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Summary
Atmospheric aerosol particles are defined as solid or liquid particles suspended in the air.
Despite their small size (from few nanometers to 100 µm in diameter), aerosols have a strong
influence on human health and climate. In the latter case, aerosols have a direct impact on
Earth’s radiation balance by scattering and absorbing sunlight, but also an indirect impact
by influencing cloud properties and cloud formation. In fact, aerosols and cloud are closely
related since a cloud droplet cannot form without an aerosol particle under atmospheric
levels of water vapor super saturation. Aerosols provide the surface on which water vapor
can condense, serving as seeds for cloud droplets. Those aerosols participating in cloud
droplet formation are called cloud condensation nuclei (CCN). Although CCN can be directly
emitted to the atmosphere by natural or anthropogenic sources, it is estimated that 45% of
the CCN is formed from low volatility vapors, a process known as new-particle formation
(NPF) or nucleation. Since clouds are highly important regulating Earth’s temperature, it
is crucial to understand how CCN are formed. Actually, aerosols and clouds represent the
highest uncertainty in current climate change models significantly affecting our capability to
estimate climate sensitivity.
The identification of vapors participating in nucleation has been challenging in the past
because of their low concentration in the atmosphere, in the range of parts-per billion, trillion
and quadrillion levels. So far, sulfuric acid, ammonia, amines, and highly oxygenated organics
species have been identified as vapors able to trigger nucleation. Among these vapors, sulfuric
acid is considered essential for NPF due to its low vapor pressure. The precursor of sulfuric
acid, sulfur monoxide (SO2 ), is emitted by natural sources like volcanic activity and as
oxidation product of dimethyl sulfide (DMS), produced by phytoplankton. However, natural
emissions of SO2 are exceeded largely by those of anthropogenic sources from fossil fuel and
combustion; therefore current climate models estimate higher nucleation rates in industrial
times.
This thesis consists of two main sections: the first is focused on experimental studies of NPF
at the CLOUD (Cosmics Leaving OUtdoor Droplets) chamber at the European Organization
for Nuclear Research (CERN, Meyrin- Switzerland) while the second is dedicated to ambient
measurements in the free troposphere (3454 m a.s.l.) at the Jungfraujoch station, Switzerland.
The results presented are mainly based on measurements with the Atmospheric Pressure
Interface Time-of-Flight Mass Spectrometer (APi-TOF).
The experiments at CLOUD explored the possibility of NPF in the absence of sulfuric acid,
driven only by the oxidation of biogenic precursors derived from the ozonolysis of α-pinene,
the most abundant biogenic monoterpene emitted from natural sources. Highly oxygenated
multifunctional organics (HOMs) were identified as products of this ozonolysis. Because of
their high oxygen content, these molecules have low volatilities, a property by which they
ix
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can act as nucleating vapors. The results presented in this thesis show that HOMs alone are
able to trigger nucleation, thus new particle formation is possible in the absence of sulfuric
acid. These results imply an underestimation of the preindustrial aerosol formation in current
climate models and therefore a reduction in the estimated climate sensitivity.
Additionally, the experiments performed at CLOUD showed that ions from galactic cosmic
rays increase nucleation rates by one to two orders of magnitude compared to neutral nucleation. Cluster formation energies were computed in order to understand the high stability
that makes charged molecules efficient precursors for cluster formation and nucleation The
effect of temperature on HOMs formation and clustering was also investigated at -25, 5 and 25
◦ C. The results show that temperature affects significantly the kinetics in HOMs formation.
At high temperatures, higher oxygen content in the molecules was observed as indication of
a fast unimolecular autoxidation reaction in competition with bimolecular termination reactions. Temperature also affects the clustering process decreasing evaporation of the clusters
at low temperatures.
Further, NPF was studied in the free troposphere at the Jungfraujoch station. These
measurements contribute to the identification of nucleating vapors at high altitude where it
is thought that nucleation is driven by sulfuric acid and water (binary nucleation). Here it is
shown that NPF in the free troposphere is triggered by sulfuric acid-ammonia clusters and/or
HOMs. The results obtained at the Jungfraujoch are in good agreement with those obtained
in laboratory experiments at the CLOUD chamber. NPF at the Jungfraujoch occurred after
contact of the air masses with the planetary boundary layer in a time frame of 1 to 2 days.
These observations call for a reanalysis of climate models which consider NPF in the free
troposphere caused only through binary nucleation.
In addition, a characterization of ions in the free troposphere at the Jungfraujoch station
was performed during nine months of continuous measurements. Ions from sulfuric, nitric,
malonic and methanesulfonic acid (MSA) as well as peroxomonosulfate radical (SO–5 ·) were
found as the main ions in the negative mode while amines were identified as the main peaks
in the positive mode. Temporal trends of the main ions were studied under different ambient
conditions (solar radiation, relative humidity, cloud coverage, etc.). Halogenated species are
reported for the first time at a continental and high altitude location. Back trajectories models
showed that these species are mainly transported from the Atlantic Ocean and occasionally
from continental areas towards the Jungfraujoch. A high correlation between MSA and SO–5 ·
found permanently at the Jungfraujoch was also compared with measurements at other five
locations in the world finding similar results. The correlation between these two molecules
questions the exclusive formation of MSA from DMS as it is accepted currently.
The measurements presented in this thesis were achieved through state-of-the-art instrumentation and the significance of the results not only advances our understanding of aerosol
and cloud formation improving parametrization in climate models, but also provides a broader
knowledge on the chemical composition of the atmosphere by direct ambient observations.
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Résumé
Les aérosols sont définis comme des particules fines, solides ou liquides, en suspension dans
l’air. Malgré leur petite taille (de quelques nanomètres à 100 µm de rayon), les aérosols
ont une influence importante sur la santé humaine et le climat. Dans le dernier cas, les
aérosols ont un impact direct sur l’équilibre radiatif de la Terre par diffusion et absorption
du rayonnement solaire, mais aussi un impact indirect en influençant les propriétés et la
formation des nuages. En fait, les aérosols et les nuages sont étroitement liés car une goulette
de nuage ne peut se former qu’avec une particule d’aérosol en condition d’air est sursaturé
de vapeur d’eau. Les aérosols fournissent la surface sur laquelle la vapeur d’eau contenue
dans l’air peut se déposer en formant une gouttelette de nuage. Les aérosols participant à
la formation de gouttelettes de nuages sont également appelé noyaux de condensation (cloud
condensation nuclei, CCN). Bien que les noyaux de condensation puissent être émis dans
l’atmosphère par des sources naturelles ou anthropogéniques, on estime que 45% des CCN
sont créés par des vapeurs à faible volatilité, un processus appelé formation de nouvelles
particules ou nucléation. Les nuages ayant un pouvoir très important de régulation de la
température de la Terre, il est crucial de comprendre comment ces noyaux de condensation
sont formés. En fait, les aérosols et les nuages représentent la plus grande incertitude dans
les modèles actuels de changement climatique, amenuisant significativement notre capacité à
estimer la sensibilité climatique.
L’identification des vapeurs participant à la nucléation a été limitée par le passé en raison
de leur faible concentration dans l’atmosphère, de l’ordre de partie par milliard, trillion
et quadrillion. Jusqu’à présent, l’acide sulfurique, l’ammoniaque, les amines et les composés
organiques hautement oxygénés ont été déterminés comme des vapeurs capables de déclencher
la nucléation. Parmi ces vapeurs, l’acide sulfurique est considéré comme essentiel pour la
formation des nouvelles particules en raison de sa faible pression de vapeur. Le précurseur de
l’acide sulfurique, le monoxyde de soufre (SO2 ), est émis par des sources naturelles comme
l’activité volcanique et comme produit d’oxydation du sulfure de diméthyle (DMS), produit
par le phytoplancton. Cependant, les émissions naturelles de SO2 sont largement inférieures
à celles des sources anthropogéniques provenant de la combustion du pétrole et du charbon,
par conséquent les modèles climatiques actuels estiment des taux de nucléation plus élevés
en période industrielle.
Cette thèse est composée de deux sections principales: la première est consacrée aux études
expérimentales de formation de nouvelles particules à la chambre CLOUD (Cosmics Leaving
OUtdoor droplets) au CERN, tandis que la seconde est dédiée aux mesures ambiantes en troposphère libre à la station du Jungfraujoch. Les résultats présentés sont basés sur des mesures
avec l’Atmospheric Pressure Interface Time-of-Flight Mass Spectrometer (APi-TOF).
Les expériences CLOUD ont exploré la possibilité de formation des nouvelles particules en
xi
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absence d’acide sulfurique, guidée uniquement par l’oxydation de l’α-pinène, le monoterpène
biogénique le plus abondant. Les produits d’ozonolyse ont été identifiés comme des composés
organiques multifonctionnels hautement oxygénés (highly oxygenated multifunctional organics, HOMs). En raison de leur teneur élevée en oxygène, ces molécules présentent une faible
volatilité, propriété qui leur permet d’agir comme des vapeurs de nucléation. Les résultats
présentés dans cette thèse montrent que les HOMs sont capables de déclencher la nucléation,
la formation de nouvelles particules est donc possible en absence d’acide sulfurique. Ces
résultats impliquent une sous-estimation de la formation d’aérosol à l’époque préindustrielle dans les modèles climatiques actuels et donc une réduction de la sensibilité climatique
estimée.
En outre, les expériences CLOUD ont montré que les ions des rayons cosmiques galactiques
augmentent les taux de nucléation d’un à deux ordres de grandeur par rapport à la nucléation neutre. Les énergies de formation de clusters ont été calculées afin de comprendre la
stabilité élevée qui fait des molécules chargées des précurseurs efficaces pour la nucléation
et la formation de clusters. L’influence de la température sur la formation des HOMs et
de clusters a aussi été étudié à -25, 5 et 25 ◦ C. Les résultats montrent que la température affecte de façon significative la cinétique de formation des HOMs. A des températures
élevées, une teneur plus élevée en oxygène a été observée dans les molécules comme indication
d’une réaction d’auto-oxydation rapide unimoléculaire en compétition avec des réactions de
terminaison bimoleculaire. La température affecte également le processus de formation de
clusters en diminuant leur évaporation à basse température.
La formation de nouvelles particules a été étudiée dans la troposphère libre à la station de
Jungfraujoch. Ces mesures contribuent à l’identification des vapeurs de nucléation à haute
altitude où l’on pense que la nucléation est guidée par l’acide sulfurique et l’eau (nucléation
binaire). Sur ce point, il a été montré que la formation de nouvelles particules dans la
troposphère libre est déclenchée par des clusters d’acide sulfurique et d’ammoniac et/ou des
HOMs. Les résultats obtenus au Jungfraujoch sont en bon accord avec ceux obtenus dans
des expériences de laboratoire à la chambre CLOUD. La formation de nouvelles particules au
Jungfraujoch s’est produite après le contact de masses d’air avec la couche limite planétaire
dans un laps de temps de 1 à 2 jours. Ces observations nécessitent une ré-analyse des modèles
climatiques qui considèrent que la formation de nouvelles particules dans la troposphère libre
est causée uniquement par nucléation binaire.
De plus, la caractérisation des ions dans la troposphère libre a été effectuée au cours de neuf
mois de mesures continues. Les ions des acides sulfurique, nitrique, malonique et méthanesulfonique (MSA) ainsi que le SO–5 · ont été les principaux ions détectés en mode négatif alors
que les amines ont été identifiées comme les pics principaux en mode positif. Les tendances
temporelles des ions principaux ont été étudiées dans différentes conditions ambiantes (rayonnement solaire, humidité relative, couverture nuageuse, etc.). Les espèces halogénées ont été
détectées pour la première fois dans un site continental en altitude. Les modèles de simulation
de rétro-trajectoires ont montré que ces espèces sont transportées de l’océan Atlantique et
parfois des zones continentales vers le Jungfraujoch. Une corrélation importante entre MSA
et SO–5 ·, mesurée en permanence au Jungfraujoch, a également été comparée à des mesures
sur cinq autres sites dans le monde, rapportant des résultats similaires. La corrélation entre
ces deux molécules remet en question la formation exclusive de MSA à partir de DMS telle
qu’elle est acceptée actuellement.
Les mesures présentées dans cette thèse ont été réalisées grâce à une instrumentation à la
pointe de la technologie actuelle. L’importance des résultats permet non seulement fait proxii

gresser notre compréhension de l’aérosol et la formation des nuages, en améliorèrent les paramétrisations des modèles climatiques, mais aussi de mieux connaître la composition chimique
de l’atmosphère par des observations directes.
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1

Introduction
1.1 Aerosol basic properties
Aerosols are defined as solid or liquid particles suspended in a gas. In the Earth’s atmosphere
aerosols are ubiquitous although their number concentration may vary significantly from ∼15
cm−3 in places like Antarctica [1] to 106 cm−3 in highly polluted cities [2] . An important aspect
of aerosols is their size since it affects both their lifetime and physicochemical properties. The
aerosol size distribution can be highly variable spanning over 5 orders of magnitude, from
few nm to 100 µm in diameter. Usually the distribution of aerosols is described by their
cumulative distribution in different modes which are defined according to the concentration
of particles that are smaller than or equal to a particular size range [3] . Thus, aerosol can
be classified into nucleation mode (∼1 - 10 nm), Aitken mode (10 – 100 nm), accumulation
mode (100 - 1000 nm) and coarse mode (2.5 - 100 µm) particles.
As shown in Fig. 1.1, sources and removal mechanisms define the size distribution of
aerosols; consequently particles present different chemical compositions, optical properties,
lifetime in the atmosphere, and potential impact (e.g. health, climate, etc.). Coarse particles
(greater than 2.5 µm) are generally created by mechanical processes (e.g. windblown dust)
and removed relatively fast by sedimentation, in the order of hours or days. On the other
hand, fine particles (smaller than 2.5 µm) result from transformation processes in the atmosphere. An important fraction of these aerosols are formed from the chemical conversion of
gases to low volatility vapors, resulting in small particles of 1-2 nm which may subsequently
grow by the further condensation of vapors. Those particles in the nucleation and Aitken
mode are normally removed by coagulation with the accumulation mode particles which are
subsequently removed by precipitation. These differences in lifetime and size result in an
aerosol distribution dominated by the accumulation and coarse mode in terms of volume or
mass, but a distribution dominated by nucleation and Aitken particles in terms of number.
The concentration, lifetime and physicochemical properties define the impact of aerosols
in aspects that include visibility degradation or transport of pollutants, however the major interest in atmospheric aerosol science is related firstly to human health, since aerosols
increase significantly mortality and morbidity [4] , and secondly to climate since aerosols influence Earth’s radiation balance by scattering and absorbing sunlight, or by affecting clouds
properties.
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Figure 1.1: Aerosol Particle Distribution (adapted from Seinfeld and Pandis [3] )

1.2 Aerosol and climate
It is certain that Earth’s temperature has increased since the 18th century. Independent
measurements since 1850 show an increase in land surface, air, sea-surface temperature as
well as a decrease in the artic sea-ice extent and consequently a rise in sea level [5] . There is
robust evidence that human activities have influenced this change in Earth’s climate, and the
overall rise in temperature is estimated to be 0.8 ◦ C since 1750 (reference year for preindustrial
times) when emissions of pollutants to the atmosphere increased substantially. Projections
for temperatures by the end of the 21th century range from 1.5 to 4.5 ◦ C and although this
is a variation of some degrees, the repercussion on Earth’s climate could be as important as
radically different.
Climate is a complex and dynamic system depending on several factors; for some of them
the current knowledge is robust enough to model accurately future variations and therefore
the effects on Earth’s climate- like it is the case for greenhouse gases- but for some others our
knowledge is limited and the level of uncertainty added to model predictions is significant.
In this regard, the highest uncertainty on climate models is due to aerosols and clouds. Over
the last decades the efforts to narrow the prediction of possible temperature variations from
1.5 to 4.5 ◦ C by the end of the present century have been unsuccessful due to our limited
understanding on the impact of aerosols and cloud formation.
To predict the temperature change it is necessary to understand the energy balance of the
climate system, the radiative forcing (RF), which is defined as the change in the radiative flux
of the Earth system (shortwave plus longwave, in W m−2 ) due to the imposed perturbation [5] .
2
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In other words, the RF is a temporary imbalance between the energy received from the Sun
and the energy radiated back out to space. In order to adjust to this imbalance, the Earth
warms up or cools down (∆T) reaching a new equilibrium global mean surface temperature.
The relationship between RF and ∆T is known as the climate sensitivity (λ).
λ = ∆T /RF

(1.1)

The uncertainty of the climate sensitivity λ can vary substantially across different forcing
agents. In the case of greenhouse gases, it is clear that they increase Earth’s temperature and
it is possible to estimate their impact precisely through ice cores records (gas concentrations
in ice bubbles). However, there is no record of cloud coverage or aerosol concentration in
preindustrial times, and therefore the large uncertainty in climate sensitivity is derived from
these factors.
By its own definition, RF is a long-term measurement which does not reflect rapid responses
from some forcing agents that adjust in a shorter timescale (within a few weeks). Therefore
the term of effective radiative forcing (ERF) is used to represent the change in net downward
radiative flux after allowing for atmospheric temperatures, water vapor and clouds to adjust,
but with global mean surface temperature (∆T) unchanged [5] .
Fig. 1.2 shows the large uncertainty of radiative forcing due to aerosols and makes a distinction between two different types of effects: aerosol radiation interactions (ari), representing
the scattering and absorption of shortwave and longwave radiation by atmospheric aerosols;
and aerosol-cloud interaction (aci), representing the effect of aerosols on cloud properties.
Both types of effects can also be noted in terms of effective radiative forcing as ERFari and
ERFaci respectively. This uncertainty due to aerosols affects significantly the capability to
estimate how sensitive the climate is to greenhouse gas emissions [6] .
The effect of aerosols on clouds is very important, since a cloud droplet cannot form without
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actual numbers and references). It is more complex to view the RF
by emitted species than by change in atmospheric abundance (Figure
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an aerosol particle. Depending on their size and composition, some aerosols serve as surface
where water vapor can condense onto, normally referred to as cloud condensation nuclei
(CCN, > 50 nm). Under supersaturated conditions, CCN take up water (activate) forming
a cloud droplet (∼10-20 µm). The more CCN, the smaller cloud droplets are formed for a
given liquid water content (LWC) Thus, a cloud with a high number of CCN would look
brighter scattering more light (cloud albedo) than a cloud with the same LWC and a lower
CCN number. Moreover, the decrease of cloud droplet size per given liquid water content
also decreases precipitation formation and consequently prolongs cloud lifetime.
Because of the high importance of clouds cooling Earth’s temperature, it is crucial to
understand the sources of CCN. These can be emitted directly to the atmosphere either
naturally (e.g. volcanic dust, sea salt) or through anthropogenic processes (e.g. combustion
of fossil fuels). However, it is estimated that about half of the CCN are formed in the
atmosphere [7] through a transition from gaseous precursors to the particle phase. This process
is commonly referred to as new-particle formation (NPF) or nucleation.

1.3 New particle formation
1.3.1 Theoretical basis
At a certain temperature and pressure, an atmospheric system is always striving to reach thermodynamic equilibrium conditions by lowering its Gibbs free energy towards a minimum [8] .
The relationship between the gas and the particle phase of the system is expressed in terms
of vapor pressure by the saturation ratio, S:
S = pv /psat

(1.2)

where pv is the partial vapor pressure of a substance (gas phase) and psat is its saturation
vapor pressure (particle phase). If S = 1, the system is in equilibrium and there is no net
transfer of molecules between the two phases. If S < 1 the system is under sub-saturated
conditions, and no net stable liquid or solid cluster will form. For nucleation to take place it
is necessary that S > 1, this means that a substance is supersaturated in the gas phase and
the Gibbs free energy of the system is lowered by a transfer of molecules into the condensed
phase.
The classical theory of nucleation assumes that the surface created by the condensed state
is spherical and has a surface tension that is not affected by the curvature of the surface, and
that the nucleating vapor behaves like an ideal gas. Under these considerations, the Gibbs
energy for nucleation can be written as:
∆G = 4πri2 σ − ikT ln(S)

(1.3)

where i is the number of molecules in a particle of radius ri , k is the Boltzmann constant,
T is the temperature and σ is the surface tension. Thus, in Eq. 1.3 the first term describes
the surface energy while the second describes the difference in ∆G between gas phase and
condensed phase. If the nucleation process occurs on a pre-existing surface the process is
known as heterogeneous nucleation, but if nucleation is driven only by vapor molecules it is
referred to as homogeneous nucleation. In the last case, the formation of new particles from
gas precursors is generally hindered by a nucleation barrier (∆G∗ ), as the formation of a new
particle means that a new surface has to be formed [8] . If S is large enough, then sufficiently
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large clusters can be formed exceeding a critical size. Therefore, the so-called critical cluster
(with a critical radius, r∗ ) will be seen to be of a size such that its rate of growth is equal to
its rate of decay [3] .
around an ion is represented in classical nucleation theory by the Thomson
An important aspect is that the nucleation barrier can be reduced by the presence of ions.
equation:
Due to the electrostatic forces between ions and a ligand molecule, ions enhance the stability
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in Fig. 1.3.
Even after surpassing the critical cluster size, new particles are still susceptible to be scavenged by pre-existing particles. Thus, the formation of particles up to the CCN size proceeds
in two stages: nucleation and growth. Fig. 1.4 shows a schematic representation of the entire
process from the combination of first molecules, formation of the critical cluster, growth to
CCN size (∼ 50 nm) and activation to form a cloud droplet (∼ 10-20 µm), exemplified for
the IIN case.
The rate of formation of new stable particles with a mobility diameter in the critical cluster
size (1-2 nm) is normally defined by the nucleation rate (J, cm−3 s−1 ). In the atmosphere
J is normally in the range 0.01-10 cm−3 s−1 in the boundary layer, although nucleation
rates up to 104 -105 cm−3 s−1 have been also observed [10] . Similarly, the growth of the newly
formed particles by condensation of vapors is known as the growth rate (nm h−1 ) with typical
values in the atmosphere in the range 1–20 nm h−1 depending on the temperature and the
5
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and Turco 2000, 2001; Laakso et al. 2002).
As well as inducing particle formation, charge also accelerates the early growth process,
due to an enhanced collision probability, and thereby increases the fraction of particles that
survive removal by coagulation before reaching sizes of 5 nm (Laakso et al. 2003). Beyond
this size, electrostatic effects are thought to be negligible, but coagulation rates also fall
strongly due to the lower particle mobility. So, with regard to enhancing the survival of
new particles to CCN sizes, charge operates precisely in the most critical range, below 5
Introduction
nm. Nevertheless, only a small fraction of new particles reach the minimum size to be
effective CCN (about 50 nm), since most are lost by scavenging on existing aerosols.
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availability of nucleating vapors.

1.3.2 Nucleating vapors
The atmosphere is composed of thousands of trace substances, but only a fraction of them are
able to combine and form new particles. An important limitation identifying these nucleating
vapors resides in their low concentration in the atmosphere, in the range of parts per billion,
trillion or even quadrillion levels. Nevertheless, nucleation has been observed at numerous
places under different environmental conditions: in the boreal forest [11] , in rural and urban
areas [12,13,14] , in the upper troposphere [15] , as well as in coastal [16] and Polar regions [17,18] .
As shown in the previous Section, a common requirement of these gases is to have low
vapor pressures, such that their vapors can easily supersaturate in the gas phase and therefore
transfer to the condensed phase. Because of its low vapor pressure, sulfuric acid (H2 SO4 ) is
believed to be the main source of new particles in the atmosphere. In fact, nucleation has been
observed to be strongly dependent on the abundance of H2 SO4 (Sipilä et al. [19] and references
therein). Because of the permanent presence of water vapor under atmospheric conditions the
actual nucleation process always involves the co-condensation of sulfuric acid and water [20] , a
process known as binary homogeneous nucleation, which is believed to account for particles in
the relatively cold upper troposphere [21,20] . Indeed, binary nucleation is the only mechanism
employed in global models to account for particle formation in the free troposphere [6] . In the
lower troposphere boundary layer, on the other hand, H2 SO4 concentrations are too low to
explain the observed new particle formation by binary homogeneous nucleation [22] .
The addition of a base as third component to the H2 SO4 -H2 O system, such as ammonia
or amines, was found to increase the stability of the primary clusters [23,24] , substantially
enhancing the nucleation rates [25,22] . Still, this nucleation mechanism known as ternary
nucleation, only explains part of the measured atmospheric nucleation.
Another mechanism for new-particle formation proceeds by the oxidation of organic vapors [26] . Actually, closer approximation to the observed nucleation rates in the atmosphere
is obtained by the combination of oxidized organics with sulfuric acid [27,28] . The oxidation
of biogenic vapors (e.g. α-pinene) was found to generate highly oxygenated multifunctional
6
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organics (HOMs) compounds, detected from both experiments and ambient air [29] . Most of
these compounds were found to have an extremely low volatility, property for which they
could serve as efficient nucleating vapors. Consequently the term ELVOC (extremely lowvolatility organic compounds) was used to refer these compounds [30] . Recently, it has been
found that although ELVOC are capable to nucleate, compounds with a slightly higher volatility (LVOC, low-volatility organic compounds) are also important for the initial growth of
newly formed particles [31] . Thus, currently the term HOMs is used to refer to the broad
spectrum of organic compounds that contribute to nucleation and growth of new particles.
The high oxygen content of the HOMs explains their low volatility and consequently their
potential to act as nucleating vapors. The formation of HOMs described by Ehn et al. [30] ,
proceeds by the formation of a Criegee intermediate from the ozonolysis of α-pinene and
leads to the formation of an RO2 · radical, followed by several repeated cycles of intramolecular H-abstractions and O2 additions producing progressively more oxygenated RO2 · radicals,
a mechanism called autoxidation [32] .
Homogeneous nucleation of iodine oxides was also suggested as an efficient source of natural
condensable material in coastal areas [33,34] . Indeed, recently field measurements in three
different coastal sites confirmed molecular-level observations of nucleation driven by iodine
oxoacids and iodine oxide vapors [35] .
Precursors of nucleating vapors may derive from natural and/or anthropogenic sources.
Sulfuric acid, for instance, is produced by the oxidation of sulfur dioxide (SO2 ) which it is
emitted to the atmosphere by natural sources like volcano activity. Another and more important natural source of SO2 is dimethyl sulfide (DMS) oxidation, produced by phytoplankton.
However, all natural emissions of sulfur are estimated to be around 25 - 40 Tg S year−1 , and
are exceeded largely by the anthropogenic emissions from fossil fuel and combustion which
reach levels of 73 - 80 Tg S year−1 [3] . Since H2 SO4 is thought to be essential for the formation of new particles (in combination with water, bases or organics as described before), it is
presumed that the currently observed nucleation rates are much higher than those of preindustrial times resulting in a significant anthropogenic contribution to new particle formation
and therefore an influence on climate.
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1.4 Motivation and thesis outline
The main goal of this thesis is to contribute to the understanding of mechanisms forming new
particles that are stable enough to serve as CCN by using state-of-the-art instrumentation.
More specifically, the aims were to investigate if nucleation is possible in the absence of sulfuric
acid under atmospherically relevant conditions, to understand the effect of charged molecules
and temperature variation on nucleation, to compare the composition of nucleating gases
from laboratory and ambient measurements, and finally to characterize atmospheric ions at
high altitude.
This thesis is divided in two main parts: the first part (Chapters 3 and 4) is focused on
new-particle formation experiments at the CERN CLOUD chamber and the second part
(Chapters 5 to 7) is dedicated to ambient measurements of new particle formation events and
the chemical characterization of ions mainly at the High Alpine Research Station Jungfraujoch
and to lesser degree at five other stations around the world.
Chapter 3 explores the possibility of pure biogenic nucleation under atmospheric conditions
questioning the well-accepted essential role of sulfuric acid for nucleation and the possible
implications for climate models, specifically with regard to their currently assumed preindustrial conditions. In addition, the influence of ions on the nucleation rates is investigated.
Chapter 4 shows in more detail the chemical composition of the ions described in the previous
chapter. The identification of these ions is presented from the primary ions up to clusters
at small particle sizes (∼1.5 nm) and therefore covering the transition range from gas phase
at molecular level to small particle sizes. By comparing experiments at three different temperatures (-25, 5 and 25 ◦ C) variations in the formation of compounds are revealed due to
kinetic effects as well as in the cluster formation due to thermodynamic differences.
In Chapter 5 new particle formation events in the free troposphere are presented. The
ambient measurements at the high altitude research station Jungfraujoch are compared with
results obtained in the CLOUD chamber. Transport of boundary layer air to the free troposphere is found to be an important factor for the occurrence of nucleation events but
only when it happens in a confined time window. While Chapter 5 describes in detail two
significant events, Chapter 6 provides an overview of all nucleation events detected at the
Jungfraujoch during nine months of measurement. Based on this long-term dataset, this
chapter also presents a representative composition of atmospheric ions at high altitude under
different ambient conditions (relative humidity, cloud coverage, solar radiation, etc.). Back
trajectory models were employed to retrieve the origin of halogenated molecules detected at
this continental site. A remarkable correlation was found between methylsulfonate (deprotonated methylsulfonic acid) and SO–5 at the Jungfraujoch which is further investigated in
Chapter 7 at other five stations: SMEAR II - Finland, Pyramid - Nepal, Mace Head - Ireland,
Villum - Greenland and Aboa - Antarctica.
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Method
2.1 Measurements
The measurements presented in this thesis were performed under well-defined laboratory
conditions at the CLOUD chamber at CERN and under ambient conditions at the high
altitude research station Jungfraujoch, both located in Switzerland. After a description of
the research infrastructure the main instrument used for these studies, and Atmospheric
Pressure Interface Time-of-Flight Mass Spectrometer (APi-TOF), will be described.

2.1.1 The CLOUD experiment
The "Cosmics Leaving OUtdoor Droplets" (CLOUD) experiment at the European Organization for Nuclear Research (CERN) is the first experiment able to provide suitable conditions for an accurate study of clean atmospheric conditions. Equipped with state-of-the
art instrumentation and ultralow contaminant levels, in the last years the CLOUD experiment has contributed significantly to the study of aerosol formation and their impact on
clouds [22,25,28,31,36,37,38] .
The CLOUD facility consists of a cylindrical stainless-steel chamber of 26 m3 inner volume.
Around the chamber different instruments for the measurement of particles and gases are
connected as shown schematically in Fig.2.1. In the lower part of the chamber different
gases are injected to simulate clean atmospheric conditions. Synthetic air is made by mixing
nitrogen (79%) and oxygen (21%) from cryogenic dewars, ozone (O3 ) is produced by UV
irradiation and the chamber is humidified with deionized and purified H2 O added via a
Nafion humidifier. The gas system also has some lines for other gases which include α-pinene
(not shown in Fig.2.1), ammonia (NH3 ) and SO2 added as precursor for H2 SO4 , however
neither NH3 nor SO2 were used in the experiments discussed in this thesis. The mixing fans
placed at the top and bottom of the chamber enable a uniform mixture of the gases [39] . The
total air flow injected to the chamber in our experiments was around 200 L min−1 , equivalent
to the air removed from all the sampling instruments. The temperature of the chamber is
kept stable within ±0.01 K through circulating airflow inside the chamber’s thermal housing
which is insulated by aluminum foil, rock wool and stainless steel sheets.
The chamber is ionized naturally mainly by galactic cosmic rays (GCR) reaching ion-pair
concentrations of ∼ 700 cm−3 . The air in the chamber can be additionally ionized by a 3.5 Ge
9
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Figure 2.1: Schematic of the CLOUD chamber [22]

Fig. S 1. CLOUD schematic. Schematic diagram of the CLOUD experiment at the CERN Proton Synchrotron.

V c−1 beam of positively charged pions (π + ) generated by the CERN Proton Synchrotron
(PS) reaching ion-pair concentrations ∼ 3000 cm−3 for the experiments presented in this
study. The beam enables a controlled simulation of GCR by adjusting the beam collimators,
with a total ion pair production rate in the chamber between 2 and 100 cm−3 s−1 [40] . The
chamber is also equipped with a pair of field 4cage electrodes at the top and bottom of the
chamber (in front of the mixing fans). The electrical field generated with high voltage (20 kV
m−1 ) removes all the ions in the chamber in about one second [41] . Thus, experiments can be
performed under (π + ) beam, galactic cosmic ray (GCR) and neutral conditions. This feature
is especially important in this study where atmospheric ions are studied during new particle
formation.
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2.1.2 The high altitude research station Jungfraujoch
The High Altitude Research Station Jungfraujoch (JFJ, 3454 m a.s.l.)
is located
in the Bernese Alps (46.55◦ N, 7.98◦ E; http:// hfsjg.ch), between two mountains, the
Mönch in the southwest (4099 m a.s.l.) and the Jungfrau in the northeast (4158 m
a.s.l.). Since 1990 aerosol measurements have been recorded continuously at the JFJ
(http://www.hfsjg.ch/en/jungfraujoch/research-topics/). Because of its high altitude, the
JFJ is within clouds for ∼40% of the time on a yearly basis [42] making the JFJ an optimal
place to study the aerosol-cloud interaction. In addition, the remote location (low sources of
contamination) and low temperatures of the JFJ provide convenient conditions for the study
of new particle formation.
The JFJ is home of the Sphinx observatory where meteorological and gas measurements
are conducted by the Federal Office of Meteorology and Climatology (MeteoSwiss) and Swiss
10
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National Monitoring Network for Air Pollution (NABEL), respectively. The set of measurements performed at the Sphinx serves as background for free troposphere conditions across
the Central European region (https://www.empa.ch/web/s503/nabel) and makes the Jungfraujoch station part of the World Meteorological Organization (WMO)’s Global Atmosphere
Watch (GAW) program.

2.2 Instrumentation
Central to this work is the Atmospheric Pressure Interface Time-of-Flight Mass Spectrometer
(APi-TOF; Tofwerk AG and Aerodyne Research). The APi-TOF measures the mass-tocharge ratio (in Th:Th = 1 Da e−1 , where e is the elementary charge) of ambient ions either
positively or negatively charged. No ionization source was employed in the instrument for
this work, therefore the measured ions where charged by galactic cosmic rays (GCR), radioactive decay of radon or by a pion beam (experiments conducted at the CLOUD chamber,
CERN).

Figure 2.2: Schematic of the APi-TOF [43] . In the first stage, APi, the pressure is reduced from
atmospheric levels to 10−4 mbar through three chambers. In this stage, the ions are focus and guided
by two series of quadrupoles (red bars in first two chambers) and a set of lenses in the third chamber
(purple bars). In the second stage, TOF, the pressure reaches 10−6 mbar and the ions are conducted
to the reflector with a flight path in V or W mode (red lines).

The APi-TOF consists basically of two parts, an atmospheric pressure interface (APi) and
the time-of-flight (TOF) section (see Fig.2.2). The sample is aspired through the 1 m inlet
line at a flow rate between 5-10 L min−1 from which 0.8 L min−1 enter to the APi through
a critical orifice of 0.3 mm. In the APi, the pressure of the sampled flow is reduced, passing
through three chambers from atmospheric levels to 2, 10−3 and 10−4 mbar respectively. In
the first two chambers, the ions are guided with two sets of quadrupoles and in the third
11
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chamber the ions are focused by a set of lenses before they reach the time-of-flight (TOF)
region where pressure reaches 10−6 mbar. In the TOF, electrical fields send the ions onto a
flight path to a multichannel plate ion detector either in V or W mode, depending on the
sensitivity or resolution expected to acquire, respectively. In this study, the APi-TOF was
set in V mode in order to obtain high sensitivity with a mass accuracy below 5 ppm and a
resolving power around 5000 (Th/Th).
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3.1 Introduction

Atmospheric aerosols and their effect on clouds are thought to be important for anthropogenic radiative forcing of the climate, yet remain poorly understood [5] . Globally, around half
of cloud condensation nuclei originate from nucleation of atmospheric vapours [7] . It is thought
that sulfuric acid is essential to initiate most particle formation in the atmosphere [44,11] , and
that ions have a relatively minor role [45] . Some laboratory studies, however, have reported
organic particle formation without the intentional addition of sulfuric acid, although contamination could not be excluded [46,47] . Here we present evidence for the formation of aerosol
particles from highly oxidized biogenic vapours in the absence of sulfuric acid in a large chamber under atmospheric conditions. The highly oxygenated molecules (HOMs) are produced by
ozonolysis of α-pinene. We find that ions from Galactic cosmic rays increase the nucleation
rate by one to two orders of magnitude compared with neutral nucleation. Our experimental
findings are supported by quantum chemical calculations of the cluster binding energies of
representative HOMs. Ion-induced nucleation of pure organic particles constitutes a potentially widespread source of aerosol particles in terrestrial environments with low sulfuric acid
pollution.

3.1 Introduction
It is thought that aerosol particles rarely form in the atmosphere without sulfuric acid [44,11] ,
except in certain coastal regions where iodine oxides are involved [34] . Furthermore, ions are
thought to be relatively unimportant in the continental boundary layer, accounting for only
around 10% of particle formation [45] . Sulfuric acid derives from anthropogenic and volcanic
sulfur dioxide emissions as well as dimethyl sulfide from marine biota. However, typical
daytime sulfuric acid concentrations (105 −107 cm−3 , or 0.004–0.4 parts per trillion by volume
(p.p.t.v.) at standard conditions) are too low for sulfuric acid and water alone to account for
the particle formation rates observed in the lower atmosphere [22] , so additional vapours are
required to stabilize any embryonic sulfuric acid clusters against evaporation. Base species
such as amines can do this and can explain part of atmospheric particle nucleation [25] . It is
well established that oxidation products of volatile organic compounds (VOCs) are important
for particle growth [48] , but whether their role in the smallest particles is in nucleation or
growth alone has remained ambiguous [11,49,27] . Recently, however, it has been shown that
oxidized organic compounds do indeed help to stabilize sulfuric acid clusters and probably
play a major role in atmospheric particle nucleation [36,46,50] . We refer to these compounds as
HOMs (highly oxygenated molecules) rather than ELVOCs (extremely low-volatility organic
compounds) [30] because the measured compounds span a wide range of low volatilities.
Here we report atmospheric particle formation solely from biogenic vapours. The data were
obtained at the CERN CLOUD chamber (Cosmics Leaving OUtdoor Droplets; see Material
and Methods for experimental details) between October 2012 and November 2013. In contrast
with other works that have reported organic particle formation without intentional addition
of sulfuric acid [46,47,51] , here we measure the cluster chemistry and the role of ions, and rule
out contamination.
Precursor VOCs in the atmosphere predominantly arise from natural sources such as vegetation and largely comprise isoprene (C5 H8 ), monoterpenes (C10 H16 ), sesquiterpenes (C15 H24 ),
and diterpenes (C20 H32 ). Here we have studied α-pinene (C10 H16 ) since it is the most abundant monoterpene, often exceeding 50 pptv in the continental boundary layer [52] . We oxidised
α-pinene by exposure to ozone and also to hydroxyl (OH·) radicals produced from ozone
15

Chapter 3 Ion-induced nucleation of pure biogenic particles
photolysis and secondary reactions. In order to measure the relative importance of these
oxidants we also performed a few pure ozonolysis experiments (where we removed OH· with
a 0.1% H2 scavenger) and a few pure hydroxyl experiments (where we generated OH· by
photolysis of gas-phase nitrous acid, HONO). Two nitrate Chemical Ionisation Atmospheric
Pressure Interface Time of Flight (CI-APi-TOF) mass spectrometers measured neutral gasphase compounds in the chamber (H2 SO4 and HOMs). For this study HOMs are therefore
implicitly defined as oxidised organic compounds that can be detected by a nitrate CI-APiTOF; related molecules with a lower oxidation state or different functional groups may be
present in the chamber but undetected by our nitrate chemical ionisation setup.
Precursor VOCs in the atmosphere arise predominantly from natural sources such as vegetation and largely comprise isoprene (C5 H8 ), monoterpenes (C10 H16 ), sesquiterpenes (C15 H24 )
and diterpenes (C20 H32 ). Here we have studied α-pinene (C10 H16 ) because it is the most
abundant monoterpene, often exceeding 50 p.p.t.v. in the continental boundary layer [52] .
We oxidized α-pinene by exposure to ozone and also to hydroxyl radicals (OH·) produced
from ozone photolysis and secondary reactions. To measure the relative importance of these
oxidants we also performed a few pure ozonolysis experiments (in which we removed OH·
with a 0.1% H2 scavenger) and a few pure hydroxyl experiments (in which we generated
OH· by photolysis of gas-phase nitrous acid, HONO). Two nitrate chemical ionization atmospheric pressure interface time-of-flight (CI-APi-TOF) mass spectrometers measured neutral
gas-phase compounds in the chamber (H2 SO4 and HOMs). Therefore, for this study, HOMs
are implicitly defined as oxidized organic compounds that can be detected by a nitrate CIAPi-TOF; related molecules with a lower oxidation state or different functional groups could
be present in the chamber, but undetected by our nitrate chemical ionization set-up.

3.2 Results and discussion
Before starting measurements, we carefully cleaned the CLOUD chamber (see Material and
Methods, 3.4) and established extremely low contaminant concentrations: at 38% relative
humidity and 278 K, the contaminants were below the detection limit for SO2 (<15 p.p.t.v.)
and H2 SO4 (< 5 × 104 cm−3 ), and total organics (largely comprising high volatility C1 −C3
compounds) were below 150 p.p.t.v. Contaminants with a high proton affinity or a high
gas-phase acidity can be detected as ions by the APi-TOF operating in positive or negative
mode, respectively, even at neutral molecule concentrations as low as 104 cm−3 . The APiTOF measured contaminant C5 H5 NH+ (protonated pyridine) and contaminant NO–3 to be
the dominant positive and negative ions, respectively, before we added any trace gases to the
chamber other than water vapor and ozone (Extended Data, ED, Fig. 3.8 a and b).
Despite its higher gasphase acidity, we detected contaminant HSO–4 at only 1% of the
NO–3 signal (ED Fig. 3.8b), ruling out any contribution of sulfuric acid to the nucleation
measurements. From previous studies and molecular analysis of the charged clusters (see
below), the most abundant positive ion is likely to be contaminant ammonium (NH+
4 ), but
its mass is below the acceptance cut-off of the APi-TOF as operated in this study.
Within a few minutes of the initial exposure of α-pinene to O3 in the chamber, we detected
gas-phase HOM monomers and dimers (Fig. 3.1a). Particles appeared shortly afterwards
(Fig. 3.1b). HOM monomers (denoted E1 ) broadly comprise highly oxidized C8-10 H14,16 O6-12
species with an oxygen-to-carbon ratio (O/C) above about 0.6. HOM dimers (E2 ) are two
covalently bound monomers (see below), which generally have lower oxygen-to-carbon ratios,
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Figure 3.1: Evolution of HOMs and particles during a typical run. a) Evolution of selected HOM
monomers (E1 ), dimers (E2 ) and peroxy radicals (RO2 ·) at 300 p.p.t.v. α-pinene, 33 p.p.b.v. O3 ,
zero H2 or HONO, 38% RH, 278 K, and [H2 SO4 ] below 5 × 104 cm−3 (the same run as shown in
ED Fig. 3.5). The HOMs start to appear soon after first injection of α-pinene into the chamber at
21:22, 23 October 2013. A HOM monomer is a highly oxygenated molecule derived from α-pinene
(C10 H16 ), and a HOM dimer is a covalently bound pair of monomers. Peroxy radicals are identified by
an odd H number. The HOMs are charged with an NO–3 ion in the CI-APi-TOF mass spectrometer.
The systematic scale uncertainty on the HOM concentrations is +80%/-45%. b) Evolution of the
particle number concentrations measured in the PSM1.8 (red curve) and CPC2.5 (blue curve) particle
counters. The high voltage clearing field (HVCF) was switched off at 05:16, 24 October 2013, marking
the transition from neutral (ion-free) to GCR conditions in the chamber. A sharp increase in the rate of
particle formation is seen, due to ion-induced nucleation of pure biogenic particles. However, no change
occurs in the HOM concentrations (a), because these are predominantly neutral gas-phase molecules.
The dotted and dashed curves in b show the PSM1.8 and CPC2.5 distributions, respectively, simulated
for this run with the AEROCLOUD kinetic model, which is used to derive the experimental nucleation
rates (see Material and Methods, 3.4).
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but, almost certainly, a lower volatility. For the present study we define E1 (E2 ) to be the
summed HOM peaks in the mass/charge range m/z = 235–424 Th (425–625 Th), where 1 Th
= 1 Da/e and e is the elementary charge. This definition excludes peaks in the E1 mass band
distinguished by an odd H number C10 H15 O6,8,10,12 ), which we assign to the RO2 · peroxy
radical. These m/z values include a contribution of 62 Th due to the NO–3 ion from the
CI-APi-TOF ionizer. We define the total HOMs as the sum RO2 · + E1 + E2 .
We measure high HOM molar yields (ED Fig. 3.9): approximately 1.2% per hydroxyl radical
(OH·) reaction with α-pinene, 3.2% per ozone reaction with α-pinene, and 2.9% from pure
ozonolysis. We find a high E2 yield from ozonolysis (10%–20% of total HOMs), but negligible
E2 yield from hydroxyl-initiated oxidation. Neutral trimers are close to the detection limit
of the CI-APi-TOF (below 0.1% of total HOMs). High yields of these same HOMs have
previously been reported [46,30] , although our ozonolysis yields are less than half those of
ref. [30]. For our experiments, α-pinene was in the range 0.1–2 parts per billion by volume
(p.p.b.v.), with 20–40 p.p.b.v. of O3 . The OH· concentrations were (0.5–0.8)×106 cm−3
during ozonolysis experiments, and (0.4–2)×105 cm−3 during pure hydroxyl experiments
with 0.5–3 ppbv of HONO.
This remarkably fast production of HOMs is likely to proceed via an autoxidation mechanism involving peroxy radicals [30,32,53,54] (ED Fig. 3.10). There is simply insufficient time for
oxidation to proceed in multiple steps through stable intermediate molecules. Here, initial
ozonolysis of an α-pinene molecule proceeds via a Criegee intermediate and further steps to
form an RO2 · radical radical, followed by several repeated cycles of intramolecular H abstraction and O2 addition to re-form a new RO2 · radical. We measure an RO2 · fraction of
total HOMs between 15% and 1% for HOMs from 0.1 p.p.t.v. to 10 p.p.t.v., respectively. A
combination reaction of differently oxidized peroxy radicals explains the rapid high yield of
covalently bound E2 . The negligible E2 yield from hydroxyl-initiated oxidation could result
from additional NOx chemistry that terminates the peroxy radicals before they can combine. Our theoretical calculations further indicate that E2 must be covalently bound because
the neutral molecular cluster formed from two monomers (denoted E1 ·E1 ) is expected to be
unstable (see below).
We measured nucleation rates under neutral (Jn ), Galactic cosmic ray (GCR; Jgcr ) and π +
beam (Jπ ) conditions, corresponding to ion-pair concentrations of around 0 cm−3 , 700 cm
−3 and 3,000 cm −3 , respectively. This range spans atmospheric ion concentrations between
ground level and 15 km altitude. The nucleation rate Jn describes the neutral rate alone,
whereas Jgcr and Jπ describe the sum of the neutral and ion-induced rates, Jn + Jiin . We
determine the nucleation rates at 1.7 nm mobility diameter, at which size a particle is generally considered to be stable against evaporation. To determine the nucleation rates, we
fit the time-dependent particle concentrations with a numerical model that treats particle
nucleation and growth kinetically at the molecular level (an example is shown in Fig. 3.1b;
see Material and Methods (3.4) for further details).
A typical run sequence (ED Fig. 3.5) begins by establishing ion-free conditions with a highvoltage clearing field and introducing α-pinene to the chamber, where it mixes with ozone.
Particles then start to form and, after measuring Jn at steady-state α-pinene concentration,
we turn off the high voltage and measure Jgcr under otherwise identical chamber conditions.
A sharp enhancement of particle formation is seen when the high voltage was turned off (ED
Figs. 3.5b and e), due to ion-induced nucleation of both charge signs (ED Figs. 3.5c, 3.5d, and
ED Fig. 3.7).
Figure 3.2 shows the molecular composition and mass spectra of negatively and positively
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charged ions, monomers, dimers and clusters during ion-induced nucleation events. The
–
–
–
dominant core ions in the clusters are identified as NH+
4 , NO3 , and E . Here E is inferred for
negatively charged ions or clusters that contain only C, H and O; the E– ion corresponds to a
HOM of high gas-phase acidity. In contrast to negative clusters, the positive clusters nucleate
only with dimers, producing distinct mass bands that are detected up to E10 in the APi-TOF
(Figs. 3.2c and d). This indicates the importance of dimers for pure biogenic nucleation.
Dimers are expected to be less volatile than monomers, owing primarily to higher molecular
weight, but also to additional functional groups. Our previously described definition for
neutral gas-phase HOMs encompasses compounds with a wide range of low volatilities [53,31] ,
of which only a subset drive nucleation (ELVOCs, which comprise about 36% of measured
total HOMs [31] ). From the strong ion enhancement of nucleation we conclude that the APiTOF mass peaks above the dimer in Fig.3.2 are clusters of ELVOC monomers and dimers.
Although we can precisely determine their molecular composition (Cx Hy Oz ), we can only
infer their specific structure and functional groups.
We show the experimental neutral and GCR nucleation rates in Fig. 3.3 over the total
HOMs range 0.1–10 p.p.t.v., which spans the range of atmospheric interest. Below 1 p.p.t.v.
HOM, ionization at ground-level GCR intensities enhances the nucleation rate by between
one and two orders of magnitude compared with neutral nucleation. At higher concentrations,
the neutral and GCR nucleation rates converge because the ion-induced rate, Jiin, reaches
the limit set by the GCR total ion production rate (3.4 cm−3 s−1 ). Positive and negative
clusters nucleate at comparable rates (an example is shown in ED Fig. 3.7). Relative humidity has little effect on Jgcr over the range 6%–80% relative humidity, whereas Jn increases
substantially at higher relative humidity (ED Fig. 3.6).
The large GCR enhancement indicates that biogenic molecular clusters are relatively unstable unless an ion is present. A charged cluster is also likely to experience higher collision
rates with HOMs because they are expected to have high electric polarizability and, depending on their structure, large dipole moments. We further investigated the dependence on
ion species by adding small amounts of SO2 to the chamber, up to around 1,000 p.p.t.v.
When [H2 SO4 ] exceeds about 1 × 105 cm−3 , the major negative ion species shift to HSO–4 ,
SO–5 and SO–4 (ED Fig. 3.8c), owing to their lower proton affinity (higher gas-phase acidity)
than contaminant compounds. However, the nucleation rates with sulfur ion species remain
unchanged (Fig. 3.3). Taken together, our observations therefore show that ubiquitous ion
species can stabilize embryonic biogenic clusters. However, we do not observe chlorine in
nucleating clusters, even though contaminant chlorine ion species are present (Fig. 3.2 and
ED Fig. 3.8), which indicates that not all ions have a suitable chemical structure to bond
strongly with the oxidized organic compounds [55] .
Figure 3.4 shows the CLOUD biogenic nucleation rates extended to [H2 SO4 ] of 6×106 cm−3
and compared with atmospheric boundary layer observations [44,11,56,57] . Biogenic nucleation
rates show no significant dependence on sulfuric acid concentration over this range (that is,
within the experimental measurement errors, the nucleation rate is consistent with zero dependency on sulfuric acid concentration). This finding sharply contrasts with base-stabilized
nucleation of sulfuric acid in the presence of ammonia [22] or amines [25] , where nucleation
rates at 1.7 nm show a steep dependency on [H2 SO4 ] above 106 cm−3 . Comparison of the
atmospheric observations (Fig. 3.4) with our measurements therefore suggests that nucleation
in the lower atmosphere may involve a mixture of two distinct mechanisms. The first, which
is more important in polluted environments, involves nucleation of sulfuric acid and water
together with a combination of amines or ammonia with oxidized organics, and has a strong
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dependence on sulfuric acid. The second, which is more important in pristine environments,
involves nucleation of pure organic particles and depends on only oxidized organics and ions.
To gain further insight into the stability of initial neutral and charged clusters of highly
oxidized biogenic molecules, we calculated their Gibbs free energies of formation, ∆G, using
quantum chemical methods (see Material and methods). For this study we chose C10 H14 O
and C20 H30 O14 as E1 and E2 surrogates, respectively (Fig. 3.11). We observe these compounds both in the gas (Fig. 3.1) and particle phases in the CLOUD chamber. We show
proposed formation mechanisms and structures in ED Fig. 3.10. Our calculations, summarized in Extended Data Table 3.12 and Figure 3.13, confirm that ELVOC clusters formed
+
with an E1 − , H2 SO4 , NO−
3 , or NH4 ion are expected to be stable (that is, their growth
rate exceeds the evaporation rate) at around 0.1 p.p.t.v. ELVOC, or below. In contrast,
the initial neutral clusters are weakly bound and so neutral nucleation is expected to be
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weaker. Although limited to a single surrogate pair, our theoretical calculations thus provide
independent support for the experimental measurements.
Comparisons with atmospheric observations should be considered as preliminary because
our measurements were made at only one temperature, with a single monoterpene, in the
absence of isoprene and mostly in the absence of NOx , which can influence HOM yields. Nevertheless, our results may provide fresh insights into several seemingly disparate phenomena
associated with low atmospheric concentrations of sulfuric acid. First, pure HOM nucleation
could provide a mechanism to account for nucleation-mode particles observed at night-time,
under low H2 SO4 conditions [58,59] . Second, although observations are rare, nucleation-mode
particles are seen in the Amazon [60] , where SO2 levels are extremely low (20–30 p.p.t.v.).
Peak particle concentrations often occur at sunrise and sunset [60] , and appear to be associated with rain, which reduces the aerosol condensation sink and may generate high ion
concentrations by evaporation of charged droplets at the Rayleigh limit. Third, pure biogenic nucleation could explain new particle formation observed in the upper troposphere in
cloud outflows depleted of SO2 , such as over the Amazon [51,60,61,62] . Low-solubility biogenic
precursor vapours can be efficiently convected inside clouds to high altitudes where HOMs will
form in the cloud outflows on exposure to oxidants, and nucleation is likely to be enhanced
by the low temperatures. Fourth, since high HOM yields are also found from other organic
compounds with an endocyclic double bond such as cyclohexene [30] , pure HOM nucleation involving anthropogenic organic precursors could be expected when [H2 SO4 ] is low [63] . Finally,
ion-induced pure biogenic nucleation might shed new light on the long-standing question of
a physical mechanism for solar-climate variability in the pristine pre-industrial climate [64,9] .
Direct observational evidence of pure biogenic nucleation has not been reported so far,
owing to atmospheric pollution or lack of suitable instrumentation. The pure biogenic mechanism is likely to dominate nucleation in pristine terrestrial regions such as tropical rainforests
or at higher altitudes above forests in convective cloud outflows. Pure biogenic nucleation
might also take place over forested areas at high northern latitudes during periods of especially low pollution. Identification of pure biogenic nucleation in the atmosphere will require
simultaneous measurements with several newly developed mass spectrometers, APi-TOF (for
molecular composition of ions and nucleating charged clusters) and CI-APi-TOF (gas-phase
HOMs and H2 SO4 ), together with standard instruments such as low-threshold particle counters, PTR-TOF (precursor organic vapours) and NAIS (size spectra of ions and charged
particles).
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Figure 3.4: Experimental and atmospheric nucleation rates versus H2 SO4 concentration. CLOUD
measurements of the neutral (Jn ; circles), GCR (Jgcr ; triangles) and π beam (Jπ ; diamonds) biogenic
nucleation rates at 1.7 nm (J1.7 ) versus [H2 SO4 ]. The CLOUD experimental conditions are 10–1,300
p.p.t.v. α-pinene (for measurements below J1.7 = 10 cm−3 s−1 ), 25–35 p.p.b.v. O3 , zero H2 or
HONO, 20%-40% relative humidity and 278 K. Measurements below 1 × 105 cm−3 for [H2 SO4 ] are
near to the detection limit of the CI-APi-TOF and should be considered as upperestimates (to avoid
overlap, some data points at the H2 SO4 detection limit are displaced by up to 1 × 104 cm−3 ). The
total HOMs concentration from α-pinene oxidation is indicated by the colour scale. Observations of
particle formation in the atmospheric boundary layer (mainly at 3 nm threshold size) are indicated by
small grey circles [44,11,56,57] . Following convention, the H2 SO4 concentration refers to monomers alone;
that is, H2 SO4 bound in molecular clusters is not included. The kinetic upper limit on sulfuric acid
nucleation is indicated by the blue band, which is bounded by dashed lines indicating J1.7 and J3 . This
band assumes the CLOUD condensation sink, which is comparable to that of a pristine atmosphere.
The upper limit on Jiin from the GCR ion-pair production rate at ground level is indicated by the
dot-dashed line. The bars indicate 1σ total errors, although the overall +50%/-33% systematic scale
uncertainty on [H2 SO4 ] is not shown.
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3.3 Conclusion
In summary, we find that highly oxidized organic compounds play a role in atmospheric
particle nucleation comparable to that of sulfuric acid; together with a suitable stabilizing
agent, each has sufficiently low volatility to form new particles in the lower atmosphere at
vapour concentrations near 107 cm−3 . The stabilizing agent for pure biogenic particles is a
suitable ion, whereas for sulfuric acid particles the stabilizing agents are amines, or ammonia
with oxidized organics. Ion-induced nucleation of pure biogenic particles may have important
consequences for pristine climates because it provides a mechanism by which nature produces
particles without pollution. This could raise the baseline aerosol state of the pristine preindustrial atmosphere and so could reduce the estimated anthropogenic radiative forcing from
increased aerosol-cloud albedo over the industrial period.

3.4 Material and methods
3.4.1 Overview of the CLOUD facility
The CLOUD experiment at CERN is designed to study the effects of cosmic rays on aerosols, cloud droplets, and ice particles, under precisely controlled laboratory conditions. The
3 m-diameter stainless-steel CLOUD chamber and its gas system have been built to the
highest technical standards of cleanliness and performance. The CLOUD chamber is periodically cleaned by rinsing the walls with ultra-pure water, followed by heating to 373 K
and flushing at a high rate with humidified synthetic air and elevated ozone (several ppmv).
Contaminant levels of condensable vapours are in the sub-pptv range. The high cleanliness
of the chamber, together with its large volume (26.1 m3 ) and highly-stable operating conditions, allows particle formation to be studied under atmospheric conditions at nucleation
rates between about 0.001 cm−3 s−1 and 100 cm−3 s−1 . The loss rate of condensable vapours
and particles onto the chamber walls is comparable to the ambient condensation sink of the
pristine boundary layer.
Ion production in the chamber can be controlled using either an internal electric clearing
field (which creates an ion-free environment), or galactic cosmic rays, or an adjustable π +
beam [22,65] from the CERN Proton Synchrotron. The π + beam is de-focussed to a transverse
size of about 1.5 × 1.5 m2 when it passes through the CLOUD chamber. With the electric
field set to zero, the equilibrium ion pair concentration in the chamber due to galactic cosmic
rays is around 700 cm−3 . With the π + beam, this can be raised to any value up to about
3000 cm−3 . Hence ion concentrations corresponding to any altitude in the troposphere can
be generated in the CLOUD chamber.
The experiment has precise control of the trace vapours inside the chamber and also of
the environmental temperature between 300 K and 203 K. Uniform mixing is achieved with
magnetically-coupled stainless-steel fans mounted at the top and bottom of the chamber. The
characteristic gas mixing time in the chamber is a few minutes, depending on the fan speeds.
Photochemical processes are initiated by illumination with an ultra-violet (UV) fibre-optic
system, providing highly-stable gas-phase reactions with a precise start time. The contents
of the chamber are continuously analysed by a suite of state-of-art instruments connected to
sampling probes that project into the chamber. The sampling analysers are tailored for each
experimental campaign but typically comprise around 30–35 instruments, of which up to 10
are mass spectrometers.
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Figure 3.5: Typical nucleation run sequence. Example of a typical measurement sequence of the
neutral and GCR nucleation rates as a function of Coordinated Universal Time (UTC), at zero H2 or
HONO, 38% RH and 278 K. a) The run began at 21:22, 23 October, by starting the α-pinene flow
into the chamber to reach a chosen equilibrium value near 300 pptv, which produced an equilibrium
total HOMs concentration near 2 × 107 cm−3 (0.8 pptv). b) Particles (red curve) formed at a slow
rate in the chamber without ions present (“neutral” conditions). The clearing field HV was turned off
at 05:16, 24 October, and the subsequent presence of ions in the chamber from GCRs caused a sharp
increase of the particle formation rate by about one order of magnitude (as seen by the increase in
gradient of the red curve). The nucleation rates are measured under constant gas conditions in the
period before (Jn = 0.14 cm−3 s−1 ) and after (Jgcr = 3.3 cm−3 s−1 ) turning off the clearing field HV.
Ion-induced nucleation is observed both for c) positive and d) negative charged particles, followed by
rapid particle growth to sizes above 10 nm. e) The nucleated particles grew over a period of several
hours to diameters approaching 50 nm, where they begin to constitute cloud condensation nuclei. A
sharp increase in the formation rate of particles above the SMPS detection threshold of 5 nm can be
seen when GCR ions are present. The concentrations of ozone and contaminant H2 SO4 were essentially
constant during the run, which ended at 09:30 when the α-pinene flow to the chamber was turned
off. The H2 SO4 measurement near 5 × 104 cm−3 corresponds to the instrumental background level
of the CI-APi-TOF mass spectrometer and so represents an upper limit on the actual concentration.
Further characteristics of this run can be seen in Fig. 3.1.
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3.4.2 Summary of analysing instruments
For the results reported here, the analysing instruments attached to the chamber included
a chemical ionisation mass spectrometer (CIMS) for H2 SO4 concentration [66] ; an atmospheric pressure interface time-of-flight mass spectrometer (APi-TOF; Aerodyne Research
Inc. and Tofwerk AG) [43] for molecular composition of positively or negatively charged ions
and clusters; two chemical ionisation atmospheric pressure interface time-of-flight mass spectrometers (CI-APi-TOF; Aerodyne Research Inc. and Tofwerk AG) [67,68] for molecular composition and concentration of neutral gas-phase H2 SO4 and HOMs; a proton transfer reaction time-of-flight (PTR-TOF; Ionicon Analytik GmbH) [69] mass spectrometer for organic
vapours; a neutral cluster and air ion spectrometer (NAIS; Airel Ltd.) [70] for concentrations
of positive ions, negative ions and charged clusters in the range 1–40 nm; a nano-radial
DMA (nRDMA) [71] and a nano scanning mobility particle sizer (nano-SMPS) for particle
size spectra; and several condensation particle counters (CPCs) with 50% detection efficiency
thresholds between 1 and 4 nm: two Airmodus A09 particle size magnifiers, PSM [72] , (one
fixed-threshold and the other scanning), two diethylene glycol CPCs, DEG-CPC [73,74] , a
butanol TSI 3776 and a water TSI 3786 CPC.
Additional gas analysers included dew point sensors (EdgeTech), sulphur dioxide (Inc. 42iTLE, Thermo Fisher Scientific) and ozone (Thermo Environmental Instruments TEI 49C).
For certain tests, HONO vapour was supplied to the chamber and photolysed with UV light to
produce OH· radicals in the absence of O3 . The gaseous HONO was generated by continual
mixing of H2 SO4 with NaNO2 [75] in a specially-designed stainless steel reactor, and then
steadily flowed into the chamber. The HONO analyser involved a specially-designed probe
that passed samples of air from the chamber through a solution of H2 SO4 and sulfanilamide,
which was then analysed online with a long path absorption photometer (LOPAP) [76] .

3.4.3 Determination of the nucleation and growth rates
The nucleation rates (cm−3 s−1 ) were measured under neutral (Jn ), ground-level galactic cosmic ray (Jgcr ) and π + beam conditions (Jπ ). Neutral nucleation rates are measured with the
clearing field electrodes set to ±30 kV, which establishes an electric field of about 20 kV/m
in the chamber. This completely suppresses ion-induced nucleation since, under these conditions, small ions or molecular clusters are swept from the chamber in about 1 s. Since all of
the nucleation and growth processes under consideration take place on substantially longer
time scales, neutral nucleation rates can be measured with zero background from ion-induced
nucleation. For GCR and π + beam conditions, the electric field was set to zero, leading
to equilibrium ion pair concentrations around 700 cm−3 and 3000 cm−3 , respectively. The
nucleation rate Jn measures the neutral rate alone, whereas Jgcr and Jπ measure the sum of
the neutral and ion-induced nucleation rates, Jn + Jiin .
The nucleation rates reported here were obtained primarily with the Airmodus scanning
PSM at 1.8 nm threshold (PSM1.8) and the TSI 3776 CPC (CPC2.5), nominally 2.5 nm
threshold but measured at 3.2 nm threshold with WOx particles [28] . The nucleation rates,
J1.7 , are determined at 1.7 nm mobility diameter (1.4 nm mass diameter), at which size a
particle is normally considered to be above its critical size and therefore thermodynamically
stable. The critical size corresponds to the cluster size at which the evaporation and growth
rates are equal. It varies with temperature, chemical species, charge and vapour concentrations, and may even be absent when evaporation rates are highly suppressed, such as for
sulphuric acid-dimethylamine clusters [25,68] . Our measurements indicate that the smallest
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neutral HOM clusters are relatively unstable; therefore 1.7 nm, which is equivalent to around
5 HOM monomer units, is a reasonable size at which to derive the experimental nucleation
rates.
AEROCLOUD model: To determine nucleation rates at 1.7 nm, the time-dependent
particle concentrations measured with the PSM1.8 and CPC2.5 are fitted with a simplified numerical model (AEROCLOUD) that treats particle nucleation and growth kinetically
at the molecular level. The model uses HOM monomer, HOM dimer and H2 SO4 production rates derived from the CI-APi-TOF experimental data. The measured HOM production
rates are scaled by a factor 1.8 in order to match the observed particle appearance times
and growth rates. This results in good agreement of the model with the experimental data
over the full range of HOM concentrations. The scaling factor is within the systematic measurement uncertainty of the CI-APi-TOF, and could arise if a nitrate CI-APi-TOF does not
detect all the HOMs that contribute to particle growth.
Primary ions from GCRs are generated in the model at the known rate of q = 1.7 ion pairs
cm−3 s−1 . A fixed parameter of the model, fc , accounts for the charge sign asymmetry due to
differences in the diffusional loss rates of positive and negative primary ions to the chamber
walls,
q+ = fc (2 q)
q− = (1 − fc ) (2 q)

(3.1)

The parameter fc is determined by the experimentally-measured positive and negative ion
concentrations in the AIS to have the value 0.52.
Molecules and particles collide kinetically, and cluster with each other. The model uses
a reduced clustering probability (termed as a ‘sticking probability’ below) to account for
unstable small clusters, rather than allowing clusters to evaporate once they have formed.
This greatly increases the speed of the computation. If the particle formed by a collision
exceeds a certain size (corresponding to around 1.7 nm mobility diameter for pure biogenic
clusters; see below), it is assumed to be effectively stable and subsequently grows at near the
kinetic limit. The particle growth rate between the PSM1.8 and CPC2.5 is therefore implicitly
treated in the model essentially as kinetically-limited growth by particle coagulation plus
HOM and H2 SO4 vapour condensation. Particles grow through size bins that are linearly
spaced for small sizes and logarithmically spaced from about 2 nm to a maximum size of
400 nm. The time-steps for clustering processes range from 0.9 s to 10 s, depending on
the conditions of the experimental run under analysis. The time-step is 10 s for all other
processes (e.g. updates of gas concentrations, HV clearing field changes, fan changes, and
particle losses due to dilution of the chamber contents or diffusion to the walls). The density
of the pure HOM clusters is fixed at 1.3 g cm−3 , and at 1.85 g cm−3 for a pure H2 SO4 cluster.
For neutral-neutral collisions, the number of particles in size bins 1 and 2 that coagulate
in a time interval ∆t to produce a particle of mass m12 is given by
0
n12 = K00 S00
n1 n2 V12 ∆t

(3.2)

where K00 is the neutral-neutral collision kernel, n1 , n2 and n12 are the particle number
concentrations, and V12 is the van der Waals enhancement factor (see below). The neutral27
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Figure 3.6: Nucleation rates against relative humidity. Neutral (circles) and GCR (triangles) nucleation
rates versus relative humidity. The experimental conditions are 250–800 pptv α-pinene, 30–35 ppbv
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measurements have been corrected to the same total HOMs concentration (2.05 × 107 cm−3 ) using
the curves shown in Fig. 3.3.
0
neutral sticking probability for pure biogenic particles, S00,B
, is given by



0
S00,B
= exp −0.693 · (CB /m12 )SB



(3.3)

where CB and SB are free parameters. The parameter CB effectively defines the threshold
0
mass of stable clusters since the sticking probability S00,B
= 0.5 when CB = m12 , while the
parameter SB controls the sharpness of the threshold. The sticking probability for collisions
where at least one particle is mainly sulphuric acid is similarly defined as


0
S00,A
= exp −0.693 · (CA /m12 )SA



(3.4)

where CA and SA are free parameters.
The neutral-neutral collision kernel, K00 , in Eq. 3.2 is the Fuchs form of the Brownian
coagulation coefficient [77,3] . The Van der Waals enhancement factor is the modification to
Fuchs theory due to Sceats [78] , as described in ref. [79], for a Knudsen number in the kinetic
(free molecular) regime. The enhancement factor is
V12 = 1 +

p

A0 /3
√ + b1 ln(1 + A0 ) + b2 ln(1 + A0 )3
1 + b0 A0

(3.5)

where the reduced Hamaker constant, A0 , is
A0 =

r1 r2
A
kT (r1 + r2 )2

(3.6)

where r1,2 are the particle radii, A = 6.4 × 10−20 J (the Hamaker constant for sulphuric
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acid [79] ), b0 = 0.0151, b1 = −0.186 and b2 = −0.0163. The same Hamaker constant is used
for both sulphuric acid and HOMs since it does not significantly change the model predictions.
Ions and charged clusters collide according to a similar expression as Eq. 3.2:
n12 = (E K00 ) S 0 n1 n2 ∆t

(3.7)

where E is an enhancement factor to obtain the charged collision kernels (described below).
The sticking probability for collisions between a neutral particle and a charged particle,
0
S0+,0−
, is given by
0
S0+,0−
= exp(−0.693 · (C/m12 )S0+,0− )

(3.8)

where S0+,0− is a free parameter and C = CB or CA for biogenic or acid particles, respectively. Ion-ion recombination results in a neutral particle, which may evaporate at small sizes.
The model allows partial evaporation of such recombination particles; in this case the cluster
divides into monomers and the mass is conserved. The probability of cluster survival after
0 , is given by
ion-ion recombination, S+−
0
S+−
= exp(−0.693 · (C+− /m12 )S+− )

(3.9)

where C+− is a free parameter. A power of unity (S+− = 1) is used since the data do not
constrain this parameter well.
To obtain the charged collision kernels, the neutral-neutral collision kernel is multiplied by
size-dependent enhancement factors, E, given by
0
E0+,0−
= K0+,0− /K00

E++,−− = K++,−− /K00

(3.10)

E+− = K+− /K00
where K are the collision kernels and the subscripts refer to the charge of the colliding
particles. The charged collision kernels in Eq. 3.7 are obtained from ref. [80], which refers to
sulphuric acid particles. Since biogenic particles may have different neutral-charged collision
kernels, their enhancement factor is left free in the fit
0
E0−,0+ = ((E0+,0−
− 1)/f0+,0− ) + 1

(3.11)

where f0+,0− is a free parameter.
Ions, monomers, clusters and larger particles are continually lost by diffusion to the walls
and by dilution of the chamber contents with fresh gas mixture. The dilution lifetime is
near 3 hours (10−4 s−1 ), depending on the total sampling rate of all instruments attached to
the chamber. The wall loss rate is 1.8 × 10−3 s−1 for H2 SO4 monomers, and decreases with
increasing cluster or molecule diameter as 1/d. The same scaling law is used to obtain the
wall loss rate for HOMs, i.e. it is assumed that HOMs and particles that collide with the
walls are irreversibly lost. For experimental runs where there is a pre-existing population of
particles in the chamber at the start of a run due to incomplete cleaning of the chamber,
losses to this coagulation sink are accounted for by inserting the initial size distribution into
the size bins of the model.
To determine the nucleation rates, the five free parameters of the model (SB , SA , S0+,0− ,
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f0+,0− , and C+− ) are fitted to the experimental particle concentrations in the PSM1.8 and
CPC2.5 versus time. For example, for neutral pure biogenic runs, only one free parameter
(SB ) is involved in the fit. The value of SB ranges from 12 to 14, SA from 4 to 6, S0+,0−
from 0.1 to 1.0, f0+,0− is near 4 and C+− is near 10,000 Th. The parameters CB , CA , S+−
and fc were determined by a global fit to all runs in the dataset and then subsequently fixed
at these values. The fitted threshold masses for CB and CA are around 1300 Th and 700 Th,
respectively. The parameter S+− is set to 1.0 and fc is set to 0.52. The time development of
the particle number concentrations in both counters throughout all of the nucleation events
in our dataset is well reproduced by the model (an example is shown in ED Fig. 4b).
After fitting the data with the model, the nucleation rate J1.7 is determined as the number
of particles that grow to a mobility diameter of 1.7 nm or larger in any time step divided by
the time interval of that step. In each nucleation run at fixed conditions, the time tmax is
determined at which the J1.7 rate is maximum; the value of J1.7 for that run is then calculated
as the mean measurement over the interval (tmax ± 300 s).
There are three major advantages of using a data-driven kinetic model to determine nucleation rates rather than making direct measurements with the PSM1.8 or CPC2.5 data.
Firstly it avoids the need for time derivatives of the data, which are subject to large errors at low counting rates. Secondly particle growth rates are determined by kinetics and
properly account for growth due to collisions both with monomers and with other particles.
The model treatment of the data therefore avoids the exponential sensitivity on experimental
growth rates that occurs with other methods [81,82,83,84] . Experimental growth rates are determined from particle counter rise times and have relatively large uncertainties in the 1–3 nm
size range. Finally the model requires consistency between the PSM1.8 and CPC2.5 so the
formation rates are experimentally constrained both near the 1.7 nm threshold size and also
near 3 nm.
Verification of the model nucleation rates: We have performed extensive cross-checks
of the nucleation rates obtained with the model by calculating the nucleation rates independently in two additional ways: a) direct measurements at 1.8 nm using the scanning PSM and
b) CPC2.5 measurements which are stepwise-corrected to 1.7 nm threshold size. Within their
experimental uncertainties, the nucleation rates obtained by both these methods agree well
with the values obtained with the AEROCLOUD kinetic model.
The stepwise-corrected method is described in detail ref. [84] , but a brief summary is
provided here. The nucleation rates are derived from the rate of change of the formation
rates, dNdth /dt, measured with the CPC2.5. The formation rate is corrected in two sequential steps for particle losses to chamber walls, dilution and coagulation: (1) particle losses
above dth , and (2) particle losses during growth from 1.7 nm to dth . The dilution and wall
loss rates are the same as in the kinetic model. To calculate the coagulation rate, the particles
are divided into size bins and then the loss rate in each bin i is computed by summing the
size-dependent collision (coagulation loss) rate of the particles in bin i with those in all other
bins. The total coagulation loss rate is then the sum of the particle loss rates in each bin i.
To correct for particle losses during growth from 1.7 nm to dth (item 2 above) requires
knowledge of the particle growth rate (GR). This is experimentally determined with several
instruments, for example from the appearance times measured in the scanning PSM [85] , which
detects particles over a range of threshold diameters between 1 and 2.5 nm. The GRs were
also measured over different size ranges with several other instruments, including a fixedthreshold PSM, two DEG-CPCs, a TSI 3776 CPC, an APi-TOF, an NAIS, a nRDMA and a
nano-SMPS. The experimental growth rates are parametrised since they cannot be measured
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Figure 3.7: Ion-induced nucleation event without H2 SO4 , measured in the NAIS. Example of a nucleation event showing the growth versus time of a) positive and b) negative charged particles at 530
pptv α-pinene, 35 ppbv O3 , zero H2 or HONO, 3.4 × 107 cm−3 HOM, 38% RH, 278 K, and [H2 SO4 ]
< 5 × 104 cm−3 . The colour scale shows the concentration of ions and charged particles. The clearing
field HV was turned off at 06:48, marking the start of GCR ionisation conditions in the chamber, and
the α-pinene flow into the chamber was stopped at 10:52. Ion-induced nucleation can be seen for both
positive and negative charged particles, followed by rapid growth to sizes above 10 nm. Ion-ion recombination progressively neutralises the charged particles as they grow but some re-appear at larger
sizes due to diffusion charging.

sufficiently precisely at each point in time during all events. To determine the nucleation
rate at 1.7 nm from the corrected formation rate at dth , the size interval is divided into m
log-normally spaced bins, dlogDp , chosen to match the spacing of the SMPS bins at larger
sizes. The residence time of a particle in each bin is given by δt = δdi /GR, where δdi is
the size of the ith bin. Starting with the measured particle distribution above dth , the size
distribution and formation rate is then extended towards 1.7 nm in a step-wise process. In
the first step, using the known loss rates due to the chamber walls, dilution and coagulation,
as well as the time δt, the concentration in the largest new bin is calculated, as well as the
formation rate into this bin. Using this concentration, the size distribution is updated and
the process is repeated until, after m steps, the smallest size bin at 1.7 nm is reached, where
the nucleation rate is determined.

3.4.4 The neutral cluster and air ion spectrometer (NAIS)
The Neutral Cluster and Air Ion Spectrometer [86] measures the size distributions of positively and negatively charged particles, and also of total (charged plus neutral) particles,
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between mobility equivalent diameters 0.75 and 45 nm. Since the instrument includes two
mobility analysers operating in parallel, both positive and negative spectra are obtained simultaneously, each with 21 electrometers. Taking into account the internal diffusion losses,
the mobility distribution can be calculated in 21 size bins from the measured electrometer
currents.
The instrument operates sequentially in three modes: ion-, particle- and offset-mode (one
cycle takes 150 s). The aerosol sample first passes through a preconditioning section containing a discharger, an electric filter, a charger and a second electric filter (post-filter). The
charger and discharger are corona needles of opposite polarities. In ion mode, the preconditioning unit is switched off and the sample passes through unaffected. In this way, the
mobility analysers measure only ions and charged particles created in the CLOUD chamber. In particle mode—which was not used for the results reported here—both chargers
are switched on and so neutral particles from the CLOUD chamber can be classified. The
post-filters improve the measurements by removing traces of charger ions. In offset mode the
dischargers and corresponding filters are switched on. The sample is charged to the opposite
polarity as the subsequent analyser and so no detectable particles can enter. In this way the
noise levels and possible parasitic currents are measured in order to provide corrections for
the preceding ion and particle measurement.
After preconditioning, the aerosol sample is classified in two cylindrical mobility analysers.
The central electrode consists of several sections, each at a different fixed electric potential.
The particles enter the analysers through a circular slit near the central electrode and are
collected at the 21 outer electrodes where they transfer their charge to the connected electrometer and the resulting current is measured. The analysers operate at a sheath flow rate
of 60 lpm. Filtered excess air serves as sheath gas to ensure conditions similar to the sample
flow. The data inversion that converts the measured electrometer currents to particle concentrations is based on model calculations simulating trajectories of particles with different
mobilities, and on calibration measurements of the internal losses. The performance of the
NAIS for both ion mobility (size) and concentration measurements is described in refs. [87]
and [88].

3.4.5 The atmospheric pressure interface time-of-flight (APi-TOF) mass
spectrometer
The APi-TOF mass spectrometer [36] measures the mass-to-charge ratio of positive or negative
ions with an inlet at atmospheric pressure. The first stage of the instrument consists of
an atmospheric pressure interface (APi) section where ions are focused and guided by two
quadrupoles and an ion lens through three chambers at progressively lower pressures down to
10−4 mbar. The second stage of the instrument is a time-of-flight (TOF) mass spectrometer
at 10−6 mbar.
The APi-TOF was connected to the CLOUD chamber via a 100 (21.7 mm inner diameter)
sampling probe shared with the NAIS. A Y-splitter divided the total flow of 20 l/min equally
between the two instruments. The sample flow for the APi-TOF was 0.8 l/min, with the
remainder being discarded.
The APi-TOF measurements were made during GCR and π + beam runs, i.e. the ions
were charged by GCRs or charged pions traversing the CLOUD chamber. Since the APiTOF can measure only one polarity at a time, positive and negative ions were measured
in different runs. Different instrument settings were used during the campaigns to optimise
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detection in the low or high mass regions of the spectrum. The data were analysed with
tofTools [43] , developed by the University of Helsinki. The tool is implemented in MATLAB
and allows complete processing of TOF data: averaging, mass calibration, baseline detection,
peak fitting, and high resolution analysis.

3.4.6 The chemical ionisation atmospheric pressure interface time-of-flight
(CI-APi-TOF) mass spectrometer
Two nitrate CI-APi-TOFs were used to measure neutral sulphuric acid and HOMs. The
instruments were operated by the University of Frankfurt (UFRA-CI) and the University of
Helsinki (UHEL-CI); differences between the two instruments are indicated in this section
by adding the UHEL-CI characteristics in parentheses after those of the UFRA-CI. The CIAPi-TOF has been described previously [67,68] . The sample air from the CLOUD chamber
was drawn in through a 1/200 stainless steel tube at 9 (10) lpm flow rate. An electrostatic
filter was installed in front of each instrument in order to remove ions and charged clusters
formed in the chamber. The geometry of both ion sources follows the design of ref. [89], but
a corona charger [66] (X-ray generator) is used for ion generation. Dry air with nitric acid
vapour is flushed over the ioniser to generate NO–3 (HNO3 )j=0,2 ions. The ions are guided into
the sample flow with an electric field, where they react with sulphuric acid and HOMs. The
reaction time is approximately 50 (200) ms before the ions enter the APi section through a
pinhole of 350 (300) µm diameter. The APi section consists of three consecutive differentiallypumped chambers where the pressure is progressively reduced and the ions are focused by
two sets of quadrupoles and an ion lens system. The mass-to-charge ratio, m/z, of the ions
that pass through these chambers are measured by a time-of-flight (TOF) mass spectrometer
(Tofwerk AG, Thun, Switzerland).
The voltage settings in the APi-TOF section influence the mass-dependent transmission
efficiency. The transmission curves were determined in a series of calibration measurements
in which various perfluorinated acid vapours of different m/z were passed into the instrument
in sufficient amounts to saturate all the primary ions. In this way a constant ion signal could
be generated at each m/z and so the transmission efficiency could be determined relative to
that of the primary ions mass range. The UFRA-CI operated at the same voltage settings for
the entire data collection period; the UHEL-CI was operated in a switching mode between
two voltage settings optimised for low and high m/z ratios, respectively.
The raw data were analysed with the MATLAB tofTools package [43] . The mass scale is
calibrated to better than 10 ppm accuracy using a 2-parameter fit. The concentration of
sulphuric acid is calculated from the ratio of bisulphate ion counting rates (s−1 ) relative to
primary ions as follows:


[H2 SO4 ] = C · SLH2 SO4 · ln 1 +



−
HSO−
4 + HSO4 · HN O3
−
j=0 NO3

P2

· (HNO3 )j




(3.12)

The factor SLH2 SO4 corrects for losses in the sampling line from the CLOUD chamber. The
calibration coefficient, C, is determined by connecting the CI-APi-TOF to a well-characterised
H2 SO4 generator [90] . The value of C depends on the voltage settings in the APi-TOF section
and was determined to be 6.5 · 109 cm−3 (1.2 · 1010 cm−3 and 2.8 · 109 cm−3 for the high and
low m/z settings, respectively), with an uncertainty of +50%/-33%. The H2 SO4 detection
limit is 5 · 104 cm−3 or slightly lower.
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Figure 3.8: Small ion mass spectra. Composition of a) positive and b) negative small ions measured
by the APi-TOF under GCR conditions and before adding any SO2 to the chamber. The experimental conditions are zero α-pinene, 35 ppbv O3 , zero H2 or HONO, 38% RH, 278 K, and [H2 SO4 ]
< 5 × 104 cm−3 . Collisions will transfer positive charge to contaminant molecules having the highest
proton affinity (panel a), and negative charge to contaminant molecules with the lowest proton affinity,
i.e. highest gas-phase acidity (panel b). From molecular cluster measurements, the positive ions also
include ammonium (NH+
4 ), but its mass is below the set acceptance cutoff of the APi-TOF. Panel c
presents the negative small ion spectrum at [H2 SO4 ] = 1.2 × 105 cm−3 , after adding 32 pptv SO2 to
the chamber, showing that the dominant ions species shift from nitrate to sulphur-containing. The
experimental conditions are 340 pptv α-pinene, 35 ppbv O3 , zero H2 or HONO, 38% RH, and 278 K.
Water molecules evaporate rapidly from most hydrated ions in the APi-TOF and so are not detected.
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The concentration of a HOM at m/z = i is calculated as follows:




[HOM] = C · Ti · SLE1 /E2 · ln 1 + P2

HOMi · NO−
3

−
j=0 NO3



· (HNO3 )j




(3.13)

Here, HOMi ·NO–3 is the background-subtracted counting rate of the HOM. Background levels
were measured by sampling air from the clean CLOUD chamber without any α-pinene present.
The factor Ti is the mass-dependent transmission efficiency. The calibration coefficient, C,
is the same as that obtained for sulphuric acid since HOMs and sulphuric acid were shown
to have similar molecular collision rates with the nitrate ions [30] . Furthermore the binding
of NO–3 with highly oxidised HOMs is found in the present study to be strong, so clustering
should proceed at near the kinetic limit, as it does for NO–3 with sulphuric acid. The factor
SLE1 /E2 corrects for losses in the sampling line from the CLOUD chamber. The values were
determined for E1 and E2 separately, using experimentally-determined diffusion coefficients,
as SLE1 = 1.443 and SLE2 = 1.372.
The HOM monomers, E1 , are the background-subtracted sum of the peaks in the m/z band
235–424 Th; the HOM dimers, E2 , are the corresponding sum for 425–625 Th. Instrumental
contamination peaks are excluded from the band summation, as well as peaks assigned to
the RO2 · radical (C10 H15 O6,8,10,12 , which correspond to m/z = 293, 325, 357 and 389 Th).
Total HOM is defined as the sum (RO2 · + E1 + E2 ).

3.4.7 HOM yields
The HOM yields from either ozonolysis or OH· chemistry were calculated by assuming equal
production and loss rates during steady state [30] :
d[HOM]/dt = γOx · kAP+Ox [AP ][Ox] − kloss [HOM] = 0

(3.14)

where the yield, γOx , is the fraction of α-pinene oxidation reactions leading to HOM formation, and Ox signifies O3 or OH·. The values of the rate constants (cm3 molecule−1 s−1 ) at
278 K for oxidation of α-pinene are kAP +O3 = 8.05 · 1017 and kAP +OH = 5.84 · 1011 , from the
International Union of Pure and Applied Chemistry (IUPAC) [91] . The HOM wall loss rate
was determined to be 1.1 × 10−3 s−1 , assuming they are irreversibly lost. An additional loss
is due to dilution of the chamber contents by makeup gases (0.1 × 10−3 s−1 ). The total loss
rates for HOMs is then kloss = 1.2 × 10−3 s−1 .
During the experiments involving pure OH· chemistry, nitrous acid (HONO) concentrations
ranging from 0.5 to 3 ppbv were photolysed by UV radiation from the fibre optic system to
produce OH· radicals. This led to a small contamination of NO in the chamber, which may
potentially influence the HOM yield. The OH· concentrations in the CLOUD chamber were
estimated using the PTR-TOF measurements of the difference of the α-pinene concentrations
with no OH· present (UV off) and OH· present (UV on at different intensities). The decrease
in α-pinene was only due to OH· reactions since no O3 was present in the chamber during these
experiments. The accuracy for [OH·] is estimated to be ±30% (1σ) including uncertainties
in α-pinene measurements and reaction rate constant, which leads to a systematic scale
uncertainty on the HOM production rate, kAP+OH· [AP][OH·], of ±40% (1σ). However, runto-run uncertainties contribute significantly to the overall uncertainty as indicated by the
error bars in ED Fig. 3.9.
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Figure 3.9: HOM yields against α-pinene oxidation rates with O3 and OH. Total HOM mixing ratios
versus α-pinene reaction rate with i) O3 plus OH· (ozone without H2 scavenger), ii) O3 alone (ozone
with 0.1% H2 scavenger), and iii) OH· radicals alone (produced by UV photolysis of nitrous acid,
HONO, in the absence of O3 ). The yields are shown for total HOMs = RO2 · + E1 + E2 . The
experimental conditions are 38% RH, 278 K and i) 70–440 pptv α-pinene, 21–35 ppbv O3 , zero H2
or HONO, 0–100% UV, ii) 80–1230 pptv α-pinene, 21–35 ppbv O3 , 0.1% H2 , zero HONO, 0–100%
UV, and iii) 840–910 pptv α-pinene, zero O3 or H2 , 0.5–3 ppbv HONO, and 0–100% UV. The bars
indicate 1σ point-to-point errors. Overall systematic scale uncertainties of ±40% for the reaction rates
and +80%/-45% for the HOM mixing ratios are not shown. The combined errors on the HOM molar
yields for either ozonolysis or hydroxyl chemistry are +100%/-60% (±1σ).

3.4.8 Sulfur dioxide chemical ionisation mass spectrometer (SO2 -CIMS)
The SO2 -CIMS uses CO–3 primary ions to convert SO2 to SO–5 , which is then measured in
a quadrupole mass spectrometer with an APi interface (Georgia Tech, Atlanta, USA). The
general design of the ion source is shown in ref. [89], but the primary ions are generated with
a corona discharge [66] . The corona needle holder was modified so that CO2 , O2 and Ar are
fed directly over the corona discharge. In this way the direct contact between the N2 sheath
flow and the discharge needle is avoided, which leads to a reduced contamination by NO–3 and
maximises the ratio of CO–3 to NO–3 . The reaction scheme for the ionization of SO2 to SO–5
can be found in ref. [92]. The use of a dry N2 buffer flow in front of the pinhole of the mass
spectrometer evaporates associated water molecules from SO–5 ions, and so sulphur dioxide is
detected in the mass spectrum at m/z = 112 Th (SO–5 ).
The SO2 concentration is calculated from the ion count rates, Rm/z , as follows:
SO2 [pptv] = CS · ln(1 + R112 /R60 )

(3.15)

where R112 corresponds to the background-corrected ion count rate of SO–5 and R60 is the ion
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count rate of the primary ion CO–3 . The calibration factor CS was obtained by periodically
calibrating the instrument with a SO2 gas standard (Carbagas AG, Gümlingen, Switzerland)
during the campaign. During a calibration, the gas standard was diluted with ultraclean
humidified air at 38% relative humidity (the same as that supplied to the CLOUD chamber)
to achieve a range of different SO2 mixing ratios between 12 pptv and 11 ppbv. The calibration
factor was found to be 1.3 × 105 pptv, with an estimated uncertainty of ±11%. The error
includes uncertainties in the flow rates during a calibration, in the gas standard concentration
as well as statistical uncertainties. However, we also observed that temperature changes in the
experimental hall where the experiments were conducted led to a drift in the SO–5 background
signal when no SO2 was applied to the CIMS. This effect contributes to the overall uncertainty
and mainly affects the measurement at low SO2 levels (<100 pptv), with lower precision in
this concentration range. For example, at 30 pptv SO2 the estimated uncertainty is ±23%
but it becomes progressively smaller with higher SO2 levels, reaching ±13% above 100 pptv
SO2 . The detection limit of the instrument is 15 pptv SO2 .

3.4.9 Experimental errors
In order to determine J1.7 the measured particle concentrations in the PSM1.8 and CPC2.5
versus time are fitted with the AEROCLOUD model (see above). The nucleation rate error,
σJ , has three main components. The dominant error at slow growth rates is due to uncertainties in the PSM1.8 and CPC2.5 detection thresholds for HOM particles [93] . The threshold
error components are first determined numerically for each nucleation measurement by performing additional AEROCLOUD fits after shifting the PSM1.8 particle detection threshold
by +0.2 nm/-0.1 nm and the CPC2.5 threshold by ±0.4 nm. This provides four fractional
J1.7 errors which are then averaged for each counter to provide a mean fractional uncertainty,
σpsm and σcpc , respectively. The total error due to detection threshold uncertainties, σthr , for
the combined fit to the PSM1.8 and CPC2.5 data is then given by
2
2
2
1/σthr
= (1/σpsm
) + (1/σcpc
)

σthr

σpsm σcpc
= 2
2 )0.5
(σpsm + σcpc

(3.16)

The total fractional J1.7 error, σJ , is then obtained by adding σthr in quadrature with an
experimental error due to run-to-run reproducibility under nominally identical chamber conditions, σexp , and an error to account for model approximations, σmodel :
2
2
2
σJ2 = σthr
+ σexp
+ σmodel

(3.17)

where σexp = 30% and σmodel = 50%.
The concentration of O3 is measured with a calibrated instrument and is known to ±10%.
The α-pinene concentration in the PTR-TOF is known to ±10%. As discussed above, the
uncertainty on SO2 is ±13% above 150 pptv, increasing at lower values to ±23% at 30 pptv.
For CI-APi-TOF measurements, the run-to-run experimental uncertainties are ±10% for
[H2 SO4 ] and ±20% for [HOM]. However there is a larger overall systematic error that scales
all measurements by the same amount. The systematic scale uncertainty for [H2 SO4 ] is
estimated to be +50%/-33%. This is based on a comparison of [H2 SO4 ] measurements with
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a CIMS and a calibrated H2 SO4 generator [90] . The systematic uncertainties for [HOM] have
the following sources and fractional errors (1σ): sulphuric acid calibration (50%), charging
efficiency of HOMs in the ion source (25%), mass dependent transmission efficiency (50%) and
sampling line losses (20%). This results in an overall systematic scale uncertainty for [HOM]
of +80%/-45%. The uncertainty in the HOM yield from ozonolysis or hydroxyl chemistry
is estimated by adding the [HOM] uncertainty in quadrature with the errors for α-pinene
(10%), O3 (10%), OH· (30%), HOM wall loss rate (6%) and rate constants (35% for the αpinene O3 reaction and 20% for the α-pinene OH· reaction). This results in a mean estimated
uncertainty in HOM yield for either ozonolysis or hydroxyl chemistry of +100%/-60%.

3.4.10 Quantum chemical calculations
To estimate the characteristic binding energies and evaporation rates expected for ELVOC
clusters, we have chosen C10 H14 O7 (M.Wt. 246) to represent the ELVOC monomer, E1 , and
C20 H30 O14 (M.Wt. 494) to represent the covalently-bound ELVOC dimer, E2 . Their formation mechanism and structures are shown in ED Figs. 3.10 and 3.11.
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Figure 3.10: Proposed mechanism for the formation of the E1 and E2 surrogates via peroxy radical
formation.
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Figure 3.11: Surrogate molecules chosen for quantum chemical calculations. Structures of the surrogate
molecules chosen for quantum chemical calculations to represent the ELVOC monomer, E1 , and the
covalently-bound dimer, E2 : a) C10 H14 O7 , and b) C20 H30 O14 . Grey spheres represent carbon atoms,
red are oxygen atoms and white are hydrogen atoms. We show their proposed formation mechanisms
in ED Fig. 3.10

The proposed scheme for the formation of the ELVOC monomer (C10 H14 O7 ) and dimer (C20 H30 O14 ) surrogates selected for quantum chemical calculations (ED Fig. 3.11) is
based on recently established autoxidation mechanisms for a series of cycloalkene + O3 systems [30,32,53,54,94,95] . Peroxy radicals in the figure are indicated by a green label, E1 by red
and E2 by blue.
Addition of ozone to the double bond of α-pinene produces two carbonyl-substituted
Criegee biradicals. The energy-rich Criegee biradical is either collisionally stabilised, or isomerises via 1,4-H-shift to a vinylhydroperoxide (VHP), which then decomposes to yield an
OH· radical and an alkenoxy radical. The alkenoxy radical reacts with O2 , leading to a peroxy radical, which is the potential precursor to a sequence of autoxidation reactions leading
to the formation of HOMs [30] .
Here the peroxy radical C10 H15 O4 · is chosen as the starting point for HOM formation. The
first intramolecular hydrogen abstraction is likely to take place at the aldehydic carbon from
the opposite side of the peroxy group, although the rigid four-carbon-atom ring could hinder
bending of the structure. For the cis configuration where the peroxy group and the aldehydic
hydrogen are on the same side of the cyclobutyl ring, the 1,7-H shift rate is calculated [90] to
be 0.14 s− 1, which initiates the autoxidation chemistry on a fast timescale compared with the
HOM lifetime resulting from loss to the CLOUD chamber walls (∼900 s). The resultant acylic
radical undergoes rapid O2 addition, leading to an -OOH functionalised peroxyacyl radical
(C10 H15 O6 ·). The second intramolecular hydrogen abstraction is expected to proceed at the
carbon atom in α-position of the peroxyacyl group via 1,4-H isomerisation. The resultant
C10 H15 O8 · radical terminates by known reactions of peroxy radicals (HO2 · or RO2 · under the
present experimental conditions), producing a spectrum of HOM monomers that includes the
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E1 surrogate, C10 H14 O7 .
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Figure 3.12: Formation Gibbs free energies at 278 K, ∆G278K , for neutral, negatively charged and
positively charged ELVOC clusters. The cluster processes indicate the incident E1 /E2 vapour molecule + the target cluster. Quantum chemical calculations made at other temperatures (not shown)
indicate that the binding energies strengthen by -1.0 kcal/mol per 20 K reduction of temperature. The
uncertainty in the calculated energies is less than 2 kcal/mol. Our calculations indicate the following
approximate order for different functional groups to contribute to the cluster binding energies involving
HSO–4 or H2 SO4 (starting with the strongest): i. carboxylic acids, R-C(=O)-OH, ii. hydroxyls, R-OH,
iii. hydroperoxy acids, R-C(=O)-O-OH, iv. hydroperoxides, R-O-OH, and v. carbonyls, R-(R0 -)C=O.
In the case of NH+
4 , the main interacting group is carbonyl, independently of which other groups are
attached to it; therefore carboxylic acids, hydroperoxy acids or carbonyls will form stronger clusters
with ammonium than hydroxyls or hydroperoxides.

The homogeneous recombination of two peroxy radicals via elimination of O2 produces the
covalently-bound dimer C20 H30 O14 chosen as the E2 surrogate. Alternatively, the C10 H15 O8 ·
radical can undergo further autoxidation, if sufficiently labile hydrogen atoms are available,
leading to the observed closed-shell monomers with ≥9 O (ED Fig. 3.1). The self/crossreaction of the C10 H15 O4 · peroxy radical produces an alkoxy radical, which decomposes
rapidly, leading to a carbonyl functionalised peroxy radical (C10 H15 O5 ·). This peroxy radical
is another potential starting structure for HOM formation. The carbon ring opening reaction
pathway, while increasing the steric availability of the H-atom, might be a slow step.
The effective formation rate of the C=O functionalised peroxy radical is calculated to be
less than about 10−3 s−1 , which is comparable to its wall deposition rate. The timescale
with respect to the subsequent autoxidation reaction, on the other hand, is expected to be
of the order of seconds, by analogy with that for branched-chain peroxy radicals [94] . The
unbalanced sources and sinks potentially account for the low signals in the present study of
peroxy radicals with odd oxygen numbers (e.g. C10 H15 O5 , C10 H15 O7 and C10 H15 O9 ).
The autoxidation process of the C10 H15 O5 ·radical is presumed to proceed by an autoxidative reaction pathway similar to that for the C10 H15 O4 · radical, eventually leading to the
spectrum of HOM monomers and dimers observed in the CLOUD chamber. It is worth
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noting that except for the autoxidation channel, all the peroxy radicals are still subject to
well-established reactions such as R(0) O2 + RO2 /HO2 , which are potentially important if the
reaction rate is comparable to that for the autoxidation channel.
In order to evaluate the effect of charge on the formation of ELVOC clusters we have studied
initial molecular clusters of E1 and E2 that are either neutral or else include an ion of the
type E–1 , HSO–4 , NO–3 or NH+
4 (Table 3.12).
We calculated formation Gibbs free energies at 278 K, ∆G278K of different clusters with
the MO62X functional [98] and the 6-31+G(d) basis set [99] using the Gaussian09 program [100] .
The formation Gibbs free energy can be related to evaporation rate as described in refs. [96]
and [97]. In previous works [25,50] we used the method proposed in ref. [96] for calculating
the formation free energy of different clusters. However this method is too computationallydemanding for the large clusters of the present study. The MO62X functional has been shown
to be well-suited to the study of atmospheric clusters [101] . Reference [101] has shown how
reducing the basis set from the largest Pople basis set available (6-311++G(3df,3pd)) to the
basis set used in this work (6-31+G(d)) leads to differences in the calculated formation free
energies below 1 kcal/mol. Therefore MO62X/6-31+(d) is a good alternative to the B3RICC2
method [96] when studying large clusters. We have confirmed this by comparing the formation
free energies previously calculated [50] using the B3RICC2 method with those calculated here
using MO62X/6-31+G(d) method. The differences are found to be below 2 kcal/mol.

3.4.11 Pure biogenic nucleation rate parametrisation
We have parametrised the experimentally-measured pure biogenic nucleation rates in a form
suitable for global aerosol models. The neutral and ion-induced pure biogenic nucleation
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rates (cm−3 s−1 ) are parametrised as
Jn = a1 ([HOM])(a2 +a5 /[HOM])
Jiin = 2 [n± ] a3 ([HOM])(a4 +a5 /[HOM])

(3.18)

where [n± ] = [n+ ] = [n− ] is the small-ion concentration of either sign. Expressions for
[HOM] and [n± ] are given in Eq. 3.21 and Eq. 3.24 below, respectively. The parameters an
are determined from fits to the data in Fig. 3.3 and have the values a1 = 0.04001, a2 = 1.848,
a3 = 0.001366, a4 = 1.566, and a5 = 0.1863, with [HOM] expressed in units of 107 cm−3 .
The parametrised rates are shown by the curves in Fig. 3.3. The R2 value of the fit is 0.97.
The terms a1−4 describe simple power laws, while the term a5 accounts for the steepening
of the nucleation rate at low HOM concentrations. The nucleation rates are assumed to be
independent of temperature, except for the effect of rate constants (Eq. 3.20 below), since
the experimental measurements only exist at a single temperature.
The HOM concentration in Eq. 3.18 is determined from its production and loss rates,
d[HOM]/dt = YHOM·O3 kMT·O33 [MT][O3 ]+YHOM·OH· kMT·OH· [MT][OH·]−kHOM [HOM] (3.19)
where CS is the condensation sink (s−1 ) and MT represents total monoterpenes. The
IUPAC [91] reaction rate constants (cm−3 molecule−1 s−1 ) for oxidation of α-pinene by ozone
and hydroxyl radicals are, respectively,
kMT·O3 = 8.05 × 10−16 exp(−640/T )
kMT·OH· = 1.2 × 10−11 exp(440/T )

(3.20)

where T (K) is the temperature. The HOM yields in each ozone-monoterpene and hydroxylmonoterpene reaction are YHOM·O3 and YHOM·OH· , respectively. The parameter kHOM is the
HOM loss rate or, equivalently, the atmospheric condensation sink, CS. The condensation sink is determined assuming the diffusion characteristics of a typical α-pinene oxidation
product (see Appendix A1 of ref. [102]). Assuming steady state in Eq. 3.19, the HOM concentration becomes


[HOM] = YHOM·O3 kMT·O3 [MT][O3 ]+ YHOM·OH· kMT·OH· [MT][OH·]) /CS

(3.21)

where the HOM yield from ozonolysis is YHOM·O3 = 2.9%, and from reaction with the
hydroxyl radical is YHOM·OH· = 1.2% (ED Fig. 3.9). The HOM yield from ozonolysis is determined from CLOUD measurements in the presence of a hydroxyl scavenger (0.1% H2 ).
The HOM yield from reaction with hydroxyl radicals is determined from CLOUD measurements in the absence of ozone, and where photolysed HONO provides the OH· source. The
experimental measurement of hydroxyl-initiated oxidation is therefore made in the presence
of NOx , as occurs in the atmosphere.
The small-ion concentration in Eq. 3.18 is calculated from the steady state solution of the
ion balance equation
d [n± ] /dt = q − α [n± ]2 − ki [n± ]
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(3.22)

3.4 Material and methods
where q (cm−3 s−1 ) is the ion pair production rate and α is the ion-ion recombination
coefficient (cm3 s−1 ). The factor 2 in Eq. 3.18 accounts for nucleation from both positive and
negative ions. For the CLOUD GCR data, q = 1.7 cm−3 s−1 . Terrestrial radioactivity such
as radon contributes additional ionisation in the boundary layer over land masses [103] . The
ion loss rate, ki , is due to the condensation sink, CS, and ion-induced nucleation, so that
ki = CS + Jiin /2 [n± ]

(3.23)

where Jiin /2 [n± ] is given by Eq. 3.18 and the steady state concentration of small ions is,
from Eq. 3.22,
[n± ] = [(ki2 + 4αq)0.5 − ki ]/2α

(3.24)

From Eqs. 3.22 and 3.23, Jiin saturates at 2q at high nucleation rates (see Fig. 3.3).
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4.1 Introduction

It was recently shown by the CERN CLOUD experiment that biogenic highly oxygenated
molecules (HOMs) form particles under atmospheric conditions in the absence of sulfuric
acid and that ions enhance the nucleation rate by one to two orders of magnitude. The
biogenic HOMs were produced from ozonolysis of α-pinene at 5◦ C. Here we extend this study
to compare the molecular composition of positive and negative HOM clusters measured with
an atmospheric pressure interface time-of-flight mass spectrometers (APi-TOFs), at three
different temperatures (25 ◦ C, 5 ◦ C and -25 ◦ C). Most negative HOM clusters include a
nitrate (NO–3 ) ion and the spectra are similar to those seen in the nighttime boreal forest.
On the other hand, most positive HOM clusters include an ammonium (NH+
4 ) ion and the
spectra are characterized by enhanced bands that differ in their molecular weight by ∼20 C
atoms, corresponding to HOM dimers. At lower temperatures the average oxygen to carbon
(O/C) ratio of the HOM clusters decreases for both polarities, reflecting the overall reduction
of HOM formation with decreasing temperature. The comparison of the spectra at different
temperatures indicated a faster unimolecular autoxidation reaction at high temperatures which
could compete with bimolecular termination reactions with HO2 and RO2 . Furthermore, at
the lowest temperature (-25 ◦ C) the presence of C30 clusters show that HOM monomers start
to contribute to nucleation of positive clusters. Our experimental findings are supported by
quantum chemical calculations of the binding energies of representative neutral and charged
clusters.

4.1 Introduction
Atmospheric aerosol particles directly affect climate by influencing the transfer of radiant
energy and the spatial distribution of latent heating through the atmosphere [5] . In addition,
aerosol particles can indirectly affect climate, by serving as cloud condensation nuclei (CCN)
and ice nuclei (IN). They are of natural or anthropogenic origin, and result from direct
emissions (primary particles) or from oxidation of gaseous precursors (secondary particles).
Understanding particle formation processes in the atmosphere is important since more than
half of the atmospheric aerosol particles may originate from nucleation [7,38] .
Due to its widespread presence and low saturation vapor pressure, sulfuric acid is believed
to be the main vapor responsible for new particle formation (NPF) in the atmosphere. Indeed,
particle nucleation is dependent on its concentration, albeit with large variability [104] . The
combination of sulfuric acid with ammonia and amines increases nucleation rates due to a
higher stability of the initial clusters [25,22,13] . However, these clusters alone cannot explain the
particle formation rates observed in the atmosphere. Nucleation rates are greatly enhanced
when oxidized organics are present together with sulfuric acid, resulting in NPF rates that
closely match those observed in the atmosphere [27,50] . An important characteristic of the
organic molecules participating in nucleation is their high oxygen content and consequently
low vapor pressure. The formation of these highly oxygenated molecules (HOMs) has been
described by Ehn et al. [30] , who found that, following the well-known initial steps of α-pinene
ozonolysis through a Criegee intermediate leading to the formation of an RO2 · radical, several
repeated cycles of intramolecular H abstractions and O2 additions produce progressively more
oxygenated RO2 · radicals, a mechanism called autoxidation [32] . The (extremely) low volatility
of the HOMs results in efficient NPF and growth, even in the absence of sulfuric acid [37] . The
chemical composition of HOMs during NPF has been identified from α-pinene and pinanediol
oxidation by Praplan et al. [105] and Schobesberger et al. [36] , respectively.
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Charge has also been shown to enhance nucleation [22] . Ions are produced in the atmosphere
+
+
+
–
mainly by galactic cosmic rays and radon. The primary ions are N+ , N+
2 , O , O2 , H3 O , O
and O–2 [106] . These generally form clusters with water (e.g. (H2 O)H3 O+ ) and after further
collisions the positive and negative charges are transferred to trace species with highest and
lowest proton affinities [107] , respectively. Ions are expected to promote NPF by increasing
the cluster binding energy and reducing evaporation rates [45] . Recent laboratory experiments
showed that ions increase the nucleation rates of HOMs from the oxidation of α-pinene by one
to two orders of magnitude compared to neutral conditions [37] . This is due to two effects, of
which the first is more important: 1) an increase in cluster binding energy, which decreases
evaporation and 2) an enhanced collision probability, which increases the condensation of
polar vapors on the charged clusters [108,109] .
Temperature plays an important role in nucleation, resulting in strong variations of NPF
at different altitudes. Kürten et al. [13] studied the effect of temperature on nucleation for the
sulfuric acid - ammonia system, finding that low temperatures decrease the needed concentration of H2 SO4 to maintain a certain nucleation rate. Similar results have been found for
sulfuric acid – water binary nucleation [110,111] , where temperatures below 0 ◦ C were needed
for NPF to occur at atmospheric concentrations. Up to now, no studies have addressed the
temperature effect on NPF driven by HOMs from biogenic precursors such as α-pinene.
In this study we focus on the chemical characterization of the ions and the influence of
temperature on their chemical composition during organic nucleation in the absence of sulfuric
acid. The importance of such sulfuric acid-free clusters for NPF has been shown in the
laboratory ( [37] as well as in the field [63] . We present measurements of the NPF process from
+
+
the detection of primary ions (e.g. N+
2 , O2 , NO ) to the formation of clusters in the size
range of small particles, all under atmospherically relevant conditions. The experiments were
conducted at three different temperatures (-25, 5 and 25 ◦ C) enabling the simulation of pure
biogenic NPF representative of different tropospheric altitudes.

4.2 Methods
4.2.1 The CLOUD chamber
We conducted experiments at the CERN CLOUD chamber (Cosmics Leaving Outdoor
Droplets). With a volume of 26.1 m3 , the chamber is built of electropolished stainless steel
and equipped with a precisely controlled gas system. The temperature inside the chamber is
measured with a string of six thermocouples (TC, type K) which were mounted horizontally
between the chamber wall and the center of the chamber at distances of 100, 170, 270, 400,
650, and 950 mm from the chamber wall. The temperature is controlled accurately (with a
precision of ± 0.1 ◦ C) at any tropospheric temperature between -65 and 30 ◦ C (in addition,
the temperature can be raised to 100 ◦ C for cleaning). The chamber enables atmospheric
simulations under highly stable experimental conditions with low particle wall loss and low
contamination levels (more details of the CLOUD chamber can be found in Duplissy et al. [41]
and Kirkby et al. [22] ). Before the start of the experiments the CLOUD chamber was cleaned
by rinsing the walls with ultra-pure water, followed by heating to 100 ◦ C and flushing at
a high rate with humidified synthetic air and elevated ozone (several ppmv) (Kirkby et al.,
2016). This resulted in SO2 and H2 SO4 concentrations that were below the detection limit
(<15 pptv and < 5 · 104 cm−3 , respectively), and total organics (largely comprising high
volatility C1 –C3 compounds) that were below 150 pptv.
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The air in the chamber is ionized by galactic cosmic rays (GCR); higher ion generation
rates can be induced by a pion beam (π + ) from the CERN Proton Synchrotron enabling
controlled simulation of galactic cosmic rays throughout the troposphere. Therefore, the
total ion-pair production rate in the chamber is between 2 (no beam) and 100 cm−3 s−1
(maximum available beam intensity [40] ).

4.2.2 Instrumentation
The main instrument employed for this study was an atmospheric pressure interface time-offlight (APi-TOF, Aerodyne Research Inc. & Tofwerk AG) mass spectrometer, which is able to
measure the intensity of positive or negative ions and cluster ions over a wide range of massto-charge ratios at concentrations relevant for the atmosphere. The instrument has two main
parts: The first part is the atmospheric pressure interface (API) where ions are transferred
from atmospheric pressure to low pressures via three differentially pumped vacuum stages.
Ions are focused and guided by two quadrupoles and an ion lens. The second component
is the time-of-flight mass analyzer (TOF), where the pressure is approx. 10−6 mbar. The
sample flow from the chamber was 10 L/min and the core-sampled flow into the APi was 0.8
L/min, with the remaining flow being discarded.
We
calibrated
the
APi-TOF
using
trioctylmethylammonium
bis(trifluoromethylsulfonyl)imide (TBMA, C27 H54 F6 N2 O4 S2 ) to facilitate the exact ion
mass determination in both positive and negative mode. We employed two calibration
methods , the first by nebulizing TBMA and separating cluster ions with a high-resolution
mobility analyzer (UDMA) (see Steiner et al. [112] for more information); the second by
using electrospray ionization of a TBMA solution. The calibration with the electrospray
ionization was performed three times, one for each temperature. These calibrations enabled
mass/charge measurements with high accuracy up to 1500 Th in the positive mode and 900
Th in the negative mode.
Additionally, two peaks in the positive mode were identified as contaminants and used
also as calibrants at the three different temperatures: C10 H14 OH+ and C20 H28 O2 H+ . These
peaks were also detected by a proton transfer reaction time of flight mass spectrometer (PTRTOF-MS). None of these two peaks shifted in the m/z at the three different temperatures.
Therefore, based on the calibrations with the UDMA, the electrospray, and the contaminant
peaks, we assume a valid mass calibration for the three temperatures.

4.2.3 Experimental conditions
All ambient ion composition data reported here were obtained during nucleation experiments
exploring pure α-pinene ozonolysis. The experiments were conducted under dark conditions,
at a relative humidity (RH) of 38% with an O3 concentration between 33 and 43 ppbv
(Table 4.1). The APi-TOF measurements were made under both galactic cosmic ray (GCR)
and π + beam conditions, with ion-pair concentrations around 700 cm−3 and 4000 cm−3 ,
respectively.

4.2.4 Quantum calculations
Quantum chemical calculations were performed in order to understand the cluster formation
of the ions with the oxidation products of α-pinene. The Gibbs free energies of formation
of the different clusters studied in this work were calculated using the MO62X functional [98]
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Table 4.1: Experiments preformed at the CLOUD chamber
Campaign

Experiment

Ionization

α-pinene
(pptv)

O3
(pptv)

Mass spectrometer
polarity

Temperature
(◦ C)

CLOUD 8

1211.02

GCR

258

33.8

negative

5

CLOUD 10
CLOUD 10
CLOUD 10

1710.04
1712.04
1727.04

π + beam
π + beam
π + beam

618
511
312

41.5
40.3
43.3

positive
positive and negative
positive and negative

5
25
-25

and the 6-31+G(d) basis set [99] using the Gaussian09 program [100] . This method has been
previously applied for clusters containing large organic molecules [37] .

4.3 Results and discussion
4.3.1 Ion composition
Under relatively dry conditions, the main detected positive ions were N2 H+ and O+
2 . With
increasing RH we observed the water clusters H3 O+ , (H2 O)·H3 O+ and (H2 O)2 ·H3 O+ as
+
well as NH+
(protonated pyridine), Na+ and K+ . The concentrations of
4 and C5 H5 NH
the precursors of some of the latter ions are expected to be very low: for example, NH3
concentrations were previously found to be in the range of 0.3 pptv (at -25 ◦ C), 2 pptv
(at 5 ◦ C) and 4.3 pptv (at 25 ◦ C) [13] . For the negative ions, NO–3 was the main detected
background signal. Before adding any trace gas to the chamber the signal of HSO–4 was at a
level of 1% of the NO–3 signal (corresponding to < 5·10−4 molecules cm−3 [37] ), excluding any
contribution of sulfuric acid to nucleation in our experiments.
After initiating α-pinene ozonolysis, more than 460 organic ions were identified in the
positive spectrum. The majority of peaks were clustered with NH+
4 , while only 10.2% of the
identified peaks were composed of protonated organic molecules. In both cases the organic
core was of the type C7−10 H10−16 O1−10 for the monomer region and C17−20 H19−32 O10−20 for
the dimer region. In the negative spectrum we identified more than 530 HOMs, of which
62% corresponded to organic clusters with NO–3 or, to a lesser degree, HNO3 ·NO–3 . The rest
of the peaks were negatively charged organic molecules. In general, the organic core of the
molecules was of the type C7−10 H9−16 O3−12 in the monomer region and C17−20 H19−32 O10−20
in the dimer region. For brevity we refer to the monomer, dimer (and n-mer) as C10 , C20
and C10n respectively. Here, the subscript indicates the maximum number of carbon atoms
in these molecules, even though the bands include species with slightly fewer carbon atoms.
4.3.1.1 Positive spectrum
The positive mode was characterized by a spectrum with bands of high intensity at intervals
of C20 as shown in Fig. 4.1 B. Although we measured the monomer band (C10 ), its integrated
intensity was much lower than the C20 band; furthermore, the trimer and pentamer bands
were almost completely absent. Based on chemical ionization mass spectrometry measurements, Kirkby et al. [37] calculated that the HOM molar yield at 5◦ C is 3.2% for the ozonolysis
of α-pinene, with a fractional yield of 10 to 20% for dimers. A combination reaction of various
oxidized peroxy radicals may explain the rapid formation of dimers resulting in covalently
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Figure 4.1: Spectrum of the positive mode at 5◦ C. A) Low mass region where initial ions from galactic
cosmic ray ionization are observed, as well as ions such as NH+
4 that are formed by charge transfer to
contaminants introduced into the chamber with the humidification. B) Characteristic spectrum with
intervals of C20 is observed up to possibly C100 . Most of the peaks are detected as clusters with NH+
4.

bound molecules (see section 4.3.3); the higher dimer signal suggests that the dimer clustered
with NH+
4 is more stable than the corresponding ion cluster of the monomer (see section 4.3.3).
The spectrum also indicates that cluster growth in the positive mode proceeds mainly via
the addition of dimers. This process is especially relevant for nucleation considering that the
HOMs dimers are sufficiently large to act as nano-condensation nuclei [31,29] . In our measurements, we observed this efficient dimer-addition growth up to C80 and possibly even C100 ,
confirming the high stability of the formed clusters. A cluster of two dimers, C40 , with a
mass/charge in the range of ∼ 700 - 1100 Th, would have a mobility diameter around 1.5 nm
(based on Ehn et al. [113] ) The larger clusters show that for positive ions (Fig. 4.1 B) the condensation of low volatility dimers is the most efficient mechanism for growth of newly formed
particles. The clustering process is also expected to contribute to the growth, especially when
the concentration of pre-existing particles is low [108] .
Our observations of the HOMs as clusters of NH+
4 implies strong hydrogen bonding between
the two species, which is confirmed by quantum chemical calculations discussed below in
Section 4.3.3. Although hydrogen bonding could also be expected between HOMs and H3 O+ ,
our observations show that this is not the case, possibly because of the higher proton affinity
of NH3 , 203.6 kcal/mol, compared to that of H2 O, 164.8 kcal/mol [114] . Thus, most H3 O+
+
ions transfer the proton to NH3 forming NH+
4 , causing the clusters HOM-NH4 to dominate
the APi-TOF positive ion spectra.
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4.3.1.2 Negative spectrum
In the negative mode spectra, the monomer, dimer and trimer bands were observed. While
the monomer and the dimer had similar signal intensities, the trimer band intensity was at
least 10 times lower as seen in Fig. 4.2A and B. This reduced signal in the trimer could be due
to a lower transmission in the APi-TOF in contrast to the positive mode, where the reduced
signal of the trimer is most likely due to the clustering process as seen below.
We can compare the CLOUD negative-ion spectrum with nocturnal atmospheric measurements from the boreal forest at Hyytiälä as reported by Ehn et al. (2010). Panels 2
A and B show the α-pinene ozonolysis spectrum from the CLOUD chamber on logarithmic
and linear scales, respectively; Panel 2 C shows the Hyytiälä spectrum for comparison. Although the figure shows unit mass resolution, the high resolution analysis shows the exact same identification for the main peaks: C8 H12 O7 ·NO–3 , C10 H14 O7 ·NO–3 , C10 H14 O8 ·NO–3 ,
C10 H14 O9 ·NO–3 , C10 H16 O10 ·NO–3 and C10 H14 O11 ·NO–3 marked in the monomer region;
and C19 H28 O11 ·NO–3 , C20 H32 O13 ·NO–3 , C19 H28 O13 ·NO–3 , C20 H32 O13 ·NO–3 , C20 H30 O14 ·NO–3 ,
C20 H30 O14 ·NO–3 , C20 H30 O16 ·NO–3 and C20 H30 O18 ·NO–3 marked in the dimer region. The
close correspondence in terms of composition of the main HOMs in the monomer and dimer
region indicates a remarkably good reproduction of the atmospheric night-time conditions in
Hyytiälä by the CLOUD experiment. In both cases the ion composition was dominated by
HOMs clustered with NO–3 . Although Ehn et al. [107] showed the spectra as representative
of night time ion composition, they did not report nucleation at night, possibly because a
condensation sink in the boreal forest atmosphere causing the condensation of the oxidation
products and coagulational loss of small clusters rather than their growth.

4.3.2 Temperature dependence
Experiments at three different temperatures (25, 5 and -25 ◦ C) were conducted at similar
relative humidity and ozone concentrations (Table 4.1). Mass defect plots are shown for the
same data in Fig.4.4. The mass defect is the difference between the exact and the integer
mass and is shown on the y-axis versus the mass/charge on the x-axis. Each point represents
a distinct atomic composition of a molecule or cluster. Although the observations described
in the following are valid for both polarities, the positive ion mode shows the differences in
the chemistry at the three temperatures more clearly.
The first point to note is the change in the distribution of the signal intensity seen in
Fig. 4.3 (height of the peaks) and in Fig. Fig. 4.4 (size of the dots) with temperature. In
the positive ion mode, the dimer band has the highest intensity at 25 and 5 ◦ C, while at -25
◦ C the intensity of the monomer becomes comparable to that of the dimer. This indicates
a reduced rate of dimer formation at -25 ◦ C, or that the intensity of the ion signal depends
on both the concentration of the neutral compound and on the stability of the ion cluster.
Although the monomer concentration is higher than that of the dimers [31] , the C20 ions are
the more stable ion clusters as they can form more easily two hydrogen bonds with NH+
4
(see below section 4.3.3). Thus, positive clusters formed from monomers may not be stable
enough at higher temperatures. Moreover, charge transfer to dimers is also favored.
The data also show a “shift” in all band distributions towards higher masses with increasing
temperature, denoting a higher concentration of the more highly oxygenated molecules and
the appearance of progressively more oxygenated compounds at higher temperatures. The
shift is even more pronounced in the higher mass bands, as clearly seen in the C40 band
of the positive mode in Fig. 4.3 (A-C). In this case the combination of two HOM dimers
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Figure 4.2: Comparison of the negative ion composition during α-pinene ozonolysis in CLOUD and
night time in the boreal forest Hyytiälä (Finland). A) Negative mode spectrum in the CLOUD
chamber in logarithmic scale, and B) linear scale. C) Typical night time spectrum from the boreal
forest at Hyytiälä (Finland), adapted from Ehn et al. [107] .

to a C40 cluster essentially doubles the shift of the band towards higher mass/charge at
higher temperatures compared to the C20 band. Moreover, the width of each band changes
depending on the temperature; this shift is clearly seen in the positive mode in Fig. 4.4 with
a broader distribution of the band at high temperatures, especially in the C40 band. At
high temperatures, the production of more oxidized HOMs seems to increase the possible
combinations of clusters, resulting in a wider band distribution.
This trend in the spectra indicates that the unimolecular autoxidation reaction accelerates
at higher temperatures in competition to the bimolecular termination reactions with HO2
and RO2 . This is expected. If unimolecular and bimolecular reactions are competitive, the
unimolecular process will have a much higher barrier because the pre-exponential term for
a unimolecular process is a vibrational frequency while the pre-exponential term for the
bimolecular process is at most the bimolecular collision frequency, which is four orders of
magnitude lower. Quantum chemical calculations determine activation energies between 22.56
and 29.46 kcal/mol for the auto-oxidation of different RO2 radicals from α-pinene [95] . Thus,
such a high barrier will strongly reduce the autoxidation rate at the low temperatures.
The change in the rate of autoxidation is also reflected in the O/C ratio, both in the
positive ion mode (Fig. 4.4 A-C), and the negative ion mode (D-F), showing a clear increase
with increasing temperature. The average O/C ratios (weighted by the peak intensities) are
presented in Table 4.2 for both polarities and the three temperatures, for all the identified
peaks (total) and separately for the monomer and dimer bands For a temperature change from
25 to -25◦ C the O/C ratio decreases for monomers, dimers and total number of peaks. At high
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Figure 4.3: Mass spectra of positive and negative ions at different temperatures. A shift towards
higher masses is observed in all the bands with increasing temperature due to a higher oxygen content
at higher temperatures. A and D) Spectra at 25 ◦ C for positive and negative mode, respectively, B
and E) spectra at 5◦ C, and C and F) spectra at -25◦ C. The increase in signal of the C30 band is only
clearly observed at -25◦ C.
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Figure 4.4: Mass defect plots with the color code denoting O/C (of the organic core) at 25, 5 and -25
◦
C for positive (A-C) and negative mode (D-F). A lower O/C is observed in the positive mode than
in the negative mode. The intensity of the main peaks (size of the dots linearly proportional) changes
with temperature for both polarities due to a lower degree of oxygenation at lower temperature.

masses (e.g., for the C30 and, C40 bands), the O/C ratio may be slightly biased since accurate
identification of the molecules is less straightforward: as an example, C39 H56 O25 ·NH+
4 has an
exact mass of 942.34 Th (O/C = 0.64), which is very similar to C40 H60 O24 ·NH+
at
942.38
Th
4
(O/C = 0.60). However, such possible misidentification would not influence the calculated
total O/C by more than 0.05, and the main conclusions presented here remain robust.
Table 4.2: Signal weighted average O/C ratios for positive and negative mode at 25, 5 and -25 ◦ C
O/C
Temperature ◦ C
25
5
-25

Positive mode
Monomer
0.37
0.34
0.31

Dimer
0.57
0.51
0.38

Negative mode
Total
0.54
0.49
0.36

Monomer
0.94
0.88
0.79

Dimer
0.81
0.66
0.65

Total
0.90
0.75
0.68

The O/C ratios are higher for the negative ions than for the positive ions at any of the
three temperatures. Although some of the organic cores are the same in the positive and
negative ion mode, the intensity of the peaks of the most oxygenated species is higher in the
negative spectra. While the measured O/C ratio ranges between 0.4 and 1.2 in the negative
ion mode, it was between 0.1 and 1.2 in the positive ion mode. An O/C ratio of 0.1, which
was detected only in the positive ion mode, corresponds to monomers with 1 oxygen atom or
dimers with two oxygen atoms. The presence of molecules with such low oxygen content was
also confirmed with a proton transfer reaction time-of-flight mass spectrometer (PTR-TOFMS), at least in the monomer region. The ions with this low O/C ratio are probably from the
known main oxidation products like pinonaldehyde, pinonic acid, etc. It is likely that these
molecules, which were detected only in the positive mode, contribute only to the growth of
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Figure 4.5: Comparison of the positive mode spectrum measured (blue), the C40 band obtained by
the combination of C20 molecules (light gray) and the C40 band obtained by combination of C20
molecules with an O/C ≥ 0.4 (dark gray). The low or absent signals at the lower masses obtained by
permutation indicates that only the highly oxygenated dimers are able to cluster and form C40 .

the newly formed particles (if at all) rather than to nucleation, owing to their high volatility.
In this sense, the positive spectrum could reveal both the molecules that participate in the
new particle formation and those that contribute to growth. The differences in the O/C
ratios between the two polarities are a result of the affinities of the organic molecules to form
clusters either with NO–3 or NH+
4 , which, in turn, depends on the molecular structure and
the functional groups. Hyttinen et al. [115] reported the binding energies of selected highly
oxygenated products of cyclohexene detected by a nitrate CIMS, finding that the addition of
OOH groups to the HOM strengthens the binding of the organic core with NO–3 . Even when
the number of H-bonds between NO–3 and HOM remains the same, the addition of more
oxygen atoms to the organic compound could strengthen the bonding with the NO–3 ion.
Thus, the less oxygenated HOMs were not detected in those experiments, neither in ours, in
the negative mode. The binding energies were calculated for the positive mode HOMs-NH+
4
and are discussed in section 4.3.3.
We also tested to which extent the formation of the C40 band could be reproduced by
permutation of the potential C20 clusters weighted by the dimer signal intensity. Fig. 4.5
shows the measured spectrum (blue) and two types of modeled tetramers: one combining all
peaks from the C20 band (light gray) and one combining only those peaks with an organic
core with O/C ≥ 0.4, i.e. likely non-volatile molecules (dark gray). The better consistency
of the latter with the measured tetramer band suggests that only the molecules with O/C
≥ 0.4 are able to form the tetramer cluster. This would mean that C20 molecules with 2-7
oxygen atoms are likely not to contribute to the nucleation, but only to the growth of the
newly formed particles.
These two observations (change in signal distribution and band “shift”) are not only
valid for positive and negative ions, but also for the neutral molecules as observed by two
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nitrate chemical-ionization atmospheric-pressure-interface time-of-flight mass spectrometers
(CI-APi-TOF; Aerodyne Research Inc. and Tofwerk AG). This confirms that there is indeed
a change in the HOM composition with different temperature rather than a charge redistribution effect which would only be observed for the ions (APi-TOF). The detailed analysis of
the neutral molecules detected by these CI-APi-TOFs will be subject of another paper and
is not discussed here.
A third distinctive trend in the positive mode spectra at the three temperatures is the
increase in signal intensity of the C30 band at -25◦ C. The increase in the signal of the trimer
also seems to occur in the negative ion mode when comparing panels D and F in Fig. 4.3.
For this polarity, data from two campaigns were combined (Table 4.1). To avoid a bias by
possible differences in the APi-TOF settings, we only compare the temperatures from the
same campaign, CLOUD 10, therefore experiments at 25◦ C and -25◦ C. The increase in the
trimer signal may be due to greater stability of the monomer-dimer clusters or even of three
C10 molecules at low temperatures, as further discussed below.

4.3.3 Cluster formation
Three points were addressed in the quantum chemical calculations to elucidate the most
likely path of formation as discussed in the previous section. These are: (i) the stability of
the organic cores with NO–3 and NH+
4 depending on the binding functional group; (ii) the
difference between charged and neutral clusters in terms of clustering energies; and finally
(iii) the possible nature of clusters in the dimer and trimer region.
The calculations showed that among the different functional groups the best interacting
groups with NO–3 are in order of importance carboxylic acids (R–C(=O)–OH), hydroxyls
(R–OH), hydroperoxy acids (R–C(=O)–O–OH), hydroperoxides (R–O–OH) and carbonyls
(R–(R’–)C=O). On the other hand, NH+
4 preferably forms a hydrogen bond with the carbonyl
group independent of to which functional group the carbonyl group is linked . Fig. 4.6 shows
examples of clusters with corresponding free energies of formation for carbonyls (∆G = 17.98 kcal/mol), carboxylic acid (∆G = -17.32 kcal/mol), and hydroperoxy acid (∆G =
-17.46 kcal/mol) molecules with NH+
4 . For the three examples shown , the interaction of one
hydrogen from NH+
with
a
C=O
group
is already very stable with a free energy of cluster
4
ion formation close to -18 kcal/mol.
To evaluate the effect of the presence of a second C=O to the binding of the organic
compound with NH+
4 , we have performed a series of calculations with a set of surrogates
containing two C=O groups separated by a different number of atoms, shown in Fig. 4.6. The
addition of a second C=O, allows the formation of an additional hydrogen-bond, increasing
the stability of the cluster considerably (almost twofold) from about -18 kcal/mol to -34.54
kcal/mol, whereby the position of the second functional group to form an optimal hydrogen
bond (with a 180◦ angle for N-H-O) strongly influences the stability of the cluster, as can be
seen in Fig. 4.7. Thus, optimal separation and conformational flexibility of functional groups
is needed to enable an effective formation of two hydrogen bonds with NH+
4 . This could be
an explanation that the signal intensity of dimers is higher as they can potentially form two
optimal hydrogen bonds with NH+
4.
As shown previously by Kirkby et al. [37] , ions increase the nucleation rates by one to two
orders of magnitude with respect to neutral nucleation. This is expected due to the strong
electrostatic interaction between charged clusters. To understand how the stability difference
relates to the increase in the nucleation rate, the ∆Gs of charged and neutral clusters were
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compared. For this, C10 H14 O7 was selected as a representative molecule of the monomer
region and correspondingly its dimer C20 H30 O14 for the dimer region [37] . Table 4.3 shows the
calculated free energies of formation (∆G) of neutral, positive and negative clusters from these
C10 and C20 molecules at the three temperatures of the experiment. As example we compare
the values at 5 ◦ C at which the ∆G of the neutral dimer (C10 + C10 ) is -5.76 kcal/mol,
while that of the same dimer decreases to -20.95 kcal/mol when is negatively charged (C10 +
C–10 ). Similarly, trimers show a substantial increase in stability when they are charged, i.e.,
from -2.12 kcal/mol to -19.9 kcal/mol, for neutral and negative respectively. The reduced
values of ∆G for the charged clusters (positive and negative) indicate a substantial decrease
in the evaporation rate compared to that for neutral clusters, and, therefore, higher stability.
–
Comparing the NH+
4 and NO3 clusters, the energies of formation for the monomer are -22.5
kcal/mol and -25.99 kcal/mol respectively, showing slightly higher stability in the negative
clusters. Inversely, the covalently bound dimer showed greater stability for the positive ion
with values of -30.9 kcal/mol than for the negative ion, -25.65 kcal/mol.
Table 4.3: Comparison of ∆G at 5◦ C for the molecules C10 H14 O7 (C10 ) and C20 H30 O14 (C20 ),for
neutral, negative and positive clusters
Cluster process

∆G−25◦ C
(kcal/mol)

∆G5◦ C
(kcal/mol)

∆G25◦ C
(kcal/mol)

-7.33
-3.28

-5.76
-2.15

-4.70
-1.39

Neutral

C10 + C10
C10 + C20

Positive

C10
C20
C10
C20
C10

+
+
+
+
+

NH+
4
NH+
4
C10 ·NH+
4
C10 ·NH+
4
C20 ·NH+
4

-23.40
-31.80
-12.90
-26.00
-17.60

-22.50
-30.90
-11.70
-24.30
-15.90

-21.80
-30.20
-10.90
-23.30
-14.80

Negative

C10
C20
C10
C20
C10

+
+
+
+
+

C10 C10 NO–3
NO–3
C10 ·NO–3

-22.22
-21.36
-27.27
-26.97
-11.34

-20.95
-19.90
-25.99
-25.65
-10.09

-20.09
-18.91
-25.14
-24.75
-9.25

The temperature dependence of cluster formation is shown in Fig. 4.8 for the positive

A)

ΔG = -17,98 kcal/mol

B)

C)

ΔG = -17,32 kcal/mol

ΔG = -17,46 kcal/mol

Figure 4.6: Calculated free energies of clusters formation of NH+
4 with different carbonyl functionalities,
carbonyl (A), carboxylic acid (B) and hydroperoxy acid (C).
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ΔG = -17,32 kcal/mol

ΔG = -20,81 kcal/mol

ΔG = -23,43 kcal/mol

ΔG = -34,07 kcal/mol

Figure 4.7: Quantum mechanical calculations for different organic molecules with a carbonyl as the
interacting functional group with NH+
4 . Increasing the interacting groups from one to two increases
the stability of the cluster. The distance between the interacting groups also influences the cluster
stability.

clusters. The blue and brown solid lines represent the needed ∆G for the evaporation-collision
equilibrium at 0.3 pptv and 1 pptv HOM concentration, respectively, while the markers show
the calculated formation enthalpies ∆G for each of the possible clusters. For all cases, the
trend shows an evident decrease in formation energy with decreasing temperature, with a
correspondingly reduced evaporation rate.
At all three temperatures, the monomer C10 ·NH+
4 falls well below the equilibrium lines,
indicating high stability. Even when the difference between -25◦ C and 25◦ C is just -1.6
kcal/mol, it is enough to produce an important difference in the intensity of the band, increasing the signal at least 8-fold at -25◦ C (discussed in section 4.3.2). In the case of the
dimers, we consider the possibility of their formation by collision of a monomer C10 ·NH+
4 with
+
+
another C10 (resulting in a C10 C10 ·NH4 cluster) or the dimer as C20 ·NH4 molecule. The
calculations show clearly that the cluster C10 C10 ·NH+
4 is not stable at any of the three temperatures (green line). In contrast, the covalently-bound dimer is the most stable molecule
among all the calculated molecules/clusters. This observation is not only valid for the positive ions but also for the negative and neutral clusters (see Table 4.3). Regarding the trimers,
mainly observed at lower temperatures, since C10 C10 ·NH+
4 is shown to be a non-favorable
path, we discard the possibility of a trimer formation of the type C10 C10 C10 ·NH+
4 . Thus,
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Figure 4.8: Quantum chemical cluster formation energies at -25, 5 and 25◦ C. Solid lines represent
the required ∆G for equilibrium between evaporation and collision at 0.3 pptv and 1 pptv of HOMs
concentration, respectively. Markers show the ∆G for each each cluster (organic core clustered with
+
+
NH+
4 ) at the three temperatures. C10 NH4 (black circles) represent the monomer, C20 NH4 (red circles)
+
represent the covalently bond dimer, C10 C10 NH4 (green circles) represent the dimer formed by the
cluster of two monomers and C10 C20 NH+
4 (purple circles) denote the preferential pathway for the
trimer cluster (see Table 4.3).

the trimer should be formed by a monomer and a covalently-bound dimer (C20 C10 ·NH+
4 ).
According to our calculations (Table 3) the preferred evaporation path for this cluster is the
loss of C10 rather than the evaporation of C20 , a process highly dependent on temperature.
Therefore, we have chosen to represent only this path in Fig. 4.8. We can see how this path
crosses the evaporation-condensation equilibrium around 5 ◦ C and 14 ◦ C for 0.3 pptv and 1
pptv HOM concentration, respectively, in good agreement with the observed signal increase
of the trimer at -25◦ C (Fig. 4.3 A-C). It is important to note that, due to the uncertainty in
the calculations, estimated to be ≤ 2 kal/mol, we do not consider the crossing as an exact
reference.
The ∆G calculations for the negative mode, which are also presented in Table 4.3, show
behavior similar to that for the positive mode, with decreasing energies of around -2 kcal/mol
between 25◦ C and -25◦ C. The negative monomer and dimer have similar ∆G with NO–3 at 5
◦ C, in agreement with the observed comparable signal intensity in the spectrum (Fig. 4.2).
The covalently-bonded dimer C20 ·NO–3 is also the most stable form in the negative mode
compared to the dimer cluster C10 C10 ·NO–3 , suggesting that the observed composition results
from covalently bonded dimers clustering with NO–3 rather than two individual C10 clustering to form a dimer. The formation of a covalently bounded trimer seems unlikely, so the
formation of highly oxidized molecules is restricted to the monomer and dimer region. The
trimer could result of the clustering combination of C10 and C20 species. Similarly, and based
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on the dimer pattern observed in Fig. 4.1 B, we believe that the formation of the tetramer
corresponds to the collision of two dimers. No calculations were done for this case due to the
complexity related to the size of the molecule, which prevents feasible high level quantum
chemical calculations. Finally, the comparison between the ∆G values for charged clusters
and neutral molecules, which is also presented in Table 4.3, confirms the expected higher
stability of ions decreasing the evaporation rate of the nucleating clusters.

4.4 Conclusions
Ions produced during pure biogenic ion-induced nucleation comprised mainly of organics
clustered with NO–3 and NH+
4 in the negative and positive mode, respectively, and to a lesser
extent charged organic molecules only or organic clusters with HNO3 NO–3 . We found good
agreement of the negative ions with ambient measurements in the boreal forest of Hyytiälä
and with neutral molecules reported in previous studies of particle formation and growth. The
observed similarity in the composition of the HOMs in the monomer and dimer region during
new-particle formation experiments at CLOUD suggests that pure biogenic nucleation might
be possible during night time if the condensation sink is sufficiently low, i.e., comparable
to that in the CLOUD chamber, where the wall loss rate for H2 SO4 is 1.8·10−3 s−1 . The
positive mode spectrum showed a distinctive pattern characterized by the progressive addition
of dimer entities (C20 ), up to cluster sizes in the range of expected small particles.
Temperature strongly influenced the composition of the detected molecules in several ways.
At the higher temperatures studied, we observed a higher oxygen content in the molecules,
indicating a fast unimolecular autoxidation reaction in competition with bimolecular termination reactions (HO2 and RO2 ). The change in the rate of auto-oxidation was clearly reflected
in the O/C ratio of organics in both the positive and the negative modes showing a clear
increase with increasing temperature.
–
A broader range of organic molecules was found to form clusters with NH+
4 than with NO3 .
+
Quantum chemical calculations using simplified molecules show that NH4 preferably forms a
hydrogen bond with a carbonyl group independently of nearby functional groups. Also, the
addition of a second hydrogen bond was found to increase the cluster stability substantially.
Thus, the C20 -ions are the more stable ion clusters as they can form more easily two hydrogen
bonds with NH4+. Although molecules with low oxygen content were measured in the C20
band (1 - 4 oxygens), only the molecules with O/C ≥ 0.4 seem to be able to combine to form
larger clusters.
The quantum chemical calculations showed that the covalently-bonded dimer C20 ·NO–3 is
also the most stable form in the negative mode compared to the dimer cluster C10 C10 ·NO–3 ,
suggesting that the observed composition results from covalently bonded molecules clustering
with NO–3 rather than C10 clusters.
Temperature affected cluster formation by decreasing evaporation rates at lower temperatures. In the positive mode a pronounced growth of clusters by addition of C20 -HOMs is
observed. The formation of a C30 -cluster is only appearing at the lowest temperature, which
is confirmed by quantum chemical calculations. In the negative mode it appears that the
signal of the C30 -clusters also becomes stronger with lower temperature. The C40 - and higher
clusters are probably not seen because of too low sensitivity in this mass range due to the
applied instrumental settings. More measurements are needed to decide if the cluster growth
of positive and negative ions proceeds in a similar or different way.
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New particle formation (NPF) is the source of over half of the atmosphere’s cloud condensation nuclei, thus influencing cloud properties and Earth’s energy balance. Unlike in
the planetary boundary layer, few observations of NPF in the free troposphere exist. We
provide observational evidence that at high altitudes, NPF occurs mainly through condensation of highly oxygenated molecules (HOMs), in addition to taking place through sulfuric
acid–ammonia nucleation. Neutral nucleation is more than 10 times faster than ion-induced
nucleation, and growth rates are size-dependent. NPF is restricted to a time window of 1 to
2 days after contact of the air masses with the planetary boundary layer; this is related to
the time needed for oxidation of organic compounds to form HOMs. These findings require
improved NPF parameterization in atmospheric models.

5.1 Introduction
Atmospheric aerosols influence climate through direct interaction with radiation and by acting
as cloud condensation nuclei [116,117] . There is considerable uncertainty about what fraction of
cloud condensation nuclei is attributable to new particle formation (NPF) [118,119,7] . Studies of
NPF in the free troposphere have used ground-based [120,121,15,122] and airborne [70] platforms
but with limited instrumentation and/or over short time scales. Because of the lack of data
at high altitudes, the vast majority of models use free-troposphere NPF schemes in which
particle formation rates depend only on the concentration of sulfuric acid, relative humidity,
and temperature [123] . Recently, comprehensive NPF measurements performed as part of the
CLOUD (Cosmics Leaving Outdoor Droplets) project detected ternary nucleation of sulfuric
acid with water and oxidized organics [50] . Implementation of this NPF scheme in GLOMAP
(Global Model of Aerosol Processes) [124] yielded a photochemically and biologically driven
seasonal cycle of particle concentrations in the continental boundary layer, comparable to
observations [50] . Further CLOUD experiments observed NPF without involvement of sulfuric
acid, which is expected to be important especially in pristine regions and the preindustrial
atmosphere [37] . These laboratory and modeling studies call for field verification.

5.2 Results and discussion
To chemically and physically characterize the early stage of NPF in the free troposphere, we
used a suite of state-of-the-art mass spectrometers and particle counters at the high-altitude
research station Jungfraujoch (JFJ), Switzerland (3580 m above sea level, see section 5.4).
At this site, NPF occurs on 15 to 20% of days, without apparent seasonal dependence (Fig.
5.11), as shown by long-term observations [125] and dedicated campaigns [126] . We report
measurements collected over the period of a year, including two intensive 1-month campaigns
(Table 5.1).
We identified three typical situations, represented by consecutive example days (days 1 to 3)
(Fig. 5.1); in addition, we show a special case (day 4) where the sulfuric acid concentration
was unusually high (∼ 6 · 106 cm−3 ). Day 1 (25 February 2014) is an example of one of
the many non-event days during sunny conditions. During the afternoon, there is a slight
enhancement in the concentration of 5- to 10-nm particles, but the simultaneous increase in
larger particles (up to 90 nm) suggests that this enhancement is related to vertical transport
of particles formed elsewhere (see 5.4). Day 2 (26 February 2014) is typical of days when
the JFJ is within clouds,when NPF is suppressed by reduced global radiation and the high
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Figure 5.1: Four representative situations observed at the JFJ. Shown are data froma sunnyday with
no nucleation (25 February,day 1), a cloudyday (26 February, day 2), a nucleation day with HOMs
(27 February, day 3); and a nucleation day with H2 SO4 , NH3 and HOMs (2 March, day 4) (h, hours).
(A) Particle size distribution (dN/dlogDp), measured with a nano-SMPS (scanning mobility particle
sizer), and particle number concentration above 1 and 3.2 nm, measured with a particle size magnifier
(PSM) and a condensation particle counter (CPC), respectively. (B) Size distributions of the positive
and negative ions measured by theNAIS. (C) Global radiation, temperature, coagulation sink, and
cloud coverage. (D) Concentrations of sulfuric acid (red) and HOMs (green) measured with the CIAPi-TOF. A different axis is used for sulfuric acid in the right panel. (E) Measurements of specific
ions with the APi-TOF (HSO–4 in red, NO–3 in blue, and the sum of ions with m/z >400 Th in green).
The clusters containing sulfuric acid and ammonia are shown by the light blue line.

condensation sink of the cloud droplets. Days 3 and 4 (27 February and 2 March 2014) are
two examples of NPF days, classified as 1 A events (see 5.4), where the number concentration
of particles larger than 3.2 nm increases strongly from a few hundred to 40000 cm−3 .
On most sunny days, the sulfuric acid concentration followed a consistent diurnal cycle, with
concentrations < 104 cm−3 during the night and < 5 · 105 cm−3 during the day (except day
4, which had much higher concentrations). However, no link was found between sulfuric acid
and NPF, suggesting that sulfuric acid at these concentrations does not explain NPF at the
JFJ (Fig.5.1 D). Highly oxygenated molecules (HOMs), which we detected with a chemical
ionization–atmospheric pressure interface–time of flight mass spectrometer (CI-APi-TOF),
were formed on some sunny days (e.g., day 3) but not on others (e.g., day 1) (Fig. 5.1
D). This variability is probably dependent on the presence of organic precursors in the free
troposphere. Fig. 5.1 E shows the time evolution of several negative ions measured with
an APi-TOF: HSO–4 , NO–3 , the family of clusters containing NH3 and H2 SO4 , and ions with
mass/charge ratios m/z >400 thomsons (Th; 1 Th = 1 Da e−1 , where e is the elementary
charge), which are likely to be mainly organic compounds (see section 5.4). Nucleation nearly
exclusively occurred on days when the concentration of organic compounds was high. The
nucleation event on day 4 had a somewhat different ion cluster composition; the organic
65

Chapter 5 New particle formation in the free troposphere: a question of chemistry and timing

Figure 5.2: Mass defect plots (negative ions). (A) Measurements fromday 1, (B) day 3, and (C) day
4.The abscissa shows the mass/charge ratio and the ordinate shows the mass defect, which is the
difference between the nominal (integer) mass and the exact mass. Colors relate to pure sulfuric acid
clusters (red), nitrate (blue), small organic compounds alone or clustered with with NO–3 or HSO–4
(dark green), HOMs clustered with NO–3 (light green), HOMs clustered with HSO4 (orange), H2 SO4 NH3 -HIO3 (violet), and H2 SO4 -NH3 clusters (light blue). Open circles represent unidentified peaks.
The marker size is proportional to the logarithm of the count rate.The mass spectra for the same
events are shown in Fig. 5.7.

ions were present, but HSO–4 and the H2 SO4 -NH3 cluster family were of equal magnitude,
probably because the H2 SO4 concentration was very high (Fig. 5.1). However, throughout
the year of APi-TOF measurements, we never observed pure H2 SO4 clusters with more than
four molecules (Table 5.3), confirming the findings of previous studies, which showed that
binary H2 SO4 -H2 O nucleation does not explain atmospheric NPF [127,22] .
The role of HOMs is further illustrated in Fig. 5.2, which shows mass defect plots [128,36] for
negative ions for three of the days depicted in Fig. 5.1 (Fig. 5.8 shows plots for corresponding
neutral clusters). During the sunny day without NPF (day 1), most of the ions observed had
m/z values <300 Th and were small acid clusters. These ions appear to be spectators (ions
that are always present but unlikely to participate in cluster growth, such as nitrate, oxalate,
and other organic acids that are too volatile to condense on such small particles). The
smaller ions observed on day 3 (Fig. 5.2 B) did not greatly differ from those observed on day
1; however,many ionswith m/z values >300 Th were also present. The organic contribution is
confirmed by the chemical composition of neutral clusters, shown in Figs. 5.8, 5.9 and Table
5.2. The most intense organic peaks measured by the APi-TOF overlap with those measured
by the CI-APi-TOF. In both cases,we attribute these peaks to HOMs clustered with nitrate
(Table 5.2). The difference is that in one case (in which ions were detected by the APi-TOF),
the HOMs were clustered with NO–3 in the ambient atmosphere, whereas neutral HOMs were
clustered with NO–3 inside the CI-APi-TOF ion source. Even though the chemical formulae
of these HOMs differ from those of HOMs generated by monoterpene oxidation [30,129,130,94] ,
they are similar in mass range and O:C ratio. They are therefore expected to have similarly
low volatility and nucleating properties. Chemical identification of the negative ions detected
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5.2 Results and discussion
on day 3 (Fig. 5.2 and Fig. 5.6) indicates that the HOMs cluster exclusively with NO–3 , except
the three most abundant peaks, which also cluster to a minor extent with HSO–4 (peaks 2a, 3a,
and 4a in Fig. 5.9). This confirms recent CLOUD findings that sulfuric acid is not important
for NPF [37] at this concentration.
On day 4, we detected a distinctive sequence of ions, ((H2 SO4 )m (NH3 )n HSO–4 (where m and
n are integers varying from 3 to 9 and from 1 to 9, respectively), which closely resembles the
sequence identified in CLOUD experiments involving purely H2 SO4 -NH3 nucleation [22,128,36] .
In addition to this sequence,we observed other similar clusters in which the charging ion
was IO–3 instead of HSO–4 (pink dots, 5.2). However, because these ions were only a minor
fraction of all the clusters, and only a single iodate was found,we do not consider iodate to
be important for this nucleation event.
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J1.6 NAIS pos. ions
J1.6 PSM
J2 PSM
J3.2 CPC

-3 -1

100

Nucleation Rate [cm s ]

-3 -1
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On day 3, the total particle formation rate J decreased as a result of the coagulation
processes that occur with increasing size,with J1.6 = 51 cm−3 s−1 and J2 = 46 cm−3 s−1
(where subscripts denote mobility diameter in nanometers) (Fig. 5.3 A). The formation rates
of positive and negative ions with a diameter of 1.6 nm, determined from neutral cluster air
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Figure 5.3: Particle evolution during the nucleation events observed on days 3 and 4. Throughout,
data for day 3 are shown on the left, and data from day 4 are shown on the right. (A) Formation rates
(J) of the particles and ions at different sizes. (B) Evolution of particle diameter during the nucleation
events. The two solid lines (red and green) show the concentrations of sulfuric acid (SA) and HOMs.
(C) Comparison of the measured growth rates (black; error bars indicate systematic scale uncertainty)
with growth rates calculated by assuming that solely sulfuric acid contributes to the growth (red) [131]
or by also assuming a contribution from HOMs (green) [31] . In addition to a much higher sulfuric acid
concentration, the data for day 4 show a J3.2 and growth rate that are slightly lower than those of
day 3. On day, not all of the instruments required to measure particles across the full range from 1 to
15 nm were functioning. Therefore, the growth rate was interpolated between about 08:40 and 10:00.
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Figure 5.4: Uptake of anthropogenic carbon monoxide versus time before arrival at the JFJ, for air
masses sampled under different nucleation conditions. Shown are simulated means (symbols) and
standard uncertainties of the means (error bars).Type 1A events (red) include pronounced and clearly
identifiable events, type 1B events (blue) include less well-defined nucleation events, and NON(green)
indicates no nucleation events.

ion spectrometer (NAIS) ion-mode measurements, were much lower (<1 cm−3 s−1 ) than those
of the neutral particles of the same size, suggesting that the neutral process dominated [132] in
this nucleation event. CLOUD results for pure sulfuric acid nucleation indicate a J1.7 below
10−5 cm−3 s−1 [133] at a similar concentration and temperature. There is strong indication of
the presence of HOMs in the nucleating clusters but not of ammonia or amines. Because the
saturation concentration is expected to decrease substantially with decreasing temperature,
we consider this to be in good agreement with the findings of Kirkby et al. [37] , who reported
J1.7 = 40 cm−3 s−1 at [HOM] = 4 · 108 cm−3 and T = 5◦ C.
On day 4, the observed J3.2 of ∼ 4.5 cm−3 s−1 at temperatures between -12◦ C and -15◦ C
was similar to that measured by CLOUD: J1.7 ∼ 4 cm−3 s−1 for [H2 SO4 ] = 6 · 106 cm−3 and
[NH3 ] = 1 ppbv at T = -15◦ C [22] . Because the ammonia concentration during this event
at the JFJ is expected to have been lower than 1 ppbv, we hypothesize a synergistic effect
of H2 SO4 , NH3 , and non-negligible concentrations of HOMs. This event was a special case
where the sulfuric acid concentration was extremely high. However, APi-TOF measurements
show that HOMs were present in the initial clusters in 13 out of 19 nucleation events (type
1A or 1B; Table 5.3). Nucleation thus appears to be influenced by the presence of organic
compounds in the majority of cases. The importance of HOMs is further illustrated by the
size-dependent growth rates observed during particle formation (Fig. 5.3), confirming that
nano-Köhler growth [118] also applies in free troposphere conditions. On day 3, the growth
rate was initially driven by HOMs and continued to increase after the HOM concentration
began to decline, probably due to a reduced Kelvin effect at larger particle sizes, enabling
the condensation of more volatile (unmeasured) molecules (Fig. 5.13) [11] (as recently found
in laboratory experiments [31] ). On day 4, a greater part of the initial growth rate can be
explained by sulfuric acid and water under the assumption of condensation at the kinetic
limit (Fig. 5.12) [131] . After that, the higher growth rate cannot be explained by sulfuric
acid alone, which is again probably indicative of condensation of more volatile (unmeasured)
molecules [134] on the newly formed particles, showing that this process is also not entirely
inorganic.
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5.3 Conclusion
An important question is where the condensable vapors or their precursors originate. We
used the Lagrangian particle dispersion model FLEXPART in time-inverse mode and compared air mass origins of all the major events (type 1A and 1B) with those of typical non-event
days during the same period (section 5.4). Increases in simulated carbon monoxide concentration and the strength of the source-receptor relationship, indicative of influence by the
planetary boundary layer, were evident in individual backward simulations (Figs. 5.4 and
5.14). This suggests an anthropogenic source of the HOM precursors but does not preclude
a biogenic source. For all simulated cases, the small increase in CO within 6 hours before air
mass arrival suggests no substantive influence from local emissions during this period. Air
masses experienced enhanced uptake of COand also an increase in the strength of the sourcereceptor relationship (Fig. 5.15) 12 to 40 hours before type 1A events were detected at the
JFJ, caused by contact with polluted boundary layer air. Similarly, air masses connected to
type 1B events experienced increased CO uptake, though somewhat farther upwind, between
12 and 72 hours before arrival at the JFJ, with a maximum uptake at 48 hours. In contrast,
for non-event days, CO uptake was considerably below that during nucleation events. This
indicates that one requirement for observing NPF at the JFJ is non-local contact (Fig. 5.16)
with the planetary boundary layer and, hence, the uptake of emissions hours before arrival
at the JFJ, allowing a sufficiently long processing time in the free troposphere. An optimal
transport time from the planetary boundary layer to foster nucleation appears to be around
1 day, whereas longer transport times result in less clear nucleation events, due to ongoing
oxidation and dilution of the precursor gases.

5.3 Conclusion
Combining in situ observations and modeling results, we thus find that NPF in the free
troposphere depends on the availability of highly oxidized organic species, providing confirmation for NPF pathways observed in recent laboratory experiments. The availability of these
highly oxidized organic species in turn depends on previous surface contact of the air mass
and appropriate time to process the precursors from the boundary layer on their way up. In
short, chemistry and timing play themain roles. To properly represent nucleation in the free
troposphere, future atmospheric models should take these factors into account.

5.4 Material and methods
5.4.1 Site description and measurement set up
The high altitude research station Jungfraujoch (http://www.ifjungo.ch/jungfraujoch/) is
located in the middle of the Swiss Alps (7◦ 59’2” E, 46◦ 32’53” N), at an altitude of 3450 m a.s.l.
It is situated 100 m below, and on the southern side of the main crest. As the highest
European railway station, the Jungfraujoch is easily accessible by electric train throughout
the year. Within a horizontal distance of 150 m, at the top of the crest (elevation 3580 m
a.s.l.), the Sphinx observatory is home to a global station within the Global Atmosphere
Watch (GAW) programme of the World Meteorological Organization (Fig. 5.5) monitoring a
multitude of aerosol parameters and trace gases, in addition a station of the Swiss National
Monitoring Network for Air Pollution (NABEL) is installed there too.
69

Chapter 5 New particle formation in the free troposphere: a question of chemistry and timing

Figure 5.5: Sphinx laboratory at the Jungfraujoch (credits Zsofia Juranyi).

5.4.2 Measured variables
Among other gases, the GAW station measures the concentrations of SO2 , O3 , CO, and
NOx . Meteorological data (e.g., wind speed and direction, temperature, humidity, pressure,
radiation) are available from the automatic meteorological station of the Federal Office of
Meteorology and Climatology MeteoSwiss located at the same site [42,135] . As part of the
aerosol monitoring activities, the station has been equipped with a scanning mobility particle
sizer (SMPS) since 2008 [125] . A sequence of condensation particle counters (CPC) has been
in operation since 1995 [136] . The data from these instruments has been used to create a
climatology of nucleation events at the Jungfraujoch (Fig. 5.11). During a long campaign
taking place from January 2013 until May 2014 an atmospheric pressure interface time-offlight mass spectrometer (APi-TOF; run in negative mode), a nano-SMPS and a CPC with a
cut-off of 3.2 nm were operated in addition to the above-mentioned long-term instrumentation. Moreover, two intensive campaigns with additional instrumentation were performed in
January/February 2013 and February/March 2014, each of them of approximately 1 month
duration. Details of all instrumentation are given in Table 5.1.
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Table 5.1: Overview of instrumentation present at the Jungfraujoch and their installation period.
Instrument
APi-TOF

Measured variables
Chemical composition of the positive and negative ions ( dp < 2nm)

CI-APi-TOF

Sulfuric acid concentration and chemical composition of neutral clusters (dp < 2nm)

NAIS

Particle and ion size distribution from dp = 2
to 40 nm and 0.4 to 40 nm, respectively

PSM

Particle number concentration (dp,50 >1 nm)
and particle size distribution dp = 1 to 3 nm

TSI CPC 3776

Particle number concentration (dp,50 >3.2
nm)

Nano-SMPS

Particle size distribution from dp = 5 to 90
nm

TSI CPC 3772

Particle number concentration (dp,50 >10nm)

SMPS

Particle size distribution from dp = 20 to 600
nm

Permanent

1-Year

Intensive

2

2


2


2

2

2


2

2

2


2

2

2


2

2


2


2

2


2


2


2


2


2


2


2


5.4.3 Aerosol properties - number concentration
Several CPCs were used to determine aerosol number concentrations as outlined below (see
also Table 5.1).
Condensation Particle Counter (CPC 3776)
The butanol based CPC TSI model 3776 was employed at the JFJ for most of the time
during the intensive and 1-year extended measurement campaigns except for the period
September - December 2013. With a cut-off diameter (dp,50 ) of 3.2 nm it measures the total
number concentration of particles with a diameter >3.2 nm. Aerosol particles entering the
CPC are exposed to a saturated butanol atmosphere at elevated temperature (saturator).
Subsequent cooling in the condenser section leads to condensation of butanol on the particles,
growing them to larger sizes. Counting is then performed by measuring the scattering signal
of a laser beam.
Particle size magnifier (PSM)
An Airmodus A10 particle size magnifier PSM(34) was employed during both intensive measurement campaigns to determine the size distribution of particles between 1 and 3 nm diameter. This instrument is a mixing-type condensation particle counter (CPC) using diethylene glycol as a working fluid. Particles grow inside the PSM to about 90 nm in diameter,
after which counting is performed with another CPC. The cut-off size of the PSM can be
varied by altering the mixing ratio of the sample and saturator flows which makes it possible
to measure the sub-3 nm particle size distribution. In this study, we used a 120-step cycle
between saturator flow rates of 0.1 and 1 l min−1 for scanning the PSM cut-off size. To con71
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Figure 5.6: Comparison of the SMPS and Nano-SMPS size distributions. A) Combined size distribution. The dashed horizontal line marks the lower cut-off of the SMPS; data below the line were
acquired with the Nano-SMPS. The solid vertical line marks the time at which the two size distributions were compared in Panel B. One example size distribution is shown in Panel B.

vert the measured raw data into a size distribution, laboratory calibrations were performed
using ammonium sulphate particles produced in a tube furnace. Size-classified particles were
produced with a high-resolution differential mobility analyser, and a supersaturation scan
with the PSM was conducted for each selected size to obtain the relation between particle
size and flow rate. The data inversion was then performed by assuming Gaussian-shaped
kernel functions yielding the particle concentration in four size bins between 1 and 3 nm [85] .

5.4.4 Aerosol properties - size distribution
Scanning mobility particle sizer (SMPS) and Nano-SMPS
The SMPS [137] uses a differential mobility analyser (DMA) to select aerosol particles
with a certain mobility diameter which are subsequently counted by a CPC. The SMPS
permanently stationed at the JFJ combines a DMA with a CPC TSI type 3772 and covered
a size range from 20 - 600 nm. The Nano-SMPS used for the 1-year deployment combined a
short DMA and a CPC 3776 and covered the diameter range 5-90 nm [138,137] . Fig. 5.6 shows
a comparison of size distributions measured with both instruments. At larger sizes (>50
nm) the agreement is very good and for lower diameters the agreement is still remarkable.
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Neutral cluster and air ion spectrometer (NAIS)
Aerosols below 5 nm in diameter were detected by a neutral cluster and air ion spectrometer
by Airel Ltd. (NAIS, 0.81 nm - 45 nm mobility diameter for ions and 2 - 45 nm for neutral
particles [86] ). The NAIS is an ion mobility spectrometer that measures the number size distribution of ions and total (charged and neutral) particles. Two DMAs classify the positive and
negative ions simultaneously. Each DMA has 21 electrometers, detecting charged particles
of different mobilities. The high sample flow rate (54 l min−1 ) allows the measurement of
concentrations even below 100 cm−3 . The instrument switches periodically between different
modes (ion, particle, offset), with one cycle typically lasting 150 s. In the ion mode, only
ions and naturally charged particles are detected. In the particle mode, particles are charged
using a corona charger before entering the DMA. When using an ion filter before the corona
charger, only the neutral particles are detected. At the end of each cycle the instrument
switches to offset mode, i.e. removes all particles from the sample flow to determine the noise
level.
5.4.4.1 Cluster chemical composition - APi-TOF and CI-APi-TOF
The APi-TOF (atmospheric pressure interface - time of flight) mass spectrometer is built by
Tofwerk AG (Thun, Switzerland) and Aerodyne Research (Billerica, USA). The instrument
is used to measure the mass-to-charge ratio (m/Q) of natural ions (positive or negative)
present in the atmosphere. In the APi part, the sample air passes through a critical orifice
with a flow rate of 0.8 l min−1 , after which the ions are guided by two quadrupoles and an ion
lens to the time-of-flight mass spectrometer. In this interface the pressure is reduced from
atmospheric level to 10−6 mbar inside the mass spectrometer. The mass spectrometer was
operated in V mode (using one reflectron within the flight path of the ions), which favours
sensitivity over resolution in the data acquisition. The mass accuracy was better than 5 ppm
and the resolving power was around 5000 Th/Th. The instrument can also be equipped with
a chemical ionization unit (CI-APi-TOF, see next section) using nitric acid as the ionization
reagent [30] . With this instrument we were able to measure the concentrations of sulfuric acid
and highly oxygenated molecules (HOMs).

5.4.5 Sulfuric acid and HOM determination
The CI-APi-TOF utilizes a soft x-ray source (Hamamatsu L9490) to generate the primary
ions by adding small amounts of HNO3 to the sheath gas that is exposed to the x-rays. The
ionization of sulfuric acid proceeds via the following reaction scheme:
−
H2 SO4 + NO−
3 (HNO3 )k → HSO4 (HNO3 )x + (k − x + 1) · HNO3

(5.1)

where k ≤ 2 and x = 0 or 1. The same proton-transfer reaction occurs for the clusters
of sulfuric acid. Water molecules associated with the sulfuric acid molecules are thought to
either evaporate upon ionization or during the transfer into the high-vacuum and are therefore
not observed. The detection of HOMs proceeds via clustering between the highly-oxygenated
organic molecules and the nitrate ion:
−
HOM + NO−
3 (HNO3 )k → HOM · NO3 + k · HNO3

(5.2)
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The nitrate ion clusters preferentially to compounds with at least two functional groups that
can form hydrogen bonds. Thus, nitrate chemical ionization is selective to HOMs while less
functionalised compounds are not detected [115] . It was not possible to identify all the HOMs
that were present at the Jungfraujoch. In Table 5.2 we report those that could be identified.
However, to better quantify the influence of HOMs on the formation and subsequent growth
of new particles we include also the unidentified ones, by adding the peaks that had the
same temporal behaviour as the identified ones (R2 >0.8). The concentrations of the neutral
species (e.g. [H2 SO4 ]) were derived from the measured ion count rates (denoted by "{...}" in
the following) of the product ions and the primary ions according to:
[H2 SO4 ] = C ·

−
{HSO−
4 } + {HSO4 } ({HNO3 })
−
−
{NO−
3 } + {NO3 }({HNO3 }) + {NO3 }({HNO3 })2

(5.3)

The conversion between the count rates and the concentration was achieved by means of a
calibration constant C (in units of cm−3 ). Regarding the detection of sulfuric acid monomers
the CI-APi-TOF was calibrated at the measurement site with a calibration unit that was
based on the set-up described by Kurten et al. [90] . The calibration constant was evaluated
as C = 5.5 · 109 cm−3 . No direct calibration regarding the HOMs was performed; therefore,
the methodology described by Ehn et al. [30] , using the calibration constant of sulfuric acid,
was adopted to derive their concentrations. The uncertainty in the HOM measurements was
caused by the following sources: uncertainty in sulfuric acid calibration, charging efficiency of
HOMs by the nitrate ion, mass dependent transmission efficiency and sampling line losses. [37]
reported an overall scaling uncertainty for HOMs of +80%/-45%. Because of the extreme
conditions at the Jungfraujoch we assume the overall scaling uncertainty to be at least a factor
of 2 higher, however this does not influence the measurement of the temporal evolutions of
the HOMs concentrations.
5.4.5.1 Clusters chemical composition
APi-TOF raw mass spectra
Fig. 5.7 shows the raw mass spectra of the three days that are shown in the mass defect
plots in Fig. 5.2. Panel A shows the mass spectrum of the no nucleation day (Day 1) while
panel B and C show the raw mass spectra of the nucleation events of Day 3 and Day 4,
respectively. It is obvious, also from the mass spectra, that during the no nucleation day
almost no ions with m/Q higher than 500 Th are observed, while on Day 3 and Day 4 many
ions grow all the way up to 1000 Th or more. Note that these data are not corrected for the
ion transmission in the mass spectrometer, which is known to be lower at high masses. The
spectra of the two nucleation events (B and C) also clearly reveal the different ion chemistry
as seen in Fig. 5.2. It’s important to note that the sulfuric acid-ammonia peaks have a very
high intensity (up to 0.1 cps), therefore these peaks would be visible also in presence of the
organic peaks (only up to 0.02 cps). The difference between the two families is even larger
at higher masses. Looking at these negative clusters, we could speculate that the abundance
of very high mass species, either the NH3 -H2 SO4 family (Day 4) or “organic” (Day 3), helps
the nucleation, independent of the kind. However, these are only ions and it is clear from
Fig. 5.3 that the nucleation mechanism is mainly neutral. Therefore, the abundance of very
high mass species of either the NH3 -H2 SO4 family or “organic” in nature is the consequence
of nucleation and not the reason. During nucleation, mainly neutral clusters are formed
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(JP SM  JN AIS , Fig. 5.3), some of them have the possibility to be charged by natural ions.
The presence of similar clusters in the two instruments is indicative of negative ions being a
good proxy of neutral clusters, (most probably due to a high fraction of diffusion charging).
We also have to note that the APi-TOF is much more sensitive so that the high masses are
not necessarily seen in the CI-APi-TOF.
Chemical composition of the negative and neutral clusters
Fig. 5.8 shows the MD plot for the neutral clusters for the same periods as the negative
ion plots in Fig. 5.2 and 5.7. Day 1 shows once again only few peaks above m/Q = 300
while the HOMs clearly dominate the spectra (light green) on Day 3 and Day 4. The figure
also emphasizes the high concentration of sulfuric acid during Day 4. One major difference
between the negative and the neutral clusters is visible in panel C. In the neutral channel,
it is not possible to see any of the ammonia-sulfuric acid clusters that are seen by the APiTOF operated in negative mode (Fig. 5.2 C). There are two possible explanations: 1) unlike
on Day 3, these clusters are present only as ions and not as neutral clusters; 2) since the
CI-APi-TOF has a detection limit of around 104 molecules per cm−3 , while the APi-TOF is
able to measure even lower concentrations of a few ions per cm3 , only the latter is able to
see these clusters.
On Day 3, organic compounds were present at high concentrations and they were clearly
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Figure 5.7: Raw mass spectra from the APi-TOF corresponding to the mass defect plots shown in Fig.
5.2. (A) 25 February, Day 1, (no nucleation), (B) 27 February, Day 3, (nucleation of HOMs) and (C)
2 March, Day 4, (nucleation of H2 SO4 + NH3 + HOMs).
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A)

B)

C)

Figure 5.8: Mass defect (MD) plots (neutral clusters) measured on (A) Day 1 (25 February), (B) Day
3 (27 February), and (C) Day 4 (2 March), with the CI-APi-TOF. Colours indicate pure sulfuric acid
clusters (red), small organic compounds (dark green), organic molecules cluster with NO–3 (mainly
HOMs, light green), and iodate related peaks (pink).

observed as negative ions in the APi-TOF and as neutral clusters in the CI-APi-TOF. Therefore we compare the chemical composition of the two different families. Fig. 5.9 shows the
region of the mass spectra containing the main organic clusters during that nucleation event,
measured in negative (red) and neutral (blue) mode. The similarity of the spectra for these
two families is remarkable. This supports the assumption that the negative ion spectrum is
also representative of the neutral cluster composition. In the figure, we highlighted the few
peaks that are not present in both spectra. These are firstly HOMs clustered with sulfuric
acid (grey arrow in the negative mode), which are therefore not seen in the nitrate CI-APiTOF (neutral cluster spectra) because the bisulphate is replaced by the nitrate. Secondly,
the most abundant compounds in the neutral cluster spectra are also present as clusters with
a second nitric acid molecule in addition to the nitrate ion, due to the high concentration
of nitric acid present inside the chemical ionization unit of the CI-APi-TOF (green arrow).
These peaks are therefore not seen in the negative ion spectra. Finally, pink dots in Fig. 5.9
show contamination peaks present in the CI-APi-TOF, which are also seen in the negative
ion spectra. Table 5.2 reports all the HOMs that were identified during the nucleation event
on Day 3. Again, one can see that the negative and the neutral clusters are very similar. The
average O:C ratio of all of these compounds is ∼1.1.
Although the identified HOMs are only a fraction of all the species present in the APi-TOF
and CI-APi-TOF it is likely that many unidentified peaks are mainly similar organics as well.
First, because the nitrate CI-APi-TOF is highly selective to this kind of compounds [115] .
Second, even if the exact chemical composition is not known, it is clear from the mass
spectral pattern (Fig. 5.9) that these peaks are organic compounds mainly formed by C, H,
O and N where the presence of nitrogen is easily identified by the nitrogen rule (odd nominal
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Figure 5.9: Comparison of the HOMs detected as negative ions (APi-TOF, red) and as neutral
compounds (CI-APi-TOF, blue). Peak assignment; 1: C7 H8 O7 HNO3 NO–3 , 2: C8 H10 O11 NO–3 , 3:
C9 H12 O11 NO–3 , 4: C10 H14 O11 NO–3 , 5: C11 H16 O11 NO–3 , 6: C11 H16 O12 NO–3 . The three major ions
measured with the CI-APi-TOF can also be seen as a cluster with an extra HNO3 (green arrows).
Obviously, these ions will not be present in the negative ion spectra. On the other hand 2a, 3a and
4a are the same compounds as 2, 3, and 4, but clustered with HSO–4 instead of NO–3 (grey arrows).
The pink dots are two contaminant peaks present in the CI-APi-TOF.

mass indicates an odd number of nitrogen). Third, in addition to that, from the similar mass
defect of these compounds (the open circles in Fig. 5.2 are in similar positions as the green
dots in Fig. 5.8), it is likely that they have similar composition, therefore similar O:C ratio.
Together, these facts build a strong case to consider these unidentified clusters as highly
oxygenated.
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Table 5.2: Chemical composition of all the HOMs (negative and neutral) that were identified during the
nucleation event of 27 (Day 3) February. The few HOMs that are present as clusters with bisulphate
are marked in red. These compounds also cluster with NO–3 instead of HSO–4 (most intense peaks
labelled 2, 3 and 4 in Fig. 5.9).
Neutral Cluster
Chemical formula
Mass (Da)
220.0099
C6 H6 O5 NO−
3
240.995
C4 H4 O4 HNO3 NO−
3
C7 H6 O6 NO−
248.0048
3
C7 H8 O6 NO−
250.0205
3
C7 H6 O7 NO−
3
C7 H8 O7 NO−
3
C6 H8 O8 NO−
3
C5 H8 O9 NO−
3
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C6 H6 O5 HNO3 NO−
3
C6 H10 O9 NO−
3
−
C8 H10 O8 NO3
C8 H10 O9 NO−
3
C11 H8 O7 NO−
3
C8 H8 O10 NO−
3
C10 H16 O8 NO−
3
C8 H11 O9 NNO−
3
−
C8 H10 O10 NO3
C10 H18 O8 NO−
3
C7 H8 O7 HNO3 NO−
3
−
C9 H16 O9 NO3
C7 H10 O11 NO−
3
C6 H8 O8 HNO3 NO−
3
C10 H8 O9 NO−
3
−
C13 H12 O7 NO3
C8 H10 O11 NO−
3
C8 H12 O11 NO−
3
C7 H10 O12 NO−
3

263.9997
266.0154
270.0103
274.0052
283.0055
288.0208
296.0259
312.0208
314.0154
326.0001
326.0729
327.0317
328.0158
328.0885
329.011
330.0678
332.0107
333.0059
334.0052
342.0467
344.0107
346.0263
348.0056

C10 H14 O10 NO−
3
C9 H12 O11 NO−
3
−
C8 H10 O12 NO3

356.0471
358.0263
360.0056

C10 H14 O11 NO−
3
C9 H12 O12 NO−
3

372.042
374.0212

C11 H16 O11 NO−
3

386.0576

C10 H14 O12 NO−
3
C9 H12 O13 NO−
3

388.0369
390.0162

C18 H22 O6 NO−
3
C15 H14 O9 NO−
3
C11 H16 O12 NO−
3
C10 H14 O13 NO−
3

396.13
400.0521
402.0525
404.0318

C8 H10 O11 HNO3 NO−
3
C12 H10 O12 NO−
3
C9 H12 O11 HNO3 NO−
3
C8 H10 O12 HNO3 NO−
3
C10 H14 O11 HNO3 NO−
3
C9 H12 O12 HNO3 NO−
3

407.0063
408.0056
421.022
423.0012
435.0376
437.0169

Negative Cluster
Chemical formula
Mass (Da)
220.0099
C6 H6 O5 NO−
3
240.995
C4 H4 O4 HNO3 NO−
3
C5 H6 O4 HNO3 NO−
3
C7 H6 O7 NO−
3
−
C7 H8 O7 NO3
C6 H8 O8 NO−
3
C5 H8 O9 NO−
3
C6 H6 O5 HNO3 NO−
3
C6 H10 O9 NO−
3
−
C8 H10 O8 NO3
C8 H10 O9 NO−
3
C11 H8 O7 NO−
3
C8 H8 O10 NO−
3
C10 H16 O8 NO−
3

255.0106
263.9997
266.0154
270.0103
274.0052
283.0055
288.0209
296.0259
312.0209
314.0154
326.0001
326.0729

C8 H10 O10 NO−
3
C10 H18 O8 NO−
3
C7 H8 O7 HNO3 NO−
3

328.0158
328.0885
329.011

C7 H10 O11 NO−
3
C6 H8 O8 HNO3 NO−
3

332.0107
333.0059

C13 H12 O7 NO−
3
C8 H10 O11 NO−
3
−
C8 H12 O11 NO3
C7 H10 O12 NO−
3
C10 H22 O9 NO−
3
C10 H14 O10 NO−
3
C9 H12 O11 NO−
3
−
C8 H10 O12 NO3
C13 H14 O8 NO−
3
C10 H14 O11 NO−
3

342.0467
344.0107
346.0263
348.0056
348.1148
356.0471
358.0263
360.0056
360.0572
372.042

C8 H10 O11 HSO–4
C10 H12 O12 NO−
3
C11 H16 O11 NO−
3
C12 H20 O10 NO3
C10 H14 O12 NO−
3
C9 H12 O13 NO−
3
C9 H12 O11 HSO–4

378.9824
386.0212
386.0576
386.094
388.0369
390.0162
392.9981

C10 H14 O11 HSO–4

407.0137
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5.4.6 Determination of particle formation and growth rates
Formation rates
Particle formation rates (Jx ), typically expressed in cm−3 s−1 , for different sizes x were determined using the PSM, the NAIS and the CPC 3776. For the calculation of the formation
rate, the change of the number concentration in a certain size range dmin < dp < dmax
(Ndmin −dmax ) is considered. At the Jungfraujoch, the change in concentration Ndmin −dmax is
the result of the following sink and source terms: (1) particles growing into the detection
range, which corresponds to the true Jdmin , (2) particles growing out of the detection range
(Rgrowth ), (3) the net changes due to transport and dilution at the Jungfraujoch (RTnet ),
(4) coagulation losses in the detected size range (Rcoag ) and (5) emission of primary aerosols
(Rprimary ). Thus the apparent formation rate, dNdmin −dmax /dt, consists of the following terms:
dNdmin −dmax
= Jdmin − Rcoag − Rgrowth + RTnet + Rprimary
(5.4)
dt
Primary aerosols at the Jungfraujoch can be attributed to tourism and are mainly from cigarette smoke or helicopter engine exhaust [139] . These primary sources can be identified easily
due to their short presence and high particle concentration and are subsequently removed
from the data set [125] . Thus, Rprimary can be neglected. During a nucleation event, the conditions at the Jungfraujoch are rather stable and the background aerosol concentration is low.
The change due to the nucleation event (Jdmin ) is much higher, i.e. RTnet  Jdmin . Therefore,
RTnet may be neglected.
Thus, only two correction terms - Rcoag and Rgrowth - are required. The growth correction
is necessary, if the considered size bin is small, such that the observed particles are growing
out of the detected size range. The growth correction term is then defined as follows:
Rgrowth =

GR
· Ndmin −dmax
dmax − dmin

(5.5)

with GR being the growth rate in the size bin dmin − dmax . For the coagulation losses, it is
useful to introduce the coagulation sink (Scoag ) for a particle with a certain diameter dp [140] :
Scoag (dp ) =

X

K(dp , di )Ni

(5.6)

i

with K being the coagulation coefficient corrected for the transition regime using the Fuchs
correction term [3] . Ni is the concentration in the ith size bin di of the SMPS size distribution.
The coagulation correction term is then defined in the following way:
Rcoag =

1X
Scoag (dj )Nj
2 j

(5.7)

where the factor 1/2 accounts for double counting of the collisions due to the double
summation. A summation is only necessary if a large size bin is considered, while for a
single, small size bin, the correction becomes:
Rcoag (dp ) = Scoag (dp )Ndp

(5.8)

with Ndp being the concentration in the size bin dp . The total particle formation rates at
1.6 nm (J1.6 ) and at 2 nm (J2 ) from the PSM are then calculated in the following way:
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dNdmin −dmax
+ Rcoag + Rgrowth
(5.9)
dt
with the available size bins of the PSM being 1.4 - 1.8 nm (J1.6 ) and 1.8 - 2.2 (J2 ). As merely
small size bins are considered, Rcoag was obtained from equation 5.8. The formation rates of
±
positive and negative ions at 1.6 nm (J1.6
) and at 2 nm (J2± ) were calculated from the NAIS
ion mode data. In the case of charged particles, also the losses due to ion-ion recombination
and sources due to charging of neutral particles need to be taken into account. Thus, the ion
formation rates were calculated following [141] :
Jx =

±
dNdp

±
±
± ±
+ Rcoag + Rgrowth + α · Ndp
· N<dp
− βNdp
N<dp
(5.10)
dt
where the superscript ± refers to the charge of the ions. The ion-ion recombination coefficient
α and the ion-neutral attachment coefficient β were assumed to be equal to 1.6·10−6 cm−3 s−1
and 0.01·106 cm−3 s−1 , respectively (e.g. [142] ). The size ranges used were 1.4 - 1.8 nm and 2 - 3
nm. Also here equation 5.8 was used to determine Rcoag . The CPC 3776 covers the diameter
range from 3.2 - 1000 nm, thus a growth correction is not applicable, as the particles do not
grow above 1000 nm during a nucleation event at the Jungfraujoch. Thus the formation rate
at 3.2 nm was determined in the following way:
±
Jdp
=

dN3.2−1000
+ Rcoag
(5.11)
dt
Here equation 5.7 is necessary for the calculation of Rcoag , as the concentration covers
a large size range and thus coagulation between several size bins need to be considered.
Rcoag was determined by combining the size distributions of the SMPS (>20 nm) and the
nano-SMPS (10 - 20 nm). The nano-SMPS concentration was not used for diameters <10
nm due to high uncertainties in the diffusion correction and charging equilibrium. Thus an
additional bin 3.2 - 10 nm was inserted with N3.2−10 = N3.2−1000 − N10−1000) (CPC 3776 CPC 3772). This bin is rather large and Scoag changes significantly in this bin, therefore
taking the diameter midpoint could easily over- or underestimate Scoag . A size of 3.2 nm was
assumed for this lowest bin which corresponds to an upper limit of Rcoag . The coagulation
rate is highest between small and large particles, thus Scoag (3.2) is highest, but in any case
low (below 10−4 s−1 ). This corresponds roughly to a lifetime of a 3.2 nm particle of at
least 3h. This time is longer than the time during which the nucleation rate can be determined, so that Scoag (3.2) is expected to be low.J3.2 and dN3.2−1000 /dt were often within 5%.
J3.2 =

Growth rates
Growth rates were determined from the nano-SMPS, NAIS and PSM data via the appearance
times of particles of a certain diameter. For the nano-SMPS, the temporal evolution of the
concentration of each diameter size bin was fitted with a Gauss function. The fit is necessary
to capture the shape of the concentration increase despite some noise in the data, especially
in the lowest bins. The time when the concentration reaches its maximum and the time when
it reaches 50% of its maximum were then obtained. The corresponding diameter midpoint of
the considered bin corresponds to the 100% rise diameter or the 50% rise (or leading edge)
diameter, respectively. The growth rate was determined via a linear least square fit through
diameter vs time. For the PSM and NAIS data, the growth rates of all particles (PSM) and
ions (NAIS ion mode) were determined for the 1 - 3 nm size range from the time differences
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between the appearance times of the particles or ions in different size bins. In a similar way
as for nano-SMPS data, the appearance time of the size bin was defined as the time when
the concentration in the bin reached 50% of the maximum concentration. Further details on
this method and uncertainties can be found in Lehtipalo et al. [85] . In previous studies it has
been suggested that the maximum concentration method should be used [140] . However, the
advantage of the 50% rise time is that this method is equivalent to the rise time diameter of
the PSM [85] . Therefore, the growth rates from several instruments can be directly compared.

5.4.7 Classification of nucleation events
The Nano-SMPS and the CPC were used to classify the nucleation events based on Hirsikko
et al. [45] . Due to the different geographical and meteorological conditions at Jungfraujoch
compared to this study, the classification was slightly modified as follows:
• Type IA
The formation of particles and subsequent growth is observed. The growth continues
for several hours. The new particle formation event has a clear and continuous shape
in the aerosol number size distribution. Concentrations are high and nucleation and
growth rates can be determined.
• Type IB
The formation of particles and subsequent growth is observed. The growth continues
for several hours. Based on visual inspection these events were classified to be less
strong than Type IA events, e.g. lower concentration, slower growth, etc.
• Type II
These events are also clear nucleation events, but the shape is not well defined resulting
in difficulties in the analysis of nucleation and growth rates.
1600
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Figure 5.10: Averaged size distributions of all off-site events (red, 70 days) and sunny non-event days
from 9 - 15 h (blue, 21 days).
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• Off-site events
During approximately 20% of the campaign days, an increase in the number of small
particles (dp<15 nm) was observed without visible nucleation or growth (see Fig. 5.10).
These events are typically observed during sunny conditions, when vertical transport
is very likely to occur. Due to their size, these particles are more likely to be the
result of nucleation than primary emissions. Their lifetime is relatively short, therefore the nucleation has probably taken place within a few hours prior to their arrival
at the Jungfraujoch. Possible formation mechanisms include nucleation in the PBL
rapidly followed by vertical transport, or nucleation during vertical transport, caused
by supersaturated conditions which were the result of the temperature decrease during
vertical transport. As a result, these events do not show “banana-like” shape at the
Jungfraujoch. In addition, the molecules enabling nucleation cannot be determined in
these cases, in contrast to the nucleation events taking place at the Jungfraujoch. Due
to the unknown location and conditions of the actual nucleation events, these are not
included in the event statistics and are labelled as off-site events.
• Undefined
Events that do show nucleation mode particles but cannot be classified as nucleation
events. Possible reasons include too low concentrations, instrumental noise or too high
aerosol background from local sources in the nucleation mode.
• Non-events
Neither small particles nor growth were observed.

5.4.8 Comparison of measured and modelled growth rates
The comparison of the measured growth rates to the growth rates from pure sulfuric acid
was performed using the theoretical approach for sub-10 nm particles described by Nieminen
et al. [131] . To estimate the contribution of organics to the growth we used the mass flux of
the vapour species i with diameter di onto a particle with diameter dp [143] :
dmi
2π(dp + di )(Dp + Di )βm,i Mi
=
(pi − peq,i )
(5.12)
dt
RT
with the corresponding diffusion coefficients D for the particle (p) and the vapour (i), the
vapour molar mass Mi , the gas constant R, the temperature T, and βm,i the Fuchs-Sutugin
correction factor for the transition regime [144] . The term (pi − peq,i ) is the driving force of
the condensation. If the actual pressure pi of the vapor species i over the particle exceeds the
equilibrium vapour pressure peq,i the particle is able to grow. As an upper limit we assume
peq,i =0, i.e., all observed organics are non-volatile and will condense onto the particle once a
particle and a vapour species collide. As no evaporation is allowed, the estimated growth is
only kinetically limited.
To estimate the pure sulfuric acid growth and the additional contribution of organics, the
CI-APi-TOF concentrations of sulfuric acid and HOMs were used. The HOMs are highly
oxygenated compounds with extremely low volatility which can be assumed to condense
irreversibly. The growth rate calculation was done for the two events shown in Fig. 5.3 of
the main text (Day 3 and Day 4) using the CI-APi-TOF sulfuric acid concentration in Fig.
5.3. Here we assume sulfuric acid to be present as pure molecules. In the atmosphere up
82

5.4 Material and methods

Figure 5.11: Climatology of new particle formation events at the Jungfraujoch for the time period
2008-2014. Class 1 events include the 1A and 1B events defined above.

Figure 5.12: A) Time evolution of sulfuric acid-ammonia clusters measured with the APi-TOF during
the nucleation event on Day 4. The legend shows the number of sulfuric acid molecules that are present
in the clusters along with the number of ammonia molecules (see Fig.5.2 C). B) Time evolution of
equivalent mobility diameter for sulfuric acid-ammonia clusters.
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Figure 5.13: A sensitivity study of estimated growth rate for Day 3. The measured growth rate is
shown in black, the growth rate that could be explained by sulfuric acid only is shown as the red
shaded area. The coloured lines show the growth rates explained by HOMs (in addition to the sulfuric
acid) assuming different density (colours) and different masses (solid vs dashed lines) of the condensing
species.
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to four water molecules can be attached to one sulfuric acid. This can further increase the
growth rate by up to 40% [131] . But even assuming hydrated sulfuric acid and condensation
at the kinetic limit, additional vapors are required to explain the growth rate observed on
Day 3. On Day 4, the highest sulfuric acid concentration of the campaign was observed.
During this event, the PSM and the NAIS were already de-installed. Therefore the first
steps of the growth rate were only determined from the appearance times of the negative
clusters containing sulfuric acid and ammonia from the APi-TOF (violet diamonds in Fig.
5.12) while the later growth was determined with the nano-SMPS. A linear interpolation
(dashed line) was applied in the size gap between the APi-TOF and the CPC/nano-SMPS
data. During this event, the growth due to pure sulfuric acid contributes substantially to
the observed growth, especially in the range of 1-2 nm. To estimate the contribution of
organics we assume an average molar mass of 370 amu (HOM range from 223 - 514 Da) and
a density of 1500 kg m−3 ; densities were previously assumed to be within 1000 - 2000 kg m−3 .
The vapor diffusion coefficient was estimated by calculating the particle diffusion coefficient
assuming an equivalent spherical diameter corresponding to the used mass and density [145] .
Fig. 5.13 further shows a sensitivity study on the obtained growth rates with a variation of
the mass and density for Day 4.
Fig. 5.3 shows that, on Day 3, the contribution of the organics to the growth (indicated
by the green shaded area) is substantial. However, with increasing particle size, the estimated growth rate deviates increasingly from the measured one. This could be explained by
additional vapour species that are not detected by the CI-APi-TOF as described above but
can contribute to growth at larger sizes. Indeed, this behaviour was recently described for
nucleation events following the oxidation of α-pinene in the CLOUD experiment.

5.4.9 Long-term observations at Jungfraujoch
The monitoring program at the Jungfraujoch station includes a CPC (since 1995) and an
SMPS (since 2008). The latter instrument has a lower cut-off at 20 nm (see Table 5.1) and
can therefore only identify nucleation events where the particles grow at least above 20-30
nm. Fig. 5.11 reports the nucleation events that fulfilled this condition at the Jungfraujoch
for the time period 2008 to 2014. Even though this SMPS cannot detect all events, the data
show that the Jungfraujoch station is a suitable place to study nucleation. From the CPC
(>10 nm) and SMPS data (>20 nm) we estimated an average growth rate of the particles
from 10 to 20 nm of 6 nm h−1 and a formation rate of particles bigger than 10 nm (J10 ) of 1
cm−3 s−1 for the class 1 events (1A + 1B) [125] .
With the additional instrumentation deployed for a full year in 2013 - 2014, we were able
to detect also nucleation events where growth did not proceed beyond 20 nm. Table 5.3 gives
an overview over the different observed nucleation events. It shows the range of observed
J3.2 and growth rates (5-15 nm) as seen by the CPC 3776 and the Nano-SMPS, respectively.
With the APi-TOF we also determined the chemical composition of the ions during the
nucleation events. With this information we classified each event as dominated either by
HOMs or by clusters formed by sulfuric acid and ammonia. During this period, the growth
of clusters purely formed by sulfuric acid was never observed. The unknown classification was
chosen when no distinct clusters in the APi-TOF mass spectrum were visible. Note that we
have never observed growth of clusters composed of sulfuric acid and amines, ruling out the
participation of amines in the observed NPF at the JFJ. Table 5.3 includes the off-site events
which did not show banana-like shapes and were mostly associated with vertical transport
85

Chapter 5 New particle formation in the free troposphere: a question of chemistry and timing
as described above.

5.4.10 Previous nucleation studies at high altitude
The majority of nucleation studies were conducted in the planetary boundary layer, however,
some studies at high altitude are available. Due to the inherent logistic problems of such
studies the campaigns were typically very short and measured only the particle number
concentration and ion size distribution. None of the previous studies was able to retrieve the
chemical composition of the freshly formed clusters to elucidate the nucleation mechanism in
the free troposphere. In Table 5.4 we report those studies that were long enough to calculate
a nucleation frequency without being biased by the short measurement period.

5.4.11 Atmospheric transport simulations and air mass origin
Atmospheric transport towards the Jungfraujoch observatory was analysed using the Lagrangian Particle Dispersion Model (LPDM) FLEXPART (Version 9.01) [150] . FLEXPART
calculates the trajectories of an ensemble of air parcels (called particles) through the atmosphere. The model considers transport by mean flow, turbulence and sub-grid convection.
By simulating thousands of air parcels an LPDM can be used in a quantitative way to derive source receptor relationships (SRR), also called source sensitivities [151] , i.e. establish the
effect of an emission release from a source on the atmospheric concentration at a receptor.
In a receptor oriented approach, source sensitivities are derived from backward simulations,
releasing air parcels at the location of the observation/receptor and following them backward in time. The derived SRRs provide information about when and where an air mass
sampled at the receptor was in contact with the Earth’s surface and potentially took up
surface emissions.
Here, FLEXPART was applied in backward mode to the location of Jungfraujoch. For
individual 3-hour periods 50,000 air parcels were released at 3000 m a.s.l. and traced backward
in time for 10 days. Source sensitivities were extracted 3-hourly from the model along the
backward simulation, allowing the identification of the time of surface contact and emission
Table 5.3: Characterization of the different types of nucleation events during the 382 days with nanoSMPS measurements.
Type

1A
1B
2
Off-site
Unclassified
Non-event
No data
a The

n. of events

16
20
18
70
10
192
56

Physical properties
J3.2
GR5-15nm
(cm−2 s−1 )
(nmh−1 )

HOMsb

Clusters chemical composition
H2 SO4 -NH3
Unknown
APi-TOF
(event measured
/total events)

0.3 - 7.5
0.2 - 1.5
0.75 - 1.2

1.6 - 10
0.9 - 11.9
1.1 - 8.3

6
7
6

2
4
1

-

-

-

-

1
5
70a
-

7/16
12/20
12/18

cluster chemical composition could not be determined for off-site nucleation events, as the molecules that
were responsible for the nucleation were no longer present in the gas phase when the air mass arrived at the JFJ
b Most of these events include also a few clusters with bisulfate, however, always as a minor fraction as shown
in Figure 5.9.
Note: During the whole period we have never observed pure sulfuric acid clusters containing more than four
sulfuric acid molecules.
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Table 5.4: Review of previous nucleation studies at high altitude sites (adapted from García et al. [146] )

Chacaltaya
Dome C
Izaña
Jungfraujoch
Mukteshwar
Pyramid
Puy de Dôme
Storm peak Lab.

J
cm−3 s−1
1.65
0.023
0.46
2.03
0.4
0.18
1.38
7.47

Size
nm
2
10 - 25
10 - 25
2
15 - 20
10 - 20
2-3
6 - 10

GR
nm h−1
5.5
1.8
6.2
0.65

Size
nm
6.9 - 7
2.5 - 25
0.4 - 25
1.3 - 20
2.4 - 20
1.3 - 20
1.3 - 20
>8

Frequency

Region

64%
<10%
30%
17.5%
14.5%
35%
36%
52%

B

A
Simulations

Ref.

5240
3200
2400
3580
2180
5079
1465
3210

[15]
[1]
[146]
[126]
[147]
[121]
[148]
[149]

200

a = 34 +/− 2.2
b = 0.72 +/− 0.018
N = 4051

150

Simulations

200
150

Y−X=1.6
BRMS=16.7
r=0.77 (0.76 − 0.79)

100

100

CO (ppbv)

250

Observations

m a.s.l.

South America
Antarctica
Atlantic Ocean
Europe
Asia
Asia
Europe
North America

250

Observatory

Jan 13

Jul 13

Jan 14

(13−01−01 00:00:00) − (14−07−01 00:00:00)

Jul 14

100
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250

Observations

Figure 5.14: Simulated (blue) and observed (red) CO mole fractions at JFJ. A) time series spanning the
whole investigation period, B) scatter plot including a linear regression estimate (a: intercept, b: slope,
N: number of pairs, Y-X: mean bias, BRMS: bias correct root mean square error, r: Pearson correlation
coefficient with 95% confidence range. The temporal resolution of the underlying simulations was 3
hours.
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Figure 5.15: Simulated mean (symbols) and standard uncertainty of the mean (error bars) for SRR
increase versus the time before arrival at JFJ for air masses sampled under different nucleation conditions: 1A (red) pronounced and clearly identifiable nucleation events, 1B (blue) less well defined
nucleation events and NON (green) no nucleation events. The large SRR values on the first day are
caused by surface contacts very close to the JFJ and, therefore, in elevated, Alpine terrain. These
surface contacts are usually not connected with emission input, as can be seen by comparing with
the similar Fig. for CO uptake (Fig. 5.4). While surface contact in the no-nucleation group (NON)
decreases after the initial peak and remains low 1 to 3 days before arrival at JFJ, surface sensitivities
increase again for both nucleation categories and provide a similar interpretation as the one drawn
from the uptake of the CO tracer (Fig. 5.4).

88

5.4 Material and methods
uptake along each simulation. FLEXPART was driven by 3-hourly meteorological fields
as taken from the operational analysis of the Integrated Forecasting System (IFS) of the
European Centre for Medium Range Weather Forecast (ECMWF). For the larger Alpine
domain, the horizontal resolution of the input fields was 0.2◦ x 0.2◦ . In the vertical, the
model variables were given on 137 hybrid pressure levels. At the given horizontal resolution,
the complex topography of the Alpine terrain around Jungfraujoch is not captured completely.
As a consequence, terrain heights at the site location are largely underestimated in the model
and require an air parcel release height below the actual site altitude. It was shown in
previous studies that a release height of 3000 m a.s.l. is best suited to simulate atmospheric
concentrations at the Jungfraujoch [152,153] . For passive tracer emissions, source sensitivities
can be directly multiplied with emission strengths to yield, after summation over the whole
domain, the increase in mass mixing ratio at the receptor that resulted from emissions during
the period covered by the backward simulation (10 days). Here, we used carbon monoxide
emissions as a tracer for anthropogenic activities. Anthropogenic CO emissions were taken
from the EDGAR-v4.2 emission inventory (http://edgar.jrc.ec.europa.eu/index.php) for the
reference year 2008 (the latest available from the inventory). As a result, increases of CO
and source sensitivities (SRR) along the backward simulation were derived for each 3-hourly
release interval. Mean and standard uncertainty of the mean of SRR and CO were then
calculated for each of the event types defined above (1A and 1B nucleation and NO nucleation)
(see Fig. 5.4 and Fig. 5.14). To illustrate the model’s ability to capture a large part of
the observed CO variability at the JFJ, total simulated CO mixing ratios, added to an
observational based smooth baseline estimate, are compared to observations (Fig. 5.14).
The general agreement between the two time series is very good as expressed in a high
Pearson correlation coefficient (R = 0.77) and the fact that most observed positive excursions
(pollution peaks) are well reproduced by the model. However, a general underestimation of
peak amplitudes in the model exists, which is most likely related to an underestimation of
CO emissions in the inventory.
Mean total (integrated over the whole backward simulation) SRR fields (given in s m3 kg−1 )
for each event category were calculated to derive the location of increased surface contact of
the air masses sampled in each category (Fig. 5.16). Mean total SRR fields for the whole year
campaign (Fig. 5.16 D) decreased quickly with distance from the Jungfraujoch. Sensitivities
were somewhat increased towards the west as compared with the east, which can be expected
for a site in mid-latitudes. Furthermore, source sensitivities were relatively large in Northern
Italy indicating the often observed transport of pollutants from the Po Valley towards the
Jungfraujoch. SRRs were distinctly different for the 3 nucleation categories. While locally
in the Alpine terrain SRRs were comparably large as in the overall mean, they were strongly
enhanced at larger distances for the nucleation categories. For the 1A category increases
were most pronounced in northern France but also in regions towards southern Italy (Fig.
5.16A,E). This indicates that 1A events were observed under different general advection
directions, but had a maximum surface contact at mid-distance in common. Similarly, 1B
events exhibited about average surface contact close to the site, but enhanced SRRs at larger
distances, , mostly towards northern France, northern Germany and the Benelux area (Fig.
5.16 B,F). In contrast, the non-events were characterized by generally small SRRs especially
at larger distances (Fig. 5.16 C,G).
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Figure 5.16: Mean total SRR fields as calculated with FLEXPART for all 1A (A), 1B (B) and no (C)
nucleation events. In comparison the mean source sensitivities for the whole observation period is
given in (D). The lower panels give mean relative SRRs for 1A (E), 1B (F) and NO (G) nucleation
events. These emphasize the by-category characteristics as compared to the overall mean.
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The ion composition at high-altitude (3454 m a.s.l.) was measured with an Atmospheric
Pressure interface Time of Flight mass spectrometer (APi-TOF) during a period of nine
months, from August 2013 to April 2014. The negative mass spectra were dominated by the
ions of sulfuric, nitric, malonic and methanesulfonic acid (MSA) as well as SO–5 . The most
prominent positive ion peaks were from amines. The other cations were mainly organic compounds clustered with a nitrogen-containing ion, which could be either NH+
4 or an aminium.
Occasionally the positive spectra were characterized by groups of compounds each differing
by a methylene group. In the negative spectrum, sulfuric acid was always observed during
clear sky conditions following the diurnal cycle of sun irradiation. On many occasions we
also saw a high signal of sulfuric acid during night time when clusters up to the tetramer
were observed. A plausible reason for these events could be evaporation from particles at low
relative humidity. A remarkably strong correlation between the signals of SO–5 and CH3 SO–3
was observed for the full measurement period. The presence of these two ions during both
the day and the night suggests a non-photochemical channel of formation which is possibly
linked to halogen chemistry. Halogenated species, especially Br– and IO–3 , were frequently
observed in air masses that originated mainly from the Atlantic Ocean and occasionally from
continental areas based on back trajectory analyses. We found I2 O5 clustered with an ion, a
species that was proposed from laboratory and modelling studies. All halogenated ions exhibited an unexpected diurnal behaviour with low values during day time. New particle formation
(NPF) events were observed and characterized by 1) highly oxygenated molecules (HOMs) and
low sulfuric acid or 2) ammonia-sulfuric acid clusters. We present characteristic spectra for
each of these two event types based on 26 nucleation episodes. The mass spectrum of the
ammonia-sulfuric acid nucleation event compares very well with laboratory measurements
reported from the CLOUD chamber. A source receptor analysis indicates that new particle
formation events at the Jungfraujoch take place within a restricted period of time of 24-48
hours after air masses have had contact with boundary layer. This time frame appears to be
crucial to reach an optimal oxidation state and concentration of organic molecules necessary
to facilitate nucleation.

6.1 Introduction
Understanding the occurrence and composition of ions in the atmosphere is important because
they regulate the electrical properties of the atmospheric medium, participate in ion-catalyzed
and ion-molecule reactions and contribute to physico-chemical interactions, including ioninduced new particle formation [154] . Ionization in the atmosphere takes place via different
routes depending on the altitude. In the lower troposphere, ions are produced by radioactive
emanation (mainly radon decay and gamma radiation), lightning and galactic cosmic rays
(GCR), resulting in a production rate of about 2 ion-pairs cm−3 s−1 at sea level. This production rate increases with altitude mainly due to higher GCR intensity, reaching maximum
rates of 35-50 ion-pairs cm−3 s−1 at 15 km [45,155,156] . The first observations of ions in the
free troposphere and stratosphere were reported by Heitmann and Arnold (1983). By using
ion mass spectrometers at high altitude (either on aircraft, balloons or rockets), they found
that the main ions in the free troposphere were complex cluster ions containing H2 SO4 , H2 O,
HNO3 , (CH3 )2 CO, and CH3 CN [155] . In the last decade, the interest in atmospheric ions
increased because of the potential impact of ion-aerosol-cloud interactions on climate [9,45,22] .
Therefore, a number of laboratory and field studies have been conducted aimed at increasing
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our understanding of the precise role of ions in new particle formation. High altitude sites,
which are often located in the free troposphere, represent an interesting region with a low
condensational sink and low temperatures, i.e., conditions that facilitate the formation of
new particles. In addition, the higher concentration of ions at high altitudes could enhance
ion-induced new particle formation. Although several studies have reported on ions in the
free troposphere and their link with new particle formation [126,132,121] , they only presented
the total ion concentrations but no chemical composition.
The low concentration of ions in the atmosphere has proven to be an obstacle in determining their chemical composition. Recent improvements in mass spectrometer detection limits
now enables the measurement of the composition of ions and ion clusters at atmospheric
concentrations and pressure using the Atmospheric Pressure Interface Time-of-Flight Mass
Spectrometer (APi-TOF) [43] . First atmospheric measurements with the APi-TOF were reported by Junninen et al. [43] and Ehn et al. [107] , both for the boreal forest site Hyytiälä, in
southern Finland. To our knowledge, no studies have yet been carried out to characterize
the diurnal and seasonal trends and the chemical composition of air ions and ion clusters
in the free troposphere. Here we present nine months of continuous measurements at the
High Altitude Research Station Jungfraujoch (Switzerland), located at 3454 m a.s.l. The
measurements were part of the NUcleation, CLoud and Aerosol Characterization Experiment (NUCLACE) campaign and complement studies on detailed new particle formation
mechanisms [63] and longer-term new particle formation statistics [31] . The aim of this work
was to characterize the ion composition at this high altitude site and its possible link to
source regions of the air masses and to new particle formation.

6.2 Methods
6.2.1 Site description
The High Altitude Research Station Jungfraujoch, Switzerland (JFJ, 3580 m a.s.l.; 46.55◦ N,
7.98◦ E; http://hfsjg.ch/) is often located in the free troposphere. The site is intermittently
influenced by planetary boundary layer (PBL) air masses due to convective conditions and
frontal systems varying from 80% of the time in summer to 60% in spring or autumn, and
40% in winter [157,125,158] . The Jungfraujoch is also a well-known tourist destination which
results in occasional contamination e.g. by cigarette smoke [139] . This work shows results
from a nine-month campaign of continuous measurements with a mass spectrometer from
August 2013 to April 2014 (time is shown as local standard time, UTC+1). Additionally,
two intensive campaigns were conducted (January – March, 2013 and January – March, 2014)
when many more instruments were employed for the study of NPF (see Bianchi et al. [63] ).

6.2.2 Instrumentation
The main instrument in this study was an Atmospheric Pressure interface Time-of-Flight
mass spectrometer (APi-TOF, Aerodyne Research Inc. & Tofwerk AG). The instrument
is described in detail by Junninen et al. [43] . The APi-TOF operates in two stages. The
first stage consists of a pressure interface where either the positive or the negative ions are
focused and guided by two quadrupoles and an ion lens through three pumped chambers.
Here the sampled flow is reduced from atmospheric pressure to 10−4 mbar. The second stage
consists of a time-of-flight (TOF) mass spectrometer at a pressure of 10−6 mbar where ions
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are detected with a mass accuracy better than 5 ppm. The high sensitivity and resolution of
the APi-TOF (resolving power around 5000 Th/Th) helps to detect and identify atmospheric
ions in spite of their low concentrations. Air was aspired through a stainless-steel tube of
1 m length and 25.4 mm inner diameter at 10 L min−1 of which 0.8 L min−1 entered the
instrument.
The APi-TOF was set for high sensitivity detection in the mass-to-charge (m/z) range
between 60 and 1200 Th (short flight path in the TOF, V mode) and it was operated alternately between positive and negative mode, with 80% of the measurements conducted
in negative mode. For the mentioned m/z range it is assumed that the ions are within the
detectable range of the APi-TOF and the relative change in signal of the individual ions
corresponds to the absolute transmission. Data were analyzed using the software package
tofTools, developed by the Department of Physics at the University of Helsinki. TofTools
is implemented in MATLAB and allows the complete processing of the data, i.e., automatic
averaging, mass calibration, baseline detection, peak deconvolution, and high resolution analysis. The noise level is around 0.5 · 10−3 cm−3 below 100 Th and decreases to 0.1 · 10−3 cm−3
at around 500 Th [43] . The assignment of the presented peaks was performed with an accuracy of 2 ppm for the analysis of special cases and considering isotopic distribution. An
example of the peak fitting is provided in the Supplementary Information material.
Initially the APi-TOF was installed at the Sphinx observatory at the JFJ (3580 m a.s.l.) on
the upper platform where all the monitoring instrumentation is located, but no negative ions
were measured due to electrostatic interaction with the building structure, mainly the cupula.
Therefore the APi-TOF was relocated at the JFJ research station (3454 m a.s.l.). Long-term
observations at the Sphinx and the research station show no important variation in aerosol
parameters (see Bukowiecki et al. [136] ), therefore our measurements should be comparable
with those of the instruments at the Sphinx.
The JFJ is equipped with a suite of permanently operated atmospheric monitoring instrumentation (see Bukowiecki et al. [136] ). In addition, a nano scanning mobility particle
sizer (nano-SMPS) was operated to determine the size distribution of freshly nucleated
particles [159] . Meteorological data (relative humidity, temperature, wind direction and global
radiation) were obtained from the station operated at the JFJ by MeteoSwiss and were used
at a time resolution of 10 minutes.

6.2.3 Transport simulations
To study the origin of different air masses sampled at the JFJ, backward dispersion calculations were carried out with the Lagrangian Particle Dispersion Model FLEXPART (LPDM,
Version 9.02 [150] ). FLEXPART calculates the trajectories of an ensemble of air parcels (called
particles) through the atmosphere. The model considers transport by mean flow, turbulence
and sub-grid convection. By simulating thousands of air parcels an LPDM can be used in a
quantitative way to derive source receptor relationships (SRR), establishing the effect of an
emission release from a source on the atmospheric concentration at a receptor. In a receptor
oriented approach, source sensitivities are derived from backward simulations, releasing air
parcels at the location of the observation/receptor and following them backward in time.
The derived SRRs provide information about when and where an air mass sampled at the
receptor was in contact with the Earth’s surface and potentially took up surface emissions
Carbon monoxide emissions were also used as a tracer for anthropogenic activities and
therefore planetary boundary layer (PBL) influence. Anthropogenic CO emissions were taken
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from the EDGAR-v4.2 emission inventory (http://edgar.jrc.ec.europa.eu/index.php) for the
reference year 2008 (the latest available from the inventory). Simulations were driven by
3-hourly operational analysis/forecast fields of the Integrated Forecasting System (IFS) of
the European Centre for Medium Range Forecasts (ECMWF). The horizontal resolution of
these inputs was 0.2◦ by 0.2◦ degrees in the Alpine area and 1◦ by 1◦ elsewhere. For the
JFJ simulations, 50 000 model particles were released every 3 hours and traced back in the
atmosphere for 10 days. Model output in the form of near surface residence times (referred
to as footprints or source sensitivities) were then used to analyze where sampled air masses
had been exposed to surface fluxes (emissions).

6.2.4 Determination of cloud coverage
In order to distinguish between sunny and cloudy conditions, the cloud cover was estimated with the Clear-Sky Index (CSI) described by Marty and Philipona [160] . The CSI is
defined as the ratio between the apparent emittance and the theoretical clear-sky apparent
emittance and is calculated from the atmospheric long-wave radiation, air temperature and
relative humidity. As the combination of these three parameters is available continuously,
the presence of clouds at or above the JFJ can be determined during day and night. A CSI
≤ 1 is considered as clear-sky (no clouds), while a CSI > 1 represents a cloudy sky (overcast). In addition, cloud coverage was also confirmed by comparing the CSI to pictures from
cameras recording the panoramic view at the JFJ (panocam.skiline.cc/jungfraujoch and webcam.switch.ch/jungfraujoch/). These observations also help identify periods when the JFJ
was in cloud.

6.3 Results and discussion
First we give an overview of the average composition of positive and negative ions at the
JFJ. Thereafter, a few selected cases of special ion observations are presented. While this
paper is strictly related to ions, for clarity we mention the ions with the name of the neutral
molecule, e.g. sulfuric acid for HSO–4 , nitric acid for NO–3 . For the full period of measurement
we observed fluctuations in the total ion count (TIC). Fluctuations in the TIC were already
noted by Boulon et al. [126] who attributed this to the available ion precursors (e.g. radon)
and the strength of the condensation sink. These fluctuations may also be due to the small
mass range of ions measured with the APi-TOF, thus a change in the size distribution of the
ions resulting in a different fraction of ions outside of the APi-TOF detection range could
result in a TIC fluctuation. Still, this observation should not affect the qualitative analysis
presented below.

6.3.1 Main ion composition
Negative ions were detected within an m/z range of 60 - 1200 Th. Representative mass
spectra for clear sky conditions (CSI ≤ 1) are given in Fig. 6.1. Panel A presents the average
spectrum of 53 clear sky days during daytime (between 10:00 and 14:00 local standard time,
LST) showing sulfuric acid and its clusters (dimer, trimer) as the main ions. Other important
ions are SO–5 , as well as the ions of nitric acid, methanesulfonic acid (MSA) and C3 H3 O–4 (most
probably malonic acid). Panel B shows the average spectrum of 22 clear sky nights (between
22:00 and 02:00). In this case, sulfuric acid and its clusters were strongly reduced (although
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Figure 6.1: Representative mass spectra from the Jungfraujoch. A) Average day time spectrum of
negative ions from 53 cloudless days between 10:00 and 14:00. B) Average night time spectrum of
negative ions from 22 cloudless nights between 22:00 and 02:00. C) Average spectrum of positive ions
between 10:00 and 14:00 on 23 January 2013.

they are not completely absent), and the largest signal is from CH3 SO–3 followed by SO–5 ,
nitric acid and malonic acid (including their clusters). During both the day and the night,
we observed the presence of organics, identified as C2-18 H1-22 O2-13 , generally with high oxygen
content. In the mass range 120-440 Th, organics occurred mainly in clusters with NO–3 or
HSO–4 . Halogenated ions were found as well. Ions from iodine were mainly observed as IO–3
and in clusters with either H2 SO4 or MSA, while ions from bromine were detected only as
Br– . These ions were present during day and night, although their signal was highest during
sunrise and sunset. No significant seasonal variation was observed in the composition of the
main ions as shown in shown in the supplementary material (Fig. 6.12).
Positive ions were identified in the m/z range of 70 - 300 Th. At low m/z most of the
peaks were identified as protonated amines and oxygenated organics (C3-14 H5-18 O1-6 H+ ). At
high m/z (>120 Th) we found mostly N-containing ions that could not be unambiguously
attributed to amines or oxygenated organics clustered with a nitrogen-containing ion (either
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an ammonium or an aminium). In general, the positive spectrum contained less oxygenated
organics with no significant difference in composition between day and night. Schulte and
Arnold [154] reported that the main cation in the middle troposphere (3000 - 6000 m a.s.l.)
was pyridine (C5 H6 N+ ). We also measured this as one of the main cations together with
aniline (C6 H8 N+ ) and benzylamine (C7 H10 N+ ). We do not present an average spectrum
of the positive mode since we do not have sufficient data of clear sky days to generate an
unbiased average spectrum. Occasionally, a sequence of peaks with an increasing number of
methylene groups was observed as a clear pattern in the positive spectrum, mostly after a
direct PBL contact (based on Herrmann et al. [125] ); one example during 23 January 2013 is
shown in panel C of Fig. 6.1. Mostly during summer, some high intensity peaks, mainly
at 163.1230 and 192.1383 Th, appeared with the first one being potentially identified as
nicotine (C10 H15 N+
2 ). The presence of these ions is most likely related to tourists smoking
on the terrace of the JFJ station [139] .
Fig. 6.2 shows the diurnal variations of the main negative ions normalized to the total negative ion count, averaged for 15 clear sky days (cloudless during the whole day). The figure classifies the ion counts into 7 groups: sulfuric acid (HSO–4 , H2 SO4 · HSO–4 and (H2 SO4 )2 · HSO–4 ),
nitric acid (NO–3 and HNO3 · NO–3 ), MSA (CH3 SO–3 , CH3 SO3 H· CH3 SO–3 , CH3 SO3 H·NO–3 and
CH3 SO3 H·HSO–4 ), SO–5 , malonic acid (C3 H3 O–4 , C3 H4 O4 ·HSO–4 and C3 H4 O4 ·NO–3 ), others
(identified ions, e.g. the halogen ions IO–3 , Br– ) and non-identified ions. Approximately 40%
of the total ion signal at the JFJ was identified for this time period. During the day time
(between 08:00 and 18:00h) the percentage of identified ions increases to 60% with the sulfuric acid group representing around 35% of the total ion signal. However, during the night
time when the rate of sulfuric acid formation is very low, the charge is redistributed and the
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Figure 6.2: Average diurnal variations of the main negative ions at the JFJ over 15 days of clear sky
normalized to the total negative ion count. Sulfuric acid (HSO–4 , H2 SO4 · HSO–4 and (H2 SO4 )2 ·HSO–4 ),
nitric acid (NO–3 and HNO3 ·NO–3 ), malonic acid (C3 H3 O–4 , C3 H4 O4 ·HSO–4 and C3 H4 O4 ·NO–3 ), MSA
(CH3 SO–3 , CH3 SO3 H·CH3 SO–3 , CH3 SO3 H·NO–3 and CH3 SO3 H·HSO–4 ), SO–5 , others (identified ions)
and unknown (non-identified ions including ions in the m/z 450-1200 range).
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“non-identified” category becomes the most relevant. This group includes mainly the highly
oxygenated organics between 450-1200 Th. Such compounds were also observed in the boreal
forest by Ehn et al. [107] where the signals of organic ions tended to be stronger during the
night time (again due to less competition by the sulfuric acid clusters).
Beside malonic acid, other organic species of low molecular mass were frequently measured,
like C3 H5 O–3 , C3 H3 O–3 (pyruvic acid), C2 HO–4 (oxalic acid), C4 H3 O–4 and C4 H5 O–4 . Still,
malonic acid was the main organic ion not only during the day but also during the night and
during clear sky and cloudy conditions. Actually, under cloudy conditions some peaks were
less affected, including organics (e.g. malonic acid) and nitric acid. For the latter, we even
measured its water clusters (e.g. H2 O· NO–3 , (H2 O)2 · NO–3 ). In fact, when we sampled inside
clouds (based on CSI and cameras) and during day time, most of the ions were composed of
organics clustered with NO–3 . Also, all sulfur containing peaks were absent.
No significant difference was observed for the spectra in different seasons (winter and summer) except for a more frequent increase in the signals above 450 Th attributed to organics
during summer time. Considering that the JFJ is more frequently under boundary layer
influence during summer [125] , it is expected that vertical transport of air masses may carry
more organics during this season
We frequently detected the presence of sulfuric acid during night time although its rate of
formation is expected to be low. Fig. 6.1 B and Fig. 6.2 show that the signal of sulfuric acid
does not disappear during the night. In addition, we observed 35 night time events when the
signal increased significantly with clusters of sulfuric acid up to the tetramer being present
(however, never beyond the tetramer). Fig. 6.3 presents an exemplary time series of some
main ions at the JFJ. From 6 to 11 and from 15 to 18 November a typical diurnal variation
of HSO–4 is observed which is affected by the cloud coverage (CSI < 1 meaning clear sky) and
the global radiation. The period from 11 to 14 November shows cases when sulfuric acid was
also measured during the night time. The signal of HSO–4 increases due to photochemical
formation around noon on 11 November after a change of wind direction and subsequent
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Figure 6.3: Time series of major ions and meteorological parameters from 6 November to 18 November.Upper panel: Global radiation(W m−2 ), air temperature (◦ C), relative humidity (%) and clear
sky index (CSI). Middle and lower panel: Br– , SO–3 , CH3 SO–3 , HSO–4 and SO–5
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clearing up. High signals are then observed in the nights to 12 November as well as to 13
November. Although the time trend in the plot represents only HSO–4 , in this particular event
the clusters of sulfuric acid up to the tetramer were observed. Fig. 6.4 shows this observation
in more detail with a mass defect plot and compares this event with the ion composition
observed during a typical night at the JFJ.The mass defect represents the difference between
the exact and the nominal mass of a compound (Th). The dots represent the main peaks,
where the size of a dot is linearly proportional to the intensity of the signal and the colors
represent the nature of the ions or clusters. While Panel A presents a typical night (averaged
between 22:00 and 02:00), Panel B illustrates the event of unusually high sulfuric acid signal
in the night from 11 to 12 November. During a typical night, the main ions are composed
of CH3 SO–3 (brown dots) followed by SO–5 (pink dots). Also sulfuric acid (red dots) can
be seen and even the trimer is detected in a typical night time spectrum ((H2 SO4 )2 ·HSO–4 ,
m/z 292.8949). By contrast, in Panel B, the main ion is sulfuric acid followed by SO–5 and
CH3 SO–3 . In this event, also the tetramer of sulfuric acid is detected ((H2 SO4 )3 ·HSO–4 , m/z
390.8622). Although Panel A in Fig. 6.4 shows a typical night time spectrum, it is important
to mention that the CH3 SO–3 signal was low in some cases where the main ions were malonic
and nitric acid (NO–3 , C3 H3 O–4 , HNO3 · NO–3 , C3 H4 O3 · NO–3 ).
The SO–5 ion was found permanently among the main anions. The first atmospheric measurements of this ion were reported by Ehn et al. [107] . They observed a close correlation
between the SO–5 and HSO–4 signals in the Finnish boreal forest (R2 >0.8), with an increase
in signal correlated to global radiation. The same behavior was also observed at the JFJ (R2
= 0.88), albeit only for day time measurements (global radiation > 550 W m−2 ). However,
at the JFJ the signal of SO–5 was also present during clear sky nights, as shown in Fig. 6.3.
In addition, we found a remarkably high correlation of SO–5 with CH3 SO–3 for the full
sampling period with a R2 = 0.87 during night time (zero global radiation) and R2 = 0.75
during day time (global radiation > 550 W m−2 ). No special dependencies on boundary layer

Figure 6.4: Comparison of two different night time spectra in negative mode between 22:00 and 02:00.
A) Typical night spectrum, exemplified for the night from 9 to 10 March 2014. B) Spectrum with
high sulfuric acid signal in the night from 11 to 12 November 2013.
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Figure 6.5: A): Scatter plot between SO–5 and CH3 SO–3 ions during day time, y = -0.14 + 0.78x and
R2 = 0.75. B): Scatter plot between SO–5 and CH3 SO–3 ions during night time, y = 0.028 + 1.24x and
R2 = 0.87. C: Scatter plot between SO–5 and HSO–4 ions during day time, y = 0.468 + 3.49x and R2
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influence (based on Herrmann et al., [125] ) were found. The correlation is plotted in Fig. 6.5
for day and night time. As shown in the same figure, a high correlation between SO–5 and
HSO–4 is also seen during day time. Comparing Fig. 6.5 A and B it seems that the correlation
of SO–5 with CH3 SO–3 during day is offset to higher SO–5 implying an additional mechanism
forming SO–5 during the day. This is further discussed in section 6.3.3.2 below.

6.3.2 Halogenated species
Naturally occurring halogenated species in the atmosphere are usually linked to measurements in the marine boundary layer (MBL), especially for chloride and bromide, which are
contained in seawater. Compared to chloride and bromide, iodide is usually observed at lower
signals. It is incorporated as a nutrient by biological processes. Inorganic iodine originates
from the decomposition of natural iodocarbons such as CH3 I and CH2 I2 and the inorganic
precursors HOI and I2 [161] . Several studies have reported the presence of iodine oxide at
different locations in the MBL. Simpson et al. [161] summarized these observations which include measurements at Tenerife, Tasmania, Cape Verde, West Pacific and East Pacific. To
our knowledge, there are no reports of bromide or iodide and its oxides in the atmosphere
of continental and high altitude locations similar to the Jungfraujoch (at 3580 m a.s.l. and
around 250 km from the nearest costal region, in the Mediterranean).
The halogenated species CF–3 , Br– , IO–3 , HNO3 ·IO–3 , CH3 HSO3 ·IO–3 and H2 SO4 ·IO–3 were
detected regularly at the JFJ. The maximum signal of these ions was generally observed
during 07:00-09:00 and 17:00-21:00, but occasionally high signals were also detected during
night time (22:00-04:00). Fig. 6.6 shows this temporal variation with the main species, IO–3
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Figure 6.6: Time series from 11 to 16 March illustrating halogen chemistry. Global radiation, RH and
cloud coverage are shown in the top panel. The decrease in signal of Br– and IO–3 during noon in the
middle panel implies photochemical reactions on the precursors of these ions. The lowest panel shows
the anti-correlation of sulfuric acid with CH3 SO–3 and SO–5 .

and Br– , from 11 to 16 March 2014 (for additional time series see also Fig. 6.7, C). The figure
also presents the signals of HSO–4 , CH3 SO–3 and SO–5 as well as global radiation, RH and the
cloud coverage (CSI) to provide an overview over the ambient conditions. The clear peaks in
signal, mainly of IO–3 , during sunrise and sunset and the strong decrease during noon suggests
the occurrence of efficient photochemical halogen chemistry. The process could be initiated
by the so-called halogen reservoir species X2 , HOX, XNO2 or HX, with X being the halogen
atom.
OH,HO ,hv

2
X2 ; HOX; XNO2 ; HX −−−−−−
−→ X · +products

(6.1)

The depletion of the ions is then presumably the result of photolysis or the reaction of their
parent compound with halogen atoms or OH· radicals. Nevertheless, the observed diurnal
pattern is also due to charge redistribution between iodic and sulfuric acid, as the latter has a
strong diurnal variation (see above) and effectively competes for the limited charge. However,
without measurements of neutral species it is not possible to discriminate between these two
possibilities.
An additional observation in Fig. 6.6 is the trend of CH3 SO–3 which anti-correlates with
sulfuric acid and rather follows the trend of IO–3 and Br– . From 12 to 15 March the solar
radiation was strong and the RH low, producing a typical diurnal cycle of sulfuric acid.
However, the CH3 SO–3 signal decreases during the peaks of sulfuric acid and only increases
around 18:00 following the recovery of IO–3 and Br– . SO–5 follows a similar trend as CH3 SO–3
but less pronounced. This has to do with additional pathways of SO–5 as discussed below. The
close relationship of the time trends of MSA with Br– and IO–3 could indicate a mechanistic
connection between these species, for example a formation of MSA linked with halogen-based
chemistry. However, it can also be simply caused by charge redistribution to sulfuric acid
generating a similar diurnal trend.
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Figure 6.7: Examples of two events with high Br– and IO–3 signal and back trajectories for surface
residence time. A) and B) Air masses from the Atlantic, C) and D) air masses from the Mediterranean.
The black lines denote the time period for the trajectory analyses shown in Panel B and D.
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Figure 6.8: Combined footprint from all events with high halogen signal (IO–3 and Br– )

The presence of these halogen species suggests that air masses of marine origin were transported towards the JFJ. Backward dispersion calculations were carried out with the FLEXPART model (see Section 6.2.3) for days when the signal of the main ion IO–3 was equal or
higher than the 95th percentile of all its values during this campaign (24 events in total).
During these events other iodine species were also detected, as described below. The transport simulations revealed that the air masses had an extended surface residence time over
the Atlantic Ocean and occasionally also over the Arctic, Mediterranean Sea and continental
regions. Fig. 6.7 shows two events when the halogen signals increased, specifically for Br–
and IO–3 . Panel A shows the temporal evolutions of the ion signal on 2 October 2013 while
panel B shows the surface residence time back trajectories for the same period of time. Panel
B is divided into two subplots, i.e., an absolute footprint, τ , in s · m3 /kg (left) and a relative
footprint R (%) (right). The first refers to the amount of time that an air mass stays at the
surface, whereas the second is calculated as the difference between the mean event footprint
and the mean footprint over the whole simulation period (one year) divided by the mean of
these two. The relative presentation usually assists the identification of special features of
a certain transport situation without being dominated by the generally decreasing residence
time with distance to the site. Areas with negative (positive) values of the relative footprint
correspond to areas with weaker (stronger) surface sensitivity than the annual average. The
event shown in Fig. 6.7 A and B represents a case in which the air mass sampled at JFJ was
dominated by surface contacts over the Atlantic Ocean. This event represents a frequently
occurring transport of air masses from the Atlantic Ocean towards the JFJ. Similarly, panel
C shows the time series of elevated halogen ion signals during an event on 16-17 November
2013 where the air masses arrived from continental areas with possible influence from the
Eastern Mediterranean Sea. This type of transport was less frequent, with a total of 6 events
out of the total 24. Although most of the backward simulations suggest a marine and coastal
origin of the precursors of halogenated ions, we do not discard the possible contribution from
continental regions as it is observed from panel D of Fig. 6.7. A combined footprint of all the
events with high halogen signal at the Jungfraujoch is presented in Figure 8. This combined
inverse-time calculation confirms that air masses are transported mainly from the Atlantic
Ocean and even from the US east coast.
The detection of ions and clusters of marine origin is potentially relevant due to their
observed participation in new particle formation [16] . However, no new particle formation
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events were observed at the JFJ where halogen species were involved in cluster growth (see
below), even though these ions were detected frequently. This would imply that halogens
may be “spectators” at high altitude, i.e. ions that are present, but do not participate in new
particle formation.

6.3.2.1 Iodine species
Besides IO–3 , its clusters with H2 SO4 and CH3 SO3 H and organics (e.g. C7 H15 N·IO–3 ) were
observed. Several other iodine species were also found at the JFJ. These included I– , IO– ,
IO–2 , and clusters of I2 O3 and I2 O5 with ions of sulfuric acid or MSA (e.g. I2 O5 ·CH3 SO–3 ).
The observation of I2 O5 in clusters with CH3 SO–3 and sulfuric acid confirms the presence
of I2 O5 in the atmosphere which was proposed from laboratory and modeling studies [162] .
However, to our knowledge no studies have reported the presence of I2 O5 in the atmosphere
up to now. Saunders and Plane [162] speculated that I2 O5 could be photo-chemically formed
via an oxidation chain of iodine atoms with O3 in the gas phase:
I + O3 → IO + O2

(6.2)

IO + IO → OIO + I

(6.3)

IO + IO → I2 O2

(6.4)

IO + OIO(+M) → I2 O3

(6.5)

OIO + OIO(+M) ↔ I2 O4

(6.6)

I2 O2 + O3 → I2 O3 + O2

(6.7)

I2 O3 + O3 → I2 O4 + O2

(6.8)

I2 O4 + O3 → I2 O5 + O2

(6.9)

In this oxidation chain, the molecules detected at the JFJ as clusters with CH3 SO–3 , NO–3 or
HSO–4 are colored in blue. According to quantum chemical calculations by Kaltsoyannis and
Plane [163] I2 O4 would have a lower stability in the atmosphere compared to the other iodinecontaining species. This may be the reason why we did not observe this species. Saunders
and Plane [162] assumed that iodine atoms are formed by a photochemical process. However,
for IO, I2 O3 and I2 O5 we observed a similar time trend as for IO–3 with a strong decrease
during day (see 6.6). This is further indication of night time halogen chemistry. However,
without the measurement of neutral species we do not have the quantitative concentration
data to further elucidate this process.
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6.3.3 Production of sulfur containing species
In this section we provide some hypotheses to explain the observed formation of sulfuric acid
during the night time and the observed correlation between CH3 SO–3 and SO–5 . Even though
our measurements are restricted to ions, we believe that species such as sulfuric acid and
MSA are formed as neutral channel species. The diurnal cycle of HSO–4 presented in Fig. 6.2
for example, is a clear indication that the ion follows the sulfuric acid concentration. Also,
the presence of clusters of the type (H2 SO4 )1-3 ·HSO–4 or (CH3 SO3 H)1-3 ·CH3 SO–3 (shown in
Fig.6.4 is another strong indication of the presence of neutral molecules.
6.3.3.1 Sulfuric acid during night time
The most important gas phase pathway for the production of sulfuric acid occurs via the
reaction of SO2 with the OH radical [164] and is the reason for the well-known diurnal cycle
of sulfuric acid:
SO2 + OH · +M → HOSO2 · +M

(6.10)

HOSO2 · +O2 → HO2 · +SO3

(6.11)

HOSO2 · +O2 → HSO5

(6.12)

SO3 · +H2 O + M → H2 SO4 + M

(6.13)

where M is a stabilizing (energy-absorbing) molecule, usually N2 or O2 . However, this
reaction cannot explain sulfuric acid formation during night time observed in a total of
35 events at the JFJ with especially high signals (with clusters up to the tetramer). An
alternative production of sulfuric acid during night time can take place through the Criegee
intermediates (CIs); CIs have been observed in field measurements in a boreal forest [165] and
at coastal regions [166] and can be formed through the ozonolysis of double bonds containing
compounds (alkenes):
O3 + alkene → Criegee intermediate (CI)

(6.14)

About half of the CIs in reaction 6.14 decompose and produce OH. In this case the SO2
oxidation chain can proceed as shown in reactions 6.10, 6.11 and 6.13 producing sulfuric
acid. The other half of the CI are stabilized producing stabilized Criegee radicals (sCI)
which decompose over a much longer lifetime. These sCI are able to oxidize SO2 and therefore
produce sulfuric acid [165] . Alkenes can be transported to the free troposphere by injection
of polluted air masses from the planetary boundary layer. Such an injection also decreases
the CO/NOy ratio which is used as a proxy for the age of an air mass since boundary layer
contact [158] . The night time sulfuric acid signal was not correlated with the CO/NOy ratio,
therefore it is possible that Criegee intermediates are not the main mechanism for night-time
sulfuric acid formation at the JFJ. We do not discard, however, the possible transport of
isoprene or terpenes from rural areas, not detected by the CO/NOy ratio.
Besides CIs, we also explored the possibility of particle-gas partitioning from preexisting
particles leading to an increase of sulfuric acid in the gas phase. Fig. 6.9 (A and C) sum105
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marizes the signal of sulfuric acid during day and night time as function of relative humidity
and temperature. During day under photolytic production its steady state concentration is
strongly decreasing from low to high RH. At night time, higher signals are observed below
40% RH and temperatures above -5◦ C. Regarding the events when a high signal of sulfuric
acid was observed during night, 14 out the 35 events were characterized by a significant drop
in RH to levels in the range of 3-27% with an increase in temperature (never exceeding 5◦ C.).
One example of these events is given in Fig. 6.3 and 6.4. For these events we considered the
possibility of stratospheric intrusion as the reason for the drop in RH. During these events the
ozone concentration did not change significantly (65-90 ppbv) except for 5 of the events when
O3 increased to levels between 103-130 ppbv. However, an O3 concentration in the range of
70-90 ppbv was observed in the Alpine region by Stohl et al. [167] during stratospheric intrusion events, therefore O3 cannot be considered a strong marker of a stratospheric intrusion
at the JFJ. The radon concentration (Institute of Environmental Geosciences, University of
Basel, http://azug.minpet.unibas.ch) was also investigated in order to detect a stratospheric
intrusion, but no significant variation of radon was observed.
From the remaining events with high sulfuric acid signal during night time, 5 had an RH
between 38-62% and 16 a RH between 72-99%. These events were characterized by snow
fall,consequently we believe that evaporation of sulfuric acid from snowflakes occurred in the
inlet of the APi-TOF because of an increase in temperature between ambient conditions and
the laboratory. Therefore, we conclude that all the events of high sulfuric acid during night
time we measured resulted from the evaporation from the particle phase due to a decrease in
relative humidity and/or increase in temperature either in the atmosphere (events with low
RH) or in the instrument (events with high RH). Indeed, this process is well known. As an
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Figure 6.9: Dependence of HSO–4 and CH3 SO–3 on relative humidity, as a function of temperature
during the daytime (A and B) and nighttime (C and D). The signal was normalized to the total ion
counts.
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example, Mauldin III et al. [168] observed an increase in the gas phase concentration of H2 SO4
with decreasing RH during evening and nighttime flights over the Pacific. The measured
H2 SO4 concentrations were approximately a factor of 10 higher ( 1 · 106 to 10 − 11 · 106 cm−3 )
when the aircraft flew in dryer layers of air (RH < 10% and temperature -3◦ C). They
confirmed these observations with models and laboratory measurements showing that H2 SO4
evaporates from the particle phase at low RH. Recently, Tsagkogeorgas et al. [169] found in the
CLOUD chamber, with experiments at RH between 0.3 and 10% and temperatures between
-5 and 20 ◦ C, that a decrease in RH and/or an increase in temperature induces particle
shrinkage by evaporation of sulfuric acid resulting in almost one order of magnitude higher
concentrations of sulfuric acid in the gas phase with respect to the background.
6.3.3.2 Methanesulfonic acid (MSA) and peroxomonosulfate radical (SO–5 )
The peroxomonosulfate radical (SO–5 ) was first measured in the laboratory as a product from
the reaction of O–3 or CO–3 with SO2 [92,170] according to:
−
CO−
3 · nH2 O + SO2 → SO3 · mH2 O + CO2 + n-mH2 O

(6.15)

−
SO−
3 · nH2 O + O2 → SO5 · +n-mH2 O

(6.16)

with 0 <n <2. Reaction 6.15 could also take place with O–3 instead of CO–3 . Bork et al. [171]
concluded from quantum chemical calculations that the distance and the strength of the
O2 −SO–3 bond resembles more a molecular cluster than a covalently-bound molecule. A
reanalysis of the data from the CLOUD chamber presented by Schobesberger et al. [172] reveals
−
the presence not only of (NH3 )m (H2 SO4 )n HSO−
5 clusters but also (NH3 )m (H2 SO4 )n SO5 ,
–
–
suggesting that SO5 as well as HSO5 are most likely molecules rather than clusters. The
binding of ammonia-sulfuric acid molecules occurs via strong hydrogen bonds and we believe
it is unlikely that SO–5 could be bound by an additional interaction of the type SO3 –O2 with
(NH3 )m (H2 SO4 )n .
Reactions 6.15 and 6.16 could explain the observations of SO–5 during the day and night at
the JFJ. The correlation of SO–5 with CH3 SO–3 shown in the previous section implies another
strong source of SO–5 with a common precursor for these two ions. It is important to note that
although we measured ions, the presence of MSA clusters is a strong indication of neutral
chemistry involved in the formation of MSA (Fig. 6.1 and 6.4).
Traditionally, the oxidation of dimethyl sulfide (DMS) is considered the exclusive source
of MSA [3] . Since DMS is mainly produced by marine phytoplankton, MSA is also related
to marine emissions. Since oxidation of DMS produces both MSA and SO2 , a correlation
between MSA and SO–5 could be envisaged based on the reactions 6.15 and 6.16. However, this
would imply that the contribution of anthropogenic SO2 sources is small, in contradiction with
studies showing that the JFJ is influenced by regional sources and PBL air masses (Herrmann
et al. [125] , Bukowiecki et al. [136] ; and references therein). Although the production of MSA
derived from DMS is a photochemical process we did not observe a clear diurnal pattern
in the MSA signal similar to sulfuric acid. MSA is often anti-correlated to sulfuric acid as
discussed above (Section 6.3.2 and Fig.6.6). Berresheim et al. [173] did observe fluctuating
behavior of MSA overlapping the diurnal photochemical formation at Mace Head (Ireland).
They attributed this to a sensitive dependence of the gas/particle partitioning on RH or
temperature. During day time we observed elevated signal of MSA in the gas phase at low
107

Chapter 6 Chemical characterization of atmospheric ions at Jungfraujoch
RH but during night time no clear dependence on RH or temperature (except for very low
temperature) was observed (Fig.6.9, B and D).
Due to the variation in partitioning of MSA, a high correlation with the independent
formation of SO–5 (reactions 6.15 and 6.16) seems questionable. As seen from Fig. 6.5C during
sunny days sulfuric acid and SO–5 are well correlated. This fraction of SO–5 was presumably
formed from deprotonation of the peroxyradical HSO5 . This radical may be formed from
another pathway of reaction 6.11, that is by addition of O2 to HSO3 (6.12) rather than
H-abstraction [174] . This pathway seems reasonable as also HSO–5 is observed. H2 SO5 can
be formed from the reaction HSO5 + HO2 . As seen in Fig.6.5 A the SO–5 produced by this
mechanism shifts the MSA - SO–5 correlation to higher SO–5 values during the day. Thus, there
are three possible formation pathways of SO–5 , a) reactions 6.15 and 6.16 occurring all the time;
b) deprotonation of HSO5 ; c) unknown process correlated with the formation of CH3 SO–3 .
The last process seems to be not directly influenced by photolysis. The measurement of
the neutral species could shed some more light on this. Previous studies claim that there
might be a missing source of MSA [175] [176] . Mauldin III et al. [176] and references therein
speculate about the oxidation of DMS involving halogen chemistry or the production of MSA
by oxidation of species other than DMS (e.g. DMSO) to explain MSA measurements during
night time. Bardouki et al. [175] suggest heterogeneous reactions of DMSO on aerosols as
a source of particulate methylsulfonate. Our observations shown in Fig. 6.6 support the
hypothesis of a mechanism involving halogen chemistry. Often MSA decreases concurrently
with the halogen species Br– and IO–3 during day while all three species are observed during
the night. It is also interesting to note that we often observed methyl bisulfate (CH4 O4 S– ,
110.9758 Th) at the JFJ, which to our knowledge has not been reported in the atmosphere.
We may speculate that the formation of methyl bisulfate and MSA proceeds via a similar
reaction.

6.3.4 New particle formation (NPF) events
During the whole period of measurement (∼ 9 months) we identified more than 30 new
particle formation events. From these events, some were not measured with the APi-TOF
due to technical difficulties. In total, 26 events were registered from which we identified
two types of new particle formation processes: one involving sulfuric acid-ammonia clusters
(H2 SO4 −NH3 , 7 events) and one through highly oxygenated molecules (HOMs, 19 events).
The first of these is well established, and has been observed regularly in the atmosphere (e.g.
Zhao et al. [177] ). Occasionally, the sulfuric acid-ammonia clusters were also observed during
days with no new particle formation. In these cases, the clusters did not grow beyond 2nm,
obviously because not sufficient condensable material was present.
The second type of events, triggered by HOMs, was observed more frequently at the Jungfraujoch, where almost all the measured organic molecules were highly oxygenated, with an
O:C ratio between 1 and 1.25 (see also Bianchi et al. [63] ). Kirkby et al. [37] showed in laboratory experiments that new particle formation of HOMs can also proceed without participation
of sulfuric acid. Our data [63] confirm that this also happens in the ambient atmosphere, as
the HOMs normally are mostly clustered with NO–3 and only very rarely with HSO–4 , suggesting that the major pathway of new particle formation was through the HOMs while sulfuric
acid contributed only to a minor extent to this new particle formation.
Fig. 6.10 presents the difference between the average spectra of each of these two types
of new particle formation events and the average spectrum of 21 sunny days without new
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Figure 6.10: Difference of the negative mode mass spectra between two types of new particle formation
and the average of 21 non-new particle formation sunny days (average signal of nucleation days – nonnucleation days). Panel A: 7 new particle formation events with H2 SO4 −NH3 clusters (purple peaks);
Panel B: 19 new particle formation events with HOMs).

particle formation (Panel A for the 7 events with sulfuric acid-ammonia clusters and Panel
B for the 19 events with HOMs). For this figure, the spectrum during nucleation time was
deducted from the spectrum of the non-nucleation day. In the higher mass range of Panel
A, ammonia-sulfuric acid peaks are clearly visible such as (H2 SO4 )3 NH3 HSO–4 (m/z 407.89),
(H2 SO4 )4 (NH3 )HSO–4 (m/z 505.86), (H2 SO4 )4 (NH3 )2 HSO–4 (522.88), (H2 SO4 )5 (NH3 )2 HSO–4
(m/z 620.85), (H2 SO4 )5 (NH3 )3 HSO–4 (m/z 637.88), (H2 SO4 )6 (NH3 )2 HSO–4 (m/z 718.82),
(H2 SO4 )6 (NH3 )3 HSO–4 (m/z 735.84) and (H2 SO4 )6 (NH3 )4 HSO–4 (m/z 752.871). However,
HOMs at high m/z are also present, suggesting that these contribute to new particle formation in these events as well. In Panel B, sulfuric-acid-ammonia clusters are clearly absent.
In contrast, elevated signals of compounds/clusters above m/z 300 are observed, indicating that cluster formation of highly oxygenated molecules is driving new particle formation.
Although some other organics are also observed to increase at lower masses, we consider it
unlikely that these molecules contribute to the formation of new particles due to their relatively high saturation vapor pressure [31] . Most likely these molecules are formed concurrently
with the HOMs and contribute to the growth of the freshly formed particles. Also, we cannot
exclude participation of stabilizing ammonia in the cluster growth of the neutral clusters
since this would not be detected in the anions.
The JFJ data are in excellent agreement with laboratory data reported from the CLOUD
experiment where sulfuric acid-ammonia clusters were observed to grow by the progressive
addition of H2 SO4 and NH3 [22,25,36] . Fig. 6.11 demonstrates with a mass defect plot how
closely the measurements at the Jungfraujoch (panel A) and the CLOUD chamber (panel
B) resemble each other. In both cases, pure sulfuric acid clusters are dominant and the
strongest signal was detected for the trimer (H2 SO4 )2 HSO–4 . Although clusters of the type
(H2 SO4 )m (NH3 )n SO–5 were measured in the CLOUD chamber, we did not observe them at
the JFJ. A possible explanation could be the difference in RH. Kurtén et al. [178] reported
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Figure 6.11: Comparison of ambient and laboratory measurements. a) Mass defect plot from the
Jungfraujoch on 12 November 2014 from 08:30 to 12:30. B) Mass defect plot from a laboratory
experiment at the CLOUD chamber involving H2 SO4 and NH3 clusters (adapted from Schobesberger
et al. [36] ).

that under atmospheric conditions the hydration of HSO5 increases its lifetime significantly
enhancing the probability to act as nucleation precursor. During the event shown in Fig. 6.11
the average RH at the JFJ was only 3% (temperature of 1.1◦ C) in comparison with 40% RH
in the CLOUD chamber (temperature of 5◦ C). In the JFJ mass defect plot clusters involving
amines (yellow dots) and iodate (cyan dots) are also present, but the dominant clusters have
the composition (H2 SO4 )m(NH3 )n·HSO–4 as in the CLOUD spectrum. Concentrations of
amines must be quite low as they are strong bases and are expected to bind strongly to
acids in the preexisting aerosol. Indeed, aminium compounds were found in the Jungfraujoch
aerosol [179] .
The Lagrangian Particle Dispersion Model FLEXPART (see 6.2.3) was used in time-inverse
mode to detect the origin of the air masses transported during all the NPF events in order to
determine the source receptor relationship (SRR). In addition, CO emissions were used as a
tracer for emissions from anthropogenic activities, contained in air vented from the PBL. The
back trajectories of all NPF events were compared to those of non-event days. We found that
all NPF events (i.e., both the H2 SO4 −NH3 and HOMs types), were related to an increase
in CO concentration and SRR 12 to 40 hours before the arrival of the air mass at the JFJ,
suggesting a PBL contact of the air mass within that time period (see also Bianchi et al. [63] ).
For all back trajectories, only a small increase in CO was found within 6 hours before arrival
at the JFJ, suggesting no significant influence from local emissions during this period. Thus,
in a restricted time frame of 1-2 days after PBL contact, precursor gases are transported to
the Jungfraujoch and may trigger NPF if oxidation of these gases leads to sufficiently high
concentration of HOMs and/or sulfuric acid.
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6.3.5 Conclusions
We conducted continuous measurements of atmospheric ions for nine months at the HighAltitude Research Station Jungfraujoch (JFJ, 3450 m a.s.l.). The positive spectrum was
composed mainly of cations of amines, predominantly pyridine, aniline, and benzylamine, as
well as of organic molecules which showed a regular pattern with increasing CH2 moieties
in the mass spectra. No strong diurnal behavior was observed, which is in agreement with
observations by Ehn et al. [107] . The anion spectrum was usually dominated by sulfuric acid
and its clusters, as well as nitric acid, SO–5 and CH3 SO–3 . The latter two were most abundant
during night time. Likewise, small organic molecules were detected frequently but no clear
dependence on meteorological conditions nor diurnal cycle was found to be associated with
their occurrence. During the total sampling period malonic acid was the most important
organic compound besides MSA. Sulfuric acid was frequently detected also during night time
and in some cases the signal was so high that even the tetramer was detected. The most likely
explanation is that the measured sulfuric acid resulted from evaporation from the particle
phase in the atmosphere under low RH conditions or in the instrument during events with
high RH and snow fall.
We found a remarkably high correlation between CH3 SO–3 and SO–5 (R2 = 0.87) for the
full measurement period. This correlation was not sensitive to boundary layer influences, as
we observed high correlations at free tropospheric and boundary layer influenced conditions.
This correlation points to a common precursor for these two molecules. Considering DMS
as common source would imply that all SO2 in the JFJ is derived from DMS excluding
anthropogenic sources in contradiction with several studies that show local and PBL influence
at the JFJ. Moreover, the almost permanent occurrence of SO–5 and CH3 SO–3 during night
time contradicts the typical photochemical production of MSA. Therefore, we conclude that
an additional channel for MSA and SO–5 (probably HSO5 ) formation should be considered.
We frequently measured halogenated species with occasional events of high signals when
more species could be detected. Backward transport simulations linked these events mainly
with the Atlantic Ocean as source region although also continental influence was observed.
Besides IO–3 we also measured I2 O5 , a species not reported so far in the atmosphere. Their
signals as well as that of Br– rapidly decay when the sun rises and stay low during sunny days,
without any other halogenated ions appearing instead. The mechanism of their formation
and diurnal variation of these ions is unclear. Parallel measurements of neutral halogenated
species need to be performed to elucidate their precursors.
Two types of new particle formation events were identified at the JFJ, one through sulfuric
acid - ammonia cluster formation and a more frequent one via highly oxygenated molecules
which were normally clustered with nitrate and only occasionally with sulfuric acid. The
sulfuric acid-ammonia cluster formation during these nucleation events at the JFJ compared
very well with laboratory experiments at the CLOUD chamber at CERN, confirming the
relevance of this mechanism for ambient nucleation. New particle formation of HOMs was
evidenced by an enhancement of ions above m/z = 300 Th. Such new particle formation
that is primarily based on HOMs without significant participation of sulfuric acid was very
recently found in the CLOUD experiment [22] and confirmed at the Jungfraujoch [63] . New
particle formation events take place at the Jungfraujoch 1-2 days after previous air mass
contact with the PBL. This time frame appears to be needed to oxidize organic compounds
transported towards the Jungfraujoch and trigger a HOMs based NPF.
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Figure 6.12: Example of peak fitting of (H2 SO4 )3 HSO–4 and (H2 SO4 )3 (NH3 )HSO4 and their corresponding isotopes. The notation below each molecular formula shows the mass and abundance of the
main isotopes.

112

6.4 Supplementary information

Figure 6.13: Comparison of spectra in different months. Dotted lines show the main peaks as constant
independently of the season.
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7.1 Introduction
The highest uncertainty in current climate change models is due to aerosols and clouds, and it
is estimated that 45 per cent of the variance of aerosol forcing since 1750 arises from natural
emissions (volcanic sulfur dioxide, marine dimethylsulphide, biogenic volatile organic carbon,
biomass burning and sea spray). This is a significant variance considering the associated to
anthropogenic emissions of only 34 per cent [6] . A significant fraction of the natural emissions
of aerosol precursors originates from marine dimethylsulphide (DMS) and volcanic sulfur
dioxide (SO2 ) [6] , and the sulfur-containing species derived from these two are also considered
of high importance in new particle formation (NPF) and growth, as it is the case for instance,
of sulfuric acid (H2 SO4 ). With oceans covering most part of the Earth, the conversion of
DMS to H2 SO4 is the dominant source of oceanic secondary aerosol [180] . Furthermore, the
Intergovernmental Panel on Climate Change (IPCC) recognizes the coupling between DMS
and aerosols as an important component of the planetary climate system which needs to be
understood in detail [181] .
It is worth to mention that although the primary production of DMS is almost entirely
associated to marine phytoplankton, this compound has also been measured as product of
cooking emissions [182] and soil bacteria in ecosystems like the Amazon rain forest [183] . However, the contribution of these sources is expected to be negligible considering the high load
from marine phytoplankton which represents the largest natural source of sulfur to the atmosphere, with values between 15 and 30 Tg S per year [3] .
The oxidation of DMS by the hydroxyl radical (OH) is a complex and yet not well understood process which generates a large number of products as shown in Fig. 7.1; among
ATMOSPHERIC CHEMISTRY (GAS PHASE) OF SULFUR COMPOUNDS
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FIGURE 6.19 Mechanism for OH reaction of dimethyl sulfide (DMS).

Figure 7.1: Mechanism for OH reaction of dimethyl sulfide (DMS) [3]
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and a bimolecular reaction, with a fairly small activation energy:
CH3SO2• + O3 → CH3SO3 + O2
Higher temperatures favor the decomposition step relative to the bimolecular reaction.
This behavior is also consistent with a path from the DMS-OH adduct to MSA, as
indicated by the dashed line in Figure 6.19.
An interesting finding with implications for the global sulfur cycle is that OCS is a

7.2 Method
them probably the most significant are SO2 , as precursor of H2 SO4 , and methanesulfonic
acid (MSA). Since the oxidation of DMS is considered as the exclusive source of MSA in the
atmosphere [3] and because MSA is very stable, this molecule has been used as environmental
proxy to retrieve past polar sea ice conditions [184] .
Recently a high correlation between the ion of MSA (CH3 SO–3 ) and peroxomonosulfate
radical (SO–5 ·) was found at the High Altitude Research Station Jungfraujoch, Switzerland
(Chapter 6) suggesting a link between these two ions. The peroxomonosulfate radical has
been produced experimentally as product of the reaction of SO2 and O–3 [185,92] , and used as
effective proxy for the detection of SO2 [170,37] . Considering that SO2 is a product of DMS
oxidation (Fig. 7.1), a correlation between SO–5 and MSA could seem logical and expected.
However, this assumption would mean that at the Jungfraujoch most of the SO2 would
derive from natural emissions. This hypothesis would contradict numerous studies at the
Jungfraujoch that showed anthropogenic influence at the site [139,125] .
Here we compare measurements at six different locations including the Jungraujoch in
order to determine if the correlation is a local phenomenon and if it only occurs for the ions,
therefore measurements with nitrate chemical ionization APi-TOFs (CI-APi-TOF) are also
included to compare ions and neutral molecules.

7.2 Method
7.2.1 Instrumentation
The main instrument employed for this study was the atmospheric pressure interface time-offlight (APi-TOF) mass spectrometer which is able to measure the mass-to-charge ratio and
concentration of positive or negative ambient ions in the atmosphere. Measurements with a
nitrate chemical ionization APi-TOF (CI-APi-TOF) were also performed to show the massto-charge ratio of neutral gas-phase molecules in the atmosphere, however the measurements
presented here are only qualitative and aim only to compare naturally charged molecules with
the neutrals. The APi-TOF and CI-APi-TOF have been described previously elsewhere [67,43] .

7.2.2 Data collection
Data was collected from a total of six stations around the world as given in Table 7.1 and
Fig. 7.2. Most of the measurements were performed in the Northern Hemisphere and only one
station, Aboa, is presented from the Southern Hemisphere. The measurements show different
geographical conditions: high altitude sites with elevations of 5079 and 3454 m a.s.l. for the
stations in Nepal and Switzerland, respectively; coastal sites for the stations in Greenland,
Ireland and Antarctica; and boreal forest for the station in Finland.

7.3 Results and discussion
7.3.1 Correlation
The measurements showed the presence of the charged molecules SO–5 and CH3 SO–3 (measured
by the APi-TOFs), and the corresponding neutral molecules HSO5 and CH3 SO3 H (measured
by the CI-APi-TOFs) at all six stations. For clarity and to differentiate between the measurements of both instruments, we refer to the molecules detected by the CI-APi-TOF as neutral
117

Chapter 7 Atmospheric measurements of methane sulfonic acid and peroxomonosulfate

Table 7.1: Stations where ambient measurements were performed
Station

Acronym

Location

Latitude,
Longitude
(◦ )

Elevation

Measurement

(m a.s.l.)

time

High Altitude Research
Station Jungfraujoch

JFJ

Switzerland

46.55 N
7.98 E

3454

Sep 2013 -Mar 2014

Nepal Climate
Observatory at Pyramid

NP

Nepal

27.57 N
86.48 E

5079

Dec 2014

Villum Station

GL

Greenland

81.36 N
16.40 W

43

Aug 15

HYY

Finland

61.5 N
24.17 E

180

Apr 2013 - May 2013

Mace Head
Atmospheric Research
Station

MH

Ireland

53.19 N
9.54 W

5

Aug 2013 - Sep 2013

Finnish Antarctic

AQ

Antarctica

73.03 S
13.25 W

485

Jan 15

SMEAR II

90
GL

HYY

60

MH
JFJ

NP

Latitude (°)

30

0

-30

-60
AQ

-90
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Figure 7.2: Location of the six stations: Jungfraujoch - Switzerland (JFJ), Nepal Climate Observatory
- Nepal (NP), Villum – Greenland (GL), SMEAR II- Finland (HYY), Mace Head- Ireland (MH) and
Aboa - Antarctica (AQ).
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(e.g. HSO5 ), although the actual measurement corresponds to the ions produced after the
chemical ionization. Two types of reaction could lead to the formation of SO–5 as it was
described in chapter 6. The first would proceed by reaction of SO2 with the ozonide ion (O–3 )
or CO–3 :
−
O−
3 · +SO2 → SO3 ·

(7.1)

−
CO−
3 · +SO2 → SO3 ·

(7.2)

−
SO−
3 · +O2 → SO5 ·

(7.3)

A second channel would proceed by the reaction of SO2 with OH:
SO2 + OH · +M → HOSO−
2 · +M

(7.4)

+
HOSO2 · +O2 → HSO5 · → SO−
5 · +H

(7.5)

While both of these channels could lead to the detection of SO–5 by the APi-TOF, only the
second channel could produce HSO5 and therefore the detection of SO–5 with the CI-APITOF. Fig. 7.3 compares both types of measurements for the stations of JFJ, GL, NP and
MH, showing the ions on the left panels and the neutrals in the right panels. The figure
shows the scatter plots as function of the global radiation (W m−2 ) except for MH where not
enough data was recorded during the measurement period of the campaign. A similar figure
with the scatter plots as function of the relative humidity is provided in the supplementary
information although no special link was found with this parameter.
From the first three stations in Fig. 7.3 it is seen that these molecules, neutral or charged,
are present during night time. This could imply that both molecules survive after their
production during day time (without condensing on particles) and/or that they are produced
during night time. For the APi-TOF data, a high correlation was found for SO–5 and CH3 SO–3
at JFJ, GL and NP with R2 values of 0.82, 0.71 and 0.93 respectively. Although no strong
correlation was found at MH, there seems to be some link between the two ions, however no
dependence on wind direction or relative humidity was found to explain the high variance.
From the APi-TOF data, the existence of the two channels to form SO–5 (Eq. 7.3 and Eq. 7.5,
see also Chapter 6) is observed in the case of JFJ and GL but not at NP.
On the other hand, for the CI-APi-TOF data a remarkably high correlation between
CH3 SO3 H and HSO5 was found at GL, with R2 = 0.993. A lower correlation was observed at
the JFJ, R2 = 0.44 for all the points, however a better correlation was found for the points
shown with a dotted line. Even lower or absent correlations were found at NP and MH with
values of R2 = 0.28 and R2 = 0.044, respectively. Also at MH some correlation might be
present as shown with the dotted lines. For all the cases a slope of around 2 is observed (with
the assumptions shown with the dotted lines in the corresponding cases) except at GL where
the slope would be around 3. Table 7.2 summarizes all the correlations and the presence of
both ions for all the stations. Some additional parameters like O3 concentration, temperature
and relative humidity are also included in the table.
The measurement of MSA at continental and high altitude sites like JFJ and NP points to
two possible explanations: First, a long-range transport of MSA towards these sites that not
119

Chapter 7 Atmospheric measurements of methane sulfonic acid and peroxomonosulfate

Figure 7.3: Correlation between CH3 SO–3 and SO–5 measured by the APi-TOF (left) and CI-APi-TOF
(right) for the stations of Jungfraujoch, Greenland, Nepal and Mace Head. Correlations are plotted
as function of the global radiation except for Mace Head where there were not enough measurements.
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Table 7.2: Summary of the main ions, temperature, relative humidity and O3 for all stations. The
detection of the ions is explicitly mentioned as "yes" or "no"
APi-TOF/CI-APi-TOF
Station

R2

SO–5

CH3 SO–3

T(◦ C)
min,max

Average relative humidity
(%)

Average O3
(ppb)

JFJ
NP
GL
MH
AQ
HYY

0.82/0.44
0.93/0.28
0.71/0.99
0.23/0.04
—/—
—/0.10

yes/yes
yes/yes
yes/yes
yes/yes
no/yes
yes/yes

yes/yes
yes/yes
yes/yes
yes/yes
yes/yes
no/yes

-20.7/9.6
-18.7/6.3
-31.7/-9.5
8.5/17.3
-11.9/-1.7
-7.4/22.7

69.4
68.8
68
85.9
71.7
60.5

80
50
58
38
30
38

only confirms the high stability of this molecule but also implies the influence of marine production from the boundary layer to the free troposphere. Second, that there is an alternative
source of MSA different from DMS oxidation, or else, an alternative source of DMS different
from marine phytoplankton.
Two special features were observed at the stations of HYY and AQ. In HYY no CH3 SO–3
was measured by the APi-TOF but only by the CI-APi-TOF (CH3 SO3 H) by which the
molecule was measured as monomer, dimer, clustered with nitrate and sulfate, confirming
the presence of MSA in the boreal forest. Also HSO5 was detected in the CI-APi-TOF
although no correlation was found between CH3 SO3 H and HSO5 . On the other hand, in the
APi-TOF the signal of SO–5 was low; therefore it is possible that the charge redistribution
in the APi-TOF spectra might be affected by the substantial fraction of organic peaks that
normally dominate the Hyytiälä spectrum. Similarly to JFJ and NP, the presence of MSA at
the boreal forest location suggest a long-range transport of air masses from coastal areas or the
local production of MSA. In the case of HYY, probable sources of DMS could be considered
from local soil and plant emissions. Although these sources were reported previously in the
Amazon Basin [183] a comparison of possible similarities between the two ecosystems is out of
the scope of this chapter.
On the other hand, at AQ no SO–5 was measured in the APi-TOF even though other sulfurcontaining species were detected, like HSO–4 and CH3 SO–3 . However, both species (CH3 SO3 H
and HSO5 ) were detected in the CI-APi-TOF. A similar explanation as in the case of HYY
could be envisaged: a charge redistribution in the spectrum in AQ that could hide the signal
of SO–5 .

7.3.2 Anthropogenic influence
The correlation between SO–5 and CH3 SO–3 was observed under different conditions (temperature, global radiation, relative humidity, etc.) at the JFJ. We assumed that under boundary
layer influence an increase in anthropogenic emissions is observed, for which we selected benzene and o-xylene as proxies. Fig. 7.4 compares representative periods for each of these two
scenarios with APi-TOF measurements: free troposphere (left) and boundary layer influence
(right). In the upper panels, the time series for benzene and o-xylene are shown for both
scenarios; in the lower panels the corresponding scatter plots for the correlation between SO–5
and CH3 SO–3 are shown. The scatter plots show a R2 ∼ 0.8 in both cases, however, the slope
changes due to higher values of SO–5 under boundary layer influence.
The fact that the correlation between both ions remains even when the slope changes,
could point to a common precursor for CH3 SO–3 and SO–5 , which could be most likely DMS.
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Figure 7.4: Anthropogenic influence on the SO–5 and CH3 SO–3 correlation. Left plots show a-2420period
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–
layer influence with the corresponding time series (upper panel) and scatter plot of SO5 and CH3 SO–3
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In this case, the link between both ions would be SO2 . Under free troposphere conditions,
the main source of SO2 would be DMS and consequently most of the SO–5 would derive from
this mechanism, but under boundary layer influence an additional input of SO2 would result
in a higher production of SO–5 keeping the mechanism from DMS constant. However, an
alternative channel to form MSA, other than DMS oxidation, should not be neglected.

7.4 Conclusions
The measurements of SO–5 and CH3 SO–3 from six different places around the world show that
the correlation between the two ions occurs in places like Jungfraujoch, Nepal and Greenland.
The correlation does not seem to be restricted to ion chemistry since high correlations were
also observed in Jungfraujoch and Greenland for the neutral molecules. No clear dependence
was observed with global radiation, temperature or relative humidity. However the highest
correlations were observed in places with high ozone concentration, above 50 ppb, indicating a
possible dependence on ozone in the reactions producing both MSA and SO–5 . The observation
of MSA at continental and high altitude sites like Jungfraujoch and Nepal, or the boreal forest
site like Hyytiälä (measurements with the CI-APi-TOF) suggest either a long-range transport
of MSA from coastal regions or the possible production of the molecule from alternative
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7.4 Conclusions
channels other than DMS production from marine phytoplankton. We speculate that possible
sources of DMS could be related to soil bacteria and plant emissions. Nevertheless, alternative
channels to form MSA in the atmosphere should be investigated calling for experimental
research and to reconsider the use of MSA as conservative tracer of DMS emissions in ice
cores.
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(right) for the stations of Jungfraujoch, Greenland, Nepal and Mace Head. Correlations are plotted
as function of the relative humidity.
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Conclusion and Outlook
This thesis contributes to the better understanding of new particle formation in the atmosphere by the identification of nucleating vapors under experimental conditions at the
CLOUD chamber at CERN and also in the ambient at the Jungfraujoch station. Additionally, the chemical characterization of ions at high altitude is presented for first time based on
state-of-the-art instrumentation.
The results presented in this work demonstrate for first time that pure biogenic nucleation
(in the absence of sulfuric acid) is possible under atmospheric conditions highlighting the
significance of highly oxygenated molecules (HOMs) derived from the ozonolysis of α-pinene,
the molecule studied in the experiments as a representative of biogenic precursors (Chapter
3). These results imply an underestimation of the preindustrial aerosol formation in current
climate models and therefore a reduction in the estimated climate sensitivity. Thus, based on
the evidence of pure biogenic nucleation it is needed to reevaluate the assumed low nucleation
rates in the pristine atmosphere.
Furthermore, the experiments from pure biogenic nucleation also showed that ions from
galactic cosmic rays increases the nucleation rates by one to two orders of magnitude compared
with neutral nucleation (Chapter 3). Ions during pure biogenic ion-induced nucleation were
mainly comprised of organics clustered with NO–3 and NH+
4 in the negative and positive mode,
respectively, and to a lesser extent of charged HOMs. The strong interaction of the organic
core with the NO–3 , in the case of the negative ions, was found to proceed preferentially with
carboxylic acids (R–C(=O)–OH) and hydroxyls (R–OH) groups. In the positive mode, NH+
4
was found to bind strongly with carbonyl (R–(R’–)C=O) groups, whereby NH+
4 may form
hydrogen bounds with two functional groups stabilizing the clusters even more (Chapter 4).
Because of a high electrostatic interaction, the charged clusters act as efficient stabilizers
for the clusters in the early stage of new-particle formation in absence of sulfuric acid. In
our experiments we observed that this strong electrostatic interaction is effective in building
up clusters up to C80 and possibly C100 (around 2400 Th) which confirms the significance
of ion-induced nucleation in pristine conditions. It remains to be shown if other stabilizing
agents, such as NH3 , may reduce the importance of IIN.
Clustering formation of higher bands was estimated to occur by combination of monomers
which would result from the autoxidation process. The dimer band would derive from the
combination of two radical monomers producing a covalently bond molecule, which presented
the highest stability among the studied clusters. The formation of the tetramer band was
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modelled by permutation of potential dimers showing that only HOMs with an O:C ratio
above 0.4 are capable to form clusters, thus low oxygenated molecules (O:C < 0.4) are expected to contribute to the growth of particles rather than acting as precursors for nucleation
(Chapter 4).
In this work the effect of temperature in HOMs as nucleating vapors was analyzed during
pure biogenic nucleation. Temperature was found to affect the HOMs composition notably
regarding the degree of oxygen content. At higher temperatures the HOMs showed a higher
oxygen content reaching O:C ratios as high as 1.2 in both polarities. These observations
indicate a faster unimolecular autoxidation reaction at higher temperatures in competition
to bimolecular termination reactions (with HO2 and RO2 ). Also the cluster formation was
affected by a change in temperature, decreasing the evaporation rate of the clusters significantly at low temperatures. This was especially observed in the positive mode with the
appearance of a trimer band (C30 ) at - 25◦ C, which was almost absent at 5 and 25◦ C (Chapter
4). The importance of the temperature is significant considering that nucleation is observed
at different latitudes and altitudes in the atmosphere.
The mass spectra of some dedicated experiments at the CLOUD chamber showed a remarkable correspondence to ambient measurements in the boreal forest at Hyytiälä (Chapter
4) and the Jungfraujoch station (Chapter 6). The HOMs measured at CLOUD and Hyytiälä
showed the formation of similar monomer and dimer bands as products of monoterpene oxidation identified mainly as organic clusters with NO–3 . Nevertheless, both spectra related to
dark conditions (corresponding to night time chemistry) and no NPF was observed in the
boreal forest. Therefore, further investigation should be envisaged to understand the potential of pure biogenic particle formation under photochemical conditions (corresponding to
day time chemistry). The presence of OH radicals and NO reactions might derive in different
HOMs composition than the presented in this work. On the other hand, the formation of
(H2 SO4 )x (NH3 )y ·HSO–4 clusters was measured in the CLOUD chamber and Jungfraujoch up
to (H2 SO4 )9 (NH3 )9 ·HSO–4 (1131.904 Th). These results confirm the relevance of HOMs and
sulfuric acid-ammonia clusters as effective precursors of nucleation.
Measurements at the Jungfraujoch station showed for the first time the nucleating species
in the free troposphere. It was found that nucleation is driven by the presence of HOMs
or ammonia – sulfuric acid clusters. In some cases both, HOMs and ammonia-sulfuric acid,
were present during nucleation (Chapters 5 and 6). These nucleating vapors are transported
from the boundary layer in a time frame of 1 to 2 days. In the case of organic molecules,
this time window is needed to oxidize the molecules that form HOMs (Chapter 5). Current
climate models (e.g. GLOMAP) assume nucleation in the free troposphere exclusively driven
by binary nucleation of sulfuric acid, thus the results obtained at the Jungfraujoch show
that other mechanisms should be included in future climate modelling. Also, although we
identified HOMs as precursors of nucleation, the exact source of these molecules remains
unclear; therefore future studies should consider the sources of these molecules as biogenic
and/or anthropogenic.
A robust and representative identification of ions at high altitude was achieved based on
a dataset of nine months of continuous measurements at the Jungfraujoch (Chapter 6). The
negative mass spectra were dominated by the ions of sulfuric, nitric, malonic and methanesulfonic acid (MSA) as well as SO–5 , while in the positive mode ion peaks were identified
mainly as amines. Halogenated species, mainly Br– and IO–3 , were measured frequently at
this high altitude and continental site, a special observation considering that halogens in
the atmosphere have so far only been reported in coastal, marine or Polar regions. Back
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trajectories showed the origin of air masses mainly from the Atlantic Ocean and occasionally
from continental areas. Nevertheless, no nucleation events were associated to the presence
of halogens at the Jungfraujoch. A remarkably high correlation of R2 = 0.82 (for the whole
dataset) was found between SO–5 and CH3 SO–3 (MSA). This correlation could possibly have
high importance considering that both molecules have been identified as potential precursors
for new particle formation and growth [178,186] . The almost permanent presence of MSA at
the Jungfraujoch questions the exclusive source of MSA from DMS oxidation as currently
accepted in the literature.
The comparison of datasets from other five locations (Chapter 7) confirms the high correlation between MSA and SO–5 with values that reach R2 = 0.93 in Nepal or R2 = 0.71
and R2 = 0.99 in Greenland for APi-TOF and CI-APi-TOF measurements respectively. The
presence of MSA measured at continental locations like Hyytiälä or the Himalayan Nepal
Climate Observatory in addition to the Jungfraujoch, supports the hypothesis of an alternative channel for MSA formation possibly linked to halogen chemistry. It is possible that
ozone triggers the alternative reaction since the highest correlations were found in locations
with an ozone concentration above 50 ppb. Determining if MSA could be produced by a
different channel than DMS oxidation could be of high importance considering that MSA is
considered as a reliable proxy to measure natural production of sulfur in ice cores. Therefore,
further investigations to understand the correlation between these MSA and SO–5 should be
considered not only based on field measurements but also on laboratory experiments.
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