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...
I am the daughter of Earth and Water,

and the nursling of the Sky;
I pass through the pores of the ocean and shores;

I change, but I cannot die.

For after the rain when with never a stain
the pavilion of Heaven is bare,

and the winds and sunbeams with their convex gleams
build up the blue dome of air.

...
And out of the caverns of rain,

...
I arise and unbuild it again.

Percy B. Shelley
The Cloud

1820
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ZUSAMMENFASSUNG

Das Amazonasgebiet stellt eines der größten Ökosysteme mit vornehmlich
natürlichen Bedingungen dar. In diesem Kontext wurden flugzeuggetragene
Messungen in verschiedenen Höhen bis zu 14 km durchgeführt, die unter an-
derem einen tieferen Einblick in die Aerosolzusammensetzung in der Atmo-
sphäre über dem Amazonasgebiet erlauben. Ziel dieser Arbeit ist die quan-
titative Analyse der chemischen Zusammensetzung sowohl von Aerosolpar-
tikeln, die außerhalb von Wolken gemessen wurden, als auch von Wolken-
partikelresiduen. Diese Messungen wurden in-situ mit einem Aerosolmassen-
spektrometer durchgeführt, das Aerosolpartikel in einem Größenbereich von
40 bis 800 nm analysiert. Neben der chemischen Zusammensetzung liegt der
Fokus dieser Arbeit auf sekundär gebildeten organischem Aerosol (SOA) und
verschiedenen Entstehungsprozessen von SOA, die in der Atmosphäre über
dem Amazonasgebiet auftreten.
Das Aerosol außerhalb vonWolken besteht in allen vermessenen Höhen haupt-
sächlich aus organischem Material. Die höchsten Massenkonzentrationen
wurden in der unteren Troposphäre (0.1 - 4.5 km) gemessen, in größeren Höhen
nehmen die Konzentrationen ab. Allerdings zeigen sowohl die Organik- als
auch die Nitratmassenkonzentrationen eine Zunahme in der oberen Tropo-
sphäre (8 - 14 km). Die Oxidationsstufe der organischen Aerosole in der un-
teren Troposphäre ist deutlich höher als die der organischen Aerosole, die in
der oberen Troposphäre gemessen wurden. Diese Ergebnisse können durch
SOA-Bildung in der oberen Troposphäre erklärt werden. Die Aerosolgrößen-
verteilung unterstützt diese These ebenfalls.
Die Analysen ergaben, dass aus Isopren-Epoxydiol gebildetes SOA (IEPOX-
SOA) einen wesentlichen Anteil an der Organik darstellt. In der unteren
Troposphäre lag der Beitrag bei 10%, in der oberen Troposphäre bei etwa
20%. Insgesamt weisen die Resultate auf ein allgegenwärtiges Auftreten von
IEPOX-SOA in allen Höhen hin. Das lässt sich durch das Vorhandensein von
Isopren erklären, das als Vorläufergas dieser Verbindung wirkt und von der
Vegetation emittiert wird. Der Entstehungsprozess von IEPOX-SOA wird
durch saure Bedingungen begünstigt, da das gasförmige Isopren-Epoxydiol
(IEPOX) vornehmlich auf sauren Aerosoloberflächen kondensiert. Insbeson-
dere in der oberen Troposphäre scheinen diese Bedingungen vorhanden zu
sein. Die erhöhten Nitratkonzentrationen deuten darauf hin, dass sich bei
der Entstehung von IEPOX-SOA auch Organonitrate bilden können.
Zusammenfassend lässt sich sagen, dass die Bildung von SOA ein wichtiger
Prozess in der Atmosphäre des Amazonasgebietes ist, der die Eigenschaften
von Aerosolen sowohl in der unteren als auch in der oberen Troposphäre
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maßgeblich beeinflusst.
Neben den Messungen von Aerosolen außerhalb von Wolken war es in diesem
Projekt zum ersten Mal möglich, quantitative Messungen der chemischen
Zusammensetzung von Wolkenpartikelresiduen (engl. cloud particle residu-
als, CPR) bis zu einer Höhe von 14 km durchzuführen. Dafür wurde das
Aerosolmassenspektrometer mit einem speziellen Flugzeugeinlasssystem ge-
koppelt (HALO-CVI), das es ermöglicht, flüssige Wolkentröpfchen und Eis-
kristalle von Luft und Aerosolpartikeln zu separieren, und damit eine Analyse
der CPR zulässt. Diese Messungen konnten sowohl in flüssigen Wolken als
auch in Eiswolken durchgeführt werden. Die CPR, die in flüssigen Wolken
gemessen wurden, bestanden zu 70% aus Organik. Die restlichen 30% waren
inorganische Substanzen, wobei Sulfat hier dominierte. Im Gegensatz dazu
bestanden die Eisresiduen fast ausschließlich aus Organik. Die Analyse der
organischen Massenspektren ergab, dass die CPR in Flüssigwasserwolken aus
oxidierter, wahrscheinlich sekundärer Organik bestanden. Die CPR in Eis-
wolken wiesen hingegen eine Struktur auf, die auf primär emittierte kohlen-
wasserstoffähnliche Organik (engl. hydrocarbon-like organic aerosol, HOA)
hindeutet. Es scheint, als seien die HOA-beinhaltenden CPR als Eiskeime
aktiviert worden, während hingegen die CPR, die aus oxidierter Organik,
Sulfat und Nitrat bestehen, in der unteren Troposphäre als Wolkenkondensa-
tionskeime aktiviert und ausgewaschen wurden. Die Prozesse des Gefrierens
in den vermessenen Eiswolken scheinen sich von homogenem hin zu het-
erogenem Gefrieren zu verschieben. Das heterogene Gefrieren wird durch
die HOA-enthaltenden Partikel induziert, die vertikal in große Höhen trans-
portiert wurden. Die Wechselwirkungen zwischen Aerosolen und Wolken
werden dadurch beeinflusst.
Die hier vorliegende Arbeit liefert neue Erkenntnisse hinsichtlich der Bildung
sekundärer organischer Aerosole in der Atmosphäre des Amazonasgebietes
unter Berücksichtigung von IEPOX-SOA und Organonitraten. Außerdem
wurden neue Ergebnisse zur chemischen Zusammensetzung von Wolkenpar-
tikelresiduen in der tropischen oberen Troposphäre gewonnen.
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ABSTRACT

The Amazon basin serves as one of the largest ecosystems, providing remote
and mostly natural conditions. In this context, airborne measurements were
conducted in the scope of a field campaign above the Amazon rainforest at
altitudes up to 14 km. Quantitative chemical composition measurements of
out-of-cloud aerosol particles as well as of cloud particle residuals (CPR)
in the size range of 40 -800 nm were analysed in this thesis. The in-situ
data were obtained using a compact time-of-flight aerosol mass spectrome-
ter (C-ToF-AMS). Besides the chemical composition of submicron aerosol,
the focus is on secondary organic aerosol (SOA) and different formation path-
ways of SOA occurring in the Amazonian atmosphere.
The out-of-cloud aerosol consisted at all altitudes predominantly of organics.
The highest aerosol mass concentrations were found in the lower troposphere
(0.1 - 4.5 km, LT) decreasing at higher altitudes. However, organic and ni-
trate mass concentrations showed enhanced values in the upper troposphere
(8 - 14 km, UT). The organic aerosol was highly oxidized in the LT, whereas a
lower oxidation state was found for the organics measured in the UT. These
findings are explained by SOA formation in the UT and supported by aerosol
size distribution measurements.
One significant contributor to the organic aerosol composition in the LT
(10%) as well as in the UT (20%) was identified as isoprene-epoxydiol sec-
ondary organic aerosol (IEPOX-SOA). A ubiquitous occurrence of IEPOX-
SOA was found at all altitudes and can be explained with the abundance
of isoprene, the precursor gas of this compound emitted by vegetation. The
formation pathway of IEPOX-SOA depends on the aerosol acidity as the
condensation of gaseous isoprene epoxydiols (IEPOX) is favoured on acidic
surfaces. Indeed, the aerosol particles observed in the UT were acidic. The
increased values of nitrate suggested that the acidic conditions can be pro-
vided not only by sulfate but also by nitrate resulting in the formation of
organic nitrates.
Taken together, the formation of SOA is an important process in the Ama-
zonian atmosphere affecting the aerosol properties at low and high altitudes.
For the first time, airborne measurements of a C-ToF-AMS coupled with the
aircraft inlet system HALO counterflow virtual impactor (HALO-CVI) were
conducted during the same field campaign at altitudes up to 14 km, allowing
the investigation of CPR especially in the UT. The measurements included
liquid and ice clouds. The CPR sampled in liquid clouds consisted mainly of
organics (70%), whereas the inorganics were dominated by sulfate. In con-
trast, organics contributed up to 95% to the ice cloud residuals. Whereas the
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CPR of liquid clouds consisted of oxidized, most likely secondary organic mat-
ter, the ice residuals consisted of primarily emitted hydrocarbon-like organic
aerosol (HOA). It seems that the HOA-containing CPR in the UT acted
as ice nucleating particles (INP), while the CPR consisting of oxygenated
organic aerosol (OOA), sulfate and nitrate were activated in the LT as cloud
condensation nuclei (CCN) and removed by wet deposition. The freezing
process in the observed ice clouds appears to be dominated by heterogeneous
freezing induced by vertically transported HOA-containing particles and thus
affecting aerosol-cloud-interactions.
This study offers valuable insights into formation processes of SOA in the
pristine Amazonian atmosphere regarding IEPOX-SOA and organic nitrates,
as well as provides new findings of the composition of CPR in the tropical
upper troposphere.
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1
INTRODUCTION

1.1 motivation

Aerosol with its different properties affect the Earth’s climate permanently.
Especially in today’s changing conditions due to increasing anthropogenic in-
fluence on the atmospheric composition it is crucial to understand processes
that would proceed in a pre-industrial atmosphere. Such conditions are rare
to find on Earth, but the Amazon rainforest is partly still in its natural state
and offers a green laboratory to investigate the undisturbed atmosphere.
Aerosol, suspended solid or liquid particulate matter in air, can either be
emitted directly (primary aerosol) or formed in the atmosphere (secondary
aerosol) via chemical processing of precursor gases. Different size ranges (a
few nm to several µm) and different compositions of aerosol particles show
that various sources and processes influence their properties. Primary aerosol
particles are e.g., mineral dust, sea salt or black carbon (BC), whereas sec-
ondary aerosol consists of non-sea-salt sulfate, nitrate or ammonium. Organic
aerosol originates from both primary (primary organic aerosol (POA)) and
secondary (secondary organic aerosol (SOA)) sources and are influenced by
anthropogenic and natural emissions (Boucher et al., 2013a).
Composition measurements of aerosol particles smaller than 10 µm show the
various prevalence of seven major components for different regions in the
world (see Fig. 1). Here, the aerosol is divided into sulfate, organic carbon,
nitrate, ammonium, elemental carbon, mineral and sea salt. In several rural
and urban regions around the world organic aerosol plays a major role due
to its high contribution to the aerosol composition (see Fig. 1). For particles
smaller than 1µm a substantial fraction consists also of organic material (e.g.,
Kanakidou et al., 2005; Murphy et al., 2006; Zhang et al., 2007b; Jimenez
et al., 2009; Hallquist et al., 2009; Shrivastava et al., 2017). From model
studies it is suggested that under certain conditions the main fraction of the
sub-micron organic aerosol origins from secondary organic aerosol (SOA).
For the Amazon basin in South America up to 90% of the aerosol mass for
sub-micron particles can be attributed to organic material (e.g. Artaxo et al.,
1990; Andreae and Crutzen, 1997; Martin et al., 2010; Artaxo et al., 2013;
Martin et al., 2016). On the surface SOA can explain up to 20% of the
organic fraction in the Amazon basin (see Fig. 2), whereas in the upper tro-
posphere (UT) above the Amazon basin almost 90% of organic aerosol (OA)
can be attributed to SOA (Kanakidou et al., 2005).
Secondary aerosol in general is formed via chemical processing of atmospheric
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2 introduction

Figure 1: Mass concentrations of aerosol particles smaller than 10 µm for seven
major components, measured at different sites around the world. This figure is
taken from Boucher et al. (2013b).

precursor gases. Therefore, the volatility of these compounds is important.
Due to the oxidation with hydroxide (OH), ozone (O3) and other oxidants
such as nitrate radicals (NO3) the volatility decreases and the solubility of
the gases increases (e.g., Jimenez et al., 2009; Drewnick, 2012; Shrivastava et
al., 2017). The processes leading to secondary aerosol are various, e.g., new
particle formation (NPF), condensation, coagulation or chemical reaction in
the aqueous phase (e.g., Boucher et al., 2013a; Shrivastava et al., 2017).
NPF describes the nucleation of stable molecular clusters out of low-volatility
vapours and the subsequent rapid growth of these clusters to nanometer-
sized aerosol particles. The more dominant process of the conversion of low-
volatility vapours to aerosol particles is the condensation onto pre-existing
particles (Boucher et al., 2013a). Directly linked thereto is the particle
growth.
Besides NPF and condensation, aerosol particles can experience coagulation.
Thereby, particles collide with other aerosol particles and stick to them. This
is especially important in the sub-micrometer range and has an influence on
the internal mixing state of aerosol particles.
Aqueous phase reactions can occur in clouds producing SOA, often from wa-
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Figure 2: Ratio of SOA to OA computed by a global chemistry transport model
for July for the surface (left panel) and zonal mean distribution (right panel)
(Tsigaridis and Kanakidou, 2003; Kanakidou et al., 2005).

ter soluble compounds dissolved in the aqueous phase and further oxidation
(e.g., Ervens et al., 2011; Shrivastava et al., 2017). The different processes
showing the importance of SOA are summarized in Fig. 3.
Several processes make aerosol particles and especially SOA to an important
factor regarding the impact on climate. Aerosol in general can influence
the climate with two effects, aerosol-radiative and aerosol-cloud interactions
(Boucher et al., 2013a). The first one, aerosol-radiative interactions, describes
the aerosol’s properties of scattering and absorbing sunlight resulting in cool-
ing or warming the climate, respectively. The second one, aerosol-cloud
interactions, summarizes the ability of aerosol particles to act as cloud con-
densation nuclei (CCN) and ice nucleating particles (INP), such that cloud
droplets or ice particles can form, and cloud properties are affected (see
Fig. 3). As SOA represent a high contribution to sub-micrometer aerosol
particles, properties and the effects of SOA are of strong interest in current
research.

1.2 secondary organic aerosol in the amazon region
(partly adapted from Schulz et al. (2018))

The Amazon region provides one of the most pristine continental area that
allows to study pre-industrial atmospheric conditions and processes (Artaxo
et al., 2013). The Amazon acts as a large source of volatile organic com-
pounds (VOCs) that are emitted by the vegetation, and SOA is the major
contributor to the aerosol composition (e.g., Zhang et al., 2007b; Hallquist et
al., 2009; Jimenez et al., 2009; Martin et al., 2010; Shrivastava et al., 2017).
One important VOC is isoprene (C5H8, 2-methyl-1,3-butadiene), the most
abundant non-methane VOC, with a global emission rate of ~500 Tg y−1
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Figure 3: Overview of sources, pathways and processes influencing SOA properties
and further affecting climate relevant processes (adapted from Shrivastava et al.
(2017)).

(Guenther et al., 2012). Isoprene is a short-lived atmospheric gas, which is
oxidized in the atmosphere by reactions with OH, O3 or NO3. OH-initiated
oxidation leads to isoprene peroxide radicals (ISOPOO). Depending on the
concentrations of nitrogen oxide radicals (NOx) and hydrogen oxide radi-
cals (HOx), ISOPOO can react further through different pathways. An
overview of the reaction pathways is given in Fig. 4 and explained in the
following.
For HOx dominant conditions, meaning conditions with low amounts (< 1 ppb)
of nitric oxide (NO) (Wennberg, 2013), ISOPOO will mainly react with
hydroperoxyl radicals (HO2) to the intermediate oligomer isoprene hydroxy
hydroperoxides (ISOPOOH). Further oxidation of ISOPOOH may lead to
isoprene epoxydiols (IEPOX), which then can partition into the particle
phase by condensation or reactive uptake and thus, SOA derived from IEPOX
(isoprene-epoxydiol secondary organic aerosol (IEPOX-SOA)) can be formed
(e.g., Claeys et al., 2004; Carlton et al., 2009; Paulot et al., 2009; Surratt
et al., 2010; Lin et al., 2012; Budisulistiorini et al., 2013; Worton et al., 2013;
St. Clair et al., 2016; Liu et al., 2016b). Laboratory studies demonstrate
that around 50% of isoprene-derived particulate matter is associated with
IEPOX production and uptake through the HO2 pathway and in the presence
of acidic aerosol particles (Liu et al., 2015). The existence of aerosol as seed
particles seems to be necessary (Surratt et al., 2010; Lin et al., 2012), but
also the acidity of aerosol can influence the formation yield of IEPOX-SOA.
Laboratory and field studies found a correlation between IEPOX-SOA and
sulfate, which is related to the acidity of aerosol (Surratt et al., 2007; Bud-
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Figure 4: Possible chemical reaction ways of isoprene.

isulistiorini et al., 2013). Although the IEPOX pathway is considered as the
dominant one, further laboratory studies show that also other gas-phase re-
actions of ISOPOOH with multifunctional hydroperoxides contribute to the
formation of isoprene-derived SOA (e.g., Krechmer et al., 2015; Liu et al.,
2016b; Riva et al., 2016).
A different oxidation pathway occurs at increased NO concentrations
(> 1 ppb) in NO dominant conditions (Wennberg, 2013). Reaction pathways
for ISOPOO change towards reactions with NO instead of HO2, leading to
hydroxynitrates and/or hydroxyalkoxy radicals, which decompose further to
methacrolein (MACR) and methyl vinyl ketone (MVK). Whereas MACR is
a precursor for isoprene-derived SOA, MVK has almost no SOA contribution
(Surratt et al., 2006; Liu et al., 2016a).
In the central Amazon region, both HO2 and NO dominated conditions were
observed dependent on the time and location of measurements (Kuhn et al.,
2010; Andreae et al., 2015; Martin et al., 2016). Thus, isoprene can undergo
different gas-phase reactions depending on several conditions, leading either
to IEPOX-SOA or to other types of isoprene-derived SOA. Some of these
conditions are anthropogenically influenced and disturb the natural balance
resulting in partly severe consequences on Earth’s climate.
Besides isoprene as an important source for SOA, also the chemical process-
ing of other VOCs and the following conversion into particles contribute to
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the chemical composition of SOA in the Amazon region (e.g., Kroll and Sein-
feld, 2008; Martin et al., 2010). SOA from biomass burning (BB) provide a
substantial fraction of aerosol composition especially during the dry season
(e.g Andreae and Andreae, 1988; Martin et al., 2010; Artaxo et al., 2013; Al-
lan et al., 2014; Martin et al., 2016). The BB impact can derive from forest
or agricultural fires in the Amazon basin, but also long-range transported air
mass from BB sites in Africa affects aerosol properties in the Amazon (Capes
et al., 2008; Chen et al., 2009).
Another recent research topic is the presence of organic nitrates and sul-
fates. Oxidation of VOCs with the highly reactive NO3 can lead to differ-
ent nitrogen-containing oxidation products that can partition to the aerosol-
phase (e.g., Kroll and Seinfeld, 2008; Shrivastava et al., 2017). The nitrate
radical oxidation of VOCs can contribute up to 20% of the global VOC ox-
idation and is supposed to increase the aerosol mass significantly (Boyd et
al., 2015). Polluted urban regions are often dominated by inorganic nitrates
(Farmer et al., 2010). However, in rural forested areas a dominance of partic-
ulate organic nitrates formed from oxidation of monoterpenes was reported
(Fry et al., 2013). A recent study from the Amazon showed with measure-
ments at ground level that up to 87% of the total nitrate can be attributed to
organic nitrate (de Sá et al., 2018). Field measurements have shown that the
major aerosol-phase product of monoterpene oxidation with nitrate radical
is likely a hydroperoxy nitrate (C10H17NO5) whereas the analogous isoprene
oxidation product has a contribution of less than 1% of the total organic
nitrate and occurs more in gas phase (Ayres et al., 2015).
Organic sulfates also contribute to SOA. Sulfur-containing compounds from
natural and anthropogenic sources can take part in the production of organic
sulfates together with VOCs like isoprene (Paulot et al., 2009; Froyd et al.,
2010b; Shrivastava et al., 2017).
Most of these findings were found out during ground or aircraft measure-
ments in the (planetary) boundary layer (BL). Very few measurements at
altitudes higher than the BL were reported. In the tropical free troposphere
up to the tropopause region sulfate-containing SOA is present, for altitudes
between 5 and 10 km also isoprene-derived organic sulfates were identified
(Froyd et al., 2009, 2010b). In general, the tropical troposphere contains
besides primary aerosol also a mixture of different secondary aerosol, such
as from BB emissions, and SOA derived from regional (isoprene and other
VOCs) and transported source gases (e.g., Froyd et al., 2009; Martin et al.,
2010; Allan et al., 2014; Andreae et al., 2018).
The presence of SOA in the tropical upper troposphere can have different ef-
fects. For example, it can be entrained into the tropical transition layer (TTL)
from where further slow, radiatively-driven lifting could transport them into
the lower stratosphere (Fueglistaler et al., 2009). There, and in the TTL
region of enhanced NPF near the tropopause, the SOA could become part
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of the global tropical layer of elevated sub-micron particle abundances (Bor-
rmann et al., 2010; Weigel et al., 2011). It has also been suggested that
aerosol formation in the upper troposphere can provide a source for CCN for
lower altitudes in the Amazon region (Wang et al., 2016a; Andreae et al.,
2018).

1.3 the role of clouds for secondary organic aerosol

Due to cloud processing (e.g., scavenging, condensation and/or evaporation
of the water phase) and aqueous phase chemistry in clouds the number con-
centration, chemical composition, size and mixing state of the residual parti-
cles can change compared to the state before the aerosol was in a cloud (e.g.,
Boucher et al., 2013a; Shrivastava et al., 2017). Aerosol particles can be
cloud-active and act as a CCN or INP. In the presence of sufficient water su-
persaturation CCNs are activated and grow to droplet size, influencing clouds
properties (Seinfeld and Pandis, 2006; Rosenfeld et al., 2008; Rosenfeld et
al., 2014). The availability to act as a CCN is described by the Köhler the-
ory, which combines the Raoult and the Kelvin effect (Köhler, 1936; Farmer
et al., 2015). Both effects determine the vapour pressure over an aqueous
solution droplet. The Kelvin effect tends to increase the vapour pressure,
whereas the Rauolt effect, also described as solute effect, tends to decrease
the vapour pressure (Seinfeld and Pandis, 2006). With increasing relative
humidity values aerosol particles take up water. If the critical supersatura-
tion and diameter is reached, the aerosol particle will be activated as CCN.
This process is dependent on particle size and composition. However, particle
size is thought to play the more important role (Dusek et al., 2006). Larger
particles need less supersaturation to be activated compared to smaller ones
(Boucher et al., 2013a). Whereas particles bigger than 200 nm often consist
of sufficient soluble substances to be activated under atmospheric conditions,
particles below 40 nm are often too small for being activated (Shrivastava
et al., 2017). Particles with a diameter between 40 and 200 nm need to expe-
rience growing mechanism, e.g. condensation, to act as CCN. Low-volatile
organic compounds are of great importance for growing small particles to
CCN-active sizes (e.g., Riipinen et al., 2012; Mei et al., 2013; Levin et al.,
2014).
During the lifetime of a CCN of about one week, it experiences up to 10
cloud activation and evaporation cycles before it is removed, most likely by
precipitation (Seinfeld and Pandis, 2006).
Although clouds are a net sink for aerosol due to wet deposition (precipita-
tion) and scavenging in general, some clouds also can produce aerosol (An-
dreae et al., 2018). Dissipating clouds lead to the oxidation of water-soluble
organics to produce SOA precursors (e.g., Zhang et al., 2004; Carlton et al.,
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2007; Lim et al., 2010; Liu et al., 2012). Laboratory studies showed that es-
pecially carbonyl compounds lead to carboxylic acids as oxidation products
in aqueous-phase reactions, which then can result in SOA formation (Carl-
ton et al., 2007; Ervens et al., 2011). Also isoprene and NOx photooxidation
can generate SOA during cloud evaporation or cloud condensation processes
(Brégonzio-Rozier et al., 2016). Changing the liquid water content of cloud
droplets or aqueous aerosol may lead to different partitioning of organic oxi-
dation compounds to the gas and particle phase (Daumit et al., 2014). This
could also be important when looking at clouds at different altitudes rep-
resenting liquid, ice or mixed-phased clouds with varying liquid water con-
tent. Results of some field studies suggest high aqueous SOA production,
whereas other field campaigns show little deviation in the organic amount
between cloud residual particles and interstitial (non-activated) aerosol (e.g.,
Sorooshian et al., 2010; Shrivastava et al., 2013; Sullivan et al., 2016). Some
mountaintop field studies found highest mass concentrations of organics and
nitrate in cloud particle residuals (Drewnick et al., 2007; Schneider et al.,
2017). In another field study mainly organic acids and oxygenated species
were identified in cloud particle residuals compared to out-of-cloud aerosol
(Sorooshian et al., 2010, 2013). In general, cloud water oxidation of water
soluble organic compounds is a feasible pathway of SOA formation.
Besides the formation of SOA also the condensation of organic compounds
can influence the ability of an aerosol particle to act as a CCN or an INP. The
addition of soluble organic compounds is supposed to increase the CCN prop-
erties (Henning et al., 2014; Asa-Awuku et al., 2015). Whereas SOA-coated
dust particles show a reduced INP-ability, glassy SOA at low temperatures
is supposed to act as effective INP (Möhler et al., 2008; Berkemeier et al.,
2014).
An overview of the different mechanisms of aerosol-cloud interactions is given
in Fig. 5.

1.4 knowledge gaps

It is now well established that aerosol and clouds have an impact on climate
and also interact with each other (e.g., Boucher et al., 2013a). However,
some mechanisms regarding SOA are still not fully understood, e.g., forma-
tion and growth of SOA in and out of clouds, transportation pathways of
aerosol leading to different climate impacts on different places on Earth, the
SOA-forming potential of BB plumes or the influence of low temperatures (at-
mospherically relevant at higher altitudes in the troposphere) on the volatility
of SOA precursor gases (e.g., Kanakidou et al., 2005; Carlton et al., 2009;
Riipinen et al., 2012; Boucher et al., 2013a; Pandis et al., 2013; Wang et al.,
2016a; Shiraiwa et al., 2017; Shrivastava et al., 2017; Andreae et al., 2018).
The knowledge of the pre-industrial atmosphere is crucial in order to char-
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Figure 5: Scheme of primary processes affecting aerosol-cloud interactions. This
figure is adapted from Boucher et al. (2013a).

acterize climate change. One of the last places on Earth to study the nat-
ural atmosphere is the Amazon as it represents a source of biogenic VOCs,
which are fundamental for SOA, and is a place of high oxidation potential
due to high solar radiation. Nevertheless, influences of urban plumes and
biomass burning, caused both naturally and anthropogenically, change the
Amazonian atmosphere. Recent campaigns focus on different aspects of the
characteristics of the Amazonian atmosphere, e.g. VOC emissions, aerosol
formation pathways and sources, the impact of long-range transport, anthro-
pogenic influences, and cloud processes. However, the occurring processes
and interactions of VOC, aerosol particles and clouds are complex and need
further research.

1.5 structure of the thesis

The major objective of this thesis is the investigation of SOA in the Ama-
zon region. For this, data were obtained using an aerosol mass spectrome-
ter during the aircraft measurement campaign Aerosol, Cloud, Precipitation,
and Radiation Interactions and Dynamics of Convective Cloud Systems -
Cloud Processes of the Main Precipitation Systems in Brazil: A Contribu-
tion to Cloud Resolving Modeling and to the GPM (Global Precipitation
Measurement) (ACRIDICON-CHUVA) and analysed. The current chapter
introduces the topic. Chapter 2 includes the explanation of the aerosol mass
spectrometer, results from laboratory measurements for a newly designed
inlet system, as well as the explanation of software related tools, i.e. the
data evaluation methods and the determination of the detection limit (DL).
Furthermore, complementary data that are used for the evaluation are pre-
sented and explained shortly. Chapter 3 describes the aircraft campaign
ACRIDICON-CHUVA, the meteorological conditions during the measure-
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ment time, and the measurement platform High Altitude and LOng range
research aircraft (HALO). Results of the data analysis are presented in Chap.
4 with foci on SOA and cloud particle residual measurements. The last chap-
ter of this thesis summarizes the results, draws conclusions and gives an
outlook for further investigations.



2
METHODS

Instrumental as well as software deployed methods will be presented in this
chapter. The instrument description will be held short due to the wide preva-
lence of the instrument and a large number of publications related to it. One
focus is put on the newly developed inlet system for airborne measurements.
In the software related section different tracer ions that are used for iden-
tifying aerosol types and four different methods to determine the detection
limits (DLs) are presented. Parts of this chapter are already published in
Schulz et al. (2018) and labelled when used here.

2.1 instrumental methods

2.1.1 Compact time-of-flight aerosol mass spectrometer - measurement prin-
ciple

The compact time-of-flight aerosol mass spectrometer (C-ToF-AMS) provides
quantitative information on the mass concentration (unit mass resolution)
and the chemical composition of sub-micron non-refractory aerosol particles
with a diameter between 40 nm and 800 nm (e.g., Drewnick et al., 2005; Cana-
garatna et al., 2007; Schmale et al., 2010). In the following the measurement
principle will be described briefly. Further explanations can be found e.g. in
Drewnick et al. (2005) and in Canagaratna et al. (2007). A scheme of the
C-ToF-AMS is shown in Fig. 6.
Aerosol particles enter the C-ToF-AMS via the constant pressure inlet (CPI),
which is described in detail in Sect. 2.1.2. The CPI is located upstream of an
aerodynamic lens system (Liu et al., 1995a,b) that accelerates and focuses
the aerosol particles into a narrow beam. Exiting the aerodynamic lens the
particles enter the vacuum chamber and are accelerated according to their
size, shape and density. The vacuum chamber is pumped differentially with
a total of five turbo molecular pumps that are connected in a cascade system
and distributed between the vacuum chamber (three pumps), the ionization
region (one pump) and the mass spectrometer (one pump). With this pump-
ing system the pressure in the ionization region is less than 3 · 10−6 hPa. In
the ionization region the aerosol particles are flash-vaporized on the vapor-
izer, i.e. a hot surface (T=600 °C). The resulting gas molecules are ionized
by electron impact. The temperature of the vaporizer limits the detection
to non-refractory aerosol particles. Quantitative measurements of organics,
nitrate, sulfate, ammonium and the non-refractory chloride are obtained,

11
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Figure 6: Scheme of the C-ToF-AMS, adapted from Drewnick et al. (2005). The
constant pressure inlet (CPI) is the constant pressure inlet. Note that not all
pumps are shown in this scheme.

whereas mineral dust, black carbon, sodium chloride and metals cannot be
vaporized under the described conditions and are therefore not available for
detection. The electrons that are responsible for the ionization are emitted
continuously by a tungsten filament with an emission current of 2 mA. Via a
lens system with different high voltages the ions generated from the vaporized
aerosol particles are finally guided into the time-of-flight mass spectrometer
(Tofwerk, Switzerland). An orthogonal extractor turns the flight path of the
ions to a c-shape and a separation of the ions depending on their mass to
charge ratio (m/z) occurs. A micro-channel plate (MCP) detects the ions
and gives an analogue signal as an output. The conversion to a digital signal
is done by a high speed acquisition card (ADC) and the data are stored by
the AMS data acquisition software ToF DAQ (DeCarlo et al., 2006; Sueper
and collaborators, 2018).
Measurements with a C-ToF-AMS are difference measurements between the
incoming air with aerosol particles and the background in the vacuum system.
The difference between the incoming air with particles and the background
provides the actual signal of the particles. Therefore, background measure-
ments must occur at time intervals shortly before or after measurements of
the air with particles. This is achieved by a chopper, a metal plate located in
the vacuum chamber that can be moved in and out of the particle beam by
a servo motor. The chopper can be operated in three different measurement
modi: open, closed, and chopped.
In the open mode the chopper is moved out of the particle beam, thus the
incoming air with aerosol particles is measured and an “open” signal is pro-
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vided.
For the closed mode the chopper is completely moved into the particle beam.
The incoming aerosol particles hit the chopper, do not reach the vaporiza-
tion/ionization region and will not be detected. In this mode the background
signal (“closed”) is derived.
In the chopped mode a part of the chopper is used where two small slits en-
able the division of the particle beam into distinct packages. The chopper is
rotating with a speed of 120 Hz. This mode is used for particle size measure-
ments. The distance between the chopper and the ionization region is known
(395mm) and the time that aerosol particles need to overcome this distance
is measured. Therefore, aerosol size information is obtained when measuring
in this mode since the particle vacuum aerodynamic diameter (dva) is related
to the velocity of the particles.
The final difference signal is calculated by the subtraction of the “closed”
from the “open” signal and is converted to an ion signal using the regularly
performed single ion calibration (Hings, 2006). The conversion from the ion
signal to a mass concentration is received by applying Eq. (1) (Canagaratna
et al., 2007):

Cs =
∑

i

Is,i ·
MWNO3

IENO3 ·RIEs ·CE
· ABCorr · 1012

Q ·NA
in µgm−3. (1)

In this equation ∑i Is,i describes the sum of all ion fragments of the species s
per second, MWNO3 the molecular mass of ammonium nitrate (62 gmol−1),
IENO3 the ionization efficiency of nitrate, RIEs the relative ionization effi-
ciency of the species s, CE the collection efficiency, ABCorr the air beam
correction factor, 1012 a dimensionless unit conversion factor, Q the air vol-
ume sampling rate into the C-ToF-AMS (typically ∼ 1.4 cm3 s−1), and NA

the Avogadro constant.
The air beam signal (AB) corresponds to the signal at m/z 28 that is dom-
inated by N+

2 from the air. The concentration of nitrogen in air is assumed
to be constant and can be used as an internal standard. Changes of the flow
into the C-ToF-AMS or a reduced performance of the MCPs can lead to a
decreasing signal at m/z 28. Thus, a corrected air beam (ABCorr) factor is
used for the conversion (Allan et al., 2003). The ionization efficiency (IE) is
defined as the ratio of detected ions to the parent molecules available in the
ionization region. The collection efficiency (CE) is defined here as the ratio
of particles entering the C-ToF-AMS and being evaporated at the vaporizer.
Several effects can lower the CE. To quantify the CE, Huffman et al. (2005)
introduced Eq. (2).

CE(dva) = TEL(dva) · TES(dva) ·CEB(dva) (2)

Here, TEL describes the particle transmission efficiency through the aerody-
namic lens, TES is the particle shape related efficiency due to a less efficient
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focusing of the aerodynamic lens for non-spherical particles and CEB de-
scribes bouncing effects of primarily solid particles on the vaporizer, which
reduces the fraction of vaporized particles (Huffman et al., 2005; Canagaratna
et al., 2007; Liu et al., 2007). It has been shown that a CE factor of 0.5
represents ambient aerosol sampling quite well (Middlebrook et al., 2012).
For laboratory measurements with ammonium nitrate particles the CE fac-
tor changes as TES and CEB are equal to 1. CE is then equal to TEL.
A dependency of TEL on the critical orifice upstream of the aerodynamic
lens and on the lens system itself is known. For ground measurements the
critical orifice usually has a fixed diameter. However, for aircraft operation
the critical orifice was replaced by a squeezable O-ring (constant pressure
inlet (CPI)) with changeable inner diameters. The dependency of the trans-
mission efficiency on the CPI is investigated in Sect. 2.1.2.

2.1.2 Constant pressure inlet for aircraft sampling

For ground measurements usually a fixed critical orifice of a certain diameter
(typically 100 µm for 1000 hPa) is located in front of the aerodynamic lens
providing a constant volumetric flow into the C-ToF-AMS. The mass flow
can be assumed constant as well, when considering that the pressure and
temperature conditions are the same. However, during airborne measure-
ments the ambient pressure will change from 1000 hPa (ground conditions)
to roughly 120 hPa (15 km altitude) and thus, the mass flow will change with
air density resulting in different aerodynamic lens pressures. This would
lead to changing aerodynamic lens transmission efficiency (TEL) depending
on the particle diameter. Previous results show that for lower aerodynamic
lens pressures the TEL shifts to smaller particle diameters (Liu et al., 2007).
Furthermore, varying the pressure in the aerodynamic lens during the same
measurement period (here e.g. one flight) cause different particle velocities
and accelerations within the lens and when exiting it via the nozzle (last
stage of the aerodynamic lens). All this would lead to a different TEL of
the particles through the lens, a non-reproducible particle sizing and higher
uncertainties in the measurements. In order to minimize these uncertainties,
a custom-built inlet system was developed and replaced the fixed orifice in
front of the aerodynamic lens.
One possible approach for aircraft-based measurements with a C-ToF-AMS
is described in Bahreini et al. (2008) and has been used in several field cam-
paigns (e.g., Schmale et al., 2010, 2011; Shilling et al., 2013; Brito et al.,
2018). It consists of a small chamber with a critical orifice, and an additional
pumping system via a bypass. This pressure controlled inlet is mounted in
front of the critical orifice of the instrument. The dimensions are selected
such that particle losses are minimized. Incoming air expands in the chamber
and the pressure inside this chamber is controlled by variable pumping. The
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Figure 7: Scheme and technical drawing of the CPI (designed by the Instrumental
Development and Electronics Department of the Max Planck Institute for Chem-
istry (MPIC)). Further details can be found in Molleker et al. (2019).

particle concentration becomes uniform and the sampling flow is extracted
to the inlet system of the C-ToF-AMS. This system has the advantage that
particle losses are negligible in the size range between 100 and 700 nm dva

(Bahreini et al., 2008). However, it needs an extra pump and controlling
system, the dimensions are not handy for the aircraft installation and the
altitude range that can be covered with this approach is only up to 6.5 km
(Bahreini et al., 2008).
In contrast to the approach by Bahreini et al. (2008) the custom-made (at the
Max Planck Institute for Chemistry (MPIC)) constant pressure inlet (CPI)
has a compact design and consists of two plates with a flexible O-ring as
the orifice in between. It is connected to a rotor (see Fig. 7). The rotor
moves the plates towards or away from each other depending on the pressure
in the aerodynamic lens that is measured. This results in either squeezing
or relaxing the O-ring, thereby changing the orifice size and leading to a
change of the volumetric flow rate into the C-ToF-AMS such that the pres-
sure in the aerodynamic lens remains constant when the ambient pressure
changes. A constant mass flow into the instrument is achieved ensuring a
stable behaviour of the lens. The O-ring used for the measurements has an
inner diameter of 0.8mm when it is relaxed and consists of Viton/FKM 80.
This material is characterized by a high resistance to temperature changes,
chemical influences and aging processes (ERIKS GmbH, 2015). A picture of
the CPI mounted in the C-ToF-AMS can be seen in Fig. 8.
Pictures of the relaxed and partly squeezed O-ring were made with the help
of a microscope and a digital camera, and are shown in Fig. 9. The relaxed
O-ring has a circular shape similar to the fixed orifice (see Fig. 9, panel a).
However, as soon as the O-ring is squeezed, the shape is changing in a non-
circular way (see Fig. 9, panel b). The change of the O-ring hole size is
intended in order to provide a constant mass flow into the C-ToF-AMS at
higher ambient pressures. The non-circular change of the shape is not opti-
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Figure 8: Picture of the CPI and the following tube to the aerodynamic lens.

Figure 9: Pictures of the relaxed (a) and partly squeezed (b - d) O-ring taken with
a camera via a microscope. The scale is given by the red line and valid for all four
pictures.

mal as some losses due to impaction or turbulences could occur. Depending
on the level of the squeezing the hole in the O-ring looks e.g. like a triangle
(Fig. 9, panel c) or like a small slit (see Fig. 9, panel d). During taking this
pictures it was not possible to adjust the level of squeezing according to dif-
ferent ambient pressures. Thus, it cannot be said to which extent the O-ring
is squeezed at ambient pressure. In a different measurement setup colleagues
at the MPIC managed to monitor the behaviour of the O-ring for different
ambient pressures. For a pressure of 1000 hPa that are representative for
ground measurements and the highest level of squeezing no light passed the
O-ring on a straight way (personal communication: S. Molleker and O. Ap-
pel, MPIC, 2018).
When light cannot pass the O-ring at the maximal squeezing, the question
arises how the particles will behave in such a system. As a consequence
of a gas flow that converges or changes directions, the gas streamlines will
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be curvilinear and suspended particles also experience a curvilinear motion
(Hinds, 1999). This can be described with the dimensionless Stokes num-
ber (Stk). The Stokes number is given in Eq. (3) and defines the ratio of the
time τ it takes a particle to adjust to the time Lc/vgas available for adjust-
ment. When Stk � 1 the particles continue moving in a straight line when
the gas turns. When Stk � 1 the particles will follow the gas stream (Hinds,
1999).

Stk =
τ · vgas

Lc
(3)

In Eq. (3) τ is the relaxation time of the particles, vgas the velocity of the
undisturbed gas (air) and Lc the characteristic length. The equations for
calculating the gas velocity vgas and the relaxation time τ are (Hinds, 1999):

vgas =
f

A
(4)

τ =
ρ · d2

p ·Cc

18 · η (5)

Cc = 1 + 2.52 · λ
dp

(6)

with f as the flow, and A as the cross section area of the tube. In Eq. (5),
ρ is the particle density (1.72 g cm−3 for ammonium nitrate), dp the particle
diameter, Cc the Cunningham correction factor (see Eq. 6), and η the gas
viscosity (1.82 · 10−5 Pa s). The Cunningham correction factor CC takes into
account that the relative velocity of the gas on the surface of a particle is
not equal to zero (Hinds, 1999). This correction needs to be applied for
particles with a diameter less than 1µm at standard conditions. In Eq. (6),
λ is the mean free path (0.066µm for air at 1000 hPa and 20 °C). For further
explanation on the mean free path see e.g. Atkins et al. (2018).
As an example, the Stokes number of ammonium nitrate particles upstream
of the O-ring at 1000 hPa is calculated. This calculation shows if obstacles
like an O-ring would stop the particles when entering it. The particles are in
equilibrium with the gas in the tube, that means:

vparticle = vgas (7)

For an assumed particle diameter of dp =800 nm is τ =4 · 10−6 s. With a
flow of f =1.4 cm3 s−1 and an inner tube diameter of 5mm (6.25mm outer
diameter (1/4 inch)) is vgas =0.07m s−1.
The characteristic length Lc is set to 100µm as this would be the diameter
of a fixed orifice and representative for a pressure of plens =2.5mbar in the
aerodynamic lens. Finally, a Stokes number of Stk=0.0028 is derived for
this exemplary calculation. The resulting number is much smaller than 1
and means that even bigger particles with a diameter of 800 nm will follow
the gas stream into the O-ring without impaction.
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For an ambient pressure of 1000 hPa, the O-ring is most squeezed. The
squeezing does not provide a circular shape and thus, the walls of the O-ring
do not provide a plain surface. As a consequence the particles will experi-
ence shifts in their movement direction resulting in curvilinear motion in the
O-ring.
Calculating the Stokes number inside of the O-ring remains difficult, because
the characteristic length Lc is defined differently at different positions in the
O-ring. Therefore, only an estimation for the upper limit can be made:
The gas velocity vgas inside of the O-ring can be calculated using Eq. (4) with
a flow of f =1.4 cm3 s−1 (the same as in the tube upstream of the O-ring)
and a diameter of 100 µm resulting in vgas =178.34m s−1.
The distance that particles with a diameter of dp =800 nm need to adjust
to this velocity can be derived by multiplying τ and vgas, which results in
710µm, assuming the same τ (4 · 10−6 s) as in the calculation upstream of
the O-ring. After 710 µm even bigger particles with a diameter of 800 nm are
adjusted to vgas, thus it can be further assumed that vparticle is equal to vgas

inside of the O-ring.
Choosing the critical length Lc correctly is difficult as inside of the O-ring
several curves or folds can be expected. For this calculation an equivalent
critical length of 100 µm is assumed. All together, Stk=7 is achieved inside
of the O-ring, which is greater than 1 and implies that particle losses due to
impaction occurs very likely in the O-ring.
The same calculation for a fixed orifice leads to Stk=7, as the parameters
are the same. However, in a fixed orifice no edges or folds appear in the flow
stream, therefore particle losses are not expected in a fixed orifice. The as-
sumption of a constant τ is not fully correct as the mean free path λ changes
with different pressures. As the pressure inside the O-ring is not known, only
a qualitative estimation can be made. The pressure drops down inside the
O-ring compared to the pressure upstream. With decreasing pressure, λ is
increasing (Atkins et al., 2018). Due to the direct proportionality of τ and
λ via the Cunningham correction (see Eq. 6), τ also becomes larger and so
does Stk. This supports the estimation of particle losses inside of the O-ring
due to impaction.
Laboratory measurements were conducted to investigate this further and to
determine the transmission efficiency of the squeezable O-ring. As explained
in Sect. 2.1.1 the collection efficiency (CE) for ammonium nitrate particles
is equal to the aerodynamic lens transmission efficiency (TEL), which is de-
pendent on the critical orifice upstream of the aerodynamic lens and on the
lens system itself. As only the critical orifice is changed from a 100 µm fixed
orifice to the squeezable orifice for the conducted measurements, the differ-
ence in the TEL of the O-ring to the fixed orifice can be derived.
The set-up used for the measurements is given as a scheme in Fig. 10. Am-
monium nitrate particles are generated with an atomizer. The polydisperse
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Figure 10: Set-up for measurements of the CPI characterization.

aerosol is dried with silica gel and size selected by a differential mobility diam-
eter (DMA, TSI 3080). After passing the DMA the aerosol is monodisperse
with a mobility diameter dmob and the flow is divided to a condensation
particle counter (CPC) (TSI 3010), a Sky optical particle counter (OPC)
(GRIMM Sky-OPC 1.129) and the C-ToF-AMS. For the measurement prin-
ciples of DMA, CPC and OPC the reader is referred to the literature, e.g.
Kulkarni et al. (2011). Particle free air was added through a filter to provide
enough flow for the different instruments. Between the actual measurements
with ammonium nitrate for different ambient pressures, measurements with
pure water were conducted to determine the background. Filter measure-
ments have been done in order to test the set-up for leakages. To simulate
changing ambient pressure in front of the CPI another orifice (“pressure re-
ducing orifice” in Fig. 10) was implemented in the tubing. The used orifices
to reduce the pressure had different inner diameters ranging from 0.65mm
to 0.2mm providing a pressure range from 950 hPa to 230 hPa. This corre-
sponds to altitudes between 0.5 km and 12 km. As a reference measurements
with a fixed orifice with a diameter of 100µm were conducted. The CPC is
not applicable for measurements at lower pressure, thus an OPC was used.
This limits the lower measurable particle diameter to 250 nm.

Measurements with a fixed orifice

From the measurements with the fixed orifice two resulting curves can be
calculated. On the one hand, the TEL of the C-ToF-AMS relative to the
CPC for the fixed orifice and on the other hand, a comparison between the
CPC and the OPC can be made. The necessary calculations including the
conversion from number to mass concentration and the estimation of the un-
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Figure 11: Transmission efficiency (TEL) for a 100 µm fixed orifice obtained from
measurements of the C-ToF-AMS to the CPC at 896 hPa (red). As a reference
the calculated transmission efficiency of Liu et al. (2007) at 1000 hPa (black) and
780 hPa (dark grey) are shown. Furthermore, the ratio OPC/CPC is depicted
(blue) in order to justify the use of the CPC as the reference instrument for the
transmission efficiency determination.

certainties are described in Sect. A.1.
Figure 11 shows the measured TEL of the C-ToF-AMS relative to the CPC
(AMS/CPC), two transmission efficiency curves as a reference reported by Liu
et al. (2007) and the comparison between the OPC and the CPC (OPC/CPC)
against particle vacuum aerodynamic diameter (dva). For converting the mo-
bility diameter dmob to the vacuum aerodynamic diameter dva, see Sect. A.2.
The comparison between the OPC and the CPC shows good agreement. For
diameters between 400 nm and 800 nm the ratio is close to unity, showing
that the pressure reducing orifice in the sampling line does not cause signif-
icant losses in this size range. The decreasing ratio for smaller diameters
than 400 nm are due to the reduced detection at smaller particle sizes of
the OPC (Grimm Aerosol Technik, 2008). The decrease for diameters larger
than 800 nm could result from losses in the sampling line from the pressure
reducing orifice. The size range of the OPC is reduced compared to the CPC.
However, as both instruments show good agreement for the comparison mea-
surements, the CPC is used as the reference instrument for transmission ef-
ficiency determination of the C-ToF-AMS as smaller particle diameters can
be measured as well.
The aerodynamic lens transmission efficiency (TEL) of a similar aerodynamic
lens used in the C-ToF-AMS was investigated by Liu et al. (2007). The dif-
ference between the aerodynamic lens used here and the described lens is
another stage ending with a smaller nozzle. This leads to a better focusing of
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particles with diameters less than 100 nm. As this laboratory measurements
focused on particles with a diameter larger than 200 nm due to the set-up,
this difference is not relevant here. The two reference curves represents the
TEL at different ambient pressures, 1000 hPa and 780 hPa, respectively (see
Fig. 11). For particles with a diameter smaller than dva =400 nm the TEL is
above 90%. For larger diameters TEL is decreasing. However, the TEL at
780 hPa is still enhanced compared to TEL at 1000 hPa. This implies, that
at higher ambient pressures (and also higher lens pressures) bigger particles
are transmitted with a lower efficiency (Liu et al., 2007).
The measured TEL for the C-ToF-AMS (AMS/CPC, red curve in Fig. 11)
shows overall smaller values than the curves reported by Liu et al. (2007).
As the measurements were conducted with a fixed orifice, a similar curve
as the ones described by Liu et al. (2007) can be expected. The reduced
ambient pressure of approx. 900 hPa would lead to a slightly enhanced TEL

compared to TEL at 1000 hPa. Several reasons explaining the difference can
be assumed. First, the pressure reducing orifice in front of the C-ToF-AMS
can be responsible for the losses, especially of the bigger particles. The com-
parison of the CPC and the OPC showed, as already mentioned above, good
agreement though. Therefore, this can be ruled out as a reason for the dif-
ference. Second, the set-up of the tubing behind the critical orifice is slightly
different to the set-up described by Liu et al. (2007), where the critical orifice
is connected to a valve and directly afterwards mounted to the aerodynamic
lens. In the C-ToF-AMS used for this measurements a tube of 5mm inner
diameter (1/4 inch tube) and 80mm length is between the critical orifice and
the beginning of the aerodynamic lens (see Fig. 8). Furthermore, a valve is
mounted directly behind the critical orifice. This set-up may lead to particle
losses due to impaction, especially for bigger particles (see Fig. 4 in Liu et al.
(2007)). The third reason for the difference in the TEL could be the holding
of the orifice, which is different to the one used by Liu et al. (2007) and may
also lead to particle impaction. A fourth reason could be the different lens
pressures in the aerodynamic lens used for this measurements and the one
reported in Liu et al. (2007). The aerodynamic lens that was used here has
an additional nozzle and, thus, the lens pressure is higher. Following the
results shown in Liu et al. (2007), it was also confirmed that bigger particles
are transmitted with a lower efficiency at higher lens pressures. However,
it would be expected that a higher pressure leads to a smaller Cunningham
correction factor, which also reduces the Stokes number (Hinds, 1999). Thus,
the particle losses due to impaction would diminish. This is not fully under-
stood. Taken all together, the discrepancy between the TEL curves cannot
be fully explained.
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Figure 12: Transmission efficiency for the C-ToF-AMS with the squeezable orifice
with respect to the OPC for different diameters and different ambient pressures.

Measurements with a squeezable orifice

Measurements with the squeezable orifice were conducted for five different
ambient pressures (approximately 980 hPa, 800 hPa, 600 hPa, 400 hPa and
200 hPa). Four different sizes for dmob (300 nm, 400 nm, 500 nm, and 550 nm)
are used. Figure 12 depicts the TEL for the C-ToF-AMS with the squeezable
orifice with respect to the OPC for the different diameters. For all measured
diameters the TEL of the particles increases with decreasing pressure. For
highest ambient pressures particles of all measured diameters show the lowest
TEL. This is due to the maximal squeezing of the O-ring at highest ambient
pressure resulting in an increased Stokes number at least for bigger particles
and thus, impaction of the particles in the O-ring occurs. As the ambient
pressure decreases, the O-ring is less squeezed and allows a better transmis-
sion and thus, a higher TEL. This explains the increase in the TEL for all
particle diameters for lower ambient pressures. The OPC has a reduced de-
tection for particle diameters smaller than 400 nm (see Fig. 11). Therefore,
the TEL shown for 300 nm particles can just be taken qualitatively. The
increasing TEL at lower pressures can be attributed to a better CPI perfor-
mance with an improved transmission of particles through the less squeezed
O-ring. However, as there is no complete comparison between the fixed and
the squeezable orifice for a larger range of particle diameters, a quantitative
correction for the particle losses for different ambient pressures remains diffi-
cult. Ground-based or close to ground measurements are affected the most,
but for aircraft measurements particle losses will decrease or even vanish with
increasing altitude. The reduced ambient pressures that occur during aircraft
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measurements lead to lesser squeezing of the O-ring, especially at high alti-
tudes. For small particles, which could not be tested with this measurement
set-up, the transmission losses might be negligible. This was confirmed by
comparison measurements during the ACRIDICON-CHUVA campaign be-
tween the C-ToF-AMS and a high resolution time-of-flight aerosol mass spec-
trometer (HR-ToF-AMS) on board of the American research aircraft G-1
using the approach described in Bahreini et al. (2008). Above 2500m alti-
tude both instruments show similar results (see Fig. 27 in Sect. 4.1.2.1, and
Mei et al. (2019)). A general correction would still be difficult due to the
non-reproducibility of the squeezing (see Köllner (2019)) and the O-ring ma-
terial fatigue. An improvement of the system is ongoing work at the MPIC.
The O-rings are now produced in-house and show improved properties. Es-
pecially the inner diameter of the O-ring was reduced to 0.5mm such that
the squeezing at ground ambient pressures could result in less or only few
particle losses (Molleker et al., 2019).

2.2 data evaluation methods

Calibration procedures of the C-ToF-AMS can be found in e.g. Jayne et al.
(2000), Allan et al. (2003), Hings (2006), and Kimmel (2011) and won’t be ex-
plained here. For all the data presented in this study the general calibrations
were performed. Before each measurement flight a single ion (SI) calibration
was carried out. The flow calibration is explained in more detail in Sect.A.3.1.
Several ionization efficiency (IE) calibrations were conducted with the so
called brute-force single particle (BFSP) method. The applied values for
IE and relative ionization efficiency (RIE) are listed in Tab. A.3.2. The
data analysis was performed with IGOR Pro 6.37 (Wave Metrics) using the
software SQUIRREL 1.57. Within SQUIRREL the usual m/z calibration,
baseline correction and fragmentation table adjustments (Allan et al., 2004)
were conducted. Further adjustments in the fragmentation table were made
following Fry et al. (2018). These changes are related to influences from
the organic signals on nitrate signals, and are explained in more detail in
Sect. 2.2.2.
The default value of the CE implemented in the analysis software of 0.5 was
used (Matthew et al., 2008; Middlebrook et al., 2012). This default value is
supposed to be valid for ambient measurements. The main fraction of the
measured aerosol consists of organic matter (see Ch. 4), which has no clear
effect of changing the CE. Furthermore, large amounts of nitrate that would
lead to a higher CE (Middlebrook et al., 2012) were not observed during the
campaigns.
The time stamps of the C-ToF-AMS data are corrected for delays in the tub-
ing between the inlet mounted on top of the fuselage of the aircraft and the
C-ToF-AMS.
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In the following different tracer ions that are used in the analysis to iden-
tify distinct aerosol types are presented. Furthermore, different methods to
estimate the presence and amount of organic nitrates are described. The
determination of the detection limits (DLs) is demonstrated by four different
methods.

2.2.1 Tracer ion analysis

Different sources of aerosol particles can result in different mass spectra. Es-
pecially the organic part of the mass spectra can contain specific information
that can be attributed to distinct sources or origins of the aerosol. One pos-
sibility to obtain a detailed analysis of the organic mass spectra is achieved
by evaluating distinct tracer ions that are unique for some types of organic
aerosol, e.g. for biomass burning (BB), fossil fuel combustion (FF) or sec-
ondary organic aerosol (SOA) formation from different precursor gases. In
this section some of these tracer ions are introduced.

2.2.1.1 Photochemical aging (partly adapted from Schulz et al. (2018))

Organic aerosol can be grouped into hydrocarbon-like organic aerosol (HOA)
and oxygenated organic aerosol (OOA), whereby the latter is further clas-
sified into low-volatile OOA (LV-OOA) and semi-volatile OOA (SV-OOA),
recently also referred to as more oxidized OOA (MO-OOA) and less oxi-
dized OOA (LO-OOA), respectively (e.g., Alfarra et al., 2004; Zhang et al.,
2005a; Canagaratna et al., 2007; Zhang et al., 2007b; Jimenez et al., 2009;
Sorooshian et al., 2010; Ng et al., 2011b; Zhang et al., 2011; Xu et al., 2015a;
Ortega et al., 2016). HOA is often found in urban areas and associated with
combustion exhaust and has a clearly different signal than OOA (Zhang et al.,
2005a). A more detailed description of HOA is given in Sect. 2.2.1.2. OOA
is ubiquitous in the atmosphere and related to oxidized organic aerosol in
rural and urban areas. The mass spectrum of OOA is dominated by smaller
fragments and contains only little signal above m/z 55 (15%, Zhang et al.
(2005a)). The most prominent peak is at m/z 44 (mostly CO+

2 , see Fig. 13).
It correlates well with secondary species like O3, sulfate and/or nitrate, and
is a surrogate for SOA (Ng et al., 2011b). LV-OOA is more oxidized than
SV-OOA. Whereas OOA and LV-OOA are very similar to each other the
mass spectrum of SV-OOA shows a slight difference (see Fig. 13). It is sug-
gested that areas where only OOA is identified are dominated by aged re-
gional OOA without significant fresh SOA contributions (Ng et al., 2011b).
The averaged standard mass spectra of OOA, LV-OOA and SV-OOA are
presented in Fig. 13.
The oxidation state of the organic aerosol indicates the degree of photochemi-
cal aging. It can be determined using the correlation between the ratio of the
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Figure 13: Normalized mass spectra of OOA (a), LV-OOA (b) and SV-OOA (c).
These spectra are averaged over several data sets (Ng et al., 2011b). The individual
tracer ions are labelled, respectively.

signal at m/z 44 to the total organic signal, f44, and the ratio of the signal
at m/z 43 (mostly C2H3O+) to the total organic signal, f43 (Ng et al., 2010).
Figure 14, panel (a) shows the exemplary scatter plot of f44 and f43. The
two dashed lines depict the range of measurements that were obtained on
ground. The arrow indicates where the data points are located in this graph
depending on their photooxidation state. The ratios f43 and f44 change dur-
ing photochemical aging of organic aerosol, leading to higher f44 and lower
f43 values for LV-OOA than SV-OOA. With increasing photochemical aging,
organic aerosol of different origins become more similar in terms of chemistry
(Jimenez et al., 2009).

2.2.1.2 Biomass burning and fossil fuel combustion

Combustion processes such as traffic, heating, power generation, but also
natural and anthropogenic biomass burning (BB) forms both gaseous and
particulate emissions. These combustion derived particles can contain or-
ganic, elemental and/or black carbon (BC), unburned fuel components, but
also components that form during the combustion process and condense on
the particles like polycyclic aromatic hydrocarbons (PAH), or can contain
inorganic material like potassium or sulfur species (e.g., Rogge et al., 1998;
Canagaratna et al., 2004; Schneider et al., 2005; Decesari et al., 2006).
Key tracer ions for BB organic aerosol in the C-ToF-AMS are enhanced sig-
nals at m/z 60 (C2H4O+

2 ) and m/z 73 (C3H5O+
2 ) (Schneider et al., 2006;

Alfarra et al., 2007). These ions mainly arise from levoglucosan, an organic
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Figure 14: Example of an f44 vs. f43 (a) and f44 vs. f60 (b) scatter plot to
obtain information on the photochemical aging and the biomass burning signature
of organic aerosol.

molecule that forms during the pyrolysis of cellulose, which is emitted by BB
sources (Simoneit et al., 1999; Schauer et al., 2001). Besides levoglucosan
similar species as mannosan, galactosan and other molecules contribute to
the signal at m/z 60, but all of them count for a levoglucosan-like tracer for
BB (Aiken et al., 2009; Lee et al., 2010; Cubison et al., 2011). A normal-
ized spectrum of levoglucosan and a normalized averaged BB organic aerosol
spectrum are depicted in Fig. 15, panel (a). The levoglucosan spectrum was
achieved from laboratory measurements with levoglucosan that was dissolved
in water and nebulized before analysed with a quadrupole aerosol mass spec-
trometer (Q-AMS) (Schneider et al., 2006). The BB spectrum was averaged
from 25 data sets across Europe (Crippa et al., 2014). The tracer ions to
identify BB influence are labelled.
In order to quantify the amount of BB influence on the organic aerosol the
ratio f60 is defined as the signal at m/z 60 divided by the total organic sig-
nal. A threshold value of f60 to define BB influenced air masses was found
to be 3± 0.6‰ (DeCarlo et al., 2008; Docherty et al., 2008; Aiken et al.,
2009). However, the tracer ion is not inert and degrades with photochemi-
cal processing due to addition of SOA and evaporation of or reaction with
primary organic aerosol (POA) species (Huffman et al., 2009; Cubison et al.,
2011). Furthermore, levoglucosan can be oxidized by OH resulting in chem-
ical degradation (Hennigan et al., 2010). The scatter plot shown in Fig. 14,
panel (b) illustrates the influence of photooxidation on f60 and was first
published by Cubison et al. (2011). The threshold is shown with a vertical
dashed line and organic aerosol particles influenced by BB show up in the
triangle shaped area. Previous studies from laboratory measurements have
reported a lifetime of f60 of 15 h to 10 days. However, f60 whilst not inert is
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Figure 15: Panel (a): Normalized mass spectrum of levoglucosan as a tracer for
biomass burning (BB) organic aerosol and a normalized averaged BB organic
aerosol spectrum (Schneider et al., 2006; Crippa et al., 2014). Panel (b): Nor-
malized mass spectrum of HOA as a representative for fossil fuel combustion (FF)
organic aerosol (Ng et al., 2011b). The individual tracer ions are labelled, respec-
tively.

still seen as a characteristic tracer to identify BB influence on organic aerosol
composition (Cubison et al., 2011).

Mass spectra from fossil fuel combustion (FF) emissions are mainly charac-
terised by ions of hydrocarbon molecules such as alkane, alkene, cyclic alkane
hydrocarbons and also aromatic species (e.g., Alfarra et al., 2004; Schneider
et al., 2005; Zhang et al., 2005a,c; Schneider et al., 2006; Alfarra et al., 2007;
Canagaratna et al., 2007; Zhang et al., 2007b; Ulbrich et al., 2009; Ng et al.,
2011b; Crippa et al., 2013). Alkane hydrocarbons fragment to a series of
ions of CnH+

2n+1 (e.g. m/z 29, 43, 57, 71, 85, 99), alkene hydrocarbons (and
also alkyl groups) show fragments at ions of CnH+

2n−1 (e.g. m/z 27, 41, 55,
69, 83, 97), whereas cyclic alkane hydrocarbons peaks at ions of CnH+

2n−3
(e.g. m/z 67, 81, 95, 107) and aromatic species show enhanced signals e.g.
at m/z 77, 91, 105, 119. Typical fragment patterns of these “doubled peaks”
often appear due to the difference of two hydrogen atoms. This spectrum
represents a typical HOA spectrum with a pronounced ion distribution of
27% of CnH+

2n+1 and 28% of CnH+
2n−1 (Ng et al., 2011b) (see Fig. 15, panel

b). In contrast to the mass spectrum of OOA that consists mostly of smaller
fragments, 60% of the HOA signal is above m/z 55 (see Fg. 15, panel b) (Ng
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et al., 2011b).
As already mentioned in Sect. 2.2.1.1, the signal at m/z 43 and m/z 44 can
be used to determine the photochemical aging of organic aerosol. In a hypo-
thetical pure HOA spectrum m/z 44 (and thus f44) would be zero. In typical
ambient HOA spectra the f44 values are very low (Ng et al., 2011b). Due
to photochemical processing HOA becomes chemically more similar to OOA
with an increasing distinct peak at m/z 44 (Jimenez et al., 2009). Previous
studies show that HOA correlates well with gas-phase combustion tracers
such as carbon monoxide (CO) and NOx (e.g., Zhang et al., 2005c; Aiken
et al., 2009; Ulbrich et al., 2009).

2.2.1.3 Isoprene epoxydiol secondary organic aerosol (adapted from Schulz
et al. (2018))

The tracer ion at m/z 82 (C5H6O+) is attributed to methylfuran and was
identified to be related to IEPOX-SOA (Robinson et al., 2011). Due to ther-
mal vaporization and subsequent electron impact ionization in the
C-ToF-AMS, isoprene photooxidation products in the aerosol are decom-
posed and lead to an increased signal at m/z 82 (Robinson et al., 2011; Lin
et al., 2012). A strong correlation is found with the ion at m/z 53, which
corresponds to C4H+

5 (Robinson et al., 2011; Lin et al., 2012). Calculating
the ratio of the signal at m/z 82 to the whole organic signal leads to the
fraction f82 (e.g., Budisulistiorini et al., 2013; Allan et al., 2014; Hu et al.,
2015). This fraction is identified as a tracer only for IEPOX-SOA, not for
other isoprene-derived SOA from different reaction pathways (e.g., Robinson
et al., 2011; Allan et al., 2014; Hu et al., 2015). A study by Hu et al. (2015)
found background values of fC5H6O+ (ratio of C5H6O+ to the total organic
signal) for different regions worldwide. For urban and BB influenced regions
an averaged background value of 1.7± 0.1‰ is found. Areas strongly im-
pacted by monoterpene emissions show higher averaged background values
of 3.1± 0.6‰. For ambient organic aerosol particles that are influenced by
enhanced isoprene emissions and no extensive NO emissions with presence
of HO2, a value of 6.5± 2.2‰ has been reported (Hu et al., 2015). This
enhanced value indicates a strong IEPOX-SOA influence. All the mentioned
values are derived from HR-ToF-AMS data. A C-ToF-AMS with unit mass
resolution might show some interferences from other ions at m/z 82, but nev-
ertheless the tracer f82 is also seen as useful for identifying IEPOX-SOA (Hu
et al., 2015).
Figure 16 shows the normalized, measured mass spectrum for a period with
high f82 during flight AC13 of the ACRIDICON-CHUVA campaign (see
Sect. 3.1) conducted on September 19, 2014 at an altitude of 12.6 km. The
averaging time for this spectrum was one minute (15:54-15:55 UTC). The
two peaks for determining IEPOX-SOA, m/z 82 and m/z 53, are labelled
and clearly visible in the spectrum. For m/z 82 and m/z 53 the same RIE
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Figure 16: Normalized mass spectrum of IEPOX-SOA at an altitude of 12.6 km
acquired during flight AC13 on September 19, 2014. Averaging time for this spec-
trum was one minute (15:54 - 15:55UTC). The two distinct IEPOX-SOA tracers
m/z 82 and m/z 53 are labelled. The calculated f82 from this mass spectrum is
27.4‰.

as for organics is applied (Allan et al., 2014). The calculated f82 from this
spectrum is 27.4 ‰.
A method for the estimation of the mass concentration of IEPOX-SOA has
been reported by Hu et al. (2015), see Eq. (8). For this calculation the mass
concentration at m/z 82 (Cm/z82), total organic mass concentration (COrg),
a reference f82 value for IEPOX-SOA (f IEPOXSOA

82 ), and a background value
(fBg

82 ) are taken into account. The reference value for f IEPOXSOA
82 is set to

22‰ (Hu et al., 2015). The background value fBg
82 can be determined with an

empirical equation and depends on the influence of urban, biomass burning
or strong monoterpene emissions (Hu et al., 2015). For the data set presented
in this study strong monoterpene emissions are assumed and Eq. (9) is used
to determine fBg

82 according to Hu et al. (2015).

CIEPOX−SOA =
Cm/z82 −COrg · fBg

82

f IEPOXSOA
82 − fBg

82
(8)

fBg
82 = 0.0077− 0.019 · f44 (9)

In Eq. (8), Cm/z82, and COrg designate mass concentrations in units of µgm−3.

2.2.2 Estimation of organic nitrates (partly adapted from Schulz et al.
(2018))

The oxidation of VOCs with the highly reactive nitrate radical NO3 can lead
to different nitrogen-containing oxidation products (organic nitrates) that
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can partition to the aerosol-phase (e.g., Kroll and Seinfeld, 2008; Shrivastava
et al., 2017). The nitrate radical oxidation of VOCs can contribute up to
20 % of the global VOC oxidation and is supposed to increase the aerosol
mass significantly (Boyd et al., 2015). Polluted urban regions are often dom-
inated by inorganic nitrates (Farmer et al., 2010). However, in rural forested
areas a dominance of particulate organic nitrates formed from the oxidation
of monoterpenes was described (Fry et al., 2013). The oxidation of isoprene
in NO dominant conditions can also lead to particulate organic nitrates (see
Fig. 4 and Ng et al. (2017)). A recent ground-based study from the Amazon
basin shows that up to 87% of the total nitrate can be attributed to organic
nitrate (de Sá et al., 2018).
Several studies describe that qualitative measurements and quantification of
organic nitrates are of major interest (e.g., Fry et al., 2009; Bruns et al.,
2010; Farmer et al., 2010; Ayres et al., 2015; Kiendler-Scharr et al., 2016; Liu
et al., 2017; Schneider et al., 2017). Organic nitrates are decomposed during
the evaporation and/or ionization processes in the C-ToF-AMS and therefore,
divided into an organic and a nitrate signal (Farmer et al., 2010). The follow-
ing use of nitrate content of organic nitrates (RONO2) refers to the nitrate
content of organic nitrates, as the organic content cannot be estimated with
the described methods. In the following four methods to detect the presence
of organic nitrates from C-ToF-AMS mass spectra are introduced.

• A first estimation of organic nitrates can be derived from the ratio of
the nitrate-related ions at m/z 30 (NO+) and m/z 46 (NO+

2 ). The
signal at m/z 30 is mostly from NO+, but also the organic ion CH2O+

can contribute with a small amount (Allan et al., 2014). Such interfer-
ences at m/z 30 with CH2O+ are corrected in the evaluation software
by the fragmentation table (Allan et al., 2004), but it is not possible
to distinguish unambiguously between the NO+ and the CH2O+ ions
with a C-ToF-AMS. The signal at m/z 46 is usually dominated by
NO+

2 ions (Jimenez et al., 2003; Allan et al., 2004).
As organic interferences on the mass spectral signals at m/z 30 (in-
terference from CH2O+) and m/z 46 (interference from CH2O+

2 ) can
occur in environments with high biogenic contribution and/or small
nitrate concentrations, a correction according to Fry et al. (2018) was
applied. The correction of both signals at m/z 30 and 46 is achieved by
using correlated organic signals atm/z 29, 42, 43, and/or 45 derived by
high resolution measurements. The organic signals at m/z 29 (CHO+)
and m/z 45 (CHO+

2 ) are closest to those affected by the interference
and used for the correction here. Equations 10 and 11 give the indi-
vidual correction for the nitrate signal at m/z 30 and 46, respectively.
The correction for NO+ includes the total signal at m/z 30, the default
fragmentation correction from the air signal (Allan et al., 2004), and a
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correction coefficient that depends on the m/z used for the correction
(Ai). As for m/z 30 the correlated organic signal at m/z 29 is used
here, the organic signal at m/z 29 (Org29) needs to be taken into ac-
count as well as the contribution of the isotopes of organic CO. For
the correction of the nitrate fraction at m/z 46 a term that includes a
correlation coefficient Bi and the organic signal atm/z 45 is subtracted
from the signal at m/z 46. The correction coefficient Ai is in this case
0.215, Bi is 0.127 (see Fry et al. (2018), Supplement). In the organic
signal at m/z 28, 29, 30 and 45 the RIE for organics (RIEOrg) is al-
ready applied and needs to be reversed for the correction of the nitrate
signal.

Nitrate fraction at m/z 30 :

NO+ =m/z 30− 0.0000136 ·m/z 28
−Ai · (Org29− 0.011 ·Org28) ·RIEOrg

−Org30 ·RIEOrg (10)
Nitrate fraction at m/z 46 :

NO+
2 =m/z 46−Bi ·Org45 ·RIEOrg (11)

The total nitrate signal is then calculated by adding both fractions. The
ratio of NO+ to NO+

2 is different for inorganic ammonium nitrate and
organic nitrate. The ratio for inorganic nitrate is known from the IE
calibration with pure ammonium nitrate. For the C-ToF-AMS used
for this thesis its value lies between 1.49 and 1.56 with a mean and
standard deviation value of 1.52 ± 0.03 and is derived from calibration
measurements during the measurement campaign. For organic nitrates
the literature presents a range of ratios of NO+ to NO+

2 that are higher
than the ratio for inorganic nitrates, and lie between 5 and 12.5 (e.g.,
Fry et al., 2009; Rollins et al., 2009; Fry et al., 2011; Bruns et al., 2010;
Farmer et al., 2010; Boyd et al., 2015).

• Second, a range of possible mass concentrations of particulate organic
nitrate (pRONO2) can be determined by using C-ToF-AMS data. This
range is defined with an upper and lower limit. The amount of inor-
ganic nitrate is calculated from the neutralization with ammonium and
the following subtraction from the measured nitrate.
For the upper limit full neutralization of sulfate by ammonium is as-
sumed and only the remaining excess ammonium is allowed to be avail-
able for the neutralization of nitrate (see Eq. 12). Resulting negative
values in the first step (neutralization of sulfate) mean that not enough
ammonium for full neutralization of sulfate was available and thus,
these values were set to zero. In this case, nitrate could be present
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as organic nitrate such that the upper limit for organic nitrate equals
total measured nitrate.
For the lower limit full neutralization of nitrate is assumed by the avail-
able amount of ammonium (see Eq. 13). Resulting negative values were
taken as due to statistical variation. The remaining nitrate is the low-
est possible amount of organic nitrate, assuming that particulate nitric
acid is not present.

Upper Limit :

pRONOup
2 = CNO3 −

[(
CNH4 −

36
96 ×CSO4

)
× 62

18

]
(12)

Lower Limit :

pRONOlow
2 = CNO3 −

[
CNH4 ×

62
18

]
(13)

In Eq. (12) and Eq. (13) pRONOup
2 , pRONOlow

2 , CNO3, CNH4, and CSO4
designate mass concentrations.

• The third possibility to estimate the mass concentration of RONO2
comes from recent studies (Farmer et al., 2010; Kiendler-Scharr et al.,
2016) (see Eq. 14). Besides the measured ratio of the mass concentra-
tions for NO+ to NO+

2 (Rambient), the ratio of NO+ to NO+
2 derived

from calibrations with ammonium nitrate (Rcal), and a fixed value for
the ratio from organic nitrates (RRONO2) are used. In this analysis a
value of 10 for RRONO2 was taken as described in Kiendler-Scharr et al.
(2016). For a detection limit, Bruns et al. (2010) took 0.1 µgm−3 for a
conservative data evaluation of pRONOF armer

2 .

pRONOF armer
2 = CNO3 ×

[
(1 +RRONO2)× (Rambient −Rcal)

(1 +Rambient)× (RRONO2 −Rcal)

]
(14)

• The fourth estimation method is described by Fry et al. (2013) and
links the ratios determined for inorganic and organic nitrate. The ra-
tios of NO+ to NO+

2 calculated for inorganic and organic nitrate are
instrument specific, but a proportional co-variation is observed. Thus,
a ‘ratio of the ratios’, χ, is proposed and a value for χ of 2.25 ± 0.35
is reported.

χ =
RRONO2

Rcal
(15)

With this χ and the above mentioned calibration value Rcal, a value for
RRONO2 is calculated using Eq. (15). The next step puts the derived
ratio for organic nitrates into Eq. (14) to determine pRONOF ry

2 .
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It should be emphasized again, that only the mass concentration of the nitrate
content of organic nitrate is determined by all of the described methods.

2.2.3 Detection limits

Quantitative measurements require an analysis of the detection limit (DL)
to make a substantial statement about the data validity. The DL can be
described as the minimum detectable absolute amount of each measured
species. For low concentrations of the species it can get difficult to distinguish
between an actual signal with a low intensity and the background signal
(Drewnick et al., 2009). To classify a signal as significant, a DL of

DL = µb + 3 · σb (16)

is used. Here µb is the arithmetic mean and σb the standard deviation of a
blank measurement (Drewnick et al., 2009). With the use of 3σ 99.7% of the
normal distributed noise is suppressed.
The background signal in the C-ToF-AMS is defined by the closed measure-
ment mode (see Sect. 2.1.1). In the following four different methods to obtain
DL values will be discussed. The first two are described in detail in Drewnick
et al. (2009), the third one is a self-developed method and the last one is de-
scribed in detail in Reitz (2011).

2.2.3.1 Detection limits derived from blank measurements using a filter

The most common method to derive DLs is to use the measured mass con-
centration (difference signal) with a particle filter in front of the C-ToF-AMS
(e.g., Bahreini et al., 2003; Zhang et al., 2005c; DeCarlo et al., 2006). Thus,
only particle free air gets into the instrument and provides a blank mea-
surement according to the definition in Sect. 2.2.3. Calculating the standard
deviation σFilter from the encountered mass concentrations leads to a species-
specific DL (DLFilter) (see Eq. 17).

DLFilter = 3 · σFilter (17)

The obtained DLFilter are regarded to be reliable (Drewnick et al., 2009),
but nevertheless this method has some disadvantages. First, taking filter
measurements needs typically several tens of minutes. Interruptions during
the measurement time result in missing data. In the case of aircraft mea-
surements the measurement time is limited to the flight time, typically just
some hours. Furthermore, DLFilter is dependent on actual measurement con-
ditions during the filter and the measurement period. When these conditions
change remarkably, the DLFilter might not be representative for the whole
measurement period.
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2.2.3.2 Detection limits derived from the C-ToF-AMS background signal

As described in Sect. 2.1.1 every measurement point contains information on
the “open” and “closed” signal. The latter provides the background signal
that can be used to conduct a continuous measurement of the DL according
to Eq. (18).

DLBG = 3 ·
√

2 · σBG (18)

In Eq. (18) σBG describes the standard deviation of the background signal.
Since the background of the “open” and the “closed” signal can reason-
ably assumed to be the same, the calculated difference signal has a noise of√

2 times the noise of the “closed” signal. This method is widely used for
C-ToF-AMS measurements (e.g., Drewnick et al., 2009; Schmale et al., 2011;
Allan et al., 2014; Brito et al., 2018), but implies some disadvantages for
aircraft measurements. Typically, the vacuum in the C-ToF-AMS is not pre-
served because power consumption is not allowed over night resulting in an
enhanced background signal compared to signals after long pumping periods.
Due to limited pumping time before take-off the background signal is decreas-
ing while flying and measuring (see Fig. 17, panel a). The resulting trend
of the background signal increases σBG since this method cannot distinguish
between a trend and the noise. Thus, the calculated DLBG is substantially
overestimated. For ground based measurements, where the background sig-
nal has no trend, this method is applicable.

2.2.3.3 Detection limits derived from a detrended time-dependent method

As the main disadvantages of the former two described methods are chang-
ing background signals during aircraft measurements, a continuous method
to determine the DL for each measurement point is preferred. This method
consists of two steps. The first one is the detrending of the long-term signal
by subtracting an exponential fit of the background signal. The second step
is the consideration of the time-dependency by using a moving averaging
algorithm. The background signal is highest at the beginning of the mea-
surement period due to limiting pumping time (see Fig. 17, panel a). The
decreasing trend of the background signal is eliminated with the first step of
this method, whereas the actual noise is still present (see Fig. 17, panel (a)).
DLDetrendTime is determined by calculating a time dependent detection limit
via a moving window and using the three sigma standard deviation (similar
to Eq. 18). The moving window is defined by three values before and after
a data point from the “closed” signal to calculate a moving standard devia-
tion. The values of the calculated DLDetrendTime vary during one flight due
to the averaging window. An advantage is the continuous determination of
the detection limit. However, as can be seen in Fig. 17, panel (a), not all
trends can be excluded with this method. Even in the small window of seven
points (= three values before and after a data point) the remaining trends
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lead to a significant overestimation of DLDetrendTime. Thus, another method
is tested.

2.2.3.4 Detection limits derived from a cubic spline algorithm (partly
adapted from Schulz et al. (2018))

In order to further improve the DL a cubic spline function is used. This
method was developed at the MPIC and is introduced and explained in more
detail in Reitz (2011). For every data point of the background signal a third
order polynomial (cubic) function is calculated through the four neighbouring
points (two before and two behind) while omitting the actual point. Apply-
ing this method, all trends from the background signal are excluded and just
the short-term noise remains. This denotes the advantage of this method
compared to the above-mentioned ones. A quantity R is introduced that
characterizes the statistical spread of the noise. It is defined by the squares
of the deviation between the omitted centre point and the cubic function
along a moving window. To relate this R to the desired σCubicSpline a pro-
portionality factor of

√
18
35 is needed (Reitz, 2011). The exact derivation of

the proportionality factor will not be explained here, but qualitatively it ac-
counts by the fact that not only the points are affected by noise but also the
cubic function itself. Thus, R is larger than σCubicSpline. This calculation
also provides a continuous σCubicSpline from which the DLCubicScpline can be
derived using Eq. (17).

2.2.3.5 Comparison of the different methods

A comparison of the above-mentioned different methods to determine the
DLs is illustrated in Fig. 17, panel (b). The organic mass concentrations dur-
ing the flight on September 9, 2014 of the ACRIDICON-CHUVA campaign
were taken as an example. The filter method is presented as DLFilter. The
filter measurements were taken at the end of the flight. The value of DLFilter
is the lowest one for this example, but will result in an underestimation of the
DLFilter for the earlier parts of the flight. The highest value is derived from
the background method, DLBG. The trend in the “closed” signal leads to
significantly enhanced differences to the mean value as the short-term noise
would cause and thus, σBG is overestimated. The long-term trend of the
decreasing background signal is considered in the detrended time-dependent
method and results in a much lower value for the DL than for DLBG. How-
ever, some trends in the background signal cannot be excluded with this
method (see Fig. 17, panel a). The cubic spline method results in similar
values as DLFilter, but has an individual DL value for each data point. This
provides the most representative calculation of the DLs as the background
is taken into account, the long-term trend is excluded, and thus, just the
short-term noise accounts for the DL.
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Figure 17: Panel (a): Background signal of the organic mass concentration for
flight AC08 conducted on September 9, 2014 during the ACRIDICON-CHUVA
campaign. The massive change in the background signal (black) is visible. The
exponential fit (red) is used to detrend the background signal, which results in the
detrended background for organics (green). Panel (b): Overview of the organic
DLs derived with different methods for the same flight. A constant high mean
value is determined using the background method (DLBG). Lower DLs are ob-
tained with the detrending time-dependent, the filter and the cubic spline method
(DLDetrendTime, DLFilter, and DLCubicSpline). The period of the filter measurement
is highlighted in orange in both panels.

An overview of the DLs for all species for the flight AC08 conducted on
September 9, 2014 during the ACRIDICON-CHUVA campaign is given in
Tab. 1. The time resolution is 30 s. DLFilter, DLDetrendTime and DLCubicSpline
are similar for nitrate and chloride. For sulfate, DLDetrendTime and
DLCubicSpline give similar values, whereas DLFilter is lower than both of them.
DLBG is much higher than the DLs derived with the other methods for all
species. For organics and ammonium the lowest DLs are derived with the
filter method. However, the cubic spline algorithm represents the measure-
ment circumstances best as it is a continuous calculation method excluding
long-term trends and just regarding the noise that is responsible for the de-
tection limit (DL).
Note, that for organics and ammonium an additional uncertainty to the de-
rived DL needs to be considered. As there are cross-references in the frag-
mentation table between the gas signal and the ammonium or organics signal,
corrections were applied (Allan et al., 2004). These corrections account for
m/z 16 (16O+) for ammonium and m/z 44 (CO+

2 ) for organics, respectively,
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Table 1: Examples for derived averaged DLs for all species inµgm−3 for flight AC08
conducted on September 9, 2014 during the ACRIDICON-CHUVA campaign. The
time resolution is 30 s.

AC08 DL (µg m−3) DLFilter DLBG DLDetrendTime DLCubicSpline

organics 0.212 27.966 0.812 0.300
nitrate 0.040 0.725 0.042 0.041
sulfate 0.059 0.920 0.095 0.092
ammonium 0.171 3.895 0.485 0.221
chloride 0.086 0.324 0.090 0.105

and are derived usually with filter measurements and correlation plots. De-
viations between different flights are determinable with this method, but de-
viations during one flight cannot be quantified. Thus, an upper limit of this
additional uncertainty is determined and lies in the range of a few ngm−3. As
this uncertainty cannot be quantified exactly for every data point, this order
of magnitude needs to be in mind when evaluating the data as significantly
above the DL.

2.2.3.6 Derived detection limits for the ACRIDICON-CHUVA campaign

The detection limits (DLs) derived with the cubic spline algorithm are shown
in Fig. 18. The vertical profiles show the mean mass concentrations with the
standard deviation of organics (green), nitrate (blue), sulfate (red), ammo-
nium (yellow), and chloride (pink) and the DL for each species, respectively.
The values of the DLs are derived by averaging each flight and altitude bin,
and divided by the amount of data points per bin. Finally, the median is
calculated for all flights and shown here with their interquartile ranges. Note,
that the axes for the mass concentrations are logarithmic except for chloride
in order to show the smaller values of the DL in comparison with the derived
mass concentrations. All averaged mass concentrations lie above the DL
except ammonium at altitudes above 5 km and chloride. Thus, the chloride
mass concentration is not considered in the following analysis. It lies not only
below the DL, but also below 0 (see Fig. 18, panel e). The negative values for
chloride possibly result from gas-phase interferences that are not corrected
properly in the fragmentation table. This effect is not fully understood.
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Figure 18: Vertical profile of the mean mass concentrations (coloured dots, bars
represent standard deviation) and the median per altitude bin and flight averaged
detection limits (black triangles, striped areas represent interquartile ranges) for
all flights of the ACRIDICON-CHUVA campaign.

2.3 complementary data

In the following short descriptions of complementary data are given. These
data support the data evaluation of the ACRIDICON-CHUVA campaign in
Ch. 4. Further details can be found in Wendisch et al. (2016). Most parts of
this section are already published in an adapted form in Schulz et al. (2018).
An overview of the used parameters is given in Tab. 2.

2.3.1 Basic meteorological data (adapted from Schulz et al. (2018))

Basic meteorological data were obtained from the BAsic HALO Measure-
ment And Sensor system (BAHAMAS) at 1 s time resolution (DLR, 2018b).
BAHAMAS was operated by DLR Flight Experiments (DLR-FX). This mea-
surement system acquires data from air flow and thermodynamic sensors as
well as from the aircraft avionics and a high precision inertial reference system
to derive basic meteorological parameters like pressure, temperature and the
3-D wind vector as well as aircraft position and altitude. Water vapour mix-
ing ratio and further derived humidity parameters are measured by SHARC
(Sophisticated Hygrometer for Atmospheric ResearCh) based on direct ab-
sorption measurement by a tunable diode laser system. Typical absolute
accuracy of the basic meteorological data is 0.5K for temperature, 0.3 hPa
for pressure, 0.4 - 0.6m s−1 for wind and 5%± 1 ppmv for water vapour vol-
ume mixing ratio.
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Table 2: Overview of parameters of different instruments, their units, measurement
range, and accuracy/precision of the complementary data.
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2.3.2 Aerosol number concentrations (adapted from Schulz et al. (2018))

Aerosol particle number concentrations were measured using the aerosol mea-
surement system (AMETYST). AMETYST was operated by DLR Institute
of Atmospheric Physics (DLR-IPA) and includes four butanol-based conden-
sation particle counters (modified model 5.410 by Grimm Aerosol Technik,
Ainring, Germany) with flow rates of 0.6 and 0.3 l min−1, configured with
different nominal lower cut-off diameters at 4 nm and 10 nm (set via the tem-
perature difference between saturator and condenser). AMETYST samples
behind the HALO aerosol submicrometer inlet (HASI) mounted on top of
the fuselage that provides near-isokinetic sampling of aerosol particles up to
diameters of 2 - 3 µm. During this campaign, sampling line losses and inlet
transmission limited the lower size cut-off to about 20 nm in the upper tropo-
sphere. As cloud hydrometeors are found to cause artefacts in the detected
number concentrations, cloud passages have been removed from the data set.
For details see Wendisch et al. (2016) and Andreae et al. (2018).
For particles in the size range between 90 and 600 nm data from an ultra-high
sensitivity aerosol spectrometer airborne (UHSAS-A) that was installed as
an underwing probe were analysed. The measurement system is based on
the detection of scattered light from laser illuminated aerosol particles. For
the ACRIDICON-CHUVA flights used here (AC07 -AC10 and AC15 -AC20),
the mentioned size range was divided into 66 logarithmic size bins. Data for
the other four flights (AC11 -AC14) are recorded in a different size binning
and not used here. Cloud passages and intervals with sample flow deviations
were removed. The UHSAS-A was calibrated using spherical polysterene la-
tex particles. The accuracy of the size determination was found to be 11%
(Mahnke, 2018).

2.3.3 Black carbon measurements (adapted from Schulz et al. (2018))

The refractory black carbon (rBC) particles were measured with a single par-
ticle soot photometer (SP2) (Droplet Measurement Techniques, Longmont,
CO, USA). The instrument was operated by the Multiphase Chemistry De-
partment (MPC) of the MPIC. It uses a laser-induced incandescence tech-
nique to quantify the mass of rBC in individual aerosol particles (Stephens
et al., 2003; Schwarz et al., 2006; Dahlkötter et al., 2014). Calibrations of the
incandescent signal were conducted before, during and after the campaign us-
ing size-selected fullerene soot particles. The scattering signal was calibrated
using either spherical polystyrene latex size standards or ammonium sulfate
particles of different diameters selected by a differential mobility analyser.
The accuracy of the SP2 is 5% for the rBC number, and 10% for the rBC
mass concentration according to (Laborde et al., 2012).



2.3 complementary data 41

2.3.4 NO and NOy measurements (adapted from Schulz et al. (2018))

The atmospheric nitrogen oxides measuring system (AENEAS) instrument
measures NO and total reactive nitrogen (NOy). The measurements were
performed by DLR-IPA and conducted by a dual-channel chemiluminescence
detector (CLD-SR, Eco Physics). Ambient air is sampled via a standard
HALO trace gas inlet with a Teflon tube. For the NOy channel, the chemi-
luminescence detector is combined with a custom-built gold converter that
reduces all oxidized reactive nitrogen species to NO (Ziereis et al., 2000).
NO from ambient air reacts with O3 produced from an ozone generator in
a chamber resulting in excited NO2. The emitted luminescence signal is
detected. The detector channel is equipped with a pre-reaction chamber
for determining cross-reactions of other compounds in ambient air reacting
with O3. The time resolution is 1 s. The precision and accuracy of the
measurements depend on the ambient concentrations, with typical values of
5% and 7% (NO) and 10% and 15% (NOy), respectively.

2.3.5 CO and O3 measurements

The atmospheric tracer experiment (AMTEX) instrument measures CO and
O3 and was operated by DLR-IPA. CO was measured with vacuum-UV
fluorescence and has a precision of 2 ppb and a accuracy of 5% (Gerbig et
al., 1999). Measurements of O3 were conducted with UV absorption (Baehr
et al., 2003). The precision is 6 ppb and the accuracy is 10%. The time
resolution for both instruments is 1 Hz.

2.3.6 Cloud particle number concentrations (adapted from Schulz et al.
(2018))

In order to distinguish between measurements inside and outside of clouds
data from the instrument Novel Ice eXpEriment - Cloud, Aerosol and Precip-
itation Spectrometer (NIXE-CAPS) were used to develop a cloud mask. The
NIXE-CAPS was operated by Forschungszentrum Jülich (FZ Jülich) and is
mounted beneath a wing of an aircraft for in-situ measurements. It consists
of two instruments, the Cloud and Aerosol Spectrometer and the Precipita-
tion Imaging Probe. The measurement principle of the Cloud and Aerosol
Spectrometer is based on the detection of forward scattered laser light from
particles or small cloud droplets in the size range between 0.6 and 50 µm. It is
possible to distinguish between spherical and aspherical particles and droplets
by measuring the change of polarization of the scattered laser light (Meyer,
2013; Baumgardner et al., 2014; Weigel et al., 2016). The measurement
principle of the Precipitation Imaging Probe is based on two dimensional
images of cloud droplets and ice crystals in the size range between 15 and
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950 µm (Knollenberg, 1970; Meyer, 2013). The cloud mask was provided by
FZ Jülich. Further details on the instrument can be found in Meyer (2013).

2.3.7 Meteorological reanalysis data

Backward trajectories help to investigate the origin of air masses that ar-
rive in the Amazon region during the campaign period. The atmospheric
transport model FLEXPART was used to calculate the backward trajecto-
ries (Stohl et al., 2002, 2005). FLEXPART is a Lagrangian particle dispersion
model that calculates trajectories of a large number of small air parcels (parti-
cles). This is possible in a forward and backward motion while transport and
diffusion of the tracers occur. The FLEXPART backward trajectories used in
the analysis here were calculated using Global Forecast System (GFS) data
with a 0.5 degree grid resolution. The model calculations were performed by
the Ludwig Maximilian University Munich.



3
MEASUREMENT CAMPAIGN ACRID ICON -CHUVA

3.1 overview and aims of the campaign

The aircraft measurement campaign Aerosol, Cloud, Precipitation, and Ra-
diation Interactions and Dynamics of Convective Cloud Systems - Cloud
Processes of the Main Precipitation Systems in Brazil: A Contribution to
Cloud Resolving Modeling and to the GPM (Global Precipitation Measure-
ment) (ACRIDICON-CHUVA) aimed at the investigation of convective cloud
systems to better understand and to quantify aerosol-cloud-interactions and
radiative effects of convective clouds. This campaign was performed with
the High Altitude and LOng range research aircraft (HALO), which is oper-
ated by the Deutsches Zentrum für Luft- und Raumfahrt (DLR). HALO was
based in Manaus, Brazil, a city of two million inhabitants and located in the
central Amazon basin. The isolated urban area allows the investigation of
several aspect, e.g. the undisturbed natural atmosphere above the Amazon
rainforest. Another aspect is the impact of local pollution on this undis-
turbed atmosphere in terms of e.g. aerosol composition changes or cloud
evolution. Comprehensive measurements of several parameters in different
regions up to 1300 km around Manaus were possible with HALO. Especially
the regions north (rural area) and south (deforested area) of Manaus were
investigated within 14 flights (see Fig. 19).
The campaign was conducted in September and October 2014 during the
dry season that is characterized with an enhanced impact of biomass burn-
ing (BB) on the tropospheric composition (Andreae et al., 2018). Altitudes
up to 14.4 km were reached and allowed for the investigation of air masses
and clouds in different heights. The aircraft was equipped with instruments
for measuring basic meteorological parameters, radiation, several trace gases,
cloud and aerosol properties, such as size, number and mass concentration,
and chemical composition. Thus, several objectives and scientific questions
were targeted:

• cloud processing of aerosol particles and trace gases with probing the
inflow and outflow of deep convective clouds

• cloud formation over forested and deforested areas

• vertical evolution and life cycle of deep convective clouds (cloud profil-
ing)

• vertical transport and mixing via tracer experiments

43
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Figure 19: Overview of the scientific flights during the ACRIDICON-CHUVA cam-
paign.

• satellite and radar validation for radiative measurements

Some of these objectives can be partially answered with the analysis of the
C-ToF-AMS data and are addressed in Chap. 4. An overview of the flights
conducted during the ACRIDICON-CHUVA campaign is given in Tab. 3.
Further information on the campaign, the overall instrumentation and ad-
ditional explanation of the scientific objectives can be found in Wendisch
et al. (2016). Results from ACRIDICON-CHUVA can be found in a joint
special issue of the journals Atmospheric Chemistry and Physics (ACP) and
Atmospheric Measurement Techniques (AMT ) under the following link https:
//www.atmos-chem-phys.net/special_issue852.html.

3.2 meteorological conditions during acridicon-chuva
(partly adapted from Schulz et al. (2018))

The city of Manaus is located in the centre of the Amazon basin at 3° S
and 60° W. The intertropical convergence zone (ITCZ), a belt of converging
trade winds with seasonally dependent location, was shifted northwards be-
tween 4 and 12° N during the time of the ACRIDICON-CHUVA campaign
(Andreae et al., 2018). The seasons in the Amazon basin are divided into
a dry and a wet season with transition periods in between. For the year
2014 the wet season last from January to March and the dry season from

https://www.atmos-chem-phys.net/special_issue852.html
https://www.atmos-chem-phys.net/special_issue852.html
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Table 3: Overview of all flights with date, duration, the maximum altitude that
was reached and meteorological situation. Furthermore, information on the flight
strategy and comments to the C-ToF-AMS measurements are given (Schulz et al.,
2018). The flights AC01 - AC06 were certification, test and ferry flights, and not
discussed here.
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Figure 20: Vertical profiles of (a) ambient temperature (Tamb), (b) virtual po-
tential temperature (Θv), (c) relative humidity with respect to water (RHw),
(d) horizontal wind speed, (e) wind angle, and (f) aerosol number concentra-
tion for particle diameters larger than 20 nm (Nd>20nm) for all flights during the
ACRIDICON-CHUVA campaign. Here, medians (connected dots) with interquar-
tile ranges (shaded area) are shown for each plot. The horizontal dashed line shows
the mean height of the top of the BL.

August to October (Machado et al., 2018). The northward shift of the ITCZ
creates thermodynamic conditions that are typical for the dry season in the
Amazon basin. These are characterized by synoptic-scale subsidence, a dry
(planetary) boundary layer (BL) with enhanced temperatures at the top of
it and a relatively dry middle troposphere (MT) (Andreae et al., 2018).
The dry season in the Amazon basin in general is characterized by less shal-
low convection, cloud cover and rainfall than the wet season (Collow et al.,
2016; Andreae et al., 2018; Machado et al., 2018). Although the total rain
fall is less in the dry season than in the wet season, the rainfall rate is larger
during the dry season (Machado et al., 2018). During the measurement cam-
paign a contrast of the weather conditions was observed. In the northeast
of the Amazon basin the conditions were drier than in the southwest of the
basin where wetter conditions occurred (Saha et al., 2014; Andreae et al.,
2018).
The BL height was determined with the help of data measured on board of
HALO, i.e. ambient temperature (Tamb), virtual potential temperature (Θv),
and relative humidity with respect to water (RHw) (see Fig. 20). Also wind
information like horizontal speed and direction were used (see Fig. 20, panels
d and e). As the flights lasted for several hours the daily evolution of the BL
was noticeable in the data. The maximum heights of the BL varied between
1.2 km and 2.3 km, depending on the flight time. The highest BL heights
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Figure 21: Vertical profiles up to 6 km of (a) ambient temperature (Tamb), (b)
virtual potential temperature (Θv), (c) relative humidity with respect to water
(RHw), (d) horizontal wind speed, (e) wind angle, and (f) aerosol number concen-
tration for particle diameters larger than 20 nm (Nd>20nm) for flight AC08 during
the ACRIDICON-CHUVA campaign. The two dashed lines indicate the different
BL heights depending on the day time.

were measured later in the afternoon. Averaged over the whole measurement
period, a mean height of the BL was found to be at 1.7± 0.2 km (Fig. 20,
horizontal dashed line; see also Fig. 21). Note, that the BL height shown in
Fig. 20 is not so obvious due to smoothing effects while averaging over all
flights. An example of the six parameters from one flight (AC08, conducted
on September 9, 2014) used for the determination of the BL height is shown
in Fig. 21. The different heights of the BL due to different day times are
shown with the two dashed lines. The observed BL height is consistent with
previous studies in the Amazonian dry season (e.g., Fisch et al., 2004; An-
dreae et al., 2018).
Figure 20 shows also the vertical profile of the median relative humidity with
respect to water (RHw). RHw decreases above the BL showing a minimum
with constant median values between 5 and 9 km. This represents the dry
MT that is typical for the dry season in the Amazon basin. At higher al-
titudes, RHw increases again with altitude. The wind speed varies between
the BL with lower values and increased values at higher altitudes. The wind
direction is fairly consistent at different altitudes, but changes significantly
at altitudes above 10 km.
The meteorological situation during the campaign was quite similar for all
days. Convection was dominating the daily weather and affected every flight
(see Tab. 3). The invariance of the meteorological situation is also visible in
the temperature profile (see Fig. 20, panels a and b) that barely shows any
deviation.
The virtual potential temperature (Θv) shows a stratification above the BL
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up to 8 km and above this altitude a slightly steeper gradient. The temper-
atures around Manaus were relatively high, especially at the top of the BL
(Wendisch et al., 2016).
This leads to elevated values for the convective inhibition (CIN), represent-
ing a higher tropospheric stability (Collow et al., 2016). The thermodynamic
parameter CIN is defined as the required energy of an air parcel to reach
the level of free convection (LFC) and subsequently to develop convection
(Riemann-Campe et al., 2009). It illustrates a stable layer between the sur-
face and the LFC, that needs to be overcome by an air parcel to reach an
unstable layer for further convection. The higher the CIN , the higher is the
stability of this layer and less convection occurs.
A compensating effect of CIN is convective available potential energy (CAPE).
This parameter describes the potential buoyancy that an air parcel has after
reaching the LFC, and the instability of the troposphere (Holton, 2004). The
higher the CAPE, the stronger is the convection, but only if the air parcel
overcomes the CIN .
CIN and CAPE vary in the Amazon basin throughout the seasons. Both
of them show a maximum at the end of the dry season and in the transition
time between the dry and the wet season (e.g., Machado et al., 2004; Collow
et al., 2016; Giangrande et al., 2017; Machado et al., 2018). During the
measurement period in September 2014 the mean CAPE was 1536 J kg−1

and the mean CIN was 37 J kg−1 (Andreae et al., 2018). Both of these pa-
rameters are important when looking at convective processes, the updraft of
warm air masses.
Convection occurs regularly on a daily basis in the Amazon basin, although
it is the dry season. Under the circumstances of enhanced values for CIN
and CAPE, and less available water vapour due to the relatively dry MT
(see Fig. 20, panel c) there are less convective cells. But if convection devel-
ops, it is more organized and proceeds with pronounced vertical extent (deep
convection) (Machado et al., 2018). The deep convection influences altitudes
from the cloud bottom up to the cloud top that is often at high altitudes
(above 10 km).
Above the BL is the convective cloud layer, which reached altitudes of about
4 - 5 km during the campaign (Andreae et al., 2018). The thermal tropopause
was at an altitude of 16.9± 0.6 km (mean and standard deviation) (Andreae
et al., 2018). Maximum flight altitudes of HALO were between 12.6 and
14.4 km. Thus, all the measurements during ACRIDICON-CHUVA were
performed in the troposphere.
The measured altitude range between the surface and the highest reachable
altitudes of 14.4 km was distributed into three regions based on the total
aerosol mass concentration (see Fig. 29 and Sect. 4.1.2.2) and on the param-
eters described above. The lower troposphere (LT) ranges from 0.1 to 4.5 km
and includes the BL. The MT covers altitudes between 4.5 and 8 km, and
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the upper troposphere (UT) includes altitudes between 8 and 14 km.
The backward trajectories presented in Andreae et al. (2018) show that most
air masses between 7 and 14 km had remained over the Amazon basin for the
previous three days, and were most likely affected by deep convection and
deep convective outflow (Andreae et al., 2018).
In the dry season the air masses above the Amazon basin are influenced by
different sources. Besides the rain forest as a remote source for VOC, also
pollution affects the chemical composition of the troposphere. Pollution in
the Amazon can arise from regional and remote sources (e.g., Andreae and
Andreae, 1988; Artaxo et al., 2013; Pöhlker et al., 2018b; Andreae et al.,
2018). Regional sources are deforestation and pasture maintenance burning,
both happening more frequently in the southern part of the basin (Andreae et
al., 2012). Remote sources are long-range transported air masses from Africa.
These air masses occasionally transport volcanic sulfur emissions and POA
into the basin. During the transport oxidation occurs, leading to the forma-
tion of OOA, SOA and secondary inorganic aerosol. The influence of African
air masses on the atmospheric composition above the Amazon basin was also
identified during the ACRIDICON-CHUVA campaign (Saturno et al., 2018).

3.3 measurement platform halo

The aircraft HALO is a German research aircraft operated by the DLR.
This aircraft is a Gulfstream G550 type (see Fig. 22, panel a). Its ma-
jor advantages are the high altitudes (15.5 km) that are reachable and the
long distance (12000 km) that can be flown (DLR, 2018a). During the
ACRIDICON-CHUVA campaign altitudes up to almost 15 km were reached.
In the tropics this altitude is still in the troposphere (see above). However,
in other regions of the world this altitude range is sufficient enough to reach
at least the tropopause. The possible flight time is large and can be up to
10 hours. The speed of HALO during the ACRIDICON-CHUVA campaign
was approximately 200m s−1.
The instrumentation on board was diverse due to the different objectives of
the ACRIDICON-CHUVA campaign (see Tab. 2 and Wendisch et al. (2016)).
Several aerosol instruments were mounted inside HALO, e.g. the AMETYST
for measuring aerosol number concentration, the SP2 for rBC measurements,
the HALO-CVI-Rack to investigate cloud droplets and ice crystals, and
the C-ToF-AMS for chemical composition measurements (see Tab. 2 and
Wendisch et al. (2016)). These instruments were connected to different in-
let systems providing near-isokinetic conditions for sampling ambient aerosol
particles. The HALO aerosol submicrometer inlet (HASI) was used for out-
of-cloud aerosol measurements. For measurements of cloud particle residuals
the aerosol instruments were switched to the HALO counterflow virtual im-
pactor (HALO-CVI). Both inlets will be introduced shortly in the following
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Figure 22: Pictures of (a) the German research aircraft HALO, and of the (b)
HASI and (c) HALO counterflow virtual impactor (HALO-CVI) mounted on top
of the fuselage of HALO. Pictures in (b) and (c) are courtesy of J. Schneider and
S. Mertes, respectively.

with specifications and a particle loss calculation of the tubing between the
inlets and the C-ToF-AMS.

3.3.1 HALO Aerosol Submicrometer Inlet - HASI

The HALO aircraft has a special inlet system for sub-micrometer aerosol
measurements, HASI (see Fig. 22, panel b). This inlet was designed by DLR
in collaboration with enviscope GmbH (Frankfurt, Germany) and provides
up to 30 l min−1 sample air flow, which can be divided via four sample
lines to different aerosol instruments inside the aircraft (Minikin et al., 2017;
Andreae et al., 2018). HASI is located on top of the fuselage and outside of
the aircraft boundary layer. Thus, the aerosol particle sampling should not be
affected by the aircraft itself. Incoming air is aligned in the inlet using a front
shroud and decelerated. Four sample tubes are located inside of the HASI
to provide connected instruments with the sampling air. The overall airflow
in each tube is regulated to achieve isokinetic sampling conditions according
to the actual aircraft speed. This was not fully automated for the time of
the ACRIDICON-CHUVA campaign, but adjusted manually. The upper cut-



3.3 measurement platform halo 51

off is calculated to be between 2 and 3µm (Minikin et al., 2017) and does
not interfere with the upper cut-off of the C-ToF-AMS inlet. Large cloud
droplets and ice crystals should not enter the sampling lines directly and
thus, not affect the aerosol measurements. However, artefacts in liquid clouds
cannot be excluded (Andreae et al., 2018). Therefore, all HASI measurements
conducted with the C-ToF-AMS are filtered with respect to cloud passages
and represent only out-of-cloud aerosol measurements. The C-ToF-AMS was
connected to HASI together with the SP2 partly sharing a tube. Thus, the
flow in the connecting tube was increased allowing a shorter residence time
of the aerosol particles before reaching the C-ToF-AMS.

3.3.2 HALO Counterflow Virtual Impactor - HALO-CVI

The HALO counterflow virtual impactor (HALO-CVI) was used for sampling
cloud droplets and ice crystals inside clouds (see Fig. 22, panel c). The
HALO-CVI is based on the sampling principle described the first time in
Ogren et al. (1985) and designed by the Leibniz Institute for Tropospheric
Research (TROPOS) to collect and process cloud particles between 5 and
40µm at typical HALO flight conditions (Wendisch et al., 2016). It consists
of two concentric tubes with particle free and dry air streaming between
both tubes towards the tip of the HALO-CVI. The inner tube consists at
the tip of porous material so that the particle free and dry air flows through
it into the sampling line. The main part of this dry and particle free air
is sucked back through the sampling line as carrier air to the instruments
inside the cabin, whereas a minor fraction flows out of the tip providing a
so called counterflow to segregate gases and interstitial particles from the
cloud droplets and ice particles. The droplets and/or ice particles that are
large enough to overcome the counterflow enter the carrier air, where the
condensed water is driven into the gas phase releasing their cloud particle
residuals (CPR). The flow in the HALO-CVI is regulated automatically.
The HALO-CVI, like all other HALO inlets, had to be installed at the upper
fuselage of the HALO cabin. Thus smaller and larger cloud particles are
enriched and depleted, respectively, as shown by Afchine et al. (2018). As a
consequence the HALO-CVI sampling is not affected by large cloud particle
shattering, but on the other hand the sampling efficiency is size dependent
with respect to ambient conditions, which can only be roughly corrected for
the different HALO flight conditions (Afchine et al., 2018). Thus, mainly
fractions of the CPR chemical composition can be evaluated whereas the
specification of absolute concentrations are less precise, depending on the
HALO flight and the cloud microphysical conditions.
A particle enrichment occurs during the separation process. This enrichment
improves the detection limit of the aerosol sensors, but needs to be accounted
for in the data analysis. The enrichment factor (EF) is defined as the ratio
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between the air flow in front of the HALO-CVI to the sample flow inside
the HALO-CVI. The C-ToF-AMS was connected to the HALO-CVI during
cloud measurements enabling chemical composition analysis of CPR.

3.3.3 Particle loss calculation

Particle losses occur in the tubing between the inlets and the C-ToF-AMS
due to long sampling lines and curvatures. The sampling line between the
HASI and the C-ToF-AMS was 3.06 m, between the HALO-CVI and the
C-ToF-AMS 3.38m long. Losses in the sampling line were calculated with
the particle loss calculator (PLC). The PLC was developed at the MPIC
and determines the transmission efficiency (or the particle loss) through the
tubing (von der Weiden et al., 2009). This tool provides calculations that
includes several loss processes as diffusion, sedimentation, turbulent inertial
deposition, inertial deposition in bends and contractions, and considers gen-
eral sampling conditions like (non)-isokinetic and (non)-isoaxial sampling.
However, for shrouded inlets the tool is not applicable (von der Weiden et
al., 2009). As the HASI and the HALO-CVI have a shrouded inlet, both
inlets are not considered in the following calculation. Thus, just the tubing
between the inlets and the C-ToF-AMS are included. An overview of the
used parameters can be found in Tab. 8 and 9 in Sect. B.1. The resulting
transmission efficiencies are shown in Fig. 23.
For the tubing between the HASI and the C-ToF-AMS the transmission ef-
ficiency is calculated for two different pressures. The ambient conditions
on ground are set to a pressure of 1013 hPa and a temperature of 30&,°C.
Particles with a particle diameter (dp) between 100 and 1000 nm have a
transmission efficiency of 90% or more, whereas for particles with a dp be-
tween 50 and 100 nm a transmission efficiency of 80% or more is derived
(see Fig. 23, dark blue curve). The cutoff diameter at 50% efficiency (d50) is
20 nm. Changing the conditions that are valid for higher altitudes (pressure
of 200 hPa, temperature of -65 °C), the transmission efficiency is reduced (see
Fig. 23, light blue curve). Particles with a dp between 90 and 1000 nm have
a transmission efficiency of 80% or more. For particles between 200 and
600 nm the transmission efficiency is above 90%. The d50 is 35 nm.
A similar behaviour for the transmission efficiency is observed for the tubing
between the HALO-CVI and C-ToF-AMS (see Fig. 23, dark red curve). The
curve for ground conditions (red curve) is slighty shifted towards bigger par-
ticle diameters compared to the tubing between the HASI and C-ToF-AMS,
but still the same diameter range (100 - 1000 nm) is transmitted with 90%
or more. For low pressure conditions the overall transmission efficiency is
reduced and slightly shifted to bigger particle diameters. However, particles
with a dp between 100 and 1000 nm are transmitted with 80% or more. The
d50 ranges between 25 nm for ground conditions and 40 nm for conditions at
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Figure 23: Transmission efficiency for different particle sizes for the tubing between
the HASI (blue) and the HALO-CVI (red) to the C-ToF-AMS, respectively.

higher altitudes.
Smaller particles will not reach the C-ToF-AMS due to the long sampling
line where diffusion losses occur, and particles larger than 1000 nm begin to
experience sedimentation losses and impaction in the bends. Since the sam-
pling line losses are small in the size range between 100 and 900 nm (majority
of the measurement range of the C-ToF-AMS) a correction is not necessary.
For particles with a dp smaller than 100 nm a correction would be preferable.
Unfortunately, size-resolved data are not available in a sufficient data quality,
so a correction for sampling line losses for particles smaller than 100 nm and
for the reduced transmission efficiency at low pressures is not feasible.





4
RESULTS FROM THE ACRID ICON -CHUVA CAMPAIGN

In the following the results of the data analysis from the ACRIDICON-CHUVA
campaign are presented. Regarding to the objectives of the campaign men-
tioned in Sect. 3.1 the specified questions will be answered:

• What characterizes the out-of-cloud aerosol above the Amazon rainfor-
est?

• Is there a difference in the aerosol composition over forested and defor-
ested areas?

• Are there any effects of long-range transported aerosol on the charac-
teristics of the Amazon aerosol properties in the dry season?

• What is the influence of biomass burning on the composition of out-of-
cloud aerosol and cloud residual particles?

• What characterizes the cloud particle residuals (CPR) above the Ama-
zon rainforest?

• Is there a difference between the chemical composition of out-of-cloud
aerosol and CPR?

• What cloud processes of aerosol particles acting as CCN or INP occur
in deep convective clouds?

The first part of this chapter gives an overview of out-of-cloud aerosol char-
acteristics. The second part gives insights into the analysis of cloud particle
residuals (CPR).
In general, all cloud passages were removed for the out-of-cloud aerosol data
set. These cloud passages are identified with data from the NIXE-CAPS
(see Sect. 2.3.6). Also, data during take-off and landing (all data at altitudes
below 100 m) were removed in order to minimize the influence of the air-
port. The data are calculated for standard pressure and temperature (STP)
conditions, whereas STP for the C-ToF-AMS data means T =300K and
p=995 hPa as these are the conditions during calibration measurements on
ground. All vertical profiles shown in the following give median and in-
terquartile ranges of the different parameters unless otherwise noted. The
median and interquartile range values are calculated for altitude bins of 500m.
Data sampled at altitudes above 14 km are also not considered due to the
low amount of available data points and missing statistics. Data from 13

55
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flights (out of 14 flights) are analysed for the out-of-cloud aerosol, whereas
for the cloud particle residual analysis data from all flights are considered.
An overview of the uncertainty calculations is given in Sect. C.4.
Some of the figures shown and part of the text written in this chapter are
adapted from Schulz et al. (2018) and referred to appropriately.

4.1 out-of-cloud aerosol properties

In the following the characteristics of the out-of-cloud aerosol is analysed.
Therefore, different parameters are evaluated. Especially the difference or
similarities between the LT and UT are discussed. The characteristics of the
MT are mentioned just briefly as the data density is too low.

4.1.1 Aerosol number properties (partly adapted from Schulz et al. (2018))

The vertical profile of the aerosol number concentrations for particles larger
than 20 nm (already shown in Fig. 20, panel f, see also Fig. 24, panel a) is
characterized with decreasing concentrations in the LT, and increasing values
for the MT and UT. The median number concentrations in the LT range
between ~2000 to 2500 cm−3 in the BL and lower values (~800 cm−3) at 4 km
altitude. The range is especially in the lower altitude bins wider as influences
from BB pollution affect the number concentration. In the MT median num-
ber concentrations increase to ~2000 cm−3, similar to values in the lower LT.
The UT is characterized with further increase in aerosol number concentra-
tions. The median values are ~6500 cm−3 and show higher concentrations
than in the LT.
Information on the particle size distributions is derived from UHSAS-A data
(see Sect. 2.3.2 and Fig. 24, panel b and 25). The vertical profile of the median
with interquartile ranges and the mode of the altitude binned size distribu-
tions is shown in Fig. 24, panel (b). In the LT median diameters are between
140 and 150 nm, the modal diameter is between 100 and 135 nm. Both, the
modal and median diameter are shifted towards smaller values in the MT and
UT with a value of 90 nm for the modal and 110 nm for the median diameter.
It should be noted here, that the lowest cut-off of the considered size range
of the UHSAS-A is at 90 nm. Accordingly, the displayed mode and median
diameters are confined by this lower limit and should only be interpreted in
this context.
The colour code in the vertical profile in Fig. 24, panel (b) refers to the size
distributions for the three different altitude regions shown in Fig. 25. In the
LT the median size distribution (blue) has its maximum at 130 nm and covers
a diameter range up to 360 nm. The size distributions for the MT and UT
are shifted towards smaller diameters and only the tail of the distribution
is visible in the measured size range. The width of the distribution, espe-
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Figure 24: Panel (a): Vertical profile of the median and interquartile ranges of the
aerosol number concentration with diameters larger than 20 nm, measured with
the AMETYST (see Sect. 2.3.2). Panel (b): Vertical profile of mode (triangles)
and median (black dots) diameters of the binned size distributions measured by
the UHSAS-A (see Sect. 2.3.2). The grey shaded area gives the interquartile range.
The vertical dashed line indicates the lower cut-off of the considered size range of
the UHSAS-A. The statistics shown in (b) are calculated from all valid UHSAS-A
data from 10 flights (AC07 -AC10, AC15 -AC20). Both figures are adapted from
Schulz et al. (2018).

cially for the UT, seems to be reduced. The highest concentrations of small
particles (with diameters of 90 nm) are found in the UT. This observation
fits into the number concentration increase of particles with diameters larger
than 20 nm measured with the AMETYST (see Fig. 24, panel a).

4.1.1.1 Comparison with literature

Several field studies characterized the aerosol number properties during the
dry and the wet season. The ACRIDICON-CHUVA campaign was conducted
during the dry season. Therefore, a comparison with recent studies is limited
only to those who also presented data of the dry season. As a general remark
it should be noted that aerosol number concentrations differ between the dry
and wet season. The aerosol number concentrations measured on ground is
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Figure 25: Median and interquartile size distributions of particles between 90 and
600 nm in the UT (pink), in the MT (yellow) and in the LT (blue). The statistics
are calculated from all valid UHSAS-A data from 10 flights (AC07 -AC10, AC15 -
AC20). Data are calculated for STP conditions. This figure is adapted from Schulz
et al. (2018).

overall low during the wet season. However, the dry season is represented
by number concentrations four times higher than measured during the wet
season (Artaxo et al., 2013).
Artaxo et al. (2013) reported aerosol number concentrations from a remote
forested measurement site north of Manaus (TT34) of ~2200 cm−3. The size
distribution was dominated by the accumulation mode (particle diameters
between 100 and 1000 nm) with a mean geometric diameter of 130 nm.
The South American Biomass Burning Analysis (SAMBBA) campaign in
2012 focused on Amazonian aerosol characterization with ground and air-
borne measurements. At the ground site near Porto Velho (southwest of Man-
aus) an aerosol number concentration of ~1000 cm−3 was measured (Brito et
al., 2014). The size distribution was dominated by the Aitken (there defined
as particle diameters between 30 and 120 nm) and accumulation mode (there
defined as particle diameters between 70 and 280 nm). Airborne measure-
ments of the aerosol size distribution showed a bimodal distribution with
maxima at 200 and 400 nm (Marenco et al., 2016; Malavelle et al., 2019).
The Amazon tall tower observatory (ATTO) provides continuous measure-
ments of aerosol concentration and size distribution since March 2012 (An-
dreae et al., 2015). ATTO is located near Manaus in a remote and forested
area. The aerosol number concentration range between 500 to 2000 cm−3 in
the dry season. A dominance of Aitken and accumulation mode particles was
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also observed here. The maximum of the distribution was found at ~140 nm
(Andreae et al., 2015).
The aerosol number concentrations and size distributions for the LT measured
during the ACRIDICON-CHUVA campaign confirm the findings reported in
previous studies. The BL shows aerosol number concentrations of ~2000
to 2500 cm−3 with interquartile ranges between ~1000 and 4000 cm−3. The
wider range of the number concentration results from regional influences, e.g.
biomass burning in the southern part of the Amazon that leads to enhanced
values (Andreae et al., 2018). The size distribution of the LT also confirms
previous findings, although only the accumulation mode was measured with
the UHSAS-A. However, the maximum of the distribution of ~130 nm is
very similar to the maxima of the size distributions reported in Artaxo et al.
(2013) and Andreae et al. (2015).

4.1.1.2 Summary

In summary, the characteristics of the aerosol in the LT and UT are differ-
ent in terms of number properties. In the UT an increase in the number
concentration for aerosol particles larger than 20 nm and smaller than 90 nm
is observed. The size distributions for particles between 90 and 600 nm are
shifted to smaller diameters with increasing altitudes. Thus, the aerosol par-
ticles in the LT and UT can have different sources. Previous results from
ground measurements in the Amazon were confirmed.

4.1.2 Aerosol composition (partly adapted from Schulz et al. (2018))

4.1.2.1 Comparison of AMS and UHSAS

Originating from the size-resolved number concentrations of the UHSAS-A
mass concentrations can be obtained. The necessary equations for this cal-
culation can be found in Sect. C.1. Thus, a comparison of the total mass
measured by C-ToF-AMS and SP2 (CAMS+CrBC) and the UHSAS-A mass
is possible and shown in Fig. 26. Ideally, the total mass is the same as the
mass derived from the UHSAS-A data. If discrepancies appear, they are of-
ten compensated with changing the CE in the C-ToF-AMS data processing.
Here, the CE is set to the default value of 0.5 (see Sect. 2.2).
The different patterns of the data are visible in Fig. 26 and classified by
three linear fit functions. Data points sampled below 2.5 km (lower LT) are
described with the blue fit function. Overall these data are quite below the 1:1
line. This means, that the total mass is underestimating the actual aerosol
mass concentration. The fit function shows that the difference between total
mass and UHSAS-A mass can be explained by a factor of ~2. The main
reason is the use of the CPI in the inlet system of the C-ToF-AMS. The
CPI causes particle losses at lower altitudes (high ambient pressures) due to
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Figure 26: Scatter plot of total mass (CAMS+CrBC) against the mass concentrations
derived from the UHSAS-A, coloured with altitude. The solid lines present the fit
functions at different altitude regions. The uncertainties of both parameters are
considered for the calculation of the linear fit curve coefficients (see Sect.C.4). The
dashed line shows the 1:1 line. For clarity reasons only some of the uncertainty
bars are shown.

particle impaction inside of the CPI (see Sect. 2.1.2).
The green fit function describes data that are sampled between 2.5 and 4.5 km,
representing the upper LT. Compared to the blue fit function, which repre-
sent the lower LT, it is much closer to the 1:1 line. This implies that the
influence of the CPI is decreasing with increasing altitude. This conclusion
is also supported from a comparison study with data from a HR-ToF-AMS
on board of the American research aircraft G-1 and the C-ToF-AMS data.
The measurement flights of the G-1 were completed in the scope of the Green
Ocean Amazon Experiment (GoAmazon14/5) campaign, which partly took
place during the same time and place as the ACRIDICON-CHUVA campaign.
Flights with parallel flight tracks of the two aircraft were performed allowing
a comparison of the two data sets. The HR-ToF-AMS was compared with a
UHSAS-A on board of the G-1 and showed good agreement at all altitudes
(Mei et al., 2019). However, the aerosol volume concentration measured by
the UHSAS-A is slightly lower than the one measured with the HR-ToF-AMS
at altitudes above 2.5 km (see Fig. 27, panel b). Data of the HR-ToF-AMS
and C-ToF-AMS show similar results above 2.5 km (see Fig. 27, panel a and
Mei et al. (2019)) indicating that the impaction losses of the CPI is reduced
already at this altitude. The difference between the total and the UHSAS-A
mass in the LT above 2.5 km could be caused by the shift of the aerosol size
distribution towards smaller particle diameters resulting in an underestima-



4.1 out-of-cloud aerosol properties 61

Figure 27: Panel (a): Comparison of total AMS mass measured on board the G-
1 and HALO. Panel (b): Comparison of volume concentration measured with
HR-ToF-AMS and UHSAS-A on board the G-1. This figure is adapted from Mei
et al. (2019).

tion of the UHSAS-A mass concentrations. The maximum altitude that was
reachable for the G-1 was 6 km. Thus, it is not possible to compare the two
data sets for higher altitudes.
The red fit function represents data from the UT. The data for the MT are
removed for clarity reasons. The fit function for the UT shows that the total
mass is overestimated by a factor of ~3.4.
One possible reason for the mass discrepancy could be the CE value of 0.5
that was chosen for this dataset (see Sect. 2.2). This value is valid when
measuring ambient aerosol (Middlebrook et al., 2012). However, some cir-
cumstances can change (more precise: increase) the CE, e.g. a large fraction
of nitrate, high relative humidity (RH) or the phase state of the aerosol. Al-
though the relative fraction of nitrate is increased in the UT compared to
the LT or MT, it still comprises a minor part in the aerosol composition such
that the condition of high nitrate is not given (see Fig. 30 in Sect. 4.1.2.2).
The influence of the RH can be seen as negligible as the aerosol is dried in
the tubing between the HASI and the C-ToF-AMS. Thus, a CE of 0.5 is
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Table 4: Overview of parameters from the fit function of the UHSAS-A number
size distribution (σ).

Parameter LT UT

d0
p 126.9 nm 61.2 nm

σGSD 1.53848 1.49167
CMD 152.8 nm 71.8 nm
MMD 266.6 nm 116.0 nm
dm 201.9 nm 91.3 nm

justified. Some previous studies in the Amazon region used a CE of 1. This
was explained with the phase state of the organic-dominated aerosol that is
most likely liquid on ground (Chen et al., 2009; Allan et al., 2014). However,
Shiraiwa et al. (2017) showed that organics are solid in the Amazon above
5 km. Thus, the argument of liquid particles that are sampled more efficiently
is not given any more for most of the data. In fact, all the mentioned circum-
stances would lead to a higher CE than 0.5 and consequently to less aerosol
mass derived from the C-ToF-AMS. But as they can be excluded, the default
value of 0.5 is applied.
The main reason for the mass discrepancy is most likely the limited size
range of the UHSAS-A, although particles smaller than 90 nm do not con-
tribute dominantly to the aerosol mass. However, the size distributions show
a vast shift to smaller particle diameters (see Fig. 24, panel b and Fig. 25).
This shift can explain the discrepancy in the mass concentrations between
the total mass and the UHSAS-A mass. This argument is supported by the
log-normal fit function of the size-resolved number concentration shown in
Fig. 25.
The fit function allocates information on the width σGSD and d0

p (diameter of
the amplitude) of the distribution. With these parameters it is possible to de-
rive different diameters, e.g. count median diameter (CMD), mass median
diameter (MMD) or diameter of average mass (dm). The definitions and
equations for calculating each of these diameters can be found in Sect. C.1.
The fit function for the LT reproduces the data very well (see Fig. 25, blue
curve). In contrast to this, the fit function of the UT distribution can only be
aligned to the tail of the distribution (see Fig. 25, pink curve). This makes
it difficult to find parameters such as σGSD that describe the distribution
appropriately. As a result, the received numbers for the diameters can have
large errors, especially for the UT distribution.
The different parameters are given in Tab. 4. The mass median diame-
ter (MMD) is the diameter of interest when facing the comparison of the
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Figure 28: Vertical profile of median mass ratio of (CAMS+CrBC) and UHSAS-A
with interquartile ranges. The vertical dashed line shows where full agreement
would be (at 1). The grey shaded area covers data sampled below 2.5 km, which
are underestimated due to impaction losses of the CPI in the C-ToF-AMS inlet
system (see Sect. 2.1.2).

total mass and the UHSAS-A mass. It describes the diameter at which half of
the mass is below (at smaller diameters) and above (at larger diameters). The
MMD for the LT is much higher than for the UT. Additionally, the MMD

for the UT is close to the lower cut-off of the UHSAS-A of 90 nm, where the
highest number concentrations were measured within the size range. This
shows, as previously mentioned, the shift of the distribution to much smaller
particle diameters in the UT and also explains the difference in the compar-
ison of total mass measured by C-ToF-AMS as well as SP2, and the mass
derived from the UHSAS-A.
The vertically resolved median mass ratio between the total and UHSAS-A
mass is depicted in Fig. 28. With increasing altitudes an increase in the mass
ratio is visible. At altitudes below 2.5 km the total mass is underestimating
the UHSAS-A mass. The reason for this is most likely the particle losses
in the inlet system of the C-ToF-AMS, as already explained above. At alti-
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(red), (d) ammonium (yellow), (e) black carbon (grey), and (f) total aerosol (black)
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indicate the division into LT, MT, and UT. Note, that the axis of (e) is logarithmic.
The grey shaded area covers data sampled below 2.5 km, which are underestimated
due to impaction losses of the CPI in the C-ToF-AMS inlet system (see Sect. 2.1.2).
This figure is adapted from Schulz et al. (2018).

tudes around 4 km good agreement is observed, whereas for higher altitudes
the mass ratio is further increasing. The main reason for the discrepancy is
the limited measurement range of the UHSAS-A.

4.1.2.2 Aerosol mass concentrations

The vertical profiles of median mass concentrations of organics, nitrate, sul-
fate, ammonium, black carbon, and the total median mass concentration are
shown in Fig. 29.
The highest total median mass concentrations are observed in the LT with
5 µgm−3 (STP). The main fraction consists of organics, minor fractions con-
sist of sulfate, rBC, and ammonium (see Fig. 30). The nitrate mass concen-
tration is rather low and contributes only as a small fraction to the total mass
concentration in the LT. Note, that values below 2.5 km are underestimated
due to impaction losses of the CPI in the inlet system of the C-ToF-AMS
(see grey shaded area in Fig. 29 and Sect. 2.1.2). Thus, the total amount of
the mass concentration can be higher.
The MT is characterized with a sharp decrease of the aerosol mass that re-
mains constant at ~1 µgm−3 (STP) over the altitude range between 4.5 and
8 km. The main fraction is still organic matter, whereas the sulfate fraction
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increases and the rBC fraction is reduced to a negligible amount. The higher
contribution of sulfate to the aerosol composition in the MT is attributed to
long-range transport of volcanically influenced air masses from Africa (An-
dreae et al., 2018; Saturno et al., 2018). Sulfate aerosol was formed during
the transportation and comprises to a large fraction of the composition in the
MT. Interestingly, the fraction of rBC is decreased remarkably in the MT
compared to the LT. The sharp decrease of rBC median mass concentrations
indicates scavenging in clouds, meaning that rBC and also other aerosol par-
ticles are efficiently removed during convective vertical transport (Andreae
et al., 2018).
Interestingly, the total median mass concentration is enhanced in the UT
with values up to 3µgm−3 (STP). The main fraction is, again, organic mat-
ter, similar to the LT and MT. The sulfate is decreased compared to the
LT and MT. Ammonium and rBC comprises only to a small amount to the
aerosol composition. Just between 13 and 14 km, sulfate median values show
a slight increase again as can be seen in Fig. 29, panel (c). However, nitrate is
increasing, especially at altitudes above 10 km, showing the highest measured
median mass concentrations in the UT and contributing significantly to the
total aerosol mass compared to the LT and MT (see Fig. 30). Although the
nitrate median values decrease between 13 and 14 km, the interquartile range
still indicates that enhanced mass concentrations were encountered. The en-
hancement of organics and nitrate at such high altitudes leads to the question
of the source of these aerosol particles and will be addressed in Sect. 4.1.3.2
and 4.1.3.3.
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4.1.2.3 Acidity

The mass concentration data of the C-ToF-AMS allow acidity calculations.
The inorganic fraction is considered in these calculations. Ammonium serves
as neutraliser for sulfate and nitrate (see Eq. 28 in Sect. C.3). Chloride is
not considered here, as the concentrations are always below the DL (see
Sect. 2.2.3.6). The result of this calculation provides information on the fact
whether the aerosol is neutralized or acidic (Zhang et al., 2007a). In regions
with organics dominating the aerosol chemical composition it is also possi-
ble that neutralization processes occur through organic alkaline substances.
However, this process is not considered here.
The vertical profile of median measured and for neutralization needed ammo-
nium is shown in Fig. 31 together with the median per altitude bin averaged
DL for ammonium. The measured ammonium lies above the DL in the LT.
Furthermore, it is comparable to the amount of ammonium that is needed
for neutralization. Thus, it can be concluded, that the aerosol is mainly
neutralized in the LT. The amount of ammonium decreases in the MT and
UT compared to the mass concentrations derived in the LT. The derived
DL is larger than the measured ammonium. The ammonium that is needed
for neutralization lies also below the DL, only for the very upper part of the
UT (higher than 13 km) the values are above the DL. As a result, it can be
concluded that with increasing altitude the aerosol tends to be acidic. Espe-
cially in the very upper part of the UT the data are above the DL and allow a
quantitative statement. It should be noted here again, that the values below
2.5 km are underestimated. This is given with the grey shaded area in Fig. 31,
respectively.
The scatter plot of measured and for neutralization needed ammonium sup-
ports this (see Fig. 32). The data are averaged over five minutes, above the
DL and coloured with altitude. The regression line for the data from the LT
is slightly above the 1:1 line. This indicates that the aerosol was neutralized
in the LT. In contrast to this seems the aerosol in the UT acidic. The mea-
sured ammonium is lower than the needed ammonium for full neutralization.
There are two fit functions shown for the UT in Fig. 32. Whereas one has
no constraints (solid red line), the dotted red line has a fixed intercept of
zero as could be expected. However, the correlation of the data is lower for
the constrained fit function (r2 =0.15) as for the unconstrained (r2 =0.45).
From both fit functions it can be concluded that between 36 and 66% of the
aerosol particles in the UT were neutralized regarding the inorganic species.
Thus, the aerosol particles in the UT are acidic. However, it should be noted
here, that the correlation of the data is lower in the UT (r2 =0.45) than in
the LT (r2 =0.80).
Interestingly, some data points measured at altitudes between 4 and 5 km
show a completely different behaviour. The measured ammonium hardly ex-
ceeds 0.2µgm−3, but the ammonium needed for neutralization would lead
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Figure 31: Vertical profiles of the median ammonium mass concentration (yellow),
median for neutralization needed ammonium mass concentration (red) and the
median per altitude bin averaged detection limits of ammonium (black) for all
flights of the ACRIDICON-CHUVA campaign. The grey shaded area covers data
sampled below 2.5 km, which are underestimated due to impaction losses of the
CPI in the C-ToF-AMS inlet system (see Sect. 2.1.2). This figure is adapted from
Schulz et al. (2018, Supplement).

to much higher values. These data points originate from flights sections of
flights AC14 and AC17 conducted on September 21 and 27, 2014. Different
air masses were sampled during both flights. Aerosol particles sampled at al-
titudes between 4 and 5 km were strongly acidic (see Fig. 32, green diamonds).
The sulfate mass concentration increased rapidly during these flight sections.
The linear fit functions are shown in green. The solid green line presents
the unconstrained fit function, whereas the dotted green line is constrained
regarding the intercept, that is fixed to zero. The correlation coefficients are
very low, and also the derived values for the slopes show that the aerosol
particles of these specific flights sections are strongly acidic. The origin of
the sampled air mass was found to be from Africa (Saturno et al., 2018). In
case of this example, the increased sulfate mass concentrations were corre-
lated with a volcanic eruption in central Africa. As a result the aerosol is
much more acidic, despite of the long range transport time scale of ~ 15 days
(Saturno et al., 2018). This case study is further analysed in Sect. 4.1.4.2.
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Figure 32: Scatter plot of measured and for neutralization needed ammonium.
Data are averaged over five minutes, filtered according to the DL, and coloured
with altitude. The dashed black line shows the 1:1 line. The diamonds indicate
flight sections during AC14 and AC17 with strongly acidic aerosol at altitudes
between 4 and 6 km. The solid coloured lines are the linear fit functions for the LT
(blue), the UT (red), and the flight sections with strongly acidic aerosol (green),
respectively. Also shown are two additional fit functions for the UT and the
specific flight sections with strongly acidic aerosol assuming an intercept of zero
(dotted lines in red and green, respectively). The uncertainties of both parameters
are considered for the calculation of the linear fit coefficients (see Sect. C.4). For
clarity reasons only some of the uncertainty bars are shown.

4.1.2.4 Comparison with literature

Measurements at different sites in the Amazon (e.g. ATTO as an example for
remote forested areas close to Manaus, and Porto Velho as an example for ar-
eas that are affected by BB and deforestation in the south-western part) show
the prevalent contribution of organic matter to the submicron non-refractory
particle composition (e.g. Artaxo et al., 2013; Brito et al., 2014; Andreae et
al., 2015). These findings are very similar to the observations made during
the ACRIDICON-CHUVA campaign.
The main objectives of the SAMBBA campaign was the study of BB influence,
but some flights were completed to investigate biogenic characteristics. The
aerosol particles in the BL consisted predominantly of organics, followed by
rBC and sulfate. According to the acidity calculations explained in Sect. C.3,
the aerosol was found to be acidic in the flights around Manaus and north
of Porto Velho, and neutralized in the flights to the south of Porto Velho
(Allan et al., 2014). It was concluded that also organics can be involved in
neutralization processes, but these are not included in the calculation as al-
ready mentioned.
Chen et al. (2015) reported that the organics accounted for 80% of the sub-
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micron non-refractory aerosol and that the aerosol was acidic. It should be
noted that these measurements were done during the wet season.
Shilling et al. (2018) investigates the aerosol chemical composition during
the wet and dry season in the scope of the GoAmazon2014/5 campaign. The
measurement period during the dry season was completed in parallel to the
ACRIDICON-CHUVA campaign. The median mass concentrations mea-
sured on board of the G-1 at altitudes between 0.5 and 6 km were around
5 µgm−3 and thus slightly higher than the derived values from HALO rang-
ing between 2.5 and 4 µgm−3 (see Fig. 27, panel a). The differences can
be explained by the inlet losses in the CPI of the C-ToF-AMS on board of
HALO (see Sect. 2.1.2). In a recent paper the data sets from both aircraft
are compared (Mei et al., 2019).

4.1.2.5 Summary

The comparison between C-ToF-AMS and UHSAS-A was hindered by the
different size ranges of both instruments. The shift of the size distribution
to smaller particle diameters showed that mainly small particles (dp <90nm)
were present. These particles were measured with the C-ToF-AMS, but lie
outside of the size range of the UHSAS-A. Thus, the observed differences in
the comparison of the total mass (CAMS+CrBC) can be explained.
In general, the aerosol mass properties are different in the LT and UT. Or-
ganic matter is dominating the chemical composition at all altitudes with
fractions of around 70%. rBC contributes to the composition in the LT, but
is negligible for higher altitudes. This indicates scavenging of aerosol parti-
cles during vertical transport of air masses. This is also supported by less
aerosol mass in the MT compared to the LT. The contribution of nitrate
increases significantly in the UT, indicating a different source compared to
the LT.
For the acidity calculations only the inorganic fraction was considered. In
the LT the aerosol was found to be mainly neutralized, whereas in the UT
the aerosol is more acidic.
The measured aerosol mass concentrations and the observed dominant or-
ganic fraction during the ACRIDICON-CHUVA campaign confirm previous
results from different field campaigns in the Amazon. In the following, the
organic aerosol fraction is discussed in more detail.

4.1.3 Secondary organic aerosol

4.1.3.1 Oxidation state of the organic aerosol (partly adapted from Schulz
et al. (2018))

The oxidation state gives further information on the properties of organic
aerosol. The correlation between f43 and f44 was calculated for all out-of-
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cloud aerosol data from ACRIDICON-CHUVA (see Sect. 2.2.1.1). Figure 33
presents these data for the two different altitude regimes LT and UT averaged
over two minutes. The two different colours indicate the altitude dependency.
The dark green markers represent data sampled in the LT, whereas the light
green markers show data from the UT. Although there is an overlapping re-
gion of both, a difference between LT and UT is observed. Most of the data
sampled in the LT are located towards the upper left corner of the triangle,
meaning that they are more oxidized. In comparison to this, data from the
UT show different properties. Lower f44 and at the same time increased f43
values show a lower oxidation level of the organic aerosol. Also presented in
Fig. 33 are the median values with the interquartile ranges for LT and UT, re-
spectively. The median value for the UT has higher f43 and lower f44 values
than the UT. That means organic aerosol measured in the UT is significantly
less photooxidized than in the LT. Thus, the organic aerosol particles in LT
and UT are different from each other. Some of the LT organic aerosol may
be transported to higher altitudes, but most of the organic aerosol measured
in the UT must have a different source that is not located in the BL or in
the LT. The possibility that substantial amounts of aerosol are transported
from the BL into the UT has been ruled out by the study of Andreae et al.
(2018), based on the absence of detectable amounts of rBC in the UT (also
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Figure 34: Vertical profile of median and interquartile ranges of R44/43. The hori-
zontal dashed lines indicate divisions into LT, MT and UT. This figure is adapted
from Schulz et al. (2018).

see Fig. 29), and other differences in the properties of aerosol in the LT and
UT.
Figure 34 illustrates the changes of R44/43 with altitude. In the BL R44/43
is constant, demonstrating that this layer is well mixed. With increasing
altitudes this ratio decreases significantly to much lower values than in the
LT. The lowest median values are observed in the UT.
This raises the question about the source of the observed organics in the UT.
There are three different possibilities. First, horizontal long-range transport
and a subsequent mixing of these air masses with convectively lofted air could
occur. Second, particles from the near or distant BL might be transported
aloft. A third possibility would be in-situ secondary organic aerosol forma-
tion (SOA) in the UT.
A horizontal long-range transport of air masses can be excluded due to the
less photochemically aged organics in the UT. The organic aerosol particles
in the UT show a lower R44/43 ratio meaning that they did not experience
much photooxidation, as it would be expected from aerosol influenced by
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Figure 35: Release altitude of the FLEXPART trajectories against the residence
time, i.e. the time that the trajectories spend in the BL (red) and in the UT
(black). This figure is adapted from Schulz et al. (2018, Supplement).

long-range transport.
The second possibility, representing the fast convective vertical transport of
particles from the BL, can also be ruled out as already mentioned above.
The aerosol number concentrations differ considerably (see Fig. 24, panel a)
between the LT and UT with strongly increased values in the UT. Fur-
thermore, the sulfate and rBC aerosol mass concentrations show the highest
values in the LT and decrease at higher altitudes (see Fig. 29, panel c and e).
In case of a fast convective vertical transport of BL particles, the sulfate and
rBC aerosol mass concentrations would show similar values in the LT and
UT. The decrease at altitudes above 4.5 km indicates that the aerosol parti-
cles have been efficiently removed (e.g. scavenging) during vertical transport
(Andreae et al., 2018).
Air mass trajectories were calculated using the FLEXPART model. The tra-
jectories are calculated along the flight tracks starting every minute and cal-
culated backwards for 10 days providing hourly information on the location
of each trajectory. The FLEXPART model is not able to resolve convective
transport (see Fig. 35) for the ACRIDICON-CHUVA campaign. Neverthe-
less, the origin of the trajectories that are released in the LT differs from the
origin of the trajectories released in the UT (see Fig. 36). The trajectories
released in the LT have their origin also in the LT, and show almost no in-
teraction with air masses from higher altitudes (see Fig. 36, panel a). Most
of the trajectories come from the Atlantic Ocean and the southern part of
South America. In contrast to this, the trajectories released above 8 km have
their origin mainly above the Pacific Ocean and circulate at high altitudes
above South America (see Fig. 36, panel b). Just a minor part of the tra-
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Figure 36: Maps with FLEXPART trajectories that are released in the (a) LT and
(b) UT. The colour code refers to the altitude of the center trajectories. This
figure is adapted from Schulz et al. (2018, Supplement).

jectories origins from the eastern direction, coming from the Atlantic Ocean
and/or Africa. Interactions with air masses at lower altitudes are rare, most
prominent is the lifting at the Andes mountains.
This leads to the conclusion that the third possibility, in-situ SOA formation
with subsequent growth of the aerosol particles to large enough sizes that
they can be detected by the C-ToF-AMS, is the dominant process in the UT.
Another indication supporting this is the size information of aerosol parti-
cles with diameters between 90 and 600 nm. The size distribution is shifted
to smaller diameters in the UT compared to the LT as already shown in
Sect. 4.1.1. The highest concentrations of small particles in the specific size
range are found in the UT (see Fig. 25).
The findings suggest the occurrence of SOA formation, especially in the UT.
One formation pathway of SOA will be investigated in Sect. 4.1.3.2.
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field campaigns performed in the Amazon region (Chen et al., 2009; de Sá et
al., 2018). Dashed lines indicate the triangular area according to the criteria
introduced by Ng et al. (2010). This figure is adapted from Schulz et al. (2018).

Comparison with literature

Previous field measurements that have been performed in the Amazon allow
a comparison of the oxidation state from the data set of the ACRIDICON-
CHUVA campaign with measurements taken at the ground at two different
stations (T3 and T0t). Station T3 is an open field ca. 70 km west of Man-
aus and has frequent pollution influence from this city, whereas T0t is in a
near-pristine rainforest ca. 60 km northwest of Manaus. Thus, they provide
anthropogenically influenced or natural measurement conditions, respectively.
For further information on the research stations see Martin et al. (2010) and
Martin et al. (2016).
The data were collected during the AMAZE-08 and the GoAmazon2014/5
campaigns during the wet season (Feb/Mar 2008 and Feb/Mar 2014, respec-
tively), and represent ground measurements (Chen et al., 2009; Schneider
et al., 2011; de Sá et al., 2018). Figure 37 illustrates the median and in-
terquartile ranges for the different data sets. Median values from the GoA-
mazon2014/5 campaign are similar to the median values derived from the
ACRIDICON-CHUVA campaign sampled in the LT, showing that the or-
ganic aerosol is oxidized. In comparison, the AMAZE-08 campaign data
differ, showing that the organic aerosol during AMAZE-08 was less oxidized.
The data of the UT from the ACRIDICON-CHUVA campaign differ from
both these data sets, indicating again a different source for the organic aerosol
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in the UT than in the LT. Shilling et al. (2018) reported from airborne data
of the GoAmazon14/5 campaign that the organics are more oxidized during
the dry season compared to the wet season. However, it should be mentioned
here that there is a significant variability of m/z 44 (and f44) among differ-
ent AMS instruments (Crenn et al., 2015; Fröhlich et al., 2015; Pieber et al.,
2016) such that a direct quantitative comparison between the different data
sets shown in Fig. 37 is difficult.

Summary

The oxidation state of organic aerosol particles differs between different alti-
tudes. In the LT median values of R44/43 are higher than in the UT. This
means that the organic aerosol is less oxidized with increasing altitude and
shows the lowest ratios of f43 and f44 in the UT. However, also in the LT
less oxidized organic aerosol can be found. Overall, lower ratios of f43 and
f44 seem to be not the typical case in the LT. Compared to previous field
campaigns, the oxidation state of the organic aerosol in the LT sampled dur-
ing the ACRIDICON-CHUVA campaign is similar to ground measurements.
Photooxidation of organic aerosol progresses with increasing residence time
in the atmosphere. Thus, the organic aerosol in the UT need to have a dif-
ferent source than in the LT. The vertical profiles of the sulfate and rBC
mass concentrations also indicate scavenging during vertical lifting, such that
particles from the BL mostly do not reach the UT. This indicates that SOA
formation occurs in the UT. The aerosol particle size is another hint that
SOA formation takes place in the UT. The highest concentrations of the
smallest particles in the size range between 90 and 600 nm are found in the
UT (see Sect. 4.1.1).

4.1.3.2 Observations of isoprene-epoxydiol-derived secondary organic
aerosol (IEPOX-SOA) (partly adapted from Schulz et al. (2018))

The previous section shows that SOA formation in the UT is responsible
for less oxidized organic aerosol in the UT. Isoprene is an abundant VOC,
especially in the Amazon basin. SOA from oxidation products of isoprene
can contribute to the organic aerosol composition.
In the following, the out-of-cloud aerosol data are analysed with the question
whether IEPOX-SOA is a general contributor to the organic aerosol in the
Amazon basin.
As already explained above (see Sect. 2.2.1.3), f82 serves as a marker for
IEPOX-SOA. A geographical overview of the measurements of f82 for the
out-of-cloud aerosol during ACRIDICON-CHUVA is given in Fig. 38. Panel
(a) shows the altitude against the longitude, and panel (b) shows the altitude
against the latitude. Thus, the spatial dimensions of the flight tracks are de-
picted. The data points are coloured with f82. Values that are similar to the
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Figure 38: Flight tracks mapped with altitude against (a) longitude and (b) lati-
tude, coloured with f82. The orange shaded area depicts the region of the lowest
f82 values that were observed during ACRIDICON-CHUVA.

background value for monoterpene regions (see Sect. 2.2.1.3) are shown in
dark blue, whereas enhanced values are shown in green, yellow, red or pink.
The background value of f82 is calculated using Eq. (9) and ranges between
4 and 5‰ (see Fig. 39, panel a). This value is slightly higher than the re-
ported background value of 3‰ by Hu et al. (2015). Interestingly, in both
panels (a) and (b) of Fig. 38 the orange shaded area highlights the lowest
observed values for f82. This area is located at -56 - -50°Lon and -12 - -8°Lat
at altitudes between 0 and 5 km.
The reason for this can be seen in the map shown in Fig. 46. The southern
part of the Amazon basin is characterized with deforested, often pastured
areas. Thus, the remote rainforest gave way for agriculturally used land.
The rainforest is the major emitter of VOCs as isoprene, the precursor gas of
IEPOX-SOA. The changed land surface means that the composition of the
local atmosphere is changed, as well. IEPOX-SOA cannot be formed above
deforested areas without the precursor gas. A case study of this feature is
presented later (see Sect. 4.1.4.1). This can also be observed when looking at
all out-of-cloud aerosol data. Thus, the anthropogenically caused change of
the land surface implies a regional modification of the locally formed aerosol
composition above those surfaces.
A general increase of f82 is observed in the air above Manaus (-60°Lon, -
3°Lat) at altitudes between 4 and 10 km. In the surrounding a mixture of
organic aerosol with more enhanced and similar to background values are
observed. Interestingly, values far above the background value are measured
in the UT. In general, there seems to be a general abundance of IEPOX-SOA
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Figure 39: Vertical profiles of median and interquartile ranges of (a) f82, (b)
CIEPOX−SOA, and (c) RIEPOX−SOA/Org. The horizontal dashed lines indicate di-
visions into LT, MT and UT. The vertical dashed line with the grey shaded area
in panel (a) presents the calculated median background values fBg

82 with interquar-
tile ranges using Eq. (9). This equation is valid for areas with strong monoterpene
influence (Hu et al., 2015, Appendix A). The grey shaded area in panel (b) covers
data sampled below 2.5 km, which are underestimated due to impaction losses of
the CPI in the C-ToF-AMS inlet system (see Sect. 2.1.2). This figure is adapted
from Schulz et al. (2018).

in the Amazon atmosphere at altitudes between ground and 14 km.
Figure 39 presents the vertical profile of the IEPOX-SOA tracer f82 (panel
a) and the calculated median background values fBg

82 (see Eq. 9). The me-
dian background values are quite constant between 4 and 5‰ over the whole
altitude range with small interquartile ranges (see Fig. 39, panel a, vertical
dashed line with interquartile ranges in grey). This indicates that continuous
emissions and processing of isoprene tend to build an ubiquitous background
level up to 14 km. In the LT, f82 shows constant median values around 5‰,
slightly increasing in the interquartile ranges in the upper part of the LT.
These values are similar to or higher than the calculated median background
values fBg

82 , suggesting an influence of IEPOX-SOA on the organic aerosol
composition (see Sect. 2.2.1.3). In the UT, the values of f82 are again quite
constant over the altitude range, but with increased median values around
8‰. The values in the UT lie above the background values and are even
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Figure 40: Scatter plot of f82 against R44/43 for the LT (dark green) and UT (light
green). Data are averaged over two minutes. The red markers and boxes show
median values and interquartile ranges for the LT and UT, respectively. For clarity
reasons only some of the uncertainty bars are shown. This figure is adapted from
Schulz et al. (2018).

higher than in the LT. This indicates that IEPOX-SOA can have an impor-
tant impact on the organic aerosol composition in the UT.
Although the characteristics of the MT are not the focus here due to the over-
all low organic mass concentrations, it should be mentioned that the highest
median values of f82 were observed in the MT between 4.5 and 8 km. The
interquartile ranges are extended here, but the median values reach up to
12‰.
Figure 39, panel (b) depicts the vertical profile of the median IEPOX-SOA
mass concentrations, which are calculated using Eq. (8) (see Sect. 2.2.1.3).
The lowest values can be found in the LT and MT. However, in the UT, es-
pecially at altitudes above 10 km, a strong increase of the IEPOX-SOA mass
concentration is observed. Here, IEPOX-SOA contributes up to 20% to the
organic mass concentration (see Fig. 39, panel c). The highest contribution
of IEPOX-SOA to the organic aerosol mass is observed in the MT, whereas
in the LT up to 10% can be attributed to IEPOX-SOA. This implies that
not only in the LT, but also in the MT as well as in the UT IEPOX-SOA
contributes to a significant amount to the organic aerosol composition.
The correlation of f82 with R44/43 (as a measure of oxidation, see Sect. 4.1.3.1)
is presented in Fig. 40 using data averaged over two minutes. Again, the two
different green colours refer to the LT (dark green) and the UT (light green).
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In the LT, high R44/43 but low f82 values are observed. The f82 values are
similar to or slightly below the calculated background value of ~ 4‰. How-
ever, lower R44/43 values are correlated with higher f82 in the LT. For the
UT the values of R44/43 are generally lower, and correspond to higher f82
values. The median values for f82 and R44/43 illustrate that the differences
are also significant. This suggests that less photooxidized organic aerosol is
related to IEPOX-SOA.
This leads to the question of the formation of IEPOX-SOA, especially in the
UT. In general, SOA formation can occur either through NPF with subse-
quent growth or by condensation or reactive uptake on pre-existing particles
without NPF. However, at the time that NPF occurs, the aerosol particles
would be too small to be measurable with the C-ToF-AMS, implying that
growth of these newly formed particles is necessary.
The formation pathway of IEPOX-SOA is illustrated in Fig. 4, and depends
e.g. on the NO conditions. The observed enhanced NO mixing ratios (see
Fig. 42 in Sect. 4.1.3.3) in the UT would likely change the reaction pathway of
isoprene to a non-IEPOX route and subsequently no IEPOX-SOA formation
would occur. Based on the observed IEPOX-SOA in the UT, the oxidation
of isoprene to IEPOX may occur before reaching these high altitudes.
In previous laboratory studies it was found that acidic aerosol is needed for
reactive uptake or condensation of gaseous IEPOX onto particles. In the lab-
oratory, the acidic conditions are often realized by using sulfate seed particles
(e.g., Surratt et al., 2010; Darer et al., 2011; Lin et al., 2012; Lin et al., 2013).
Also in field studies a correlation between IEPOX-SOA and sulfate aerosol
was proposed (e.g., Lin et al., 2013; Allan et al., 2014; Hu et al., 2015; Xu
et al., 2015b; Marais et al., 2016; de Sá et al., 2017).
Figure 41 shows the scatter plot of IEPOX-SOA against nitrate (panel a)
and sulfate (panel b) mass concentrations for LT and UT, respectively. The
data are averaged over two minutes. In the LT, no correlation between
IEPOX-SOA and nitrate is found. However, in the UT an enhanced correla-
tion between IEPOX-SOA and nitrate can be seen (see Fig. 41, panel a). For
sulfate, the correlation is very low both in the LT and UT (see Fig. 41, panel
b). This indicates that sulfate might not be necessary for the formation of
IEPOX-SOA, but nitrate could be an important, possibly sufficient compo-
nent in the UT.
Although the correlation between IEPOX-SOA and nitrate is weak, it may
indicate that not only sulfate, but also nitrate can provide the acidic condi-
tions for the partitioning of IEPOX to IEPOX-SOA. The acidity calculations
in Sect. 4.1.2.3 showed that the aerosol in the LT is mainly neutralized when
taking the inorganics (nitrate and sulfate) into account. However, in the
UT the aerosol is not fully neutralized considering the inorganics. The pres-
ence of organic sulfates and nitrates could also affect the acidity calculations.
The out-of-cloud aerosol data are already corrected for the organic nitrates
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Figure 41: Panel (a): Scatter plot of CIEPOX−SOA against nitrate mass concentra-
tions for the LT (dark green) and UT (light green). Data are averaged over two
minutes and presented together with the values for Pearson’s R2 for the correlation
between CIEPOX−SOA and nitrate mass concentration for the LT and UT, respec-
tively. The linear regression for the correlation between CIEPOX−SOA and nitrate
mass concentration in the UT considers the uncertainties from both parameters
and is presented in (a). For clarity reasons only some of the uncertainty bars are
shown. Panel (b): Same plot as panel (a), but for sulfate. Both figures are adapted
from Schulz et al. (2018).

according to Sect. 2.2.2. However, for organic sulfates such a similar correc-
tion is not possible with data from a C-ToF-AMS as there are no different
fragmentation patterns between inorganic and organic sulfates (Farmer et al.,
2010).
The observed increase of the nitrate mass concentrations in the UT (see
Fig. 29, panel b) and the enhanced correlation of nitrate and CIEPOX−SOA
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give indications for the formation of organic nitrates with the contribution
of IEPOX. This is further investigated in Sect. 4.1.3.3.

Comparison with literature

Up to now f82 data from the tropical UT have not yet been reported else-
where in the literature. Aircraft measurements above the Amazon rainforest
were reported by Allan et al. (2014), but these data are restricted to alti-
tudes below 5 km, corresponding to the definition of the LT in this study. In
Allan et al. (2014), two cases are presented and show background (4‰) and
increased values (9‰) of f82. The highest values of f82 were found on top
of the BL, decreasing with increasing altitudes. These values are similar to
the data from the LT presented here although f82 remains constant above
the BL.
During the GoAmazon14/5 campaign ground measurements at two different
stations (T3 and T0t) were completed. The recent study by de Sá et al. (2017)
reported measurements of IEPOX-SOA. The production of IEPOX-SOA
was enhanced with increased sulfate concentration, but decreased with in-
creased NO mixing ratios (de Sá et al., 2017). Thus, a correlation between
IEPOX-SOA and sulfate was observed for the ground measurements (de Sá
et al., 2017). This is different to the out-of-cloud aerosol data from the LT
and UT of the ACRIDICON-CHUVA campaign.
The result of positive matrix factorization (PMF) analysis on the data from
the ground station during the wet season show that the majority of the or-
ganic matter was SOA with the IEPOX-SOA factor contributing with 17%
(de Sá et al., 2018). This confirms the observations during the ACRIDICON-
CHUVA campaign, where up to 10% in the LT and up to 20% in the UT of
the organics can be explained with IEPOX-SOA.

Summary

IEPOX-SOA was observed in the LT, MT, and UT. There seems to be
a ubiquitous background of IEPOX-SOA up to high altitudes. However, a
local minimum of IEPOX-SOA was discovered above deforested regions as
the source for isoprene is missing. The data from the UT showed that less
oxidized organics are correlated with increased values of the IEPOX-SOA
marker f82. IEPOX-SOA contributes up to 10% of the organic aerosol in
the LT and up to 20% in the UT. The formation of IEPOX-SOA can likely
occur at all altitudes. Therefore, isoprene needs to be oxidized to IEPOX.
IEPOX can condense on pre-existing aerosol particles as the appropriate con-
ditions are fulfilled, e.g. the acidity of the aerosol. Laboratory and previous
field studies from the ground or low altitudes show that sulfate aerosol is
often related to IEPOX condensation. This was not observed clearly in the
out-of-cloud aerosol data of the ACRIDICON-CHUVA campaign. Instead,



82 results from the acridicon-chuva campaign

a stronger correlation with nitrate was found indicating the formation of
organic nitrates.

4.1.3.3 Particulate organic nitrates (partly adapted from Schulz et al. (2018))

Organic nitrates form from the oxidation of biogenic VOC by NO3 descend-
ing from reactive nitrogen (e.g., Ng et al., 2017). The vertical profiles of
NO and NOy mixing ratios are shown in Fig. 42, panel (a) and (b). The
mixing ratios of both species are highest in the LT and decrease towards the
MT before reaching increased values in the UT again. In the LT, increased
NOx mixing ratios arise from anthropogenic emissions coming from Manaus
(Kuhn et al., 2010) and other pollution sources. A likely source for NOx

in the UT is the production by lightning (Schumann and Huntrieser, 2007).
Due to the relatively low O3 values in the UT, NOx exists mainly in form
of NO. After conversion to NOy (mainly HNO3), NOx can act here also
as a source for (organic) nitrate aerosol and explains the increase in nitrate
aerosol mass concentration (see Sect. 4.1.2).
As already mentioned in Sect. 4.1.2, the detected ammonium in the out-of-
cloud aerosol data is mainly sufficient enough to neutralize the aerosol in
the LT, whereas in the UT the aerosol is not fully neutralized. However,
also organics can react with inorganic species forming organic nitrates and
sulfates. In the following, the four approaches to estimate the presence of
organic nitrates as described in Sect. 2.2.2 are discussed.
A first estimation of the particulate nitrate content from organic nitrates is
the ratio of NO+ to NO+

2 . From calibration measurements with ammonium
nitrate during the ACRIDICON-CHUVA campaign this ratio is known and
was found to be in the range between 1.49 and 1.56 with a mean and stan-
dard deviation value of 1.52 ± 0.03.
Figure 43 shows the scatter plot of the corrected NO+ and NO+

2 for the LT
(dark blue) and the UT (light blue). The linear fit curves for the LT and
UT have an intercept of 0, proving that the applied correction described in
Sect. 2.2.2 is essential. Nevertheless, it has to be noted that the correction
is based on correlations between different m/z signals derived from measure-
ments at low altitudes (Fry et al., 2018). Thus the application to UT data
bears uncertainties, because the conditions (especially temperature) are dif-
ferent. However, data from a HR-ToF-AMS at these altitudes are currently
not available.
The linear fit for the LT data shows a higher slope than that derived from
calibrations with ammonium nitrate. The linear fit for the UT shows an even
higher slope. This can be seen as a first hint that organic nitrates might be
observed, especially in the UT.
Vertical profiles of median values of m/z 30 and m/z 46, and of the ratio
NO+ to NO+

2 are depicted in Fig. 42, panel (c) and (d), respectively. During
the whole vertical profile the two lines in panel (c) behave similarly, except
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indicate divisions into LT, MT and UT. The grey shaded area in panel (c) covers
data sampled below 2.5 km, which are underestimated due to impaction losses of
the CPI in the C-ToF-AMS inlet system (see Sect. 2.1.2). The vertical dashed
line in panel (d) presents the ratio of NO+ to NO+

2 derived during calibration
measurements. This figure is adapted from Schulz et al. (2018).

for the altitude range between 2 and 6 km, where the distance between them
becomes smaller. Compared to the values derived from calibrations with
ammonium nitrate, the measured ratios of NO+ to NO+

2 during the flights
are much higher and the median values range between 2 and 6 (panel d).
As described in Sect. 2.2.2, higher NO+ to NO+

2 ratios are an indicator for
organic nitrates and the observed ratio profile can be seen as a first evidence
for the presence of organic nitrates.
The second estimation provides a range with a lower and upper limit of ni-
trate mass concentration of organic nitrates according to Eq. (12) and (13)
(Sect. 2.2.2). Figure 44, panel (a) shows the estimated lower and upper limits
as vertical profiles. In the LT and MT the derived values are below or around
zero such that a presence of organic nitrates is unlikely. However, with in-
creasing altitude, the lower and upper limits are also increasing. Especially
at altitudes higher than 10 km, both parameters are above zero and the pres-
ence of organic nitrates becomes likely. The weakness of this method lies in
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Figure 43: Scatter plot of NO+ and NO+
2 for the LT (dark blue) and the UT (light
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and NO+
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red dashed line. This figure is adapted from Schulz et al. (2018).

its dependence on ammonium measurements (see Eq. 12 and 13). Interfer-
ences of water in the fragmentation table can lead to a biased estimation of
ammonium concentrations (Allan et al., 2004). Biased ammonium concentra-
tions can be one reason for the derived negative values for upper and lower
limits of pRONO2.
The third approach uses Eq. (14) to estimate the amount of nitrate mass con-
centration of organic nitrates. As described in Kiendler-Scharr et al. (2016),
a fixed value of 10 for RRONO2 is used here (see Sect. 2.2.2). In Fig. 44, panel
(b) the calculated particulate nitrate mass concentration of organic nitrates
(pRONOFarmer

2 ) is presented. The measured nitrate mass concentration is
also shown. The detection limit is set to 0.1 µgm−3, which was reported by
Bruns et al. (2010) as a conservative approach. Calculated pRONOFarmer

2 are
quite similar to the measured nitrate in the vertical profile, although they
are slightly smaller, especially in the UT. Values for pRONOFarmer

2 in the
LT and MT are below the detection limit. Interestingly, at altitudes above
10 km the derived values are partly above the detection limit. This points
again to the presence of organic nitrates, especially in the UT at altitudes
above 10 km, but the presence of organic nitrates at altitudes below 10 km
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(see Sect. 2.1.2). Detailed information on the different approaches can be found in
Sect. 2.2.2. This figure is adapted from Schulz et al. (2018).

cannot be excluded.
The fourth approach is based on Eq. (15) and addresses an estimation of
the ratio of organic nitrates from the ratio for inorganic nitrates determined
from the usual calibration measurements (see Sect. 2.2.2). Using the value of
Rcal =1.53± 0.03 from calibrations during the ACRIDICON-CHUVA cam-
paign results in RRONO2 =3.44± 0.05 (mean and standard deviation). This
value is lower than the ratios reported above from standards and also lower
than the ratio that is used for the estimation of Farmer et al. (2010) and
Kiendler-Scharr et al. (2016). The vertical profile of pRONOFry

2 is shown in
Fig. 44, panel (c), again with the measured nitrate mass concentration in the
background. The vertical profile of pRONOFry

2 shows similar values than the
measured nitrate. At altitudes above 10 km the highest values are reached,
suggesting the likely presence of organic nitrates. Some median values of
pRONOFry

2 are slightly higher than the measured nitrate concentration, but
this lies in the range of uncertainty of the data.
In Fig. 45, a comparison between the measured nitrate mass concentration
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and the calculated pRONO2 according to Farmer et al. (2010) and Kiendler-
Scharr et al. (2016) (panel a) and Fry et al. (2013) (panel b) is presented.
The data are divided into LT (dark blue) and UT (light blue), and averaged
over two minutes. The 1:1 line implies, that all nitrate is present as organic
nitrate with a relative fraction of 100%. The slope of the linear regression
that lies below the 1:1 line describes the relative content of nitrate that is
present as organic nitrate less than 100%.
As a result of the scatter plot shown in Fig. 45, the estimation according to
Farmer et al. (2010) and Kiendler-Scharr et al. (2016) could explain around
71% of the measured nitrate in the UT and 32% in the LT with organic
nitrates (see Fig. 45, panel a). For the comparison with Fry et al. (2013),
the whole amount of measured nitrate in the UT and 57% of the measured
nitrate in the LT could be explained by organic nitrates (see Fig. 45, panel
b). The slight overestimation for the UT lies in the range of uncertainty of
the data. As a qualitative result both comparisons show that in the UT a
higher organic nitrate fraction is observed than in the LT.
The quantification of the nitrate content of organic nitrates remains difficult,
but a qualitative statement can be made. Methods one, three and four agree
with each other that at all altitudes organic nitrates are likely present. In the
LT and MT, the calculated values lie below the detection limit introduced by
Bruns et al. (2010). However, in the UT above 10 km the presence of organic
nitrates is supported by the results of all four methods.
Another possible formation pathway of organic nitrate can occur via the iso-
prene oxidation in NO dominant conditions (see Fig. 4). As NO is increasing
at higher altitudes (see Fig. 42, panel a), ISOPOO can oxidize to e.g. MACR
leading to gas phase organic nitrates that can partition into the aerosol phase.
Thus, organic nitrates formed from isoprene oxidation via a non-IEPOX path-
way could also contribute to the SOA amount as IEPOX-SOA accounts for
20% of the organic mass in the UT (see Sect. 4.1.3.2).
Organic sulfates can also be formed in the absence of sufficient ammonium.
Farmer et al. (2010) reported that organic sulfates cannot be quantified using
C-ToF-AMS data due to a missing tracer ion. Organic sulfates would lead
to similar fragmentation patterns as inorganic sulfates (Farmer et al., 2010).
However, as will be shown in Sect. 4.1.4.2, the ion at m/z 99 (C4H3OS+)
could be related to volcanically influenced organic sulfate.
Facing the similar mass concentration of nitrate and sulfate, and especially
the increase of nitrate in the UT, the presence of organic nitrates likely plays
a similar or even larger role than organic sulfates.
The study by Darer et al. (2011) about formation and stability of organic
nitrates and sulfates reports that nitrate and sulfates have similar kinetic
properties regarding the reaction with tertiary epoxides. According to their
study, organic nitrates have shorter lifetimes than organic sulfates and are
stable only for short time periods (a few days) before they undergo substi-
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Figure 45: Panel (a): Scatter plot of measured nitrate mass concentration against
organic nitrate mass concentration calculated according to Farmer et al. (2010) and
Kiendler-Scharr et al. (2016) for the LT (dark blue) and UT (light blue), respec-
tively. Data are averaged over two minutes. The horizontal dashed line shows the
conservative detection limit of 0.1 µgm−3 according to Bruns et al. (2010). The 1:1
line indicates that all particulate nitrate is present as organic nitrate. Also shown
are the two fit functions for LT (dark blue) and UT (light blue) with correlation
coefficients. The uncertainties of both parameters are considered for the calcula-
tion of the linear fit curve coefficients (see Sect. C.4). For clarity reasons only some
of the uncertainty bars are shown. Panel (b): Same plot as panel (a), but with
organic nitrate mass concentration calculated according to Fry et al. (2013). Both
figures are adapted from Schulz et al. (2018).
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tution reactions of nitrate by sulfate or water. Unfortunately, no statement
of the temperature dependency of the reactions is given (Darer et al., 2011).
The temperatures measured in the UT are low (210 - 240K, see Fig. 20) and
could slow down chemical reaction processes and possibly shift the reactions
in favour of organic nitrates for a longer time period. In field experiments
it was shown that low temperatures favour the formation of organic nitrates
(Lee et al., 2014). The condensation of organic nitrates may be important for
the growth of newly formed particles in the atmosphere (Berkemeier et al.,
2016).
Another important factor for condensational growth may be the phase state
of SOA particles. Over the Amazon basin, SOA particles are predicted to be
liquid in the BL, whereas they are assumed to be mostly in a glassy state
(solid) at altitudes above 5 km (Shiraiwa et al., 2017). Due to low tempera-
tures and the phase state, diffusion processes are slowed down and/or limited.
Gas-phase partitioning may favour in such conditions NPF with subsequent
growth of the particles (Shiraiwa et al., 2017). The formation of organic
nitrates with the contribution of IEPOX could serve as an example of such
a process.

Comparison with literature

The aerosol particles measured during the SAMBBA aircraft campaign above
the Amazon basin was found to be mainly neutralized, but there was evidence
that some organic nitrate was present at altitudes up to 5 km (Allan et al.,
2014).
Single particle measurements in the free troposphere showed that particles
containing oxidized organics often also contain nitrate (Froyd et al., 2009). It
is suggested that the gas-phase organic nitrates have lifetimes in the free tro-
posphere that are long enough to enable partitioning of the organic nitrates
between particle and gas phase (Froyd et al., 2009). Besides the above men-
tioned pathways including SOA formation, organic nitrates may also form
via the reaction of organics with the nitrate radical (Ng et al., 2008).
Various field measurements in the US and Europe show that organic nitrates
are ubiquitous, and that they play an important role in the formation of
SOA (Ng et al., 2017). This may also apply to the Amazon basin as NOx

and VOCs are essential for the formation of organic nitrates, and abundant
in the Amazon basin as well.
The presence of organic nitrates was observed in the Amazon atmosphere
from ground measurements. The estimated amount of organic nitrates was
87% of the total nitrate according to the ratio of NO+

2 to NO+ (de Sá et al.,
2018, Supplement).
Single particle measurements in the tropical troposphere show that organic
sulfates are abundant in the free troposphere (Froyd et al., 2010b). One of
these organic sulfates was identified as an IEPOX sulfate ester and observed
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in 80% of the measured particles in the tropical free troposphere. A direct
comparison is difficult due to different measurement techniques. However,
this supports the finding of IEPOX-SOA in the UT, although a sulfate con-
tribution was not identified in the ACRIDICON-CHUVA data.

Summary

Four different methods to estimate the presence of organic nitrates were
presented. Only a qualitative statement can be made. However, organic
nitrate are likely present at all altitudes, especially in the UT the existence
of organic nitrate is confirmed by all methods.
Nitrate aerosol particles can provide the necessary acidic conditions for the
condensation of IEPOX. However, also a non-IEPOX pathway is possible
under the enhanced NO conditions observed in the UT. Besides organic
nitrates, also organic sulfate can form. However, the low temperatures in the
UT would favour the formation of organic nitrates.
The phase state of SOA is supposed to influence condensation processes, and
could affect NPF with subsequent growth of the particles in the UT rather
than condense on pre-existing solid SOA.

4.1.4 Case studies

Some case studies from the ACRIDICON-CHUVA campaign are discussed
briefly in this section. Organic mass spectra are shown for different cases.
Furthermore, scatter plots of f44 and f43, and f44 and f60 will be presented
(see Sect. 2.2.1.1 and 2.2.1.2). The map in Fig. 46 highlights the discussed
flights sections. The case studies describes influences of forestation on SOA
properties, African volcanic emissions on aerosol composition, and biomass
burning influence. All the shown spectra are representative for conditions
found in the Amazon rainforest, but do not serve for generalization as statis-
tical analyses are not done for these case studies.

4.1.4.1 Influence of forestation on SOA properties

The specific analysis of two flights, AC12 and AC18, highlights the influence
of forested and deforested areas with respect to the presence of IEPOX-SOA.
Figure 47 shows the normalized averaged organic mass spectra of two flights
sections measured in the LT during flight AC12 and AC18. The spectra are
normalized to the highest peak of the spectra, m/z 44. Thus, a difference
seen in the spectra is a relative difference with respect to m/z 44. The mass
spectrum from flight AC12 was averaged over 9.5 min, whereas the mass
spectrum of AC18 was averaged over 12.5 min. The different locations of the
flight sections are visible in the map shown in Fig. 46 in green and brown,
respectively. AC12 was conducted on September 18, 2014 over a deforested
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area, whereas AC18 was completed on September 28, 2014 above a remote
and forested area.
The organic mass spectrum measured during AC12 is dominated by peaks at
m/z 28 and 44. There is almost no contribution from peaks at higher m/z.
This spectra is typical for oxidized organics (see Sect. 2.2.1.1 and Zhang et al.
(2005a)).
In contrast is the mass spectrum obtained during AC18. It is also domi-
nated by peaks at m/z 28 and 44, but also major contributions from peaks
at m/z 29 and 43 are observed. Furthermore, peaks at m/z 53, 55 and 82
are visible. Especially the marker peaks at m/z 29, 43, 53 and 82 are typical
for IEPOX-SOA (see Sect. 2.2.1.3 and Robinson et al. (2011)).
Relative tom/z 44 the contributions ofm/z 43 vary above forested and defor-
ested areas. Information on the oxidation state can be derived when compar-
ing the signals at m/z 43 and 44 (see Sect. 2.2.1.1). As already investigated
in Sect. 4.1.3.1 differences in the oxidation state can be expected for different
altitude regions. As this case study compares two flights sections sampled
in the LT, the oxidation state differs for aerosol sampled above forested and
deforested regions. The scatter plot of f44 and f43 is shown in Fig. 48, panel
a. The data are clearly separated into two spots. Organic aerosol sampled
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above deforested area show a higher oxidation state than the organic aerosol
sampled above the forested area.
Figure 48, panel (b) depicts the scatter plot of f44 against f82 for the two
flight sections. Data sampled above the deforested area show f82 values
below 5‰ and scatter around the calculated background value (see Eq. 9
in Sect. 2.2.1.3). In contrast, the data sampled above the forested area are
strongly enhanced with values between 10 and 20‰. The calculated back-
ground is slightly larger than for the deforested example. However, the data
of the forested area are severely enhanced compared to the background value.
Thus, an influence of IEPOX-SOA is observed for forested areas. The aerosol
sampled above the deforested area consisted of strongly oxygenated organics.
The geographical difference between the flights (see map in Fig. 46) is likely
to explain this finding. AC18 was conducted north-west of Manaus above
a strongly forested and remote region. The conditions for the formation of
IEPOX-SOA are given, as e.g. isoprene is available due to emissions from
vegetation, and oxidation can take place leading to IEPOX-SOA. In con-
trast, flight AC12 was conducted south of Manaus above a deforested region.
This region is characterized with pastured areas and some cities. As the re-
mote vegetation is missing in the surrounding of the flight section where the
measurements took place, an important factor (isoprene) for IEPOX-SOA
formation is not available. This is likely to explain the absence of locally
formed IEPOX-SOA observed during AC12.
This example illustrates the different aerosol composition above forested and
deforested areas with respect to SOA formation.
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Figure 48: Panel (a): Scatter plot of f44 vs. f43 for the flights sections during
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4.1.4.2 Volcanic influence

Emissions of African volcanoes can influence the aerosol properties in the
Amazon basin (e.g., Andreae and Andreae, 1988; Pöhlker et al., 2018a; Sat-
urno et al., 2018). Occasionally, volcanic emissions from Africa are trans-
ported above the Atlantic ocean and can reach the Amazon basin. During
this long-range transport the volcanic gaseous sulfur emissions are processed
leading to the formation of sulfate aerosol (Salcedo et al., 2006; DeCarlo et
al., 2008).
During the flights AC14 and AC17 conducted on September 21 and 27, 2014
these long-range transported air masses were observed. Figure 49 shows the
time series of the altitude, the CO mixing ratio, and the organic and sulfate
aerosol mass concentrations during AC14 and AC17. The time period with
the volcanic influence is highlighted in red (panel a and b), whereas the time
period without volcanic influence is highlighted in light blue (panel a). The
volcanically influenced air mass was measured at altitudes of 4 - 5 km dur-
ing both flights. The CO mixing ratio shows constant values around 80 ppb.
The organic mass concentrations were low with values below 1µgm−3. In
contrast, the sulfate mass concentrations are strongly enhanced with values
between 1 and 2.2 µgm−3, respectively. The aerosol composition in the Ama-
zon basin is usually dominated by organics (see Sect. 4.1.2.2 and e.g. Artaxo
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Figure 49: Panel (a): Time series of altitude (upper panel, black), CO mixing
ratio (middle panel, light blue), and aerosol mass concentrations (lower panel) for
organics (green), sulfate (red), and Org99 (purple) for flight AC14, conducted on
September 21, 2014. The period of the measurements of volcanic influenced air is
highlighted in red. The period without volcanic influence is highlighted in light
blue. Panel (b): Same plot as panel (a) for flight AC17, conducted on September
27, 2014. The period of the measurements of volcanic influenced air is highlighted
in red.

et al. (2013), Brito et al. (2014), and Andreae et al. (2015)). Here, the sulfate
concentrations are dominating and show high values for the Amazon basin
compared to the organics. These increased sulfate mass concentrations are
only observed under volcanic influence (Saturno et al., 2018). For a com-
parison the flight section of AC14 at 6 km altitude is presented (see Fig. 49,
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(a) (b)

Figure 50: Panel (a): Exemplary FLEXPART trajectories for the time period of
volcanic influence during flight AC14. The horizontally and vertically integrated
plume was calculated along the flight track. Panel (b): Same plot as panel (a),
but valid for the time period without volcanic influence during flight AC14.

panel a, light blue shaded area). The CO values are around 70 ppb and lower
than during the time periods of volcanic influence. The organic and sulfate
mass concentrations are less than 0.5 µgm−3 and show different characteris-
tics than the time period of volcanic influence.
Backward trajectory calculations with FLEXPART were performed along the
flight track and show that the air masses sampled for the time period with
volcanic influence partly originated from southern Africa (see Fig. 50, panel
a). The air mass was transported above the Atlantic ocean and arrived the
Amazon basin in a distinct layer between 4 and 5 km (see Fig. 49 and Saturno
et al. (2018)). A detailed study on this transport pathway can be found in
Saturno et al. (2018). The backward trajectories for the air mass without
volcanic influence shows that the origin was mainly above the western coast
of South America resulting in different air mass characteristics as described
above (see Fig. 50, panel b).
Comparing the different characteristics of the two air masses, the difference
should also be visible in the mass spectra. The normalized averaged mass
spectra for organics (green) and sulfate (red) are shown in Fig. 51 and taken
from the highlighted flights sections of flight AC14 (see Fig. 49, panel a).
The lighter colours represent the volcanic influenced time period, whereas
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Figure 51: Averaged mass spectra of organics (green) and sulfate (red) for the time
period with and without the enhanced sulfate concentrations showing the influence
of an African volcano during the flight AC14, completed on September 21, 2014.

the darker colours refer to the non-volcanic influence. Specific ions are la-
belled, respectively. For sulfate the mass spectra are normalized to the signal
intensity of the ion at m/z 18, for organics the signal at m/z 44 was used.
The averaging time for both spectra are 43min. The corresponding mass con-
centrations are given in the legend, respectively. The sulfate mass spectra
show the typical fragmentation of sulfate, which consists of ions at m/z 18,
32, 48, 64, 80, 81 and 98. Interestingly, the signals at m/z 48 and 64 con-
tributes with a different proportion relative to the signal at m/z 18. The
volcanic influenced sulfate shows a higher contribution of m/z 64 than the
non-volcanic sulfate.
The organic mass spectra are both characterized by marker peaks at m/z 29,
41, 43, 44, and 55 indicating a mixture of oxidized organic aerosol (see
Sect. 2.2.1.1). Interestingly, the ratios ofm/z 41 and 42 relative tom/z 44 dif-
fer between the aerosol measured during volcanic and non-volcanic influence,
whereas the relative ratio of m/z 43 is similar, respectively. This indicates
different organics, possibly explained by the geographical origin and processes
during transport. Marker peaks for IEPOX-SOA are also visible in the spec-
tra for both time periods, albeit the volcanic influenced organic aerosol show
a higher signal intensity of m/z 82. As already explained, IEPOX-SOA for-
mation is favoured under acidic conditions (see Sect. 2.2.1.3 and 4.1.3.2). An
assumption would be that the processed sulfate aerosol from the long-range
transport provide surface for further reactions. As it was already discussed
in Sect. 4.1.2.3, the acidity of this aerosol is strongly enhanced. This could
favour reactions, e.g. condensation or reactive uptake of VOCs leading to or-
ganic sulfates. Combined with the enhanced peak at m/z 82 in the organic
mass spectra of volcanic influence, the condensation of IEPOX resulting in
organic sulfates is likely observed during this flight section. Interestingly,
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the peak at m/z 99 is pronounced in the organic mass spectrum with vol-
canic influence. The enhanced peak at m/z 99 was detected during all flight
sections that are related to these long-range transported air masses. This
suggests that the peak at m/z 99 could be related to volcanically influenced
air masses.
There could be different reasons explaining this distinct peak. One possibil-
ity could be that the ion at m/z 99 is H3SO+

4 , as it could be formed in the
vaporization and ionization process of sulfate or sulfuric acid. However, it is
unlikely that more H3SO+

4 ions than H2SO+
4 ions are formed (Hogrefe et al.,

2004).
Another possible explanation would be that the source ion of the peak at
m/z 99 is related to organic sulfates (C4H3OS+). The mass spectra of organic
sulfates have the same fragmentation pattern as inorganic sulfates (Farmer et
al., 2010), and could be therefore not identified. However, a recent study by
Huang et al. (2015) showed that the signal at m/z 99 can partially explained
by the organic sulfate ion C4H3OS+ although the signal intensity is rather
low. There is no standard mass spectra for organic sulfates representing the
current conditions in the Amazon basin. Thus, a complete explanation of
the source ion of m/z 99 is not available.
The time series of Org99 mass concentration is presented in purple in Fig. 49.
During the time period of volcanic influence the mass concentration of Org99
is enhanced, whereas it is much lower during the time period without volcanic
influence. Although Org99 and the increased sulfate mass concentration are
not identical in their temporal evolution, a correlation of both parameters
during the time of the volcanic influence is observed. Further investigation
of this feature is needed. However, this example gives indications that an
enhanced peak of m/z 99 could be related to organic sulfates.

4.1.4.3 Biomass burning influence

The last example presented here is the influence of biomass burning (BB) on
the organic aerosol composition. This influence is investigated with the tracer
f60 (see Sect. 2.2.1.2). Several flights aimed at the chasing of air and clouds
above BB regions. However, the measured f60 values are almost always close
to the threshold value of 3‰ during the whole campaign (see Fig. 54, panel
a). There seems to be a dependency of the altitude, but this is just visible
for the parameter f44 and was discussed in Sect. 4.1.3.1. Some of the data
points are below zero. This shows the scattering of the signal at m/z 60.
Especially during the dry season emissions of BB influence the aerosol com-
position in the Amazon rainforest (Darbyshire et al., 2018). Thus, it was
expected that the influence of BB is more obvious in the data and the ob-
served low values of f60 are not anticipated. Flight AC19 headed to the
Atlantic coast. On the way a large fire from BB was spotted by the scien-
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panel, blue), and aerosol mass concentrations (lower panel) including organics
(green), sulfate (red), rBC (black), and f60 (purple) for a flight section of AC19
completed on September 30, 2014 showing the influence of a freshly emitted BB
plume.

tists, and the flight pattern was changed to probe the fire emissions. The
flight AC19 was conducted on September 30, 2014. The time series show a
strong increase for the organics, sulfate, and rBC mass concentrations (see
Fig. 52, the appropriate time period is highlighted in light orange). Also the
CO mixing ratio was increased significantly in this period. Also depicted
in Fig. 52 is the time series of f60 with enhanced values during the time pe-
riod of the fresh BB plume. Despite the probing of the BB plume, f60 is
decreasing within a few minutes. This indicates that f60 is reduced already
on a short time scale. The normalized averaged organic mass spectrum for
the highlighted time period is shown in Fig. 53. The spectrum was normal-
ized to the signal intensity at m/z 44. The marker peaks for BB at m/z 60
and 73 are visible and labelled. Figure 54, panel (a) shows the scatter plot
of f44 and f60 for the out-of-cloud aerosol measured during all flights of the
ACRIDICON-CHUVA campaign. The values are around or below the thresh-
old of 3‰ reported by Cubison et al. (2011). Interestingly, the data points
from the flight section of the fresh BB plume during AC19 are different (see
Fig. 54, panel b). The data sampled before the fresh BB plume show again
values around the threshold (dark brown squares). During the plume f60 is
significantly enhanced with 14‰. However, f60 is reduced within 20min to
values close to the threshold at 3‰. This suggests that the aerosol from the
BB source is oxidized strongly by OH, and that the marker f60 is reduced
to threshold values, with at the same time increasing f44 values. The fast
oxidation of the marker for BB explains most likely why most of the data
are around the threshold value. It further shows that the lifetime of f60 is
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highly dependent on the location the measurements take place as high OH
concentrations facilitate the oxidative decay.

4.1.4.4 Summary

A general conclusion from these case studies is that the aerosol can differ
largely in the LT in terms of composition, oxidation state, and sources.
The influence of forestation on the composition of the local atmosphere was
investigated. The organic aerosol shows higher photooxidation states and less
IEPOX-SOA contribution above deforested areas. This case study serves as
an example of anthropogenic influence in a pristine environment like the
Amazon basin.
Long-range transported aerosol from African volcanoes mainly consist of sul-
fate and affect the aerosol composition in the Amazon basin remarkably such
that the dominant contributor is sulfate instead of organics for several days.
Additionally, the long-range transported sulfate could support further reac-
tions with e.g. VOCs leading to organic sulfates. The ion at m/z 99 was
identified in the mass spectra showing volcanic influence and could serve as
an indicative marker for organic sulfates.
The tracer f60 is a specific marker for identifying BB influence on organic
aerosol (Cubison et al., 2011), but hardly shows a significant effect of BB on
the organic aerosol composition during the ACRIDICON-CHUVA campaign.
A fresh BB plume was probed and shows strongly enhanced values of f60.
Interestingly, this marker was oxidized within a very short time interval of
20minutes resulting in background values that were observed during the cam-
paign. Thus, the lifetime of the marker is highly dependent on the amount
of OH as it facilitates the oxidative decay.
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4.2 cloud particle residual properties

Another important aspect of aerosol particles is the availability to act as
cloud condensation nuclei (CCN) or ice nucleating particles (INP). The
size and composition of the aerosol particles affect whether the particle can
act as CCN and how efficient the cloud activation is (Dusek et al., 2006).
Measurements with the C-ToF-AMS at the HALO-CVI inlet during the
ACRIDICON-CHUVA campaign allow a closer look into the chemical com-
position of cloud particle residuals (CPR). Although CCN and INP are
not necessarily equivalent to CPR, the analysis of CPR helps to understand
which particles initiate droplet or ice formation (Cziczo et al., 2017).
A quality check of the data is done in the beginning of this chapter explain-
ing the sorting of the data into data from particle-free air and data from
CPR. Number, mass and composition properties are presented allowing a
characterization of the measured CPR. One focus of the analysis is then put
on the organic fraction of the CPR.

4.2.1 Data quality check

Similar to the measurements behind the HASI, data from particle-free air
are needed to determine the background conditions. Outside of clouds the
HALO-CVI acts like a particle filter due to the provided counterflow and
allows such a determination of the background signal in the C-ToF-AMS.
The conditions for a data point to be counted as particle-free data are as
follows:

• position of switching valve on HALO-CVI

• Nresidual =0 cm−3 (measured with the CPC of the HALO-CVI-Rack)

• no cloud signal at least 20 s before and during measurement time of
one C-ToF-AMS data point (cloud mask of NIXE-CAPS data)

• counterflow of the HALO-CVI is on

• no artefact signal from valve switching

A cloud mask was provided by the NIXE-CAPS (see Sect. 2.3.6). This mask
allows to distinguish between measurements in ambient air out-of-cloud and
in clouds. The artefact signal occurred sometimes during the valve switching
processes when changing the inlet line. As it is not a real signal of ambient
air, it has to be removed from the analysis.
These conditions allow the sorting of the HALO-CVI data into particle-free
data and real CPR data. For almost every flight such particle-free data are
available and used to adjust the gas-phase correction in the fragmentation
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table (Allan et al., 2004). Especially the entries for carbon dioxide (CO2)
and water need be adjusted differently than for the out-of-cloud aerosol mea-
surements. This is caused by the drying method of the counterflow in the
HALO-CVI. A molecular sieve filters water molecules out of the particle
free air that provides the counterflow. The size of CO2 molecules is similar
to water molecules and, thus, also CO2 is filtered. The carrying air (with
the dried CPR) that arrives at the C-ToF-AMS has therefore a much lower
amount of CO2 and water than ambient air that needs to be accounted for
in the fragmentation table.
The counterflow of the HALO-CVI ensures that only cloud droplets and ice
crystals enter the inlet, whereas aerosol particles and ambient air are rejected.
This separation is a prerequisite for the analysis of CPR. It also causes an
enrichment of the CPR that needs to be accounted for in the data analysis.
This enrichment is implemented by dividing the derived mass concentrations
by the enrichment factor (EF), ranging between 4 and 187. Time periods
when the counterflow was off were excluded from the analysis.
A correction of the nitrate signal due to organic interferences as described
in Sect. 2.2.2 is applied to the CPR data, too. This correction is relevant
in regions with high organic and little nitrate contribution (Fry et al., 2018,
Supplement). Measurements above the Amazon basin fulfil these conditions,
and thus, out-of-cloud aerosol as well as CPR data are affected and need to
be corrected.
The particle-free data not only allow the adjustment of the fragmentation
table, but also the determination of a detection limit (DL). The fragmenta-
tion table used for the CPR data has significant differences to the one used
for the out-of-cloud data. Thus, the values for the DL of the CPR data need
to be calculated separately. Although the cubic spline method was used for
the DL determination of the out-of-cloud data (see Sect. 2.2.3.4), the DL for
the CPR data was calculated using the filter based method (see Sect. 2.2.3.1).
Measurements in a cloud are not continuous like out-of-cloud measurements.
The filter method represents the conditions for the CPR measurements in
this case better than a time-dependent method. In total, 659 data points are
used as particle-free data.
The vertical profile of the particle-free data, already with the EF taken into
account, is shown in Fig. 55. The data points for all shown species scatter
around 0, as expected. A slight bias was observed for organics (panel a),
where the data are scattering between -0.05 and 0. This is only detected at
altitudes below 7 km. A similar behaviour, but in this case a slight bias to
positive values, was found for nitrate and ammonium (panel b and d). The
reason for the opposed behaviour of organics and nitrate could be the correc-
tion due to biogenic influence that was applied. This correction is based on
ground measurements that were performed with a HR-ToF-AMS (Fry et al.,
2018, Supplement). Up to now, there are no appropriate measurements with
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Table 5: Derived σ and DL values for the different species. These values are used
to determine a total DL

organics nitrate sulfate ammonium chloride

σ 0.1809 0.03565 0.07726 0.1619 0.06284
DL (µgm−3 (STP)) 0.5427 0.10695 0.23178 0.4857 0.18852

such a high resolution in the tropical UT, and of CPR. The data presented
here were obtained using a C-ToF-AMS that does not show such a high res-
olution. It is possible that the correction of biogenic influence needs to be
adjusted for CPR measurements. However, this was not further investigated
and the data are taken as such. The ammonium signal can still have interfer-
ences from the gas phase water originating from cloud droplet evaporation
at low altitudes. In the UT (above 8 km) the particle-free data of all species
show a scattering around 0.
The signal of the particle-free data is not divided by the EF for the DL deter-
mination due to the fact that it is a real signal in the mass spectrometer and
thus, should be treated as such. Table 5 gives the derived σ and DL values
for the different species. A total DL is derived from using Eq. 19:
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DLCVI = 3 · σtotal (19)

= 3 ·
√
σ2

Org + σ2
NO3 + σ2

SO4 + σ2
NH4

= 0.77 µg m−3

A data point is counted as CPR data if the sum of all species, not corrected
for the EF, is above the DL. Analogue to the out-of-cloud data, chloride
is again not considered in the following analysis. The conditions for a data
point to be counted as CPR data are:

• position of switching valve on HALO-CVI

• sufficient signal intensity (∑species > DLCV I)

• Nresidual > 0 (i.e. being in a cloud)

• inside of clouds (cloud mask of NIXE-CAPS data)

• counterflow of the HALO-CVI is on

• no artefact signal from valve switching

In total, 246 data points fulfil these conditions and are used as CPR data in
the following analysis.

4.2.2 Cloud particle residual number, mass and composition

The vertical profiles of the relative contributions, and the total mass and
number concentrations of the CPR are given in Fig. 56. The CPR number
concentration was measured with the CPC in the HALO-CVI-Rack. The
altitude range is divided into the LT up to 4.5 km and the UT with altitudes
between 8 and 15 km. The sampling conditions in the MT were too danger-
ous for the aircraft due to supercooled clouds. Therefore, no measurements
in the MT were performed, and consequently, no analysis is done for the MT.
The altitude region where the ambient temperature is 0 °C is highlighted in
light blue. The observed temperatures in the LT were always above 0 °C,
i.e. only liquid phase clouds were sampled. In the LT the highest mass and
number concentration of the CPR were measured. The number concentra-
tions range between 10−3 and 100 cm−3 and shows a high variability. The
total mass concentration is the sum of the mass concentrations of all four
species. The values are quite stable over the altitude range of the LT, but
vary between 0.1 and 1µgm−3. The composition of the CPR is dominated
by organics with 70%. However, sulfate, ammonium, and nitrate show a
significant amount with in total 30%. Sulfate has a decreasing contribution
to the composition of the CPR in the LT from 30% at lowest altitudes down
to 10% in the upper LT. The CPR in the LT consist of roughly 10% ammo-
nium. This contribution is stable over the altitude range in the LT. Nitrate
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contributes to roughly 5% to the composition of the CPR in the LT and
shows an increasing trend towards the upper part of the LT.
The altitude region where the temperature ranges around 0 °C is character-
ized with a shift of the organic contribution towards higher values, whereas
nitrate, sulfate and ammonium show lower fractions.
The temperatures measured in the UT are ranging down to less than -60 °C.
Supercooled droplets and ice crystals can coexist (mixed-phase clouds) at
temperatures between 0 and -38 °C. However, pure ice clouds can also oc-
cur. Measurements of the cloud particle shape (whether they are spherical
(liquid) or aspherical (ice)) and cloud particle phase gave indications that at
temperatures of -20 °C and below most of the cloud particles consists of ice
(Costa et al., 2017; Jäkel et al., 2017). Thus, the CPR sampled in the UT
are representative for the residuals of ice clouds.
In the UT almost all CPR consist of organics. The relative nitrate contribu-
tion is around zero and shows only statistical scattering. The same is valid
for sulfate and ammonium. Due to the statistical scatter the relative contri-
butions are sometimes below 0% (for nitrate, sulfate and ammonium) and
above 100% (for organics).
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The total mass concentration is decreasing in the UT compared to the LT
with values often below 0.1 µgm−3. The number concentration varies strongly
between 10−4 and 102 cm−3 in the LT and UT.
As for the out-of-cloud aerosol, ammonium is needed to neutralize sulfate and
nitrate in the CPR. Thus, the acidity calculation of the inorganic species give
information whether the CPR are acidic or neutralized. It should be noted
here again, that only the inorganic species are taken into account and further
neutralization processes with organics are not considered within this calcu-
lation. Figure 57 shows the scatter plot of measured and for neutralization
needed ammonium. As the mass concentrations for nitrate, sulfate and am-
monium are small in the UT, the scattering of the data is high. Thus, only
the data sampled in the LT are used for a fit function. The slope of the fit
function for the LT is close to 1. Thus, the CPR sampled in liquid clouds
seem to be neutralized regarding the inorganic species.

4.2.2.1 Comparison with out-of-cloud aerosol

It is interesting to compare the composition of out-of-cloud aerosol and cloud
particle residuals (CPR) in different altitude regions. For this purpose, a com-
parison of the different species fractions for the LT and UT is shown in Fig. 58.
The composition of the out-of-cloud aerosol included the rBC fraction (see
Fig. 30). The rBC data for the CPR were not provided yet in final form and
are therefore not used in this analysis. For this reason the contribution of the
individual species in the out-of-cloud aerosol is recalculated without rBC. In
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Fig. 58 out-of-cloud data are depicted in green, whereas CPR data are shown
in blue. The bars with the pattern represent the LT data, and the filled
bars illustrates the UT data. The organic fraction is the major contributor
of the composition of both out-of-cloud aerosol and CPR in the LT and UT.
Similar to the out-of-cloud aerosol, the organic fraction of the CPR increases
in the UT compared to the LT. Interestingly, the organic fractions show a
similar contribution to the composition of the out-of-cloud aerosol and the
CPR in the LT with 67% and 70%, respectively. In contrast, the organic
fraction of the CPR in the UT is with 95% higher than the organic fraction
of the out-of-cloud aerosol in the UT with 78%.
Nitrate shows an increasing contribution in the UT for the out-of-cloud data.
This was explained with organic nitrates (see Sect. 4.1.3.3). The CPR show
a higher contribution of nitrate in the LT and almost no nitrate in the UT.
Sulfate and ammonium show the highest contribution to the composition of
the out-of-cloud aerosol and the CPR in the LT with decreasing fractions in
the UT. However, sulfate shows almost no contribution to the CPR in the
UT. Ammonium is not contributing to the out-of-cloud aerosol in the UT.
One argument in the analysis of the out-of-cloud data was the scavenging
of soluble aerosol particles in clouds during vertical transport. The same
argument is valid for the CPR as nitrate and sulfate are not detectable in
the UT. Both species as well as their precursor gases nitric and sulfuric acid
have a high solubility in liquid cloud droplets, and thus, can be removed by
e.g. wet deposition during vertical transport inside of a cloud. Additionally,
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soluble organic material can also be washed out during the vertical trans-
port. In contrast, insoluble organic material can be transported in clouds as
interstitial aerosol to higher altitudes and act as CPR.

4.2.2.2 Comparison with literature

The current knowledge of ice and cloud residual particles is limited due to
only few in-situ field studies (Cziczo and Froyd, 2014). Especially measure-
ments of deep convective clouds in the tropics are rare. Different measure-
ment techniques also impede a general comparison of the results.
A review about the composition of cirrus ice residuals mentioned a large range
in the number concentration between 10−7 and 0.1 cm−3 (Cziczo and Froyd,
2014). It should be noted here that cirrus clouds show different properties
than the outflow region of deep convective clouds due to different formation
processes.
Aircraft measurements of ice cloud residuals in the mid-latitudes identified
mineral dust (50%) and biological particles (30%) as the main contributors
of the residuals (Pratt et al., 2009).
Single particle mass spectrometer measurements in the tropical tropopause
region showed that cirrus cloud residuals consist of an internal mixture of sul-
fate and organics. However, the residual particles were chemically identical
to unfrozen aerosol particles, and show the typical mass signatures of tropical
tropopause aerosol (Froyd et al., 2010a). The sulfate-containing cloud residu-
als were neutralized and it was concluded that sulfate enriched aerosol do not
initiate ice formation. Enhanced organic content did not suppress freezing
mechanisms. Furthermore, it was noticed that mineral dust was not com-
prised, and that biomass burning particles were depleted in the cirrus resid-
uals (Froyd et al., 2010a). The measured ice crystal number concentration
ranged between 20 and 50L−1, corresponding to 0.02 to 0.05 cm−3. The ice
residual and out-of-cloud aerosol particles were neither recently transported
from the lower troposphere nor was there a strong stratospheric influence.
Cziczo et al. (2013) reported aircraft measurements of cirrus cloud residual
particles and also identified mineral dust and metallic particles as the dom-
inant source of residual particles. Sulfate and organic particles were dimin-
ished. In contrast to Pratt et al. (2009), biological particles and elemental
carbon were not detected in the residual particles.
A measurement campaign on a mountaintop site investigated remote conti-
nental warm clouds in northern mid-latitudes (Drewnick et al., 2007). The
cloud residuals consisted mainly of organics (53 - 73%) independent of the
origin of air masses. The out-of-cloud aerosol comprised organic nitrates,
whereas in the cloud residuals ammonium nitrate was identified. The rela-
tive contribution of nitrate to the total mass concentration was similar in the
out-of-cloud aerosol and CPR (Drewnick et al., 2007).
Measurement results of warm clouds on another mountaintop site in mid-
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latitudes presented an organic mass fraction between 20 and 60%. Con-
trasting the aforementioned study by Drewnick et al. (2007), the nitrate and
ammonium mass fractions were significantly enhanced in the cloud residuals
compared to the out-of-cloud aerosol (Schneider et al., 2017).
Regarding the results of the ACRIDICON-CHUVA campaign, the high vari-
ability of the CPR number concentration confirms previous studies (Cziczo
and Froyd, 2014). The analysis of the CPR presented from the ACRIDICON-
CHUVA campaign showed a major contribution of organics. Especially in
the UT, where ice crystals were most likely present, almost all CPR consisted
of organic material. There seems to be a slight enhancement of nitrate in the
CPR in the LT compared to the out-of-cloud aerosol. This would confirm
the finding by Schneider et al. (2017). In contrast to Froyd et al. (2010a),
sulfate did not contribute to the CPR sampled in the UT. As it was shown
in Sect. 4.1.2.2, soluble aerosol was removed during the vertical transport.
Thus, only insoluble, organic material can reach the UT and is available for
ice formation. Further information on the oxidation state of the organics is
discussed in the next section supporting the understanding whether the CPR
are transported from the LT or formed in the UT or during transport to the
UT.

4.2.2.3 Summary

The CPR sampled in the LT were from liquid phase clouds as the tempera-
tures were above 0 °C. In contrast to this, the temperatures in the UT were
below -30 °C representing measurements of CPR from mixed-phase and ice
clouds. Cloud spectrometer measurements suggest that at temperature of
-20 °C and below most of the cloud droplets were frozen and thus, the CPR
measured in the UT are sampled in ice cloud conditions (Costa et al., 2017;
Jäkel et al., 2017). The number and mass concentrations of the CPR are
in total highest in the LT and decreasing in the UT, but both show a high
variability. The CPR consist mainly of organics. The organic contribution
is 70% in the LT (liquid clouds) and further increasing up to 95% in the
UT (ice clouds). In the LT the inorganic fractions show a significant con-
tribution of 30% with sulfate as the major fraction. The CPR sampled in
liquid clouds were neutralized regarding the inorganic fraction. A compari-
son to the out-of-cloud aerosol shows that both the out-of-cloud aerosol and
the CPR consist mainly of organics. In the following a deeper look into the
organic signals will clarify which organic material is involved in cloud and/or
ice formation.
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Figure 59: Averaged organic mass spectra of CPR for the LT (lower panel) and
UT (upper panel). Specific peaks in the spectra are labelled, respectively.

4.2.3 Organic cloud particle residual properties

As mentioned above, the organic fraction is dominating the CPR in the LT
and UT. A closer look into the mass spectra for the LT and UT gives informa-
tion on the similarity and differences of the CPR measured in these regions.
Figure 59 depicts the averaged organic mass spectra for the CPR sampled in
the LT and UT (lower and upper panel, respectively). The mass spectrum
of the LT is representative for measurements at temperatures above 0 °C and
therefore for liquid clouds, whereas the temperatures for measurements in
the UT are below -30 °C and representative for ice clouds.
The organic mass spectrum of the CPR measured in the LT shows charac-
teristic peaks at m/z 28 and 44, and smaller, but still significant peaks at
m/z 29, 43, 55 and 57. This spectrum resembles the mass spectra of OOA
(see Sect. 2.2.1.1). Table 6 gives the squares of Pearson’s correlation coef-
ficients for the measured organic mass spectra with the averaged standard
organic mass spectra for OOA, LV-OOA, SV-OOA, and HOA. The mass
spectra representative for the LT does not show a very high r2 value for ei-
ther of the standard spectra, but it is highest for the comparison with the
OOA and SV-OOA spectra. This could be due to the fact that the mass
spectra is dominated by just a few signals that dominate the correlation. In
order to minimize this effect, the square root of the spectra was used for the
correlation (Rebotier and Prather, 2007).
The dominant peaks in the mass spectrum of the CPR sampled in the UT
are observed at m/z 29 and 44, and very distinct “double” peaks at m/z 41
and 43, 55 and 57, 69 and 71, as well as 83 and 85. These double peaks
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Table 6: Overview of r2 values for different correlations of standard spectra and
measured spectra in the LT and UT.

OOA HOA
LVOOA SVOOA

LT 0.55 0.49 0.54 0.33
UT 0.42 0.31 0.58 0.67

are typical for HOA. The comparison with the standard HOA spectra shows
a good correlation (see Tab. 6). The enhanced r2 value for the comparison
with the SV-OOA spectrum is caused by the “double”peaks that are partly
present in the SV-OOA spectrum. The finding of HOA-like spectra in the
UT is unexpected as HOA signals are caused by fossil fuel combustion (FF)
(see Sect. 2.2.1.2). One source of FF emissions in the UT is the exhaust
of aircraft. However, the air traffic above the Amazon basin is not very
pronounced. HALO flew always close to convective cells where vertically
transported air most likely influenced the measured region.
Compared with the mass spectra of the out-of-cloud aerosol, some interesting
aspects occur. The organic mass spectrum of the CPR of the LT (Fig. 59,
lower panel) is similar to the one of out-of-cloud aerosol sampled in the LT
(see Fig. 47). Both spectra show oxidized organics. However, there is a vast
difference in the mass spectra representative for the UT. While the CPR
(Fig. 59, upper panel) show signals of HOA, these signals are not identified
in the out-of-cloud aerosol spectrum at all (see e.g. Fig. 16, 47, and 53). One
possibility to detect and classify specific organics is a PMF analysis. This
was so far not done for the presented data, but could offer more details of
the contribution of e.g. HOA to the organics in the out-of-cloud aerosol and
CPR.
Some peaks are of interest when comparing the mass spectra of the CPR
from the LT and UT. A deeper analysis of these signals is done in the fol-
lowing.
One of the dominating peaks in the spectrum of the LT is the signal at
m/z 44. In the spectrum of the UT this peak is still abundant, but not
dominating. In contrast to this, the signal at m/z 43 has only a minor con-
tribution in the spectra of the LT, whereas it is one of the main peaks in
the spectra of the UT. The difference between the two spectra regarding f43
and f44 (see Sect. 2.2.1.1) is seen more clearly in Fig. 60. Panel (a) shows
the data colour-coded by altitude, whereas panel (b) depicts the same data
colour-coded by temperature.
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The data are spread in the triangle shaped area. Data points in blue and
green were sampled in the LT, whereas the red and pink data points represent
measurements of CPR in the UT. The data points from the LT are found
in the upper left corner with high f44 and low f43 and in the middle range.
These areas represent organic compounds that are strongly oxygenated. In-
terestingly, only data points from the UT are found in the lower right corner
of the triangle. This area is defined with lower f44 and higher f43 values and
represents organic compounds that are less oxygenated.
The same plot is depicted in Fig. 60, panel (b), but the data are colour-coded
by temperature instead of altitude. All the data that are above 0 °C were
sampled in the LT representing liquid clouds. The data points that show the
lowest oxygenation of the organic compounds were measured at temperatures
below -30 °C representing ice clouds.
Also shown in Fig. 60 are the median and interquartile ranges of the out-of-
cloud aerosol. The lower photooxidation state of the CPR sampled in the
UT shows a similar trend to that of the out-of-cloud aerosol measured in the
UT, although it is more pronounced with even smaller f44 values. However,
the photooxidation state of the CPR sampled in the LT shows a large scatter-
ing, but still are comparable to the photooxidation state of the out-of-cloud
aerosol measured in the LT.
The relation between the temperature and f44 is shown in Fig. 61 for the
CPR and out-of-cloud aerosol. A temperature dependence is not observed
for the CPR measured in the LT and UT, although a different behaviour
can be seen. The linear fit function for the LT data shows only a low value
of r2. Thus, there seems to be no linear correlation. Similar to this, the
out-of-cloud data also do not show a temperature dependence in the LT and
UT. At highest temperatures, which correspond to the lowest altitudes, the
range of f44 shows the different oxidation states of the organics. A broad
range of f44 is observed for the out-of-cloud aerosol and the CPR. The f44
values of the CPR are narrower in the UT with overall lower values than
observed for the out-of-cloud aerosol. Again, this confirms the arguments
that the organic CPR measured in the LT and UT are different from each
other. Furthermore, it shows once more that the CPR measured in the UT
have a different organic composition than the out-of-cloud aerosol in the UT.

The temperature dependence of f44 was already investigated in Schneider
et al. (2017). Measurements from a mountaintop site at mid-latitudes in
warm clouds during the Hill Cap Cloud Thuringia 2010 (HCCT) campaign
found higher f44 values at lower temperatures (temperature ranged between
-3 and 16 °C) (Schneider et al., 2017). One factor that determines the cloud
droplet composition is the influence of different VOCs emissions as a func-
tion of temperature (Schneider et al., 2017). The temperature range dur-
ing HCCT is comparable to the measurement conditions in the LT during
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Figure 60: Scatter plot of f44 and f43 for CPR. The data are coloured with (a)
altitude and (b) temperature, respectively. For clarity reasons only some of the
uncertainty bars are shown. The black dots indicate median and interquartile
ranges of the out-of-cloud data for the LT and UT, respectively.

ACRIDICON-CHUVA. However, a comparison between these two measure-
ment sites is difficult. The source of VOCs is always below the mobile mea-
surement platform at an almost constant temperature for the
ACRIDICON-CHUVA campaign. In contrast to this is the static measure-
ment platform during the HCCT campaign, where different temperatures do
not correspond to different altitudes, but rather to different day times and
air masses. Thus, the different temperature behaviour observed in the two
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Figure 61: Scatter plot of f44 and temperature for CPR (black dots) and for out-of-
cloud aerosol (green dots). A linear fit function for f44 measured in the LT is shown
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data sets cannot be compared directly.
Two effects could explain the higher f44 values at lower altitudes in the LT.
The first effect is that aerosol particles, which are more oxidized, can be ac-
tivated more efficiently as CCN at lower supersaturations. The other effect
is related to aqueous SOA production. This in-cloud SOA formation process
was observed in several field and laboratory studies (e.g, Carlton et al., 2007;
Sorooshian et al., 2007; Ervens et al., 2011; Sorooshian et al., 2013).
CCN that contain SOA are either formed or further oxidized due to chemical
processes in cloud droplets and due to several cloud formation and evapora-
tion cycles. This process could be pronounced at cloud base. Larger rain
droplets can experience gravitation and fall, but do not necessarily reach the
surface. If the droplets evaporate, further oxidized aerosol particles would be
released at lower altitudes. These particles can still act as CCN at sufficient
but lower supersaturations than they were activated before. This cloud pro-
cessing would explain the existence of OOA in out-of-cloud aerosol as well as
in liquid CPR in the LT.
In summary, the CPR in the LT, sampled from liquid phase clouds, are more
oxidized than the CPR sampled in the UT in ice clouds. As mentioned before,
the CPR sampled in the LT seem to be formed secondary and oxidized. In
contrast to this is the organic mass spectrum of the UT. There are indications
that the CPR mainly consist of HOA. The source of HOA is most likely FF
emissions in the BL (e.g., Ng et al., 2011b). This implies a fast transport of
the freshly emitted HOA within the clouds up to high altitudes. Scavenging



114 results from the acridicon-chuva campaign

of the HOA-containing particles can be excluded during the vertical lifting
if these particles are small enough not to collide with falling droplets during
wet deposition processes. As HOA is insoluble in water, no nucleation scav-
enging and subsequent wet deposition is expected during the vertical lifting.
This is confirmed by the finding that HOA was not observed in the CPR of
liquid clouds sampled in the LT. The signal of HOA was also not identified
in the spectra of the out-of-cloud aerosol in the UT. One reason could be the
low number concentration of INP when released of the cloud compared to
the number of out-of-cloud aerosol. A PMF analysis would help to identify
whether HOA is present in the out-of-cloud aerosol and if so to which extent.
Another reason would be the fast oxidation of HOA particles when the cloud
is evaporating so that the distinct signature cannot be identified in the out-
of-cloud data any more. In contrast to the fast oxidation outside of clouds
are photooxidation processes in the cloud. As sunlight won’t pass through
the cloud, photooxidation processes are impeded. At mid-latitudes the pho-
tooxidation of HOA is supposed to happen within roughly one week (Molina
et al., 2004; Zhang et al., 2005b). That would scale the vertical transport
of the HOA to the UT also to one week. However, photooxidation can be
faster in the tropics. Additionally, deep convection occurs on a daily basis in
the Amazon region. Thus, the UT is continuously seeded with aerosol that
contains HOA and can influence INP characteristics in the UT.
The question remains whether HOA-containing aerosol act as INP at low
temperatures (< -30 °C) or if these aerosol particles are deposited on ice crys-
tals. Mineral dust is a good example for an effective INP that could serve as
surface when activated as such. Occasionally, mineral dust from the Sahara
can be long-range transported and influence the Amazonian aerosol compo-
sition. However, this transport is supposed to occur only in the wet season
(e.g., Formenti et al., 2001; Wang et al., 2016b; Pöhlker et al., 2018a).
During ACRIDICON-CHUVA ice clouds were observed already at tempera-
tures below -20 °C (Costa et al., 2017; Jäkel et al., 2017). No homogeneous
freezing is expected as no supercooled droplets are present. Thus, HOA could
serve directly as INP. The ability of predominantly organic anthropogenic
particles to act as INP was reported by Knopf et al. (2010). Samples were
taken in and around Mexico City and analysed in the laboratory. The an-
thropogenic organic particles were INP-active at conditions similar to those
observed in cirrus formation, i.e. temperatures between -68 and -38 °C and
supersaturation with respect to ice (Knopf et al., 2010). It was concluded
that anthropogenic organic particles can sufficiently act as INP and influence
freezing mechanisms in clouds. Cirrus conditions in the polluted northern
hemisphere are suggested to be controlled by homogeneous and heteroge-
neous freezing, whereas in the cleaner southern hemisphere more homoge-
neous freezing occurs (Haag et al., 2003). It can be concluded, that there
seems to be already a strong anthropogenic influence in the pristine Amazon
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Figure 62: Scatter plot of the organic signal at m/z 29 (Org29) and at m/z 43
(Org43). Data for the LT and UT from this study are coloured with altitude.
The two corresponding fit functions are shown in blue and red, respectively. The
uncertainties of both parameters are considered for the calculation of the linear fit
curve coefficients (see Sect.C.4). The out-of-cloud aerosol data and the appropriate
fit function are given in grey. As a comparison data and fit functions from the
HCCT campaign are shown in yellow and purple (data are personal communication:
J. Schneider, MPIC, 2018).

basin as HOA, emitted on ground, influences the INP and cloud characteris-
tics in the UT.

Another peak of interest is the signal at m/z 29 (CHO+). The contribu-
tion of the signal at m/z 29 differs significantly between the LT and UT.
The peak plays only a minor role in the spectrum of the LT, whereas it is
one of the dominant one in the spectrum of the UT (see Fig. 59). The ratio of
Org29 (organic signal at m/z 29) to Org43 (organic signal at m/z 43) gives
further evidence of different chemical characteristics. The signal at m/z 29
is influenced by the air signal (isotope of nitrogen) and corrected in the frag-
mentation table so that the offset of the scatter plot Org29 to Org43 is zero
(see Fig. 62). A different slope of the fit function implies a different chemical
signature. The fit function of the CPR sampled in the LT has a much higher
slope than the fit function of the CPR sampled in the UT. A higher slope
indicates a larger influence of the functional group -CHO (aldehydes). One
characteristic especially of short-chained aldehydes is the solubility in water.
This supports the aforementioned argument that the organic CPR in the LT
are different from those in the UT.
Also depicted in Fig. 62 are the out-of-cloud data, shown in grey. The out-
of-cloud data do not show such an altitude-dependent separation compared
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to the CPR. The fit function of the out-of-cloud data reveals an even higher
slope than that for the CPR of the LT. This suggests that different organic
compounds influence whether a particle remains in the interstitial aerosol or
is activated as CCN or INP.
Figure 62 also compares the ACRIDICON-CHUVA data with data from the
HCCT campaign (see above, data are personal communication: J. Schnei-
der, MPIC, 2018). During the HCCT campaign, warm clouds were mea-
sured. Thus, the results should be comparable to the LT measurements of
the ACRIDICON-CHUVA campaign. The data of the ACRIDICON-CHUVA
campaign are shown in grey (out-of-cloud aerosol), blue (CPR sampled in the
LT), and red (CPR sampled in the UT). The data of the HCCT campaign
are representative for out-of-cloud aerosol (yellow), and CPR (purple).
The slopes representing ACRIDICON-CHUVA – out-of-cloud, HCCT – out-
of-cloud, and HCCT – cloud residuals have the highest values. In contrast
to this are the slopes of ACRIDICON-CHUVA – CPR sampled in the LT
(intermediate) and UT (lowest). This supports the previous argument that
the organic CPR in the UT are different than in the LT.

More marker peaks of interest are the signals at m/z 60 (biomass burning
marker) and 82 (IEPOX-SOA marker). The behaviour of both markers in the
out-of-cloud aerosol has been discussed in Sect. 4.1.3.2 and 4.1.4. Whereas
f60, a marker for BB, showed only background values when looking at the
overall campaign, a deeper analysis of one event showed the fast oxidation
that leads to a reduction in f60. The marker f82 indicated IEPOX-SOA,
which was found not only in the LT close to the source of isoprene, but also
in the UT within a significant amount of the organic aerosol. Now the ques-
tion arises how f60 and f82 behave when the aerosol particles acted as CCN
or served as INP.
Figure 63 shows the scatter plots of f44 against f60 coloured with temperature.
The data of f60 are spread along different f44 values and show overall low f60
signals. The CPR sampled in liquid clouds scatter around the background
value of 3‰. Interestingly, the data from ice clouds with lower f44 show also
lower f60 values. These values are below the background value reported by
Cubison et al. (2011) and scatter around 0.
Compared to out-of-cloud aerosol (see Fig. 54, panel a), the distribution looks
similar with overall low values that scatter around the background value of
3‰. Only the CPR sampled in the UT in ice clouds show lower values.
Figure 64 shows the scatter plot of f82 against R44/43, also coloured with
temperature. The values of f82 vary between 0 and 25‰ with a major
spot around 5‰. CPR sampled in liquid clouds show values around the f82
background of 3‰. These data correspond to very high R44/43 values, repre-
senting aged organic CPR with low IEPOX-SOA influence. Besides small f82
values, also enhanced values around 6‰ are observed for the CPR sampled
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Figure 63: Scatter plot of f60 and f44 measured in CPR. The data are coloured with
temperature. The dashed and solid lines give orientation values for background
and BB influence as reported in Cubison et al. (2011), respectively. For clarity
reasons only some of the uncertainty bars are shown.

in liquid clouds in the LT. Similar enhanced values of f82, but significantly
lower R44/43 are observed for CPR sampled in ice clouds in the UT. CPR
in liquid as well as in ice clouds contain IEPOX-SOA with different pho-
tooxidation states, respectively. The question remains whether isoprene, or
more precisely the gaseous oxidation products of isoprene, or the out-of-cloud
aerosol that contain IEPOX-SOA condense on or are scavenged by the cloud
droplets and/or ice particles.
Also depicted in Fig. 64 are the median and interquartile ranges of the out-
of-cloud aerosol sampled in the LT and UT (see Fig. 40). The CPR sampled
in the LT are located between the two median values that represent the out-
of-cloud aerosol from the LT and UT. In contrast to this, the CPR sampled
in ice clouds in the UT are further shifted to lower R44/43 values indicating
an even lower photooxidation state.

4.2.3.1 Comparison with literature

Previous studies pointed out the capability of clouds to redistribute gases,
aerosol and moisture during vertical transport or several cloud cycles (e.g.,
Wonaschuetz et al., 2012; Schneider et al., 2017). Furthermore, in-cloud
production of SOA was measured during field and laboratory studies (e.g.,
Sorooshian et al., 2006; Sorooshian et al., 2007; Sorooshian et al., 2010;
Wonaschuetz et al., 2012; Brégonzio-Rozier et al., 2016).
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Figure 64: Scatter plot of f82 and R44/43 measured in CPR. The data are coloured
with temperature. For clarity reasons only some of the uncertainty bars are shown.
The black dots indicate the median values of the out-of-cloud aerosol data, respec-
tively (see Fig. 40).

As already mentioned before, a temperature dependence of f44 was found in
cloud droplet residuals measured on a mountaintop site in the mid-latitudes
(Schneider et al., 2017). The data presented here show a different behaviour.
While Schneider et al. (2017) reported higher f44 at lower temperatures, the
data presented here indicate the opposite with higher f44 values at higher
temperatures for the CPR sampled in the LT. However, as the measurement
conditions differ from each other, a direct comparison is difficult.
Several studies investigated the influence of clouds on SOA production and
found out that in-cloud processes lead to different end-products of organic
species and that SOA formation can be enhanced in the presence of liquid wa-
ter (e.g., Wonaschuetz et al., 2012; Sorooshian et al., 2013; Brégonzio-Rozier
et al., 2016). The chemical composition of the CPR in the LT and UT differ
in several ways. SOA production is possible in liquid phase clouds in the LT,
where the mass spectra show evidence for oxidized organics. There are some
indications that IEPOX-SOA is partly present in the CPR sampled in liquid
and ice clouds. However, CPR sampled in ice clouds consist most likely of
primary organics emitted by fossil fuel combustion in the BL. In previous
studies it was already shown that anthropogenic particles that consist mainly
of organics act sufficiently as INP (Knopf et al., 2010). The presented data
imply that HOA can act as INP and therefore influence the cloud freezing
mechanisms, especially in the UT.
Bacer (2019) investigated the contribution of four different aerosol species
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(dust, BC, glassy organics, and biogenic aerosol) to heterogeneous ice nucle-
ation within the ECHAM5/MESSy Atmospheric Chemistry (EMAC) model.
The focus is set on cirrus and mixed-phase clouds. The results show a ma-
jor contribution of organics in cirrus clouds at pressures lower than 200 hPa,
whereas black carbon and dust contribute mainly to newly formed ice crys-
tals in the pressure range between 250 and 500 hPa. The large contribution
of organics is highest in the tropics considering the zonal mean (Bacer, 2019).
Although, cirrus clouds are different to deep convective clouds, the observa-
tions of organic CPR presented here partly agree to the model results. The
contribution of rBC cannot be presented here, but is of high interest for fur-
ther research.
The phase state of SOA is supposed to affect freezing mechanisms, as glassy
SOA can persist long enough to reach high altitudes. There, homogeneous
freezing can be suppressed and heterogeneous freezing mechanisms would
dominate the processes in clouds (Shiraiwa et al., 2017). This is in contrast
to the findings described here. The CPR sampled in the iced part of the
deep convective clouds do not consist mainly of SOA. However, heteroge-
neous freezing might occur through HOA containing particles suggesting a
suppression of homogeneous freezing mechanism.
An overall comparison remains difficult as no similar field study in the trop-
ical UT at altitudes up to 14 km was reported.

4.2.3.2 Summary

The organic properties of the measured CPR were analysed and discussed.
The CPR sampled in liquid clouds consisted of organics, sulfate and nitrate,
and were activated as CCN leading to wet deposition removal. Thus, insol-
uble organic material was identified in the CPR sampled in ice clouds. It
seems that the CPR sampled in ice clouds acted as INP. The averaged or-
ganic mass spectra of the CPR measured in liquid clouds in the LT and in
ice clouds in the UT show different signatures. Whereas the CPR sampled in
liquid clouds consisted of oxidized, most likely secondary organic matter, the
CPR sampled in ice clouds consisted of HOA that is typically representing
freshly emitted particles from FF. This finding is unexpected, as the out-
of-cloud aerosol mass spectra do not imply the existence of HOA in the UT.
Possibly, the CPR are oxidized fast when the cloud is evaporating so that
the signature cannot be identified in the out-of-cloud aerosol any more.
There are indications for in-cloud SOA formation in liquid clouds the LT.
The CPR sampled in ice clouds the UT are not affected by photooxidation
or only to a small amount. The comparison with the out-of-cloud aerosol
demonstrated a similar behaviour, i.e. less photooxidized organics in the UT.
However, the CPR sampled in ice clouds are less oxidized than out-of-cloud
aerosol i the UT.
The comparison of m/z 29 and m/z 43 resulted in different slopes for the
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CPR measured in liquid and ice clouds. This shows again the varying chem-
ical composition of the CPR at different altitudes and thereby temperature
regions.
The marker for BB was found to scatter around the background value of
3‰ for CPR sampled in liquid clouds. However, even lower values scat-
tering around 0 were observed for CPR sampled in ice clouds. Thus, BB
emissions do not contribute to the chemical composition of CPR.
Enhanced signals of IEPOX-SOA were identified in the mass spectra of CPR
sampled both in the LT and UT. However, it remains unclear whether the
oxidation products of isoprene are scavenged by the cloud droplets/ice crys-
tals or if the out-of-cloud aerosol consisting of IEPOX-SOA is acting as CCN
and/or INP.



5
CONCLUS IONS AND OUTLOOK

The aim of this thesis was the investigation of secondary organic aerosol
(SOA) in the pristine Amazonian atmosphere regarding their chemical prop-
erties, formation pathways, and their interactions with clouds.
Data from the ACRIDICON-CHUVA aircraft campaign were analysed and
discussed. This campaign was conducted in 2014 during the dry season
and the results are representative for this conditions. The data used for
this study were obtained using a compact time-of-flight aerosol mass spec-
trometer (C-ToF-AMS). During the measurement campaign this instrument
was connected to two different aircraft inlet systems providing quantitative
chemical composition measurements of out-of-cloud aerosol and cloud parti-
cle residuals (CPR).
A newly designed C-ToF-AMS inlet system was applied in order to face the
changing conditions during measurements at varying altitudes. Laboratory
measurements show the occurrence of impaction losses of aerosol particles
when measuring at high ambient pressures leading to an underestimation
of the aerosol mass. This effect becomes insignificant at altitudes above
2.5 km as comparison measurements with a HR-ToF-AMS on another air-
craft showed (Mei et al., 2019).
Regarding the various objectives of the ACRIDICON-CHUVA campaign, dif-
ferent questions were introduced assessing the chemical composition of out-
of-cloud aerosol and CPR, formation pathways of SOA, as well as different
case studies showing the influence of processes like forestation changes, and
volcanic as well as biomass burning (BB) emissions.
The altitude range of the measurements is divided into three regions, the
lower troposphere (LT), the middle troposphere (MT), and the upper tropo-
sphere (UT) albeit the focus of the results is put on the comparison between
the aerosol characteristics in the LT and UT.
The out-of-cloud aerosol consist at all altitudes predominantly of organics
with fractions of around 70%. The highest aerosol mass concentrations were
observed in the LT. Although the mass concentrations of all species are de-
creasing in the MT, organic and nitrate show increased values in the UT sug-
gesting either transport or formation pathways of organic-dominated aerosol.
The photooxidation state of the organic aerosol was found to be different in
the LT and UT. Whereas the organic aerosol is mostly oxidized in the LT,
the organic aerosol particles observed in the UT are less oxidized. This find-
ing and further analyses as backward trajectory analysis suggest that there
is no significant contribution of BL aerosol in the UT. The formation of
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SOA in the UT is an explanation for the lower oxidation state of the organic
aerosol. Another indicator for SOA formation in the UT is the aerosol size
distribution. The highest concentrations of the smallest particles in the size
range between 90 and 600 nm are found in the UT.
Further investigations of the organic aerosol composition identified IEPOX-
SOA as a significant contributor in the LT (10%) as well as in the UT (20%).
There seems to be a ubiquitous occurrence of IEPOX-SOA up to high alti-
tudes. The precursor gas of IEPOX-SOA is isoprene, an abundant VOC
that is emitted by vegetation. However, a local minimum of IEPOX-SOA
was discovered above deforested regions as the source for isoprene is miss-
ing. Thus, anthropogenically motivated land-use change modifies local at-
mospheric characteristics as the emissions of biogenic VOC and related SOA
formation processes are influenced.
The formation pathway of IEPOX-SOA depends on the aerosol acidity as
the condensation of gaseous IEPOX is favoured on acidic surfaces. In gen-
eral, the aerosol in the LT is neutralized, whereas the aerosol in the UT tend
to be acidic. An enhanced correlation between the mass concentrations of
IEPOX-SOA and nitrate suggest that not only sulfate (suggested to be cru-
cial for IEPOX-SOA formation according to the literature), but also nitrate
can provide the necessary acidic conditions leading to the formation of or-
ganic nitrates.
Different approaches were evaluated regarding the existence and amount of
organic nitrates. Especially in the UT organic nitrates are present. As nitrate
aerosol particles can provide the necessary acidic conditions for the conden-
sation of IEPOX, IEPOX-SOA can occur as organic nitrate. However, also a
non-IEPOX pathway to form organic nitrates is possible under the enhanced
NO conditions observed in the UT.
Taken together, the formation of SOA is an important process in the Ama-
zonian atmosphere affecting the aerosol properties either at lower altitudes
when subsidence occurs and/or at higher altitudes when entrainment of up-
per tropospheric aerosol into the tropical tropopause layer takes place.
Three different case studies were discussed in order to show the effects of
different processes. The deforestation of the Amazon rainforest has several
effects (e.g., Davidson et al., 2012). Regarding the aerosol properties an
enhanced photooxidation state and less IEPOX-SOA contribution to the or-
ganic aerosol was identified. Thus, the anthropogenic induced deforestation
has a measurable influence on aerosol properties and thereby on the local
atmosphere, presumably also on clouds.
Long-range transported aerosol from African volcanoes mainly consist of sul-
fate and affect the aerosol composition in the Amazon basin remarkably. For
several days during the ACRIDICON-CHUVA campaign, sulfate had a major
impact on the aerosol composition albeit this air mass was observed in a dis-
tinct layer between 4 and 5 km altitude. However, the long-range transported
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sulfate could support further reactions with e.g. biogenic VOCs leading to
organic sulfates.
The measurements of a fresh BB plume allowed the investigation of the spe-
cific BB marker f60 as it was oxidized within a short time interval and con-
sequently cannot serve as a unique and persistent marker in the tropical
conditions of the Amazon atmosphere.
The CPR were sampled in liquid and ice clouds and consist mainly of organ-
ics with values of ~ 70% and up to 95%, respectively. The inorganic fraction
in the CPR sampled in liquid clouds was dominated by sulfate. The or-
ganic mass spectra of the CPR from liquid and ice clouds differ significantly.
Whereas the CPR of the liquid clouds consist of oxidized, most likely sec-
ondary organic matter, the ice residuals consist of primarily emitted HOA.
There are indications for in-cloud SOA formation in liquid clouds. The ice
residuals are not affected by photooxidation or only to a small amount. The
comparison with the out-of-cloud aerosol showed a similar behaviour, i.e. less
photooxidized organics in the UT. However, the ice residuals consist of dif-
ferent organics than the out-of-cloud aerosol in the UT.
BB emissions do not seem to contribute to the chemical composition of CPR.
However, enhanced signals of IEPOX-SOA were identified in the mass spec-
tra of CPR sampled both in liquid and ice clouds. The formation process
of IEPOX-SOA-containing CPR remains complex and need further investi-
gation.
It seems that the HOA-containing CPR in the UT acted as INP, as in the
LT the CPR consisting of OOA, sulfate and nitrate are activated as CCN
and removed by wet deposition. The freezing process in the observed ice
clouds appears to be dominated by heterogeneous freezing induced by ver-
tically transported HOA-containing particles. These are the first results of
C-ToF-AMS measurements coupled with the HALO-CVI at altitudes up to
14 km in the tropical troposphere.
Taken together, the freezing mechanisms in clouds are affected by anthro-
pogenically emitted aerosol particles that can act as INP and likely shifts
the freezing from homogeneous to dominantly heterogeneous processes in the
UT. Another effect is the transport of pollutants that are transported from
the BL up to high altitudes. Both effects influence the properties of clouds
and lead to changing impacts of aerosol-cloud-interactions. An overview of
the different findings of this study is depicted in Fig. 65.
Despite the various findings of this study, it shows limitations as the investiga-
tion of the chemical composition is only valid for particles in the accumulation
mode. SOA formation is not only occurring in this size range, but rather an
important growing process of Aitken mode particles. Thus, data from differ-
ent instruments should accompany the analysis of e.g. IEPOX-SOA contain-
ing particles in order to comprehend formation processes. Further, gas-phase
measurements of isoprene oxidation products or OH together with particle
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Figure 65: Scheme of the different findings presented in this studies. Processes are
shown in grey boxes.

chemical composition measurements would complete the understanding of
biogenic driven SOA formation above the Amazon basin.
The analysis of CPR offers new insights of compounds that are relevant for
cloud processes. However, as the first measurements of CPR in the tropical
UT are presented here, the amount of reliable data is sparse. Furthermore,
the investigation of the chemical composition of CPR in mixed-phase clouds
should be targeted albeit in-situ measurements entails dangerous conditions.
In terms of technical improvements the O-ring of the CPI should be reduced
to smaller diameters. Thus, the O-ring will be less squeezed at higher pres-
sures and impaction losses of incoming aerosol particles would be reduced.
The data analysis presented here focused among other things on specific
marker ions in the organic mass spectra. Further investigation should target
on the ion at m/z 99 whether it can serve as a useful criteria for identifying
organic sulfates. Additionally, a PMF analysis would help to classify the
specific organics offering more details of the contribution of e.g. HOA to the
organics in the out-of-cloud aerosol and CPR.
Despite of its limitations, this study offers valuable insights into formation
processes of SOA in the pristine Amazonian atmosphere regarding
IEPOX-SOA and organic nitrates, as well as provides new findings of the
composition of CPR in the tropical upper troposphere.
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a.1 constant pressure inlet

For the TEL of the C-ToF-AMS with respect to the CPC, the following steps
had been made during the data analysis. The C-ToF-AMS data were cor-
rected with IE and RIE values derived from calibrations. A flow calibration
was done before and applied. The mass concentrations used here are only
the nitrate mass concentrations from ammonium nitrate measurements. The
CPC and OPC data were pressure corrected and the number concentrations
of the used reference instrument (CPC or OPC) were calculated to mass con-
centrations using the density of ammonium nitrate (1.72 g cm−3), the nitrate
proportion of ammonium nitrate (62/80) and the Jayne shape factor (0.8 for
ammonium nitrate) (Jayne et al., 2000) (see Eq. 20).

Cref
mass = Cref

num · 106 · π6 ·
(
dp · 10−9

)3
· Js · ρ ·

62
80 · 1012 · p0

pamb
(20)

Errors for the TEL were calculated with counting statistics and a value for
the reproducibility (repi) of each instrument. The counting statistics describe
the sum of the counts during the measured time and are multiplied with
the flow into the instrument. For the C-ToF-AMS a factor of 0.5 needs to
be considered due to the open/closed measurement mode. The values for
the reproducibility are 2 % for the CPC (TSI Inc., 2000), 3 % for the OPC
(Grimm Aerosol Technik, 2008) and 12 % for the C-ToF-AMS (more precisely:
for the CPI) (Köllner, 2019).

∆TE = TE ·
[
(∆AMS)2 + (repAMS)

2 + (∆ref)2 + (repref )
2] 1

2

= TE ·


 1

C∑
i=1

Cref
i · fAMS · 0.5


2

+ (repAMS)
2

+

 1
C∑

i=1
Cref

i · fref


2

+ (repref )
2


1
2

(21)
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Figure 66: Flow calibration before the ACRIDICON-CHUVA campaign. The linear
fit coefficients are given.

a.2 determination of the vacuum aerodynamic diame-
ter

To determine the vacuum aerodynamic diameter dva from the mobility diam-
eter dmob, the density ρ and the Jayne shape factor Js need to be considered.
For ammonium nitrate particles, the density is equal to 1.72 g cm−3 and the
Jayne shape factor is 0.8 (Jayne et al., 2000). This value is a simplification.
The complete calculation of Js can be found in DeCarlo et al. (2004).

dva = dmob · ρ · Js (22)

a.3 c-tof-ams calibrations during acridicon-chuva

a.3.1 Flow calibrations

A flow calibration was conducted before the ACRIDICON-CHUVA campaign.
The flow calibration is necessary to calibrate the flow that goes into the
instrument to the pressure in the aerodynamic lens (see Fig. 66). The flow is
also a factor in the quantification of the mass concentration (see Eq. 1).

a.3.2 IE Calibration values

The C-ToF-AMS was calibrated with monodisperse ammonium nitrate and
sulfate before, during and after the campaigns in order to estimate relative
ionisation efficiencies for nitrate and sulfate. Determined values can be found
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in Tab. 7 for the ACRIDICON-CHUVA campaign.

Table 7: Relative ionisation efficiencies (RIE) used for data analysis for the
ACRIDICON-CHUVA campaign. RIENH4 and RIESO4 are determined from cali-
brations with ammonium nitrate and sulfate before, during and after the campaign.
RIENO3 and RIEOrg are literature values (Alfarra et al., 2004; Canagaratna et al.,
2007).

RIENO3 RIENH4 RIESO4 RIEOrg

1.1 3.77 0.89 1.4





B
APPENDIX - CAMPAIGNS

b.1 particle loss calculation

The particle loss calculator (PLC) determines the transmission efficiency for
different particle sizes (von der Weiden et al., 2009) through the tubing of
the inlets to the C-ToF-AMS. The used parameters can be found in Tab. 8
for the HASI and in Tab. 9 for the HALO-CVI. For the calculation for the
HASI the shrouded section of the HASI was ignored due to non-applicability
of the PLC for these types of inlets (von der Weiden et al., 2009). The same
applies for the HALO-CVI, so that only the tubing between the HASI or
HALO-CVI and the C-ToF-AMS is considered, respectively.
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Table 8: Parameters used for calculating the transmission efficiency of the tubing
between the HASI inlet and the C-ToF-AMS for different particle sizes. The PLC
was developed at the MPIC (von der Weiden et al., 2009).
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Table 9: Parameters used for calculating the transmission efficiency of the tubing
from the HALO-CVI to the C-ToF-AMS for different particle sizes. The PLC was
developed at the MPIC (von der Weiden et al., 2009).
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C
APPENDIX - RESULTS

c.1 mass calculations from uhsas-a number concentra-
tions

A comparison between the total mass concentration (CAMS+CrBC) and the
mass concentration derived from UHSAS-A size-resolved number concentra-
tions is possible. The number concentration of the UHSAS-A is size-resolved
meaning that this data set is a matrix. A volume concentration is calculated
from the number concentration using Eq. (23). The matrix format remains
unchanged. After summing up over all size bins the volume concentration
can be converted into a mass concentration using the fractional composi-
tion derived by the C-ToF-AMS and the individual densities (see Eq. 24 and
Tab. 10).

CUHSAS
volume = CUHSAS

number ·
4
3π ·

(
dp

2

)3
(23)

CUHSAS
mass =

∑
sizebins

CUHSAS
volume · [relOrg · ρOrg (24)

+ (relNO3 + relSO4 + relNH4) · ρInorg

+ relrBC · ρrBC ]

Table 10: Densities used for the calculation of the mass concentrations derived
from UHSAS-A number concentrations.

Organics Inorganics Black carbon
(NH4NO3 and (NH4)2SO4)

Density [g cm−3] 1.2 1 1.75 2 1.8 3

1 Turpin and Lim (2001)
2 Bruno and Lide-Thomas (2014)
3 Park et al. (2004)
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c.2 diameters from size distributions

From a log-normal size distribution different characteristic diameters can be
derived. The only parameter which needs to be known is σ, the geometric
standard deviation of the log-normal distribution, and d0

p (mode diameter),
the diameter where the maximum of the distribution lies. The count median
diameter (CMD) is the median diameter of the size distribution. The mass
median diameter (MMD) is the diameter at which 50% of the mass lies
below and 50% of the mass above it. In contrast to this, is the diameter
of average mass (dm) defined as the diameter at which its mass multiplied
with the total number accounts for the total mass. All the definitions and
Eq. (25), (26), and (27) can be found in Hinds (1999).

CMD =
d0

p

exp [−1 · (ln(σ))2]
(25)

MMD = CMD · exp
[
3 · (ln σ)2

]
(26)

dm = CMD · exp
[
1.5 · (ln σ)2

]
(27)

c.3 acidity calculations

The acidity calculations take the inorganic mass concentrations into account.
Chloride is not considered her as it always lies below the DL. The amount
of measured ammonium is compared with the amount of needed ammonium
that would be necessary to neutralize the measured nitrate and sulfate. More
information on this calculation can be found in Zhang et al. (2007a).

Cneeded
NH4 =

18
62 ·CNO3 +

2 · 18
96 ·CSO4 (28)
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c.4 uncertainty calculations and fitting

The uncertainties for the different species are calculated from a continuous σ
derived from DL calculations according to Sect. 2.2.3.4 for the out-of-cloud
aerosol. For CPR a constant σ for each species is derived from filter mea-
surements (see Sect. 4.2.1). Thus, uncertainties for organics, nitrate, sulfate,
ammonium, Org29, Org43, Org44, Org60, Org82, NO+, NO2

2 andm/z 82 are
determined. Uncertainty propagation occurs when calculating ratios e.g. f43,
f44, or calculating mass concentrations of e.g. IEPOX-SOA using Eq. (8) or
organic nitrate using Eq. (14). Therefore, the Gaussian uncertainty propaga-
tion is used, where the parameter’s uncertainties need to be independent from
each other. Although Org43 is contributing to the total signal of the organics
(Org), ∆Org is not dominated by ∆Org43, ∆Org44, ∆Org60, or ∆Org82, re-
spectively. Overall, the independence of ∆Org and ∆ of the specific organic
signal needs to be assumed when the Gaussian uncertainty propagation is
applied. The following equations are used for the uncertainty propagation
calculations:

∆f43 =

( 1
Org · ∆Org43

)2
+

(
Org43
Org2 · ∆Org

)2
1
2

(29)

∆f44 =

( 1
Org · ∆Org44

)2
+

(
Org44
Org2 · ∆Org

)2
1
2

(30)

∆f60 =

( 1
Org · ∆Org60

)2
+

(
Org60
Org2 · ∆Org

)2
1
2

(31)

∆f82 =

( 1
Org · ∆Org82

)2
+

(
Org82
Org2 · ∆Org

)2
1
2

(32)

∆R44/43 =

( 1
Org43 · ∆Org44

)2
+

(
Org44
Org432 · ∆Org43

)2
1
2

(33)

∆CUHSAS
mass =

[
(V · ∆ρ)2 + (ρ · ∆V )2] 1

2 (34)
with ∆ρ = (ρInorg − ρOrg) · ∆relspecies (35)

and ∆V =
1
6 · π · 3 · d

2 · ∆d (36)

∆Cneeded
NH4 =

[(18
62 · ∆CNO3

)2
+
(2 · 18

96 · ∆C2
SO4

)] 1
2

(37)
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∆C(IEPOX−SOA) =

( 1
f IEP OXSOA

82 − fBg
82
· ∆C(m/z 82)

)2

+

 −fBg
82

f IEP OXSOA
82 − fBg

82
· ∆C(Org)

2

+

(
C(m/z 82)−C(Org) · f IEP OXSOA

82

(f IEP OXSOA
82 − fBg

82 )2
· ∆fBg

82

)2
1
2

(38)

∆pRONOF armer
2 =

((1 +RRONO) · (Ramb −Rcal)

(1 +Ramb) · (RRONO −Rcal)
· ∆CNO3

)2

+

(
CNO3 ·

(1 +RRONO) · (Rcal + 1)
(1 +Ramb)2 · (RRONO −Rcal)

· ∆Ramb

)2

+

(
−CNO3 ·

(1 +RRONO) · (RRONO −Ramb)

(1 +Ramb) · (RRONO −Rcal)2 · ∆Rcal

)2
1
2

(39)

∆pRONOF ry
2 =

((1 +RRONO) · (Ramb −Rcal)

(1 +Ramb) · (RRONO −Rcal)
· ∆CNO3

)2

+

(
CNO3 ·

(1 +RRONO) · (Rcal + 1)
(1 +Ramb)2 · (RRONO −Rcal)

· ∆Ramb

)2

+

(
−CNO3 ·

(1 +RRONO) · (RRONO −Ramb)

(1 +Ramb) · (RRONO −Rcal)2 · ∆Rcal

)2

+

(
−CNO3 ·

(1 +Rcal) · (Ramb −Rcal)

(1 +Ramb) · (RRONO −Rcal)2 · ∆RRONO

)2
1
2

(40)
For the conversion from UHSAS-A volume to mass concentrations the den-
sity is derived from the relative contributions of the species (relspecies) mea-
sured by the C-ToF-AMS. Thus, ∆relspecies describes the total C-ToF-AMS
uncertainty of 30% of each data point for the relative contribution of the
appropriate species to the total mass in Eq. (35). In Eq. (36) ∆d describes
the statistical uncertainty of 11% of the size determination of the UHSAS-A
(Mahnke, 2018).
The fitting of different parameters is performed with the total least squares
method. Here, the uncertainties of both parameters (in x and y direction)
are considered for the calculation of the linear fit curve coefficients. In the
analysis software IGOR Pro 6.37 (Wave Metrics) this fitting method is called
orthogonal distance regression, and used for all linear fit curves shown in this
study.



ACRONYMS

general acronyms

ACP Atmospheric Chemistry and Physics

ACRIDICON-CHUVA Aerosol, Cloud, Precipitation, and Radiation
Interactions and Dynamics of Convective Cloud
Systems - Cloud Processes of the Main
Precipitation Systems in Brazil: A Contribution to
Cloud Resolving Modeling and to the GPM (Global
Precipitation Measurement)

AMT Atmospheric Measurement Techniques

AENEAS atmospheric nitrogen oxides measuring system

AMETYST aerosol measurement system

AMTEX atmospheric tracer experiment

ATTO Amazon tall tower observatory

BAHAMAS BAsic HALO Measurement And Sensor system

BB biomass burning

BC black carbon

BFSP brute-force single particle

BL (planetary) boundary layer

CCN cloud condensation nuclei

CPC condensation particle counter

CPI constant pressure inlet

CPR cloud particle residuals

C-ToF-AMS compact time-of-flight aerosol mass spectrometer

DL detection limit

DLR Deutsches Zentrum für Luft- und Raumfahrt
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DLR-FX DLR Flight Experiments

DLR-IPA DLR Institute of Atmospheric Physics

EF enrichment factor

EMAC ECHAM5/MESSy Atmospheric Chemistry

FF fossil fuel combustion

FZ Jülich Forschungszentrum Jülich

GFS Global Forecast System

GoAmazon14/5 Green Ocean Amazon Experiment

HALO High Altitude and LOng range research aircraft

HALO-CVI HALO counterflow virtual impactor

HASI HALO aerosol submicrometer inlet

HCCT Hill Cap Cloud Thuringia 2010

HOA hydrocarbon-like organic aerosol

HR-ToF-AMS high resolution time-of-flight aerosol mass
spectrometer

IEPOX isoprene epoxydiols

IEPOX-SOA isoprene-epoxydiol secondary organic aerosol

INP ice nucleating particles

ISOPOO isoprene peroxide radicals

ISOPOOH isoprene hydroxy hydroperoxides

ITCZ intertropical convergence zone

LFC level of free convection

LO-OOA less oxidized OOA

LT lower troposphere

LV-OOA low-volatile OOA

MACR methacrolein

MCP micro-channel plate
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MPC Multiphase Chemistry Department

MPIC Max Planck Institute for Chemistry

MO-OOA more oxidized OOA

MT middle troposphere

MVK methyl vinyl ketone

NIXE-CAPS Novel Ice eXpEriment - Cloud, Aerosol and
Precipitation Spectrometer

NPF new particle formation

OA organic aerosol

OPC Sky optical particle counter

OOA oxygenated organic aerosol

PAH polycyclic aromatic hydrocarbons

PLC particle loss calculator

PMF positive matrix factorization

POA primary organic aerosol

Q-AMS quadrupole aerosol mass spectrometer

rBC refractory black carbon

RH relative humidity

RHw relative humidity with respect to water

SAMBBA South American Biomass Burning Analysis

SOA secondary organic aerosol

SP2 single particle soot photometer

STP standard pressure and temperature

SV-OOA semi-volatile OOA

TROPOS Leibniz Institute for Tropospheric Research

TTL tropical transition layer

UHSAS-A ultra-high sensitivity aerosol spectrometer airborne

UT upper troposphere

VOC volatile organic compound
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physical symbols

AB Hz air beam signal

CAPE J kg−1 convective available potential energy

CE collection efficiency

CIN J kg−1 convective inhibition

CMD m count median diameter

dm m diameter of average mass

dp m particle diameter

dva m particle vacuum aerodynamic diameter

d50 m cutoff diameter at 50% efficiency

IE ionization efficiency

m/z m mass to charge ratio

MMD m mass median diameter

RIE relative ionization efficiency

Stk Stokes number

TEL aerodynamic lens transmission efficiency
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chemical symbols

CO carbon monoxide

CO2 carbon dioxide

HOx hydrogen oxide radicals

HO2 hydroperoxyl radicals

NO nitric oxide

NOx nitrogen oxide radicals

NOy total reactive nitrogen

NO3 nitrate radicals

O3 ozone

OH hydroxide

RONO2 nitrate content of organic nitrates
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