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Abstract

The absorption of solar radiation by atmospheric aerosol particles is important for the
climate effects of aerosols. Absorption by aerosol particles heats atmospheric layers, even
though the net effect for the entire atmospheric column may still be a cooling. Most
experimental studies on absorbing aerosols so far focussed mainly on the aerosol properties
and did not consider the influence of the aerosols on the thermodynamic structure of the
atmosphere. In this study, data from two international aircraft field experiments, the
Intercontinental Transport of Ozone and Precursors study (ITOP) 2004 and the Saharan
Mineral Dust Experiment (SAMUM) 2006 are investigated. The ITOP data were collected
before the work on this thesis started, while the logistics and the instrument preparation of the
SAMUM campaign, the weather forecast during SAMUM and the in-situ aerosol
measurements during SAMUM were done within this thesis. The experimental data are used
to explore the impact of layers containing absorbing forest fire and desert dust aerosol
particles on the atmospheric stability and the implications of a changed stability on the
development of the aerosol microphysical and optical properties during long-range transport.
For the first time, vertical profiles of the Richardson number Ri are used to assess the stability
and mixing in forest fire and desert dust plumes. Also for the first time, the conclusions drawn
from the observations of forest fire and desert dust aerosol, at first glance apparently quite
different aerosol types, are discussed from a common perspective. Two mechanisms, the self-
stabilising and the sealed ageing effect, acting in both forest fire and desert dust aerosol
layers, are proposed to explain the characteristic temperature structure as well as the aerosol
properties observed in lofted forest fire and desert dust plumes. The proposed effects impact
on the ageing of particles within the plumes and reduce the plume dilution, therefore
extending the plume lifetime.

This study combines experimental data, modelling of optical parameters and calculated
heating rates to assess the role of forest fire and desert dust plumes. The microphysical,
optical and chemical properties of forest fire and desert dust aerosol, and their vertical
distribution, were measured with multiple instruments on the DLR Falcon 20-E5 research
aircraft during ITOP and SAMUM. Aerosol size information and absorption data were
analysed with respect to the aerosol mixing state, effective diameter and parameterisation of
forest fire and dust size distributions. Altogether, about 90 size distributions for particles from
different sources were extracted from multiple instruments and parameterised with multi-
modal log-normal distributions. Subsequently, the optical properties were calculated for the
different aerosol layers and compared with other independent measurements of the optical
properties like the extinction coefficient determined with a High Spectral Resolution Lidar.
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ABSTRACT

The aerosol optical properties serve as the basis for the radiative transfer calculations with
libRadtran (library for radiative transfer). Finally, the aerosol microphysical and optical
properties, the meteorological data and the heating rates are examined to investigate the
proposed self-stabilising and sealed ageing effects.

The investigation of numerous forest fire and desert dust plumes in this study revealed
characteristic aerosol properties: the aged (age: 4-13 days) forest fire aerosol is characterised
by the absence of a nucleation mode, a depleted Aitken mode and an enhanced accumulation
mode. In addition, more than 80% of the particles in the Aitken mode and nearly all particles
in the accumulation mode of the forest fire plumes are internally mixed with a solid core. The
desert dust aerosol exhibits two size regimes of different mixing states: below 0.5 um,
particles have a non-volatile core and a volatile coating; larger particles above 0.5 pm consist
of non-volatile components and contain absorbing material. After regional-scale transport
from the Sahara to South-western Europe, the volatile fraction in the dust plume did not
significantly increase. The lofted forest fire plumes were found during ITOP at altitudes
between 3 and 9 km above sea level (ASL), while the lofted desert dust plumes were found
during SAMUM between 1 and 6 km ASL. The transition of the aerosol plumes to the free
tropospheric background above and below the plumes was remarkably sharp and
characterised by strong inversions. Within a height range of 200-300 m, the particle
concentrations decreased by more than one order of magnitude. The results of plume dilution
were evident only in the upper part of the lofted forest fire and desert dust plumes. The daily
mean heating rates in the forest fire and desert dust plumes showed maximum values of
~0.2 K day” and ~0.24 K day™, respectively. Vertical profiles of the heating rate suggest that
the processes caused by the interaction between the aerosol particles and the solar radiation
stabilise the plume itself and decelerate plume dilution. Apparently, the aerosol in such
plumes ages in an almost “closed” system, where suppressed entrainment of condensable
gases from the surface inhibits particle nucleation and the formation of coated particles inside
the plume. The processes described tend to extend the lifetime of the layer allowing the
transport over long distances.
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Zusammenfassung

Die Absorption von solarer Strahlung durch Aerosolpartikel ist wichtig fiir die
Klimaeffekte des atmosphéarischen Aerosols. Als Nettoeffekt fiir die gesamte atmosphérische
Sdule mag zwar eine Abkiihlung eintreten, doch kdnnen absorbierende Partikel ihrerseits
wieder die sie umgebenden atmosphdrischen Schichten erwédrmen. Die meisten
experimentellen Studien, die sich mit absorbierenden Aerosolpartikeln befassen, fokussieren
auf die Untersuchung der mikrophysikalischen und optischen Aerosoleigenschaften, ohne auf
die Interaktion zwischen den absorbierenden Partikeln und den thermodynamischen
Eigenschaften der Atmosphire einzugehen. Die vorliegende Studie verarbeitet Daten von
zwel internationalen Messkampagnen, der ,Intercontinental Transport of Ozone and
Precursors® (ITOP) Studie 2004 und des ,,Saharan Mineral Dust Experiment (SAMUM)
2006. Die ITOP Daten wurden vor Beginn dieser Arbeit gesammelt. Im Gegensatz dazu
waren die Logistik, die Vorbereitung der Instrumente fiir das SAMUM Feldexperiment, sowie
die Wettervorhersage und die in-situ Aerosolmessungen wihrend SAMUM Teil dieser Arbeit.
Mit den experimentellen Daten wird der Einfluss absorbierender Aerosolschichten auf die
atmosphirische Stabilitét und die Folgen einer verdnderten atmosphérischen Stabilitéit auf die
Alterung der Aerosolpartikel wihrend des Ferntransports untersucht.

Diese Studie verwendet zum ersten Mal Vertikalprofile der Richardson Zahl Ri zur
Untersuchung von Stabilitdt und Verdiinnung von Waldbrand- und Wiistenstaub-
aerosolschichten. Sie diskutiert, ebenfalls zum ersten Mal, die Beobachtungen dieser zwei auf
den ersten Blick ziemlich unterschiedlichen Aerosoltypen von einem gemeinsamen
Blickpunkt aus. Es werden zwei Mechanismen, die Selbststabilisierung und die
Aerosolalterung in einem nahezu ,,geschlossenen System‘ als Erkldrung fiir die beobachteten
Aerosoleigenschaften in den Waldbrand- und Wiistenstaubschichten vorgeschlagen. Diese
beiden Mechanismen reduzieren die Verdiinnung der Schichten und beeinflussen die Alterung
der AerosolgroBenverteilung. Die Lebenszeit der Schichten wird erhoht; damit kénnen die
Schichten iiber gréBere Strecken transportiert werden und die Atmosphdre fern von der
Partikelquelle  beeinflussen. Bestimmt wurden die AerosolgroBenverteilung, der
Absorptionskoeffizient, der Aerosolmischungszustand und der effektive Durchmesser der
Waldbrand- und Wiistenstaubaerosole. Insgesamt wurden etwa 90 GroBenverteilungen fiir
Aerosolpartikel von verschiedenen Quellen aus den Messdaten der einzelnen Instrumente
berechnet und mit multi-modalen Log-Normalverteilungen parametrisiert. Anschlieend
wurden die optischen Eigenschaften der einzelnen Aerosolschichten mit einem Mie-Modell
berechnet und die Ergebnisse mit unabhidngigen Messungen, z.B. der direkten Messung des
Extinktionskoeffizienten mit dem High Spectral Resolution Lidar (HSRL) verglichen. Die
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optischen Eigenschaften der Partikel dienen als Eingangsparameter fiir die
Strahlungstransferrechnungen mit libRadtran (library for radiative transfer). Letztendlich
werden die mikrophysikalischen und optischen Aerosoleigenschaften, die meteorologischen
Daten und die berechneten Erwédrmungsraten kombiniert, um die vorgeschlagenen
Selbststabilisierungs- und Alterungsprozesse zu diskutieren

Die Untersuchung von zahlreichen Waldbrand- und Wiistenstaubschichten in dieser Studie
hat charakteristische Aerosoleigenschaften gezeigt: So kennzeichnen eine fehlende
Nukleationsmode, eine abgereicherte Aitken Mode und eine verstirkte Akkumulationsmode
gealterte Waldbrandschichten (Alter: 4-13 Tage). Dariiber hinaus sind etwa 80% der Partikel
in der Aitken Mode und nahezu alle Partikel in der Akkumulationsmode von
Waldbrandaerosol intern gemischt und haben einen nicht-fliichtigen Kern. Auch die
Wiistenstaubschichten weisen charakteristische Eigenschaften auf. Die GroBenverteilung ist
durch zwei Zonen gekennzeichnet: Unterhalb von 0.5 pm haben die Partikel einen nicht-
fliichtigen Kern und sind mit fliichtigem Material beschichtet; gro3ere Partikel oberhalb von
0.5 um bestehen aus nicht-fliichtigem Material und enthalten absorbierende Materialien. Nach
regional-skaligem Transport von der Sahara nach Siidwest-Europa, zeigte sich der fliichtige
Anteil der Partikel in der Wiistenstaubschicht nicht signifikant erhoht. Die abgehobenen
Waldbrandschichten fanden sich in Hohen zwischen 3 und 9 km iiber NN, wohingegen die
Wiistenstaubschichten vor allem zwischen 1 und 6 km Hohe auftraten. Der Ubergang von den
Aerosolschichten zum Hintergrundaerosol unterhalb und oberhalb der Schichten zeigte sich
als deutlich ausgepridgt. Auflerdem waren die Aerosolschichten durch starke
Temperaturinversionen am Unter- und Oberrand gekennzeichnet. Innerhalb von etwa
200-300 m ging die Partikelkonzentration um mehr als eine GroBenordnung zuriick. Das
Ergebnis von Verdiinnung war nur im oberen Teil der abgehobenen Schichten sichtbar. Die
{iber den Tag gemittelten Erwarmungsraten wiesen Werte von ~0.2 K Tag" bzw. ~0.24 K
Tag" in den Waldbrand- bzw. Wiistenstaubschichten auf. Der Verlauf der Vertikalprofile der
Erwédrmungsrate legt nahe, dass durch die Interaktion der absorbierenden Partikel mit der
solaren Strahlung die Prozesse angeregt werden, die die Schichten stabilisieren und die
Verdiinnung der Schichten verlangsamen. Offensichtlich altert das Aerosol in einem
»Zeschlossenen System®, in dem das unterdriickte Einmischen von kondensierbaren Gasen die
Partikelneubildung und die Bildung von beschichteten Partikeln verhindert. Die
beschriebenen Prozesse tendieren dazu, die Lebenszeit der Schicht zu verldngern, was
wiederum den Transport {iber weite Strecken erlaubt und ihre Klimawirksamkeit erhoht.

Vi



1 Introduction

1.1 The aerosol in the global climate system

Within the last century, global surface temperatures increased by 0.76 + 0.19 K (IPCC,
2007). Eleven of the twelve warmest years since beginning of the instrumental record of
global surface temperature in 1850 occurred between 1995-2006 (e.g. IPCC, 2007). Rising
surface temperatures can be ascribed to changes in the Earth’s energy balance. The flux of
incoming radiation from the sun must be approximately balanced by the outgoing flux of
infrared and shortwave radiation. Any deviation from this balance drives the climate of the
earth to a new warmer or cooler equilibrium state where the energy balance is satisfied again.

Whereas greenhouse gases reduce the outgoing thermal radiation to the space, causing a
warming of the surface, aerosol particles like black carbon, sulphate or mineral dust particles
influence both sides of the radiation balance causing either a warming or a cooling. In general,
aerosol particles impact on the climate in two ways: directly through scattering and absorption
of radiation and indirectly through their role as cloud condensation nuclei. There is a variety
of indirect effects: clouds forming in a polluted environment contain a larger droplet number
concentration of smaller drops for a fixed water content (Twomey, 1974) than clouds forming
in pristine environments. The increased droplet number concentration increases the reflection
of solar radiation back into the space, and therefore leads to a climate cooling. This effect is
named the first indirect effect. Keeping the condensed moisture in the cloud constant, but
enlarging the aerosol concentration, results in a decreasing droplet radius. The precipitation
efficiency of these clouds decreases, while the cloud lifetime (A/brecht, 1989) and the cloud
thickness (Pincus and Baker, 1994) increase. In turn, the amount of clouds increases. This
effect is known as the second indirect effect. Ramanathan et al. (2001) suggest that as a
consequence of the reduction in surface solar radiation, together with the precipitation
suppression, the hydrological cycle reduces in strength. Another effect is the absorption of
shortwave radiation by particles, which causes a heating of the troposphere that alters the
relative humidity and the stability of the troposphere, and influences cloud formation
processes and cloud lifetime. This mechanism is called the semi-direct effect (e.g. Hansen et
al., 1997; Ackerman et al., 2000).



CHAPTER 1. INTRODUCTION

In this study, biomass burning' and desert dust aerosols are investigated on the basis of
experimental data. The global importance of aerosols, especially of biomass burning and
desert dust aerosols can be illustrated by means of aerosol optical depth (40D). The AOD is a
measure that indicates the amount of incoming solar radiation inhibited to reach the Earth’s
surface due to the presence of aerosols. Figure 1 shows the mean annual AOD at 4 = 550 nm
for the year 2006 based on daily MODIS measurements. For the grey shaded areas no AOD
could be derived, white areas have small AOD, whereas dark orange areas exhibit high AOD.
Several areas of very high annual 4OD and therefore high aerosol concentrations are striking:
the region over central and western Africa (a mixture of Saharan dust and biomass burning
aerosol), northern India and north-eastern China (anthropogenic pollution), Indonesia
(biomass burning aerosol) and Russia (biomass burning). Absorbing constituents are not
present in all aerosol types, but in biomass burning and desert dust aerosols, and in
anthropogenic pollution aerosols originating from fossil fuel burning. All regions with high
AOD in Figure 1 contain absorbing particles, and the presence of either biomass burning or
mineral dust particles can explain the high mean annual AOD in three out of the five most
burdened regions. Due to the widespread occurrence of mineral dust and biomass burning
aerosols and their large optical depth, the effects of both aerosol types on the radiation budget
are important relative to those of other aerosols. The high aerosol concentrations over the
Atlantic Ocean in Figure 1 demonstrate that the influence of aerosols is not only confined to
areas close to the source. In fact, aerosol layers are transported over long distances and can
affect air quality far downwind of the source. Long-range transport is one of the most
important factors controlling the spatial and temporal variability of aerosols and atmospheric
load. Especially biomass burning and desert dust plumes are transported over long distances,
even between continents. The long residence time of biomass burning and desert dust aerosol
layers in the atmosphere, makes them an even more important player in the global climate
system.

In general, the direct and indirect interaction of various aerosol species with the global
climate is assessed by means of radiative forcing AF. The radiative forcing is a measure in
W m™ of the change in the Earth-atmosphere’s radiation budget when some parameter is
changed, such as for example the concentration of aerosols or the concentration of
atmospheric greenhouse gases like carbon dioxide (CO,), methane (CHy4) or nitrous oxide
(N2O) (Shine, 2000). The radiative forcing is usually defined at the top of the atmosphere
(TOA) (IPCC, 2001). Key parameters for the assessment of the direct effect are aerosol
optical properties like single-scattering albedo wy, specific extinction coefficient o, and the
scattering phase function P, which vary as a function of the wavelength and the relative
humidity, and the atmospheric loading and horizontal and vertical distribution of the aerosols,
which vary as a function of time (/PCC, 2007). The key parameter for the determination of
the indirect effects is the ability of particles to act as cloud condensation nuclei (/PCC, 2007).
The chemical composition of an aerosol particle is crucial to the ability of a particle acting as
a cloud condensation nuclei (Rosenfeld, 2006), but the size distribution, a property easier to
measure than chemical composition of such aerosols, can explain most of the variability in
their ability to nucleate cloud droplets (Dusek et al., 2006). The result stated by Dusek et al.

' Biomass burning refers to the burning of living and dead vegetation (boreal/tropical forests, savannas,
agricultural land), including human-induced burning of vegetation for land clearing and land use purposes. In
this thesis the term “forest fire” refers to fires in boreal forests.



1.1 THE AEROSOL IN THE GLOBAL CLIMATE SYSTEM

(2006) reduces the relative role of the chemical composition of the particles compared to the
size of the particles and makes it easier to treat aerosol effects on cloud physics and climate.
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Figure 1. Mean annual aerosol optical depth at A = 550 nm for the year 2006 calculated from daily
MODIS retrievals. The black circles mark the domain in which the ITOP and the SAMUM data were
taken (adopted from http://earthobservatory.nasa.gov/ Newsroom/Newlmages/images.php3?img id
=17575).

The total direct radiative forcing of all aerosol types is estimated to be -0.5 = 0.4 W m~,
and the scientific understanding is rated to be medium to low (/PCC, 2007). However, the
direct radiative forcing of individual aerosol species is less certain, for example the forcing of
biomass burning aerosol is estimated to be +0.03 £ 0.12 W m™, and for the mineral dust a
forcing of -0.1 = 0.2 W m™ is given in the last JPCC report (2007). The estimated forcing for
biomass burning aerosols does not include the semi-direct effect or the black carbon (BC)
impact on snow and ice surface albedo. Moreover, the forcing of biomass burning aerosol is
significantly more positive, when it overlies clouds (/PCC, 2007). The sign and the magnitude
of the radiative forcing of aerosols depends crucially on the vertical distribution of the
aerosols, and the presence of clouds underneath the aerosol layers (/PCC, 2007); it depends
further on the chemical composition of the particles, the insolation, the amount of clouds and
the underlying surface reflectance. All aerosol types lead to a reduced solar radiation at the
surface, whereas at the TOA the forcing effect of BC opposes the cooling effect of non-
absorbing sulphates. Satheesh and Ramanathan (2000) point out that the aerosol induced
changes in the solar radiation flux at the surface far exceed the changes at the TOA. Hansen et
al. (1997) showed that the climate response to an imposed forcing varied with altitude by a
factor of about two. Since satellite sensors provide only column integrated aerosol optical
properties like AOD, and lidar instruments do not deliver in-situ data on aerosol
microphysical properties like particle size distribution, it is essential to conduct aircraft-based
measurements to gather in-situ data on the vertical distribution of aerosol properties.

In the estimates of aerosol radiative forcing a large source of uncertainty is associated with
aerosol absorption (IPCC, 2007). Sato et al. (2003) inferred absorption from AERONET
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measurements and found an underestimate of aerosol absorption in global aerosol models by a
factor of two to four. The absorption of radiation by aerosol particles is important for both the
direct and semi-direct aerosol effects. The magnitude of the absorption and its contribution to
global warming is subject to considerable uncertainty (e.g. Hansen et al., 2002; Stier et al.,
2006; Kinne et al., 2006; Stier et al., 2007). Most studies address the aerosol forcing at the
TOA (IPCC, 2001). However, absorbing aerosols are one of the climate forcing mechanisms
for which radiative forcing is not always indicative of the climate response (Hansen et al.,
2005), since absorption by aerosols heats atmospheric layers, even though the net effect for
the entire atmospheric column may still be cooling (Pilewskie, 2007). For example, in a
modelling study by Perlwitz et al. (2001), desert dust layers have been found to cool the
surface, while the dust layer itself was heated. A heating in the middle of the atmosphere
changes the atmospheric lapse rate and can influence atmospheric dynamics. Atmospheric
solar heating is a major source of uncertainty in the aerosol forcing effect as current estimates
are mostly derived from model studies (Ramanathan et al., 2007). Ramanathan et al. (2007)
investigated atmospheric brown clouds, which are mainly the result of biomass burning and
fossil fuel combustion, at altitudes between 0.5 and 3 km over the Indian Ocean. They found
that the brown clouds enhance solar atmospheric heating by about 50%. They suggested that
atmospheric brown clouds contribute about equally to the regional lower atmospheric
warming trends as the recent increase in anthropogenic greenhouse gases do. The findings of
Ramanathan et al. (2007) emphasize the importance of determining how aerosol forcing
varies with altitude (Pilewskie, 2007). In most general circulation models, the effect of
absorbing aerosols upon the atmospheric heating rates is not included in the dynamical
evolution of the atmosphere, although recent modelling studies (Perlwitz et al., 2001; Wang
and Christopher, 2006; Tegen et al., 2006; Pérez et al., 2006; Heinold et al., 2007; Helmert et
al., 2007; Yin and Chen, 2007) reveal an important aerosol feedback on atmospheric
dynamics.

The impact of absorbing aerosol layers on the climate is poorly understood. Since aerosol
properties show large regional variations, the regional impact of aerosols can be quite
different, which is the main reason why the importance of aerosols is poorly characterised in
climate models (Satheesh and Moorthy, 2005). To accurately assess the impacts of absorbing
aerosols on the global climate, vertically resolved measurements of aerosol properties are
required. The climate impact of aerosols can be significantly different, when a cloud layer is
present above or below the aerosol layer, even when the aerosol column properties are the
same (e.g. Satheesh and Moorthy, 2005). The reduction of aerosol properties to aerosol
column properties does not sufficiently cover the real impacts of particles on the climate.
Therefore, airborne measurements of microphysical and optical aerosol properties are crucial.
In this study, we investigate biomass burning and desert dust aerosols, both of which are
natural aerosols with a significant anthropogenic contribution (/PCC, 2007), on the basis of
experimental data. The data were gathered during two international field experiments, the
Intercontinental Transport of Ozone and Precursors (ITOP) study and the Saharan Mineral
Dust Experiment (SAMUM), which were conducted in summer 2004 and late spring 2006,
respectively. The circles in Figure 1 mark the domain in which the airborne measurements
were conducted. The data collected during ITOP (mainly forest fire aerosol) and SAMUM
(mainly desert dust aerosol) deliver in-situ data on the vertical distribution of aerosol
properties like particle size distribution, and add new aspects to our understanding of the
effects of absorbing aerosol plumes on atmospheric stability and on the development of
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aerosol microphysical and optical properties within the lofted” plumes. The current
knowledge on biomass burning and desert dust aerosol is summarised in the following
sections.

1.2 Biomass burning and desert dust aerosol in the
atmosphere

1.2.1 Biomass burning aerosol

Once believed to be a phenomenon of the tropics only, biomass burning has been proven
by satellite observations to be a regular feature of boreal forests also (Levine, 1991). Every
year, large areas of boreal forests are destroyed by fires in Canada and Alaska (Figure 2), and
also in Russia and Siberia.

Figure 2. Large wildfires over Alaska and Canada captured by the Moderate Resolution Imaging
Spectroradiometer (MODIS) flying on NASA’s Terra satellite on 29 June 2004. Areas where MODIS
detected actively burning fires are outlined in red (adopted from http://earthobservatory.nasa.gov/
NaturalHazards/natural_hazards v2.php3?img id=12209).

Biomass burning and fossil fuel burning are contributing about equally to the global
emission of BC (/PCC, 2001). Worldwide, biomass burning is one of the largest sources of
accumulation mode particles (D, < 1 um) (Reid et al., 2005a). On average, smoke particles
contain ~50-60% organic carbon (OC) and ~5-10% BC (Reid et al., 2005a). BC is the most
efficient particulate absorber of atmospheric solar radiation (Bond and Bergstrom, 2006) and
therefore has a strong impact on the atmospheric radiation budget. Aerosol layers containing
BC can contribute to a large atmospheric solar absorption (Grassl, 1975) leading to a
reduction of the solar radiation that reaches the surface (negative forcing). Very recently, the
existence of light absorbing carbon that is not black (“brown carbon”) has been discovered
(e.g. Andreae and Gelencseér, 2006). Brown carbon may be “invisible” in the red and near-

* In this study, the term “lofted (aerosol) layer/lofted plume” refers to atmospheric layers containing aerosol
laden air. The lofted layers extend from an altitude z, to an altitude z; and are situated above the boundary layer

(see Figure 5b, p. 12).
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infrared part of the light spectrum, and may bias the measurements of atmospheric light
absorption (Andreae and Gelencsér, 2000). Andreae and Gelencsér (2006) point out that the
biases they describe could question even the sign of the direct radiative forcing of
carbonaceous aerosols. In addition to direct radiative effects, smoke particles have indirect
effects, for example, they may act as condensation nuclei for the formation of cloud droplets,
delay the onset of precipitation, and suppress low-level aerosol washout (Andreae et al.,
2004). BC in dark (solar-absorbing) hazes is found to reduce tropical cloudiness and to
stabilise the structure of the boundary layer (Ackerman et al., 2000).

In the course of the nuclear winter research, several studies on the effect of forest fire
smoke to surface temperatures were conducted (Robock, 1988;1991; Westphal and Toon,
1991). The smoke was found to produce a daytime cooling of several degrees, but had no
night-time effects. Robock (1988) reports a case, where smoke from fires was trapped in a
valley by an inversion for three weeks. With the plume preventing surface warming by solar
radiation, daily maximum surface temperatures steadily decreased, while the inversion
strengthened. Robock (1988) proposed a positive feedback loop: the increased atmospheric
stability in the boundary layer caused by the radiative properties of the smoke aerosol traps
more smoke and enhances the radiative effects of the smoke aerosol. Very recent simulations
with a coupled aerosol, radiation and meteorology model (Wang and Christopher, 2006)
verify the proposed smoke self-trapping mechanism. Wang and Christopher (2006) point out
that such a feedback together with favourable weather conditions may have crucial
consequences for air quality and hydrological processes. Radke et al. (1990) focussed on the
radiatively-driven self-lofting of fresh (several hours) smoke plumes from burning of aviation
fuel: the smoke plumes were seen to rise rapidly from the ground to the temperature inversion
on top of the boundary layer. After an initial stabilisation at the temperature inversion the
solar radiation warmed the smoke plume and the temperature in the plume started to exceed
ambient values. Two to three hours later the smoke had risen about 800 m. Similar
observations were made by Herring and Hobbs (1994) in plumes of the Kuwait oil fires: the
radiative heating (net daytime heating rates between 56-94 K day™) lofted the plumes at a rate
of 0.1 ms™. All above-mentioned processes refer to fresh smoke (several hours) and plumes
in the vicinity of fires.

Qualitatively, the properties of smoke particles are well understood, but the impact of
smoke plumes on the meteorology of a region is highly uncertain (Reid et al., 2005a; Reid et
al., 2005b). The possibility of an interaction between absorbing aerosols from severe forest
fires and the large-scale meteorological situation was pointed out by Pace et al. (2005): they
observed an unusual aerosol load over a large fraction of the Mediterranean basin together
with a persistent high pressure system over Western Europe during the summer heat wave in
2003. From trajectory analyses, forest fires over south-eastern Europe were identified as the
aerosol source. In their study, they conducted radiative transfer calculations and estimated a
heating rate of up to 2.8 K day™ at 20° solar zenith angle due to forest fire aerosols within the
layer. The authors expected this heating to lead to increased atmospheric stability and thus the
persistent forest fire layers may have helped to maintain the anomalously hot and dry
conditions during summer 2003.

Climate change and the trend towards hotter and drier weather conditions may affect the
number of wildfires in the world. Most general circulation models predict the largest future
warming at high latitudes and over land (/PCC, 2001;2007); the region where boreal forests
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are situated. With the more frequent occurrence of droughts and the increased direct human
impact, an increased fire activity is expected at Northern latitudes (Mollicone et al., 2006). In
fact, the area burned annually by forest fires in Canada has shown a pronounced upward trend
over the past four decades during which time the summer temperatures have increased (Gillett
et al., 2004). Studies by Flannigan et al. (2000, 2005) and Stocks et al. (2002) suggest a
considerable increase in future area burned, although there are large regional variations in fire
activity.

The increasing occurrence of wildfires in the world makes it necessary to better
understand the influence of lofted forest fire layers on the meteorology and on the stability of
the atmosphere. From the presented observations in forest fires plumes during ITOP (Section
4.1, p. 83ff) new insight into the ageing process and the interaction of aerosols and
atmospheric dynamics can be provided. For the first time, forest fire plumes of various
ages (4-13 days) were investigated with the same instrument combination within one field
experiment during ITOP. The parameters measured covered the particle size range from 4 nm
to 100 um, the absorption coefficient, and the aerosol mixing state for several particle size
fractions. The measurement of the aerosol mixing state was performed for the first time on the
Falcon. This thesis aims to contribute to the understanding of radiatively-driven processes in
forest fire plumes and their impact on atmospheric stability.

1.2.2 Desert dust aerosol

The largest and most persistent sources of desert dust are located in an area extending
from the west coast of North Africa, over the Middle East, Central and South Asia, to China,
whereas the Southern Hemisphere is free of major dust activity (Prospero et al., 2002). The
Saharan desert covers an area of about 9 million km? and is the largest desert on Earth,
contributing to about 50-70% (Mahowald et al., 2005) of the annual global dust emissions.
Desert dust was identified as having a significant anthropogenic component (/PCC, 2007),
and therefore mineral dust radiative forcing may play a significant role in a changing climate.
Several authors (e.g. Tegen and Lacis, 1996; Sokolik and Toon, 1996; Prospero et al., 2002;
Tegen et al., 2004) gave different estimates on the anthropogenic fraction of dust. In the latest
IPCC report (IPCC, 2007), a best guess of 0-20% anthropogenic dust burden is given with
still a large uncertainty. Dust is exported from the African continent in all seasons (Figure 3)
and is frequently transported across the Atlantic Ocean towards the American continent
throughout the year. Moulin and Chiapello (2006) report a significant intensification of
Atlantic dust export since 1965. Their analysis suggests that this trend might be explained by
anthropogenic soil degradation due to land use in certain parts of the Sahel.

Dust storms are a significant source of coarse mode particles (e.g. Schiitz and Jaenicke,
1974, Schiitz and Jaenicke, 1978; d'Almeida and Schiitz, 1983; de Reus et al., 2000). Similar
to carbonaceous aerosols, mineral dust particles scatter and partly absorb solar radiation.
Moreover, dust particles have the potential to alter the outgoing terrestrial radiation flux due
to their large sizes (e.g. Haywood et al., 2005). The sign of the TOA radiative forcing of
mineral dust aerosol is uncertain, in view of the competing nature of the negative solar
radiative forcing and the positive terrestrial radiative forcing (e.g. IPCC, 2001; Haywood and
Boucher, 2000). Similar to layers containing BC, the presence of atmospheric dust reduces
surface temperatures. Furthermore, the presence of dust alters atmospheric heating rates,
impacts on the hydrological cycle (e.g. Rosenfeld et al., 2001; Miller et al., 2004), and the
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formation of ice clouds (e.g. Ansmann et al., 2005). Otto et al. (2007) simulated the
atmospheric radiative effects of an in-situ measured Saharan dust plume measured on
Tenerife during the Aerosol Characterisation Experiment (ACE-2) in 1997 (Raes et al.,
2000a). The calculations of Otfo et al. (2007) indicate that the large particle fraction has a
predominant impact on the optical properties. They show that the large particles strongly
absorb and contribute at least 20% to the atmospheric radiative effects of a dusty atmosphere.
Moorthey et al. (2007) investigated dust absorption over the Indian desert on the basis of
ground-based and satellite-based remote sensing. They derived a warming of lower
atmosphere of 0.7-1.2 K day™ due to the presence of dust.

Figure 3. This image of two different-coloured dust plumes blowing northward off the coast of Libya
was captured by MODIS on 26 October 2007 (adopted from http://earthobservatory.nasa.gov/
Newsroom/Newlmages /images.php3?2img id=178175).

Due to the lack of adequate measurement data, estimates of the radiative impacts of dust
result mainly from modelling studies. The spatial and temporal distribution of the radiative
properties of dust are poorly understood over many regions of the world (e.g. Moorthy et al.,
2007). Sokolik et al. (2001) point out that the major unknowns concerning dust aerosols are:
the size distributions of the particles that spans a range from 0.01 um to about 100 um; the
vertical and spatial variability within the dust plumes, and optical properties like complex
refractive index, absorption coefficient, single-scattering albedo, particle shape or the
scattering phase function. The single-scattering-albedo is the most important factor for the
shortwave radiative forcing of mineral dust, whereas the longwave forcing of dust is
dependent on the vertical distribution of the dust (/PCC, 2007).

In the past few years, several field experiments focussing on desert dust were performed.
The Saharan Dust Experiment (SHADE) was conducted in September 2000 in the Cape
Verde area. The main aim of SHADE was to determine parameters relevant for computing the
direct radiative effect of dust (Tanré et al., 2003). The experiment was considered to be a
success, but Haywood et al. (2003a) pointed out that one of the optical particle counters
responsible for the measurement of particles in the size range between 1 and 23.5 um did not
work correctly. As a result, dust size distributions in the super-micron size range had to be
estimated from surface-based sun photometry. Similar problems with the optical particle



1.2 BIOMASS BURNING AND DESERT DUST AEROSOL IN THE ATMOSPHERE

counter occurred during the Southern African Regional Science Initiative (SAFARI) 2000
(Haywood et al., 2003b). The Puerto Rico Dust Experiment (PRIDE) took place in the
Caribbean in June/July 2001. Data from a light aircraft, remote sensing and ground-based
measurements were used to study the dust after the transport across the Atlantic into the
Caribbean region (Reid et al., 2003b; Maring et al., 2003b). One result of PRIDE was the
discovery of particles larger than consistent with Stokes gravitational settling (Maring et al.,
2003a). Assuming a continuous upward velocity of 0.33 cm s, the authors could explain the
existence of the large particles. However, Maring et al. (2003a) were not sure which physical
process(es) caused the hypothesised upward velocity that partly counteracted the gravitational
settling. Reid et al. (2003a) compared size and morphological measurements of coarse mode
dust particles from Africa gathered during PRIDE and found large differences between optical
particle counters and aerodynamic methods. Both experiments, SHADE 2000 and PRIDE
2001, took place in the outflow area of dust on Cape Verde, several hundreds of km away
from the major dust sources so that the dust properties may have been transformed during
transport. The results of SAFARI, SHADE and PRIDE suggest that there is still a need for the
exact quantification of the dust size distribution up to sizes of 100 um. One possibility to
gather data on the particle size distribution of Saharan/Sahelian dust was given by the African
Monsoon Multidisciplinary Analysis (AMMA) 2006 field study. However, this large
international experiment focussed mainly on the understanding of dynamical processes such
as tropical thunderstorms and the African Monsoon, and involved only a minor airborne
aerosol component.

Although several field experiments conducted in the past few years have improved our
understanding of dust microphysical and optical properties, the interaction of desert dust with
atmospheric stability has been rarely investigated on the basis of experimental data. In a
recent study, Pérez et al. (2006) included mineral dust radiative effects in a numerical weather
prediction model. They found that with the dust feedbacks included, low-level warm and
upper-level cold temperature biases of the model are reduced. However, they admitted several
limitations of the study: for example, the particle size distribution was confined to dust
particles smaller than 10 um and the optical properties of dust, which are a function of
location, were calculated with refractive indices from the Global Aerosol Data Set. They
concluded that experimental data from the Saharan Mineral Dust Experiment (SAMUM)
experiment could improve the model results. SAMUM was conducted in southern Morocco in
May/June 2006 and focussed on the microphysical, optical, and radiative properties of pure
dust aerosol in a vertical column over the Sahara and during transport to Western Europe. The
investigation of the SAMUM in-situ measurements is part of this work. For the first time
during the SAMUM field experiment, measurements with extended aerosol instrumentation
close to the Sahara including ground-based, airborne and satellite-based measurements were
performed. The airborne in-situ aerosol instrumentation covered the whole particle size
spectrum from the smallest nucleation mode particles to dust particles in the far super-micron
range, and an airborne High Spectral Resolution Lidar (HSRL) was employed. The absorption
coefficient was measured at three wavelengths and instead of measuring the aerosol mixing
state for several size fractions only, the non-volatile size distribution was recorded in the size
range between 4 nm and 2.5 pm. In this study, a large number of measurements of dust
microphysical properties such as particle size distributions are presented, and the interaction
of the dust microphysical properties with the stability of the atmosphere is investigated in
detail.
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1.2.3 Long-range transport of biomass burning and desert
dust aerosol

Biomass burning and desert dust plumes are observed to be transported over long
distances, even between continents. Although, the long-range transport of anthropogenic
pollutants from Northern America or Asia to Europe has been reported in numerous studies
(e.g. Huntrieser and Schlager, 2004; Huntrieser et al., 2005; Stohl et al., 2007), here we focus
only on examples for the long-range transport of desert dust and biomass burning plumes.
Lofted forest fire plumes have been observed to circle around the world within less than three
weeks (Damoah et al., 2004). In August 1998 severe forest fires destroyed more than 10 000
ha of boreal forests in Canada. Plumes from these fires were transported across the Atlantic
(Figure 4) and caused pronounced haze layers and enhanced carbon monoxide (CO) mixing
ratios in Europe (Forster et al., 2001). Petzold et al. (2002) and Fiebig et al. (2002) studied
the 1998 Canadian forest fires also as part of the Lindenberg Aerosol Characterisation
Experiment LACE 98, after the plumes had been transported across the Atlantic. They
observed a pronounced accumulation mode and absorption coefficients up to 20 Mm™ in the
plume. Wandinger et al. (2002) reported an AOD of 0.1 over Germany (4 = 550 nm) for an
aged forest fire plume originating from the 1998 Canadian forest fires. Fiebig et al. (2003)
investigated the ageing of smoke particles in a Canadian forest fire plume after its long-range
transport across the Atlantic Ocean and found that the plume dilution was inhibited in the
lower part of the plume. Recently, Stohl et al. (2006) observed elevated concentrations of
light absorbing aerosols throughout the entire Arctic as a result of long-range transport from
North American boreal forest fires during summer 2004. The transport of forest fire plumes
across the Atlantic Ocean towards Europe in summer 2004 is a focus also of recent studies by
Clarke et al. (2007), Petzold et al. (2007), and Real et al. (2007).

1 August 1998

CO/mg m?2

Figure 4. ECHAM simulation of CO mixing ratios (colour coded) originating from the 1998 Canadian

forest fires, which were investigated by several groups as part of the Lindenberg Aerosol
Characterisation Experiment LACE (courtesy: C. Kurz, DLR). Within one month the forest fire plumes
spread over the entire Northern Hemisphere and caused enhanced CO mixing ratios and pronounced
haze layers in Europe (see text).

Similar to the long-range transport of forest fire plumes, desert dust is transported all the
way around the globe. Husar et al. (2001) investigated two Asian dust storms in April 1998.
One dust cloud crossed the Pacific Ocean within five days and lead to a significant increase in
surface aerosol concentration across Northern America. Dust was observed also to be
transported from China to the French Alps (Grousset et al., 2003). Saharan dust is exported
across the North Atlantic towards the American Continent quite regularly (e.g. Colarco et al.,
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2003; Moulin and Chiapello, 2006). Several studies report dust transport from the Sahara to
south-western Europe and the Mediterranean, sometimes even reaching Germany and parts of
Northern Europe (e.g. Miiller et al., 2003).

The transport of lofted aerosol layers to Europe is a frequently monitored atmospheric
phenomenon: Miiller (2007) investigated the frequency with which lofted aerosol layers have
been transported to Leipzig on the basis of lidar observations in the years 1997-2004. On
average, these layers were detected in at least 30% of the regular annual measurements. In
spring and summer, lofted layers occurred in about 60% of the regular measurements. Miiller
(2007) pointed out that their maximum occurrence in spring and summer coincides with the
forest fire season in boreal areas that starts in spring and reaches its maximum intensity in
summer.

1.3 Objectives of this thesis

In this study, forest fire and desert dust plumes are investigated with data gathered during
ITOP 2004 and SAMUM 2006. The main objective of this thesis is to investigate the impact
of radiatively-driven processes in biomass burning and desert dust aerosol layers on the
microphysical and optical properties of the particles in these layers. At first sight, biomass
burning and desert dust aerosols appear to be quite different, but both aerosol types have an
absorbing component and are observed to be transported over long distances, even around the
globe. Both desert dust and biomass burning particles are natural aerosols. However, a certain
component of biomass burning and desert dust particles originates from anthropogenic
sources, mainly from agricultural practices (harvesting, overgrazing). Besides forest fire and
desert dust aerosol, there is only one other source of absorbing particles: fossil fuel burning.
However, fossil fuel burning — which is not discussed in this thesis — is a completely
anthropogenic process. As described in the previous sections, absorbing aerosol layers like
biomass burning and desert dust plumes can change the distribution of solar radiation by
reducing it at the surface, absorbing it higher up. As aerosols cool the surface and warm the
aerosol layer, the atmospheric lapse rate will be changed. Therefore the atmospheric stability
will be influenced. The impact of radiatively-driven processes on the lifetime of the aerosol
layer and atmospheric stability is examined in this thesis on the basis of airborne
observations. The regular transport of lofted forest fire and desert dust plumes across long
distances on hemispheric scales raises several scientific questions:

e Why are layers containing absorbing particles transported over such long distances, and
why are they so long-lived?

e Are the microphysical and optical properties of absorbing particles responsible for the
long atmospheric residence time of forest fire and desert dust plumes?

e s the heating of the aerosol caused by the interaction of solar radiation and the absorbing
particles seen in the measured temperature profiles? How large is the heating?

e Limited dilution has been observed in lofted forest fire and desert dust layers, but what
causes the limited dilution?

e How are the microphysical properties of forest fire and desert dust particles modified
during transport?

e How do the large coarse mode particles behave during transport?

11
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Most experimental studies, except some studies mentioned in Section 1.2.1, focus on
aerosol properties and do not consider the influence of the aerosols on the thermodynamic
structure of the atmosphere. This study investigates the impact of absorbing aerosol particles
on atmospheric stability and the implications of a changed stability on the development of the
aerosol microphysical and optical properties during transport. For the first time, vertical
profiles of the Richardson number Ri are used to assess the stability and mixing in forest fire
and desert dust plumes. For the first time, the conclusions drawn from the observations of
forest fire and desert dust aerosol, at first sight quite different aerosol types, are discussed
from a common perspective. Two mechanisms, the self-stabilising and the sealed ageing
effect, valid for both forest fire and desert dust aerosol layers are proposed to explain the
characteristic temperature structure as well as the aerosol properties observed in lofted forest
fire and desert dust layers.

Self-stabilisation hypothesis

Aerosol layers containing light absorbing aerosol particles such as biomass burning or
desert dust particles absorb solar radiation and are thereby heated (Figure 5b). Thus, the
plume is stabilised at the bottom. In contrast, it is destabilised near the top (Figure 5c)
generating an unstable lapse rate. The presence of this unstable lapse rate will produce mixing
and entrainment from above. The lapse rate above the aerosol plume determines if
entrainment is taking place from above. As long as the aerosol layer is topped by a stable
stratified layer, mixing will be suppressed. If the temperature in the interface layer exceeds
the temperature of the overlying air, mixing can take place, and the interface layer can grow
in depth. This situation is called encroachment. Whether it grows in depth and if, how far
because of the encroachment depends on the presence of any large-scale subsidence, which
counteracts the turbulent encroachment. Subsidence does not only suppress the growth of the
unstable layer. If the subsidence is sufficiently intense, it lowers the height of the top and may
cause the whole layer to descend (Carson, 1973). As the air descends, it is warmed
adiabatically and typically a subsidence inversion will form. This subsidence inversion is a
barrier to mixing. In the regions where the lofted aerosol layers were observed during ITOP
and SAMUM, large-scale subsidence could be accounted for by the presence of a subtropical
high pressure system.
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Figure 5. Schematic of the processes in a heated aerosol plume containing absorbing particles.

The mixing process and the large-scale subsidence leave the aerosol layer with nearly
neutral stratification inside the layer and strong inversions at the bottom and at the top (Figure
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5d). Furthermore, the entrainment of tropospheric air from above the plume has diluted the
particle concentration in the upper part of the plume. This will change the heating distribution
in the plume by reducing the heating rate near the plume top. The changed stability profile
and the changed heating distribution in the plume will influence the evolution of the profile
by exerting a stabilising effect on the layer. The processes described tend to extend the
lifetime of the layer allowing the transport over long distances.

Sealed ageing hypothesis

The self-stabilising effect gives rise to the sealed ageing effect. The lower boundary of the
forest fire/desert dust layers is “sealed”, while the upper boundary of the layer is permeable.
As a result, the aerosol layer can be considered as being isolated from the underlying airmass.

The aerosol processing within this almost “closed” system results in a characteristic shape
of the aerosol size distribution (Figure 6, left panel). In general, several processes can modify
the particle number concentration and the size distribution of a particle population. These
processes include dilution due to mixing of the aerosol laden air with ambient air, nucleation
of new particles from the gas phase, self-coagulation®, inter-modal coagulation* and dry
deposition. In a “closed system”, the suppressed entrainment of condensable gases from the
surface inhibits particle nucleation and the formation of coated particles inside the layer. Then
coagulation changes the shape of the size distribution. The inter-modal coagulation decreases
the particle number concentration in the Aitken mode and increases the particle number
concentration in the accumulation mode. Self-coagulation in the accumulation mode leads to
a narrowing (Figure 6, right panel) of the accumulation mode. In the coarse mode, no
coagulation is expected, but parts of the large particles are expected to settle due to
gravitation. The result of ageing within a sealed layer is the absence of a nucleation mode, a
depleted Aitken mode and an enhanced accumulation mode.
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Figure 6. The left panel sketches the development of a size distribution in “closed” system. The right
panel illustrates the evolution of a particle population during a period of five days (adopted from
Butcher and Charlson, 1972).

3 Self-coagulation means coagulation of particles within on size range. Self-coagulation decreases the number of
particles in this size range.

* Inter-modal coagulation refers to coagulation of particles in size range i with particles in the larger size range j.
Inter-modal coagulation decreases the particle number concentration in the smaller mode i and does not change
the concentration in the larger mode j.
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1.4 Structure

This thesis is organised as follows: the aerosol fundamentals including the atmospheric
life cycle of aerosols, sources and sinks, microphysical and optical properties of aerosols are
described briefly in Chapter 2. In addition, all fundamental equations used for the analysis of
data are summarised here.

Chapter 3 describes not only the measurement methods, and the transfer functions of the
various aerosol in-situ instruments, but also the efforts made to ensure a high quality of all
experimental data. These efforts include the evaluation of the FLEXPART performance for
the cases investigated, the evaluation of the inversion algorithm, sensitivity tests of the
instrument response on assumptions that entered the data analysis procedure, and the
evaluation of possible error sources in the measurement data. Furthermore, an overview of the
two field experiments ITOP (forest fire aerosol) and SAMUM (desert dust aerosol), and a
summary of the flight missions is given. These experiments provided the data sets
investigated here. The ITOP data were collected before the work on this thesis started, while
the logistics and the instrument preparation of the SAMUM campaign, the weather forecast
during SAMUM and the in-situ aerosol measurements during SAMUM were done within this
thesis. Chapter 3 ends with a concept for the combination of the various data to test the
hypotheses stated in Section 1.3.

In Chapter 4 the microphysical and optical properties observed in forest fire and desert
dust aerosol layers are presented. The aerosol properties were derived with the methods
introduced in Chapter 3 and include complete particle size distributions derived from the in-
situ measurements for approximately 70 forest fire and desert dust encounters, calculated
optical properties for about 20 forest fire and desert dust encounters, the lower and upper
boundaries of the lofted forest fire and desert dust plumes, potential temperature gradients
which will prove to be characteristic for absorbing forest fire and desert dust plumes, and
several more microphysical and meteorological parameters for the investigated plume
encounters. In addition, the observations are compared with independent measurements of
optical aerosol properties for validation purposes. The results are shown separately in Chapter
4 for forest fire particles (ITOP) and desert dust particles (SAMUM).

Chapter 5 follows with the discussion of the results presented. In this section the self-
stabilisation and the sealed ageing hypothesis are tested on the basis of experimental data. A
summary of the results and scientific questions arising for future research are given in
Chapter 6.

1.5 Use of external data and software routines

The realisation of this study required the collaboration with several persons who provided
results achieved outside this work. These contributions are summarised below. Excess CO
data were provided by Dr. Heidi Huntrieser (DLR), and FLEXPART trajectory calculations
were provided by Dr. Andreas Stohl (NILU). The evaluation of the FLEXPART performance
during ITOP and the classification of forest fire plumes on the basis of FLEXPART trajectory
calculations and excess CO measurements were part of this study. Ulrich Hamann (DLR)
performed the calculation of heating rates. The basis for the heating rate calculations were the
microphysical and optical forest fire and desert dust aerosol properties derived in this study.
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For the SAMUM analysis, extinction measurements provided by Michael Esselborn (DLR)
were additionally used in the heating rate calculation. The combination of the heating rates
with the measurement data was part of this study. The derivation of the particle size
distributions from the optical particle counters requires an assumption on the refractive index
of the aerosol. For the ITOP data, the refractive index was estimated from the absorption
measurements. For the SAMUM data, the refractive index data were provided by Katharina
Rasp (DLR). The aerosol optical model for the calculation of optical forest fire and desert
dust aerosol properties was provided by Dr. Markus Fiebig (DLR/NILU). Application of this
model for the calculation of optical properties was one of the major parts of this study.
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2 Aerosol fundamentals

The following chapter gives an overview over atmospheric aerosol particles, their sources,
their life cycle, transformation and ageing. Furthermore, all equations relevant for the
processing of the experimental aerosol data and interpretation of the results are summarised.
More detailed information on aerosols is given for example in Seinfeld and Pandis (1998) or
Hinds (1999), the optical properties of aerosols are extensively described in Bohren and
Huffman (1983).

2.1 Aerosol in the atmosphere — sources, sinks and life
cycle

The atmosphere of the Earth contains significant concentrations of aerosol particles.
Although often synonymously used to denote the particles, the term aerosol refers to both, the
suspension of liquid or solid particles in a gaseous medium’. The diameters D,, of atmospheric
aerosol particles cover a wide range of sizes from a few nanometres (10 m) to some hundred
micrometers (10 m). The aerosol particles have various shapes (spherical/aspherical) and are
composed of different chemical constituents such as sulphate, ammonium, organic material,
black carbon or crustal material. The morphology and chemical composition of the aerosol
particles is mainly determined by the source of the particles, but it also contains information
on transformation processes acting on aerosol particles during atmospheric residence time.
Aerosol sources are natural and anthropogenic: the particles originate directly from emissions
of particles (primary aerosol) and by chemical reactions from the gas-to-particle conversion
by nucleation of gaseous vapours (secondary aerosol). Examples of natural primary aerosols
are wind blown dust and sea spray. Emission of soot particles from burning of fossil fuels is
an example for anthropogenic primary aerosols. Gaseous precursors of secondary aerosols
include for example SO,, organic compounds, dimethyl sulphide (DMS), H,S, as well as NOy
(NO + NO;) and NH;. Table 1 summarises particle sources and the estimated annual
emissions. Desert dust contributes to about half of the global particle emissions, with the
Sahara accounting for about 60% of the global dust emissions. Averaged over the globe,
aerosols produced by human activities, account for about 15% of the total amount of aerosols
in the atmosphere (Table 1).

Aerosol particles are traditionally divided into two size classes, the sub-micron
(Dp<1pm) and the super-micron (D,>1 pm) particles. This reflects the two major

> The term aerosol does not include cloud droplets, ice particles and rain droplets.
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formation mechanisms (secondary and primary). Both formation mechanisms strongly
overlap in the range 0.1 < D, < 1 um. Whereas particles <1 um are produced by gas-to-
particle conversion or emission, particles >1 pm can only be produced by mechanical
processes such as break-up of bulk material by wind. Atmospheric concentrations of particles
D, <1 pm generally range between 10 and 10° per cm’, whereas particles D, > 1 pm typically
occur at concentrations around 10 per cm®.

Table 1. Sources and estimates of global emissions of atmospheric aerosols (adopted from Hinds,
1999).

Source Amount / Tg yr (10° metric tons yr?)
Range Best estimate
Natural
Soil dust 1000 — 3000 1500
Sea salt 1000 — 10000 1300
Botanical debris 26 — 80 50
Volcanic dust 4 —10000 30
Forest fires 3-150 20
Gas-to-particle conversion 100 — 260 180
photochemical 40 —200 60
Total for natural sources 2200 - 24000 3100
Anthropogenic
Direct emissions 50-160 120
Gas-to-particle conversion 260 — 460 330
Photochemical 5-25 10
Total for anthropogenic sources 320 - 640 460

Once an aerosol particle is suspended in air, it is subject to processes altering the chemical
composition and the size of the particle (ageing) through condensation of vapour species on
the particle or by evaporation, by coagulation with other particles, by chemical reactions, or
by activation in the presence of supersaturated water vapour to become fog or cloud droplets.
Figure 7 (Raes et al., 2000b) summarises the microphysical processes that influence the size
and chemical composition of atmospheric aerosol particles during their lifetime.

emissions of gaseous precursors emissions of primary particles
in-cloud
reactions
— o
° —
heterogeneous reactions ﬁ ﬁ H *
condensatiori “ u coalescence
\ 4 ) )
coagulation evaporation
. » o —p % —> @ V. < »,  in-cloud
homogeneous nucleation  coagulation activation & P reactions
reactions . —
scavengin activation &
(OH, 03, No3) o hygroscopic growth .
dry deposition wet deposition +
0.001 0.01 0.1 1 10
particle diameter D,/ pm
gas molecules p a r t i c | e s cloud drops

Figure 7. Scheme of microphysical processes influencing the size and chemical composition of
atmospheric aerosol particles (adopted from Raes et al., 2000b).
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Aerosol particles are removed from the atmosphere by deposition processes (Figure 5).
During wet deposition processes the particles are first incorporated into droplets and then
transported to the Earth’s surface via precipitation. Dry deposition is the transport of gaseous
and particulate species from the atmosphere to the ground level, where they are adsorbed onto
a surface without precipitation. Within dry deposition two mechanisms are discriminated:
deposition and sedimentation. During deposition, particles are transported to surfaces as a
result of Brownian motion. Brownian diffusion is dependent on the particle size and is very
effective for ultrafine particles (D, < 0.05 um) and decreases with increasing particle size.
Sedimentation refers to the settling of particles due to gravity and increases with the square of
the particle diameter. Small particles are often not removed, but they are transformed into
larger particles, for example by coagulation. For particles in the size range 0.05 <D, <1 pm
no effective dry deposition mechanisms exist. This is the reason, why aerosol is accumulated
in this size region (Seinfeld and Pandis, 1998). Enhanced accumulation mode concentrations
are characteristic for aged aerosols. The settling of particles D, > 20 um is governed by
gravitational settling. When the particle is released in air, it quickly reaches terminal sett/ing
velocity vrs, a condition where the drag force of the air from Stokes’ law is balanced by the
gravity force. The settling velocity can be calculated easily by equating the force due to
gravity by the drag force and solving for velocity. For particles of a density ppaicie, much
larger than the density of air p,;, vrs can be approximated by the following equation (Hinds,
1999)

2
_ Pparticle 'Dp “8aCe

2.1
T 2.1)

VTS

where g, is the acceleration of gravity, # the viscosity of the air, y the dynamic shape factor
and C. the Cunningham factor, which accounts for the slip correction. The dynamic shape
factor accounts for the effect of shape on particle motion. For spherical particles, y is 1. In the
case of aspherical particles (y # 1), the equivalent volume diameter is used in Equation 2.1
(see also left panel in Figure 8). It can be thought of as the diameter of the sphere that would
result if the irregular particle melted to form a droplet. The use of C. extends the range of
application of the Stoke’s law to particles D, < 1 pm. For a particle with D, = 1 um, C, is
1.15 for a temperature 7= 293 K and a pressure p = 1010 hPa; that is, the particle settles 15%
faster than predicted without slip correction.

In general, the lifetime of particles depends on the size, the chemical composition and the
height in which the particles occur. On average, it ranges between 3-10 days. After
approximately 30 days, about 95% of the particles are removed from the atmosphere
(Andreae, 2007).

2.2 Microphysical properties of aerosol particles

2.2.1 Aerosol size distribution

The most important parameter to characterise the behaviour of aerosol particles is the
particle size. All properties of aerosol particles depend on particle size. For example, the
particle size determines together with the chemical composition the dominating removal
processes (diffusion, sedimentation), and therefore the atmospheric lifetime of a specific
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particle. Particle size is essential for extinction or scattering properties of the aerosol. If the
particle size and the concentrations of particles in a certain size range is known, every other
distribution such as volume and surface distribution can be easily be calculated, as all those
quantities are proportional to the particle size raised to a power (moment p). For example, the
surface area is proportional to Dp2 (second moment, p = 2) and the volume is proportional to
Dp3 (third moment, p = 3). Distributions of particle mass can be inferred under the assumption
of a realistic particle density. Whereas liquid particles have a spherical shape, solid particles
can have any irregular® shape. To account for irregular particles shapes, equivalent diameters
are defined. An equivalent diameter is the diameter of a sphere that has the same value of a
particular physical property as that of an irregular particle (see Figure 8). A very widely used
equivalent diameter in aerosol technology is the aerodynamic equivalent diameter Dy,
which is the diameter of a standard density sphere (1 g cm™) having the same gravitational
settling velocity vrs as the irregular particle. In contrast to the aerodynamic diameter, the
Stokes diameter Dsy is defined as the diameter of a sphere that has the same density and
settling velocity as the irregular particle.

Irregular particle Stokes equivalent Aerodynamic

sphere equivalent sphere
D, =5.0 um Dgy =4.3pm D,,, =8.6um
pparticle =4 gcm -3 pparticle =4 gcm 3 pparticle =1 gcm 3
X =1.26

vrg=0.22cms™! vrs=022cms™! vig=0.22cms™!

Figure 8. An irregular particle and its equivalent diameters (adopted from Hinds, 1999).

Atmospheric aerosols do not only occur at one specific size (monodisperse aerosol), they
contain particles of different sizes (polydisperse aerosol). Monodisperse aerosols can be
generated for example by controlled technical processes and are used for example to calibrate
optical aerosol instruments. It is quite common to subdivide the atmospheric aerosol particles
into four size classes, so called modes. The range of particles with D, <0.01 pm is called
nucleation mode, the range 0.01 <D, <0.1 um Aitken mode, and the range 0.1 <D, <1 pm
accumulation mode. The size range with D, > 1 um is named coarse mode. In connection
with air quality and health issues the particles are often classified as fine particle fraction (D,
< 2.5 um) and coarse particle fraction (2.5 pm < D, < 10 um). The term “PM” stands for
particulate mass suspended in air. PM2.5 is particulate mass with D, <2.5 um. PM10
comprises particulate mass with D, < 10 um, and it includes both, sub-micron and super-
micron particle fractions. Aitken mode particles normally dominate the particle number
concentration. Due to their small size, these particles contribute only minor to the total aerosol

% In the following the terms “irregular” and “aspherical” are used synonymously to describe non-spherical

particles.
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mass. The lack of an effective removal process in the accumulation mode leads to enhanced
particle concentrations in this size range. The accumulation mode contributes much of the
particle surface and the total aerosol mass.

The particle size distribution function describes the frequency with which a specific
particle diameter occurs. Particle size distributions are characterised by statistical means like
the diameter of highest occurrence frequency, the mean diameter or the median diameter. The
sizes of aerosol particles and their concentrations »; in a specific size range D, to D, + dD,
vary over several orders of magnitudes and the particle size distributions are highly
asymmetric exhibiting a long tail at large particle sizes. To cover all the details of the size
distribution, the size distribution is represented on a double-logarithmic scale. To describe
particle size distributions in models, it is convenient to formulate a mathematical expression
with a few adjustable parameters. The most popular expressions are the Junge power law, the
log-normal distribution and a modified gamma distribution. In this work, the size

distributions are parameterised with log-normal distributions. They are given by (Hinds,
1999)

N -
d—N(Moder): J -exp 1
legDp \/Zﬂ-logGSDj 2

2
logD, —logCMDj) 22)

log GSD;

where N; denotes the particle number concentration in mode X;, CMD; is the count median
diameter and GSD is the geometric standard deviation, respectively. GSD; quantifies the width
of the distribution, and 68% of the area below the curve is in the range CMD; = GSD;. The so
called mode parameters N;, CMD; and GSD; completely describe one mode of the aerosol size
distribution (Figure 9).

A
: o N,
- o °
;\Q 4 N Mode X ;
S GSD;
5| / X
°
°
° °
CMD . Dp/ pm

J

Figure 9. The log-normal size distribution is completely described by three parameters: the size
distribution is centred at the count median diameter CMD;; the geometric standard deviation GSD;
quantifies the width of the distribution, and N; denotes the particle number concentration in mode X;.

A combination of 3-4 log-normal distributions fits the shape of most atmospheric size
distributions quite well. The idea to represent atmospheric aerosol distributions by a
combination of log-normal distributions was raised by Whitby (1978). A very useful feature of
log-normal distributions is the fact that for any known log-normal distribution with known
CMD and GSD, any type of average diameter can be calculated by the Hatch-Choate
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equations (Hatch and Choate, 1929). All the conversion equations have the same form. The
general conversion equation for the p™ moment average of the g™ moment distribution (Hinds,
1999) is given by

(Dgn), = cMD; - eprq + g} (nGsD 1)2} (2.3)

where the constants p and ¢ depend only on the type of conversions. For example, with
Equation 2.3 the diameter of average surface area (p = 2) or average volume (p = 3) can easily
be calculated from the count mean diameter (¢ = 0). More detail about the Hatch-Choate
equations, including a list of coefficients p and g for the most common conversions, is given
in Hinds (1999).

An important parameter characterising the size distribution of an aerosol is the effective
diameter Dy introduced by Hansen (1971), which is defined by

TDP3 '”(Dp) dD,

Doy =2 (2.4)

[D,2-n(D,) aD
0

p

The effective diameter D,y differs from the mean radius by including the particle area as a
weight factor multiplying the particle size distribution n(D,,). This weight factor is introduced,
since the amount of light scattered by a particle is approximately proportional to the area of
the particle. Dy 1s a significant characterisation of a particle size distribution for describing
the scattering properties of that distribution. Satellite retrieval algorithms focus on the
retrieval of D, together with optical depth. Various definitions of D, are used with each
definition related to physically based parameters. The different definitions are summarised
and compared in a review paper by McFarquhar and Heymsfield (1998). In this work, the
definition stated in Equation 2.4 is used. The D,y can either be calculated directly from the
measured particle size distribution or, applying Equation 2.3, from the parameterised size
distributions.

2.2.2 Aerosol mixing state

The atmospheric aerosol rarely consists of a single chemical component. Generally, it is a
mixture of various constituents from numerous sources. The mixing state of the aerosol
describes the distribution of chemical species among the particles. Figure 10 depicts different
mixing states. An aerosol population is externally mixed, if each particle arises from only one
source and consists of a single material. In an internal mixture, particles contain different
components from different sources. Internally mixed particles can be formed by coagulation,
coalescence of particles in clouds or by chemical reactions on particle surfaces. Coated
particles can arise, if gaseous vapours condense on aerosol particles. This can happen for
example during long-range transport. Aged aerosol particles typically show coatings.

It is important to identify the mixing state of the aerosol, because it affects both the
microphysical and optical properties of the aerosol. For instance, hygroscopic growth and
therefore the ability of a particle to act as cloud condensation nuclei is influenced by the
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mixing state. Assuming an aerosol composed of hygroscopic and non-hygroscopic particles
illustrates the different behaviour depending on the mixing state: in an external mixture, only
the hygroscopic particles grow, whereas in an internal mixture every particle grows, if the
relative humidity is increased. A soluble coating on an insoluble particle can reduce
atmospheric lifetimes of those coated particles. Coating also changes aerosol optical
properties (e.g. Seinfeld and Pandis, 1998). In theoretical calculations Bauer et al. (2007)
showed that optical properties of coated dust particles started to differ significantly from
uncoated ones, if coating layers on the particle exceeded 20% of the radius of the dust core.
The analysis of the aerosol mixing state is a tool to investigate transformation and ageing
processes acting on an aerosol population during transport from the source region to the far

field. . O o O
“o() 0’

externally mixed internally mixed internally mixed
and coated

Figure 10. Mixing states of an aerosol composed of different chemical components. The picture on the
left shows an externally mixed aerosol, the mid picture depicts an internally mixed aerosol, and the
picture on the right illustrates an aerosol that is internally mixed and exhibits a coating.

2.3 Optical properties of aerosol particles

In the range of the visible wavelengths, the optical properties of the atmosphere are
dominated by the interaction of aerosol particles with the radiation, while the air and other
gases have only a small influence in the visible spectrum (e.g. Horvath, 1996). The optical
properties of the aerosols are important for example for visibility, and also to assess possible
impacts of aerosols on the climate system. This section summarises the basic principles of
interaction of radiation with particles. More detail including the derivation of the equations is
given for example in Bohren and Huffman (1983).

2.3.1 Definition of key quantities

The irradiance’ I is defined as the amount of energy that crosses a unit area perpendicular
to the direction of light propagation per time. It is measured in W m™>. The rate at which
energy is scattered or absorbed by a particle or gas molecule Wyeayass® is proportional to the
incident irradiance /) (Bohren and Huffman, 1983)

Wscat = Cscat 'IO and Wabs :Cabs '10 (2.5)

7 Some authors (e.g. Hinds, 1999) refer to the irradiance as the “intensity”. In this thesis both terms are
synonymously used.
¥ In this work the indices scat/abs/ext refer to the scattering, absorption and extinction of particles and gases,

while the indices sp/ap/ep refer to the particulate component only.
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where C,s and C,p, measured in mz, are the scattering- and absorption cross-sections,
respectively. The extinction cross-section C,,, can be interpreted as the “shadow area” of size
Cex, in Which the particle or molecule interacts with the radiative energy passing the particle
or molecule. This “shadow area” can be much greater, or smaller, than the particle’s
geometrical shadow. Conservation of energy requires that the light removed from the incident
beam is accounted for both, scattering and absorption. The attenuation of light along the
direction of propagation is the result of the combined effect of scattering and absorption and
is referred to as extinction. The extinction cross-section can be written as follows (Bohren and
Huffman, 1983)

Cext = Cscar + Cabs (2.6)

For particles, the dimensionless scattering efficiency Oy, refers the scattering cross-section
C, to the particle’s cross-sectional area 4, projected onto a plane perpendicular to the
incident beam (4, =nD,*/4 for a spherical particle of diameter D,) (Bohren and Huffman,
1983)

C

splaple
Qsp/ap/ep - % = er = Qsp + Qap (2.7)
D

When a parallel beam of incident irradiance /) passes through an atmospheric column of
length dL, the light is attenuated (Figure 11). The light attenuation is given by the Lambert-
Beer law (Bohren and Huffman, 1983)

E2)
~Joe-dl 2.8)
=1 0°€ a

with ¢, being the extinction coefficient. The extinction coefficient is measured in m and is
the sum of the scattering coefficient oy, and absorption coefficient g,5. The extinction
coefficient o, (and also the absorption g, and scattering coefficient oy,) can be
decomposed into contributions from gases (Gegas/sgasiugas) and particulate components (Gep/sp/ap)
in the atmosphere. The extinction coefficient o,, for an monodisperse aerosol consisting of N
spherical particles of cross-sectional area 4, is given by (Bohren and Huffinan, 1983)
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Figure 11. Extinction by a collection of particles (adopted from Bohren and Huffiman, 1983).
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The treatment of scattering by an ensemble of particles consisting of different sizes and
concentrations is very complicated (Seinfeld and Pandis, 1998), unless the average distance
between the particles is large compared to the size of the particles. In this case, scattering by
an ensemble of particles can be treated as the sum of the scattering by the single particles.
This assumption is satisfied even for particle concentrations (D, =1 um) of 10° cm™, which
only occur in heavily polluted areas. For an ensemble of different-sized particles with a
number size distribution function n(logD,) = dN/dlogD,, the extinction coefficient o, of the
particle population is given by the following equation (Seinfeld and Pandis, 1998)

2 7D’ dN
p
o=, -er(Dp)-—dlogD dlogD, (2.10)
p

—00

Again, similar expressions can be written for the scattering oy, and the absorption

coefficient o,, of a particle population. Note the wavelength-dependence of the

scattering/absorption/extinction cross-section and efficiency, and the
scattering/absorption/extinction coefficient.

The fraction of light extinction that is scattered is called the single-scattering albedo @y
and is also dependent on the wavelength. For demonstration, the wavelength-dependence is

written explicitly in the equation defining the single-scattering albedo (Bohren and Huffman,
1983)

Osp (ﬂ') Osp (ﬂ“)
Ay 7y R oy

The single-scattering albedo wy is a key parameter for the assessment of the direct radiative
effects of aerosols on the climate. It determines whether an aerosol causes a negative radiative
forcing (wp > 0.95; cooling) or a positive radiative forcing (wp < 0.85; warming) in the
atmosphere. Depending on the albedo of the underlying surface and the altitude of the aerosol
layer, a change in wy from 0.8 to 0.9 can change the sign of the radiative effect (Hansen et al.,
1997).

2.11)

The dimensionless quantity aerosol optical depth AOD describes the integrated extinction
of an aerosol layer extending from z; to z, (Seinfeld and Pandis, 1998)

Z
AOD(2)= [0, (A)dz (2.12)

Z]

The AOD of tropospheric aerosol layers ranges without clouds from less than 0.05 in pristine
environments to close to 1.0 near sources of intense emissions such as forest fire plumes and
can exceed 2 in intense dust storms. The AOD is the main product which can be derived from
satellite sensors.

As most of the aerosol types do not absorb at infrared wavelengths, aerosol layers have a
tendency to be relatively transparent at infrared wavelengths. This is why radiative effects of
aerosols on the energy balance of the Earth are more or less confined to the solar and visible
region of the spectrum. However, this is not the case for desert dust particles due to their large
sizes. Depending on the underlying surface and the presence or absence of clouds, dust
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forcing at solar wavelengths can be either positive or negative. However, it is always positive
at infrared wavelengths (e.g. Sokolik et al., 1998)

2.3.2 Scattering and absorption by particles

The interaction of electromagnetic radiation with particles gives rise to a number of
spectacular atmospheric effects, like coloured sunsets or rainbows, but it can also cause
reduced visibility. Electromagnetic radiation that impinges on a particle excites electrical
charges in the particle to oscillatory motion. A particle scatters light, when the excited electric
charges reradiate energy in all directions. A particle absorbs light, when (parts of) the excited
electric charges are converted into thermal energy. The type of interaction of particles with
radiation depends on the wavelength A of the incident radiation, the size, chemical
composition and shape of the particle. The interaction of radiation can be divided into three
regimes with aid of the size parameter x (Bohren and Huffman, 1983)

7-D
xX= p
A

(2.13)

Rayleigh scattering regime: x << 1

Is the particle small compared to the wavelength of the incident light, Rayleigh scattering
takes place. The light is scattered symmetrically into the forward and backward direction (see
Figure 12), almost regardless of the particle shape. With respect to the visible spectrum of
light, particles with D, < 0.1 um are in the Rayleigh regime. The radiation scattered by a
sphere which is small compared to the wavelength is proportional to 1. As a consequence
light of short wavelengths is scattered more efficiently than light of longer wavelengths.
Rayleigh scattering of the incident solar radiation by molecules and small particles in the
atmosphere is responsible for example for the bluish colour of the sky. In the evening, when
the path of the light through the atmosphere grows, the blue components are scattered out of
the line of sight causing reddish sunsets.

6, = 90°
H Rayleigh scattering

incident radiation =gy g = 180° :>I<:

| —

f
incident radiation ey 9 = 180° “ :>C
!

6, = 90°

Mie scattering

Figure 12. Angle-dependent distribution of scattered light for the Rayleigh (top) and Mie (bottom)
regime. In the Rayleigh regime, the light is scattered symmetrically into the forward (6 = 0°) and
backward direction (6 = 180°), whereas in the Mie regime with increasing particle size the scattering

more and more peaks in the forward direction.
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Mie scattering regime: x ~ 1

Gustav Mie developed in 1908 a mathematical theory with which the optical behaviour of
spherical particles of about the same size of the wavelength of the incident radiation is
described. Mie theory allows the exact calculation of scattering Cj.,, and the absorption cross-
sections Cgps for any spherical particle by solving the electromagnetic wave equations for a
spherical boundary. Numerical Mie codes are wide spread, the Mie code used in this work
(see Section 3.3.7) is based on the Bohren and Huffman (1983) Mie code for the treatment of
spherical particles and the Toon and Ackerman (1981) Mie code for the treatment of coated
spheres (see Section 3.3.7, p. 78). The interaction of non-spherical particles with radiation can
be approximated with Chebyshev particles or calculated exactly by the T-matrix method (e.g.
Mishchenko, 1990; Borrmann et al., 2000). In contrast to the Rayleigh regime, where
scattering is strongly dependent on the wavelength, in the Mie regime almost all wavelengths
are scattered with similar intensity. Scattering of particles in the Mie regime is mostly
responsible for the reduction of visibility in the atmosphere. Particles in the range between
0.1 <D, <1 um scatter light most efficiently. This can be illustrated by an examination of the
mass-normalised extinction as a function of particle size (Figure 13).
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Figure 13. Mass scattering efficiencies Ey . (A = 550 nm) of homogeneous spheres of (NH,),SO,,
NH/HO:;, carbon, and silica (adopted from Seinfeld and Pandis, 1998).

Geometric scattering regime: x >> 1

For particles much larger than the wavelength of the incident light, scattering can be
described by geometric optics of reflection, refraction and diffraction. In this regime,
scattering is strongly dependent on the size and the orientation of the particles relative to the
incoming beam of light. Atmospheric phenomena like rainbows or halos are described with
geometric optics.
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Whereas all particles scatter light, only particles consisting of some fraction of absorbing
substances absorb light. The complex refractive index m (Bohren and Huffman, 1983)

m(A)=n(A)+i-k(2) (2.14)

describes the optical properties of the particle relative to the surrounding medium and is a
function of the wavelength. Both, the real part » and the imaginary part & of the refractive
index are determined by the chemical composition of the particle. For non-absorbing
particles, k is zero, while for absorbing particles k is larger than zero. Table 2 summarises
refractive indices for substances contained in forest fire and desert dust aerosols. Usually, the
refractive index m is normalised to the refractive index of the surrounding medium. Since the
surrounding medium of atmospheric aerosol particles is air, which has an refractive index of
unity, the normalised refractive index and that of the particle are quasi identical. Often,
particles are composed of multiple components. The refractive index of multi-component
particles commonly approximated by an effective medium mixing rule (Ackerman and Toon,
1981; Ouimette and Flagan, 1982; Chylek et al., 1988) under the assumption that the particle
is a homogeneous mixture of the single components. Applying this approximation, the real
and imaginary part of the refractive index for particles composed of j components can be
calculated as a linear combination of the refractive indices of the individual components /
weighted by their volume fraction f;

J J
n=>yn-f and k=>k-f (2.15)
=1 =1

For example, applying Equation 2.15, the refractive index ;. for an aerosol composed of
quartz (fgua- = 0.6955), haematite (fhuemasr = 0.0045) and kaolinite (fiuosinie = 0.3) 1is
Mmixture = 1.5597 +0.004 1.

Table 2. Refractive indices of atmospheric substances at . = 550 nm.

Substance n k Source

Water 1.333 0.0000 Shettle and Fenn (1979)
H2S04 1.430 0.0000 Shettle and Fenn (1979)
(NH4)2S04 1.530 0.0000 Shettle and Fenn (1979)
black carbon 1.965 0.6350 Ackerman and Toon (1981)
quartz 1.543 0.0000 Sokolik and Toon (1999)
haematite 3.315 0.4882 Sokolik and Toon (1999)
kaolinite 1.572 0.0064 Arakawa et al. (1997)

Light scattering by particles can be divided into three groups: elastic scattering, quasi-
elastic scattering and inelastic scattering. During quasi-elastic scattering processes, the
wavelength shifts due to Doppler effects and diffusion broadening, while during inelastic
scattering processes the emitted radiation has another wavelength than the incident radiation.
Inelastic scattering processes include Raman scattering and fluorescence. For the interaction
of solar radiation with aerosol particles, only elastic scattering processes are of relevance.
When a beam of light is scattered elastically, the wavelength of the scattered light stays the
same as that of the incident beam. The direction of the scattered light, however, can differ
from the incident direction. The angle between the incident and the scattered beam is called
scattering angle 0,. If the light scattered into the forward direction (6 < 7/2) it is referred to as
forward scattering, whereas the backscattered light refers to range 6; > m/2. The angular

28



2.3 OPTICAL PROPERTIES OF AEROSOL PARTICLES

distribution of the light scattered by a particle at a given wavelength depends on the number
of excited normal modes.

The (scattering) phase function Py (6, x, m) describes the angle-dependent scattering of
light impinging on a particle (Seinfeld and Pandis, 1998)

Ry(eij’m):ﬂ- [(9S=x>m)
[1(6y)-sin 6, a6, (2.16)
0

With increasing particle size, the directional asymmetry of the scattering phase function
becomes more pronounced (see Figure 12), and the scattering peaks more and more in the
forward direction (Mie theory). The directional asymmetry of the scattering with its forward
peak is the reason why visibility is decreased if one looks in the direction of the sun.

The asymmetry parameter g describes the irradiance-weighted average of the cosine of the
scattering angle (Seinfeld and Pandis, 1998)

T
[cos 6 -1(6;)-sinb; db,
0

cosé, - P(6)-sin; dé, (2.17)

1
7 2
[1(65)-sin 6y db,

0

g:

N | —

O

For g = 0, the light is scattered equally in all directions, forward and backward; for g = 1, the
light is scattered completely into the forward direction (at 8y = 0°), whereas for g = -1 all the
light is scattered backwards (at 8; = 180°).
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3 Methods

The data used in this study for the assessment of aerosol microphysical and optical
properties and their impacts on the atmosphere, were acquired from a (large) range of
instruments. All instruments were operated on board the Falcon 20-E5 research aircraft of the
DLR providing a unique, vertically and horizontally high resolved data set on properties of
forest fire and desert dust particles. A high quality data set requires several conditions, an
excellent preparation/calibration of the instruments, a data quality assurance procedure,
favourable weather conditions during a field experiment and the combination of measurement
data and model calculations. This chapter not only describes the measurement methods, the
transfer functions of the various aerosol in-situ instruments, and the two field experiments
ITOP 2004 and SAMUM 2006, it also shows the results of the work done within this thesis to
ensure high data quality of all experimental data. Since the instrumentation and the
measurement concept used during ITOP and SAMUM differed significantly, a separate
section summarising the differences between both field studies is added.

3.1 Aerosol measurements aboard the Falcon research
aircraft

This sub-section provides an overview over the individual aerosol in-situ instruments and
measurement techniques including a short description of the measurement platform, the
Falcon 20-ES5 research aircraft. Since the size of aerosol particles extends over several orders
of magnitude, different measurement techniques (condensation, deposition, electrical
mobility, light scattering and light transmission) are required to completely cover the relevant
particle size ranges. The combination of all instruments covers the whole aerosol size range
from smallest particles in the nucleation mode (D, ~ 4 nm) up to coarse mode particles in the
far super-micron size range (D, ~ 100 pm), the non-volatile aerosol in the sub-2.5 um size
range and the spectral absorption coefficient.

3.1.1 The DLR research aircraft Falcon 20-E5

The meteorological research aircraft Falcon 20-E5 (D-CMET) has been operated by the
DLR for more than 20 years. For the realisation of various in-situ and remote sensing
instruments, the aircraft has been modified. Three large optical windows (diameter 40 cm) at
the bottom and in the ceiling for optical measurements and a number of holes were built in the
fuselage in order to draw air into the cabin to analyse it with numerous instruments.
Furthermore, four wing-pods were added for the operation of the optical spectrometers like

31



CHAPTER 3. METHODS

PCASP-100X, FSSP-100 and FSSP-300, and cloud measuring instruments. Figure 14 depicts
the Falcon during a scientific flight mission. On top of the fuselage the aerosol inlet and two
trace gas inlets are visible. The optical spectrometers PCASP-100X FSS-300 and FSSP-100
are mounted under the wings. Multiple sensors are located in the front part for the
measurement of meteorological parameters like static pressure, temperature and humidity
(“Falcon standard instrumentation”). In addition, the aircraft is routinely equipped with a data
acquisition system to measure the aircraft position (altitude, longitude, and latitude). The
Falcon has a maximum take-off mass of 13.8 t and can carry a payload of 1100 kg. The
absolute ceiling is 42000 ft. The flight time is limited to 4 h. The Falcon cruises on average
with a speed of approximately 200 ms™.

s

meteorological
measurements

aerosol inlet

trace gas inlets

High Spectral
Resolution Lidar

DLR Falcon 20-E5

FSSP-300 max. altitude: 42.000 ft
max. endurance: 4 h

PCASP

Figure 14. The Falcon 20-E5 research aircraft. The aircraft was highly modified for the realisation of

various in-situ and remote sensing measurements (photo: A. Minikin).

During ITOP and SAMUM the Falcon served as an excellent measurement platform
allowing the horizontal and vertical probing of forest fire and desert dust aerosol layers.

3.1.2 Condensation Particle Counter (CPC)

A Condensation Particle Counter (CPC) is a single-particle counting instrument, which
provides the integral particle number concentration N above a certain cut-off diameter D), 59¢;.
Sub-100 nm particles are too small for detection by light scattering, but these ultrafine
particles can initiate droplet formation in a supersaturated environment by the Kelvin-effect.
A CPC uses a condensation technique to enlarge sub-100 nm particles to sizes that can easily
be detected by optical methods (Figure 15). The aerosol sample first passes through a
chamber with saturated vapour (e.g. water, n-butyl alcohol”), where the sample is saturated
with a condensable vapour. Then the aerosol sample is cooled down by about 20-30 K in the
condenser. Due to the decrease in temperature, a supersaturated environment evolves and the
vapour starts to condense on the particles (heterogeneous condensation). This process grows

? The working fluid in the DLR CPCs is n-butyl alcohol.
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the particles to optical detectable sizes that are detected by light transition measurement. The
saturation ratio S determines the minimum detectable particle diameter D,, 50050 via the Kelvin
equation (Hinds, 1999)

46 fuia M fia
R'Tcond'pﬂuid ‘In§

3.1)

D, 509% =

where opia, Mpyia, R, Teona and ppuiq are the surface tension and the molecular weight of the
condensing fluid, the gas constant, the temperature in the condenser and the liquid-phase
density. The supersaturation that is required for the formation of droplets depends on the
working fluid, and the saturation ratio is controlled by the temperature difference 47 between
the saturation and the condensation path. An increased A7 causes a higher supersaturation
resulting in a decreased minimum detectable diameter D), 5po;. In the DLR CPC system A7 can
be varied between 6 and 30 K, which corresponds to lower cut-off diameters of 4-20 nm.
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Figure 15. Functional principle of a condensation particle counter (CPC). Supersaturation is
achieved by diffusive cooling.

As the saturation ratio is not exactly constant over the whole condensation path, the
minimum detectable diameter is not a sharp boundary, but an s-shaped function. According to
Banse et al. (2001) the CPC transfer function Trcpc(D,) can be described by a sigmoidal

function
-1
Dp—Dy )
a—b-|1+exp T ; D,2Dy

2

Trepe D, )= (3-2)

0 ; Dp<D0

with Dy = D, In(b/a-1) + D;. The parameters a, b, D; and D; are fitting parameters. The CPC
transfer function can be determined experimental. Figure 16 shows the theoretical calculated

' The minimum detectable diameter D, sps;refers to the diameter with 50% counting efficiency.
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(lines) and measured transfer function of CPSA"! (symbol) module 1 for different minimum
detectable diameters D), s59¢; (adopted from Stein, 2000).

100 ———7—+———7——— 71— 7T T

50 |-

counting efficiency | %

25

0 5 10 15 20 25 30 35 40
Dp / nm

Figure 16. Transfer functions of CPSA module 1 for different saturation ratios achieved by different
temperature settings (adopted from Stein, 2000). An increased temperature difference AT shifts the
minimum detectable diameter with 50% counting efficiency D, 5o, to smaller particle diameters.

A CPC is capable of detecting very high particle concentrations (N > 10 000 cm™). The
factor limiting the detection of particle concentrations N > 10 000 cm™ is coincidence, which
means that two particles appear simultaneously in the optical field, but only one particle is
counted. Furthermore, the supply of condensable vapour in the saturator is limited. That is, for
high concentrations not every particle can grow to detectable sizes. The particle number
concentrations can be corrected for coincidence losses with the following equation

Natmos — NCPC . e(Natmos'qCPC'tpulse) (33)
In Equation 3.3, Nymes and Ncpe are the number concentration in the atmosphere and the
number concentration shown by the CPC, respectively. The parameter gcpc denotes the flow
rate through the CPC and #,,. refers to the time needed to count one particle. Nymos in the
exponent of Equation 3.3 can be approximated by Ncpc (CPC manual). For particle
concentrations of about 10 000 cm™, the atmospheric concentration is about 7% higher than
the indicated concentration.

The accuracy of a CPC depends crucial on a constant flow rate through the system,
because the CPC counts the number of particles that pass a photodetector in a second. These
counts per second can be converted to number concentrations, if the flow through the system
is known. The flow through the CPC can be tuned very precisely with a critical nozzle.

" The Condensation Particle Size Analyser (CPSA) is a self-build combination of four CPCs, operated on
different cut-off diameters.
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Critical nozzles make use of the following effect: if the pressure upstream of a nozzle is more
than two times the pressure downstream of the nozzle, the gas is accelerated to sonic speed at
the narrowest part of the nozzle. As sonic speed can not be exceeded in the flow, the volume
flow through the system stays constant, even if pressure rises.

On board the Falcon research aircraft, a set of six CPC instruments is operated on different
cut-off diameters D, 50, (€.g. 4 nm, 10 nm, 20 nm) and provides very high resolution data
(1 Hz) of ultrafine particle number concentrations.

3.1.3 Diffusion Screen separators (DS)

Ultrafine particles in the size range between 20 and 100 nm are commonly measured by a
differential mobility analyser (DMA; see Section 3.1.4, p. 37). However, the DMA needs
about one minute for a complete scan. Therefore, a faster sizing measurement method is used
to provide data with high time resolution in the size range between 20 and 100 nm. As the
minimum detectable diameter can only be shifted to particle diameters of approximately
D,, 500 < 20 nm for the commonly used working fluid n-butyl alcohol (e.g. Brock et al., 2000;
Stein et al., 2001), the CPCs are combined with Diffusion Screen separators (DS)
(Feldpausch et al., 2006). DS are similar to a single stage of a screen-type diffusion battery.
The application of diffusion batteries is reviewed by Knutson et al. (1999). A DS consists of a
set of metallic meshes, which offer a surface for particle deposition (Figure 17).

flow direction

>N N

y

/ 4 O d -
entrance cone / ‘ exit cone
screens
O-ring O-ring
spring  disk bushing

Figure 17. Schematic diagram of a diffusion battery (left panel) and microscopic image of a single
screen (right panel).

Particles are deposited due to their diffusion coefficients on the meshes. The deposition
efficiency is a function of the particles size, with small particles being deposited most
efficient. The removal of small particles from an aerosol sample by a DS can be described by
the theory of particle deposition on fibres or wires. The fraction of particles of a given size
penetrating a fibrous filter is described by the penetration P of the filter. The deposited
fraction is then 1 — P. The penetration P (Cheng and Yeh, 1980) can be expressed as follows

4-ay-Es -1
P= _
exp( 7z~(l—as)-Df} (3.4)
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where a, ¢y and Dy is solidity volume fraction of the filter material, the thickness of the filter
or mesh, and the single-fibre diameter. Ex is the total single-fibre efficiency concerning
particle removal. Particles are deposited on a fibre by interception (E£r), impaction (£;),
diffusion (Ep), gravitational sedimentation (E), and electrostatic attraction (£,) and enhanced
diffusion (Epr) due to interception of diffusing particles. All these mechanisms are expressed
by the total single-fibre efficiency Es. More details on deposition are given in Hinds (1999)
and Feldpausch et al. (2006).

The validity of this penetration theory was originally tested for standard pressure
conditions. Feldpausch et al. (2006) showed that the diameter with 50% penetration shifted to
from 45 nm at 950 hPa to 100 nm at 200 hPa for a DS containing 3 screens. Their calibration
experiments revealed that the theory of diffusion deposition can be extended from standard
conditions down to pressure levels of 200 hPa. Feldpausch et al. (2006) concluded that
combined DS-CPC systems can be applied for airborne measurements of upper tropospheric
aerosol size distributions. To obtain the transfer function 77ps of a combined DS-CPC system
(Feldpausch et al., 2006), the penetration P has to be multiplied by the corresponding transfer
function of the CPC (see Equation 3.2, p. 33)

TI"DS :P'TFCPC (35)

The penetration depends on the number of used screens and therefore determines the lower
cut-off diameter of the combined DS-CPC system. An increasing number of screens in the DS
shift the lower cut-off diameter to larger particles. Figure 18 presents transfer functions for
combined DS-CPC systems with different numbers of screens. In the Figure 18, DS#1, DS#2
and DS#3 contained 3, 10 and 17 screens, respectively.

100 I . . . |
CPSA#2 CPSA#1
CPSA#3 N\_ _\ ... i
cpsara SN ]
------------- dem e e e T
sp Ny

[DS-CPCl#2
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50
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25
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Figure 18. Transfer functions for a combined DS-CPC system (adopted from Feldpausch et al., 2006).
An increasing number of screens in the DS shifts the lower cut-off diameter to larger particles.
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3.1.4 Differential Mobility Analyser (DMA)

A Differential Mobility Analyser (DMA) is based on the electrostatic classification of
aerosols. During the classification process, the particles are separated into size classes
according to their electrical mobility Z, which is a function of particle size D, (Hinds, 1999)

_ n,-e-C,
—3-72-77‘Dp (3.6)

where n. denotes the number of elementary units of charges e (1.6:10™" C) of an electron, C,

is the Cunningham factor and # is dynamic viscosity. The electrical mobility is measured in
2 -1

m”(Vs) .

The improved DMA introduced by Knutson and Whitby (1975b;1975a) consists of a
coaxial cylinder condenser with two inlets and two outlets. Figure 19 sketches a DMA.
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Figure 19. Schematic diagram of a differential mobility analyser (adopted from Hinds, 1999).

The aerosol sample passes through an impactor which removes particles larger than 10
um. To ensure a fixed percentage of particles carrying one unit charge, the particles pass a
bipolar charger. After the neutralisation process, an equilibrium state is obtained, with a
known percentage of particles carrying no charge, a single charge and multiple charges,
respectively. The neutralised aerosol is then drawn into the classifier with the flow rate gue o501,
where it surrounds as a thin aerosol layer the annular flow of clean air (flow rate ggneqn). The
flow of clean air forces the aerosol to flow downward close to the outer wall of the condenser.
As the aerosol flows downward into the classifier, the electrical field in the condenser attracts
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charged particles from the aerosol layer, forcing them to move across the clean air flow to the
central rod. Particles with high electrical mobility deposit at the central rod before reaching
the exit slot, particles with low electrical mobility are carried out with the excess air flow
(flow rate gexcess). Only particles in a narrow range of mobility can enter the exit slot and are
detected with a CPC. The probability that an aerosol particle of mobility Z which enters the
classifier can leave via the exit slot is given by the transfer function 7r(Z). The transfer
function can be obtained from particle trajectory analyses (for more detail see Knutson and
Whitby, 1975b). Knutson and Whitby (1975b) derived a trapezoidal transfer function with a
relative half-width of querosoi/qshearn from particle trajectory analyses. Roth et al. (1989) showed
that a Gaussian transfer function better fits the monodisperse aerosol leaving a DMA.

The aerosol size distribution can be derived from the number concentration of classified
particles N, in the output aerosol (Reischl, 1991). The effect of the multiple charged particles
can be neglected for particles smaller 0.2 um (see DMA manual). For single-charged particles
and a narrow transfer function, the number of classified particles is given by the following
equation

NcZTFCPC(Dp)'a(Dpa”e=1)‘M"P(D dN

) e——
9 sheath P d log D p Dp

(3.7)

where Trcpe 1s the transfer efficiency of the connected CPC (see Equation 3.2) and
a(D,, n.= 1) the fraction of single charged particles. ¥(D,) represents the influence of the
Cunningham slip correction factor on the resolution of the DMA. ¥(D,) approaches 0.5 for
D, — 0 and 1.0 for D, — . The DMA selected aerosol is mainly singly charged and nearly
monodisperse. By stepping through different voltages, particles with different sizes can be
selected due to their electrical mobility. With this procedure a particle size distribution can be
obtained. The DMA works best for particles in the size range 0.01 < D, < 0.2 um (Hinds,
1999). In the DLR configuration, a several size steps take about one minute. The geometric
design of a DMA determines the size range that can be detected and the aerosol flow rates
with which the DMA can be operated. The properties of the resulting size distribution of the
classified aerosol can be described with the DMA transfer function (Reischl, 1991). One
important application of a DMA is the generation of monodisperse test aerosols of a known
size. This is needed for the calibration of optical spectrometers like PCASP-100X or FSSP-
300 (see Section 3.1.5., p. 38fY).

3.1.5 Optical particle counters (OPC)

The DLR uses a number of optical particle counters (OPC), which are described in more
detail in the following sections. OPCs operate on the principle of light scattering and provide
particle size distributions in a certain size range from the intensity of the scattered light. The
scattered light is a function of the particle size. The intensity of the scattered light seen by the
spectrometer is determined by the instrument-specific scattering cross-section Cs.q, opc, Which
is a function of particle size, refractive index and particle shape. The instrument-specific
scattering cross-section can be calculated adopting Mie theory for several refractive indices.
OPCs use a laser to illuminate a volume in an aerosol flow. As the particles pass through the
laser beam they scatter light in all directions. Some of the light is collected and focussed on a
photodiode. The particles are sized into different channels by comparing the peak amplitude
of each pulse to preset voltage thresholds. The count is assigned to the channel which upper
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and lower thresholds include the measured pulse height value. The OPCs used at the DLR
only collect the light scattered through a certain solid angle in the forward direction. The
restriction of the measurement to the forward scattered light is chosen to minimise the
influence of the particle shape and the refractive index on the scattering properties of the
particle (e.g. Mishchenko et al., 1997).

3.1.5.1 Forward Scattering Spectrometer Probe (FSSP-300)

The FSSP-300 is designed to measure particle size distributions from 0.3 to 20 pm
(depending on the refractive index; for example, the upper detection limit shifts to larger
particle sizes for absorbing particles). The operating principles for the FSSP-300 are
described by Baumgardner et al. (1992). The scattering cross-sections are divided into 31 size
classes (channels) with a higher resolution for smaller sizes. Particles are classified by the
amount of light that is forward-scattered into the optics aperture during the particle interaction
with a focused helium-neon laser (A = 632 nm). Figure 20 illustrates the optical path of the
FSSP-300. The laser beam is focussed to a small diameter at the centre of the inlet and
impinges on the particles in the incoming aerosol flow. On the opposite site of the inlet a
“dump spot” is situated on the prism. The “dump spot” blocks the main beam, while the
forward scattered light enters a beam-splitting prism. The “dump spot” on the prism defines
together with the lenses a collection angle from approximately 3-15° for the scattered light.
The scattered light is divided into two components by a beam splitter and each is then
detected by a photodetector. One photodetector is optically masked so that it receives the
scattered light only when the particle passes to the centre of the beam = 0.5 mm. Particles that
fall outside that area are rejected when the signal from the unmasked detector exceeds that
from the masked detector.

50 0r 55 mm Collecting Lens

Masked Aperture
Photodiode Pre-Amp gump 6328A Spike Filter 3
pot I — \

< :EE e
Signal Photodiode 503’?_\‘_‘“
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0 60 mm Condensing Lens
\< %5"
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Figure 20. Optical path of the FSSP-300 (http://www.eol.ucar.edu/raf/Bulletins/B24/ fssp300.html).

From the scattered light intensity, the particle size can be determined on the basis of the
Mie theory, which relates the scattered light intensity to the particle size. Figure 21 shows the
instrument specific scattering cross-section (Cscq;, rssp-300) for three different refractive indices
and illustrates how the scattered light varies with particle diameter. The scattering cross-
section at the channel boundaries is marked by the grey horizontal lines. The particle
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diameters at the lower and upper boundary of each channel vary according to the used
refractive index. It is obvious from Figure 21 that the scattering cross-section at the channel
boundaries Cpounq 1 Of a channel / can be ambiguous. To avoid errors in the interpretation of
the data due to these ambiguities, adjacent channels, whose channel boundary is intercepting
Cscar, Fssp-300 several times, have to be grouped to one channel (secondary channels). For
example, in the case of ammonium sulphate particles, the primary channels 7, 8 and 9 are
grouped to one secondary channel. The grouping of primary channels to secondary channels
and the related particle diameters at the channel boundaries are listed in Table 3 for
ammonium sulphate. Similar tables exist for other chemical substances and constitute the
basis for the data analysis of FSSP-300 data.

Table 3. Grouping of primary channels to secondary channels for ammonium sulphate (m = 1.53 + 0i)
particles. The first row shows the secondary channels, which result from the grouping of primary
channels (second row). The third and fourth (fifth and sixth) row depicts the particle diameter D, and
their uncertainties at the lower (upper) boundary of channel i.

Secondary Primary channel D, at lower Standard D, at upper Standard
channel i k boundary of deviation boundary of deviation
channel // ym channel // um

1 1 0.356 0.009 0.436 0.014
2 2 0.436 0.014 0.477 0.012
3 3 0.477 0.012 0.517 0.013
4 4 0.517 0.013 0.574 0.025
5 5 0.574 0.025 0.636 0.018
6 6 0.636 0.018 0.682 0.021
7 789 0.682 0.021 1.291 0.303
8 10 1.291 0.303 1.605 0.023
9 11 1.605 0.023 1.631 0.027
10 1213141516 1.631 0.027 5.812 1.134
11 1718 19 5.812 1.134 10.108 1.581
12 202122 10.108 1.581 13.982 0.879
13 232425 13.982 0.879 17.405 1.564
14 262728 17.405 1.564 24.018 2.015
15 293031 24.018 2.015 34.631 2.836

Besides the FSSP-300, another FSSP-type spectrometer is operated at the DLR: the
FSSP-100. The optical path of the FSSP-100 is identical with that of the FSSP-300. In most
cases, the FSSP-100 serves as a backup instrument to the FSSP-300. It is capable of
measuring particles up to an upper limit of 100 um, instead of 20 um in the case of the
FSSP-300.

3.1.5.2 Passive Cavity Spectrometer Probe (PCASP-100X)

The passive cavity spectrometer probe (PCASP-100X) is designed for the measurement of
particles in the size range between 0.1 and 3 pm. The diagram in Figure 23 depicts the optical
path of the PCASP-100X. A helium-neon laser (4 = 632 nm) is focussed on the incoming
aerosol flow. Particles that encounter this beam scatter light in all directions, some of which is
collected by a mirror over angles from 35-120°. The collected light is then focussed on a
photodetector and classified into one of fifteen size channels. The classification of the
particles works similar as described for the FSSP-300. Figure 22 illustrates how the scattered
light intensity varies with particle diameter for different refractive indices. The particle size
distribution can be derived from the scattered light intensity on the basis of the Mie theory,
similar as shown in detail for the FSSP-300.
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Figure 21. Theoretical response function of the FSSP-300 instrument for three refractive indices
(courtesy: M. Fiebig).
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Figure 22. Theoretical response function of the PCASP-100X instrument for three refractive indices.
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Figure 23. Optical path of the PCASP-100X.

3.1.5.3 Grimm OPC, model 1.109

The operating principle of the Grimm instrument is similar to those described for the
FSSP-300 and the PCASP-100X. The Grimm OPC records the scattered light at 90° scattering
angle with an aperture angle of 30°. The collected light is then classified into one of 31 size
channels. Figure 24 shows the optical path within the Grimm instrument.

C;;l detector J

Figure 24. Optical path within the Grimm instrument.

The Grimm OPC allows the measurement of particles in the size range 0.25-32 pm.
However, operated on board of the Falcon aircraft, the Grimm OPC is used for the
measurement of the particle size distributions in the size range 0.25-2.5 pm. The limitation to
an upper size of 2.5 um is due to the aerosol inlet, which allows only particles < 2.5 um to
enter the aircraft (see Section 3.1.8).

3.1.6 Particle Soot Absorption Photometer (PSAP)

The Particle Soot Absorption Photometer (PSAP) provides filter-based real-time
measurements of absorption by particles. The aerosol is drawn through a filter, while the
decrease of light transmission through the filter is monitored. From the light attenuation, the
absorption coefficient gy can be derived by applying the Lambert-Beer law (e.g. Weingartner
et al.,2003)
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A (1
o =—In| L=AL
0=7 { p J (3.8)

where V is the volume of air drawn through the sample spot 4 during a certain period of time
At. I, 4, and I, is the filter transmittance before and after the time period 4¢. To obtain a final
value for the absorption coefficient, a number of corrections have to be made to the PSAP
measurements. These corrections have been described in more detail in Bond et al. (1999).

Changes in transmission due to an increasing filter-load are corrected internally in the
PSAP by the following equation

o0

O pSAPout =
2-(

0.5398-1’;A’+0.355j (3-9)
t

The presented calibration is only valid, if filter transmission (/.4/1;) 1s larger than 0.7 (Bond et
al., 1999). For comparison, for an unloaded filter the filter transmission is 1.

Inaccurate assumptions on the flow rate and spot size can result in significant errors. To
avoid these errors the absorption coefficient needs to be corrected for these effects. Though
the flow rate through the PSAP gps4p is recorded continuously, Bond et al. (1999) found an
error in the internally measured flow rate up to 20%. They suggest to measure the flow gueas
directly with a high precision flow meter and to derive the flow correction factor as follows

1 fiony = SAP. (3.10)

meas
The PSAP is recording the volume flow with a mass flow meter. If the PSAP is operated
at other conditions than standard conditions, for example on an aircraft, the flow has to be
converted from standard conditions (STP; 273.15 K, 1013 hPa) to ambient conditions, by
multiplication with the following conversion factor fs7p

V. T

fo = stp__ “sip_ Pamb
STP

Vamb — Tamb Pstp

(3.11)

In this equation Vi, Tsp, Psips Vambs Tamb, Pamp denote volume, temperature and pressure at
standard conditions (273.15 K, 1013 hPa) and volume, temperature and pressure at ambient
conditions, respectively.

As each PSAP instrument has a slightly different spot size due to small differences in
fabrication of the filter holder, the spot size for each individual PSAP differs from the
reference instrument. To account for these differences, the spot size diameter 4,,.,s can be
measured and used to correct the spot size Apssp of the reference PSAP calibrated by the
manufacturer

2
Ameas. J (3.12)

Apsap

fspot = [
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Bond et al. (1999) estimated the total uncertainty of the corrected PSAP measurements at
60s averaging time and typical atmospheric levels to ~15%. Using all described corrections,
the adjusted PSAP absorption coefficient is given by the following equation

Oadj = O PSAPout 'fspot 'fﬂow 'fstp (3.13)

As both, scattering and absorption are contributing to a decreased light transmission, the
PSAP derived absorption coefficient 0,4 overestimates absorption by 20-30% and therefore
needs to be corrected for scattering. A simple empirical model for scattering correction is
proposed by Bond et al. (1999). They assume that the instrument response is a linear function
of both, the absorption coefficient o,, and the scattering coefficient oy,

Oadj = K “Ogp +Ky “Ogp (3.14)

In a number of tests Bond et al. (1999) derived a value of 0.02 = 0.02 for K;, and a value of
1.22 £ 0.11 for K. The derived values for K; and K, are appropriate for correcting the PSAP
absorption, if the single-scattering albedo y is larger than 0.80-0.85 (Sheridan et al., 2005).

For absorption measurements on board the Falcon two types of PSAP were used: the
original PSAP (1-A-PSAP), which is operated at a single wavelength (4 = 567 nm) and an
extended PSAP (3-A-PSAP) modified to measure at three wavelengths, namely 467 nm, 530
nm and 660 nm (Virkkula et al., 2005). The 3-A-PSAP allows a determination of the
wavelength-dependency of the absorbing component.

3.1.7 Thermal Denuder (TD)

A Thermal Denuder (TD) removes volatile/semi-volatile particles and precursors from an
aerosol sample, leaving only the solid components. The volatilisation tube is a simple but
effective technique (Clarke, 1991). The TD consists of a heated tube which heats the aerosol
probe to a preset temperature (0 to 400°C). The volatile components in the aerosol evaporate,
whereas the non-volatile components like dust, sea salt and carbonaceous components remain.
More details on the separation of volatile and non-volatile aerosol particles by
thermodesorption are given in Burtscher et al. (2001).

heater
| —> particle sizing
aeroso instrument

heater

Figure 25. Schematic of the thermal denuder design.

A combination of a TD with particle sizing instruments like CPCs or a Grimm OPC
allows the determination of the non-volatile particle size distribution. The TD used at the
DLR was built and characterised at the DLR as part of a diploma thesis by Fritzsche (2002).

3.1.8 The Falcon aerosol inlet

In contrast to the optical spectrometers, which are mounted under the wings of the aircratft,
part of the aerosol instruments, like the CPCs, DMA, Grimm OPC, TD, PSAP, are operated
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inside the cabin of the aircraft (Figure 26). An inlet is required to transport the particles from
ambient air to the instruments inside the aircraft, without changing the ambient particle
properties or alternatively disturbing the aerosol sample as little as possible. Therefore, the
DLR inlet is mounted outside the boundary layer of the Falcon aircraft in order to avoid a
disturbance of the sampled air by the aircraft fuselage. The sampling is recommended to be
isokinetic (Wendisch et al., 2004), which means that the velocity of the air through the inlet v,
is identical to the true air speed 74S of the aircraft. Isokinetic sampling avoids size sorting,
heating, and cooling of the aerosol probe due to compression or expansion of the flow. It
avoids disturbances of the ambient aerosol concentration and composition. For v, > TAS, the
flow is super-kinetic, with streamlines being bent inwards. In this case, large particles are not
able to follow the streamlines and are missed in the measurements. For v, < TAS, the flow is
sub-kinetic, and large, inert particles are accumulated in the inlet.

o
data acquisitions

Figure 26. Aerosol instruments operated inside the cabin of the Falcon: Grimm OPC and DMA (left
rack); 3-A-PSAP, impactor sampling, CPCs and optical particle spectrometer data acquisition system
(right rack).

The TAS of the Falcon aircraft is ~200 m s”. This means that the air has to be slowed
down after entering the inlet, because such high velocities would cause turbulence in the
sampling line. Figure 27 sketches the design of the aerosol inlet used on the Falcon, which
can be used with backward and forward-facing configuration. The forward-facing part of the
inlet allows near-isokinetic sampling of particles. Before entering the isokinetic inlet, the air
passes a widening tube, the diffuser, where the flow is decelerated so that near-isokinetic
sampling is ensured. With the non-isokinetic backward-facing configuration only interstitial
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particles are collected. The backward configuration can be useful in the presence of ice
crystals that would shatter on the leading edge of the inlet and lead to an artificially increased
concentration of smaller particles.

The diameter Dsgo;i50, at which 50% of the particles passed the isokinetic inlet, was
calculated by Fiebig (2001). At the ground level Dsyo; ;5o Was ~2.3 pm and decreased to about
1.5 um at an altitude of 10 km. For the backward-facing configuration, Dsgo; pack Was 0.19 pm
at ground level and decreased to 0.06 um at 10 km altitude (Fiebig, 2001).

forward-facing inlet backward-facing inlet

diffusor

30 cm flight direction /Venturi-outlet

exhaust outlet

backward inlet in
decelerated flow

-

isokinetic inlet

fuselage—»

=

Figure 27. Inlet design of the inlet used at the DLR Falcon. The forward-facing inlet ensures near-
isokinetic sampling, while with the backward-facing inlet only interstitial particles are collected.

3.1.9 Data quality assurance

To provide high quality data, it has to be assured that all instruments work properly. For
that purpose, numerous calibration tests are performed. In this section only the major
calibration tests for the condensation particle counters and the optical spectrometers are
described in detail.

CPC calibration

As described earlier (Section 3.1.2, p. 32), the accurate determination of the flow rate
through each CPC is crucial to derive correct particle number concentrations. The flow rate
through a CPC is controlled by a critical nozzle. However, the flow rate can slightly differ
from the default value of the critical nozzle or the nozzle can be blocked. Therefore the flow
rate 1s calibrated with a gilibrator. Table 4 lists the CPC set-up, the default flow rate gaefuuir
and the calibrated flow rate g..» for all particle counters used during ITOP and SAMUM.
Values are given for both, the ITOP and the SAMUM field experiment. It can be seen from
Table 4 that the average deviation between the default flow and the measured flow is 5%, but
the deviation can be as large as 17%.
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SAMUM - plateau efficiency test
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Figure 28. Time series of particle number concentration for all particle counters during the SAMUM
plateau efficiency calibration on 6 June 2006.
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Figure 29. Plausibility check for plateau efficiency factors illustrated for the ITOP flight #040722b on
22 July 2004 and the SAMUM flight #060607a on 7 June 2006.
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When operating several CPCs, it is important to ensure that all CPCs are counting the
same particle number concentration when exposed to the same aerosol. The procedure that
ensures equal counting rates is called plateau efficiency calibration. As CPCs are normally set
to different lower cut-off diameters, the CPC efficiency calibration is performed with an
aerosol containing only particles of sizes well above the lower cut-off diameters D, 59¢; of all
CPCs. Therefore, the aerosol inlet is equipped with several DS containing 35 screens, which
allows only particles D, >> 100 nm to enter the sampling line. Figure 28 depicts a time series
of particle number concentrations for all six CPCs during the SAMUM plateau efficiency
calibration on 6 June 2006. The temporal evolution of the particle concentration curve is
similar for all CPCs. However, the absolute concentrations are shifted by up to 11%. To
correct for this shift, the relative plateau efficiency fogiciency 0f every CPC with respect to a
reference counter is calculated from the calibration data. CPSA 3, a very stable instrument,
has been selected to be the reference counter. To get final CPC data, the number
concentrations of each CPC are subsequently multiplied with the relative plateau efficiency
factor. The plateau efficiency calibration is performed at least once in a field experiment. The
derived plateau efficiencies are checked on plausibility by analysing scatter plots of the non-
volatile particle and the total particle concentration. Figure 29 exemplifies such a scatter plot
for particles > 10 nm. The non-volatile particle concentration N, 70 can not be larger than
the total concentration Ny, ;0 that means all data points need to be below the 1:1 line.
Usually, sequences with totally non-volatile particles are encountered in every flight, so that
some data points are expected to be on the 1:1 line. Missing sequences with totally non-
volatile particles or a displacement of all data points parallel to the 1:1 line may indicate
errors in the derived relative plateau efficiency factors. In Table 4, the relative plateau
efficiency factors are summarised for all particle counters.

Table 4. Calibration of CPCs during ITOP and SAMUM. Besides the default flow rates qaefuu the
CPC set-up, the calibrated flow rates q..ip and the derived plateau efficiency factors fogiciency are
shown. The acronym DS in the CPC set-up column expresses that the CPC was combined with a
diffusion screen separator, the number in brackets denotes the number of screens in the DS. TD means
that the CPC was connected to the heated (250°C) sampling line, therefore measuring the non-volatile
number concentration.

"o - a -

o ‘v @] »n
=3 o~ —~ —
§ z & =) = E S S
38 3 ig s %2 = +
£ 5 g Qo £0 Q< £ i<
£3 3 ) S= S ca 17 sS4
CPCl 25.0 >4 nm, TD 252 0.968 DS (3), TD 234 1.009
CPC2 25.0 > 14 nm, TD 25.5 0.935 DS (10), TD 23.0 1.072
CPSAI 16.7 DS (3), TD 17.0 0.891 >10 nm, TD 15.4 1.060
CPSA2 16.7 >4 nm 15.7 0.919 >4 nm 13.8 1111
CPSA3 16.7 > 14 nm 16.9 1.000 > 10 nm 15.5 1.000
CPSA4 16.7 DS (3) 17.0 1.078 DS (3) 15.2 0.989

OPC calibration

The sizing of the optical spectrometers (PCASP-100X, FSSP-300, Grimm OPC) is
calibrated by means of test aerosols of known size and refractive index. The calibration of the
OPCs is crucial, as under some circumstances the optics can be polluted or misaligned, which
leads to large errors in the derived particle size distributions.
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Two types of test aerosol particles are mainly used for the calibration: di-ethylhexyl
sebacate (DEHS, m = 1.42 + 0i) particles and polystyrene latex (PSL, m = 1.58 + 0i) particles,
which both have spherical shape. While PSL particles are available at several standardised
sizes, DEHS is an oily substance that allows the generation of a polydisperse test aerosol.
DEHS aerosol is generated with an atomiser type TSI. The atomiser is connected to a DMA to
produce monodisperse aerosol particles of diameter D,. The general DEHS calibration set-up
is described in detail in Pinnick and Auvermann (1979), a sketch of the calibration set-up used
at the DLR can be found in Fiebig (2001). Monodisperse PSL aerosol is generated with a
nebuliser (Hinds, 1999). At the DLR, PSL particles up to 2 pm, and DEHS particles up to 1
um are used. Larger size bins of the optical sondes can be calibrated with glas beads.

The calibration of the optical spectrometers with monodisperse test aerosol particles
allows the determination of the limits between two adjacent channels. Figure 30 shows
histogramms with mean particle concentrations for monodisperse DEHS (left panel) and PSL
(right panel) particles. The advantage of the DEHS calibration over the PSL calibration is that
the bin limits can be measured directly. For example, to determine the bin limit between
channel j and j + 1, the size of the test particles is varied with the DMA until both channels
exhibit similar particle concentrations. The particle size at which both channels show the
same particle concentration marks the limit between the two channels.

30 T T T T T T T T T T T T T T 30 T T T T T T T T T T T T T T
| DEHS calibration . PSL calibration
251 20 June 2006, Oberpfaffenhofen | 25| 7 May 2007, Oberpfaffenhofen |
Dp=641 nm Dp=499 nm
20 B 20 B
© 150 1515t ]
10} { =10} .
2 -

5F B 5F B

0 ’%—‘-—I—' A | " L |_¥—|'+| - | IS | 0 /LV._T_. 4 IS - - . | " 1 + AL " 1 " 1
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channel # channel #

Figure 30. DEHS (left panel) and PSL (right panel) calibration of the PCASP-100X.

In contrast to DEHS, the determination of the bin limits from PSL calibration
measurements requires some calculations, since PSL particles have discrete sizes. Figure 31
illustrates the determination of the bin limits with aid of discrete-sized PSL standards. The
particles of a particular PSL standard, for example D, = 499 nm, are Gaussian distributed and
are characterised by a narrow standard deviation GSD. The count median diameter CMD and
the GSD are indicated by the manufacturer. When the CMD of a PSL standard, exactly
matches the limit between two adjacent channels j and j + 7, 50% of the particles are detected
in channel j (p; = 50%) and j + I (p;+; = 50%), respectively (Figure 31a). In most cases, the
CMD of a PSL standard does not exactly match the boundary between two adjacent channels.
For example, for a particular PSL standard, a percentage p; of all particles is counted in
channel j and a percentage p;+; of all particles in channel j + I (Figure 31b). For a case with
pj < pj+1, the CMD of the Gaussian-distributed particles 1s shifted towards larger particle sizes.
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Figure 31. Schematic illustrating the calculation of bin limits from PSL calibration. See text.
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Figure 32. Theoretical response function (black line) of the PCASP-100X for m = 1.58 + 0i and five
size calibrations with PSL standards (symbols) performed between 2003 and 2007.
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Figure 33. Theoretical response function (black line) of the FSSP-300 for m = 1.42 + 0i and DEHS
calibration of the FSSP-300. The blue symbols show a calibration in February 2006, when the optics
of the FSSP-300 was polluted and the orange symbols indicate the channel boundaries after cleaning
the optics.
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The bin limit can be calculated from these measurements by integrating the Gaussian
distribution (Figure 31c), which gives the cumulative distribution function

1 Df’ . 2
—00

1_[x—CMD
DD, )= —— .
Dp) GSD-\2x

2
o) L {1 R erf[Dp‘_(M)ﬂ (3.15)

where erf'is the error function. Setting D(D,) = p;, yields the boundary Dj;,;; between channel
j and channel j + /. The “Gaussian method” is applicable for the determination of the
FSSP-300 bin limits also.

Figure 32 shows the theoretical response function of the PCASP-100X for m = 1.58 + 0i
(black line) together with five PSL calibrations (symbols) performed in the period 2003-2007.
The channel boundaries were deduced using the “Gaussian method”. It is obvious from Figure
32 that the PCASP-100X is very stable over the time. In contrast to the PCASP-100X, which
proved to be a very stable instrument, the optics of FSSP-300 was observed to be sometimes
polluted or even misaligned. The blue symbols in Figure 33 show a case where the optics of
the FSSP-300 was polluted. Particles that should be classified into channel j + / due to their
size, are classified into channel j. A size distribution derived from those measurements
without redefining the thresholds of the size channels is systematically shifted towards
smaller sizes. After cleaning the optics, the theoretical response function (black curve) and the
measurements (orange symbols) corresponded again. The theoretical response function and
the measurement are in very good agreement for both, PSL and DEHS. The validity of the
theoretical response function for PSL and DEHS (e.g. Figure 32 and Figure 33) encourages
the calculation of several sets of channel thresholds for both, non-absorbing and absorbing
particles like biomass burning and desert dust particles. For each refractive index, the channel
grouping also has to be calculated.

In addition to the size calibration of the optical spectrometers, the counting efficiency is
checked. The counting efficiency of the PCASP-100X is determined by the synchronous
measurement of the PCASP-100X and a CPC. The CPC collects the air in the sample outlet of
the PCASP-100X (see Figure 23, p. 42). The results of these measurements are shown in
Figure 34. The concentrations seen by the CPC are about 3-7% smaller than that measured by
the PCASP-100X. This is the result of the calibration set-up: the CPC measures in the outlet
of the PCASP-100X, so that some particles might not pass the inlet of the CPC. Considering
the calibration set-up, the concentrations seen by the PCASP-100X are in very good
agreement with that seen by the CPC. Due to the geometry of the FSSP-300, the counting
efficiency can not be determined by the parallel operation of the spectrometer and a CPC. The
accuracy of measuring the particle concentration with the FSSP depends upon the accurate
measurement of the sampling volume, the active area. The flow through the active area and
the size of it determines the particle concentration. Until now, the size of the active area has
not been measured experimentally. A common procedure for the determination of the active
area 1s the comparison of a size distribution derived from the PCASP-100X with that derived
from the FSSP-300 (e.g. Strapp et al., 1992). A few things have to be considered, when the
active area is derived experimentally: first, to avoid artefacts due to humidity growth'?, this

"2 The FSSP-300 measures particle sizes at ambient humidity, while the PCASP-100X dries the aerosol to about

30 % relative humidity before measurement.
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Figure 35. Determination of the active area of the FSSP-300 and effect of uncertainties in the active
area on the derived particle number concentrations for standard conditions. The triangles and circles
show data from the PCASP-100X and the FSSP-300, respectively. The red and blue lines mark 10%
and 20% higher (lower) particle concentrations, respectively. The grey shaded area depicts the range
of uncertainty of the measurements.
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Comparison can only be done in dry air (relative humidity < 30%); second, the refractive
index of the measured aerosol should be known. The active area was determined by the
described procedure, and yielded a value of 0.0004 cm™. The validity of the experimentally
derived active area was assessed by comparing the particle concentrations measured by the
PCASP-100X and by the FSSP-300 for several cases in the range where the measurement
range of both instruments overlap. One example of such an intercomparison is shown in
Figure 35: the triangles and circles show data from the PCASP-100X and the FSSP-300,
respectively. The grey shaded area depicts the range of uncertainty of the measurements
which is dominated by fluctuations in the atmospheric particle concentration within the
averaging period. The red (blue) lines in Figure 35 illustrate 10% (20%) variation in the
particle concentration. An uncertainty of 10% in the active area leads to an uncertainty of
approximately 10% in the derived particle number concentration. It is obvious that the particle
concentrations agree within the uncertainty of the measurements, even assuming an
uncertainty of 20% in the active area of the FSSP-300.

3.2 Field experiments

The data sets to be discussed in this work were obtained during two different field
experiments: the Intercontinental Transport of Ozone and Precursors (ITOP) field experiment
in early summer 2004 and the Saharan Mineral Dust Experiment (SAMUM) in late spring
2006. Each field campaign focussed on a different aerosol type (ITOP: forest fire aerosol;
SAMUM: desert dust aerosol), and therefore the Falcon research aircraft was equipped with a
different combination of instruments. The ITOP data were collected before the work on this
thesis started, while the logistics and instrument preparation of the SAMUM campaign (see
http://www.pa.op.dlr.de/aerosol/samum/), the weather forecast during SAMUM and the in-
situ aerosol measurements during SAMUM were part of this thesis. In this section, a general
measurement concept for the DLR airborne aerosol measurements, the two field experiments
and their main objectives are described. The airborne instrumentation and the procedures to
identify the aerosol layers are presented separately for each study. Finally, the differences in
the instrumentation and the data analysis are summarised in Section 3.2.4 (p. 66fY).

3.2.1 Measurement concept for airborne studies of aerosol
properties

The airborne measurement of miscellaneous aerosol types, originating from different
sources, requires sophisticated flight planning and payload designs. To forecast the location
and altitude of the aerosol layers before conducting a research flight is a challenge. The
design of the flight mission, including descents and ascents through the aerosol layers,
requires a combined approach of model forecasts studied before the flight, and monitoring of
characteristic tracers during the flight. For the planning of DLR Falcon research flights, a
detailed weather and plume forecast is made. The general weather forecasts during DLR field
experiments are usually based on forecasts from the European Centre for Medium-Range
Weather Forecasts (ECMWF). If the measurement of long-range transported aerosol layers is
desired, the general weather forecast is supported by particle trajectory forecasts from models
like FLEXPART (Stohl et al., 1998; Stohl et al., 2005) or LAGRANTO (Wernli and Davies,
1997). These models provide information on plume trajectories and the vertical extent of the
plumes. Especially in the case of Lagrangian experiments (like ITOP), particle trajectory
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models play a major role. Lagrangian experiments aim to track airmasses and to intercept the
same airmass several times in order to investigate the ageing of atmospheric constituents
within the airmass during transport.

Figure 36a sketches a flight track planned on the basis of weather and trajectory forecasts.
The black line shows the flight altitude, the greyish areas denote the expected plumes, the
orange area is a plume inhomogeneity not forecasted by the models. Based on the model
forecast, the flight path is planned in such a way that the vertical and horizontal structure of
the plume can be probed extensively. Once the aircraft is airborne and reaches the forecast
position of the aerosol plumes, the forecasts have to be verified by monitoring tracer
concentrations. For example, CO is enhanced in forest fire layers (e.g. Crutzen et al., 1979;
Kasischke and Penner, 2004; Pfister et al., 2006), and can therefore be used as tracer.
Sometimes the flight route has to be adapted to the atmospheric conditions during the flight
mission. Figure 36b illustrates the advantage of an airborne lidar system that is optimised for
the measurement of aerosols (e.g. the High Spectral Resolution Lidar, HSRL): the
combination of in-situ instruments and an airborne lidar system allows the online monitoring
and measurement of the three-dimensional structure of the atmosphere, especially the
structure of the aerosol layers. The lidar can act as a path finder to direct the aircraft into the
plumes, including plume inhomogeneities not forecasted, to take in-situ measurements.

The flight missions are aimed to gather data representative for the plumes and to
investigate the whole extent of the plumes. To get good statistics and a large number of data
points in a particular plume, constant-altitude sequences (of about 5-10 minutes duration) are
flown leading to a stepped flight profile. The measurement on constant-level (CL) sequences
is especially important for the analysis of the PSAP data, because the PSAP filter is sensitive
to pressure changes in the sampling line during ascent and descent of the aircraft between
different flight levels. To avoid artefacts, the PSAP data analysis is reduced to CL sequences.
Furthermore, the incoming flow on the optical spectrometers may be disturbed if the aircraft
climbs too fast. As a result, the measured particle concentrations may be too small. The
described data acquisition concept was used for both, the ITOP 2004 and the SAMUM 2006
field experiment. An airborne lidar was employed only during SAMUM.

site, where plume #1 is expected
I site, where plume #2 is expected

plume inhomogeneity, not forecast by the model

altitude / km
altitude / km

lidar beam

.
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>

a) field experiment without an airborne lidar (e.g. ITOP) b) field experiment with an airborne lidar (e.g. SAMUM)

Figure 36. Flight strategy for airborne aerosol measurements. The left panel shows the flight route
planned on the basis of model forecasts. The right panel shows a flight mission, in which an airborne
lidar acted as pathfinder to direct the aircraft into the representative areas.
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3.2.2 The ITOP study — Forest fire aerosol

3.2.2.1 ITOP — an overview

The Intercontinental Transport of Ozone and Precursors (ITOP) study took place in
July/August 2004 and involved researchers and several research aircraft from France,
Germany, and the UK. ITOP is part of the international ICARTT (International Consortium
for Atmospheric Research on Transport and Transformation, http://www.esrl.noaa.gov/
csd/ICARTTY/) program with its main emphasis on the outflow of pollutants from the US east
coast across the Atlantic Ocean. One of the primary aims of the ITOP field experiment in
summer 2004 was to gather the necessary data to better understand intercontinental transport
of aerosols from biogenic and anthropogenic origins, the transformation of aerosols during
transport and possible interactions of these transported aerosols with atmospheric dynamics.
For that purpose coordinated flights were conducted along the East coast of North America,
the Azores and Western Europe with multiple aircraft.
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Figure 37. Retroplume results from the FLEXPART backward simulation for the ITOP flight on
22 July 2004 illustrating the source region of the airmass which had been sampled by the Falcon.

From July through August 2004 an unusual persistent high pressure system was centred
over Alaska. The warm and dry conditions favoured a large number of thunderstorms and
excessive lightning that ignited many wildfires in western Canada and Alaska (Fuelberg et
al., 2007). In general, the Canadian fire season lasts from April through October with the
maximum area burned between June and August. Large forest fires (> 200 ha) represent 3.1%
of the total number of Canadian fires, but they account for 97% of the total area burned
(Stocks et al., 2002). On average, an area of ~2 million ha burns annually in these large fires.
The 2004 wildfire season set a new record in Alaska and Canada: about 2.7 million ha burned
in Alaska, 8 times more than the 10-year average (Turquety et al., 2007), and another 3.1
million ha burned in Canada (Stohl et al., 2006). The strongest fire activity within the 2004
Alaskan/Canadian wildfire season occurred in July, coinciding with the ITOP core phase.
Satellite images and trajectory calculations revealed that the forest fire plumes from Alaska
and Canada were later transported to Europe, and influenced the aerosol and trace gas
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composition over Europe. The 2004 North American wildfires released approximately the
same amount of CO (30 Tg = 5 Tg CO), as the anthropogenic emissions (~25 Tg CO) in the
continental US from June to August (Pfister et al., 2005). The long-range transport of forest
fire plumes enhanced European ground-level ozone and CO burden by up to 10% from June
through August 2004 (Pfister et al., 2006). The source region of the fires is illustrated in
Figure 37 by the column-integrated potential emission sensitivity (PES) function (Stohl et al.,
2003) from a FLEXPART backward simulation (see Section 3.2.2.3, p. 591f). The value of the
PES function (in units of s kg') in a particular grid cell is proportional to the residence time
of the particles in that cell. It is a measure for the simulated mixing ratio at the receptor that a
source of unit strength in the respective cell would produce. The column-integrated PES (in
units of s m kg™') illustrates the pathway of a polluted airmass.

During the ITOP core period between 19 July and 3 August 2004, the German Falcon 20-
ES5 research aircraft operated from the airport of Creil (49°15.6’N, 2°31’E) north of Paris in
France. The Falcon performed research flights along the European west coast and probed
aerosol layers at different altitudes from the boundary layer up to the upper free troposphere at
about 11 km ASL. Figure 38 shows a map of the ITOP operation domain. The flight tracks
are indicated by a black line, and the diamonds mark the sites in which forest fire plumes
were encountered.
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Figure 38. Map of ITOP operation domain and the Falcon operation base Creil (France). The
diamonds indicate forest fire plume encounters, and the black lines show the flight tracks for all ITOP

flights.

Table 5 summarises the times and routes of all flights performed during the ITOP core
period. In seven of ten flights, forest fire plumes from Canada and Alaska were encountered
at altitudes between 3 and 9 km ASL. Sometimes the forest fire plumes were mixed with
anthropogenic pollution of different origins. More detail on the identification of the forest fire
plumes and the determination of the plume composition is given in Section 3.2.2.3 (p. 591%).

57



CHAPTER 3. METHODS

Table 5. Forest fire (FF) plumes probed during ITOP 2004. The forest fire plumes were partly mixed
with anthropogenic pollution of different origins. The plume altitude was inferred from in-situ

measurements.
.. Plume
MIIS]SDI on 8238 4) Time / UT Route Plume composition  altitude /
km ASL

040719a 19 July 09:23 -10:47  Transfer Oberpfaffenhofen — Creil no plume encounter ~ --
040722a 22 July 09:40 - 10:57  Creil — Santiago (Spain) pure FF, mixed FF 4-9
040722b 22 July 15:05-17:03  Santiago (Spain) — Creil pure FF, mixed FF 3-7
040723a 23 July 12:11 -=16:02  Creil — Channel — Creil pure FF, mixed FF 3-6
040725a 25 July 13:37-16:40  Creil — Shannon (Ireland) mixed FF 3-5
040725b 25 July 17:42 -19:53  Shannon (Ireland) — Creil pure FF, mixed FF 3-5
040726a 26 July 15:07 - 18:50  Creil — Channel — Creil pure FF, mixed FF 3-4
040730a 30 July 15:00 - 18:35  Creil — Gulf of Biscay — Creil pure FF, mixed FF 3-8
040731a 31 July 12:07 - 13:55  Creil — Northern France — Creil no plume encounter  --
040803a 3 August  14:24—17:25  Transfer Creil > Oberpfaffenhofen no plume encounter -

3.2.2.2 Falcon instrumentation during ITOP

For ITOP, the Falcon aircraft was equipped with a comprehensive set of instruments for
the in-situ measurement of aerosol microphysical and optical properties, and trace gas mixing
ratios. The DLR aerosol in-situ instrument package represents state-of-the-art methods as
introduced in Section 3.1 (p. 31ff). The aerosol in-situ instrumentation for ITOP consisted of
six CPCs operated at different cut-off diameters (Figure 39). Three of the CPCs were
connected to the non-heated sampling line, whereas three were combined with a TD (250°C).
Two CPCs were combined with DS containing three screens. These screens shift the
minimum threshold” diameter to 80 nm at FT conditions of approximately 300 hPa
(Feldpausch et al., 2006). This configuration allows the determination of the non-volatile
components in three size ranges: NUC (4 < D), 500, < 14 nm), AIT (14 < D), 50o; < ~80 nm) and
ACC (Dp,50% > ~80 nm).

aerosol sample

- CPC 1
D ]

Dp, 50% ~ 4 nm

CPC 2
— S 1|

Dp] 509~ 14 nm

CPSA 1
TD ] E—

D, 509~ 80 nm
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D
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CPSA3
509~ 14 nm
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, 50% ~ 80 nm
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Ntotal /cm

Dy

DS 3

D,

Figure 39. CPC configuration during ITOP 2004. Three of the CPCs were connected to the thermal
denuder (TD). Two counters were combined with diffusion screen separators containing three screens
(DS 3) each, which shifted the lower cut-off diameter to larger particle sizes. The CPSA is merely a
combination of four CPCs, operated at different cut-off diameters.

' This threshold diameter varies with pressure.
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In addition to the CPCs, a DMA was operated in a stepping mode at diameters 0.015,
0.023, 0.035, 0.053, 0.08, 0.12 and 0.2 um in the unheated branch of the sampling line. The
in-situ aerosol instrumentation was completed by two optical particle counters type PCASP-
100X and FSSP-300 and a 1-A-PSAP. During ITOP, the DMA and the PSAP were connected
to the isokinetic sampling line, while the CPCs were connected to the backward-facing inlet
(see 3.1.8, p. 44). With this aerosol in-situ instrumentation during ITOP, the entire size range
of the total number of particles from smallest nucleation mode particles (D, < 0.01 um) to
coarse mode particles in the far super-micron range (D, >> 1 pm), including the optically
active background Aitken and accumulation mode particles (0.05 uym < D, < ~2 pm), was
covered. The size distribution of non-volatile particles was measured in coarser size
resolution as defined by the TD/CPC setup.

The Falcon standard instrumentation provided data for atmospheric parameters like
temperature, pressure, relative humidity and 3D-wind velocity. In addition to the aerosol and
Falcon standard measurements, a variety of gas tracers suitable to identify polluted air as
NO/NOy, CO, O3, CO, and SO, were measured. Furthermore, H,O mixing ratios were
recorded. Trace gas data relevant for this study are HO and CO mixing ratios. The ITOP in-
situ instrumentation is summarised in Table 7.

3.2.2.3 Identification of forest fire plumes with excess CO data and
FLEXPART™

Previous investigations (e.g. Crutzen et al., 1979; Kasischke and Penner, 2004; Pfister et
al., 2006) have shown that carbon monoxide (CO) is distinctly enhanced within forest fire
plumes. CO is a long-lived tracer that is not removed by wet deposition processes and
therefore suitable for the identification of anthropogenic or biomass burning plumes. To use
CO as a tracer in the measurement data, the CO enhancements over background conditions
have to be determined. The so-called “excess-CO” (4CO) was derived from measured CO
mixing ratios for all ITOP flights. For every flight a minimum CO profile was constructed as
a representation of background conditions by estimating the minimum CO mixing ratio for
outside-plume conditions. Then 4CO was calculated as the difference between the measured
CO and the minimum CO profile. Since the airmasses were quite different from day to day, a
minimum CO profile had to be estimated for every flight. The minimum CO mixing ratios
were in the range between 70 and 90 nmol mol™ for free tropospheric conditions. On some
days, air with subtropical origins reached the operation area. These sub-tropical airmasses
were characterised by very low minimum CO mixing ratios (50-60 nmol mol™).

To distinguish forest fire CO emissions from anthropogenic emissions in an air sample
with enhanced CO values, trajectory calculations are necessary. The sources (anthropogenic,
biomass burning) which contributed to a certain plume were assessed with the Lagrangian
particle dispersion model FLEXPART. Figure 40 is taken from Stohl et al. (2003) and
summarises the basic steps of the FLEXPART forward and backward simulations. Forward
simulations with FLEXPART are useful to understand transport processes or to provide
plume forecasts and direct the research aircraft into the plumes. Backward simulations are a
useful tool for a detailed analysis of the plume’s source regions. In any case, the model

' The excess CO data and the FLEXPART trajectories were provided by Dr. Heidi Huntrieser (DLR) and
Dr. Andreas Stohl (NILU), respectively.
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releases so-called tracer particles representing anthropogenic emissions from North America,
Europe and Asia as well as tracers from forest fire emissions. The emission strength is derived
from the EDGAR emission inventory (Olivier and Berdowski, 2001) for anthropogenic
emissions with the base year 1999. As fire emissions are very variable from year to year, the
forest fire emission strength was gained from daily MODIS fire hot spots detection and daily
fire reports. All tracers behave passively in FLEXPART which means that no chemical
processes are simulated. For the ITOP analyses, FLEXPART was driven by wind fields from
the ECMWEF. In addition to advection, the particles experienced parameterised turbulence and
convection during transport. As long as linear processes are considered, a Lagrangian particle
dispersion model can be run backward in time (Stoh!/ et al., 2003). The Falcon flight track can
be taken as starting point to determine the source of the investigated airmasses. For that
purpose a large number of particles is released at a point located at the flight track (the
receptor point in Figure 40) and transported in time. The multiplication with the actual source
strengths is done after the model run. This allows the consideration of different emission
scenarios without having to rerun FLEXPART for each scenario. The particle ensemble
produced by the backward simulation is referred to as “retroplume” (see Figure 37, p. 56).
The computation of retroplumes allows the characterisation of the origins of every air sample
encountered during a flight.

Forward simulation Backward simulation
Emission rate E at Unit mass mixing ratio
source M at receptor

v v

Release of n particles per
second, each carrying a

mixing ratio M / n

v v

Release of n particles per
second, each with mass E /n

Forward transport of particles Backward transport of particles
(Advection, turbulence, (Advection, turbulence,
convection) convection)

Count particle residence

Count particle times in grid cells,
masses in grid cells multiply by M/ n
Tracer concentrations in output Residence times in output
grid cells grid cells
A posteriori Multiply by source strengths in
Account for air procedure output grid cells, in units of
density and mixing ratio change
v molecular weight second, sum up over all cells
Tracer mixing ratios in Mass mixing ratio at
output grid cells receptor

Figure 40. Flow chart summarising the basic steps in forward and backward model simulations with
FLEXPART (adopted from Stohl et al., 2003).
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To make sure that the FLEXPART represents the airmass transport correctly, the model
predicted CO enhancements and the measured ones were compared for all flights. Figure 41
shows such an intercomparison: The panel on the left refers to the ascent over Creil (France),
and the panel on the right refers to the descent over the Atlantic south-west of Spain. The
flight altitude is denoted by dashed lines, the solid black line depicts ACO, and the bars show
sections along the flight track, where FLEXPART expected CO enhancements. The height of
the bars represents the total CO values as computed by the model. The light grey part refers to
the forest fire contribution, whereas the dark grey part of the bar shows anthropogenic
contributions. An investigation of all ITOP flights revealed that FLEXPART has significant
skills in forecasting the transport of pollution plumes (see also Stohl et al., 2007). The
forecasted horizontal location of the plumes is in very good agreement with the
measurements, whereas the absolute values of the CO mixing ratio slightly differ from the
measurements, possibly due to the emission inventory from the year 1999 being updated.
Some of the anthropogenic emissions may have changed since 1999. Another factor
contributing to the uncertainty in the forecast CO values is the type of vegetation and the
amount of vegetation consumed in the fires, which may have been slightly under- and
overestimated, respectively.
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Figure 41. Comparison of FLEXPART CO tracer calculations and Falcon ACO measurements for the
ascent over Creil and the descent over the Atlantic south-west of Spain on 22 July 2004. The dashed
line denotes the flight altitude, the solid black line depicts ACO, and the bars show places along the
flight track, where FLEXPART expected CO enhancements.

The plumes were classified by calculating the ratio of forest fire CO tracers compared to
the total number of CO tracers (anthropogenic + forest fire) at every point of the flight track.
Plumes were classified as “pure” forest fire plumes, when the FLEXPART forest fire CO
fraction exceeded 80%. Pure forest fire plumes were probed in 6 of 10 flights. Measurements
in mixed plumes (forest fire + anthropogenic pollution) were performed in 7 of 9 flights.
According to FLEXPART, the age of the plumes ranged between 4 and 13 days. The
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classification (forest fire plumes, anthropogenic pollution or mixed plumes), which resulted
from ACO measurements and the FLEXPART analyses, is corroborated by aerosol
microphysical properties like particle size distribution (see Figure 54 and Figure 55, p. 86ff).

3.2.3 The SAMUM study — Desert dust aerosol

3.2.3.1 SAMUM - an overview

The Saharan Mineral Dust Experiment (SAMUM, http://www.tropos.de/samum/) is
dedicated to the understanding of the microphysical and optical properties of desert dust, and
the impact of desert dust on the global climate system. A first field experiment focussing on
the properties of pure dust over the source region and during transport to Western Europe
took place in southern Morocco during May/June 2006. The mixing of desert dust aerosol
with biomass burning aerosol, as well as the long-range transport of dust, are the objectives of
a second SAMUM field experiment planned for January/February 2008 on the Cape Verde
islands. SAMUM is a joint project of several German research institutes, in cooperation with
the Mohammed I. University (Oujda, Morocco). SAMUM is funded by the German Research
Foundation (DFG), and further supported by the European Space Agency and by the
European EUFAR project DARPO (Desert Dust and Biomass Burning Aerosols over
Portugal). Since no fires occurred in Portugal during the SAMUM intensive observation
period, only pure dust plumes and dust plumes mixed with anthropogenic pollution were
investigated.
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Figure 42. The SAMUM ground sites at Ouarzazate and Zagora. The image was created by the MISR
instrument during an overpass of the TERRA satellite on 19 May 2006 (courtesy: R. Kahn,
NASA/JPL).

During the SAMUM field phase two aircraft were mainly cruising between the two
ground stations Ouarzazate (OZT; 30°56.5’N, 6°54.4W, 1150 m ASL) and Zagora (ZGA;
30°21°N, 5°52°W, 820 m ASL) airport (Figure 42). The Partenavia aircraft was measuring
surface albedo and dust properties up to about 4 km altitude above ground level and was
based at Ouarzazate. The Falcon aircraft operated from the International Airport Mohammed
V in Casablanca (CASA 33°22°N, 7°35.5°W, 200 m ASL) and took measurements between
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18 May and 7 June 2006. The ground station at Ouarzazate was equipped with several
instruments like the IfT lidar and sun photometers. Radiosonde soundings were performed
there as well. At Zagora, aerosol samples for chemical analyses were collected and a sun
photometer recorded the aerosol optical depth. The measurements conducted during SAMUM
address the full range of local microphysical, optical and chemical dust properties. Dust
properties are derived from airborne, ground-based and space-borne sensors, and combined
with laboratory studies and model simulations from advanced weather and climate models.

Three large-scale dust events extending from southern Morocco to Portugal occurred
during the intensive observation period of SAMUM. The dust events were probed
extensively, including horizontal and vertical dust plume structures. The dust events ranging
from 16-22 May, 24-28 May and 31 May — 5 June 2006 are referred to as Episode I, Il and
I11, respectively. The dust source regions within the three dust episodes were determined as
part of the diploma thesis by Rasp (2007), based on Lagranto trajectory calculations, ECMWF
surface wind analyses, and weather observations. Figure 43 summarises the dust source
regions for the three dust events. The flight tracks for all flights performed during SAMUM
are marked by a black line. The three dust episodes were well separated by phases without
dust. At the time of every dust episode, several research flights close to the source and to
Portugal were conducted. During the flight missions, the High Spectral Resolution Lidar
HSRL acted as a path finder for the in-situ measurements (see also Section 3.2.1, p. 54).
According to the vertical structure seen by the HSRL, the altitudes for the constant-level
sequences were selected when the aircraft was well above the dust layer. Table 6 summarises
all flight missions.

BT T 1
! — Episode | ]
: — Episode Il
40 [~ cabo da Roca : L | — Episode lll [
X B ]
= |ocal dust |/
O.) B - -
-g - l
-~ 35 — \ MOU“ a\“
) . ‘ At\as @
e )
S X
E : OuaZrzaz e ]
30 - N Zagora ]
L 2 Tademait J
| plateau i
S ., Hoggar Mountgins
-15 -10 -5 0 5 10

longitude | deg

Figure 43. Map of Northern Afirica and Western Europe with the location of the SAMUM ground sites
Ouarzazate and Zagora, the Falcon operation base at Casablanca and the measurement sites at
Portugal indicated. The black lines show the flight tracks for all flights performed during SAMUM.
The dust source regions (Rasp, 2007) for Episode I, 1l and 111 are marked by circles.
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During Episode I, a strong dust event took place. The dust plumes were extending from
Morocco to Portugal. Within this episode, the dust was probed several times (flights
#060518b-#060522c) over Cabo da Roca (38°47°N, 9°30°W), Evora (38°31.4°N, 7°54’W) in
Portugal, close to the Moroccan coast and over Casablanca. Over Portugal on 18 May, only
the northern edge of a thin (about 800 m vertical extent) dust plume was found at altitudes
between 3.6 and 4.4 km ASL. On 19 May, the dust was probed close to the Sahara during the
overpass of the TERRA and ENVISAT satellites with the MISR and MERIS instruments,
respectively. On 20 May, the very distinct dust layer was still present over Morocco. Hence
the flight pattern of the day before was repeated. In contrast to the 19 May, when almost no
clouds were present, the dust layer on 20 May was partially topped by convective cumulus
clouds. The highest AODs in Episode | occurred on 20 May and decreased towards the end of
the episode on 22 May. The flights on 22 May (#060522a-c) were designed to probe the
aerosol very close to the surface in the Dra valley near to Zagora. The lowest leg flown was at
500 m above ground.

Table 6. Research flights conducted during SAMUM. Besides day, time and type of the flight missions,
also the flight routes are indicated. OP: Oberpfaffenhofen, CASA: Casablanca, OZT: Ouarzazate,

ZGA: Zagora.

MIIS]SDI on (?()a(;g) Time / UT Route Flight mission

060518a 18 May 07:01 -10:15 OP — Beja (Portugal) transfer flight

060518b 11:33 - 13:50  Beja — Beja long-range transport to Europe

060518c 14:44 —15:04  Beja — Faro (Portugal) long-range transport to Europe

060518d 15:55-16:50  Faro — CASA (Morocco) long-range transport to Europe

060519a 19 May 10:35-12:10 CASA — OZT closure OZT, MERIS (10:50), MISR (11:11)

0605190 14:35-15:10 OZT — CASA dust

060520a 20 May 10:34-13:50 CASA —» OZT — ZGA — CASA  convective dust layer, closure OZT & ZGA

060522a 22 May 15:04-16:09 CASA — OZT dust

060522b 17:18-18:15 OZT - ZGA - OZT low-level dust

060522¢ 21:23-22:01 OZT — CASA dust

060527a 27 May 09:15-12:36  CASA — Beja — Evora — CASA  long-range transport to Portugal

0605282 28 May 10:13 -13:35 CASA — ZGA— OZT — CASA  closure ZGA & OZT, MISR (11:05), MERIS
(11:08)

060603a 3 June  01:36 -04:49 CASA — ZGA— OZT — CASA  night flight

060603b 07:06 —09:09 CASA —» ZGA — OZT early morning flight, closure ZGA & OZT,

060603c 11:04 - 11:42  OZT — CASA dust, MERIS (11:19)

060604a 4 June 09:18 —12:34 CASA — OZT— ZGA — CASA closure OZT & ZGA, MERIS (10:48),
MISR (11:11)

060607a 7 June 10:08 —10:38  CASA — Spain —» OP long-range transport to Europe

Between 24 and 28 May the second dust event (Episode I1) took place. The dust plumes
extended from Morocco to Portugal. During this episode, dust layers were probed several
times successfully in the far field (#070527a), close to the Atlantic coast of Morocco and near
the source regions (#070628a).

The last dust event (Episode Ill) within the intensive observation period of SAMUM
started in the evening of 31 May and reached its maximum strength on 3/4 June. Within
Episode 111, four research flights were conducted, including a night flight (#060603a), and an
early morning flight (#060603b). During the night flight, the edge of a Saharan dust layer
leaving the African continent was nicely detected. Furthermore, the dust layer close to the
source was probed before sunrise, before convection became active. On 4 June, another
satellite validation flight was performed. The dust layer of flight #060604a showed a clear
horizontal and vertical gradient, providing another test case for MISR validation. During the
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return flight (#060607a) from Morocco to Oberpfaffenhofen on 7 June, a dust plume extended
from Morocco to the Pyrenees. The Falcon sampled the dust in-situ on constant-level
sequences over the Atlantic, thereafter the remaining distance was performed at 11 km
delivering a lidar cross-section from Spain to Oberpfaffenhofen.

The three dust events within the SAMUM observation period gave the opportunity for
numerous measurements in dust layers. In total 4 aged dust layers and 49 pure dust layers
were investigated, 37 of which were south of the Atlas Mountains. Altogether 73 size
distributions of different aerosol types, including pure dust, aged dust, mixed plumes
containing local pollution and dust aerosol, marine aerosol and local pollution aerosol were
determined (see Section 4.2, p. 93ff).

The dust mobilisation was different within the three Episodes. In Episode Il and 111, the
dust was frequently mobilised by density currents in the Atlas region, which caused strong
turbulent winds along their leading edges (Knippertz et al., 2007). According to Knippertz et
al. (2007) dust mobilisation by density currents was identified on 7 May, 13 May, 25 May,
31 May, and between 2 and 5 June 2006.

3.2.3.2 SAMUM instrumentation

The SAMUM payload on board the Falcon combined a nadir-looking High Spectral
Resolution Lidar (HSRL, Esselborn, 2007) with extensive aerosol microphysics and
chemistry in-situ instruments. The SAMUM in-situ aerosol instrumentation comprehended a
set of CPCs operated on different cut-off diameters (D, 50o; = 4, 10 and ~80 nm), a DMA and
several optical particle counters type Grimm 1.109, PCASP-100X, FSSP-300 and FSSP-100
(see Section 3.1, p. 31ff). The DMA was operated at ambient pressure in a stepping mode at
diameters 0.015, 0.03, 0.05, 0.08, 0.12 and 0.16 pm. Similar to the CPC configuration shown
in Figure 39 (p. 58), the CPCs were partially equipped with DS, and three CPCs were
connected to a TD (250°C). In contrast to ITOP, all instruments inside the cabin of the Falcon
were connected to the isokinetic inlet (Section 3.1.8, p. 44) during SAMUM.

New features in the instrumentation compared to ITOP were the successfully employed
HSRL for the separation of molecule and aerosol extinction, the sampling of particles for
chemical analyses, and a multi-wavelength PSAP (3-A-PSAP) for the measurement of aerosol
absorption in the red (660 nm), green (530 nm) and blue (467 nm) spectral ranges. The 3-4-
PSAP was operated in cooperation with A. Virkkula from the Finnish Meteorological Service.
It delivers data on the spectral dependence of the aerosol absorption coefficient, which is an
essential input for radiative transfer calculations. The 3-1-PSAP data were used to determine
the complex refractive index of desert dust, urban pollution aerosol and marine aerosol
particles (more details on that are given in Rasp, 2007). The non-volatile aerosol component
in the sub-2.5 um range was measured with a new configuration consisting of three CPCs and
a new optical particle counter, type Grimm 1.109. These instruments were operated in
combination with a TD, which heated the aerosol to 250°C. The information on the aerosol
non-volatile size distribution complements the chemical analyses of filter samples collected
during the flights. Again, the Falcon standard instrumentation provided data for atmospheric
parameters like temperature, pressure, relative humidity and 3D-wind velocity. The SAMUM
instrumentation is summarised in Table 7.
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3.2.4 Differences between ITOP and SAMUM

ITOP and SAMUM were two completely different and independent field experiments,
with ITOP focussing on forest fire aerosol after long-range transport and SAMUM mainly
focussing on desert dust aerosol close to the Sahara. The different aerosol types required
different instrumentation to sample the desired data set. Whereas the ITOP instrumentation
consisted of in-situ trace gas and aerosol instruments, the SAMUM instrumentation involved
an aerosol lidar (HSRL) and an extended set of aerosol in-situ instruments as explained in the
previous sections. The differences between the ITOP and the SAMUM instrumentation are
summarised in Table 7.

Table 7. Instrumentation on board the Falcon aircraft during ITOP 2004 and SAMUM 2006. The first
column displays the name of the instrument, the second column the measured property. The cross in
the third and fourth column marks if an instrument was employed during ITOP and SAMUM,
respectively. A dash indicates that a particular instrument was not operated.

Instrumentation Property ITOP SAMUM

Aerosol in-situ instruments

CPC/CPSA size distribution of ultrafine particles (0.004 <D, < 0.080 pm) X X
DMA size distribution Aitken mode (0.01 <D, <0.2 um) X
TD (250°C) + (DS) + CPC non-volatile fraction in three size ranges (NUC, AIT, ACC) X
TD (250°C) + OPC non-volatile size distribution -- X
PCASP-100X-100X dry state accumulation mode (0.1 pm < D, < 3.0 um) X
FSSP-300 ambient state accumulation + coarse mode (0.1 <D, <20 um) X X
FSSP-100 ambient state accumulation + coarse mode (1 <D, < 100 pm) -- X
1-A-PSAP absorption coefficient at 1 = 567 nm X -
3-A-PSAP absorption coefficient at 1 =467, A =530 and 4 = 660 nm - X
Filter sampling chemical composition and shape of sub-2.5 pm particles --
Lidar instrument
High Spectral Resolution Lidar backscatter at 1 = 532, A =925 and 4 = 1064 nm -- X
(HSRL) extinction coefficient at 2 = 532 nm -- X
lidar ratio at A = 532 nm -- X
AOD at 4 =532 and 1064 nm - X
depolarisation at A = 532 and 4 = 1064 nm -- X
water vapour at A = 925 nm -- X

Trace gas instrumentation

Chemiluminescence detector
VUV fluorescence

UV absorption

IR absorption

Tunable Diode Laser Spectrometer

Ion Trap Chemical Ionisation MS

NO /NO,
co

0O;

o,

H,0

SO,

Meteorological data

Falcon standard instrumentation

T, p, RH (BL, FT), 3D-wind velocity

The ITOP forest fire plumes were identified from the measurements by means of excess
CO measurements and FLEXPART trajectory calculations (see Section 3.2.2.3, p. 59fY).
Since the HSRL acted as pathfinder to direct the aircraft into the SAMUM dust plumes, the
identification of dust encounters was much easier than the identification of forest fire plumes,
and did not require the involvement of tracer measurements and trajectory calculations.
Trajectories were only calculated to identify the source regions of the various dust encounters.
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For the analysis of the SAMUM data a newly developed inversion algorithm (Fiebig et
al., 2005) was employed, which allowed the combined analysis of multiple instruments. The
inversion algorithm was not available for the analysis of the ITOP data (Table 8). For that
reason the data of each instrument were inverted separately and combined afterwards. To
ensure that the analyses performed with and without the inversion algorithm yield the same
results, which ensures comparability of data from both field experiments, the inversion
algorithm has been validated based on a few SAMUM cases (see Section 3.3.4, p. 74fY).

The combination of the 3-A-PSAP data and the inversion algorithm was used to determine
the complex refractive index of the particles for every SAMUM constant level sequence
(Rasp, 2007). The refractive index provided the basis for the inversion of the data from the
optical spectrometers (see Section 3.3.3, p. 68ff). In contrast, the ITOP data of the optical
spectrometers were inverted using refractive indices typical for a particular aerosol type. As
shown later (see Figure 46, p. 72, and Section 3.3.3), the PCASP-100X is not very sensitive to
variations in the refractive index for the size range where forest fire particles usually occur.
Therefore, uncertainties introduced in the analysis of the ITOP OPC data due to assumptions
on the refractive index do not influence the results of ITOP.

Table 8. Data analysis methods used for the ITOP and SAMUM data. The inversion algorithm was
only available for the analysis of the SAMUM data.

Data analysis procedure Data analysis method ITOP SAMUM
conventional data analysis separate data inversion for every single instrument X X
combined inversion of three CPCs and PCASP-100X
inversion algorithm (CPC+PCASP), TD, three CPCs and Grimm OPC -- X

(TD+CPC+GRIMM); separate analysis of FSSP-300

3.3 Data analysis

The characterisation of a specific aerosol type is a comprehensive task. To determine the
particle concentration which changes in space and time is not sufficient. To characterise an
aerosol requires, the determination of the number concentration as a function of particle
diameter, the chemical composition, the state of mixing and the morphology of the particles.
All those properties are related to formation and transformation processes (see Section 2,

p. 171%).

3.3.1 Volumetric units and aerosol modes

The use of volumetric units throughout this work requires explanation. If number or mass
concentrations, aerosol absorption coefficients and particle size distribution refer to standard
temperature and pressure conditions STP (273.15 K, 1013.25 hPa), they are given as particles
per standard cm™ (scm™), pug per standard m® (ug sm™), absorption per standard Mm (sMm™,
10° sm™). Since pressure and temperature vary during the measurement, it is important to
define a standard set (STP) of conditions that enables comparisons between sets of data
recorded under different temperature and pressure conditions. The STP concentration data
correspond to mixing ratios, which are independent of ambient pressure and temperature
during the measurement. If the concentration data are not explicitly given in STP, they refer
to ambient conditions. In the presented tables (e.g. Table 10, Table 12, and Table 14) the
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factor fs7p necessary for the conversion from STP to ambient conditions is given. Optical
properties are calculated from ambient microphysical properties.

Based on the instrument and the inlet characteristics, the aerosol population is described in
several sub-ranges: nucleation mode particles (NUC) with D, < 14 nm, Aitken mode particles
(AIT) with 14 nm < D, < 100 nm, and accumulation mode particles (4CC) with 0.1 um < D,
< 3.0 um. COA refers to coarse mode particles with D, > 3 um. The inlet features during
ITOP (cut-off; see Section 3.1.8, p. 44) justify the definition of Nyr = N (CPC, D, 5005 =
14 nm) and Nycc = N (PCASP-100X), since the instruments have only a limited overlap with
respect to detection diameters. The classification of NUC, AIT and ACC played a major role
only during ITOP, where the non-volatile size fraction was determined only in these size
ranges.

3.3.2 Time series of microphysical aerosol properties and data
reduction

Time series of NUC, AIT and ACC particle number concentrations (e.g. Figure 44) were
determined from CPC and PCASP-100X data. Time series of COA (e.g. dust) particle
concentrations are determined from FSSP-300 data. All instruments report 1 Hz data.
However, the time series were calculated for a time resolution of 5s to avoid instrument
response time effects. Time series of ACC and COA mode aerosol volume were calculated
from PCASP-100X and FSSP-300 data under the assumption of spherical particle shape and a
preliminary (see Section 3.3.3) refractive index of m = 1.53 + 0i (ammonium sulphate).
PM?2.5 time series were inferred from the aerosol volume by assuming unit particle density of
1000 kg m™ for forest fire encounters and a particle density of 2600 kg m™ (Hinds, 1999) for
desert dust encounters.

For this study, data were reduced to relevant periods and interesting sequences, e.g. forest
fire and desert dust encounters. Then, the data were averaged over homogeneous sequences,
and size distributions were calculated. Figure 44 illustrates time series of forest fire (top
panel) and desert dust (bottom panel) aerosol properties within a forest fire (dust) plume. In
both panels, the flight altitude is indicated by a grey line. The grey shaded areas mark the
sequences in which the data were averaged to derive size distributions. From Figure 44 a
general feature of ITOP and SAMUM time series is obvious: the SAMUM time series are
much more homogeneous than the ITOP time series. This point is taken into account in the
data analysis. Whereas for SAMUM in almost all cases averaging over one constant level
sequence (about 5-10 minutes) provided representative data, the ITOP data had to be averaged
over much shorter time sequences in order not to smooth the structures within the layer too
strong.

3.3.3 Size distribution data

Particle size distributions were derived from a combined analysis of CPC, DMA,
PCASP-100X and FSSP-300 data. Figure 45 summarises the size range which is covered by
various measurement techniques together with an idealised aerosol size distribution (grey
line). The CPCs were operated at different lower cut-off diameters (see Figure 39, p. 58). The
DMA was operated in a stepping mode, and it was kept for 10 s at each diameter, which gives
a total measurement cycle of about one minute for one size distribution. To avoid relaxation
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Figure 44. Time series of ACC mode particles for the ITOP (forest fire, top panel) research flight on
22 July 2004 and COA mode particles for the SAMUM (desert dust, bottom panel) research flight on
4 June 2006. The flight altitude is marked by the dashed grey line and the grey shaded areas indicate
the averaging periods.
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effects during the variation of the preset DMA diameter, the first 5 s of data at each diameter
were not used for the analysis. The data inversion procedure used is based on the algorithm
described by Reischl (1991). As the analysis schemes for the ITOP and the SAMUM size
distribution data are slightly different, they are described separately for both data sets in the
following paragraphs.
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Figure 45. Schematic of size ranges covered by the in-situ measurement techniques of the DLR Falcon
instrumentation. CPC: Condensation Particle Counter, CPSA: Condensation Particle Size Analyser,
DS: Diffusion Screen, DMA: Differential Mobility Analyser, PCASP-100X: Passive Cavity Aerosol
Spectrometer Probe, FSSP: Forward Scattering Spectrometer Probe, TD: thermal denuder, Grimm
OPC: Grimm Optical Particle Counter.

ITOP size distribution data

The DMA was the central instrument in the analysis of the ITOP data to derive the size
distribution below 0.2 um. As forest fire particles dominate the Aitken and the accumulation
mode, the CPC, DMA and PCASP-100X instruments were sufficient to determine the
complete forest fire size distribution (see for example Figure 54, p. 86). The FSSP-300 was
mainly used to identify in-cloud sequences in the ITOP data. Sequences were labelled in-
cloud, when the number concentration in the FSSP-300 cloud/dust mode (D, > 3 um)
exceeded 1 cm™.The size distributions outside of forest fire plumes were calculated from
PCASP-100X data (operation wavelength 4 = 632 nm) using a refractive index of m = 1.53 +
0.0/ (ammonium sulphate) for tropospheric airmasses, and m = 1.40 + 0.0i (sulphuric acid) for
the tropopause region outside the forest fire smoke plumes. Inside forest fire plumes, complex
refractive indices composed of a scattering component with m = 1.53 + 0.0i (Haywood et al.,
2003b) and an absorbing component with m = 2.00 + 0.63i (Ackerman and Toon, 1981) were
considered reasonable assumptions. Refractive indices for different BC volume
concentrations were inferred with the volume-weighting of refractive indices method
(Ackerman and Toon, 1981; Ouimette and Flagan, 1982; Chylek et al., 1988) (see Equation
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2.15, p. 28). An aerosol containing 5% (10%) of BC by volume is then described by a
complex refractive index of m = 1.553 + 0.032i (m = 1.577 + 0.063i). Both refractive indices
were used for the PCASP-100X size distribution inversion of data from forest fire encounters.

SAMUM size distribution data

The SAMUM size distributions were derived from the combined analysis of CPC and
PCASP-100X"°, TD, CPC and Grimm OPC'®, and FSSP-300 data with a newly developed
inversion algorithm'” (Fiebig et al., 2005). During SAMUM, sizing below 100 nm was based
on CPC and DS-CPC combinations, whereas the DMA was used as backup instrument with
lower time resolution (~60s) than the DS-CPC combination (1s). During SAMUM, the DMA
was used to check the validity of the inverted CPC+PCASP-100X size distributions (see
Section 3.3.4, p. 74ff). The FSSP-300 was the central instrument for the determination of the
coarse mode particles. To distinguish the in-cloud sequences from the dust sequences in the
SAMUM data, additionally the relative humidity (RH) was considered. Sequences with RH >
90% were labelled in-cloud. The SAMUM size distributions in desert dust, urban, and mixed
plume probes were inverted using the refractive indices derived from the 3-A-PSAP
measurements (see Section 3.3.6, p. 77ff) for the particular averaging period. Again, for the
tropopause region outside of dust plumes, a refractive index of m =1.40 + 0.0/ was used.
Desert dust size distributions were derived from PCASP-100X and FSSP-300 under the
assumption of spherical shape, although dust particles have non-spherical shape. However,
the derived dust size distributions are representative for the true dust size distribution, since
both instruments are recording the forward scattered light. The forward scattered light is least
sensitive to particle asphericity (Mishchenko et al., 1997). A very recent study on the
measurement of mineral aerosol size distributions with laser particle sizing instruments
(recording the scattered light at various angels close to the forward direction) concluded that
size distributions derived from optical probes using Mie theory are a useful estimate for the
true desert dust size distribution (Veihelmann et al., 2006).

Assessment of uncertainties in the size distribution due to assumptions on the
refractive index

To asses the errors introduced in the data analysis by uncertainties in the refractive index,
the sensitivity of the size distribution from the PCASP-100X and the FSSP-300 was tested for
several refractive indices, which covered the uncertainties in the refractive index. Results of
the sensitivity study are shown in Figure 46. The size distribution of non-absorbing particles
appears to be rather insensitive to the variation of the real part of the refractive index for both
instruments (not shown). The size distribution of the PCASP-100X is even insensitive to the
variation of the imaginary part of the refractive index for particles D, < 0.6 pm (Figure 46,
top panel), while for larger particles with increasing imaginary part the size distribution
changes. In contrast, the size distribution derived from the FSSP-300 (Figure 46, bottom
panel) is more sensitive to the variation of the imaginary part of the refractive index: an
increasing absorption shifts the size distribution towards larger particle sizes.

'> Henceforth, the notation CPC+PCASP refers to the combined data inversion with the inversion algorithm.
' The notation TD+CPC+Grimm OPC also refers to the combined data inversion with the inversion algorithm.

"7 In the following referred to as inversion algorithm.
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Figure 46. Sensitivity of particle size distribution derived from the PCASP-100X (top panel) and the
FSSP-300 (bottom panel) to the chosen refractive index.
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During ITOP the refractive index was not well known, but the less sensitive PCSAP-100X
instrument was sufficient to derive the forest fire size distributions. Therefore, the error
introduced in the derived forest fire aerosol size distributions can be neglected. During
SAMUM, the FSSP-300 was very important due to the large sizes of the dust particles.
However, the refractive index was better known, since it was inferred from the 3-1-PSAP
measurements for every dust sequence. As shown in Rasp (2007), the imaginary part of the
refractive index derived from the 3-A-PSAP measurements corresponds within 50% with
chemical analyses (see also Section 3.3.6, p. 77ff). The influence of these uncertainties in the
imaginary part of the refractive index on the derived size distributions can be quantified as
follows: the particle size distribution for a particular dust sequence is calculated for different
imaginary parts of the refractive index. Then, from the inferred size distribution the effective
diameter D, is computed. To estimate the upper limit of these errors, a dust size distribution
which extended to D, ~40 pm was taken, and the imaginary part of the refractive index was
varied by +10%, +20% and + 50%. For all cases the D,y was calculated. A variation of
+ 10% (£ 20%, = 50%) in the imaginary part of the refractive index yielded a change in D, of
3-4% (3-5%, 5-8%). These results suggest that the uncertainty introduced in the derived size
distributions can be regarded as minor.

Parameterisation of size distributions

To describe particle size distributions in optical models, it is required to formulate a
mathematical expression for the measurements with a few adjustable parameters. As pointed
out in Section 2.2.1 (p. 191f), a popular parameterisation is the log-normal distribution. In this
study, the obtained size distributions were parameterised by fitting multi-modal log-normal
distributions. Mode X; is represented as a Gaussian distribution of log D,, which is centred at
the count median diameter CMD with geometric standard deviation GSD of log D, (see
Equation 2.2, p. 21). The log-normal distribution is completely described by three parameters:
the particle concentration N, CMD and GSD. It turned out that four modes are needed for an
adequate representation of the observed dust size distributions, whereas three modes were
sufficient for the representation of the forest fire size distributions.

flight #

Figure 47. Quality control of the parameterised size distributions. The black symbols show the ratio of
Dy calculated from the data and from the parameterisation. The regression line is shown in black,
and the dotted grey lines denote 5% deviation from perfect match.
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Large errors can be introduced in the calculation of optical parameters, if the
parameterisations do not exactly fit the measured size distribution. To avoid errors due to
inadequate parameterisation a quality control criterion was developed. The quality of the
parameterisations was controlled by comparing effective diameter calculated directly from the
inverted data D,y (data) and from the parameterisation D.y(mode) using the Hatch-Choate
conversion equations (Hatch and Choate, 1929) (see Equation 2.3, p.22). The
parameterisations were regarded as adequate when the deviation between D,y (data) and
Dy (mode) was smaller than 7.5%. Figure 47 summarizes the ratio Dy (data)/D.;(mode)
(black symbols) for all 53 parameterised SAMUM size distributions. The regression line is
shown in black, while the grey dotted lines indicate 5% deviation from the perfect match. In
91% of the cases the deviation between parameterisation and data was smaller than 5% and in
60% it was even smaller than 3%.

3.3.4 Validation of the inversion algorithm

The various measurement techniques described in Section 3.1 (p. 31ff) do not directly
measure particle size distributions. To derive particle size distributions, the raw data of each
instrument need to be inverted. This can be done separately for each instrument by applying
the transfer equations for every instrument (described in detail in Section 3.1) or by an
algorithm that combines simultaneously the information of several instruments and extracts
the particle size distribution for the instrument combination. The inversion algorithm, which
is described in detail in Fiebig et al. (2005), is capable of combining data from different
instruments for the same aerosol into one particle size distribution without assuming a shape
of the size distribution, covering four orders of magnitude in particle concentration, not
needing an initial guess, and providing the uncertainty of the inversion result. Since for the
analysis of the ITOP data the inversion algorithm was not yet available, the size distributions
were derived for each instrument separately and subsequently combined to a size distribution
(“conventional analysis). The SAMUM data were inverted using the inversion algorithm.

So far, no validation of the inversion algorithm against the conventional data analysis
procedure has been published. Hence, the inversion algorithm is here validated for the first
time for atmospheric aerosols against the independent conventional data analysis procedure.
The results for one case are displayed in Figure 48. The red, orange and brown symbols are
deduced with the conventional method from DMA, PCASP-100X and FSSP-300
measurements, respectively. The PCASP-100X and FSSP-300 data were inverted using a
refractive index of m = 1.57 + 0.0017i. The error bars represent the standard deviation of
atmospheric particle concentration within the averaging interval, and are therefore dependent
on the atmospheric variability of particle concentrations. The dark grey and black lines show
the size distribution derived with the inversion algorithm. According to Fiebig et al. (2005),
the inversion algorithm retrieves the size distribution with an uncertainty of less than 8%. The
grey shaded area in Figure 48 indicates the uncertainty of the inversion result, based on the
Monte-Carlo method, which is implemented in the inversion algorithm. The uncertainty is
dominated by the atmospheric variability of the particle concentrations. Due to decreasing
information, the uncertainty increases on both ends of the instrument spectrum. This may
explain the larger deviation between inversion and conventional data analysis for diameters of
~0.02 um. Generally, the size distributions of both methods are in excellent agreement for the
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dust layer L04 on 3 June 2006. Also further intercomparisons between the conventional
method and the inversion algorithm for other cases show excellent agreement.
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Figure 48. Size distribution deduced with the conventional method (ved, orange and brown symbols),
and size distribution from the inversion algorithm (lines) for the dust layer L04 on 3 June 2006.
Particle number concentrations N refer to STP conditions.

3.3.5 Volatility analyses — aerosol mixing state

It is very important to investigate the aerosol mixing state, because it provides information
on transformation and ageing processes acting on an aerosol population. The global
characterisation of the mixing state is quite difficult, as most of the existing measurements are
bulk measurements, which deliver no information on the chemical composition of the aerosol
(Mishchenko et al., 2004). Single particle analysis of aerosol samples can provide information
on the mixing state, but these measurements are very time consuming, so that only a limited
number of samples can be analysed. Another possibility to get information on the mixing state
is the combination of particle sizing instruments with a thermal denuder TD (Clarke, 1991).
This combination allows the determination of the volatile and non-volatile particle fractions
with a high resolution in time and space. The heating temperature of the TD used during
ITOP and SAMUM was set to 250°C for separating volatile components of sulphuric acid-
like and ammonium sulphated-like behaviour from non-volatile or refractory components like
BC, sea salt, dust and crustal material (e.g. Engler et al., 2006). During ITOP, the non-volatile
particle fraction was determined for three size ranges by three pairs of CPCs set to different
lower cut-off diameters with one CPC of each pair connected to a TD. The three size ranges
were NUC (4 < D, 5005 < 14 nm), AIT (14 < D), 502, < ~80 nm) and ACC (D), 50¢; > ~80 nm). For
the SAMUM campaign the volatility measurements were extended. Additional to the three
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pairs of CPCs, the Grimm OPC was connected to the TD. With this configuration the
derivation of the non-volatile size distribution for particles D, <~2.5 um was possible.

It is enlightening to compare the total and the non-volatile aerosol fraction to draw
conclusions on the aerosol mixing state. Figure 49 illustrates how the aerosol mixing state is
inferred from the volatility measurements in this work. Figure 49a depicts a scatter plot of the
non-volatile number concentration and the total particle number concentration in a particular
size range (e.g. in the A/T mode). An internally mixed aerosol composed of non-volatile
components and coated particles with a non-volatile core would group on the 1:1 line in such
a graph. Aerosols appearing below the 1:1 line are externally mixed, and include totally
volatile particles. The further the particle population is shifted from the 1:1 line, the more
totally volatile particles are contained in the aerosol population. Volatility analyses limited to
a few ranges allow only a qualitative distinction between internal and external mixture. To
investigate possible coatings on the particle, the total and the non-volatile size distributions
have to be compared. Figure 49b-d shows intercomparisons of the total aerosol size
distribution (blue line) and the non-volatile size distribution (brown line). In an internally
mixed and coated aerosol (Figure 49b), the total and the non-volatile size distribution would
have the same shape, but the maxima of the non-volatile size distribution would be shifted to
smaller particle sizes. One would expect such a mixing state for an aged aerosol. In an
externally mixed aerosol that contains a number of totally volatile particles, the shape of the
total and the non-volatile size distribution would differ (Figure 49¢). Such behaviour can be
observed for example in fresh ship emissions. In an internally mixed aerosol without coatings,
the total and the non-volatile size distribution would be identical (Figure 49d). Pure dust
particles from fresh dust emissions are expected to have no coatings.
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Figure 49. Schematic illustrating the derivation of the aerosol mixing state on the basis of volatility
analyses.
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3.3.6 Absorption data

During the ITOP field experiment, a Particle Soot Absorption Photometer (PSAP, see
Section 3.1.6, p. 42ff) measuring at one wavelength was used, while during SAMUM a
3-2-PSAP was employed. The data from the PSAP were used to derive absorption coefficients
o, and BC mass concentrations. Former experience with the PSAP (Petzold et al., 2002)
evinced that only data on constant flight levels out of clouds are reliable. Out-of cloud
sequences exclude measurement artefacts due to humidity-effects impacting on the filter
transmission function (4rnott et al., 2003). Reduction of PSAP data to constant-level
sequences avoids measurement artefacts due to pressure changes in the sampling line which
occur during ascent and descent of the aircraft and impact on the filter transmission function.

The 1-1-PSAP raw data from ITOP were smoothed using a 20 s moving average. The 20 s
averaging time was found to smooth the scattered data sufficiently while keeping the time-
resolution at a reasonable level. Based on the experience of earlier airborne applications of the
PSAP (Petzold et al., 2002), the detection limit of the method was determined to be 0.1 Mm.
The aerosol absorption coefficient g,,(4 = 550) was converted to an equivalent BC mass
concentration by applying a mass-specific absorption cross-section of 8 m? g'1 (Bond and
Bergstrom, 2006). The 3-A-PSAP data from SAMUM were analysed using the inversion
algorithm and the aerosol optical model (see Section 3.3.7). The absorption data were used to
infer refractive indices from the spectral dependency of the absorption coefficient. The
analysis of the absorption data is subject of a diploma thesis by Rasp (2007). As the refractive
indices inferred from the 3-4-PSAP entered the analysis of size distribution data, the method
by which refractive indices were derived is summarised in Figure 50 and explained briefly in
the following.

In a first step, a realistic chemical composition is assumed. The aerosol was assumed to
consist of one merely scattering component like quartz (SiO;) or ammonium sulphate
((NH4)2S0O4), one light absorbing component with a weak spectral dependence of the
absorption coefficient like BC or kaolinite (ALSi,Os(OH)4), and one light absorbing
component with a strong spectral dependence of the absorption coefficient like haematite
(Fe;03). The assumptions on the chemical components were based on chemical analyses of
filter samples by the Environmental Mineralogy Group of the Darmstadt University of
Technology (Kandler, 2007, personal communication) which revealed that SiO,,
AlSi;05(OH)4, Fe;Os, and (NH4),SO4 are contributing significantly to the composition of
desert dust. From the chemical composition the refractive index was inferred from an
effective medium mixing rule (Ackerman and Toon, 1981; QOuimette and Flagan, 1982;
Chylek et al., 1988). Applying this mixing rule, the real and imaginary part of the refractive
index can be calculated as a linear combination of the refractive indices of the individual
components / weighted by their volume fraction f; (Figure 50). In a second step, a combined
size distribution is calculated from CPC and PCASP-100X data. The size distribution and the
refractive index served as input data for the aerosol optical model that computes the PSAP
response. If the measured PSAP response is not matched by the computed one, the chemical
composition is slightly varied. All steps are repeated until the calculated PSAP response fits
the measured one. The graph on the right-hand side in Figure 50 illustrates the iterative
inversion procedure of PSAP data. The measured PSAP signal is shown in black, the range of
uncertainty is grey shaded, the dashed blue lines show the calculated response for different
chemical compositions and the orange line shows the best match of measurements and

77



CHAPTER 3. METHODS

calculations. Since the PSAP measurements are conducted in the cabin of the aircraft, the
characteristic of the aerosol inlet determines the maximum particle size collected on the PSAP
filter.

Assumption on chemical composition of particles
PM = fsio, (wHy,s0, [SIO2 , (NH)2S04 1+ fay, siy0m), [A12S1,05(0H), ]
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Figure 50. Schematic illustrating the derivation of refractive indices from 3-A-PSAP data by an
iterative process (Rasp, 2007).

The described method allows the determination of the refractive index from absorption
measurements. The derived refractive index was compared with chemical analyses from the
University of Darmstadt for the SAMUM flight on 19 May 2006. Both methods corresponded
within 50% (Rasp, 2007). Considering that the refractive indices of dust published in the
literature vary by one order of magnitude, the agreement between the PSAP-derived refractive
index and the chemical analyses is quite good.

3.3.7 Aerosol optical model

To perform radiative transfer calculations necessary for the interpretation of the data,
several optical properties, namely, the light-scattering o, and absorption coefficient o,,, the
light-extinction coefficient o, the single-scattering albedo @, and the asymmetry parameter g
of the aerosol in the forest fire and desert dust plumes are required. These properties are a
function of the wavelength. Spectral aerosol optical properties are calculated from size
distribution, absorption measurements and volatility analyses with aid of an aerosol optical
model. The aerosol optical model is based on two Mie codes, the Bohren and Huffman (1983)
Mie code for the treatment of spherical particles and the Toon and Ackerman (1981) Mie code
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for the treatment of coated spheres. The spherical particles are described by a single refractive
index, while the coated spheres are described by two refractive indices, one for the core and
one for the coating. Both models were combined by Fiebig (2007, personal communication)
and embedded in a software routine written in C++ language, which was available for this
investigation. This aerosol optical model includes a look-up table of common spectral
refractive indices available in the literature. Spectral aerosol optical properties can be
calculated from about 200 nm up to 20 um. The aerosol optical model is capable of treating
internally and externally mixed aerosol modes and coated spheres within the same aerosol.
Additionally, the model has a feature that allows the size-dependent specification of the
chemical particle composition and the aerosol mixing state. This feature is necessary for
example, if several chemical components are only present in a sub-size range of the total
aerosol size range as it is observed in forest fire aerosols (see Section 4.1.3, p. 88ff). Input
data of the aerosol optical model are the integral particle concentration of each log-normal
mode (Nuode j), the median diameter (CMDyuoq. ;) and the geometric standard deviation
(GSDode j), the volume fractions of chemical components within one mode and the mixing
state. All parameters can be specified for each mode separately.

3.3.8 Heating rates

For the interpretation of experimental data, radiative transfer calculations with the
libRadtran software package were performed'®. The libRadtran software package, including
some examples of use, is described in more detail in Mayer and Kylling (2005). The main tool
of libRadtran is the UVSPEC radiative transfer model (Mayer et al., 1997), which can be used
for the computation of heating rates.

Heating rates were calculated from 0 to 12 km altitude in the spectral interval 200 nm —
100 um. The model input parameters were solar zenith angle, vertical profiles of atmospheric
pressure, temperature and humidity, and trace gases, as well as aerosol optical properties, and
surface albedo. For the calculations performed in this work, it was assumed that no reasonable
clouds were present. Atmospheric profiles for pressure, temperature and humidity, trace gas
mixing ratios of CO, and O3 were averaged in bins of 50 m. Above the maximal flight altitude
the profiles were completed with data from the ECMWF operational analysis. The aerosol
extinction profile at 532 nm is taken from the lidar measurements in the case of desert dust,
while for the forest fire case an extinction profile was derived from the from aerosol size
distribution and absorption data. Spectral extinction o, single-scattering albedo wy, and
asymmetry factor g was derived from Mie calculations with the aerosol optical model
(Section 3.3.7). The spectral refractive index was derived by an iterative process as described
in Section 3.3.6. The surface is assumed to have the spectral albedo of ocean water (ITOP,
Atlantic) or grass land (SAMUM, Casablanca). The radiative transfer calculation was
performed with a discrete ordinate solver with 6 streams. The absorption is accounted for by a
correlated-k parameterisation of Fu and Liou (1992).

3.3.9 Combination of data

Two hypotheses, the self-stabilising and the sealed ageing effect (see Section 1.3, p. 11)
will be investigated in this work. The assessment of these hypotheses requires the

'8 The calculated heating rates were provided by Ulrich Hamann (DLR).
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combination of measurement data and model calculations. The flow-chart in Figure 51
summarises how the numerous data are combined to asses radiatively-driven processes in

forest fire and desert dust plumes.

instrument calibration and

ITOP: refractive index esti-

measurement principles | mated from 1-A-PSAP data
l SAMUM: refractive index /
aerosol size distributions | der!\t/-ed cf:hemg:il ;gTP
from instrument combination position from J-A-
data (K. Rasp)
7}
1+ validation
4 chemical analyses from
parameterised size airborne impactor
distributions samples (K. Kandler)
ITOP: extinction
profile derived
from in-situ . aerosol optic.:al model
measurements (based on Mie theory) <
SAMUM: HSRL
extinction v
rr;:a;ure:rl;ents 5 spectral optical parameters
(M. Esselborn) (15 (e.9. Gu(A), 0,,(A), 0,(A),
extinction from T wy(4), g (A), ...)
Leipzig lidar (M.
Tesche) volatility analyses:
aerosol mixing state
libRadtran B vertical profiles of
(U. Hamann) h p_otential t_emperat_u['e,
wind, relative humidity,
Richardson number,
w particle number
heating rates —> «— concentration, ...

Figure 51. Flow-chart illustrating the data analysis procedure.

Particle size distributions are derived from measurements with multiple instruments. The
size distributions are parameterised by fitting 3-4 log-normal distributions to the data. The
quality of the parameterisations is evaluated by comparing effective diameter inferred from
the inverted size distribution data and from the parameterisation. The size distribution data
and the refractive index information serve as input for the aerosol optical model (based on
Mie-theory) for the calculation of aerosol optical properties. The calculated aerosol optical
properties are compared with other independent measurements of the optical properties like
extinction coefficient from the HSRL (Esselborn, 2007) and the IfT-lidar (Tesche, 2007,
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Miiller, 2007, personal communication) to study the validity of the results. The optical
properties are further compared with values published in the literature. The aerosol optical
properties serve as basis for the radiative transfer calculations with libRadtran which were
conducted by U. Haman. The heating rates are necessary to investigate the self-stabilising of
the forest fire and desert dust plumes. The mixing state of the aerosol is derived from
volatility analyses and gives insight into the ageing process of the aerosol during atmospheric
transport. Vertical profiles of meteorological data like potential temperature, wind and
humidity are used to explore the characteristic structures within lofted aerosol plumes. The
information on meteorological parameters is used to show the impact of absorbing aerosol
layers on atmospheric stability. Trajectory calculations are necessary to identify the sources of
aerosol plumes and to estimate the age of the aerosol layers.
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4 Properties of forest fire and desert dust
plumes

In this chapter the measured microphysical and optical properties of forest fire and desert
dust aerosols are presented. In contrast to forest fire layers, where Falcon data only exist for
aged aerosol layers (age: 4-13 days), dust layers were investigated close to the source (Sahara)
and over Portugal (age: about 2 days). The findings will be discussed in Chapter 5, where
explanations for the observed aerosol properties and the observed temperature structure are
evaluated.

4.1 Forest fire aerosol (ITOP)

This section investigates the frequency of forest fire plume transport to Europe in
July 2004 (Section 4.1.1) and presents a case study of the most intensive forest fire plumes,
investigated during ITOP (Section 4.1.2). Section 4.1.3 follows with the optical properties of
the forest fire plumes on 22-23 July 2004, and Section 4.1.4 summarises the properties of
other forest fire plumes during ITOP.

4.1.1 Transport of forest fire plumes to Europe

In July 2004, the European aerosol and trace gas composition was highly influenced by
the long-range transport of forest fire plumes from Northern America. The CO mixing ratio
was significantly increased in the altitude range between 3 and 9 km within the ITOP core
phase between 19 July and 3 August 2004. The CO enhancement was mainly attributed to the
frequent long-range transport of forest fire plumes from Northern America to Europe. The
meteorological situation in Europe from 16 to 23 July 2004 was characterised by a low
pressure system over the North Atlantic (a summary of daily large scale synoptic patterns is
given in Gerstengarbe and Werner, 2005). Associated with this low pressure system the flow
pattern over Western Europe was from the west-south-west. From 24 to 28 July 2004 a trough
over Northern and Central Europe led to a west-north-westerly flow, advecting air masses
from North America to Europe. The plumes arrived in Europe at 3-9 km altitude after a
transport time of roughly one week (4-13 days). By the end of July a high pressure system
started to build up over Central Europe and stopped the transport of forest fire plumes to
Central Europe. This high pressure system persisted beyond the ITOP core phase until mid of
August 2004.
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CHAPTER 4. PROPERTIES OF FOREST FIRE AND DESERT DUST PLUMES

Some insight into the frequency of forest fire plume transport across the Atlantic in July
2004 is gained from an examination of column integrated FLEXPART forest fire CO tracer
simulations over Europe. The domain examined covers the region from 20° W to 10° E and
from 35° N to 60° N corresponding to about 3300 km in the meridional direction and to
1900 km in the zonal direction. According to FLEXPART, forest fire plumes were present at
least on 20 days over Europe in July 2004. For this analysis, only cases with the column
integrated forest fire CO tracer concentrations larger than 120 mg m™ in an area larger than
100 km by 100 km were considered. This threshold value was chosen in order to not
overestimate the forest fire contributions. Therefore the number of days with forest fire
contributions can be seen as a minimum number. FLEXPART showed that the most intensive
and strongest transport of forest fire plumes to Europe took place between 20 and 26 July,
with a maximum on 22-23 July 2004. In this period the Falcon probed the layers several
times.

4.1.2 Case study 22 July 2004

Two research flights from Creil (France) to Santiago (Spain) and back were taking place
on 22 July 2004 (see Table 5, p. 58). During these flights a forest fire plume emitted from
strong boreal fires in Alaska (see Figure 37, p. 56) was probed several times at altitudes
between 3 and 8 km ASL. Figure 52 summarises the flight track (light grey line) of the two
flights on 22 July 2004.
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Figure 52. Map of the two ITOP flights on 22 July 2004. The light grey line shows the flight track with
the flight direction indicated by grey arrows. The blue (brown/orange) lines mark the vertical profile
measurements in the vicinity of Creil and Santiago during flight #040722a (#060522b). Forest fire
layers have been encountered during all vertical profiles.

The blue lines mark the vertical profile measurements in the vicinity of Creil (France) and
Santiago (Spain) during flight #040722a. The brown and orange lines mark vertical profile
measurements during flight #040722b. Forest fire layers have been encountered during all
profiles. The green arrows indicate the main wind direction. The wind blew from south-
westerly directions (224-231°) and was rather constant with altitude above 2 km ASL. The
flight path between Santiago and Brest was approximately parallel to the isentropes so that no
appreciable temperature gradients have been crossed. Considering the wind speed and the
time difference between the descent/ascent over Santiago and the descent over Brest (brown
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4.1 FOREST FIRE AEROSOL (ITOP)

line in Figure 52), the forest fire plume that was first probed during the descent and ascent
over Santiago was again probed during the descent and ascent south-west of Brest. The
microphysical and chemical properties measured during the descent (blue line in Figure 52)
and ascent in the vicinity of Santiago (brown line in Figure 52) were similar, although the
altitude of the lower boundary of the forest fire layer was a little bit higher and deeper during
the ascent.

Figure 53 presents one example of the complex structure of a vertical aerosol profile
encountered during the flight #040722a. The graph shows a vertical profile of ACO (left
panel, dotted line), the absorption coefficient o,, derived on the constant-level sequences (left
panel, brown symbols), a vertical profile of the aerosol size distribution inferred from DMA
and PCASP-100X data (mid panel) and a vertical profile of the potential temperature. The
measurements were taken above the Atlantic Ocean south-west of Santiago (blue line in
Figure 52). The clean marine boundary layer reaches up to about 500 m ASL. From 2.3 km to
approximately 6 km altitude, a layered structure is clearly visible, which can be attributed to
the presence of forest fire aerosol. According to FLEXPART analyses, the lowest layer
contains a mixture of forest fire aerosol and anthropogenic pollution from North America, the
mean and upper layers contain pure forest fire aerosol. The polluted layers are characterised
by enhanced ACO values and enhanced aerosol absorption coefficients. The 4CO reaches a
maximum of 268 nmol mol™ at an altitude of 3.3 km ASL. The plume probed on 22 July was
the densest with the highest aerosol absorption. Absorption coefficients ranged between 3 and
about 8 Mm™', which is in the order of the polluted urban outflow of the Paris area. The
maximum o, of 8.1 Mm™" was found at 3.8 km ASL (Figure 53, left panel).
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Figure 53. Profiles of excess CO (left panel, dotted line) and aerosol absorption coefficient ., (left
panel, brown symbols), particle size distribution for STP conditions (mid panel) and potential
temperature (right panel) for the profile over the Atlantic south of Santiago on 22 July 2004. The
particle number concentration in the mid panel is colour coded (unit: scm™). The shaded area
illustrates the multi-layer structure (see text). FLEXPART analyses suggested that the lowest layer
was a mixture of forest fire and anthropogenic aerosol, while the upper layers contained pure forest
fire aerosol.
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The size distribution in the left panel of Figure 54 corresponds to the measurements
depicted in Figure 53, and the size distribution in the right panel of Figure 54 was taken
during the descent south-west of Brest (Figure 52). Since the airmasses were very dry (< 30%
in most cases), no hygroscopic shift was applied to the size distributions. FLEXPART
analyses indicated a plume age of 6-9 days. The forest fire size distributions are dominated by
a strong accumulation mode with a CMD between 0.2 and 0.3 um, while the nucleation mode
is entirely depleted. The absence of the nucleation mode is one of the key characteristics of
aged forest fire layers.
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Figure 54. Composite size distributions in forest fire plumes after transport times of more than one
week determined from data of CPC (black squares), DMA (open circles) and the PCASP-100X (grey
triangles). The size distribution in the left panel was measured during the descent over the Atlantic
Ocean south-west of Santiago, while the size distribution in the right panel was measured during the
descent close to Brest. Mission ID, time (UT), altitude, relative humidity RH and the plume age are
given in the top left corner of each plot. The solid lines represent the 3-modal log-normal size
distributions fitted to the measured data. The dashed grey lines illustrate a size distribution
representative for the clean free troposphere measured on the same day. The error bars indicate the
standard deviation of the particle concentration within the averaging interval.

Another important property of forest fire aerosols, the mixing state, can be assessed by
means of volatility analyses as already explained in Section 3.3.5 (p. 75ff). Figure 55 shows
scatter plots of the non-volatile and the total acrosol number concentration in the Aitken and
accumulation mode size range for all forest fire encounters on 22 July 2004. Forest fire
particles cluster along the 1:1 line with respect to Nyon-vor VErsus Ny for both, Aitken (left
panel) and accumulation mode (right panel). The non-volatile fraction in the Aitken mode
Jron-vor arr Tanges between 80 and 95%, while the non-volatile fraction in the accumulation
mode fonvor acc 1S On average 95-100%. Almost all particles inside the aged forest fire layers
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contain a non-volatile core and are entirely internally mixed. The smaller non-volatile fraction
in the Aitken mode indicates that BC is mainly contained in the accumulation mode. In
contrast, the Aitken mode contains particles with a certain volume fraction of BC and some
totally volatile particles without BC.
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Figure 55. Mixing state of pure forest fire aerosol (FF; black symbols) sampled on 22 July 2004. The
forest fire aerosol is internally mixed with non-volatile cores. Free troposphere data outside of smoke
plumes (grey symbols) show a different behaviour.

Beside the microphysical properties, the forest fire plumes of the 22 July 2004 show a
potential temperature'® structure (Figure 53, right panel) which will prove to be characteristic
for all forest fire plumes encountered: outside the forest fire layers potential temperature
decreases on average by about 3.5 K km™' (dashed line in the right panel of Figure 53). Inside
the forest fire layer the potential temperature shows a typical structure with high stability at
the lower and upper boundary of the aerosol layer and weak to almost neutral stability inside
the layer. The lapse rate at the bottom and at the top of the aerosol layer is 11.4 and
5.5 K km™, respectively, while the lapse rate within the layer is 2.5 K km™. Assuming the
standard atmosphere lapse rate of 3.5 K km™, the air within the forest fire layer is about 4 K
warmer than expected. Similar structures of the vertical lapse rate were also found during the
profile measurements over Creil and Brest. The potential temperature gradient within the
forest fire layers can be grouped in three regions with different potential temperature gradient
(Figure 53, right panel): the lower (region 1) and the upper part (region 3) with a large static
stability, and the intermediate part (region 2) with neutrally to weakly stable stratification.
Table 9 summarises the potential temperature gradient in the three regions of different static
stability for forest fire layers on 22 July 2004, including an average lapse rate for the whole
profile. Moreover, the altitude of the lower and upper plume boundary and the layer depth is
shown. The lapse rate at the lower boundary of the layer is larger than 5.6 K km™ in all cases
and decreases to values between 1.2 and 3.1 K km™ within the layer. The lapse rate at the

' The potential temperature is the temperature a parcel of air would have if it were adiabatically lowered (or
raised) to a pressure of 1000 hPa. It is closely related to buoyancy. If the potential temperature increases with
height, the profile is stably stratified, since a displayed air parcel will tend to return to its initial level.
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upper boundary of the forest fire plumes ranges from 2.9 to 9.2 K km™'. Outside the plumes,
lapse rates of 2.8 to 4.4 K km™ are found. In the case of the ascent over Brest only the lapse
rates in region 1 and 2 could be determined, since the aircraft did not reach the top of the
layer. Furthermore, the lapse rate in the forest fire layer over Creil (descent) exhibits only two
regions of different potential temperature. It can be seen from Table 9 that in the course of the
day, the stability inside the layer decreased and the inversion on top of the layer diminished.

Table 9. Forest fire layer structure on 22 July 2004. During the ascent over Brest only the lapse rate in
region 1 and 2 could be determined, since the aircraft did not reach the top of the layer. The forest fire
layer over Creil exhibited only two regions of different potential temperature.
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040722a 09:40 - 10:13  ASC Creil 4186 7671 3485 5.6 3.1 9.2 35
040722a 11:22 - 11:58  DESC Atlantic 2415 6197 3782 11.4 2.5 5.5 4.1
040722b 15:05-15:28  ASC Santiago 2592 6968 4376 109 1.2 5.8 3.5
040722b 15:45-16:06 DESC Brest 3735 6633 2898 10.0 1.5 6.7 3.7
040722b 16:11 —16:17  ASC Brest 3581 nd n.d. 79 1.5 n.d. 4.4
040722b 16:38 —17:03  DESC Creil 2572 3608 1036 5.8 -- 29 2.8

4.1.3 Optical properties of the aged forest fire plume on 22
July 2004

Optical properties of the forest fire plume on 22 July 2004 were calculated with the
aerosol optical model (Section 3.3.7, p.78ff) on the basis of volatility analyses, size
distribution and absorption measurements. The vertical profile of the size distribution (Figure
53, p. 85, mid panel) suggests that the forest fire plume can be divided into two sub-layers,
each characterised by distinctive microphysical properties. The absorption measurements
revealed absorption coefficients of 8.1 Mm™ and 3.5 Mm™ in the lower and upper sub-layer,
respectively (Figure 53, left panel). BC contributed about 10% (3.5%) to the total aerosol
volume in the lower (upper) sub-layer (Petzold et al., 2007). The volatility analyses revealed
93% (80%) in the Aitken and nearly 100% (100%) non-volatile particles in the accumulation
mode, i.e. all particles in the accumulation mode have a non-volatile core, while the Aitken
mode contains both, totally volatile particles and particles with a non-volatile core. These
analyses suggest that the non-volatile BC is only present in a limited size range if compared to
the total size distribution (Figure 56). This BC size distribution does not necessarily peak at
the same diameter as the overall size distribution. The size distribution of BC within the forest
fire aerosol can be derived under consideration of the results of the volatility analysis together
with the absorption measurements. First of all, the chemical composition of the particles,
which is expressed by a complex refractive index, has to be estimated based on the
measurements. A complex refractive index composed of a scattering component with
m=1.53 + 0.0i (Haywood et al., 2003b) and an absorbing component with m = 2.00 + 0.63i
(Ackerman and Toon, 1981) was considered as a reasonable assumption. Since the aerosol in
the lower (upper) sub-layer contained 10% (3.5%) of BC by volume, the Aitken and the
accumulation mode in the BC size distribution were described by a complex refractive index
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of m=1.577 + 0.063i (m = 1.546 + 0.022i) (see also Equation 2.15, p. 28). The coarse mode
was assumed to consist only of a scattering component with m = 1.53 + 0.07, as BC particles
are usually smaller. The volatility analyses showed 7% (20%) totally volatile particles in the
Aitken mode. Therefore, the integral particle number concentration of the BC size distribution
in the Aitken mode was assumed to be 93% (80%) of the total particle number concentration
in the Aitken mode. In a next step the BC size distribution in the accumulation mode was
slightly shifted to smaller particles until the calculated absorption coefficient reproduced the
measured absorption coefficient. Figure 56 shows the resulting size-dependent composition of
the forest fire aerosol.

total size distribution
I BC size distribution

AIT ACC COA

particles contain BC

8
ﬂ@@ for foo = 3.5 %: m = 1.546 + 0.022i
& for foo = 10 %: m= 1.577 + 0.063i
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Figure 56. Sketch of the total size distribution and the BC size distribution observed in the ITOP forest

fire aerosol. BC is only contained within the BC size distribution (dark grey shaded). In the Aitken
mode some particles consist of purely scattering material and some particles contain an internal
mixture of BC and purely scattering material. In the accumulation mode nearly all particles contain a
certain fraction fzc of BC. The particles in the coarse mode are again composed of purely scattering
material.

Using this information on the mixture and size-dependent BC content, the aerosol optical
model can be used to calculate the aerosol optical properties for the aerosol composition
shown in Figure 56. Considering the information on the vertical plume extent from the in-situ
measurements and assuming that the optical properties are constant with altitude in the lower
and upper sub-layer, the 40D of the forest fire plume can be retrieved. This retrieval yielded
an AOD of 0.15 £ 0.02 for the forest fire layer on 22 July 2004. To check the plausibility of
these calculations, similar calculations were conducted for the forest fire layer on
23 July 2003 that was also observed by the SIRTA lidar at Palaiseau south of Paris. The
retrieval yielded an AOD of 0.13 + 0.02 for the forest fire plume on 23 July 2004. This is in
the range of the AOD (0.1-0.15) observed by the SIRTA lidar on that day (Real et al., 2007).
The optical calculations yielded a single-scattering albedo of 0.85 (0.92) at 550 nm for the
lower (upper) part of the forest fire layer. These values are consistent with the range of single-
scattering albedo values of 0.83-0.9 indicated by Reid et al. (2005b) for boreal forest fires
plumes.
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Table 10. Microphysical properties of aged forest fire aerosol after long-range transport across the Atlantic Ocean. For comparison the properties of a
size distribution in the free troposphere (FT) are also given. Size distributions were derived on constant altitude sequences out of cloud. The aerosol
type was classified according to FLEXPART analyses and ACO measurements, and the plume age was estimated from FLEXPART trajectories. Besides
start and stop time for each averaging interval, the altitude of the measurements, the relative humidity (RH) and the water vapour mixing ratio in the
plume is given. N;, CMD;, and GSD,; result from log-normal fitting and denote the particle number concentration in mode X;, the count median diameter
and GSD is the geometric standard deviation. All mode parameters are given for STP conditions and can be converted to ambient conditions by
multiplication with fsrp. Fyuc is the ratio of [N(CPC, D, 500, = 4) — N(CPC, D, 590, = 14)]/N(CPC, D, 5005 = 4), fronvei arrsacc IS the ratio of the non-volatile
and the total number concentration in the Aitken/accumulation mode. The effective diameter D; was calculated from parameterised size distributions
via the Hatch-Choate conversion equations.
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040730a 93 +£3 % FF 15:48:45 15:49:54 4557 24 1.3 0.586 1900 0.065 1.90 240 0.22 1.35 3 033 1.52 0 79 100 48 4-6  0.23
040730a 84+7%FF 18:16:45 18:17:55 6437 14 03 0485 1300 0.085 190 850 023 139 15 090 170 3 80 100 119 4-6 033
040722a FT 11:19:15  11:20:22 11088 n.d. n.d. 0.289 360 0.009 1.50 3800 0.035 1.67 35 0.16 1.65 34 30 63 0 -- 0.10
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4.1 FOREST FIRE AEROSOL (ITOP)

4.1.4 Properties of other forest fire plumes during ITOP

During the 16-day period of ITOP (19 July — 3 August 2004), forest fire plumes were
sampled on 22, 23, 25, 26 and 30 July 2004. The transport analyses of FLEXPART suggested
that the aerosol plumes were also emitted from strong boreal forest fires in Alaska and
Canada. Table 10 compiles data of the analysed constant-level sequences of forest fire
encounters (FF). For comparison, the properties of measurements representative for
unpolluted, free tropospheric air (FT) are also shown. In addition to the microphysical
properties, the plume age and the percentage of CO tracers originating from forest fires in the
FLEXPART calculations is indicated in Table 10. FLEXPART tracer analyses (forest fire
fraction > 80%; see also Section 3.2.2.3, p. 59ff) suggest that almost pure forest fire aerosol
was sampled in most cases. The measurements show enhanced CO mixing ratios within all
forest fire plumes. On average a value of 4CO = 110 + 40 nmol mol™ was found in the forest
fire plumes. The highest 4CO value of 283 nmol mol” was detected during flight #040722b.

In general, the pure forest fire layers show several characteristic aerosol properties. The
aerosol light absorption coefficient g,, and the BC concentrations inside the probed layers
increase the background value by more than two orders of magnitude (Petzold et al., 2007). A
detailed investigation of the non-volatile particle fraction within the Aitken mode fonvor 47
and the accumulation mode f,,,,-v01 acc for all forest fire encounters during ITOP yielded that in
the accumulation mode nearly 100% of the particles and in the Aitken mode even more than
80% of the particles contain a non-volatile core (Table 10). In contrast to that, the undisturbed
background aerosol contains a considerable fraction of entirely volatile particles, even in the
accumulation mode. A key feature of all forest fire aerosol size distributions is an almost
complete depletion of the nucleation mode particles, a small Aitken mode and an enhanced
accumulation mode compared to the free tropospheric background aerosol outside of forest
fire layers (Figure 54, p. 86; Figure 57, p. 92).

The size distributions displayed in Figure 57 represent different plume ages. According to
FLEXPART, the plume investigated on 26 July (left panel) had an age of 10-13 days, while
the plume investigated on 30 July was younger with an approximated age of 4-6 days after
emission. Differences between the younger and the older plume are obvious: the younger
plume exhibits some nucleation mode particles (fyuc < 10%); the Aitken mode in the younger
plume is broader and the CMD of the Aitken and accumulation mode is shifted to smaller
particle sizes compared to the older plume (Table 10). The differences between the older and
the younger forest fire plumes were investigated in more detail by means of the effective
diameter D,y (Table 10), which was calculated from the parameterised size distributions. Dy
ranges between 0.21 and 0.52 um and increases with increasing transport time such that the
lower values are found after 4-6 days of transport, while after about 10 days D,y is about
0.52 um. These values of D,y measured during ITOP are in agreement with values of
0.50 = 0.14 um (Fiebig et al., 2002; Wandinger et al., 2002) reported for forest fire plumes
after about one week of transport during the LACE 98 field experiment.

All forest fire layers encountered during ITOP were characterised by a comparably low
relative humidity (< 50%). In about half of the cases, the relative humidity was even lower
than 15%. The water vapour mixing ratio dropped from more than 5 g kg underneath the
forest fire layers to very low values (0.5-1.5 g kg™") within the forest fire plumes. This feature
was obvious in almost all forest fire plumes. The characteristic lapse rate, which was shown
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Figure 57. Same illustration as in Figure 54, but for forest fire plumes of different ages. The plume
measured on 26 July 2004 had an age of about 10-13 days (left panel), while the plume investigated
on 30 July 2004 was younger with an age of about 4-6 days (right panel).
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Figure 58. Vertical profiles of potential temperature 0 (red line) and ACO (black line) measured over
Creil during the ITOP flights on 23 and 30 July 2004. The grey shaded area marks the vertical
dimension of the forest fire plumes. The dashed line indicates the average lapse rate.
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4.2 DESERT DUST AEROSOL (SAMUM)

in detail for the forest fire plumes on 22 July 2004, was also evident in the other cases: the
average lapse rate was 8.6 Kkm™, 1.9Kkm™ and 6.0 Kkm™ in region 1, 2 and 3,
respectively. For comparison, averaged of the whole atmospheric profile from the surface up
to the upper troposphere, a lapse rate of 3.7 + 0.6 K km ' was found. This fits very well with
the lapse rate of 3.5 K km™ assumed in the standard atmosphere. Two more examples of
potential temperature profiles are shown in Figure 58 (red lines). The black line shows 4CO
measurements. As mentioned earlier, the CO enhancement can either be caused by biomass
burning plumes or by anthropogenic pollution. According to FLEXPART analyses, forest fire
plumes were only present in the grey shaded altitude ranges. Besides forest fire plumes,
anthropogenic pollution was present in both cases. In both forest fire plumes, the
characteristic potential temperature is visible.

4.2 Desert dust aerosol (SAMUM)

To understand the physical processes in lofted, aged desert dust layers it is necessary to
understand the dust aerosol released close to the source. One important issue addressed in this
section is the vertical structure of dust layers, which can not be detected by satellite remote
sensing and from sun photometry. Another important scientific question addressed here
concerns the complete dust size distribution. How will it look like, especially at elevated
altitudes, and how variable are dust microphysical and optical properties, even for a confined
source region like the north-western Saharan desert? This section is organised as follows:
first, the microphysical and optical properties of fresh desert dust layers including the dust
layer structure close to the Sahara are presented (Section 4.2.1) and then the properties of
aged dust layers close to the Moroccan coast (Section 4.2.2) and over Portugal (Section 4.2.3)
are shown. The optical properties of dust and an extinction closure follow in Section 4.2.4.

4.2.1 Properties of dust aerosol layers south of the Atlas
Mountains

Dust layers over Ouarzazate (OZT) and Zagora (ZGA) at the Saharan border were found
to extend from the surface to altitudes of about 4-6 km ASL. The internal structure of the dust
layers varied from well mixed to stratified. In all cases the dust layers exhibited very sharp
upper edges. Table 11 (p. 98) summarises times of vertical in-situ profiles at Ouarzazate and
Zagora, the altitude of the upper boundary of the dust layers and the dust layer structure.

It is obvious that stratified layers were observed in the early and late morning, while
during afternoon and evening flights well-mixed dust layers were present. Stratified layers
were observed, when the boundary layer was not yet completely developed and in the case of
advection of dust plumes. The upper boundary of the well-mixed dust layers coincided with
the top of the boundary layer. Figure 59 shows two cases, the well-mixed dust layer at
Ouarzazate on 19 May and the stratified dust layer at Ouarzazate on 4 June 2006. In the
former case the boundary layer is well developed with potential temperature 8 being almost
constant (=315.2 + 0.5 K) and wind being variable from the surface up to an altitude of
about 5 km (Figure 59a, mid panel). The particle number concentrations are almost constant
from the surface to the top of the dust layer (Figure 59a, left panel), which can be attributed to
turbulence within the boundary layer. The dust layer is topped by a strong inversion: within
235 m potential temperature increases by about 3 K, and particle number concentrations drop
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by 1-2 orders of magnitude. The HSRL cross-section (Figure 59a, right panel) illustrates the
homogenous dust layer. At the upper boundary of the dust layer a wave-like structure is

visible.
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Figure 59. Vertical structure of (a) the well-mixed dust layer on 19 May 2006 and (b) the 2-3-layer-
structure dust layer on 4 June 2006. Both profiles were measured at Ouarzazate. The left panels show
profiles of particle number concentration for STP conditions in the size range of 0.4 < D, < I um
(black line), 1 < D, < 3 um (light grey line) and D, > 3 um (grey line). The mid panels show potential
temperature (black line) and wind direction (grey symbols). In the right panels (courtesy: M.
Esselborn, DLR) the dust layer structure is illustrated by HSRL backscatter ratio at 1064 nm (colour
coded). The black arrows mark where the size distributions L02 and L0O7 shown in Figure 61 were
measured.

On 4 June, a 3-layer structure over Ouarzazate and a 2-layer structure over Zagora is

visible in the lidar signal (Figure 59b, right panel). The different layers over Ouarzazate
coincide with different potential temperature gradients and wind signals (Figure 59b, mid
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4.2 DESERT DUST AEROSOL (SAMUM)

panel). While the well-mixed boundary layer (8 = 308.8 £ 0.2 K) reaches up to about 3 km
ASL, the layer above is characterised by a stable stratification. Between 3 and 4 km ASL
advection of dust is taking place and the upper part of the dust layer is probably the residuum
of the lofted boundary layer from the day before. The advection of dust in an altitude of about
3 km was also documented by the IfT-lidar at Ouarzazate (not shown).

Well-mixed dust layers without major vertical gradients in the concentration of large
particles were characteristic for SAMUM. Figure 60 shows averaged vertical profiles of
aerosol number concentrations measured during SAMUM. Note the sharp upper boundary of
the dust layers. In contrast to the expected vertical gradient in the number concentration of
large particles, no enhancement of large particles close to the surface and no depletion of
large particles close to the top of the dust layer was observed. This is the result of turbulent
mixing within the boundary layer. Above the main dust layer dust filaments were observed on
most days, and wave-like structures were present at the top of the dust layer.

ga) 0.4<Dp<1pm b) 1<Dp<3pm c) Dp>3pm

altitude / km ASL

QOuarzazate - 1150 m ASL ]
| W | | P P TTT IR
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Figure 60. Average vertical profiles of aerosol number concentration for STP conditions measured
during SAMUM: median number concentrations (black line) of particles with diameters D, (a) 0.4 <
D, <1 um, (b) 1 <D, <3 umand (c) D, > 3 um. The grey shaded area represents the range within
10- and 90-percentile values.

Figure 61 shows two examples of dust size distributions, one measured over Ouarzazate at
4898 m ASL on 19 May (L02, left panel) close to the top of the dust layer and one measured
over Zagora at 3703 m ASL on 4 June 2006 (L07, right panel). The measurements correspond
to the vertical profiles in Figure 59. The black symbols depict the non-volatile size
distribution, while the grey symbols show the total aerosol size distribution. The error bars
indicate the standard deviation of the atmospheric particle concentration within the averaging
interval. The parameterisation of the size distribution is marked by the dashed line. The size
distributions of both dust layers exhibit similar microphysical properties. Comparing the non-
volatile (black symbols) and the total aerosol size distribution (grey symbols) two ranges with
different mixing states and therefore different particle morphology are striking: in the size
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range beyond 0.5 um, the non-volatile and the total size distribution are coinciding, while for
particles smaller than 0.5 pum this is not the case. Though the non-volatile size distribution has
the same shape and similar particle number concentrations (within 10% deviation) as the total
size distribution, the peak of the size distribution is shifted towards smaller particle diameters.
This feature suggests that particles smaller 0.5 um have a non-volatile core with a volatile
coating (see also Figure 49, p.76). According to the results of the volatility analyses, the dust
size distribution can be separated into two zones. Zone 1 (below 0.5 pm) is composed of
internally mixed and coated particles and zone 2 (above 0.5 pm) is composed of internally
mixed particles without coating.
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Figure 61. Composite size distribution of desert dust from CPC, PCASP-100X, Grimm OPC and
FSSP-300 for LO2 on 19 May over Ouarzazate (left panel) and LO7 on 4 June 2006 (right panel). The
black line shows the non-volatile size distribution from the combined analysis of the Grimm instrument
and heated CPCs, the light grey line shows the size distribution derived from the combined analysis of
CPC and PCASP-100X data, and the grey line shows data from the FSSP-300. The parameterisation
is indicated by the dashed line. Particle number concentrations refer to STP conditions.

This feature of two zones with different mixing states is obvious in all dust size
distributions measured during SAMUM. Figure 62 displays a selection of size distributions
measured during different SAMUM flights, including examples for a clean tropospheric size
distribution (#060519a, L00), a mixture of dust and urban pollution (#060528a, L.14), and
urban pollution and marine aerosol (#060527a, L13). The urban pollution aerosol
(e.g. #060527a, L13) and the free tropospheric aerosol (#060519a, L00) differ clearly from
the dust aerosol. The pollution aerosol exhibits a large number of small (D, < 0.1 pm), totally
volatile particles. The number concentration of the sub-0.1 um particles in the pollution
aerosol is even increased by 1-2 orders of magnitudes compared to the dust aerosol. In the
free tropospheric aerosol, the concentration of non-volatile particles is below the detection
limit of the Grimm OPC, and coarse mode particles are missing.
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Figure 62: Examples of size distributions measured during different SAMUM flights, including dust
aerosol and examples for a clean tropospheric size distribution (#060519a, L00), a mixture of dust
and urban pollution (#060528a, L14), and a mixture of urban pollution and marine aerosol
(#060527a, L13). For clarity, no error bars are shown. The dust aerosol shows a characteristic
structure with two zones of different mixing states (see text). In the pollution case (#060527a, L13), the
number concentration of small particles (D, < 0.1 um) is increased by two orders of magnitude.
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Table 11. Dust layer structure over Ouarzazate (OZT) and Zagora (ZGA). OZT and ZGA are situated
1150 m and about 820 m above sea level (ASL), respectively. The atmosphere over ZGA was only

probed during selected flights. Cases without vertical profiles over ZGA are indicated by "n.d.”.
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2 <55 2N S o Z 55 20 S o
2 cfc  85EQ 22 %2 5% % ok
2 S 23 9 Zan= < 25 0 17
s £E8 S52:2% A% £E8 52z 25
060519a  11:12-12:12 5130 well-mixed n.d. n.d. n.d.
060519b  14:35-14:42 6900 well-mixed n.d. n.d. n.d.
060520a  12:33—-13:27 5500 - 5560 well-mixed 11:29 - 12:28 5980 well-mixed
060522a  15:30-16:04 6620 well-mixed n.d. n.d. n.d.
060522b  17:18 -17:24  low-level well-mixed 17:25-18:00 low-level well-mixed
18:01 — 18:15  low-level well-mixed n.d. n.d. n.d.
060522¢  17:24—-21:33 4650 well-mixed n.d. n.d. n.d.
060528a  12:19—12:55 4500 —4700 well-mixed 11:12-12:15 4020 — 4040 2-layer structure
060603a  03:18 —04:09 4420 — 4470 2-3-layer structure  high level ~4500 2-3-layer structure
060603b  08:59 —-09:09 ~4000 2-layer structure 08:02 — 08:58 4400 2-layer structure
060603¢  11:04 —11:18 4480 well-mixed n.d. n.d. n.d.
060604a  09:49 —10:43 4680 — 4840 3-layer structure 11:24 -12:04 4720 — 4820 2-layer structure

The schematic in Figure 63 summarises the microphysical properties found in all dust
samples during SAMUM. In all cases two zones in the size distribution with different particle
morphology are evident. The inversion of the 3-1-PSAP data (Rasp, 2007) yielded a mean

refractive index of m=

1.531 + 0i

for zone 1 and a mean refractive index of

m = (1.555+0.0053) + (0.0032 £+ 0.0012)i for zone 2 at the HSRL wavelength of 532 nm. To
derive a refractive index with the PSAP-method (see Section 3.3.6, p.77ff), the particles in
zone 1 were assumed to consist of a quartz core coated with ammonium sulphate, while
particles in zone 2 were assumed to consist of an internal mixture of quartz, haematite and

kaolinite.
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Figure 63. Schematic summarising the microphysical aerosol properties found in the dust layers
investigated during SAMUM.

Chemical analyses of filter samples (Kandler, 2007, personal communication) confirmed
that the assumed chemical constituents are contributing significantly to the composition of the
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desert dust. Since the refractive index was derived only for particles smaller 2.5 um, the
analysis of the size distribution data and the calculation of optical properties from the size
distribution data have been performed under the assumption that the refractive index for
particles larger than 2.5 pm is the same as for particles in the size range 0.5-2.5 um.

Figure 64 shows scanning electron microscope images of particles found in zone 1 (left
panel) and zone 2 (right panel). The images confirm the particle morphology inferred from the
volatility analyses. The left panel shows ammonium sulphate and dust particles around
350 nm, which correspond to zone 1, while the right panel illustrates dust particles up to sizes
of 20 um which correspond to zone 2. As a result of the chemical composition, the particles in
zone 1 are closer to spherical shape than the particles in zone 2.

Figure 64. Secondary electron image of ammonium sulphate and dust particles (left panel) found in
desert dust samples around 350 nm and backscatter electron image (vight panel) of dust particles up
to sizes of 20 um (courtesy: K. Kandler, Environmental Mineralogy Group of the Darmstadt
University of Technology).

Table 12 compiles the microphysical properties of the pure dust layers including the flight
mission ID and layer ID, start and stop time of averaging sequences, altitude of the
measurement, and relative humidity during the time of measurement. The parameters of the
multi-modal log-normal size distribution fits are given for STP conditions. They can be
converted to ambient conditions by multiplication of the particle number concentration with
fsrp (see Section 3.3.1, p. 67). The PM2.5 and total mass (7SP) concentrations refer to
spherical particles of a density of 2600 kg m™ (Hess et al., 1998b). On average PM2.5
contributes only 7 + 5% to the total mass; the aerosol mass is dominated by the coarse mode
particles. The ratio PM2.5/TSP (fraz.s/rsp) is dependent on the height of the sampled dust
layer. While PM2.5 contributes about 3-4% to the total mass at 5 km altitude ASL, the
contribution increases to 10-15% close to the surface, indicating a contribution of local
pollution at lower levels. For particles smaller 2.5 pum, the non-volatile volume fraction
(fron-vor 2.5) ranges around 78 £ 9%.

The geometric standard deviation GSD of the dust mode (GSDyo4e 4+ in Table 12) ranges
between 1.42 and 2.33 with an average value of 1.73 + 0.18. The count median diameter
CMD 40 4 0f the dust mode varies between 2.3 and 9.5 um with an average CMD,p40 4 Of
5.66 = 1.48 um. The associated average effective diameter D,y 1s 6.5 £ 2.5 um. However, the
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Table 12. continued.
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S PR - I
0605282 L04 ZGA 11:41:07 11:46:01 1914 32 0.748 900 0.069 2.05 18 055 150 14 140 190 030 6.50 1.60 688 722 10.5 71.6 48 1.03
060528a LO5 ZGA 11:46:01 11:48:02 1912 26 0.747 980 0.074 2.05 95 0.62 145 10 130 192 034 795 142 625 526 84 820 51 097
0605282 L06 ZGA 11:51:47 11:54:52 1280 22 0.786 950 0.069 2.05 18 0.55 150 11 140 185 020 650 1.60 470 603 128 768 42 1.03
0605282 L10 OZT 12:42:42 12:49:47 3870 61 0.630 880 0.077 2.07 11 0.69 150 11 135 2.05 059 655 1.65 1153 598 52 694 69 1.04
060528a L11 OZT 12:52:02 12:54:02 2907 37 0.684 900 0.077 2.05 9 067 145 13 125 210 028 650 1.75 867 570 6.6 724 6.1 1.01
060528a L12 OZT 12:55:57 12:59:07 2194 29 0.728 950 0.072 2.05 9 0.67 145 13 125 210 024 625 145 591 565 96 796 46 1.02
060603a L04 OZT 03:39:53 03:44:53 3798 81 0.633 880 0.077 1.70 100 0.20 150 33 0.65 2.10 2.00 440 1.75 1194 62.6 52 756 65 1.03
060603a  LO5 OZT 03:46:41 03:56:45 2855 49 0.689 880 0.075 1.75 100 0.22 150 45 0.65 2.10 250 440 1.70 1113 77.0 69 780 55 0.95
060603b L03 ZGA 08:16:58 08:27:52 3814 74 0.632 900 0.083 1.80 15 055 1.70 74 140 2.11 050 6.50 1.51 819 452 55 692 60 1.02
060603b L04 ZGA 08:31:07 08:39:55 2534 39 0.710 890 0.083 190 50 0.55 1.69 19.5 135 2.10 0.95 440 1.68 1267 1169 92 581 51 1.03
060603b LO5 ZGA 08:44:07 08:50:31 1195 28 0.799 1100 0.072 1.80 100 0.40 1.73 22 135 195 030 651 1.54 884 1264 143 654 40 1.02
060603b L06 ZGA 08:55:16 08:58:31 3816 76 0.633 750 0.077 1.85 100 0.20 1.50 18 0.65 2.10 2.50 230 1.55 181 47.6 262 76.6 25 1.04
060603b  L0O7 OZT 09:01:43 09:03:04 2487 44 0.713 800 0.075 1.75 120 022 150 33 060 230 150 500 1.60 899 572 64 682 54 099
060603b L0O8 OZT 09:04:16 09:05:04 2356 48 0.723 880 0.073 1.80 100 020 150 40 060 2.10 3.80 3.70 1.85 1498 709 4.7 740 6.7 098
060604a LO3 OZT 10:02:18 10:10:02 3854 39 0.629 560 0.075 1.80 75 022 148 39 049 238 138 438 169 714 545 76 823 52 097
060604a L04 OZT 10:12:26 10:20:22 2895 58 0.691 800 0.073 2.00 70 0.20 150 75 0.62 2.19 450 3.66 1.74 1558 1389 89 823 51 098
060604a LO5 OZT 10:24:14 10:31:22 1928 44 0.753 4600 0.010 2.96 330 0.13 1.70 41 0.59 2.09 3.00 320 1.74 701 754 10.8 992 44 1.01
060604a LO7 ZGA 11:36:06 11:41:22 3703 46 0.639 670 0.077 185 90 0.16 1.70 35 0.60 206 240 3.78 1.68 704 579 82 702 48 1.00
060604a LO8 ZGA 11:45:38 11:50:02 1938 37 0.752 840 0.072 1.85 90 0.16 1.65 35 053 230 1.00 4.67 158 512 51.1 100 733 43 097
060604a L09 ZGA 11:53:10 11:54:50 1288 26 0.793 850 0.072 1.80 90 0.16 1.65 50 050 2.10 235 328 1.74 559 644 115 782 42 1.00
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4.2 DESERT DUST AEROSOL (SAMUM)

Table 12. Microphysical properties of pure dust aerosol over Ouarzazate (OZT) and Zagora (ZGA). Size distributions were derived on constant altitude sequences out of
cloud. Besides start and stop time for each averaging interval, the altitude of the measurements, and the relative humidity (RH) are given. N, CMD,, and GSD; result from
log-normal fitting and denote the particle number concentration in mode X, the count median diameter, and the geometric standard deviation. All mode parameters are given
for STP conditions and can be converted to ambient conditions by multiplication with fsrp. The PM2.5 mass concentration (D, < 2.5 um) and the total mass (TSP)
concentration refer to spherical particles of a density of 2600 kg m?; fruosrsp 1S the ratio of PM2.5 and TSP, and f,on.v01 2.5 IS the non-volatile volume fraction in the sub-2.5
um size range. The effective diameter Dy (data) was calculated from the measurements, while D,y (mode) was derived from the parameterised size distributions via the

Hatch-Choate conversion equations. The ratio D, y(data)/D.4(mode) is a quality control criterion for parameterisations of the size distributions (see Figure 47, p. 73).

. & 3

en
s g 2 ] : g = 3 s %
3 T 3 s 5 . 3 . S . 3 § 2 o5 2 =
060519a L02 OZT 11:23:44 11:37:44 4853 51 0.574 670 0.077 2.10 30 044 1.90 11 140 190 070 650 1.66 1189 689 58 834 6.5 0.98
060519a LO03 OZT 11:44:02 12:06:28 3246 26 0.662 900 0.079 2.30 10 055 150 83 140 190 0.58 6.50 1.74 1026 522 5.1 81.3 6.8 0.93
060520a L02 ZGA 11:38:16 11:48:36 5169 64 0.556 620 0.077 190 75 024 160 32 0.78 195 200 620 1.76 2800 725 26 809 99 0.97
060520a LO3 ZGA 11:48:36 11:51:01 5170 66 0.556 590 0.074 1.93 80 0.32 1.70 27 1.18 194 180 6.21 1.95 5065 1104 22 633 122 0.97
060520a L04 ZGA 11:55:32 12:10:36 3242 27 0.662 800 0.076 190 75 020 1.55 16 0.66 197 1.00 475 192 1016 31.6 3.1 84.3 8.8 0.98
060520a LO5 ZGA 12:10:36 12:18:32 3242 25 0.661 700 0.075 190 &85 020 190 14 090 2.15 050 5.65 172 697 47.0 6.7 783 59 0.99
060520a LO7 OZT 12:41:48 12:50:12 5176 75 0.556 900 0.077 2.30 15 055 150 14 1.25 190 1.10 6.50 1.75 1908 747 39 79.6 8.2 0.95
060520a LO8 OZT 12:54:36 13:09:36 3247 26 0.659 1000 0.071 2.40 15 055 150 10 140 195 040 650 1.75 856 58.1 6.8 77.0 59 0.97
060520a L09 OZT 13:11:44 13:14:08 4536 56 0.589 950 0.078 2.15 15 0.55 1.50 9 140 195 0.15 950 2.10 2006 546 27 959 137 0.86
060522a L04 OZT 15:53:15 15:57:17 3188 22 0.655 700 0.077 1.70 120 022 160 14 080 2.00 1.05 590 1.75 1336 380 2.8 69.1 8.6 0.98
060522a LO5 OZT 15:58:15 16:00:39 2858 19 0.674 750 0.075 1.75 120 0.22 1.60 14 080 2.00 090 590 1.75 1137 324 2.8 80.8 8.6 1.04
060522a L06 OZT 16:01:51 16:04:27 2525 16 0.693 720 0.076 1.65 100 023 160 14 0.80 2.00 1.15 590 1.80 1439 333 23 952 9.4 0.94
060522b LO1 OZT 17:21:36 17:31:06 2870 20 0.674 700 0.073 1.70 125 0.21 1.67 15 082 2.05 0.13 7.15 198 650 351 54 90.9 7.8 1.00

060522b L02 ZGA 17:34:48 17:53:42 1220 9 0.772 700 0.075 1.67 125 0.22 1.67 19 0.82 2.00 0.13 6.55 1.77 369 47.1 126 799 44 1.04
060522b L03 ZGA 17:56:26 18:06:16 2875 20 0.674 700 0.073 1.70 125 0.21 1.67 13 082 205 0.09 7.15 233 881 333 98 974 11.0 0.73
060528a L03 ZGA 11:26:37 11:35:32 3206 26 0.668 950 0.072 190 7.5 0.60 150 47 144 212 026 640 147 459 273 6.0 838 53 099
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Figure 65. Frequency distribution of effective diameters Dy found in dust layers south of the Atlas
Mountains. For comparison the frequency distribution of Dy found in dust layers north of the Atlas

including aged dust over Evora are shown.
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Figure 66. Time series of effective diameter D,y and count median diameter of the dust mode
CMD,040 4 for the 37 pure dust sequences south of the Atlas Mountains. Data are taken from Table 12.

Periods in which density currents frequently occurred are grey shaded.
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4.2 DESERT DUST AEROSOL (SAMUM)

probability of occurrence for different D.; shown in Figure 65 suggests that it may be
inadequate to use an average effective diameter for a typical dust size distribution: the Dy
south of the Atlas Mountains can be separated into two ranges, one with D,y around 4-7 pm
and a second range with D,y between 7-10 pum and more than half of all effective diameter
values fall in the range of 4-7 pm. More than 75% of all Dy values are smaller than 8 pm.
Time series of D.yand count median diameter of the dust mode CMD, 4. 4 (Figure 66) suggest
that the two ranges of different D,y can be attributed to the different dust episodes with their
different dust mobilisation mechanisms (see also Section 3.2.3.1, p. 65). The very high Dy
occurred preferably in Episode I. Smaller D, occurred, when the dust was mobilised by
density currents. During flight #060603b, higher and lower D, were observed. On that day,
the dust layer evinced a two layer structure with different dust origins (Rasp, 2007) and
different dust mobilisation mechanisms. In general, no dependency of D, on the altitude was
observed. Figure 65 also shows that the D, over Casablanca is within the spread of the D,y
south of the Atlas, with a slight tendency towards decreasing D

A comprehensive comparison of the measured size distributions with already published
information is difficult, since the literature on dust size distribution measurements is very
sparse. Different measurement techniques resulting in different equivalent diameters (see
Figure 8, p. 20) make a comparison even more difficult. In addition, the microphysical dust
properties may differ for various source regions and distances from the dust source region
(Sokolik et al., 1998). Furthermore, most of the existing measurements are ground-based
measurements (e.g. Schiitz and Jaenicke, 1974; Schiitz and Jaenicke, 1978; d'Almeida and
Schiitz, 1983) while the data presented here cover the whole dust column. As pointed out in
the Introduction (p. 7ff) during recent field experiments focussing on dust (e.g. Reid et al.,
2003a), problems with the airborne optical particle counters in the super-micron size range
occurred. Large differences were found between different particle sizing methods causing
inherent uncertainties in the dust size distribution measurements (Reid et al., 2003a). Similar
to most other studies presenting airborne dust measurements, Clarke et al. (2004) also
reported particle size distributions of Asian dust only for particle diameters smaller ~10 pm.
Therefore, the data presented in this study, are quite unique as the whole size range up to
particle sizes of ~100 um was covered by the Falcon aerosol in-situ instrumentation.

Several other authors inferred dust properties from satellite measurements or sun
photometry: for example, Dubovik et al. (2002) retrieved dust volume distributions from data
of the AERONET (Aerosol Robotic Network; http://acronet.gsfc.nasa.gov/) network of
ground-based radiometers. Their retrieval yielded coarse mode volume median diameter Dy,
of 3.8-5.0 um. Another widely used data set on optical properties of aerosols and clouds
(OPAC) that also provides information on mineral dust was published by Hess et al. (1998b).
The dust properties in OPAC are based on older descriptions (e.g. Shettle and Fenn, 1979;
d'Almeida et al., 1991) with slight modifications that can be found by Koepke et al. (1997). In
OPAC, a volume median diameter Dy, for the coarse mode of mineral dust of 22 pum is given.
From the SAMUM size distributions, Dy, of the coarse mode (mode 4 in Table 12) was
calculated via the Hatch-Choate conversion equations (Equation 2.3, p. 22) and compared
with other existing information. The results of the comparison are shown in Figure 67.
A more detailed overview over commonly cited coarse mode particle mass/volume
distributions is listed in Table 1 in Reid et al. (2003a). The authors point out that the results
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Figure 67. Intercomparison of coarse mode volume median diameter Dy, derived by different
methods. Data are taken from Hess et al. (1998b), Dubovik et al. (2002), Reid et al. (2003a), Clarke et
al. (2004), and from this study. Except the data from Clarke et al., all measurements refer to African
dust.

104 E T llllll T T T llllll T T T llllll T T T llllll T T T llllll T T l=
SAMUM, ground-based 1
0L e SAMUM, airborne ]
E = OPAC, mineral dust 3
o ) 1
e 10 E 3
? E
- 10'¢ -
> ‘
0
o 10 E
o
Z 0
=
©
107 * E
ety
10-3-......1 sl sl N | - ..:.JL
0.01 0.1 1 10 100
Dp/pm

Figure 68. Intercomparison of SAMUM dust size distributions measured on board the Falcon (dotted
grey lines), ground-based measurements (grey lines) performed at Zagora (courtesy: L. Schiitz,
University of Mainz, K. Kandler, Darmstadt University of Technology, A. Schladitz and T. Miiller,
IfT), and OPAC values (Hess et al., 1998b) for mineral dust (blue line).
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4.2 DESERT DUST AEROSOL (SAMUM)

derived with optical inversion methods (e.g. AERONET in Figure 67) and with
aerodynamic®’ methods group into the same size range (Dy. ~3-7 pm), while the results based
on optical counter methods are higher (Dy. > 9 um). Reid et al. (2003a) attributed these
differences to shortcomings of the optical particle counters. They further reported large
differences between the measurements of their FSSP-100 and their PCASP during PRIDE,
where their FSSP-100 showed concentrations consistently a factor 2.2 higher than their
PCASP. During SAMUM, the particle number concentrations measured with the FSSP-300
and the PCASP were in close agreement in the overlap region of both instruments (< 5%
deviation; see also Figure 61, p. 96; Figure 62, p. 97). The SAMUM data yield an average Dy,
of 15.5 £ 10.9 um, and the airborne measurements are in good agreement with ground-based
size distribution measurements. Furthermore, the measured extinction coefficient can be
reproduced with the size distribution measurements (see Figure 77, p. 116), indicating that the
size distribution measurements very well cover the complete dust size distribution.

Figure 68 shows an intercomparison of airborne size distribution measurements with
ground-based methods performed at Zagora during SAMUM. The size distributions at the
ground were inferred from aerodynamic methods (courtesy: L. Schiitz, University of Mainz;
K. Kandler, Darmstadt University of Technology; 4. Schladitz and T. Miiller, 1fT). The
ground-based measurements represent the aerosol in the boundary layer below 5 m altitude.
Figure 68 indicates close correspondence between the ground-based and the airborne
measurements. A more detailed comparison of ground-based and airborne measurements for
single days revealed good agreement between both methods. In contrast to the airborne
measurements, the ground-based measurements show a further mode with a maximum around
100 pm. This is probably the saltation mode, which is only present close to the ground, as the
large particles settle rather quickly due to gravity.

4.2.2 Desert dust layers at the boundary between source and
long-range transport regime

West, north-west, and north of the Atlas Mountains the dust enters the long-range
transport regime. The formation of lofted dust plumes was documented for example on
3 June 2006 (Figure 69). The dust plume which extended from the surface up to about 4.5 km
altitude close to the Sahara was lofted across the Atlas Mountains by meso-scale dynamic
processes”'. North-west of the Atlas Mountains the dust layer interacted with the sea-breeze
that came in from the north north-east. A lofted dust plume had formed, and was exported
from the African continent.

Over Casablanca (CASA), situated at the Atlantic coast of Morocco, only lofted dust
plumes were observed. The atmosphere over Casablanca always exhibited a typical structure
with quite a polluted boundary layer at the surface and a lofted dust layer in the altitude range
between 1 and 6 km ASL. Sometimes the boundary layer and the lofted dust layer were

2 Aerodynamic methods size particles based on their mass-to-drag characteristics. The two most common
aerodynamic methods are cascade impactors and aerodynamic particle sizers (APS). More detailed information
on these instruments can be found, for example, in Hinds (1999).

I A detailed investigation of the processes that lead to the formation of the lofted plumes is beyond the scope of
this work. It would require model calculations to study all possible processes involved in the formation of lofted

dust plumes.
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separated by a thin layer of very clean air. The dust layers were characterised by a very sharp
lower and upper boundary, within several 200-300 m the particle concentration changed by
more than one order of magnitude.
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Figure 69. North-west — south-east HSRL cross-section (courtesy: M. Esselborn, DLR) illustrating the
formation of lofted dust layers. The measurements were taken during the night flight on 3 June 2006.
The shown cross-section corresponds to a horizontal distance of about 600 km. The Atlantic coast,
Ouarzazate (OZT) and Zagora (ZGA) are marked in the graph.

Figure 70 shows the vertical structure of the atmosphere during the ascent over
Casablanca on 19 May 2006. The polluted boundary layer, the dust layer and the clean layer
in between are also visible on a photograph taken during the ascent over Casablanca (Figure
70, right panel).
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Figure 70. Vertical structure of the atmosphere during the ascent over Casablanca (CASA) on
19 May 2006. The left panel shows vertical profiles of particles in the size range of 0.4 < D, < I um
(black line), 1 < D, < 3 um (light grey line) and D, > 3 um (grey line). The mid panel shows vertical
profiles of potential temperature (black line) and wind direction (grey symbols). The dust layer is also
visible on a photograph taken during the ascent over Casablanca (right panel).
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4.2 DESERT DUST AEROSOL (SAMUM)

On other days, a similar structure was observed over Casablanca. In Table 15, the
structure of the lofted dust plumes over Casablanca are listed for the period between 18 May
and 7 June 2006. On average the lower boundary of the dust layer was located at
1320 +£420 m ASL. Small lower limits tended to occur during the night flight #060603a and
early day flights. The mean upper boundary was found at 4660 = 910 m. The low upper
boundary of 2745 m was found during the ascent on 4 June, which marked the leading edge of
a dust front approaching from the Sahara. High upper dust layer boundaries of > 5800 m
tended to occur in the afternoon. On average the dust layers had a depth of 3350 = 1030 m.
Figure 71 summarises the probability of occurrence for the lower (red) and upper (blue) dust
layer limits and the dust layer depth (black).
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Figure 71. Frequency distributions of lower and upper boundaries of the dust layer, and dust layer
depth over Casablanca.

The potential temperature profile from 19 May (Figure 70, mid panel) shows a structure
that was always observed in lofted dust layers. Three regions of different potential
temperature gradient can be identified in the dust layer: the lower (region 1) and the upper
part (region 3) of the dust layer exhibit a large gradient in potential temperature and are
therefore very stable stratified, while the intermediate part (region 2) of the dust layer is
(almost) neutrally stratified. The lapse rates found in the different regions are summarised in
Table 15. In addition to that, the lapse rate found outside the dust layers is indicated. In the
desert dust plumes an average lapse rate of 9.8 Kkm™, 1.0 Kkm™ and 7.0 Kkm™ was
observed in region 1, 2 and 3, respectively. Outside the plumes, potential temperature
increased on average by 3.3 0.5 Kkm '.The lapse rate at the bottom of the dust layer
exceeded in all cases the average lapse rate found outside the desert dust plumes by at least a
factor of 2. The lapse rate within the dust plumes was always smaller than the average lapse
rate for the whole vertical profile. The lapse rate at the top of the dust layer was in most cases
larger than the average lapse rate. In two cases (#060522a, ASC; #060603a, DESC), a
2-layer dust structure was observed over Casablanca. In both cases, each of the
sub-layers was characterised by three regions of different potential temperature. Furthermore,
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Table 13. Microphysical properties of pure dust layers over Casablanca (CASA). For label see Table 12.

on
s 5 % : £ 5 = 2 - g %
2 Q F: E £ 3 3 R E T o =z s %= 3 2
060518d L02 CASA 16:24:40 16:27:26 4189 51 0.608 500 0.095 220 50 022 150 28 090 2.10 155 490 1.74 1346 81 6.1 645 6.5 1.03
060518d LO3 CASA 16:29:46 16:35:24 3226 28 0.662 620 0.075 195 70 022 150 28 060 230 083 6.10 1.78 1423 48 34 70 8.7 1.01
060519b L02 CASA 14:51:52 14:53:46 4568 46 0.590 500 0.110 1.90 55 020 155 25 0.72 230 120 580 1.65 1300 60 46 66.1 6.8 098
060519b L03 CASA 14:54:45 14:57:16 4251 44 0.607 650 0.087 2.20 40 020 145 32 060 230 185 580 1.78 2250 62 32 715 92 096
060522a L0l CASA 15:09:27 15:10:23 3819 27 0.627 800 0.073 190 6 0.66 1.60 2 140 215 023 870 150 610 17 28 896 8.0 1.01
060527a L10 CASA 12:18:14 12:21:09 4169 74 0.676 950 0.073 1.80 30 035 145 50 0.73 247 -- -- - 1104 109 99 70 50 098
060527a L11 CASA 12:23:44 12:26:39 3217 42 0.736 1250 0.073 2.00 30 049 152 62 1.00 237 -- -- - 2536 201 79 541 58 098
060603a L09 CASA 04:29:41 04:32:41 3829 81 0.632 1350 0.067 2.15 80 020 145 15 0.70 2.00 230 4.80 1.83 1900 40 2.1 714 87 098
060603a L12 CASA 04:43:41 04:45:41 926 32 0.833 1180 0.073 1.85 90 0.18 150 7.6 0.64 218 031 553 142 179 18 10 679 3.1 098
060607a LO1 CASA 10:13:30 10:17:54 2588 38 0.705 620 0.084 1.73 45 022 148 19 0.51 229 0.04 652 142 121 30 25 721 25 1.04
060607a L02 CASA 10:20:42 10:25:46 3880 36 0.628 700 0.077 1.80 45 022 148 15 0.51 229 0.03 645 159 94 20 219 76.6 23 097
Table 14. Microphysical properties of aged dust over Portugal. For label see Table 12.
060518b LO3 CdR 12:16:42 12:18:57 3891 1 0.635 700 0.057 2.00 80 020 135 140 0.68 1.60 0.16 229 154 11 5 516 49 06 099
060518 LO06 EVO 13:14:50 13:15:46 3899 -- 0.631 520 0.08 190 40 0.22 130 140 0.58 1.60 0.18 232 1.50 9 5 529 483 0.6 097
060527a L04 EVO 10:46:04 10:51:09 3245 67 0.678 680 0.067 2.10 7.5 0.60 153 6.50 120 2.00 038 6.59 155 513 34 65 634 58 098
060527a  LO5S EVO 10:53:54 10:57:44 2300 52 0.742 900 0.055 220 4.6 0.67 142 540 120 200 028 6.55 1.52 393 26 6.6 721 55 1.04
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4.2 DESERT DUST AEROSOL (SAMUM)

the microphysical dust properties in both sub-layers were slightly different. The analysis of
the wind speed and wind direction indicated that the two sub-layers were advected from
slightly different sources. As every sub-layer exhibited the three regions of static stability, the
lapse rates for every sub-layer are given in Table 15. Figure 72 shows vertical profiles of
potential temperature for 9 ascents/descents over Casablanca. The grey dashed line in each
panel indicates the average lapse rate, and the grey shaded area marks the vertical dimension
of the dust plumes.

Table 15. Structure of lofted dust layers over Casablanca (CASA). On 4 June 2006, the lapse rate at
the lower boundary of the dust layer over Casablanca could not be determined as the aircraft left the
dust layer and flew into another airmass during a constant level sequence at about 960 m ASL.
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060518d  16:15-16:50 DESC 845 5360 4515 16.3 0.5 6.8 38
060519a 10:35-10:51 ASC 1420 5810 4390 10.1 0.3 7.8 33
060519b  14:44 —15:10 DESC 1040 6000 4960 16.6 1.0 53 3.8
060520a  10:34-10:52 ASC 1280 5240 3960 83 1.8 35 3.0
060520a  13:29-13:50 DESC 1290 5920 4630 13.0 1.1 3.1 3.6
060522a  15:04 - 15:30 ASC, low 2020 5930 3910 5.9 0.7 54 3.5

060522a ASC, high 5.4 1.1 7.1
060522¢  21:41-22:01 DESC 1450 3560 2110 21.1 4.5 14.7 4.6
060527a  09:15-09:43 ASC 1210 4255 3045 8.2 09 3.7 33
060527a 11:47 - 12:36  DESC 1650 4130 2480 6.8 0.4 35 29
060528a  10:13-10:36 ASC 800 4740 3940 6.7 1.7 7.2 2.9
060528a  13:11-13:35 DESC 960 4840 3880 11.4 1.3 18.7 3.0
060603a  01:36 - 02:07 ASC 1470 3980 2510 73 1.2 7.1 3.1
060603a  04:20 - 04:49 DESC,low 1000 4300 3300 9.5 1.7 5.8 3.9
DESC, high 5.8 0.7 7.2

060603b  07:06 —07:30 ASC 600 3720 3120 8.7 1.9 15.5 34
060603¢ 11:21-11:42 DESC 1970 4400 2430 5.2 2.4 9.8 3.1
060604a  09:18-09:39 ASC 1550 2745 1195 8.8 0.1 8.8 32
060604a 12:12-12:34 DESC unclear 4360 n.d. unclear 1.7 6.1 2.8
060607a  10:08 —10:45 ASC 1900 4525 2625 5.8 0.7 5.4 2.9

The microphysical properties found in the dust layers over Casablanca were very similar
to those found over Ouarzazate and Zagora. Again, the size distribution showed 2 zones with
different mixing states (see Figure 63, p. 98). In zone 1 (below 0.5 um) the particles have a
non-volatile core with a volatile coating, while in zone 2 (above 0.5 um) the particles consist
of an internal mixture of non-volatile components. Table 13 compiles the microphysical
properties of the dust layers over Casablanca. The table is organised in the same manner as
Table 12. The PM2.5 and TSP mass concentrations refer to spherical particles of a density of
2600 kg m™. On average PM2.5 contributes 9% to the total mass. In contrast to the dust layers
over Ouarzazate and Zagora, the ratio PM2.5/TSP does not show a height dependency. For
particles smaller 2.5 um the non-volatile volume fraction f,,,.o; 2.5 ranges around 70 + 9%.
This is still within the standard deviation of the mean non-volatile fraction over the source,
but with a tendency to increased volatile components. The mean D,y in the dust over
Casablanca was 6.0 £ 2.6 um. Compared to the dust over the source, the D,y over Casablanca

is on average about 8% lower than that over Ouarzazate and Zagora (see also Figure 65,
p. 102).
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Figure 72. Vertical profiles of potential temperature found over Casablanca in the period
18 May-7 June 2006. The vertical dimension of the dust plume is indicated by the grey shaded area. In
case #060522a and #060603a, the dust plume showed a 2-layer structure. The sub-layers were
advected from slightly different source regions.
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Figure 73. Vertical profiles of particle number concentration measured with the FSSP-300 over
Casablanca. The panels correspond to the vertical profiles of potential temperature shown in Figure
72. The dashed, solid and dotted lines show particles in the size range of 0.4 < D, < 1 um, 1 <D, <
3 um and D, > 3 um, respectively.
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4.2.3 Properties of aged dust layers

Aged dust layers were measured on 18 and 27 May 2006 at Evora (EVO) and Cabo da
Roca (CdR) in Portugal. Trajectory calculations did not clear resolve the dust plume of the
18 May, therefore its age could only be estimated from the model. One reason may be that the
dust plume of the 18 May was very thin with a depth of about 800 m, which is probably not
resolved by the trajectory model. The estimated age of this plume is 3-10 days. In contrast,
the dust layer of the 27 May had a depth of about 2700 m and extended from ~1600 to
4290 m ASL. The layer of the 27 May was very inhomogeneous and showed wave-like
structures. Trajectory calculations revealed an age of 2 days for the dust plume over Portugal
on 27 May 2006.

Figure 74 illustrates the dust layer structure on 18 May over Portugal. The left panel
shows particle number concentrations, the mid panel potential temperature (black line) and
wind direction (grey symbols). In the right panel the dust layer structure is illustrated by
HSRL backscatter ratio at 1064 nm (colour coded).
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Figure 74. Dust layer over Evora (Portugal) on 18 May 2006. The left panel shows vertical profiles of
particles in the size range of 0.4 < D, < I um (black line), 1 < D, < 3 um (light grey line) and D, > 3
um (grey line). The mid panel shows potential temperature (black line) and wind direction (grey
symbols). In the right panel (courtesy: M. Esselborn, DLR) the dust layer structure is illustrated by
HSRL backscatter ratio at 1064 nm (colour coded).

The polluted boundary layer reaches up to an altitude of 1.2 km ASL and is dominated by
high particle concentrations. The boundary layer is neutrally stratified and the wind is
variable. From 3650 to 4460 m altitude, a layer with enhanced particle number concentrations
of particles in the size range D, > 3 pm is observed which can be attributed to dust from the
Sahara. The structure of the potential temperature in the layer is similar to that observed in
lofted dust layers over Casablanca: large lapse rates at the bottom (5.0 K km™) and at the top
(8.5 K km™) of the layer and a neutrally stratified layer (312.0 + 0.1 K) of about 400 m depth
in between. The size distribution of flight #060518a shows with two zones of different mixing
states (not shown) a similar structure than that observed over Ouarzazate, Zagora and
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4.2 DESERT DUST AEROSOL (SAMUM)

Casablanca, although the large particles are depleted. The D,y decreased to 0.6 pm (Table 14),
the smallest value observed during SAMUM (see also Figure 65, p. 102). The age of the dust
layer (3-10 days), which was the oldest investigated during SAMUM, may explain the
observed D, parts of the large particles may have settled due to gravity. The non-volatile
fraction of particles smaller 2.5 pm has decreased to 52% compared to 78% + 9% over
Ouarzazate and Zagora. This decrease in f,,,.v0; 2.5 may also be the result of ageing/dilution
processes during transport (see Section 5.2, p. 132ff).

The size distributions measured over Evora on 27 May 2006 show the typical features
found in dust layers close to the Sahara. Figure 75 (left panel) shows size distributions
measured at two altitudes over Evora on 27 May 2006. The solid lines refer to measurements
at 3245 m ASL, while the dashed lines refer to the measurements at 2300 m ASL. Again, the
size distributions exhibit two zones of different mixing states. In the size range beyond
0.5 pm (zone 2) both size distributions are indistinguishable, while in the smaller size range
there are some differences between the measurements at 3245 and 2300 m ASL: the non-
volatile fraction f,,,.v01 2.5 has slightly decreased during transport and is 63% in the upper part
(LO4) and 72% in the lower part (L05) of the plume (Table 13). After 2 days of transport D,
(6.5 and 6.6 um) is still within the range of D,y found over Ouarzazate and Zagora (see also
Figure 65, p. 102). There are still particles of 20-30 um size over Evora. The right panel of
Figure 75 depicts parameterisations of size distributions recorded at 3 km altitude (grey lines).
Those recorded over Evora are marked by a blue and red line. The size distributions over
Evora on 27 May are within the spread of the size distributions found close to the Sahara.
However, they belong to the size distributions with lower particle concentrations in the super-
micron range. The size distribution found on 28 May (L03, black line in the right panel of
Figure 75) is almost identical with the Evora measurements.
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Figure 75. Composite size distribution (grey lines) determined in desert dust layers over Evora (left
panel), including non-volatile size distribution (black lines). The dashed lines show measurements at
3245 m ASL, while the solid lines show measurements at 2300 m. The right panel depicts a
comparison of parameterised size distributions recorded over Evora (blue and red line) and
measurements over Ouarzazate and Zagora at 3 km altitude.
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4.2.4 Optical properties of dust layers

The microphysical dust properties described in the preceding sections (parameterised size
distribution, refractive index, and aerosol mixing state) entered the aerosol optical model (see
Section 3.3.7, p. 78ff) to calculate spectral aerosol optical properties required for the
computation of heating rates. The aerosol optical model requires assumption of spherical
particles, which dust particles are not in general (see Figure 64, p. 99). Possible implications
of the assumption of spherical particles on the derived heating rates are evaluated in this
section. Although desert dust particles have a non-spherical shape it is expected that the
difference in extinction coefficient o, calculated under the assumption of spherical particle
shape and the direct extinction measurements with the HSRL in most cases does not exceed
several percent. However, one expects significant spherical/non-spherical differences in
angle-dependent quantities like scattering phase function, especially at side-scattering and
backscattering angles (Mishchenko et al., 1997). For strongly absorbing aerosol components,
such as hematite, the phase function and the asymmetry parameter is much less dependent on
particle shape as a result of the quenching of internal resonances inside the particle (Kahnert
et al.,2007).

Figure 76 depicts two examples of vertical profiles of HSRL extinction measurements
(grey lines) and calculated extinction coefficient o, (black symbols). In the left and right
panel HSRL extinction measurements at 532 nm and calculated extinction at 532 nm are
compared for the 3 June and the 4 June 2006, respectively. Extinction coefficients o,
calculated from particle size distributions and refractive index data reproduce in all cases the
values from direct measurements and reflect the vertical structure of the dust layer, although
the calculated o, slightly overestimate the values from the direct measurements. The
calculated extinction coefficient at 355 nm was also compared with measurements of the IfT-
lidar. Altogether, calculated o, (in-situ) and measured o., (HSRL, IfT-lidar) were compared
for 19 cases. The optical closure between calculated extinction coefficients and HSRL/IfT-
lidar measurements, respectively, has been achieved successfully as shown in Figure 77. The
data of the lidar/in-situ intercomparison are summarised in Table 16. In 53% of the cases, the
deviation between HSRL measurements and the in-situ calculations was < 15%. For
extinction coefficients larger 0.05 km™, the HSRL-in-situ difference was between 3 and 26%.
Considering the time off-set of about one hour between the HSRL and the in-situ
measurements, both methods are in good agreement. The largest deviations between HSRL
extinction coefficient and calculated extinction coefficient occurred on 27 May 2006, when
the dust layer showed a lot of structure and was very inhomogeneous. For this case, good
agreement can not be expected. The deviation between lidar and in-situ measurement was
larger close to the top of the dust layer than well within the dust layer. One factor causing the
larger difference at the top of the dust layer is that the lidars average over a particular vertical
distance (HSRL, extinction coefficient: dz ~250 m; IfT-lidar: dz ~300 m), therefore slightly
smoothing the sharp upper edge of the dust layer. Furthermore, the uncertainty in the derived
refractive index and aspherical effects can contribute a few percent to the overestimation.

The extinction calculated under the assumption of spherical particles was compared to
non-spherical calculations conducted at the University of Munich. The effect of non-
sphericity on calculated extinction coefficients was smaller than -5% (J. Gasteiger, personal
communication), that is, o,, was slightly smaller for aspherical than for spherical calculations.
In general, the Mie model seems to be applicable to the calculation of extinction coefficients
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4.2 DESERT DUST AEROSOL (SAMUM)

of desert dust. The good agreement between calculation and measurements at 355 nm and
532 nm enabled the computation of o, for other wavelengths in the spectral range between
200 nm and 20 um. The calculation of o, for other wavelengths revealed that o, is almost
independent of the wavelength. However, effects of particle asphericity were clearly visible in
the particle backscatter closure (not shown). The Mie model underestimated the lidar ratio by
a factor of 2-3.
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Figure 76. Vertical profiles of lidar extinction measurements (grey lines) and extinction coefficient
calculated from in-situ measurements on the basis of Mie theory (black symbols). The left and right
panel show an intercomparison of HSRL extinction measurements at 532 nm and calculated extinction
at 532 nm for the 3 and 4 June 20006, respectively.

Kahnert et al. (2007) investigated the error of Mie simulations introduced in mineral
aerosol radiative forcing calculations on the basis of spherical and aspherical calculations at
two wavelengths in the visible spectrum. They performed the radiative transfer calculations
with libRadtran, the same model as used in this study. They pointed out that the single-
scattering albedo w is quite insensitive to particle shape of non-spherical aerosols. Therefore,
wy determined by Mie calculations provides an accurate estimate for the true value of w, for
non-spherical particles. In this study, radiative transfer calculations have been performed for
several dust plumes: in the dust layers over Ouarzazate and Casablanca on 19 May 2006, w,
ranged between 0.82 and 0.83 at 550 nm; in the plumes over Evora on 27 May 2006 and over
Casablanca on 28 May 2006, the optical calculations showed in each case w,=0.88 at
550 nm. Rasp (2007) investigated the spread of w, within the three SAMUM dust episodes
and found values of 0.83 +0.04 (Episode 1), 0.89 + 0.02 (Episode Il) and 0.92 + 0.02
(Episode 111) at a wavelength of 550 nm. The values of w, found in this study are in good
agreement with the OPAC database (Hess et al., 1998a), where a value of 0.89 is given at
550 nm for mineral dust. Transforming the values of w, for dust given in Dubovik et al.
(2002) to 550 nm results in values of 0.93-0.95 for wy.
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Figure 77. Closure of extinction coefficient calculated from in-situ measurements and measured with

the HSRL (532 nm) and the IfT-lidar (355 nm).

Table 16. Extinction coefficient of dust for lidar/in-situ intercomparison levels. The HSRL and the in-
situ extinction coefficient o,, are compared at 532 nm. At 355 nm the calculated o, is compared with

measurements of the IfI-lidar. The seventh column shows the difference o.,(in-situ) — o.,(lidar) and in

the eights column the relative deviation o.,(in-situ)/o,(lidar) between both methods is presented.

Mission ID  Layer ID Site A/nm O/ km™
Lidar In-situ 4 0 Rel. 406.,/ %
060519a L02 ozT 532 0.10887 0.12196 0.01309 1.12
060519a L03 ozT 532 0.11360 0.12105 0.00745 1.07
060527a L04 EVO, P 532 0.04702 0.06883 0.02181 1.46
060527a L05 EVO, P 532 0.04548 0.05872 0.01324 1.29
060528a L03 ZGA 532 0.04097 0.06157 0.02060 1.50
060528a L04 ZGA 532 0.09922 0.12456 0.02534 1.26
060528a L18 CASA 532 0.14100 0.15860 0.01760 1.12
060603b L03 ZGA 532 0.08192 0.09642 0.01450 1.18
060603b L04 ZGA 532 0.21576 0.22324 0.00748 1.03
060603b L05 ZGA 532 0.21615 0.22502 0.00887 1.04
060604a LO03 ozZT 532 0.07445 0.10546 0.03101 1.42
060604a LO05 ozZT 532 0.12866 0.14529 0.01663 1.13
060604a LO7 ZGA 532 0.09598 0.11613 0.02015 1.21
060604a L08 ZGA 532 0.09574 0.10624 0.01050 1.11
060604a L09 ZGA 532 0.12221 0.13050 0.00829 1.07
060519a L02 ozZT 355 0.08469 0.12168 0.03699 1.44
060519a L03 ozZT 355 0.11239 0.12372 0.01133 1.10
060528a L11 ozZT 355 0.08663 0.11848 0.03185 1.37
060528a L12 ozZT 355 0.08663 0.11335 0.02672 1.31
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The calculation of the heating rates requires besides the spectral extinction coefficient o,
and the single-scattering albedo wy, the calculation of the asymmetry parameter. As spectral
extinction coefficient and w, seem to be well reproduced by Mie calculations (see above), the
only relevant error source resulting from the assumption of spherical particles is introduced
by the asymmetry parameter. Kahnert et al. (2007) concluded their study that the use of
spherical particles can introduce errors up to several 10 percent in the simulated aerosol
radiative forcing at the TOA and at the surface. In this study however, the calculation of
heating rates is not used to derive a value for the dust forcing at the TOA and at the surface,
respectively. Rather, the vertical gradient of the heating rate is used to interpret the
characteristic potential temperature structure observed at the bottom and at the top of forest
fire and desert dust plumes in the experimental data. Therefore, the uncertainty introduced
into the calculation of heating rates by the assumption of spherical particle shape does not
influence the results of this study.
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5 Discussion and Conclusions

In the preceding chapter the microphysical and optical particle properties observed in
lofted forest fire layers during ITOP 2004 and desert dust layers during SAMUM 2006 were
described in detail. It has been shown that lofted forest fire and desert dust plumes exhibit a
characteristic potential temperature structure with high static stability at the bottom and at the
top of the lofted plume. Furthermore, characteristic aerosol properties were observed in the
plumes. This chapter aims to explain the experimental data and the observed features.

Lofted aerosol layers can be generated by several mechanisms. These mechanisms are not
discussed in detail here, but a summary of the most important ones is given below. Air from
lower levels is connected to the free troposphere by sloping isentropic surfaces, since to a first
approximation airstreams are moving on isentropic surfaces (Browning and Roberts, 1994;
Bethan et al., 1998; Cooper et al., 2001). Lofted aerosol layers can arise for example, when
continental aerosol plumes are advected from land to sea over cool oceanic air, where they are
forced to rise above the marine boundary layer (e.g. Angevine et al., 1996). In this way,
aerosol burdened air from near the surface may reach higher altitudes and enter the free
troposphere, while the near-surface air remains clean (Ansmann et al., 2001). Léon et al.
(2001) suggested that aerosol plumes can be lofted above the boundary layer and entrained
into the regional-scale flow by an interaction of the sea-breeze circulation with the regional-
scale air flow. As a consequence, part of the continental boundary layer aerosols may be
transported over thousands of kilometres without washout processes (Ansmann et al., 2001).
During SAMUM, the formation of a lofted dust layer by lifting of the plume across the Atlas
Mountains and the subsequent interaction with the sea-breeze circulation was documented on
3 June 2006 (see Figure 69, p. 106). Uplifting of aerosol laden air in so-called warm conveyor
belts ahead of cold fronts provides another effective mechanism for the rapid transport of
pollutants from the surface to the middle and upper troposphere (e.g. Owen et al., 2006).
Pollution export from Northern America often involves the uplifting of plumes by warm
conveyor belts (e.g. Stohl et al., 2007). Several recent studies revealed that pyro-convection
can inject forest fire emissions well above the boundary layer, even into the upper
troposphere/lower stratosphere (Fromm et al., 2000; 2005; 2006; Jost et al., 2004). The
injection of smoke plumes from forest fires at high altitudes into the atmosphere increases the
plume’s lifetime compared to injection in the boundary layer (Trentmann et al., 2006). The
injection height of the forest fire plumes is an area of considerable uncertainty; it varies with
the severity of the fire and the prevailing meteorological conditions (e.g. Turquety et al.,
2007).
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CHAPTER 5. DISCUSSION AND CONCLUSIONS

Lofted aerosol layers containing forest fire or desert dust particles are not a rare
atmospheric phenomenon. Miiller (2007) investigated the frequency of lofted aerosol layers
transported to Leipzig on the basis of lidar observations in the years 1997-2004. He found that
lofted aerosol layers from anthropogenic and biogenic origins occurred in at least 30% of the
regular annual measurements. In spring and summer lofted aerosol plumes occurred even in
about 60% of the regular measurements. Miiller (2007) pointed out that the maximum in
spring and summer coincides with the forest fire season in boreal areas that starts in spring
and reaches its maximum intensity in summer. Most layers over Leipzig were found in the
altitude range between 2 and 6 km. For comparison, the ITOP forest fire plumes were found
in 3-9 km altitude, while during SAMUM desert dust plumes were found in 1-6 km altitude.
The frequent presence of lofted aerosol layers in the atmosphere raises several scientific
questions: why are these layers present in the atmosphere so frequent? Is there a mechanism
that stabilises the plume itself, therefore extending its lifetime? How influences a self-
stabilising mechanism the aerosol ageing in the plume?

5.1 Hypothesis | — Self-stabilising effect

The first hypothesis (see p. 12) stated in this work is that the processes in the aerosol layer
caused by the heating of the absorbing particles together with large-scale subsidence lead to a
stabilisation of the aerosol plume itself and help to explain the characteristic lapse rate
(Section 4.1.4, p. 911T; Section 4.2.2, p. 105ff) and aerosol properties observed in the plume.

5.1.1 Heating rates

In the preceding sections the static stability in forest fire and desert dust plumes was
investigated in detail (Figure 53, p. 85; Figure 58, p. 92; Figure 70, p. 106; Figure 72, p. 110).
Figure 78 summarises the probability of occurrence of a particular lapse rate in each of the
three regions of different static stability for 25 atmospheric profiles. The inversions at the top
and at the bottom of the aerosol layer appear to trap the particles within the layer. From these
observations the question arises whether the absorption of the trapped forest fire and desert
dust particles contributes to the development and maintenance of the characteristic lapse rate
and acts to strengthen the atmospheric stability at the bottom of the aerosol layer. In the
following, a mechanism that explains the observed temperature profile in the lofted plumes is
discussed.

One possibility to explore the characteristic lapse rate within an aerosol layer is to use the
aerosol properties to calculate the heating rates with a radiative transfer model. While heating
rates in the order of several K day ' are able to alter the vertical temperature gradient of the
atmosphere very rapidly, smaller heating rates can also influence the vertical temperature
gradient, especially when the aerosol layer, which causes the heating, is long-lived. The
vertical gradient of the net heating rate is an important parameter in the dynamics of a
radiatively heated plume (Lilly, 1968;1988; Herring and Hobbs, 1994). A heating rate that
decreases with height tends to destabilise the atmosphere, while a heating rate that increases
with height tends to stabilise the atmosphere.

Most studies dealing with the dynamics of radiatively heated plumes are modelling
studies, e.g. Lilly (1988) explored the radiatively-driven dynamics in upper tropospheric cirrus
outflow plumes from deep convection. The cirrus outflow was characterised by strong
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infrared (IR) heating and a heating rate that decreased very rapidly with height. The strong
vertical gradient in the heating rate produces what Lilly calls a “radiative-convective mixed
layer”. The radiative-convective mixed layer develops a distinctive potential temperature
profile. Figure 79 (adopted from Lilly, 1988) sketches the hypothetical development of the
potential temperature profile of an elevated layer with a strong negative vertical gradient of
the net heating rate within the layer.
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Figure 78. Probability of occurrence of potential temperature gradients (left panel) at the lower (red)
and upper boundaries (blue) of lofted forest fire and desert dust layers and within the aerosol layer
(grey). The right panel illustrates the position of the three regions of different static stability in the
lofted aerosol layer. The aerosol layer is marked by the grey shaded area.
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Figure 79. Development of the potential temperature profile in a radiative-convective mixed layer (left

panel). The mixing is driven by a net heating rate that decreases with height (vight panel) (adopted
from Lilly, 1988).
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The negative vertical gradient of the net heating rate decreases the stability until the layer
mixes vertically. As the heating continues, the temperature in the layer becomes higher and
the mixed layer becomes deeper with time. The temperature jump at the bottom increases,
while that at the top decreases. As long as the aerosol layer is topped by a stable stratified
layer, mixing is suppressed. If the heating continues long enough, the inversion at the top of
the layer will vanish, thus removing the barrier for entrainment at the top of the layer. If no
processes like large-scale subsidence are counteracting the turbulent encroachment, the mixed
layer can grow very rapidly in depth (Turner, 1973; Carson, 1973). Herring and Hobbs
(1994) applied Lilly’s (1988) approach to the radiative heating within plumes from the Kuwait
oil fires. They describe the development of a radiative-convective mixed layer without any
significant temperature inversion at the top of the layer. The missing inversion allowed the
entrainment of air into the plume top causing a deepening of the plume. In addition, the plume
as a whole was lifted at a rate of ~0.1 m s during the first few hours of plume evolution.

Similar to the proposed potential temperature gradient of a radiative-convective mixed
layer, the potential temperature profiles of the ITOP and SAMUM plumes exhibit three
regions of different lapse rates (e.g. Figure 72, p. 110). However, the lapse rate at the top of
the forest fire and desert dust plumes is in most cases larger than the average lapse rate found
outside the plumes and neutral stratification inside the plume is detected only in 3 of 25
profiles investigated (Figure 78). Although, the plumes investigated do not show exactly the
potential temperature profile proposed for a radiatively-driven convective mixed layer, the
calculation of the heating rates is helpful in understanding the lapse rate within the forest fire
and desert dust plumes.

Figure 80 and Figure 81 show vertical profiles of IR, solar and net heating rates for two
typical cases, the lofted forest fire layer over the Atlantic south-west of Spain on 22 July 2004
and the dust layer over Casablanca on 19 May 2006. Both cases show daily mean heating
rates. The heating rates have been calculated with libRadtran (Section 3.3.8, p. 79) under the
assumption that no clouds were present. For the forest fire layer no vertical measurement of
the extinction was available, therefore an extinction profile has been derived from the
calculation of optical properties within the forest fire layer (see Section 4.1.3, p. 88ff). Further
input parameters like asymmetry parameter and single-scattering albedo have also been taken
from the optical calculations. During SAMUM 2006, the aerosol extinction was measured
directly with the HSRL and the heating rates in the dust layer were calculated from these
measurements. Asymmetry parameter and single-scattering albedo were calculated from the
size distribution measurements with the aerosol optical model (see Section 4.2.4, p. 114fY).
For the calculation of the heating rates, also profiles of temperature, humidity, and trace gas
mixing ratio profiles of CO, and O3 are required. As these quantities are not independent of
the existing aerosol plume, the vertical profiles of the net heating rates with and without
aerosols are expected to be in phase. In both cases, the solar heating dominates over the IR
cooling. In the forest fire plume, the strongest heating with ~0.2 K day™ occurs around 3.7 km
altitude. It coincides with the maximum deviation (about 4 K) of the potential temperature
from the average potential temperature profile (Figure 82, left panel). The heating rates found
in the forest fire plume are in accordance with findings by Treffeisen et al. (2007): they
investigated the radiative impact of two Eastern European biomass burning plumes
transported to the Arctic and found a heating of about 0.1-0.55 K day™ at an altitude of about
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Figure 80. Vertical profiles of daily averaged infrared (IR, dotted lines), solar (dashed lines) and net
(solid lines) heating rates for the lofted forest fire layer on 22 July 2004. The black curves refer to
calculations without aerosol, while the red curves refer to calculations with aerosol particles. The
vertical extent of the aerosol layer is marked by the grey shaded area. It was assumed that aerosols
are only present in the forest fire layer. See text.
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Figure 81. Same illustration as in Figure 80, but for the lofted dust layer measured east of
Casablanca on 19 May 2006. In this case, the measured aerosol extinction profile entered libRadtran.
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Figure 82. Potential temperature profile (left panel) and daily averaged aerosol forcing for the forest
fire layer on 22 July 2004. The dashed grey line in the left panel indicates the average potential
temperature profile. The aerosol forcing refers to the difference between the daily averaged heating
rate with and without aerosols.
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Figure 83. Same illustration as in Figure 82, but for the lofted dust layer measured east of
Casablanca on 19 May 2006.
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1-2 km. In the case of the desert dust plume (Figure 81), the strongest heating with
0.24 K day™ occurs in the altitude range between 3.9 and 4.5 km, and it again coincides with
the maximum deviation of the potential temperature from the average profile. For
comparison, Alpert et al. (1998) estimated that an average dust event heats the lower
atmosphere (1.5-3.5 km altitude) by ~0.2 K day™.

The right panels of Figure 82 and Figure 83 illustrate vertical profiles of the net aerosol
forcing. The net aerosol forcing refers to the difference between the daily mean net heating
rates with and without aerosol optics. The presence of absorbing aerosol particles causes a net
forcing of 0.1-0.4 K day™ in the forest fire layer, and a forcing of 0.6-1.0 K day™ in the desert
dust layer. The vertical gradient of the heating rate increases in the lower part of both layers.
This behaviour tends to intensify the atmospheric stability at the bottom of the plumes with
time. The aerosol plumes are getting more and more isolated from the underlying airmass.

In the case of the forest fire layer on 22 July 2004, the highest absorption coefficients (see
Figure 53, p. 85) and the largest heating rates are found in the lower part of the layer. In
contrast, in the desert dust layer on 19 May 2006, the largest heating rate is found in the
middle/upper part of the plume. Based on the hypothesis stated in Section 1.3, the vertical
aerosol profiles of aerosol properties and the heating rates suggest that entrainment of ambient
air has already taken place in the case of the forest fire plume. This is in accordance with
numerical simulations of an ITOP forest fire plume by Real et al. (2007). They simulated the
plume dilution and found that the forest fire plume mixed with upper tropospheric and free
tropospheric airmasses during transport. The entrainment has diluted the particle
concentration in the upper part of the plume causing there a smaller absorption coefficient. In
contrast to the forest fire plume, in the case of the dust plume no mixing has been taken place
so far. One reason for that can be that the dust plume is younger (about 1-2 days) than the
forest fire plume (about 6-9 days). Therefore the time, in which the aerosol plume is heated is
much longer for the forest fire plume than for the desert dust plume. This increases the
probability for entrainment of background air into the plume for the forest fire case.
Additionally, the large-scale subsidence on the 19 May 2006 has increased the inversion at
the top of the dust layer, acting as barrier to mixing.

The vertical profiles of net heating rates help to explain the observed stratification in
forest fire and desert dust plumes. Due to a smaller content of absorbing particles, the heating
rates found in the investigated forest fire (desert dust) plumes are much smaller than the
heating rates of 94 K day” and 56 K day” in the plumes close to the Kuwait oil fires
described by Herring and Hobbs (1994) or the heating found in the cirrus outflow by Lilly
(1988). However, even if the process is much slower in the forest fire and desert dust plumes
than in the plumes from the Kuwait oil fires, the atmospheric stability at the bottom of the
forest fire and desert dust layers is gradually increased. Since the plumes are travelling
through a region which is influenced by the presence of a subtropical high pressure system,
the probability for increasing the stability at the plume top by large-scale subsidence is high.
Therefore, the heating of the absorbing particles and any large-scale subsidence act to
strengthen the inversion that is trapping the absorbing particles and prolong the lifetime of the
layer.

The static stability at the lower and upper boundary of the plumes, and the mixing in the
plumes is investigated in more detail in the next section.
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5.1.2 Static stability

A method to explore the stratification and the mixing of the plumes with ambient air in
more detail is to use an indicator for static stability and to assess the static stability at the
lower and upper boundary of the aerosol layer. The static stability impacts on the turbulent
mixing of the atmosphere, hence influencing the mixing of the aerosol plume with ambient
air. Static instability (d6/dz < 0) causes vertical mixing. In contrast, within a stable stratified
atmosphere (d6/dz > 0) turbulent mixing is suppressed. However, vertical mixing may also
occur in a stable stratified atmosphere by breaking gravity waves causing turbulence locally.
The advantage of a dynamic stability indicator over potential temperature is that it also takes
into account the wind speed, since sufficiently large wind shear may drive turbulent mixing.
This is the first study to our knowledge in which a dynamic stability indicator is applied to
forest fire and desert dust layers to asses the stability and mixing in the plumes.

One parameter indicating conditions favourable for dynamic instability is the
dimensionless Richardson number Ri, defined as follows

@
Ri o d
PRy (5.1)
o (%)
dz

where g is the acceleration of gravity, 8 is the potential temperature, and du/dz is the vertical
shear of the horizontal wind speed. Ri is the ratio of the buoyant suppression of turbulence by
a stable temperature gradient and the generation of turbulence by wind shear. Thus turbulence
can develop only for Ri <1.0. Linear stability theory yielded that the onset of turbulence
normally does not occur above a value of 0.25 (Turner, 1973). Therefore the critical value for
the occurrence of turbulence is usually taken as Ri = 0.25.

Ri was calculated from temperature and wind measurements performed on board the
Falcon for the ITOP and SAMUM measurements with a vertical resolution of approximately
15 m. Two examples of vertical profiles of Ri are illustrated in the left panels of Figure 84 and
Figure 85, respectively. Figure 84 shows Ri for the lofted forest fire layer found over the
Atlantic south-west of Santiago/Spain on 22 July 2004 and Figure 85 depicts Ri in the lofted
dust layer over Casablanca on 19 May 2006. As indicator for the forest fire (desert dust)
aerosol, the non-volatile fraction of the Aitken mode (coarse mode number concentration)
profiles was used (right panels in Figure 84 and Figure 85). The grey shaded area indicates
the vertical dimension of the aerosol layer in each case. The black solid line marks Ri=1,
while the black dashed line indicates Ri = 0.25. Very high stability is evident at the bottom
and at the top of the aerosol layers in both cases. In the case of the forest fire layer the Ri is
exceeding 30 between approximately 2.0 and 3.4 km ASL, reaching a maximum value of 75
at 2.5 km altitude. Within the aerosol layer, Ri is smaller than 1 for example around 5.0 km
altitude. This indicates conditions favourable for dynamic instability. Beyond 6.0 km altitude
the forest fire layer is capped by a layer of large Ri (> 20). The stability is larger at the bottom
of the layer (Ri,.,=75) than at the top of the layer (Ri,,,=28). Similar observations are made
in the desert dust layer over Casablanca, although the magnitude of Ri is nearly similar at the
bottom and at the top of the layer. Ri exceeds 30 at the bottom and at the top of the layer,
reaching a maximum of 37 at the bottom and 42 at the top, respectively. Between 3.9 and
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4.4 km, the Ri indicates conditions favourable for turbulent mixing. The presence of turbulent
mixing in this altitude range is corroborated by the potential temperature profile, which shows
neutral stratification in this altitude range.

The vertical profiles of Ri were explored for 9 (15) ascents and descents in which lofted
forest fire (desert dust) layers were observed. Figure 86 shows nine more vertical profiles of
Ri for forest fire and desert dust plumes. The structure is at least in seven cases very similar to
that depicted in Figure 84 and Figure 85, since the aerosol plumes are enclosed by layers of
high Ri, and evince sections of Ri below the critical value inside the plumes. On 23 July 2004,
the structure of the atmosphere was very complex, since below the forest fire layer two layers
with a mixture of long-range transported anthropogenic pollution and forest fire aerosol and
pure anthropogenic pollution were present (see also left panel in Figure 58, p. 92). In about
67% of the investigated forest fire and 47% of the investigated desert dust layers Ri was
higher at the bottom of the plume than at the top. In 11% (33%) of the forest fire (desert dust)
layers the magnitude of Ri at the bottom and at the top of the layer was similar (= 10%) and in
22% (20%) of the forest fire (desert dust) layers Ri at the top exceed Ri at the bottom. In the
forest fire plumes, a larger Ri at the top compared to the bottom tended to occur in the
“younger” forest fire plumes (e.g. #040730a). In comparison to the forest fire layers, a higher
percentage of dust layers exhibited similar or even larger values of Ri at the top than at the
bottom of the layer. One reason for this might be that the dust layers are “younger” (mainly 2
days) than the forest fire layers (4-13 days). Due to the self-stabilisation the inversion at the
bottom strengthens with the extended atmospheric residence time, while the layers are
destabilised at the top. The analyses of the magnitude of the Ri at the bottom and at the top of
the aerosol plumes corroborate the self-stabilisation hypothesis.

According to these stability analyses of the layers, the aerosol inside the layers can be
regarded as isolated (“sealed”) at the lower boundary. The upper boundary of the layer is
permeable. Dilution — if no large-scale frontal system is disturbing the aerosol layer — acts
from the top to bottom, since the radiative heating is stabilising the lower part and
destabilising the upper part of the plume. If the heating within the layer continues long
enough, the inversion at the top will vanish and entrainment is taking place from above. The
turbulent encroachment can be counteracted by large-scale subsidence, which was observed
for example on 19 May 2006.

The analysis of the forest fire plume on 22 July 2004 (Section 4.1.2, p. 84ff) indicated a
decreasing stability at the top of the forest fire layer during the course of the day. This is in
accordance with the calculated heating rate in the plume. Furthermore, the observed
absorption coefficient was higher in the lower part (8.1 M m ™) than in the upper part of the
layer (3.1 M m™). Assuming that the aerosol properties were initially homogeneously
distributed, these observations indicate that some entrainment has diluted the layer from
above. This hypothesis is in accordance with findings by Fiebig et al. (2003) in an aged forest
fire layer during LACE 98. They investigated a forest fire plume which had been transported
from Canada to Germany and found that plume dilution was inhibited in the lower part of the
plume. The entrainment of air from the top of the plume is corroborated by the distribution of
aerosol properties in the plume (e.g. stronger absorption in the lower part of the forest fire
plume, Figure 53, p. 85; some nucleation mode particles in the forest fire plume top, Figure
89, p. 133; decreased f,onv01 2.5 in the dust layer top, Figure 90, p. 134; Table 13 and Table 14,
p. 108) which will be discussed in Section 5.2.1.

127



CHAPTER 5. DISCUSSION AND CONCLUSIONS

0/ K
300 310 320
9 L LA L L 9
ITOP - forest fire L
8 #040722a, DESC ATLANTIC, 8L
11:22 - 11:58 UT L

7 7Lk
(7,) 6 . 6F
< 32 I
g? g °F
X forest fire ~
~ 4 layer =~ 4L
() [
E S,
= 3 E 3}
© © |

2 2

1 1k

0 P A I N SIS S ST SN NS E S A MR A 0 I N | N | N | 1 | N

0 10 20 30 40 50 0 20 40 60 80 100
Richardson number [ %

non-vol, AIT

Figure 84. The left panel shows a vertical profile of the Richardson number (Ri, dark grey shaded)
and potential temperature (black line), while the right panel depicts the non-volatile fraction of the
Aitken mode particle concentration fon.or 4r measured over the Atlantic south-west of Santiago
(Spain) on 22 July 2004. The grey shaded area indicates the vertical dimension of the forest fire layer.
The solid black line in the left panel marks Ri = 1, while the dashed black line marks Ri = 0.25.
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Figure 85. Same illustration as in Figure 84, but the profile was measured east of
Casablanca/Morocco on 19 May 2006. Instead of fronvor air; the particle concentration in the size range

1 <D, <3 um and D, > 3 um is shown. The grey shaded area indicates the vertical dimension of the
desert dust layer.
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Figure 86. Vertical profiles of Richardson number for three ITOP and six SAMUM cases. In all cases
the same vertical resolution was used. The grey shaded area indicates the vertical dimension of the

aerosol layer. The solid black line in the left panel marks Ri = 1, while the dashed black line marks
Ri=0.25.
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The described processes in the aerosol layer tend to stabilise the layer itself and to increase
its lifetime. The inversion at the bottom of the layer is increased due to the interaction of the
absorbing particles with the solar radiation, thus inhibiting the dilution of the layer from
below. The heating in the layer destabilises the layer top, causing mixing of the plume top
with free tropospheric background air thereby diluting the particle concentration in the upper
part of the plume. Large scale-subsidence can counteract the turbulent encroachment. As the
air descends, it is warmed adiabatically and typically a subsidence inversion will form. This
inversion is a barrier to mixing. The changed aerosol distribution in the plume leads to a
changed heating distribution with the maximum heating being in the lower part of the plume.
This described stabilisation mechanism gives rise to the “sealed ageing” effect and the
development of the aerosol within an almost “closed” system.

5.1.3 Wave breaking and mixing

The interior of the forest fire (desert dust) layer is characterised by low static stability and
a Ri that falls below the critical value at some ranges. This indicates that turbulent mixing or
wave breaking is taking place or already has taken place within the aerosol plumes. The high
static stability at the bottom of the aerosol layer can facilitate the formation of waves (e.g.
Hauf and Clark, 1989). Since the lofted forest fire (desert dust) plumes investigated in this
work were found in the altitude range between approximately 3 and 9 km (1 and 6 km) ASL,
slightly above the continental/marine boundary layer (Figure 53, p. 85; Figure 58, p. 92;
Figure 72, p. 110), waves can be triggered for example by thermals or convection within the
boundary layer (e.g. Hauf and Clark, 1989).

Wave breaking was not observed in the two cases (22 July 2004 and 19 May 2006) shown
in Figure 84 and Figure 85, but in the aged dust layer over Portugal on 18 May 2006.
Moreover, the aged dust layer over Portugal on 27 May 2006 evinced wave-like structures too
(Figure 87). These two cases are discussed in more detail below.
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Figure 87. The dust layer over Evora on 27 May 2006. The HSRL backscatter ratio at 1064 nm (left
panel) illustrates the wave-like structure in the dust layer. The arrows denoted with L04 and L05 mark
the altitude in which the size distribution L04 and L05 were measured. The right panel sketches the
expected separation of particles with different diameters due to gravitational settling during transport.
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The dust layer of the 18 May 2006 showed a well-mixed layer of about 400 m depth
(Figure 74, p. 112) and was enclosed by strong inversions. The analysis of the vertical Ri
profile revealed values of 16 and 9 at the bottom and at the top of the plume, and values
below the critical Ri within the well-mixed layer, indicating turbulence created by breaking
waves. The examination of the vertical profile of horizontal wind speeds corroborates this
hypothesis: within the dust layer the horizontal wind speed is variable, an evidence for the
existence of turbulence. Furthermore, the vertical profile of the horizontal wind speed shows
oscillations, which are characteristic for the presence of waves (Figure 88). During the second
flight mission over Evora (Portugal) on 27 May 2006 the results of breaking waves may have
been observed. Figure 87, (left panel) shows a HSRL cross-section of the atmosphere over
Evora on that day. Wave like structures are evident in the HSRL cross-section. The black
arrows indicate the altitudes in which the size distributions L04 and LO5 (Figure 75, p. 113)
were measured.
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Figure 88. Vertical profile of horizontal wind speed over Evora on 18 May 2006. The grey shaded
area indicates the vertical extent of the dust layer. The wind profile was recorded at the same time as
the measurements shown in Figure 74.

As pointed out in Section 4.2.3, the size distributions L04 and LO5 were almost identical
in the size range D, > ~0.5 pm. Moreover, the size distributions L04 and L05 were very
similar to the size distributions found in about the same altitude close to the Sahara (Figure
75, p. 113, right panel), since particles of 20-30 um size were still detected. The
measurements on 27 May are within the variance of the measurements close to the Sahara,
although there is a tendency towards decreasing particle diameters due to settling. Assuming
that the particles were initially homogeneously distributed in the dust layer as it was observed
over the Sahara (see Figure 59, p. 94), a separation of particles sizes with altitude due to
gravitational settling is expected during transport to Portugal. Larger particles are expected to
settle faster than smaller particles do. Applying the theory of gravitational settling (see
Equation 2.1) for non-spherical particles (shape factor 1.25), for example, particles with D, >
30 um should occur only in the lower 0.4 km, and particles with D, > 20 um should occur
only below 2.5 km ASL after 2 days of transport from the Sahara. The expected separation of
different-sized particles with altitude is sketched in the right panel of Figure 87. According to
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gravitational settling, the size distribution measured at 3245 m (L04) ASL is expected to be
different from the size distribution measured at 2300 m ASL (LO5). However, as noted
earlier, both size distributions are identical in the size range beyond 0.5 pm (Figure 75, left
panel). The wave-like structures obvious in the HSRL cross-section (Figure 87, left panel)
indicate the presence of waves. If those waves had broken at some time, the related turbulence
could have mixed the large particles into higher altitudes. In fact, a stability analysis of the Ri
shows values < 1 around 2.5 km and below 2.3 km altitude. Unfortunately, the lowest altitude
in which in-situ measurements were taken was 2.1 km, so that no Falcon in-situ data are
available in the lower part of the dust layer and underneath.

The presence of some large particles after transport is in accordance with findings by
Maring et al. (2003a). They investigated the desert dust aerosol size distribution change
during transport across the Atlantic and found that the normalized dust size distribution of
particles smaller than 7.3 pm over the Canary Islands and Puerto Rico were indistinguishable.
They employed a simple empirical model setting the vertical velocity of dust equal to the
Stokes gravitational settling. Assuming an upward velocity of ~0.33 cm s™ they could explain
the presence of larger particles. They concluded that some atmospheric process(es) may
partially counteract the gravitational settling, but they could not specify the responsible
process(es). They hypothesised that buoyancy caused by solar heating of the dust and/or
turbulence in the Saharan air layer could be important.

In this thesis it has been shown that at least in one or two cases turbulence created by
breaking waves was observed within the dust layer over Portugal. It is suggested that this
turbulence may have mixed larger particles into higher altitudes, therefore partly
counteracting the gravitational settling.

5.2 Hypothesis Il — Sealed ageing effect

The second hypothesis stated in this work is a consequence of the self-stabilising effect:
the lower boundary of the forest fire/desert dust layers is “sealed”, while the upper boundary
of the layer is permeable. As a result the aerosol layer can be considered as being isolated
from the underlying airmass and the aerosol is processed within an almost “closed” system.

5.2.1 Nucleation and Aitken mode

The aged aerosol found in the lofted forest fire layers during ITOP 2004 was characterised by
a missing nucleation mode and a depleted Aitken mode. Figure 89 depicts nine vertical
profiles of particle size distributions on five days between 19 July and 31 July 2004. In seven
profiles, forest fire layers were detected, on 19 July (Figure 89, first graph) and on 31 July
(Figure 89, last graph) no forest fire plumes were observed. The forest fire plumes are marked
by red circles. It is striking that the nucleation mode is completely missing in the lower part of
the plumes and that the Aitken mode is depleted in any forest fire layer. A completely missing
nucleation mode outside a forest fire plume is observed only during flight #040722a over the
Atlantic in the unpolluted marine boundary layer due to missing sources for ultra-fine
particles. The feature of a missing nucleation mode and a small Aitken mode in a long-range
transported forest fire plume was not only observed during ITOP. In a recent study, Treffeisen
et al. (2007) showed a suppression of nucleation and small Aitken mode particles within a
smoke plume measured at Ny-Alesund in May 2006.
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Figure 89. Vertical profiles of particle size distributions for STP conditions recorded on five days
between 19 July and 31 July 2004. The particle number concentration N (unit: scm™) is colour coded.

In each plot the same scales were used. Forest fire layers are marked by red circles. On 19 and 31
July no forest fire layers were observed.
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The profiles in Figure 89 additionally illustrate that entrainment — if present — takes place
from the top to the bottom of the layer: on some days (e.g. #060522a, Creil), some nucleation
mode particles, characteristic for free tropospheric air, are evident in the upper part of the
forest fire plumes. This implies that some ambient air has entrained into the upper part of the
plume and has diluted the plume top layer, in accordance with the self-stabilisation
hypothesis.

In contrast to the forest fire layers which had ages of 4-13 days, the investigated desert
dust layers had only ages of about 2 days, and in the case of the dust plume over Portugal on
18 May 2006, the age could not exactly be determined, but it was estimated to be 3-10 days.
As both, the fresh pure dust layers and the aged plumes did not show nucleation mode
particles (Figure 62, p. 97), another quantity has to be used to investigate the sealed ageing
effect in the lofted dust plumes. The non-volatile fraction in the sub-2.5 um range (f,on-vor 2.5)
may act as indicator to investigate the entrainment/non-entrainment of condensable gases or
free tropospheric background aerosol into the layer. A decrease in fon.v012.5 during transport
would indicate that some condensable gases or free tropospheric background aerosol have
entrained into the layer. The direction of the entrainment into the layer (from the top or the
bottom) can be assessed by investigating fy,,v01 2.5 in the plume as a function of the distance
from the plume top. The open diamonds in Figure 90 show fou10125 In the plumes over
Casablanca and Portugal as a function of the distance from the dust plume top. The black line
in Figure 90 represents the average f,onvor2.5 Over the Sahara (see Table 12, p.101), and the
grey shaded area marks the standard deviation of f,,,.,,/ 2.5 over the Sahara. Part of the values
of fronvor 2.5 found at Casablanca and Portugal are within the variance of the values of f,,v01 2.5
found at Quarzazate and Zagora, especially those which are more than 1.5 km away from the
plume top.
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Figure 90. Non-volatile particle fraction in the sub-2.5 um range (fron vo 2.5) Within the plume as a
function of the distance from the dust plume top (open diamonds) for dust layers over Casablanca and
Portugal. The black line represents the average fon voi 2.5 Over the Sahara (see Table 12, p.99), and the
grey shaded area marks the standard deviation of fon voi 2.5 Over the Sahara. See text.
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Though, there is a tendency to a decreased non-volatile fraction. Generally, lower values
of fronvor 2.5 tend to occur in the upper part of the plumes close to the plume tops. A detailed
investigation of the lower values of f,onvor 25 yielded that the lowest values of fion-voi25
appeared at the top of the dust layer on 18 May 2006 over Portugal, which was the oldest
investigated during SAMUM.

The findings of the missing nucleation mode and depleted Aitken mode in aged forest fire
layers and the only slight decrease of f,,,101 2.5 in the aged dust layers indicate that the layers
were prevented from rapid mixing with other airmasses and give rise to the sealed ageing
hypothesis. The interpretation that the plumes are diluted from the top is supported by the
findings shown in Figure 90 and Figure 89.

5.2.2 Accumulation mode

The aerosol processing within an almost “closed” system results in a characteristic
development of the accumulation mode. This phenomenon can only be demonstrated for
forest fire aerosol due the lack of data on aged (> 5 days) dust layers.

In general, the ageing of an aerosol up to 1-2 days is dominated by condensational growth,
followed by coagulational growth. In a “closed system”, the suppressed entrainment of
condensable gases from the surface inhibits particle nucleation and the formation of coated
particles. Coagulation changes then the shape of the size distribution. Fiebig et al. (2003)
applied the theory on particle ageing processes proposed in Reid et al. (1998) to reproduce the
growth in the CMD of the accumulation mode in an aged (~6 days) forest fire layer. They
calculated the change in accumulation mode parameters of the forest fire aerosol due to
ageing by coagulation for various assumptions on initial conditions and dilution during
transport. They could explain the observed size distribution by coagulation and concluded that
the plume dilution was inhibited in the lower part of the plume, which is in accordance with
the sealed ageing effect observed in this investigation during ITOP 2004 and SAMUM 2006.

After more than one week of transport, the size distribution differs significantly from the
size distribution reported for fresh emissions from forest fires, and the modification of the size
distribution is still active. Dentener et al. (2006) found a linear relation between the CMD and
GSD of the accumulation mode for the ageing process of biomass aerosols. The data recorded
during ITOP 2004 fit well into the picture of size distribution modification during
atmospheric residence time. Figure 91 shows the correlation (dashed line) found by Dentener
et al. (2006) together with data found during ITOP 2004 (brown symbols). In addition, data
from Fiebig et al. (2003) and Reid et al. (2005a) for aged, and from Martins et al. (1996) for
fresh forest fire aerosol are shown. The development of the accumulation mode in aged forest
fire plumes can be explained under consideration of a sealed ageing effect: the absence of
gaseous precursors inhibits particle nucleation. So self-coagulation is forced within the
accumulation mode, which results in a narrowing of the size distribution, and an increase of
the modal diameter in the accumulation mode. Miiller et al. (2007) report similar observations
in well-aged forest fire plumes. They observed an increase in effective diameters until an
approximate plume age of 10-15 days. Afterwards, a steady state of the aerosol size
distribution was reached.
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Figure 91. Count median diameter (CMD,,o403) of size distributions measured in boreal forest fires as
a function of geometric standard deviation (GSD,.402). The dashed line corresponds to the regression
analysis for the AeroCom data set (Dentener et al., 2006). Further data are taken from Fiebig et al.
(2003), Reid et al. (2005a) for aged and from Martins et al. (1996) for fresh forest fire aerosol. The
brown symbols show data from the ITOP flights #040722a, #040722b, #040723a, #040725b,

#040726a and #040730a.

The development of the nucleation, Aitken and accumulation mode during transport is the
result of a sealed ageing effect. The sealed ageing is caused by the interaction of the absorbing
particles with the solar radiation.

136



6 Summary and Outlook

In this study a large number of experimental data was analysed. The experimental data
discussed in this work, originated from two major field experiments, the Intercontinental
Transport of Ozone and Precursors (ITOP) study and the Saharan Mineral Dust Experiment
(SAMUM) which were conducted in July/August 2004 and in May/June 2006, respectively.
The data were used to investigate in detail the impact of plumes containing absorbing forest
fire and desert dust aerosol particles on the atmospheric stability and the implications of a
changed stability on the aerosol properties during long-range transport. For the first time at
all, the well-known concept of the Richardson number Ri has been applied to assess the
stability and mixing in forest fire and desert dust plumes. Also for the first time, the processes
in forest fire and desert dust layers have been discussed from a common perspective. Based
on the experimental data, two mechanisms, the self-stabilising and the sealed ageing effect,
acting in both forest fire and desert dust aerosol layers were proposed to explain the
characteristic vertical temperature structure as well as the aerosol properties observed in the
lofted forest fire and desert dust plumes.

6.1 Summary of results

To investigate the existence of the two proposed mechanisms, a number of analyses had to
be carried out with the experimental data of ITOP 2004 (forest fire) and SAMUM 2006
(desert dust), which are summarised below. High data quality of the experimental data was
ensured by performing numerous calibration tests and sensitivity studies of the instrument
response on assumptions that entered the data analysis.

Identification of forest fire and dust sequences

Altogether, 9 research flights were performed during ITOP and 17 during SAMUM. From
these data, forest fire and desert dust encounters had to be identified. In the case of the ITOP
measurements a combined approach of excess CO measurements, a tracer for forest fire and
anthropogenic pollution, and FLEXPART back-trajectory calculations was used to identify
forest fire sequences. The sequences were labelled as “pure forest fire”, when more than 80%
of the filaments in the FLEXPART calculations originated from fires. In the case of the
SAMUM measurements, the HSRL acted as pathfinder to direct the aircraft into the
interesting dust layers so that the identification of dust sequences was much easier than that of
the forest fire layers. Lofted forest fire and desert dust plumes were found on average at
altitudes between 3-9 km and 1-6 km altitude, respectively. Lofted aerosol layers can arise for
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example, when continental aerosol plumes are advected from land to sea over the marine
boundary layer where they are forced to rise above the marine boundary layer. The formation
of a lofted dust layer by this mechanism was documented on 3 June 2006. Other mechanisms
for the formation of lofted aerosol plumes are pyro-convection and the uplift of pollution
plumes by warm conveyor belts.

Size distributions

Size distributions were calculated for about 90 encounters of forest fire, desert dust, mixed
plumes, and of the free tropospheric background air. The size distributions were
parameterised by multi-modal log-normal distributions. If the parameterisations do not
reasonably fit the measured size distributions, large errors can be introduced in the calculation
of optical parameters. Therefore, the quality of the parameterisations was controlled by
comparing the effective diameter, D,y calculated directly from the inverted data and from the
parameterisation using the Hatch-Choate conversion equations (see Equation 2.3, p. 22). In
91% of the SAMUM cases the deviation between parameterisation and data was smaller than
5%, and in 60% it was even smaller than 3%.

The analysis of the size distributions yielded typical properties for both, forest fire and
desert dust plumes:

The forest fire plumes were characterised by the absence of a nucleation mode, a depleted
Aitken mode and an enhanced accumulation mode. They further showed an average D, of
0.34+0.1 um, and D,y increased with increasing atmospheric residence time as a result of
ageing processes (coagulation). The modification of the forest fire size distribution fits well
with a linear correlation between the CMD and GSD of the accumulation mode reported by
Dentener et al. (2006) (Figure 91). Evidence for a top-down dilution was detected in the
forest fire layers, because some nucleation mode particles, characteristic for free tropospheric
air, were evident in the upper part of the some forest fire plumes.

The dust plumes investigated south of the Atlas revealed two main ranges of D.y: the first
range of D,y peaked around 5 pm and the second range of D, around 8 um. The different
ranges of D,y are probably the result of different dust mobilisation mechanisms. In total, an
average Doy of 6.3 +2.4 pm (6.5 £ 2.5 um) was found in dust layers south and north (only
south) of the Atlas Mountains. However, the two ranges of D.; found during SAMUM
suggest that it may be inadequate to use an average effective diameter for a typical dust size
distribution. The D, found in the dust layer over Portugal on 27 May 2006 is within the
variance of D,y over the source, but there is a tendency to a decreased D, during transport
due to ageing processes (gravitational settling of large particles). The smallest D 5 occurred in
the dust layer over Portugal on 18 May 2006, which was the “oldest” dust layer (age: 3-10
days) investigated.

Mixing state

In volatility analyses, information on the mixing state of the aerosol was gathered, which
has to be known for the calculation of optical parameters. During ITOP, the non-volatile
fraction was measured in three size regions, whereas during SAMUM the non-volatile size
distribution was measured in the size range below 2.5 pm.
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The volatility analyses revealed that within forest fire plumes more than 80 % of the
particles in the Aitken mode and approximately all particles in the accumulation mode have a
solid core, which can be attributed to the presence of BC.

The volatility analyses of desert dust aerosol evinced two zones with different particle
mixing states and refractive index (Figure 63): particles in zone 1 (D, < 0.5 um) have a non-
volatile core and are coated with ammonium sulphate, while particles in zone 2 (D, > 0.5 pm)
consist of non-volatile components and contain absorbing material. Images from a scanning
electron microscope confirm the particle morphology inferred from the volatility analyses.
The non-volatile fraction of particles D, <2.5 pum (fyonvor 25) ranges around 78 + 9%,
70 £ 9%, and 58 + 11% over the Sahara, over Casablanca and over Portugal, respectively. The
tendency to a decreased non-volatile fraction far away from the source is obvious. The lowest
values of fonv01 2.5 Were mainly observed at the plume tops. This indicates that dilution — if
present — is taking place from the top down to the bottom of the plume.

Optical properties

The parameterised size distributions served together with the volatility analyses and
absorption data as basis for the calculation of optical parameters, which are required for the
calculation of heating rates. The validity of the calculated optical parameters was compared
with lidar measurements, with values given in the literature, and in the case of dust particles
with aspherical calculations.

In the case of the forest fire layer on 22 and 23 July 2004, the calculated AOD (0.15 £+ 0.02
and 0.13 + 0.02, respectively) was in a similar range as measured by the SIRTA lidar (0.1-
0.15) in a forest fire plume south of Paris on 23 July 2004 (Real et al., 2007). The derived
single-scattering albedo of 0.85 (0.92) at 550 nm for the lower (upper) part of the forest fire
layer is consistent with values of single-scattering albedo of 0.83-0.9 reported for boreal
forest fires (Reid et al., 2005b).

For the SAMUM measurements, the calculated extinction coefficient could be compared
with direct measurements of the extinction coefficient (Figure 77). For 15 (4) cases the HSRL
(IfT-lidar) measurements and the calculated extinction coefficients were compared. In 53% of
the comparisons, the deviation between HSRL extinction coefficient and calculated extinction
coefficient was smaller than 15%. The deviation between lidar and in-situ measurements was
larger close to the plume top than well within the plume, which may be a consequence of the
fact that the lidar data analysis averages over a particular vertical distance, therefore slightly
smoothing the sharp upper edge of the dust layer. Considering the time off-set of about one
hour between the HSRL and the in-situ measurements and the assumed spherical particle
shape in the calculations, both methods are generally in good agreement.

Stability analyses

Based on the observations in forest fire and desert dust plumes, two hypotheses were
stated. The examination of the stated hypotheses required the calculation of vertical profiles
of meteorological parameters, like potential temperature, humidity, wind direction and speed,
and Richardson number Ri. All lofted forest fire (desert dust) plumes investigated in this work
showed a potential temperature profile, which proved to be characteristic. Three regions of
different static stability could be identified in the observations: the aerosol layers were
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separated from the underlying airmass by a strong inversion. Within the aerosol plume more
neutral to weakly stable conditions were observed, and the plumes were topped by a strong
inversion. In forest fire (desert dust) plumes, an average lapse rate of 8.6 (9.8) K km ™,
1.9 (1.0) K km ™" and 6.0 (7.0) K km ' was observed at the bottom, within and at the top of the
layer, respectively. For comparison, outside the forest fire (desert dust) plumes, on average a
lapse rate of 3.7 £ 0.6 (3.3 + 0.5) K km ™' was measured. This fits very well with the lapse rate
of 3.5 K km™ assumed in the standard atmosphere. The inversion which capped the plume
tended to be smaller than inversion at bottom of the plume. The static stability of the forest
fire (desert dust) layers and the mixing was assessed in more detail, based on analyses of
vertical Ri profiles. In about 67% (47%) of the forest fire (desert dust) layers, Ri was higher at
the bottom of the layers than at the top, in about 11% (33%) of the forest fire (desert dust)
layers showed similar (£ 10%) Ri at the bottom and at the top of the plume and in 22% (20%)
of the forest fire (desert dust) layers Ri at the top exceeds Ri at the bottom. In the forest fire
plumes, a larger Ri at the top compared to the bottom tended to occur in the “younger” forest
fire plumes (e.g. #040730a). A higher percentage of dust layers compared to forest fire layers
exhibited similar or even larger values of Ri at the top than at the bottom of the layer. One
explanation for this might be that the dust layers are “younger” (< 5 days) than the forest fire
layers (4-13 days). Due to the proposed self-stabilisation, the inversion at the bottom is
expected to strengthen with the extended atmospheric residence time.

Heating rates

The characteristic lapse rate in the forest fire and desert dust plumes was evaluated with
aid of radiative transfer calculations with libRadtran. The calculated optical properties and the
direct extinction measurements served as basis for the computation of heating rates with
libRadtran. For the forest fire plumes no vertical extinction measurements were available,
therefore an extinction profile was derived from the optical calculations. In contrast,
extinction was measured directly with the HSRL during SAMUM and the heating rates were
calculated from these measurements. Asymmetry parameter and single-scattering albedo
values were taken from the optical calculations. The daily mean heating rates in the forest fire
(desert dust) plumes showed maximum values of ~0.2 K day' (~0.24 K day'). The
calculation of heating rates yielded an increasing heating rate at the bottom of the plumes,
while it decreased towards the plume top. This behaviour tends to increase the atmospheric
stability in the lower part of the plumes and to decrease the stability in the upper part of the
plumes and is in agreement with the stability analyses.

Self-stabilisation

On the basis of experimental data and radiative transfer calculations it could be shown that
the interaction of absorbing particles with the solar radiation drives several processes in the
aerosol plumes: the aerosol absorption causes a heating which strengthens the inversion at the
bottom of the aerosol layer, thus inhibiting the dilution from below and trapping the particles
in the layer. In contrast, the heating destabilises the layer near the top. If the heating within
the layer continues long enough, the temperature in the interface layer will exceed the
temperature of the overlying air and entrainment is taking place from above. The presence of
any large-scale subsidence counteracts the turbulent encroachment. In the regions where the
lofted aerosol plumes were observed during ITOP and SAMUM, large-scale subsidence could
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be accounted for by the presence of a subtropical high pressure system. As a consequence of
the proposed self-stabilisation, the lifetime of the aerosol layer is extended and the layer can
be transported over long distances.

The very stable stratification at the bottom of the plumes may facilitate the formation of
waves. Breaking waves were observed during the measurements in a dust layer on
18 May 2007 over Portugal. The turbulence created by breaking waves might be an
explanation for the presence of large particles with D, = 20-30 pm over Portugal on
27 May 2007, which should have settled due to gravitation. It is suggested that the turbulence
created by breaking waves may mix larger particles into higher altitudes, therefore partly
counteracting the gravitational settling.

Sealed ageing effect

The self-stabilisation mechanism gives rise to the “sealed ageing” effect and the
processing of the aerosol within an almost “closed” system. The experimental data revealed
the absence of a nucleation mode and depleted Aitken mode in aged forest fire layers and a
slight decrease of f,onvor 2.5 in the aged dust layers. The lower values of f,ou-v0 2.5 tended to
occur in the upper part of the dust plumes close to the plume tops, indicating some dilution
from the top. Generally, the observed aerosol properties indicated that the forest fire and
desert dust layers were prevented from rapid mixing with other airmasses. Moreover, the
development of the accumulation mode in aged forest fire plumes with time (increasing CMD,
narrowing of the mode) can be explained with the sealed ageing effect: the sealing of the layer
inhibits entrainment of condensable gases from below. As a result, there is a missing supply
of nucleation/Aitken mode particles, which can coagulate to Aitken and accumulation mode
particles. Therefore, self-coagulation is forced within the accumulation mode which leads to a
narrowing of the size distribution with time (Figure 91). Moreover, the stratification of the
plume inhibits/decelerates the formation of coated particles and has therefore an impact on the
radiative effects of the forest fire and desert dust particles.

6.2 Open scientific questions

The analyses performed in this work showed evidence for a self-stabilisation and a sealed
ageing of forest fire and desert dust layers. From this work a number of scientific questions
arise:

Presence of large particles after several days of transport

The investigated forest layers exhibited ages of 4-13 days, the investigated dust layers
were mainly younger than 2 days due to the lack of data on older dust plumes. It would be
interesting to investigate dust layers older than 2 days to see if the sealed ageing mechanism
leads to a depleted Aitken mode and an enhanced accumulation mode as it has been observed
in forest fire layers. Moreover, a larger number of measurements in aged dust layers is
necessary to investigate the presence of large particles after several days of transport.
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Impact of dust feedback on boundary layer dynamics over the Sahara

The dust layers over Ouarzazate and Zagora extended from the surface to altitudes of more
than 5.5 km above ground level and in the afternoon the top of the dust layer coincided with
the top of the well-mixed boundary layer. One question arising from the presence of these
deep boundary layers is: Does the interaction of the dust feedback on boundary layer
dynamics and cause a deeper boundary layer over the Sahara? A possible impact of desert
dust on the boundary layer height could be investigated using the measured dust properties
and the EULAG (EUlerian/LAGrangian) model.

Impact of stabilisation on dynamical processes

The presence of absorbing aerosol layers with their characteristic lapse rates in the lower
troposphere has clearly a stabilising effect on the atmosphere. The lofted forest fire (desert
dust) plumes investigated in this work were found in the altitude range between
approximately 3-9 km (1-6 km) ASL. All layers investigated here showed large static stability
at the lower boundary of the layer. The lower boundaries of the forest fire and desert dust
plumes fall into an altitude range, which is important for dynamical processes like convection
and the formation of thunderstorms. The ITOP and SAMUM data could be used to investigate
the impact of the lofted forest fire and desert dust layers on the formation of thunderstorms
and convection. Moreover, further impacts on atmospheric dynamics, caused by the presence
of lofted forest fire and desert dust plumes could be investigated. These questions can not be
addressed by experimental data only. It requires a modelling study, e.g. with a numerical
weather prediction model, in which the changed static stability is implemented in the dynamic
evolution of the atmosphere is investigated.

Assessment of the proposed self-stabilisation mechanism with a numerical
model

The proposed self-stabilisation mechanism is a possible scenario to explain the observed
temperature profile and the aerosol properties in the forest fire and desert dust plumes. The
scenario has been formulated on the basis of the measurements. Therefore, it would be good
to simulate the proposed mechanism with a numerical model. These simulations would allow
the quantification of the details of the scenario such as the details of the entrainment process.
Furthermore, the rate of subsidence necessary to suppress turbulent encroachment, and the
lifetime of the plumes with and without the presence of large-scale subsidence could be
quantified. These simulations are beyond the scope of this thesis.

Mixing of biomass burning and desert dust aerosol

Dust is exported across the Atlantic Ocean all over the year. Figure 1 illustrated that the
main transport route on which dust is exported across the Atlantic coincides with the outflow
of biomass burning aerosol from central Africa. Biomass burning aerosol has a strong
accumulation mode (D, <1 um) and is an absorbing aerosol, while desert dust aerosol has a
strong coarse mode (D, >> 1 um) and is an absorbing aerosol (Figure 92). What happens,
when both aerosol types mix? Are both aerosol types really mixed or are they just layered?

Most of the arising questions can not yet be answered with the present data set and some
of them need the involvement of numerical models. However, some of the questions will be
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addressed by another field experiment, SAMUM II, which will take place in
January/February 2008 on the Cape Verde islands. SAMUM II focuses on the mixing of
biomass burning and desert dust aerosol and the transformation of desert dust during long-
range transport across the Atlantic Ocean. The same, or even extended instrumentation is used
as during SAMUM . Therefore, a good comparability of the data can be expected.
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Figure 92. Characteristic size distribution (parameterisations are taken from this study) of an aged
biomass burning aerosol (left panel) and a pure desert dust aerosol (right panel). How will the size
distribution of a mixed biomass burning — desert dust aerosol look like?

The findings of this thesis demonstrate that it is very important to investigate both, the
thermodynamic structure together with the aerosol properties. Therefore, the SAMUM II
instrumentation will also include drop sonde measurements. The use of an airborne lidar
together with extended aerosol in-situ instrumentation has been proven a successful
measurement strategy to get representative data of aerosol plumes and to cover all details of
the aerosol plume structure.
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List of abbreviations

Abbreviation

Definition

ACE
AIT
ALSi>05(OH),
AMMA
ASC
ASL

BC

BL
CASA
CH4
CMD
CO

COA
CPC
CPSA
DARPO
DESC
DLR
DMA
DMS

DS
ECMWF
EDGAR
EUFAR
EVO

F 6203

FF
FSSP-100
FSSP-300
FT

FT

GSD
H,SO4

Aerosol Characterisation Experiment

Aitken mode

kaolinite

African Monsoon Multidisciplinary Analysis
ascent

above sea level

black carbon

boundary layer

Casablanca

methane

count median diameter

carbon monoxide

coarse mode

Condensation Particle Counter

Condensation Particle Size Analyser

Desert Dust and Biomass Burning Aerosols over Portugal
descent

Deutsches Zentrum fiir Luft- und Raumfahrt
Differential Mobility Analyser

dimethyl sulphide

Diffusion Screen Separator

European Centre for Medium-Range Weather Forecasts
Emission Database for Global Atmospheric Research
European Fleet for Airborne Research

Evora

haematite

forest fire

Forward Scattering Spectrometer Probe, model 100
Forward Scattering Spectrometer Probe, model 300
free troposphere

free troposphere

geometric standard deviation

sulphuric acid
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LIST OF ABBREVIATIONS

Abbreviation

Definition

HSRL
ICARTT

ID

IfT

IPCC

IR

ITOP
LACE
LAGRANTO
libRadtran
Lij
MODIS
n.d.

N,O
NASA
NH4),SO4
NILU

NO

NUC

0O;

oC

OoP

OPC
ozZT
PCASP-100X
PES
PRIDE
PSAP
SAFARI
SAMUM
SHADE
Si0,

SO,

STP

TAS

TD

TOA

uT

ZGA

High Spectral Resolution Lidar

International Consortium for Atmospheric Research on Transport
and Transformation

identifier

Institute for Tropospheric Research, Leipzig
Intergovernmental Panel on Climate Change
infrared

Intercontinental Transport of Ozone and Precursors
Lindenberg Aerosol Characterisation Experiment
Lagrangian Analysis Tool

library for radiative transfer

layer ID of constant level sequence

Moderate Resolution Imaging Spectroradiometer
not determined

nitrous oxide

National Aeronautics and Space Administration
ammonium sulphate

Norwegian Institute for Air Research

nitric oxide

nucleation mode

ozone

organic carbon

Oberpfaffenhofen

Optical Particle Counter

Ouarzazate

Passive Cavity Aerosol Spectrometer Probe
Potential Emission Sensitivity

Puerto Rico Dust Experiment

Particle Soot Absorption Photometer

Southern African Regional Science Initiative
Saharan Mineral Dust Experiment

Saharan Dust Experiment

quartz

sulphur dioxide

standard conditions (273.15 K, 1013.25 hPa)
true air speed

Thermal Denuder

top of atmosphere

Universal Time

Zagora
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List of symbols

Symbol Definition Unit
A PSAP sample spot area cm™
Ameas measured PSAP sample spot size cm’?
AOD aerosol optical depth dimensionless
A4, cross-sectional area of a particle m’
Apsap PSAP sample spot size indicated by the manufactorer cm™
Chound.i scattering cross-section at the boundary between m
channel 7 and channel i+1
C. Cunningham factor dimensionless
Cicar, instrument instrument specific scattering cross-section m’
Cicat/abs/ext scattering/absorption/extinction cross-section m
Deero aerodynamic diameter pm
Dy effective diameter um
D.y(data) effective diameter calculated from the measurements pum
D.g(mode) effective diameter derived from the parameterised size ~ pum
distributions via the Hatch-Choate conversion
equations
Dy single-fibre diameter pm
D, particle diameter um
Dy, 500 Kelvin diameter for 50% counting efficiency pm
(Dym)y p™ moment average of the ¢” moment distribution
Dgy Stokes diameter pm
e charge of an electron 1.6:10" C
Ep single-fibre efficiency for diffusion dimensionless
Eoe §ingle-ﬂbre efficiency for diffusion-interception dimensionless
Interaction
Eg single-fibre efficiency for settling dimensionless
E; single-fibre efficiency for impaction dimensionless
E, single-fibre efficiency for electrostatic attraction dimensionless
ER single-fibre efficiency for interception dimensionless
Es total single-fibre efficiency dimensionless
Sow PSAP flow correction factor dimensionless
fi volume fraction of chemical component %
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LIST OF SYMBOLS

Symbol Definition Unit
Jron-vol 2.5 non-volatile volume fraction in the sub-2.5 um size %
range
Jron-vol ACC fraction of non-volatile particles in the accumulation %
mode
Jron-vol AIT fraction of non-volatile particles in the Aitken mode %
faue fraction of nucleation mode particles %
frumz.5/rsp fine mode fraction %
Jspot PSAP spot size correction factor dimensionless
fsrp conversion factor between STP and ambient conditions  dimensionless
g asymmetry parameter dimensionless
ga acceleration of gravity ms’
1 irradiance/intensity W m?
Iy incident irradiance/intensity W m™
I filter transmittance at time t dimensionless
k imaginary part of refractive index dimensionless
K; > PSAP correction factors dimensionless
m refractive index dimensionless
Miia molecular weight g mol!
n real part of refractive index dimensionless
N particle number concentration in the atmosphere cm”
e number of elementary units charges of charges e dimensionless
p pressure hPa
P overall filter penetration dimensionless
PM particulate mass pgm”
Qaerosollexcessishearn  MONodisperse aerosol/sheath air/excess air flow cm’ s’
through the DMA
Qdefault/calib default/calibrated flow rate through the CPC cem’ s
Oscat/abs/ext scattering/absorption/extinction efficiency dimensionless
R gas constant 831 NmK"
mol™
RH relative humidity %
Ri Richardson number dimensionless
S saturation ratio dimensionless
T temperature K
tr thickness of the filter or mesh mm
boulse CPC pulse width S
TSP total suspended particulate mass pgm>
V volume of air m”
vrs terminal settling velocity ms’
X size parameter for light scattering dimensionless
Z electrical mobility m* (Vs)"
a(Dp, ne=1) fraction of single charged particles dimensionless
0 solidity volume fraction of the filter material dimensionless
4CO excess CO nmol mol
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LIST OF SYMBOLS

Symbol Definition Unit

AF radiative forcing W m™

n viscosity kg (ms)”!

o potential temperature K

O, scattering angle ©

A wavelength nm

p density of gas; density of particle gem™; kgm™

00 uncorrected PSAP absorption coefficient Mm'l; km’!

G absorp?:lon coefﬁcflent calculated from the PSAP before Mm'l; !
scattering correction

Ofluid surface tension Nm’!

OPSAPout absorption coefficient calculated from the PSAP before Mm’l; km’!
flow, spot size, and scattering correction

Oscat/abs/ext total scattering/absorption/extinction coefficient, Mm'l; km™
including contributions from gases and particles

Osgas/agas/egas gas scattering/absorption/extinction coefficient Mm™; km™

Tsplaplep particle scattering/absorption/extinction coefficient Mm’l; km’!

X dynamic shape factor dimensionless

oy single-scattering albedo dimensionless
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