at 11000 cm−3, accumulation mode number concentrations at 800 cm−3
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during period (a) compared to 2400 and 180 cm−3 during period (b) for the respec-
tive aerosol modes. Most variable concentrations can be found in the nucleation mode
due to the short lifetime between the nucleation events and the growth into the Aitken
mode. The nucleation mode number concentrations varied between 0–10000 cm−3. The
number concentrations of Aitken and accumulation mode show anticorrelated evolu-
tions between periods (a) and (b) in the lower free troposphere. The Aitken mode
concentrations increased (550 to 950 cm−3) whereas the accumulation mode concentra-
tions decreased (50 to 25 cm−3). An increase of accumulation mode particles can be
associated with a loss of Aitken mode particles if no additional sources were present
like in the free troposphere during period (a). Differences in the upper free troposphere
occurred in an increase of accumulation mode particles from period (a) to period (b)
as it was already analysed in Section 4.4. In contrast to the lower free troposphere
and boundary layer a less variable nucleation mode could be observed in the upper free
troposphere.

The modal separated number concentrations measured above the Benelux States and
the region of North-east Germany and the Baltic Sea show generally higher aerosol
concentrations in the boundary layer of the Benelux States. This corresponds to the
general flow pattern advecting polluted air masses from North Germany towards the
Benelux States. It could be observed for both regions that number concentrations in
the nucleation and Aitken mode in the lower free troposphere were lower than the
respective concentrations in the upper free troposphere. In contrast, the accumulation
mode number concentrations in the lower free troposphere exceed the concentrations
at high altitudes. This finding supports the analysis in Section 4.4.

The size distributions obtained by PCASP-100X and FSSP-300 measurements were
fitted to lognormal number size distributions in the accumulation and coarse mode
size range. The resulting size distributions classified into regions and vertical levels
are shown in Figures B.6–B.8. The respective average modal fitting parameters are
listed in Table 4.11. The average accumulation mode number concentrations follow
similar variations as already described above and will therefore not be discussed in
detail here. The average count median diameter CMD in the free troposphere varies
between 0.14–0.17 μm. Largest CMD values for the accumulation mode can be found
in the boundary layer over the Benelux States, North-east Germany and the Baltic Sea
and averaged at 0.2 μm. This indicates a grown accumulation mode in the respective
regions. In addition a coarse mode with significant average number concentrations
(0.79 and 1.4 cm−3) occurred in the boundary layer above the same regions with CMD
values of 1.6 and 1.4 μm. Both size distribution modes indicate the occurrence of grown
and/or aged aerosol in the region of dominating anticyclonic flow from the Baltic Sea
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via North Germany towards the Benelux States.

4.5.4 Chemical composition of aerosol particles measured aboard
the BAe-146

The information retrieved from measurements during horizontal flight legs helps to
asses the microphysical properties over Europe. The retrieved size distributions and
volatile volume ratios indicate that the major sources of aerosol mass in the submi-
cron size range originate from sources over Central Europe emitting secondary particles
and their precursors. The increased residence time in the atmosphere due to the sta-
ble synoptic conditions leads to the transformation of the microphysical properties,
e.g. through coagulation. As the microphysical measurements showed, the secondary
aerosol mass fraction dominates the atmospheric submicron aerosol over Europe. The
chemical composition of this secondary aerosol mass fraction plays an important role
on particle properties and is governed by the aerosol sources and the conditions for
the chemical reactions. Measurements of the chemical composition of aerosol particles
within the boundary layer performed aboard the FAAM BAe-146 provide valuable in-
formation for further analysis of the aerosol distribution over Europe.

Size-resolved chemical composition of aerosol particles was measured by an Aero-
dyne compact Time-of-Flight Aerosol Mass Spectrometer (cToF-AMS, Drewnick et al.
(2005)). The cToF-AMS provides chemical composition of non-refractory, i.e. sec-
ondary, particulate matter like organic matter (OM), sulphate, nitrate, ammonium,
and chloride. A detailed analysis of the cToF-AMS measurements during EUCAARI-
LONGREX can be found in Morgan et al. (2010). A zonal gradient of total secondary
aerosol mass could be observed over Europe with increasing mass concentrations from
the Baltic Sea towards the West with maximum mass concentrations above the Benelux
States exceeding 25 μg m−3. Increased secondary mass concentrations were also ob-
served on the East coast of England and within the pollution layers probed south west
of Ireland. With increasing total concentrations of secondary mass the ratio between
nitrate and sulphate changed from East to West, too. While sulphate mass concentra-
tions exceed the mass concentrations of nitrate within the region of the Baltic Sea and
Germany, nitrate mass concentrations increase and exceed the sulphate concentrations
over the Benelux States and south west of Ireland. The high sulphate mass concentra-
tions can be related to industrial dominated regions. In contrast, nitrate compounds
frequently occur above regions with intense agricultural land use and the use of fertil-
izer like it appears in Northeast Germany and the Benelux states.
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However, the highest mass fraction of non-refractory aerosol was observed to be organic
aerosol (OA) with a relative mass fraction of 20–50 %. In contrast to the static nature
of e.g. sulphate, OA undergoes a dynamic chemical evolution with time. Most OA
evolves due to oxidation to oxygenated organic aerosol (OOA). Two OOA compounds
can be separated due to their state of oxidation. The less oxygenated semi-volatile
SV-OOA and the more oxygenated low-volatile LV-OOA (Jimenez et al., 2009). As
the state of oxidation increases with increasing time, air masses containing more or
less aged aerosol can be identified. Morgan et al. (2010) reported that 50–65 % of OM
consist of the aged LV-OOA close to aerosol source regions in May 2008 while the frac-
tion increases to 60–80 % in the far field outflow like it could be observed south west
of Ireland. This chemical analysis is in agreement with the ageing processes analysed
above using the measurements of microphysical aerosol properties aboard the DLR
Falcon 20. It shows in addition that aged aerosol could be already observed within
the boundary layer of the source regions in Central Europe next to freshly emitted
particles. Nevertheless, the fraction of chemically and physically aged aerosol particles
increased during the transport from source regions towards remote regions.



Chapter 5

Application of a new trajectory analysis
method

The aerosol properties discussed in the present work indicated a dependency on the
aerosol source regions and the locations of the measurement sites where the aerosol
properties were probed. This dependency can already be identified from the analysis
of aerosol properties within the meteorological context and the prevailing flow patterns
which was accomplished in the previous sections. Nevertheless, trajectory analysis is
required for an objective analysis of aerosol properties within the context of the air
mass history containing its transport pathway and meteorological conditions during
the transport. Thus, source regions of aerosol particles can be identified and the mea-
sured aerosol properties can be connected to the specific sources.

The trajectory analysis discussed in this section follows the methods explained in Sec-
tion 3.2. Back trajectories were started from DLR Falcon 20 flight tracks (-240 h)
and from the six ground stations introduced in Section 4.3 (-168 h). Meteorological
parameters derived from the ECMWF operational analysis will be compared to in-
situ measurements of FAAM BAe-146 and DLR Falcon 20 to assess the usability of
the model data for the trajectory analysis. Further, source contributions, cloud cover,
and precipitation along the trajectories will be analysed in combination with the mea-
sured aerosol properties to determine the effects of different transport pathways on the
aerosol. Hereinafter, the air masses arriving at the measurement sites will be classified
into several age classes to examine the effect of emissions of different age on the probed
aerosol.

115
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5.1 Comparison of model data with in-situ measure-
ments

The proper analysis of meteorological parameters along the calculated trajectories re-
quires the verification of key parameters retrieved from the ECMWF model. During
the aircraft field campaign meteorological parameters like temperature and specific hu-
midity were measured aboard the FAAM BAe-146 and DLR Falcon 20. Both aircraft
measure temperature with a Rosemount temperature sensor and the specific humid-

Figure 5.1: Comparison of temperature T [K] from in-situ measurements of FAAM
BAe-146 (left panel) and DLR Falcon 20 (right panel) with ECMWF model analysis
data. The black line denotes the 1:1 line.

Figure 5.2: Comparison of specific humidity q [g kg−1] from in-situ measurements of
FAAM BAe-146 (left panel) and DLR Falcon 20 (right panel) with ECMWF model
analysis data. The black line denotes the 1:1 line.
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Figure 5.3: Comparison of boundary layer height blh [km a.s.l.] from in-situ measure-
ments of DLR Falcon 20 (red) with ECMWF model analysis (blue) data.

ity with a Lyman-Alpha absorption hygrometer. These parameters can be used to
compare in-situ measurements with model data. For comparison reasons the aircraft
flight tracks were considered as air mass trajectories and the interpolation algorithm
described in Section 3.2 was used to interpolate the regular gridded model data along
each single flight track in space and time.

Figure 5.1 and Figure 5.2 show the comparison of temperature and specific humid-
ity for FAAM BAe-146 and DLR Falcon 20, respectively. Linear regression of the
compared data showed high correlation for all parameters. The correlation coefficient
for the comparison of model data and FAAM BAe-146 data reaches 0.97 for tempera-
ture and 0.96 for specific humidity. Correlation coefficients of 1.0 and 0.97 result from
the comparison of model data with DLR Falcon 20 data for temperature and specific
humidity, respectively.

The major parameter to analyse the contribution of ground-based sources along a
trajectory is the boundary layer height retrieved from the ECMWF. The boundary
layer height is parameterised at the ECMWF using the parcel lifting method (or bulk
Richardson method) proposed by Troen and Mahrt (1986). FLYTUL considers trajec-
tories only as influenced by ground based sources if the air masses pass through the
boundary layer, i.e. the trajectory altitude is lower than the boundary layer height.
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All punctures of the DLR Falcon 20 through the boundary layer top were identified
to compare the model boundary layer height with the observed one. The boundary
layer top was identified using vertical temperature, humidity and aerosol concentration
profiles as well as vertical profiles measured with the LIDAR aboard the DLR Falcon 20.

Figure 5.3 shows the boundary layer heights retrieved from in-situ measurements and
the ECMWF. While comparing the boundary layer heights one has to consider several
items leading to deviations. First, the ECMWF delivers the boundary layer height as
the height of the mixing layer that is in contact to the surface. In contrast, it can
appear that the top of the boundary layer identified from in-situ measurements can be
the top of the uppermost layer amongst others showing similar properties and no sig-
nificant separation. Second, the boundary layer height strongly depends on the nature
of the surface and can show a high spatial variability above a heterogeneous surface
like it occurs in Central Europe. The specifications of the surface govern the heat and
humidity transfer from the surface into the boundary layer and thus its stability and
capability of increasing depth. The average boundary layer height on a 0.5◦×0.5◦ grid
which results in a horizontal resolution of ∼47 km does not cover all surface specifica-
tions which might lead to an deviation of the boundary layer height of a few tens to a
hundreds of metres.

The correlation coefficient for the comparison of model boundary layer height and
boundary layer height retrieved from DLR Falcon 20 measurements reaches 0.62. The
correlation is still statistically significant on a 99 % confidence level.

The high correlations of the meteorological parameters give credibility to the use of
the model data and the interpolation method used for the trajectory analysis. The
boundary layer height retrieved from the ECMWF can be considered as suitable for
the analysis of ground based source contributions to the air masses, which are advected
along the calculated trajectories.
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5.2 The effect of source strength and cloud cover along
air mass transport path ways on the accumulation
mode number concentration

The source strength along a trajectory pathway is examined using the continental pol-
lution index CPI. The CPI covers all anthropogenic ground based sources, i.e. rural
and industrial, given by the EDGAR archive (Section 3.2). The CPI varies between 0
(no anthropogenic sources) and 1 (strong anthropogenic sources). As described above
sources will only be taken into account if the trajectory passes through the boundary
layer. Figure 5.4 shows the average source strength along back trajectories binned
into the accumulation mode number concentration measured at the ground stations.
The single trajectories started in 6 hourly intervals from the respective ground station
in May 2008. The CPI was averaged for bins covering a time interval of 24 h and a
interval of the accumulation mode number concentration of 500 particles cm−3. The
right panel of each subfigure shows the number of trajectory bunches classified into
the respective interval of number concentrations. Please note that the trajectories are
back trajectories and the starting points of the trajectories, i.e. time = 0, are on the
right side of each panel showing the average CPI.

A first overview of the source strength along the air mass trajectories points out three
different regions. Regions hardly affected by anthropogenic emissions (Hyytiälä and
Vavihill), regions affected by anthropogenic emissions but not directly located at the
source regions (Mace Head and Hohenpeißenberg), and regions strongly affected by
emissions and located closely to anthropogenic sources (Cabauw and Melpitz). By
comparing this classification with the regional classification found in Section 4.3.1 a
noticeable difference occurs. In Section 4.3.1 the stations could be classified into re-
gions outside the anticyclone (Hyytiälä and Mace Head), regions at the borders of the
anticyclone (Vavihill and Hohenpeißenberg), and regions located within the anticyclone
core (Cabauw and Melpitz).

Figure 5.4 is of descriptive nature and shows the average contribution of pollution
sources along the trajectory pathways. To quantify the results and to analyse the data
shown in Figure 5.4 we have to define a parameter that describes the influence of fresh
or aged pollution. We set the average source contributions of the last 24 h in relation to
the source contributions between 48–72 h before the measurements, i.e. fresh pollution
in relation to aged pollution:
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Figure 5.4: Continental pollution index (CPI) along air mass transport path ways.
Back trajectories start from the ground stations indicated. The CPI is marked with
the red shade. The back trajectories are sorted horizontally by the accumulation mode
number concentration measured at the origin at time 0 h. The right panels show the
number of trajectory bunches sorted into the respective bins of number concentrations.
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Figure 5.5: Average accumulation mode number concentration measured at the ground
stations against CPIR (see text for explanation).

CPIR =
CPI(0−24)

CPI(48−72)
. (5.1)

Figure 5.5 shows the accumulation mode number concentration related to CPIR.
The CPIR varies for the different ground stations from fresh pollution at Cabauw
(CPIR<50) to aged pollution most frequently observed at Hohenpeißenberg (CPIR<5).
Although no statistically significant correlation can be found, the analysis indicates an
increase of accumulation mode number concentrations for aged pollution at all stations
except Melpitz. For example, the number concentration increase from 500–1000 cm−3

at CPIR = 50 to 2500–3000 cm−3 at CPIR = 2 at Cabauw and from 0–500 cm−3 at
CPIR = 13 to 1000–1500 cm−3 at CPIR = 4 at Hyytiälä.

The absolute variations of the accumulation mode number concentrations cannot be
compared between the ground stations due to the different locations in different source
regions and their different exposure towards pollution sources. However, the relative
variation, i.e. the increase of the accumulation mode number concentration with in-
creasing age of the pollution, shows the effect of transported and aged aerosol at the
distinct measurement sites. The aerosol concentration measured at each station de-
pends on the surrounding aerosol sources and the air mass transport direction and the
occurring wind field. Other meteorological parameter affecting the aerosol properties
along the transport pathway are cloud cover and precipitation.
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(a) (b)

Figure 5.6: Average accumulation mode number concentration measured at the ground
stations against average cloud cover (CC(0−48), a) and average precipitation (TP(0−48),
b) (see text for explanation).

The analysis of air mass history regarding the meteorological parameter cloud cover
(CC) underlies several limitations. The effects of clouds on the aerosol size distribu-
tion depends on one hand on the cloud types, i.e. if aerosol particles are activated
by non-precipitating clouds (Hoppel et al., 1994) or undergo scavenging by precipitat-
ing clouds or deep convection (e.g., Flossmann, 1998; Raes et al., 2000; Reeves et al.,
2010). On the other hand the chemical aerosol composition plays an important role if
and which aerosol particles are activated as cloud condensation nuclei (Sellegri et al.,
2003). In terms of the accumulation mode, clouds can have two effects. The removal
of the aerosol in the accumulation mode size range is mainly through activation in
clouds and subsequent precipitation (Raes et al., 2000). Hence, the number and / or
mass concentration of accumulation mode particles will decrease due to in-cloud effects,
serving as CCN and being removed by precipitation. In contrast, in-cloud scavenging
and activation of aerosol within non-precipitating clouds can lead to a growth of par-
ticles into the accumulation mode size range (Hoppel et al., 1994). Non-precipitating
clouds feature suitable conditions for a greater amount of gas-to-particle conversion
through in-cloud aqueous phase oxidation processes than cloud free conditions. The
grown accumulation mode particles also exhibit a larger fraction of volatile material
(80–150 ◦C) (O’Dowd et al., 2000).

The findings in literature suggest that a simple analysis only using CC along the trans-
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(a) (b)

Figure 5.7: Continental pollution index (CPI) along air mass transport path ways. The
CPI is marked with the red shade. The back trajectories are sorted horizontally by the
relative number of accumulation mode (a) and non volatile particles (b) on the total
number concentration measured at the origin at time 0 h. The origin corresponds to
flight sequences performed with the DLR Falcon 20. The right panels show the number
of trajectory bunches sorted into the respective bins of number ratios.

port pathway cannot give a complete satisfactory support for interpreting the measured
accumulation mode number concentrations. For this reason CC and total precipita-
tion (TP) are used for the analysis of the ground based measurements. However, the
total precipitation retrieved from the ECMWF, which comprises large scale and con-
vective precipitation, only supplies two-dimensional information at the surface level.
Depending on the altitude of the precipitating cloud and the trajectory, aerosol may
not undergo washout if precipitation is indicated at the surface. In contrast to the
airborne measurements, the back trajectories used for the analysis of the ground based
measurements started at low levels and usually did not vary significantly in altitude in
the last days prior to the measurements. Thus, TP will be used for this analysis.

The analysis method is similar to the analysis used for the CPI above. Instead of
the ratio CPIR, average values of the last 48 h (CC(0−48) and TP(0−48)) are applied
to the respective bins of the accumulation mode number concentration. Although the
cloud cover was small in all cases (CC(0−48) < 0.1) number concentrations decrease
with increasing cloud cover at all stations except Cabauw and Mace Head (Figure 5.6).
Similar patterns can be found for TP in Figure 5.6(b). Thus, it can be assumed that
aerosol particles were removed by precipitating clouds resulting in a decrease of number
concentrations by a factor ∼3–5.
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(a) (b)

Figure 5.8: Cloud cover (CC) along air mass transport path ways. The CC is marked
with the blue shade. The back trajectories are sorted horizontally by the relative
number of accumulation mode (a) and non volatile particles (b) on the total number
concentration measured at the origin at time 0 h. The origin corresponds to flight
sequences performed with the DLR Falcon 20. The right panels show the number of
trajectory bunches sorted into the respective bins of number ratios.

Source strength (Figure 5.7) and CC (Figure 5.8) were also analysed for back trajecto-
ries starting from horizontal flight sequences performed with the DLR Falcon 20. TP
was not used for the analysis of the airborne measurements due to the uncertainties of
the altitude of precipitating clouds. Both parameters, CPI and CC, were averaged for
bins of 24 h time intervals and bins of the ratios of accumulation mode number concen-
trations to total number concentrations (10 % intervals) and number concentrations of
particles containing a non-volatile core to total number concentrations (20 % intervals).

The fraction of accumulation mode particles increases from 0–20 % for fresh pollu-
tion (CPIR ∼ 7) to 20–40 % for aged pollution (CPIR ∼ 1) (Figure 5.9). A maximum
fraction of non-volatile particles (60–100 %) can be found for aged pollution, too. This
reveals the frequently observed coagulation of particles during air mass transport. Most
flights were performed during anticyclonic, i.e. dry conditions. This can be seen in
Figure 5.8. Only few cloud cover occurred within the last 24 h (CC(0−24) < 0.1) be-
fore the measurements. The particle fractions show only little correlation with CC.
However, the fraction of accumulation mode particles tends to increase towards larger
CC. As described above, an increase of accumulation mode particles can occur due to
processing and activation in non-precipitating clouds. This processing of particles in
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Figure 5.9: Average fraction of accumulation mode number concentrations (upper pan-
els) and average fraction of non-volatile particles (lower panels) measured aboard the
DLR Falcon 20 against CPIR (left panels) and average cloud cover (CC(0−48), right
panels) (see text for explanation).

clouds is in contrast to the wet removal of particles observed at the ground stations.

The trajectory analysis of the ground stations and horizontal flight sequences supports
the finding of previous sections that the aerosol containing a large relative amount
of accumulation mode and non-volatile particles underwent ageing processes like con-
densation and coagulation. Thus, the aerosol grew with time, also on the cost of total
number concentrations, and was transformed from an external into an internal mixture
regarding the volatility state.
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5.3 Air mass classification using temporal weighted av-
erages

The trajectories used in the discussion above can also be used to classify the air masses
arriving at the measurement sites. Thus the ground based stations can be consid-
ered with respect to their exposure towards different air masses in May 2008 and the
flight sequences can be analysed with respect to the probed air masses. The temporal
weighted averaging of the respective parameters will be used as described in Section 3.2
to classify the air masses.

5.3.1 Classification of air masses into defined age classes
The time weighting function will be used to classify the air masses into defined age
classes. Thereby the effects of sources and ageing processes on aerosol particles along
an air mass transport pathway can be considered. The respective air masses will be
labelled depending on the age class with the dominating, though time weighted, source
contributions. The continental pollution index CPI, the continental boundary layer
index CBI, and the marine boundary layer index MBI are used for the classifica-
tion. The latter ones are used to identify whether maritime or continental air masses
were dominating. The time weighted averages CBIt and MBIt are calculated using
Equation 3.21. Continental and maritime air masses were defined as follows:

CBIt > MBIt : Continental air mass (5.2)
CBIt < MBIt : Maritime air mass (5.3)

Of course, maritime air masses do not exclude contributions of continental sources
and vice versa. If continental sources dominated, four age classes were defined for the
analysis of the air masses:

• 00–12 h, fresh air masses close to the emission source,

• 12–24 h, young air masses, already some ageing processes happened,

• 24–48 h, aged air masses within the lifetime of aerosols inside the boundary layer,

• > 48 h, aged air masses.

To define the dominating age class of the measured air mass we calculate the integral
of the time weighted CPI. The age class resulting in the maximum integral compared
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to the other three age classes defines the air mass. The time weighted integrals of CPI
can be written as follows for each age class using Equation 3.20:

CPI0−12 =
∫ 12

t=0
wGAUSS(t)CPI(t) dt (5.4)

CPI12−24 =
∫ 24

t=12
wGAUSS(t)CPI(t) dt (5.5)

CPI24−48 =
∫ 48

t=24
wGAUSS(t)CPI(t) dt (5.6)

CPI>48 =
∫ tmax
t=48
wGAUSS(t)CPI(t) dt. (5.7)

All three sigma factors sf = {1
3 ; 1

2 ; 1} (cf. Equation 3.18) were used to calculate
wGAUSS(t). As already mentioned for maritime and continental air masses, the domi-
nation of one age class does not exclude the existence of aerosol particles from sources
classified into other age classes.

5.3.2 Air mass classification for ground based measurements
The classification of air masses is applied to the accumulation mode time series mea-
sured at the ground stations. A sigma factor sf = 1 was used for the time weighting
function. Figure 5.10 shows the accumulation mode time series of each ground station
(black squares). In addition, the air mass classification is highlighted by grey and white
shade. White shade indicates air masses dominated by maritime sources. The grey
shade depicts the dominating age class of continental sources. Very light grey indicates
the age class 0–12 h, light grey 12–24 h, grey 24–48 h, and dark grey > 48 h.

The comparison of the time series of accumulation mode number concentrations and
air mass classifications is in agreement with the findings in Section 4.3 and supports the
statements made above. The remote ground stations at Hyytiälä and Mace Head were
influenced by several single pollution events rather than long-term pollution caused by
the anticyclone blocking. The pollution event on 13 May at Mace Head, which was
probed by airborne measurements one day after over the Atlantic south west of Ireland
can be highlighted. Aged European pollution (> 48 h) dominated these air masses as
it was already indicated in Section 4.2. However, the time series at Mace Head shows
that not all peaks in the accumulation mode can be related to continental pollution
using the introduced analysis method. The analysis of the dominating air mass causes
this effect, which does not explicitly show the contributions of further air masses.

The long-term contribution of aged polluted air masses at Vavihill illustrates the effect
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Figure 5.10: Time series of accumulation mode number concentrations at the ground
stations. The gray shade indicates the age class of air masses dominated by continental
pollution. A sigma factor sf=1 was used for time weighting.

of the anticyclone blocking until it left its stationary position over Denmark and the
North Sea on 10 May. On the other hand, the analysis of the air masses shows that the
stations at Cabauw and Melpitz were most frequently influenced by pollution emitted
from nearby sources. Nevertheless, some aged pollution events occurred at Melpitz es-
pecially during the first half of May 2008 (period (a)). The coherence between maritime
air masses arriving at Cabauw and the decrease of accumulation number concentra-
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Figure 5.11: Average accumulation mode number concentrations for different age
classes at the ground stations. A sigma factor sf=1 was used for time weighting.

tions between 16–22 May found in Section 4.3.1 was retrieved from manual analysis of
backward trajectories. The automated analysis of the air mass classification used in
this section reproduces this finding and supports its usability.

Average values of accumulation mode number concentrations were calculated for each
age class to quantify the results of the trajectory analysis (Figure 5.11). Although most
variations of accumulation mode number concentrations between the different air mass
classifications lie within the range of the standard deviations they indicate an increase
of concentrations towards aged air masses. The concentrations monotonically increase
from maritime air masses to the age class 24–48 h from 280 to 580 cm−3 at Hyytiälä,
from 820 to 1100 cm−3 at Mace Head, and from 1700 to 2900 at Cabauw. At Mace
Head maximum concentrations of 1400 cm−3 can be found if the age class > 48 h is
dominating. In contrast accumulation mode number concentrations start to decrease
again for air masses dominated by this age class at Hyytiälä. A similar behaviour can
be found at Vavihill and Melpitz. The decrease of the accumulation mode number
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concentrations for pollution of age > 48 h at some ground stations indicates that the
choice of ∼48 h as maximum life time of aerosol particles inside the boundary layer is
a good assumption.

The results of the air mass classification using the time weighted CPIt and the ac-
cumulation mode number concentrations measured at the ground stations are limited
by natural variations. These variations lower the significance of the results. However,
they are part of field measurements and cannot be excluded. Despite the natural vari-
ations, the measurements are of great value for analysing ageing processes of aerosol
particles.

5.3.3 Air mass classification using different sigma factors sf

As described in Section 3.2.5 and above the strength of the temporal weight can be
changed by changing the factor sf , which is multiplied with the variance of the Gaus-
sian distribution function, i.e. the lifetime of aerosol particles, whereas the ratio of the
lifetimes within the boundary layer and the free troposphere remain the same. The
change of the sigma factor sf can be used for the interpretation of the weighting func-
tion. A sigma factor sf = 1

3 reduces the lifetime of particles and increases the weight
for fresh sources whereas a sigma factor sf = 1 also takes aged source contributions
into account for the analysis of the air mass history.

The frequency of the occurrence of the different air mass classifications at the re-
spective ground stations is used to analyse the effect of the different sigma factors
(Figure 5.12). It is evident that the remote ground stations close to the sea, i.e. Vav-
ihill and Mace Head, are dominated by maritime air masses for all sf . The constant
frequencies of all age classes at Vavhill indicate that hardly any aerosol sources are
located near the station for the observed wind directions. In contrast, Mace Head was
affected by some fresh emissions located on Ireland. A sigma factor sf = 1

3 considers
these fresh emissions. The maritime origin of the air masses is getting more evident
for sigma factors of 1

2 or 1.

A distinct decrease in frequency of fresh air masses (0–12 h) occurs for increasing sf
at the continental stations. This indicates strong influence of nearby source regions
on the air masses probed at the respective stations. Sigma factors of 1

2 and 1 increase
the lifetime of aerosols and the weight of aged source contributions and enable an
analysis of the air mass history despite the dominance of fresh air masses. Neverthe-
less, the effect of fresh air masses is not neglected as can be seen at the Melpitz station.
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Figure 5.12: Frequency of the occurrence of different air mass classes at the ground
stations for different sf .

Figure 5.13 shows the variation of the analysis of the air mass classification for ground
based measurements for varying sf on the examples Hyytiälä and Cabauw. When the
lifetime of aerosol particles is reduced, fewer measurements are classified as aged air
masses and the weight increases for fresh air masses. As a result, aged source contri-
butions are not taken into account for the analysis and less information about the air
mass history is produced. Although the information of air masses older than 24 h is still
available for remote sites like Hyytiälä, it gets lost for sites located close to pollution
sources like Cabauw due to the increased weight for fresh air masses. However, the
main conclusion, increasing accumulation mode number concentrations with increasing
age of the dominating pollution, is not significantly changed. Nevertheless, a sf = 1 is
recommended to account for the information of aged air masses.
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sf = 0.33 sf = 0.50 sf = 1.00

Figure 5.13: Average accumulation mode number concentrations for different age
classes at the ground stations Hyytiälä and Cabauw calculated with sf = 1

3 , sf = 1
2 ,

and sf = 1.

5.3.4 Air mass classification for airborne measurements

The air mass classification was also used for airborne measurements performed aboard
the DLR Falcon 20. Out of the 92 horizontal flight sequences, 26 flight sequences were
performed within air masses that had contact to continental source regions within the
last 10 days according to the trajectory analysis. A sigma factor sf = 1 was used
for the time weighting function. The horizontal distribution of these flight sequences
shows that air masses dominated by fresh pollution were found over Germany and the
Benelux States whereas aged pollution was found on the East coast of England and
over the Atlantic southwest of Ireland (Figure 5.14). This is consistent with the anal-
ysis of air masses at the ground stations.

Average aerosol number concentrations were analysed with respect to the different
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Figure 5.14: Horizontal distribution of age classes (sf=1).

age classes. Total number concentrations decrease strongly between the age class 0–
12 h and 12–24 h from 11000 to 3600 particles cm−3. The decrease of the total number
concentration suggests a loss of particles in the Aitken mode size range. The increase
of the relative fraction of accumulation mode particles from 12 % to 20 % indicates
that the loss of Aitken mode particles happened due to coagulation processes rather
than real loss of particulate matter. The coagulation process can also be seen in the
increased fraction of particles containing a non-volatile core from 42 % to 75 %. The
next age class is less represented as only two horizontal flight sequences were classified
in the age class 24–48 h. However, the further increase of the relative fraction of accu-
mulation mode particles and particles containing a non-volatile core towards the age
class > 48 h shows further coagulation processes with increasing age.

The time weighted trajectory analysis indicates that the main coagulation process
happens within the first 12–24 h. After one day the coagulation rate seems to decrease
and, taking the results of the ground based measurements into account, reaches its
minimum after two days.
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Figure 5.15: Averages of total number concentration, number ratio of non-volatile
particles, volume ratio of volatile matter, and frequency of the age classes (sf=1).

5.4 The applicability of FLYTUL

The trajectory analysis method, which was newly developed in this work, showed good
applicability to the aerosol measurements performed during the EUCAARI-LONGREX
experiment with respect to the aerosol source contributions along the air mass transport
pathway. The FLYTUL program proved easy handling to analyse airborne measure-
ments and a wide field of application. The program can be used to calculate and
graphically display meteorological parameters along a flight track from a three dimen-
sional model field (Section 5.1), calculate back trajectories from a flight track or fixed
region and analyse the trajectories with respect to the meteorological conditions and
source contributions along the transport pathway. Each point along a trajectory can
be directly analysed (Section 5.2) or a trajectory can be quantified using the temporal
weighted averaging, which was set to the lifetime of aerosol particles in the boundary
layer or the free troposphere if required (Section 5.3).

The analysis of the aerosol measurements with respect to the cloud cover and precipita-
tion indicates that several effects have different impacts on the aerosol population. Wet
deposition of particles was analysed as well as activation and processing of particles in
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non-precipitating clouds. However, the significance of the analysis cannot completely
demonstrate the effects of cloud cover and precipitation on the aerosol population. This
is due to the complexity of cloud-aerosol interactions and the different effects of clouds
on aerosol particles as discussed in Section 5.2. To demonstrate cloud-aerosol interac-
tions a detailed model covering the physicochemical processes is required. However, the
used analysis method gives valuable meteorological information for the interpretation
of aerosol measurements.

The combination of trajectories with the EDGAR emission database and the sub-
sequent analysis of the microphysical aerosol properties yielded to successful results.
Pollution events at the measurement sites could be related to air masses originating
from regions with high emissions. The analysis showed that the source contributions
along the transport pathway are an important factor governing the aerosol microphysi-
cal properties in Europe. The multiplicity of different sources in the densely populated
region did not allow a distinct source apportionment. However, a link between the
aerosol properties and the age of the dominating source contributions could be estab-
lished using the FLYTUL program. The temporal analysis of the polluted air masses
was in agreement with the microphysical properties of aged aerosol, which were anal-
ysed in the Sections above. Ageing processes could be identified and quantified. The
FLYTUL program can be used to analyse and classify air masses over densely popu-
lated or remote regions in particular for purposes of (airborne) aerosol measurements.





Chapter 6

Summary & conclusion

In the framework of the EUCAARI project we obtained a data set of airborne measure-
ments unique in its spatial dimensions over Europe. The evolution of aerosol properties
during stable synoptic conditions was observed for the first time on a continental scale
and throughout the whole troposphere using airborne in-situ measurements. The spa-
tial and temporal distribution and variability of aerosol particles, the influence of source
contributions on the aerosol particles, and ageing processes over a densely populated
region were measured and analysed.

A qualitative and quantitative analysis of microphysical aerosol properties measured
within the troposphere above Europe can be provided. The analysis focussed on aerosol
properties in the context of the prevailing meteorological conditions and the transport
conditions affecting the probed air masses. The airborne measurements of microphys-
ical aerosol properties were conducted aboard the DLR Falcon 20 research aircraft
during the EUCAARI-LONGREX campaign in May 2008. The flights were performed
from Oberpfaffenhofen and covered Central and Western Europe. Unlike many other
aircraft campaigns the EUCAARI-LONGREX campaign did not only focus on one
specific region or altitude level. The measurements covered the whole tropospheric
column on a continental scale. Stable synoptic conditions enabled measurements at
similar meteorological conditions during three weeks.

For the purpose of data analysis and interpretation, the trajectory analysis tool FLY-
TUL was developed and optimised for airborne measurements. It comprises mete-
orological information from the ECMWF and source strength information from the
EDGAR 3.2 Fast Track 2000 dataset. Trajectories can be classified using temporal
distance weighting. The program code can be easily extended to add additional infor-
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mation to the trajectory pathways if required.

The main results of the measurement and analysis of the microphysical properties
are summarized in the following.

Dominating anticyclonic conditions. The meteorological situation in May 2008
could be separated into two different synoptic periods, during and after the blocking
anticyclone. Northern Europe and the northern parts of Central and Western Europe
were affected by an anticyclonic wind field throughout almost the whole measurement
period. Differences between the stable and dry conditions during the first half of May
and unstable and wet conditions during the second half of May could be observed above
South Germany.

Increase of particulate matter inside the continental boundary layer. The
stable meteorological conditions and anticyclonic wind field led to an increase of aerosol
concentrations inside the boundary layer with a positive gradient following the west-
ward transport of air masses from North-east Germany towards the Benelux States.
Maximum number concentrations of total aerosol particles, particles containing a non-
volatile core, and aerosol in the accumulation mode reached 22000 cm−3, 8800 cm−3,
and 1600 cm−3, respectively. A continuous high load of anthropogenic pollutions af-
fected only regions inside the core of the anticyclone. However, one has to consider
that the region which was directly affected by the anticyclone has a size of roughly
1000 km in diameter. Inside this large area, anthropogenic emissions of a multiplicity
of sources could mix within the boundary layer.

Trapping of aerosol particles inside the boundary layer. The vertical pro-
files of aerosol concentrations showed a trapping of particles inside the boundary layer
during the stable anticyclonic conditions. Regarding the particle load the boundary
layer was vertically well mixed and showed high aerosol concentrations. In contrast,
the lower free troposphere between 3–6 km above the boundary layer showed clean con-
ditions in terms of aerosol particles with number concentrations reaching a maximum
of 2000 cm−3 at standard temperature and pressure.

Increase of secondary aerosol mass. A strong accumulation of aerosol particles and
condensation of aerosol precursor gases on pre-existing particles was verified. Due to
the slower transport of locally produced pollutants an accumulation of anthropogenic
pollution inside the boundary layer occurred. The volume ratio of volatile particle
matter on submicron aerosol reached ∼85–95 %. The volatile matter was dominated
by organic aerosol. A zonal gradient from sulphate (east) to nitrate (west) was found.
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Small spatial variability of accumulation mode particles on a regional scale.
The comparisons of ground-based and airborne aerosol measurements showed only
small spatial variability of particles in the accumulation mode within a radius of
∼150 km. The variability increased for particles in diameter less than 0.5 μm and
reached a maximum for particles in the nucleation and Aitken mode.

Undisturbed transport of pollutants to remote regions and direct effect
on radiative properties. Long-range transport of the pollution from Central Eu-
rope led to pollution events outside the core region of the anticyclone. Continental
European pollution particles were advected towards the Atlantic south west of Ireland
and led to an increased aerosol optical depth above the affected region due to a high
load of accumulation and coarse mode particles, which evolved during the undisturbed
westward transport. The single case study demonstrates in a clear way the effect of
anthropogenic emissions on the tropospheric aerosol optical depth.

Saturation of the coagulation process after two days. The meteorological anal-
ysis along air mass transport pathways using the new developed FLYTUL program
showed no significant effect of cloud cover and precipitation on the measured aerosol
properties during the stable anticyclonic conditions. Thus, ageing processes could be
studied using the extensive dataset collected during the EUCAARI-LONGREX cam-
paign. Although no real Lagrangian experiment could be accomplished during the
aircraft campaign due to practical limitations, the stable meteorological conditions al-
lowed studying transport processes at similar conditions. The time weighted trajectory
analysis assess the age of the dominating source contributions and thus the age of the
dominating aerosol fraction. It indicated that the main coagulation process happens
within the first 12–24 h and reaches its minimum after two days. The maximum time
of the measured ageing process agrees with the lifetime of aerosol particles inside the
boundary layer of 48 h reported in previous studies (e.g. Riemer et al., 2004).

The multiplicity of different sources in Europe contributing to the aerosol measure-
ments was one of the major difficulties in analysing the collected data. The aerosol
measurements had to be classified in time and in space. However, the aerosol prop-
erties are not only affected by the current conditions. The history of the air mass
containing the aerosol has a major impact on the properties of the particles, in par-
ticular in a region of varying source contributions like Europe. Thus, the analysis of
the transport pathway using e.g. air mass trajectories is an essential procedure for the
accurate interpretation of the measurements. The FLYTUL program is an easy to use
tool to analyse the meteorological history and source contributions along an air mass
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transport pathway. It proved its usability for the analysis of the EUCAARI-LONGREX
campaign. However, it is not designed to reproduce detailed physicochemical processes.

The measurements performed during the EUCAARI-LONGREX campaign showed,
that single and regional limited measurements are not sufficient to represent the aerosol
distribution over Europe. The analysis of this work and reporting from accompanying
work also shows that a detailed connection between airborne measurements and the re-
spective sources is a yet unsolved task. The following comment made at the EUCAARI
Annual meeting 2009 in Stockholm obtained common consent:

Europe is a big patchwork rug that emits a vast diversity of gases and
particles. The boundary layer is its huge mixing chamber and that’s where
we make our measurements . . .

It shows that despite the international effort and success of the EUCAARI project only
a minor fraction of the processes affecting atmospheric aerosol is well understood or
can be reproduced or observed in the field. The results of this analysis can be used and
are already used to support global aerosol and climate models. The collaboration of
the measurement and model community ensures the improvement of today’s knowledge
to gain a more detailed insight into the physics of atmospheric aerosol.
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Table A.1: Flight sequences within the boundary layer and decoupled pollution layers
and parameters to detect the stokes number of the isokinetic inlet.

Mission ID Start End Alt p T vtas Dp,50 μ λ Cc St
[s] [s] [m] [hPa] [K] [m s−1] [µm] [kg/ms] [µm]

080506a 41654 41825 1210 876 281 119 1.44 1.76e-05 7.13e-02 1.12 0.434
080506a 41839 42032 1210 876 281 112 1.43 1.76e-05 7.14e-02 1.13 0.403
080506a 42090 42280 804 920 284 109 1.28 1.77e-05 6.90e-02 1.14 0.315
080506b 61148 61542 814 919 285 111 1.83 1.78e-05 6.93e-02 1.10 0.627
080508a 32369 33169 1460 850 279 102 1.73 1.75e-05 7.29e-02 1.11 0.529
080508a 39221 39398 1820 813 275 114 1.39 1.73e-05 7.47e-02 1.14 0.397
080508a 39572 39722 707 931 282 110 1.38 1.76e-05 6.75e-02 1.12 0.366
080508b 56729 56960 1520 844 282 115 1.49 1.76e-05 7.45e-02 1.13 0.445
080509a 47654 49030 1190 878 287 104 1.43 1.79e-05 7.32e-02 1.13 0.369
080513a 44071 44275 1820 813 277 115 1.31 1.74e-05 7.56e-02 1.15 0.354
080513a 44562 44776 1170 881 281 113 1.62 1.76e-05 7.11e-02 1.11 0.515
080513a 45078 45357 562 948 287 108 1.80 1.79e-05 6.77e-02 1.09 0.586
080513b 61628 61844 1820 813 279 118 1.82 1.75e-05 7.62e-02 1.11 0.676
080513b 61993 62230 1180 879 285 120 1.80 1.78e-05 7.24e-02 1.10 0.662
080513b 63065 63354 1180 879 284 133 1.39 1.77e-05 7.20e-02 1.13 0.447
080514a 34215 34369 266 982 284 107 1.40 1.77e-05 6.46e-02 1.12 0.365
080514a 43446 43770 1190 879 282 114 1.78 1.76e-05 7.16e-02 1.10 0.619
080514a 44080 44303 974 902 284 113 1.41 1.77e-05 7.02e-02 1.13 0.392
080514a 44455 44679 178 992 287 107 1.63 1.79e-05 6.47e-02 1.10 0.479
080520a 42725 43053 2430 753 270 116 1.83 1.70e-05 7.87e-02 1.11 0.696
080520a 43334 43554 1670 828 273 111 1.46 1.72e-05 7.28e-02 1.13 0.427
080520a 43767 43958 602 943 278 108 1.73 1.74e-05 6.55e-02 1.09 0.559
080520a 43958 44136 603 943 279 107 1.77 1.75e-05 6.56e-02 1.09 0.579
080520a 46238 46460 1190 878 277 114 1.35 1.74e-05 6.98e-02 1.13 0.368
080520a 46508 46754 1190 878 277 113 1.43 1.74e-05 7.00e-02 1.12 0.407
080521a 34932 35137 1520 844 271 113 1.47 1.71e-05 7.09e-02 1.12 0.440
080521a 35137 35339 1520 844 272 113 1.36 1.71e-05 7.10e-02 1.13 0.380
080521a 35651 35834 276 981 283 102 1.80 1.76e-05 6.42e-02 1.09 0.559
080521b 45300 45889 566 947 284 109 1.80 1.77e-05 6.69e-02 1.09 0.596
080521b 46427 46822 1520 844 276 102 1.81 1.73e-05 7.23e-02 1.10 0.582
080522a 42264 42371 1520 844 277 93 1.47 1.74e-05 7.29e-02 1.12 0.357
080522b 49018 49260 1200 877 280 116 0.71 1.75e-05 7.09e-02 1.25 0.115
080524a 33050 33319 3950 621 266 138 1.39 1.69e-05 9.41e-02 1.17 0.508
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Table A.2: Upper bin limits for PCASP-100X and FSSP-300. The bin limits are given
for polystyrene latex spheres (PSL, refractive index 1.59± 0i), Di-Ethyl-Hexyl-Sebacat
(DEHS, refractive index 1.42± 0i), and ammonium sulphate particles (refractive index
1.53± 0i).

Upper Dp PCASP-100X Upper Dp FSSP-300
CH m1.59± 0i ∗1.59± 0i ∗1.42 ± 0i t1.53 ± 0i m1.59 ± 0i t1.59 ± 0i c1.42± 0i t1.53 ± 0i

0 0.100 0.116 0.129 0.120 0.300 0.299 0.337 0.310
1 0.120 0.132 0.147 0.136 0.350 0.349 0.397 0.364
2 0.140 0.158 0.177 0.164 0.400 0.395 0.444 0.409
3 0.170 0.184 0.208 0.191 0.450 0.473 0.526 0.489
4 0.200 0.213 0.243 0.222 0.500 0.498 0.557 0.516
5 0.250 0.259 0.301 0.271 0.550 0.535 0.593 0.551
6 0.300 0.308 0.367 0.325 0.600 0.595 0.642 0.606
7 0.400 0.418 0.548 0.455 0.650 0.662 0.714 0.676
8 0.500 0.522 0.682 0.570 0.700 1.024 0.765 1.067
9 0.700 0.739 0.956 0.792 0.800 1.120 1.335 1.177

10 0.900 1.003 1.163 1.038 0.900 1.459 1.408 1.282
11 1.200 1.557 1.470 1.464 1.000 1.497 1.464 1.617
12 1.500 1.773 1.645 1.828 1.200 1.941 1.510 1.645
13 2.000 2.043 2.388 2.208 1.400 2.020 1.627 2.204
14 2.500 2.616 3.133 2.764 1.700 2.080 2.706 2.267
15 3.000 3.197 3.758 3.436 2.000 3.356 2.834 3.667
16 2.500 4.416 3.933 3.846
17 3.000 4.654 4.156 5.038
18 3.500 7.380 6.701 7.119
19 4.000 8.419 7.477 8.212
20 4.500 10.119 8.616 9.815
21 5.000 12.199 10.164 11.461
22 6.000 13.498 11.416 12.757
23 7.000 14.387 12.557 13.668
24 8.000 15.863 13.342 15.027
25 9.000 16.748 14.078 15.914
26 10.000 17.999 15.008 16.896
27 12.000 19.306 16.319 18.535
28 14.000 21.782 18.108 20.663
29 16.000 24.432 20.713 23.081
30 18.000 28.060 23.482 26.826
31 20.000 31.545 26.431 29.811

Bin limits retrieved from :
m : Manufacturer, ∗ : Calibration by Fiebig (2001), c : Calibration, t : Mie theory
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Table A.3: Upper bin limits for Grimm Sky-OPCs. The bin limits are given for
polystyrene latex spheres (PSL, refractive index 1.59± 0i), Di-Ethyl-Hexyl-Sebacat
(DEHS, refractive index 1.42± 0i), and ammonium sulphate particles (refractive index
1.53± 0i).

Upper Dp Grimm Sky-OPC # 1 Upper Dp Grimm Sky-OPC # 2
CH m1.59± 0i c1.59 ± 0i c1.42 ± 0i c1.53 ± 0i m1.59 ± 0i c1.59 ± 0i c1.42± 0i c1.53± 0i

0 0.250 0.270 0.264 0.258 0.250 0.283 0.268 0.259
1 0.280 0.289 0.300 0.293 0.280 0.301 0.308 0.294
2 0.300 0.306 0.340 0.334 0.300 0.310 0.344 0.335
3 0.350 0.348 0.394 0.382 0.350 0.351 0.390 0.383
4 0.400 0.390 0.472 0.440 0.400 0.392 0.466 0.432
5 0.450 0.448 0.548 0.513 0.450 0.456 0.550 0.513
6 0.500 0.513 0.616 0.578 0.500 0.526 0.619 0.583
7 0.580 0.576 0.716 0.666 0.580 0.592 0.733 0.675
8 0.650 0.677 0.892 0.769 0.650 0.703 0.888 0.782
9 0.700 0.788 1.024 0.888 0.700 0.793 1.045 0.908

10 0.800 0.895 1.215 1.028 0.800 0.883 1.247 1.056
11 1.000 1.099 1.445 1.190 1.000 1.059 1.494 1.229
12 1.300 1.314 1.722 1.380 1.300 1.255 1.793 1.433
13 1.600 1.657 2.055 1.600 1.600 1.579 2.158 1.672
14 2.000 2.000 2.455 1.858 2.000 1.942 2.601 1.953
15 2.500 2.445 2.938 2.158 2.500 2.337 3.139 2.283
16 3.000 3.000
17 3.500 3.500
18 4.000 4.000
19 5.000 5.000
20 6.500 6.500
21 7.500 7.500
22 8.500 8.500
23 10.000 10.000
24 12.500 12.500
25 15.000 15.000
26 17.500 17.500
27 20.000 20.000
28 25.000 25.000
29 30.000 30.000
30 32.000 32.000
31 34.000 34.000

Bin limits retrieved from :
m : Manufacturer, c : Calibration, t : Mie theory
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Table A.4: Vertical profiles performed with the DLR Falcon 20 during EUCAARI-
LONGREX.

Mission ID Profile ID Start End Lon Lat min Alt max Alt
[s] [s] [◦E] [◦N] [km] [km]

080502a 080502aV1 32472 35790 10.99 46.78 0.6 12.0
080502a 080502aV2 39920 42960 11.66 46.77 0.9 12.3
080506a 080506aV1 34604 35775 10.37 48.04 0.8 9.8
080506a 080506aV2 39605 42715 1.51 52.82 0.6 9.9
080506a 080506aV3 43622 44675 3.81 51.96 0.1 3.2
080506b 080506bV1 55629 56773 5.55 52.08 0.1 9.6
080506b 080506bV2 58282 62118 12.51 50.88 0.9 9.5
080506b 080506bV3 62420 64814 12.02 48.57 0.6 8.0
080508a 080508aV1 29330 30262 12.00 48.05 0.6 8.6
080508a 080508aV2 30262 34695 12.65 50.71 0.2 9.2
080508a 080508aV3 37065 40721 17.15 55.07 0.8 10.0
080508a 080508aV4 40961 42449 13.32 54.45 0.1 8.6
080508b 080508bV1 49565 50849 11.05 53.48 0.2 10.4
080508b 080508bV2 53554 58211 5.64 51.57 1.6 10.7
080508b 080508bV3 60783 63041 10.63 47.71 0.7 9.5
080509a 080509aV1 42004 54228 10.43 48.26 0.6 7.7
080513a 080513aV1 38472 40442 12.31 49.27 0.6 10.1
080513a 080513aV2 42797 45842 13.99 52.23 0.6 10.1
080513a 080513aV3 49362 50113 11.65 48.34 0.6 2.5
080513b 080513bV1 53819 55685 10.78 49.12 0.6 11.0
080513b 080513bV2 59526 63798 -7.91 51.84 0.1 11.0
080514a 080514aV1 33397 35792 -9.80 53.25 0.1 9.2
080514a 080514aV2 41630 45379 -12.58 51.28 0.1 9.2
080514a 080514aV3 45379 46708 -9.86 52.31 0.1 6.1
080514b 080514bV1 51682 53278 -7.29 52.44 0.1 10.7
080514b 080514bV2 57177 59869 9.73 49.18 0.6 11.3
080520a 080520aV1 37510 38972 12.06 48.90 0.6 9.8
080520a 080520aV2 41331 44912 13.50 55.08 0.6 9.7
080520a 080520aV3 45398 47484 13.93 52.74 1.2 7.4
080520a 080520aV4 48718 50539 12.28 48.62 0.6 7.4
080521a 080521aV1 28795 29776 11.75 48.35 0.6 8.6
080521a 080521aV2 31660 37031 13.37 54.66 0.3 9.2
080521a 080521aV3 38357 40277 5.80 52.62 0.2 9.2
080521b 080521bV1 45111 50925 5.64 51.60 0.1 10.1
080521b 080521bV2 51861 54641 9.94 48.05 0.6 10.1
080522a 080522aV1 32108 33608 11.32 48.88 0.6 10.7
080522a 080522aV2 38849 42926 1.62 50.93 0.2 9.8
080522b 080522bV1 45876 46835 5.17 50.57 0.2 9.5
080522b 080522bV2 47397 49440 10.20 49.02 0.6 9.5
080524a 080524aV1 23191 24831 12.69 47.61 0.6 10.7
080524a 080524aV2 30112 34141 13.44 46.87 1.5 10.8
080524a 080524aV3 35998 37326 11.60 47.82 0.6 4.9
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Figure B.1: Vertical profiles of Aitken mode particle number concentration [cm−3]
(grey) and virtual potential temperature [K] (black). Coloured horizontal lines indicate
the level of horizontal flight legs within the vertical profile (red: inside boundary layer;
magenta: pollution layer decoupled from boundary layer; blue: lower free troposphere;
cyan: upper free troposphere).
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Figure B.2: See figure B.1.
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Figure B.3: See figure B.1.
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Figure B.4: See figure B.1.
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Figure B.5: See figure B.1.
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Figure B.6: Number size distributions over South Germany. Concentrations are given
at standard pressure and temperature. The panels show measurements performed
during horizontal flight legs within the boundary layer and decoupled layers (BL/DL),
the lower free troposphere (LFT) and upper free troposphere (UFT). Upper panels
show period (a), lower panels period (b).

Figure B.7: Same as Figure B.6 for the Benelux States during May 2008.
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Figure B.8: Same as Figure B.6 for North-east Germany and the Baltic Sea during
May 2008.

Figure B.9: High aerosol concentration within the boundary layer during high pressure
conditions over Europe.



List of symbols

Symbol Description

α Ångström exponent
λ Wavelenght
μ Mean of the gaussian distribution function
μa Viscosity in air
μm Linear mass increase coefficient
ω0 Single scattering albedo
φ Azimuthal scattering angle
ρ Density
σ Free surface energy
σ2 Variance
σ0 Uncorrected PSAP response
σabs Absorption coefficient
σext Extinction coefficient
σPSAP PSAP signal
σsca Scattering coefficient
τ Aerosol optical depth
θ Scattering angle
A Area
BI Boundary layer index
Cabs Absorption cross section
CC Cunningham factor
Cext Extinction cross section
Csca Scattering cross section
CBI Continental boundary layer index
CH Channel number
CI Continental index
CMD Count median diameter

Continued on next page
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176 LIST OF SYMBOLS

continued from previous page

Symbol Description

CPI Continental pollution index
di Inner diameter of sampling tube
Dp Particle diameter
E Sampling efficiency
E Electric field
EGLOBAL Set of ESUM not zero
ENORM Normalized anthropogenic emissions at one grid point
EP95 95th percentile of EGLOBAL
ESUM Sum of anthropogenic emissions at one grid point
f Relative humidity
G Cross sectional area
ΔG Change of Gibbs free energy
GSD Geometric standard deviation
H Magnetic field
I Irradiance
I0 Incoming irradiance
Is Scatterd irradiance
k Imaginary part of complex refractive index
m Complex refractive index
M Molecular mass
MBI Maritime boundary layer index
MI Maritime index
n Real part of complex refractive index
N Number concentration
Nm Refractive index of medium
Np Refractive index of particle
Q Flow
Qabs Absorption efficiency
Qext Extinction efficiency
Qsca Scattering efficiency
r Particle radius
r∗ Critical particle radius
R Gas constant
S Total surface of particles
S Poynting-Vector
S̃ Amplitude scattering matrix
SR Saturation ratio
sf Sigma factor

Continued on next page
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continued from previous page

Symbol Description

St Stokes number
t Time
T Temperature
Tr Transmission
V Total volume of particles
w Weighting factor
Wabs Change of energy due to absorption
Wext Change of energy due to extinction
wGAUSS Gaussian weighting factor
Wsca Change of energy due to scattering
x Aersol size parameter





List of abbreviations

Abbreviation Description

Acc Accumulation mode
AERONET Aerosol robotic network
Ait Aitken mode
AOD Aerosol optical depth
ATC Air traffic control
BC Black carbon
BHMIE Mie-scattering algorithm by Bohren and Huffman
BL Boundary layer
CC Cloud cover
CCN Cloud condensation nucleus
CN Condensation nucleus
CNC Condensation nucleus counter
Coa Coarse mode
CPC Condensation particle counter
DL Decoupled layer
DLR Deutsches Zentrum für Luft- und Raumfahrt
DMA Differential mobility analyzer
DWD Deutscher Wetterdienst
ECMWF European centre for medium-range weather forecasts
EDGAR Emissions database for global atmospheric research
EUCAARI European aerosol cloud climate and air quality interactions
EUFAR European facility for airborne research
EUSAAR European supersites for atmospheric aerosol research
FAAM Facility for airborne atmospheric measurements
FLYTUL Flight analysis tool using LAGRANTO
FSSP Forward scattering spectrometer probe
GWL Grosswetterlage (large-scale circulation pattern)

Continued on next page
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180 LIST OF ABBREVIATIONS

continued from previous page

Abbreviation Description

HSRL High spectral resolution lidar
IDW Inverse distance weighting
IfT Leibniz-Institut für Troposphärenforschung
IMPACT Intensive observation period at Cabauw tower
IOP Intensive observing period
LAGRANTO Lagrangian analysis tool
LFT Lower free troposphere
LIDAR Light detection and ranging
LONGREX Long-range experiment
LV-OOA Low-volatile OOA
MSLP Mean sea level pressure
NAIS Neutral cluster - air ion spectrometer
Nuc Nucleation mode
NV Non-volatile
OA Organic aerosol
OM Organic matter
OOA Oxygenated organic aerosol
OPC Optical particle counter
PCASP Passive cavity aerosol spectrometer probe
PSAP Particle soot absorption photometer
SAFIRE Avions français instrumentés pour la recherche en environnement
SV-OOA Semi-volatile OOA
TRA Temporary reserved area
UFT Upper free troposphere
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