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Abstract

Atmospheric nanoaerosols have extensive effects on the Earth’s climate and
human health. This cumulative work focuses on the development and charac-
terization of instrumentation for measuring various parameters of atmospheric
nanoaerosols, and its use to understand new particle formation from organic
precursors. The principal research question is, how the chemical composition
of nanoaerosol particles can be measured and how atmospheric chemistry influ-
ences aerosol processes, especially new particle formation and growth. There-
fore, nanoaerosols are investigated under various aspects. More specifically, an
instrument is developed to analyze nanoparticles, and field as well as chamber
studies are conducted.

The main project is the instrument development of the Thermal Desorption
Differential Mobility Analyzer (TD-DMA, project 1, |Wagner et al. (2018)).
This instrument analyzes the chemical composition of small aerosol particles.
By characterization and testing in chamber experiments, it is proven to be
suitable for the analysis of freshly nucleated particles.

The second project (Wagner et al.| (2017))) applies a broad spectrum of aerosol
measurement instruments for the characterization of aerosol particles produced
by a skyscraper blasting. A comprehensive picture of the particle population
emitted by the demolition is obtained.

Project 3 (Kiirten et al. (2016)) is also an ambient aerosol measurement, focus-
ing of new particle formation in a rural area in central Germany, and the ability
of a negative nitrate CI-APi-TOF to detect various substances in atmosphere.
Project 4 (Heinritzi et al.| (2016))) is a characterization of the negative nitrate
CI-APi-TOF used in projects 1, 3, 5, 6, 7 and 8. The following projects fo-
cus on understanding new particle formation from atmospherically abundant
organic precursors. Key instruments comprise the negative nitrate CI-APi-
TOF for gas-phase measurements of the nucleating species, and various sizing
and counting instruments for quantifying the particle formation and growth.
Project 5 (Kirkby et al.|(2016))) shows that biogenic organic compounds formed
from alpha-pinene can nucleate on their own without the influence of e.g. sul-
furic acid. Project 6 (Trostl et al. (2016)) describe the subsequent growth of
these particles. Project 7 (Stolzenburg et al. (2018)) covers the temperature
dependence of this growth and in project 8 (Heinritzi et al.| (2018))), the sup-

pressing influence of isoprene on the new particle formation is assessed.






1 | Aerosols, Health and Climate

1.1 Atmospheric Aerosols

Aerosols are defined as the entity of a gas and solid or liquid particles dispersed
therein. The particles are referred to as aerosol particles. In the lower atmo-
sphere, aerosol particles are omnipresent, although their number concentration
can vary by orders of magnitude. It can range from less than 10% cm ™2 in the
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free troposphere, over 10® — 10* cm™3 in rural areas up to 10* — 10% cm™
more in cities. The particle sizes range from a few nanometers to several hun-
dred micrometers (Seinfeld and Pandis| (2006)).

Aerosol particles in the atmosphere can originate from direct emission of solids
or liquids (primary particles), such as pollen, soot, bacteria, sea salt or mineral
dust. But around 50% of the particles are formed in the atmosphere from the
gas-phase (secondary particles) (Merikanto et al.| (2009), Dunne et al.| (2016))).

This process is called new particle formation (see also section [1.5]).

1.2 Health Effects of Atmospheric Aerosols

Aerosol particles pose adverse effects on human health. In this context they
are known as “fine dust”.

Fine particles can reach deep into the lungs, can even penetrate to the blood-
stream and are found in the lymph nodes, kidney and liver (Choi et al.| (2010))).
Insoluble fibrous particles like asbestos can lead to lung inflammation and
mesothelioma tumors (Donaldson et al.| (2010)). Furthermore, |Li et al.| (2003)
observed damage on the mitochondria of human cells due to exposure to aerosol
particles.

From the statistical point of view, an enhanced occurrence of lung cancer and
cardiovascular diseases can be linked to an exposure to high concentrations of
fine particles (Brook et al.| (2010)), |Anderson et al. (2012))). Also a connection
between particles smaller than 2.5 um and ischemic stroke is drawn (Welle-
nius et al. (2012)). In total, Lelieveld et al.| (2015) estimated that fine dust is

responsible for 3.3 million premature deaths per year worldwide.
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1.3 Climate Impacts of Atmospheric Aerosols

Another strong motivation to understand atmospheric aerosols is their exten-
sive effect on the Earth’s climate.

Aerosol particles which can act as cloud condensation nuclei (CCN, typically
> 50 um) are the necessary starter to form droplets, and thus clouds. Al-
though clouds mainly consist of water, its supersaturation in the atmosphere
is not high enough to homogeneously condense and form droplets on its own.
An aerosol particle is needed as a nucleus for the water to condense on. With-
out aerosol particles, there would be no clouds and no rain. Therefore, the
concentration of CCN affects also the properties of clouds. A higher number
of particles means more and smaller droplets (for the same amount of water),
the cloud being brighter (higher albedo) and reflecting more sunlight back into
space. This has a cooling effect on the climate. Also, the presence of more
particles leads to an enhanced number of droplets and a higher capability to
hold water, which extends the clouds lifetime and has influence on both the
reflection of solar radiation and the Earth’s water cycle (Lohmann and Feichter
(2005), Forster et al.| (2007)).

Aerosol particles that have grown to larger sizes can interact with the solar
radiation and thus have also a direct effect on the radiative balance of the
Earth. Reflection leads to a cooling effect as a fraction of the solar radiation
is inhibited from reaching the Earth’s surface. In contrary, the low-frequency
radiation emitted from the Earth can mostly pass. Absorption of radiation by
particles can have a positive, warming effect on the radiative balance, e.g. over
light surfaces as deserts, snow, ice and clouds. Over dark surfaces as oceans
and forests it can have a negative, cooling effect. This is because not only the
direct solar radiation can be absorbed, but also the sunlight reflected by the
Earth’s surface that otherwise would be emitted to space. Radiation directly
from the sun is partially absorbed so that the surface is initially cooled, but
the atmospheric layers where the absorbing particles are located are heated.
Low-frequency radiation from the Earth can also be absorbed but this is only
relevant for the radiation budget in the special case of very high particle concen-
trations at high altitudes. Furthermore, absorption of low-frequency radiation
in the troposphere can lead to a local warming, decrease of relative humid-
ity, thermodynamic instability and thus influence on clouds and precipitation
(Forster et al.| (2007)).

In total, these processes are estimated to have a negative, cooling effect on the
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radiative budget (Forster et al.| (2007)), [Boucher et al.| (2013))). To quantify the
effects of aerosol particles on the radiation budget and clouds, as well as to
predict them for the present, past and future atmosphere, the understanding

of aerosol formation processes is crucial.

1.4 Instrumentation for Aerosol Research

To understand atmospheric aerosols, it is inevitable to measure them. A num-
ber of techniques are used in atmospheric science to measure the different
parameters of the aerosol, and over time, more and more capable instruments
are developed.

In this section, some key instruments that form the base of this work, are

introduced.

1.4.1 Particle Number Concentration

A important parameter that characterizes an aerosol particle population, is
their number per volume.

Charged particles can be detected by electrometers, which count the number
of elementary charges. However, for a more sensitive detection, optical tech-
niques are favored (McMurry (2000))). While particles larger than ~ 70 nm
can be directly optically detected, smaller particles need to be enlarged to
interact with light to a sufficient extent. Therefore, Condensation Particle
Counters (CPCs) ((Aitken| (1890)), Hermann et al.| (2007))) are used to measure
the number concentration of small aerosol particles. A liquid, usually butanol
or water, is condensed onto the particles before optical detection. There are
also two-step systems like Particle Size Magnifiers (PSMs, [Vanhanen et al.
(2011)). They first use a liquid of very low volatility (e.g. diethylene-glycol,
lida et al| (2009)) that can condense on the smallest particles. In a second
step, another condensation liquid (e.g. butanol) is used, which is more volatile
and can be brought to the gas-phase in sufficient amounts to grow the small
droplets enough for optical detection. With these instruments, particles as
small as ~ 2.5 nm (one-step system, Hermann et al.| (2007)) or even ~ 1 nm
(two step system, Jiang et al. (2011), Vanhanen et al.|(2011])) can be detected.
The diameter at which 50% of the particles can be activated and detected, is
called the cut-off diameter, and is a an important characteristic of a CPC. As
information about the particle number concentration is a crucial parameter,

counters were used in all the projects of the current work.
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1.4.2 Size-Resolved Particle Number Concentration

Not only the total number concentration, but also the particle size are impor-
tant information.

Aerodynamic Particle Sizers (APS, |Peters et al.| (2006))) use the inertia of parti-
cles to select them according to their size. The incoming aerosol is accelerated
and while small particles travel with a similar speed as the gas, larger particles
are slower due to their inertia and reach the optical detection later. Optical
Particles Counters (OPC, e.g. Hinds (1999)) use the light scattered by parti-
cles to determine their size, but also estimate other properties like refraction
index and shape. These methods, however, can only target larger particles of
several hundred nanometers as the interaction cross section of smaller particles
with light is too low. These instruments were used in project 2 (Wagner et al.
(2017) and project 4 (Kiirten et al. (2016)). As these projects were ambient
measurements, particles of all sizes could be present and the APS and OPC
were used to monitor the particle population at larger sizes.

For smaller sizes, Differential Mobility Analyzers (DMAs) are the instruments
of choice. They select a particle size and are combined with a particle detector,
e.g. a CPC. A fraction of the particles are charged and introduced to a selec-
tion area, where they are exposed to both a laminar gas flow dragging them to
one direction and an electric field dragging them orthogonal to it. Depending
on their so called electrical mobility, which is a parameter depending on their
number of elementary charges and size, particles are either reaching the outlet
or impacting on the wall. By variation of the voltage determining the electric
field, different sizes can be selected one after the other. This principle is also
used in Scanning Mobility Particle Sizers (SMPS, |Wang and Flagan| (1990)),
where the voltage and thus selected size is varied continuously in order to mea-
sure the number size distribution. The DMA-train (Stolzenburg et al.| (2017)))
used in projects 7 and 8 (Stolzenburg et al.| (2018), Heinritzi et al. (2018))),
follows a different principle to measure several particle sizes. Here, a set of
six DMAs is each set to a constant diameter, so that a high time-resolution
is achieved, which is very beneficial for new particle formation measurements.
DMAs and SMPS were also used in all projects of the current work.
Depending on the needs, DMAs come in all shapes and sizes. For example,
when larger particles should be measured, the selection area should be longer,
whereas for small particle sizes a short selection area is beneficial. A low sheath
flow leads to a high sensitivity but less accurate size-selection, as for example
in project 1, the TD-DMA (Wagner et al| (2018)). A high sheath flow, in
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the contrary, compromises on sensitivity and leads to a high size resolution.
In High Resolution Differential Mobility Analyzers (HR-DMA, |Steiner et al.
(2010), Fernandez de la Mora and Kozlowski (2013)), as used in project 4
(Heinritzi et al. (2016)), the resolution is so high that even molecular clusters
can be separated from one another. These are then detected by electrometers
or mass spectrometers as they are too small for CPCs.

Another approach to gain some information about particle sizes is to use sev-
eral CPCs with different cut-off diameters and compare the measured concen-
trations. This gives a sparse size-resolution, but high sensitivity and time-
resolution. For example when observing the formation of new particles in
presence of larger background particles, a CPC with cut-off diameter 2.5 nm
and a CPC with cut-off diameter 10 nm can be used to determine the number

of freshly formed particles between 2.5 and 10 nm.

1.4.3 Molecules and Ions

To detect molecules and ions, mass spectrometry is a versatile tool (Maher
et al.| (2015)). Mass spectrometers measure the mass to charge ratio (m/z) of
ions. If the detection of neutral molecules is intended, they need to be charged
beforehand in a so-called ion source, e.g. by chemical ionization or by electro-
spray ionization. There are different principles on how to separate the masses,
but all involve applying electromagnetic forces to the ions. The ions are then
detected by a detector, e.g. a channeltron (Allen| (1939)) or an assembly of
many channeltrons, a microchannel plate (Wiza/ (1979)).

While mass spectrometers have an extremely broad range of applications, they
are also used in atmospheric science for the detection of various gaseous com-
pounds (Laskin et al.| (2018)). Time-of-flight mass spectrometers have a high
mass resolution, which allows an identification of isobaric species even in the
complex atmospheric systems. Atmospheric Pressure Interface Time-of-Flight
Mass Spectrometers (APi-TOFs) are used to measure naturally occurring ions
and charged clusters. As instrument development proceeds, particle coun-
ters can activate and detect smaller and smaller particles. Conversely, the
APi-TOF can detect large clusters, so that the nucleating gases, clusters and
particles can now be counted at every stage of the formation process (Schobes-
berger et al.| (2013)).

Chemical Ionization Atmospheric Pressure Interface Time-of-Flight Mass Spec-
trometers (CI-APi-TOFs) are used for the detection of neutral molecules,

which are charged by chemical ionization before entering the mass spectrom-
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eter (Kirten et al.| (2014), |Jokinen et al. (2012))). Depending on the target
analyte, the reaction ion for the chemical ionization is chosen. For example,
volatile organic compounds such as alpha-pinene or isoprene are targeted by
the proton transfer reaction (PTR) technique using hydronium ions (Hansel
et al.| (1995), |Graus et al. (2010)), Breitenlechner et al. (2017)). A key instru-
ment in this work is the negative nitrate CI-APi-TOF, which is capable of
measuring sulfuric acid, organic molecules of high oxygen content and many
more species (Eisele and Tanner (1993), Kiirten et al. (2012), Simon et al.
(2016))). Both these techniques measure organic molecules relevant for new
particle formation (see section . They are thus used in projects 3, 5, 6,
7 and 8, which are focusing on new particle formation. The PTR is most
sensitive for volatile and semi-volatile organic compounds with lower oxygen
content (precursors) while the negative nitrate CI is suited for the detection
of highly oxygenated organic molecules formed thereof. In project 7, they
are combined to obtain information about organic compounds of all oxidation
states. The negative nitrate CI-APi-TOF was chosen as a detector for the
TD-DMA in project 1, and it was characterized in project 4.

Also the molecular composition of particles is assessed by mass spectrometry.
For particles of larger size, the Aerosol Mass Spectrometer (AMS, |Jayne et al.
(2000), |[Zhang et al.| (2011)) and single particle mass spectrometry (Noble and
Prather| (2000), Bzdek et al.| (2012))) are used. Targeting small particles below
30 nm is very challenging because of their very low mass, and few instruments
are capable of such an analysis (for more detail see the overview in Wagner
et al|(2018)). This was however one of the motivations to develop a dedicated
instrument for this size range: In project 1, the TD-DMA was developed to

prepare small particles between 10 and 30 nm for mass spectrometric analysis.

1.5 New Particle Formation

A large fraction of atmospheric aerosol particles are secondary aerosol parti-
cles, formed from the gas-phase (Merikanto et al.| (2009)), [Dunne et al. (2016)).
When two gas molecules collide and stick together, it is called a cluster. More
and more molecules can stick to it, and at a point where this cluster is large
enough to be thermodynamically stable, it is called an aerosol particle. De-
pending on the conditions, this is typically at a size between 1 and 2 nm.
The freshly nucleated particles can grow as more molecules condense on them,

or two particles collide and form a single bigger particle (coagulation). The
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condensation of molecules on a particle is determined by their vapor pressure
for the given circumstances. When particles are large enough that water can
condense on them, they can act as cloud condensation nuclei (see section [L.3).
In all sizes, particles can be lost by processes like evaporation or coagulation,
but in the small size range, the losses are highest. The full process of aerosol
nucleation and early growth is called new particle formation. It is observed in
a wide range of environments, from rural to urban areas, from boreal forests
to coastal areas, from tropical to polar regions and from ground level to the
free troposphere (Kulmala et al.| (2004)), [Kerminen et al.| (2018)).

A parameter to quantify the nucleation is the nucleation rate J, the number
of particles produced per volume and time (cm™3s™!). This number is calcu-
lated for a specific particle size, usually 1.7 nm or 2.5 nm (as these are the
cut-off diameters of state-of-the-art counters), and considers also the losses of
particles in the process to reach that diameter. The growth is quantified by
the growth rate GR, the increase of diameter per time (nmh™'). In the atmo-

3571, and growth rates of usually

sphere, nucleation rates range up to 10* cm™
up to 15 nmh™~!, but in some cases even up to 200 nmh~! are observed (Kul-
mala et al.| (2004)).

Sulfuric acid was for a long time thought to be the key substance for nucleation
(Curtius| (2006), Kuang et al.| (2008), Kulmala et al.| (2013))), as it strongly cor-
relates with it and has a low vapor pressure in the presence of water. However,
it can not explain nucleation rates observed in the atmosphere on its own.
Laboratory measurements using only sulfuric acid and water yield nucleation
rates that are much lower than those observed in the ambient (Weber et al.
(1996))). When a base is present, nucleation is observed to increase as the clus-
ter evaporation is suppressed by acid-base-stabilization. This is for example
the case for ammonia (Weber et al.| (1996), Kirkby et al.|(2011)) and amines
(Almeida et al. (2013)), |[Kirten et al. (2014)). Another binding agent that sta-
bilizes clusters and thus enhances nucleation, is charge: Although later in the
growth process, the charged clusters recombine to neutral particles, the charge
helps clusters to survive the crucial size range in which they are very prone to
re-evaporation. This mechanism of charge stabilization is especially efficient
when there is no other stabilization mechanism: It has a significant effect on
the system of sulfuric acid with water as well as the sulfuric acid-ammonia-
water system, whereas clusters from sulfuric acid and amines are so strongly
bound on their own that the charge effect is less pronounced (Lovejoy et al.

(2004), Kirkby et al.| (2011), |Almeida et al.| (2013))).
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Organics play an important role in new particle formation: Volatile organic
compounds (VOCs) are emitted by plants (Guenther et al|(2012)), and even
as they are too volatile to form particles themselves, they undergo chemical
reactions in the atmosphere (Atkinson and Arey| (2003)). From the various re-
action pathways, some produce highly ozygenated organic molecules (HOMs).
These substances can have, depending on the conditions, a low or very low va-
por pressure, and are thus called low volatile organic compounds (LVOCs) or
extremely low volatile organic compounds (ELVOCs, [Ehn et al. (2014))). The
volatility of a molecule in a given condition (temperature, presence of other
molecules) determines if they can nucleate or at which stage of the growth they
start to contribute. These processes of new particle formation from organic
precursors were observed in the ambient in project 3 and studied in detail in
projects 5, 6, 7 and 8. In project 5, it is shown that HOMs produced from
alpha-pinene can nucleate on their own, and charge is the binding agent of the
clusters. In projects 6 and 7, the consecutive growth of this organic system
is studied and in project 8, the influence of an additional organic precursor,

isoprene, is explored.

1.6 The CLOUD Experiment

The Cosmics Leaving Outdoor Droplets experiment (CLOUD) aims to under-
stand new particle formation, cloud droplets and ice particles. The nucleation
and growth experiments for project 5-8 as well as the test measurement for
project 1 were conducted with CLOUD.

The CLOUD chamber is a 26.1 m? stainless steel reactor (Kirkby et al.| (2011))),
in which an artificial atmosphere is created. All parameters can be precisely
controlled, including the temperature, relative humidity, UV light to simu-
late the sun, and the level of different trace gases. It has a special cleaning
system where the chamber can be rinsed with ultrapure water and heated.
Careful preparation of the incoming gases is realized by using nitrogen and
oxygen from cryogenic tanks. This system ensures the ability to investigate
specific chemical systems with extremely low levels of contamination, which
is a special feature of the CLOUD chamber. To investigate ion effects and
to simulate processes at high atmospheric levels (where ion concentrations are
higher) CLOUD has the ability to remove ions by an electric field cage, but also
to add ions by using pions from a secondary beam of the proton synchrotron
accelerator of CERN.
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A suite of instruments sample from the chamber to analyze the aerosol. Over
the past years, this has grown to a very diverse composition of state-of-the-art
instruments that enables to measure most of the relevant parameters. The
instruments include several particle sizing and counting instruments such as
CPCs, PSMs, the DMA-train and SMPSs, as well as different mass spectrom-
eters like the negative nitrate CI-APi-TOF, PTR-MS, API-TOF, and more.
This allows understanding different chemical systems including sulfuric acid,

ammonia, amines and lately the biogenic organics that are a focus of this work.
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2

2.1

| Introduction to the Projects

Size-resolved online chemical analysis of
nanoaerosol particles: a thermal desorp-
tion differential mobility analyzer coupled
to a chemical ionization time-of-flight mass
spectrometer

(Wagner et al. (2018))

a) collection b) evaporation
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Figure 2.1: Measurement setup of the TD-DMA with step (a) particle collec-
tion, and (b) evaporation.

For investigating new particle formation, the speciation of condensing vapors

is highly important. For gas-phase molecules and molecular clusters, e.g. the
CI-APi-TOF (Kiurten et al.| (2014)), Jokinen et al.| (2012)) is used, and for par-
ticles that have already grown to larger sizes, the AMS (Jayne et al. (2000)),

Zhang

et al| (2011)) is most commonly deployed. The chemical analysis of
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small particles below 30 nm, however, is very challenging due to the minute
mass contained in the particles, so there are very few instruments that are
capable of such measurements at all.

We therefore developed the TD-DMA (Thermal Desorption Differential Mo-
bility Analyzer). This instrument prepares small particles for the chemical
analysis with e.g. a mass spectrometer. The particles are charged and a
specific size is selected in a DMA. Inside the DMA, the particles are elec-
trostatically precipitated on a filament. Once enough mass is collected, the
filament is moved to the inlet line of a mass spectrometer and thermally des-
orbed in a clean carrier gas. Like this, the particle-phase is separated from the
gas-phase and the concentration is enhanced to meet the detection limit of the
mass spectrometer. The advantages of this measurement principle are as fol-
lows: 1) The size-selective mode allows it to compare the chemical composition
of particles at different stages of the growth process and therefore to deter-
mine the relative contribution of different vapors as a function of particle size.
IT) An integral mode also allows to collect all particle sizes, which maximizes
the collected mass and makes measurement also possible for very weak parti-
cle concentrations. III) The TD-DMA is modular and compact. Up to now
it was combined with a negative nitrate CI-APi-TOF, but it can in principle
also be combined with any other gas-phase analyzer. IV) While the collection
takes place, the detector can still be used to analyze the gas-phase. Therefore
the costs for an additional analyzer are saved and both phases can be directly
compared.

The newly developed TD-DMA is suitable for the chemical analysis of small
aerosol particles in the nucleation and Aitken mode (<~ 10 nm and <~ 50 nm).
The sensitivity allows measuring at atmospherically relevant aerosol mass con-
centrations in the pg m~3-range. The characterization of the instrument shows
reproducible results and the capability to measure freshly nucleated particles

as small as 15 nm was proven in chamber experiments.

2.1.1 Development Details

Some additional information, which is not included in the publication (Wagner
et al.| (2018)), shall be given here. The full setup of the TD-DMA coupled to
a mass spectrometer is shown in figure 2.7, and the graphical user interface
of the LabVIEW control software as well as the electronic control unit can be
seen in figures and [2.3] A detailed technical description of the instrument
can be found in Bergen (2016)) and Brilke| (2016)).
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Figure 2.2: The graphical user interface of the LabVIEW control software.

Figure 2.3: View into the electronic control unit.
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DMA Unit

In the TD-DMA’s DMA unit, charged particles are classified by their electrical
mobility (see section|1.4)). The DMA measurement principle is based on having
a sheath flow that is laminar and evenly distributed around the electrode. We
tested different possibilities to achieve this, including a plate with regularly
distributed boreholes and grid plates. Best results were achieved by introduc-
ing the sheath flow via a circular cavity with 16 drilled holes for distribution of
the sheath flow, and by including an evenly webbed tissue for laminarization
of the flow.

The first DMA unit showed transmission efficiency versus diameter curves that
were not Gaussian, but had a tailing towards larger diameters. As the parti-
cle mass is proportional to the cubic diameter, larger particles were strongly
overrepresented in samples from this DMA. This was most likely due to impre-
cisions in the alignment of the central electrode. In the next DMA prototype
(figure , the design ensured that this could not happen and the transmis-
sion curves were Gaussian. Additionally, due to some modifications of inlet

and outlet, a higher transmission efficiency could be achieved.

1 laminarizer for sheath flow

2 central electrode

3 high voltage supply for electrode
4 size-selection area

5 collection area

aerosol outlet

sheath flow outlet

aerosol inlet

sheath flow inlet

Figure 2.4: Quarter section of the TD-DMA’s DMA unit.
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Filament

The filament (figure is the part on which the particles are electrostatically
collected and from which they are themally desorbed in order to reach the mass
spectrometer. To ensure that the measured signal represents the chemical com-
position of the particle-phase and for a direct comparison of both phases, it is
important not to alter the substances during the measurement process. The
heating used to transfer the collected material to the gas-phase, might lead to
fragmentation or chemical modification of the original molecules. We investi-
gated this by applying a defined amount of malonic acid on the filament and
desorbing it. Additionally, we investigated measurements of freshly nucleated
particles. We found that the filament material and the way it is fabricated
has a strong influence. Best results were obtained with an annealed alloy of
platinum and rhodium. Also the rate at which the filament is heated has an
influence: A steep heating curve could fragment the substances, whereas a
slower heating seems to lead to a more controlled desorption. With our op-
timized parameters, fragmentation could be kept low and we did not observe
any peaks in the spectra that would point to a complete degeneration of sub-
stances. It is even possible to desorb organosulfates, which are very fragile,
in a nondestructive way. Figure [2.6| shows an example of an organosulfate
measured with the TD-DMA, sulfoacetic acid hydrate (CoHgOgS).

5

2199 220.0 220.1
m/Q (Th)

Figure 2.5: Look inside the
DMA unit with the filament on

Figure 2.6: Example of an
organosulfate measured by TD-

which particles are collected (pho- DMA.

tographed by Anton Bergen).
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Coupling to a Mass Spectrometer

The coupling of the TD-DMA to the mass spectrometer is realized by moving
the filament with the particle sample into a core sampling probe in front of the
mass spectrometer’s ion source (see schematic figure and figure . The
line is flushed with clean nitrogen and the excess is removed through an outlet
towards the analyte aerosol reservoir (e.g. an aerosol chamber or the ambient
air). This virtual valve excludes contamination of the analyte aerosol. The
exact geometry of the coupling has a huge influence on the detection limit.
The distance from the place of evaporation to the inlet line of the ion source,
as well as the flows of the core sampling, carrier gas and virtual valve are
crucial. In the first test, the lowest detectable mass was 1 ng of sulfuric acid.
By optimizing the coupling and flows, the sensitivity could be enhanced so

that already a mass of 0.01 ng could be detected.

2.1.2 Characterization

We characterized all steps of the measurement process in order to allow quan-
tification of the signal. The DMA unit is optimized for a high transmission at
a coarse resolution in order to collect a sufficient amount of particle mass. It
was tested for six diameters between 7.5 and 30 nm. The transmission efficiency
versus diameter shows good agreement with Gaussian fits and the maximum
transmission efficiency for 15 nm particles is above 50%. The size resolution is
with 1.19 rather coarse, so that a high amount of mass is collected while still
allowing size selection. The collection efficiency of particles on the filament is
100% below 15 nm and then decreases due to the decreasing electrical mobil-
ity of the particles. The particle mass collected on the filament is related to
the mass spectrometer signal by the sample mass calibration, where defined
amounts of a substance are placed on the filament and subsequently desorbed.
This calibration is depending on the inlet system and mass spectrometer that
the TD-DMA is deployed with, in this case the factor is 42.95 ngneps=!-s71
for sulfuric acid, for other substances their ionization efficiencies have to be
taken into account.

Combining these characterizations, the signal in the mass spectrometer can be

linked quantitatively to the analyte aerosol population.
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linear feedthrough
to move filament \

ion source

electronic control units
for ion source and TD-DMA

7

supply rack

CPC

Figure 2.7: The TD-DMA coupled to a CI-APi-TOF. (Technical drawing of
multiple authors: Supply rack with contents: Laurin Merkel. Ion source and
ion precipitator: Andreas Kiirten. TD-DMA, inlet system, mass spectrometer
rack and assembly: Andrea Wagner)
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2.1.3 Analysis of Organic Nanoparticles

The TD-DMA was deployed at the CLOUD chamber. In these experiments,
the effect of the relative humidity on the growth of organic particles from iso-
prene was investigated. Unfortunately, the source of isoprene that we used
was contaminated with monoterpenes that could have affected strongly the
nucleation and growth process. We executed two experiments with the same
conditions and varied only the relative humidity (35% and 85%, see figure
2.8]). The TD-DMA measurements are corrected with the mass spectrometer’s
transmission efficiency and normalized to the isoprene concentration present in
the gas-phase (measured by PTR-MS) as well as the sampling time to ensure
comparability. Figure [2.9 is a comparison of the spectra obtained for both
conditions. The spectra show a strong pattern that is similar for low and high
humidity. The overall intensity is higher for the high RH case, this could be
confirmed by an SMPS, which shows slightly higher particle concentrations for
the high humidity experiment. When viewing the ratio of low RH and high RH
spectra ([2.10) an increase with mass to charge ratio can be seen. This means
that the presence of water shifts the chemical composition of the particle-phase

slightly to lower masses.
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Figure 2.8: Overview over experiments for investigating new particle formation
from isoprene.
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Figure 2.9: Comparison of particle-phase spectra for low and high humidity
obtained by the TD-DMA.
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2.2 Characterization of Aerosol Particles Pro-
duced by a Skyscraper by Blasting
(Wagner et al. (2017))

SKYSCRAPER BLASTING

dust cloud analysis

mass concentration
number concentration
size distribution
spatial distribution
chemical composition
particle morphology

Energy (keV)

nar, Goethe University Frankfurt]

Figure 2.11: Highlights of the skyscraper blasting analysis: Strong increase
in mass concentration (upper right), and exemplary SEM/EDX analysis of a
single particle (lower right).

In February 2014, a skyscraper was blasted in Frankfurt to avoid lengthy de-
construction work. Such a detonation inevitably produces aerosol particles,
which is a potential health hazard. Concerns were raised by the residents and
our working group had the expertise as well as the instruments to characterize
these particle emissions, so we used the opportunity to analyze the emissions
and estimate the hazard. Usually deployed for our research on secondary
aerosols, we applied the same instruments for characterizing the population of
primary aerosols. Additionally, we collaborated with other institutes to com-
plete the set of instruments.

The instruments were positioned 350 m downwind of the tower and measure-
ments were performed for two days around the event. A Condensation Parti-
cle Counter (CPC, TSI Model 3776, TSI Incorporated| (2007)), Hermann et al.|

(2007)) measured the total number concentration starting at a cut-off diam-

eter of 2.5 nm. The size-resolved number concentration (Baron and Willeke|

(2001)) was determined by three instruments with overlapping size ranges:
A Scanning Mobility Particle Sizer (SMPS, TSI Model 3080,
rated (2001), Wang and Flagan (1990)), an Optical Particle Counter (OPC,
TSI Model 3330, TSI Incorporated| (2012b))) and an Aerodynamic Particle




2.2 CHARACTERIZATION OF AEROSOL PARTICLES PRODUCED BY A
SKYSCRAPER BY BLASTING 23

Sizer (APS, TSI Model 3321, |TSI Incorporated (2012a), [Peters et al.| (2006))
ranging from 0.0146 t00.6612 pym, 0.337t09.016 pm and 0.542t019.81 um, re-
spectively. We used a Synchronized Hybrid Ambient Real Time Particulate
Monitor (SHARP, Thermo Scientific Model 5030i, [Thermo Fisher Scientific
Inc. Air Quality Instruments (2007))) to measure the mass concentration of
particulate matter below 10 um (PMjg). Additionally, dust samples were col-
lected on silicon wafers and analyzed by Scanning Electron Microscopy (SEM)
with Energy Dispersive X-Ray Spectroscopy (EDX) (Goldstein et al.| (2012))
to obtain images and the chemical composition of the particles. A portable
weather station (Vaisala Model WXT520) recorded meteorological parameters
(temperature, pressure, humidity, wind speed and direction). While these in-
struments gave broad information on the particle population at this position,
Bergerhoff glass collection vessels were distributed around the site to obtain
a rough spatial distribution of the sedimented aerosol mass and additionally
were used for metal analysis.

We found that the blasting produced a single mode of ultrafine particles with
a mode diameter of 93 nm. As the number concentration was dominated by
particles that were even smaller, it rose only by a factor of 3.8 over background
to 6.9-10* cm~3, whereas the mass concentration rose by a factor of 30.7 to
844.9 ugm=3. The spatial distribution showed the dust cloud to be pushed
along the street canyon in wind direction decreasing with distance. At the
main measurement site, the event passed within only 15 minutes. Therefore,
the 24h mean of PM;, mass concentrations did not exceed the EU maximum
permissive value. The particles consisted mainly of the building’s concrete,
that is 60% calcium carbonates, 19% calcium sulfates, 19% silicates and 2%
steel from the grinders. They were not fibrous and did not have an enhanced
level of heavy metals in them.

We thus conclude that the skyscraper blasting led to a short-termed, yet high
strain with ultrafine particles. However, particles were not fibrous (like e.g.
asbestos, which had been removed from the building prior to the blasting) or
contaminated with heavy metals. There is no such thing as a lower limit of
particle mass or concentration regarding adverse health effects, but in com-
parison to other, longer lasting demolition activities and with respect to the
short exposure duration, the event did not pose an excessively high risk to the
spectators.

The observations from the blasting in Frankfurt are an important data point to

add to the very sparse statistics on particle emissions from building blastings.
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This helps to identify sources of fine dust in urban environments and might
help with a decision whether to blast or conventionally demolish a building.
More important, we could address the concerns of the residents exposed to the
visible dust cloud as we distributed information about the scientific side of the

event via media.

2.3 Observation of new particle formation and
measurement of sulfuric acid, ammonia,
amines and highly oxidized organic molecules

at a rural site in central Germany
(Kiirten et al. (2016)))
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Figure 2.12: Particle formation rates observed in Vielbrunn compared to a
dataset of other atmospheric observations.
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Ambient measurements were conducted to investigate new particle formation
in a central European rural agricultural area. The measurement site Vielbrunn
in the Odenwald was in close proximity to three dairy farms which are a poten-
tial source for ammonia and amines, and surrounded by forests as a potential
source for biogenic HOMs.

In chamber experiments, ammonia and amines were found to nucleate effi-
ciently in combination with sulfuric acid via acid-base-stabilization (Kirkby
et al.| (2011), Kirten et al|(2014)), and cattle are a known source of ammonia
(Behera et al|(2013)). Apart from that, biogenic organic substances have the
ability to nucleate and grow particles (see also project 5 and 6). We also wanted
to test our instrument’s ability to conduct field measurements and were curi-
ous if there would be any substances detected apart from what was expected.
We used our CI-APi-TOF with negative nitrate primary ions (Kirten et al.
(2014))), a PTR-MS, a set of particle counting instruments including CPCs, a
nDMA, an SMPS and OPC. Trace gas detectors for Oz, SOy, NO and NO5 were
installed and meteorological parameters were obtained by a weather station of
the German Weather Service DWD.

Several new particle formation events were observed, with formation rates (J; 7
and Jy5) of about 5 to 200 cm~3s™!, which is rather high for a rural area. Still
as to the variety of parameters, not one single source for the new particle
formation could be stated. The negative nitrate CI-APi-TOF showed its capa-
bility for sensitive ambient measurements of sulfuric acid, HOMs and amines.
For the first time also iodic acid, nitrosamine and ammonia could be detected
by this instrument. It therefore proved to be even more versatile than previ-
ously known.

This measurement campaign adds data points to the set of ambient observa-
tions. The observation of iodic acid in this area was unexpected and raises

new research question as to its source and transport.
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2.4 Characterization of the mass-dependent trans-
mission efficiency of a CIMS
(Heinritzi et al. (2016))
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Figure 2.13: Transmission efficiency dependant on the mass to charge ratio (a)
absolute transmission obtained by HR-DMA method and (b) relative trans-
mission efficiency obtained by the depletion method.

The CI-APi-TOF is a very capable tool not only for atmospheric science, and
scientific analysis very much depends on knowing the instrument’s behavior
in order to quantify the measured signals. Ideally, target substances are cal-
ibrated for, but there remains a huge variety of other substances where this
can not be done directly. The quantification of these depends on a) their ion-
ization efficiency in the ion source, and b) the fraction of ions that reach the
detector in the mass spectrometer itself. The latter phenomenon is targeted
in this study. In our case, the negative nitrate CI-APi-TOF used in our group

is calibrated for sulfuric acid (Kiirten et al.| (2012))), and it can be assumed
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that the target substance class of HOMs with six or more oxygen atoms have a
similar ionization efficiency (Ehn et al.| (2014)). Thus, knowing the difference
in transmission efficiency between calibrated substance and target substance
allows better quantification of the HOMs.

We compared two methods to characterize the mass discrimination effects in
our mass spectrometer. I) An absolute method using a HR-DMA (Steiner
et al., (2010)), Fernandez de la Mora and Kozlowski| (2013)). Here, a known
concentration of ions of a certain m/z ratio is introduced to the mass spec-
trometer and related to the detected signal. An electrospray source produces
the ion clusters, a HR-DMA selects different sizes in the desired mass range in
succession. Then the flow is split towards an electrometer as reference counter
and towards the mass spectrometer. The ratio of the signals in the mass spec-
trometer and the electrometer gives the absolute transmission for the mass
range in question. This method is performed with and without the mass spec-
trometer’s ion source. II) A relative method using depletion of the primary
ions. A substance is introduced into the CI-APi-TOF in an excessive amount
so that the primary ions are significantly depleted. The charge provided by
the primary ions is thus shifted to the m/z region of the substance’s product
ions. As the total amount of charge is constant in the ion source, comparison
of the change in primary ion signals to product ion signals yields their relative
transmission efficiency. By using several substances, the whole desired m/z
range can be covered. A similar approach was used for PTR-MS before, but
for the CI-APi-TOF the suitable substances cluster and are detected on more
than one m/z peak, which is addressed by a statistical analysis.

The first method has the advantage that it characterizes the absolute trans-
mission efficiency and thus can also be used to optimize the sensitivity by
varying the mass spectrometer’s voltage settings. The second method how-
ever, is quick and easy to perform as it has a simple setup in which no further
instrumentation is needed. More important, the CI-APi-TOF including its ion
source is characterized in the same setting as when used for the analyte: By
using neutral substances and charging them in the ion source.

We obtained the relative transmission efficiency function and found that it
changes significantly over the m/z range. Especially in the range up to 500 Th,
where many HOMs are detected, it increases by a factor of 5, followed by a
less steep decrease towards higher masses. The curve produced by the abso-
lute method, which has a maximum of 1.5%, shows a different shape and a

shift of the maximum position towards lower m/z. This suggests that not only
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the mass spectrometer itself has mass dependent transmission efficiency, but
also the ion source has non-negligible mass discrimination effects. Therefore
the depletion method for obtaining the relative transmission efficiency is more
suitable for this purpose.

This study provides an easy way to estimate the mass dependent transmission
efficiency of a CIMS and thus improves the quantification of substances that
can not be directly calibrated for. The method can not only be applied to
negative nitrate CI-APi-TOFs, but also to instruments with different reagent

ions by selecting appropriate depleting substances.

2.5 lIon-induced nucleation of pure biogenic par-

ticles
(Kirkby et al. (2016))
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Figure 2.14: Pure biogenic formation rates versus HOM concentration. For
low HOM concentrations, the charge significantly enhances the new particle
formation (natural charge by galactic cosmic rays=GCR in comparison to neu-
tral=n), whereas for high HOM concentrations, the formation rates converge.
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It was previously thought that sulfuric acid is the necessary key compound
for new particle formation. For pristine environments and the preindustrial
climate, there is little sulfuric acid pollution but potentially more biogenic
organic substances emitted from plants. The question arises if these organic
compounds or their reaction products are also able to nucleate on their own
without the presence of sulfuric acid.

The CLOUD collaboration for the first time had the possibility to investigate
this, as on the one hand the chamber was very clean and on the other hand
we had instruments that are sensitive enough to exclude contamination with
e.g. sulfuric acid.

We introduced alpha-pinene and ozone into the CLOUD chamber with and
without the presence of ions, and in different concentrations. HOMs were
formed by alpha-pinene ozonolysis. A set of instruments measured the rele-
vant parameters, e.g. sulfuric acid and HOMs were measured with a negative
nitrate CI-APi-TOF, alpha-pinene was measured by a PTR-MS and the par-
ticle population was characterized by a set of counters.

We found that HOMs can indeed nucleate on their own and that the bind-
ing agent is charge. An atmospherically relevant HOM concentration range of
105 — 10® ecm ™3 was spanned, resulting in nucleation rates of 107! — 10! cm=3s~!
which are comparable to atmospheric occurrences. At lower concentrations,
the nucleating rate depends strongly on the presence of ions, e.g. for HOM
= 107 cm~3, it differs by two orders of magnitude. The reason for this is the
stabilization of clusters by charge. In the contrary, for higher HOM concentra-
tions, the nucleation rates for neutral and charged conditions almost converge,
as the number of ions is limited by the incoming galactic cosmic rays producing
them. Thus the number of charge-stabilized clusters is not any more limited by
the HOM concentration, but by the availability of charge. These results were
also verified by quantum chemical calculations of the cluster binding energies.
The discovery of the ion-induced pure biogenic nucleation is a significant im-
provement in the understanding of new particle formation processes. The
results of this project and the follow-up project 6 (Trostl et al. (2016)), could
directly be implemented in the global aerosol model GLOMAP (Gordon et al.
(2016)), Mann et al.| (2010))) and are helping to estimate the particle concentra-
tions in pristine environments and in the preindustrial climate. The GLOMAP
model reveals that the additional new particle formation process impacts es-
pecially our understanding of the preindustrial period, where measurements

are not possible any more and it needs to be relied on models. The model
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including pure biogenic nucleation shows higher preindustrial particle concen-
trations and thus in combination with a given temperature difference between
then and the present helps to reduce uncertainty on other climate parameters

as for example greenhouse gases.

2.6 The role of low-volatility organic compounds
in initial particle growth in the atmosphere
(Trostl et al. (2016))
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Figure 2.15: Growth rates as a function of diameter. Calculated volatilities
(log(C*)) of the measured HOMs show that with increasing size, more and
more substances contribute to particle growth.

Following up on project 5 (Kirkby et al. (2016)), the next step from freshly
nucleated particles to CCN is growth in the small size range. Atmospheric
observations show that the growth accelerates significantly between 1 — 10 nm
(Kulmala et al.| (2013), Kuang et al.| (2012))), but it can not be explained by
sulfuric acid alone. Also, in this size range, the losses due to coagulation with
larger particles are highest, so that a high growth rate is necessary to get a
significant fraction of particles to reach CCN size (Lehtinen et al.| (2007)). The

question arises in how far organic substances are able to grow new particles
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and at which sizes which kind of substances can condense and thus drive the
growth. We used the same experiments as in project 5, with products from
alpha-pinene ozonolysis as biogenic organic substances. The SIMPOL model
(Pankow and Asher| (2008)) was used to estimate the volatility of the sub-
stances from their atomic composition and assumed structure.

We found that the biogenic vapors are indeed able to grow the particles sig-
nificantly. At low sizes, substances of extremely low volatility (ELVOCs) with
saturation concentrations lower than 10™*% ug cm™ condense and as the par-
ticles grow, the Kelvin effect allows more and more volatile substances to
contribute (LVOCs, 107%% — 107%® ygem™3). Also, in this chemical system,
low volatile organic compounds (LVOCs) are more abundant than ELVOCs, as
60% of HOMs are LVOCs whereas only 36% are ELVOCs. The contribution of
LVOCs to growth leads to an increase of the growth rate with size. Considering
these findings in the global aerosol model GLOMAP (Mann et al. (2010))) leads
to a substantial change in CCN concentration. Compared to not considering
organics, our parametrization yields up to 50% increase in CCN concentration,
depending on the region. Conversely, assuming all organics would contribute
to the growth from the start gives 50% higher CCN concentrations than our
parametrization. Therefore our new findings have a significant positive impact

on the quality of global aerosol modeling.
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2.7 Rapid growth of organic aerosol nanopar-
ticles over a wide tropospheric tempera-
ture range
(Stolzenburg et al. (2018))
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Figure 2.16: Growth rates as a function of diameter for three different temper-
atures. For this comparison, volatilities log (C*) are calculated for a constant
temperature so that a given molecule is attributed one volatility. With in-
creasing temperature, the formation of higher oxidized molecules (dark green)
is favored. With decreasing temperature, also less oxidized HOMSs (light green)
are capable to grow the small particles, so that the observed growth rates are
almost constant over temperature.

The ability of biogenic organic molecules to grow particles in the low size range

was shown in project 6 (Trostl et al.| (2016)). However, these experiments were

all conducted at the temperature of +5°C. In the current project, we stud-

ied the temperature dependence of that growth. We assessed the change in
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growth rate and which substances contribute to growth over a broad range of
tropospheric temperatures (—25 °C, +5 °C and 425 °C).

We once more conducted experiments of alpha-pinene ozonolysis in the CLOUD
chamber, but with an upgraded set of instrumentation and analysis methods
compared to projects 5 and 6. An advanced set of size-resolved counting in-
struments was combined to provide a particle number size distribution from
1.8 to 65 nm. In the range of special interest (1.8 to 8 nm), where the growth
rate changes rapidly, a DMA train (Stolzenburg et al.| (2017)) performed pre-
cision measurements on multiple channels. For the gas-phase measurements
of HOMs, we combined a PTR-MS and a negative nitrate CI-APi-TOF to
cover a broad range of oxidation states and thus volatilities, as the sensi-
tivity of the PTR is highest for lower oxidation states whereas the negative
nitrate chemical ionization is optimized for higher oxidation states. We were
thus able to measure biogenic organics with saturation vapor pressures from
107%t0 10" pugem=3. Additionally, we were able to analyze the chemical com-
position of the particle-phase with a negative iodide FIGAERO (Lopez —Hil-
fiker et al.| (2014)).

We found the growth driven by biogenic organics to be very efficient over
the whole temperature range. There are two opposing effects: On the one
hand, with increasing temperature, the formation of higher oxidized molecules
is favored. These higher oxidation states lead to a lower volatility and thus
increased ability to condense on smaller particles. On the other hand, with
decreasing temperature, the volatility of a given substance decreases, so that
also less oxidized molecules are capable to grow the small particles. The com-
bination of these two effects leads to almost constant growth rates over tem-
perature. As in Trostl et al.| (2016), we also found the growth rate to increase
steeply in the size range from 1 to 10 nm. The measured growth rates could
be reproduced by a model. This project completes what we started in project
5 (Kirkby et al. (2016))) and project 6 (Trostl et al| (2016))), as it explains
the accelerated growth of particles from 1 to 10 nm despite the coagulation
sink, and enables global models to parametrize the growth of freshly nucleated

particles by biogenic vapors over a wide temperature range.
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2.8 Molecular understanding of the suppres-

sion of new-particle formation by isoprene

(Heinritzi et al. (2018))
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Figure 2.17: Proposed mechanism for the interference of isoprene in alpha-
pinene oxidation chemistry. The peroxy-radicals (ROg) of both isoprene and
alpha-pinene compete for reaction partners. Thus, in the presence of isoprene,
smaller HOMs are formed, which are too volatile to contribute to the very first
steps of nucleation and growth.

After exploring the chemical system of alpha-pinene, we investigated the effect
of adding isoprene. Isoprene has the highest global emissions of all biogenic va-
pors and was observed to suppress new particle formation, yet the mechanism
behind that remained unclear. We used the CLOUD chamber to perform new
particle formation experiments with alpha-pinene and ozone with and without
isoprene. Two different temperatures in the atmospherically relevant range
were used (+5°C and +25°C). We detected the HOMs with our negative
nitrate CI-APi-TOF. A set of size-resolved counting instruments, including
PSMs and the DMA-train (see also project 7) were used to determine the nu-
cleation and growth rates.

We found the mechanism how isoprene suppresses new particle formation from
alpha-pinene to be in the competition of oxidation products: Both alpha-
pinene (a Cjp molecule), and isoprene (a Cs molecule), form peroxy-radicals

(RO,), that then terminate to HOMs. For alpha-pinene alone, C;g monomers
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and Cyg dimers are formed. When isoprene is added, it forms its C5 monomers
and Cjg dimers. But additionally, the isoprene-related peroxy-radicals react
with the alpha-pinene related peroxy-radicals to C;5; HOMs. This additional
termination channel reduces the availiability of alpha-pinene related peroxy-
radicals for the formation of Cyy. There is thus a competition that reduces
the amount of Cyg produced. In the HOM spectrum, we observed that the
addition of isorene leads to the appearance of Ci5 molecules and reduction of
Cqo molecules.

At the same time, we observed the nucleation and early growth below ~ 3.2 nm
to decrease significantly in the presence of isoprene. We thus find that it is the
Cy9 HOMs that are needed for the first steps of nucleation and growth. The
Ci5 HOMs, as the Cyg and Cs, do contribute to growth from 3.2 nm, but not
to the initial nucleation. This confirms their higher vapor pressure compared
to the Cyy.

The presence of isoprene leads to a reduction of formation and growth rate
both at 5 °C and 425 °C. At warmer temperature of +25 °C, the growth rate
reduction is more pronounced, as the vapor pressure increases with tempera-
ture, thus the absolute value of growth rates are lower, the particles remain
longer in the crucial size range and thus the process is more prone to losses.
Additionally, we found a dependance on UV light. The peroxy-radicals from
alpha-pinene and isoprene are formed both by ozonolysis and by OH radi-
cals. While ozonolysis is the predominant channel for peroxy-radical formation
from alpha-pinene, reaction with OH is favoured for isoprene. UV light sup-
plies more OH, which benefits the formation of isoprene related peroxy-radicals
more than the alpha-pinene related. Therefore the competing situation is more
favored towards the isoprene products which enhances the suppression effect

of isoprene on new particle formation.
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3 | Personal Contribution to the

Projects

All my projects were to some extend a team effort. This section outlines which

role I had in each project and what my personal contribution was.

Project 1 is the development of the TD-DMA. This was my main project. I
was the project leader and main developer. I was planning and executing the
development and supervised the development team. At different times, the
multidisciplinary team consisted of master students, bachelor students, stu-
dent assistants, electrical engineering technicians and precision mechanics. I
designed the instrument and made the technical drawings. I wrote the control
software and together with our electronic workshop designed the electronic
control unit. Together with my students I assembled the instrument, tested
it and performed the characterization measurements. All development was in
several iterations. I co-planned an instrument test campaign at the CLOUD
chamber. Together with my team I performed measurements at the chamber.

I analyzed the data, made the figures and wrote the manuscript.

Project 2 is the characterization of aerosol emitted by a skyscraper blast-
ing. I led this project. I organized the measurement weekend, personnel and
instrument set. Together with my team I set up the instruments and took the
data. I analyzed the data of the CPC, SMPS, OPC, APS and weather station.
The sediment samples were analyzed by an external company and the SEM
and EDX analysis by a collaborating institute. I put these measurement in
context and combined the data from all instruments to an integral analysis.
I interpreted the data and led the discussion with my coauthors. I made all
figures and wrote the manuscript. I helped to inform the public about the

scientific side of the event by giving interviews to several journalists.
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Project 3 was an ambient measurement campaign in a rural central European
area. | was responsible for the particle instruments. 1 set up the sizing and
counting instruments and maintained them. After the campaign I planned and
supervised the calibration of the nDMA. Together with the team I set up the
negative nitrate CI-APi-TOF. I was involved in the discussion of the results

and commented on the manuscript.

Project 4 is the characterization of the mass dependent transmission effi-
ciency of a CIMS. It is one of the key areas of expertise of our group to have
our instruments well-calibrated. 1 was involved in the development of the
measurement method and of the technical execution. I contributed to the dis-

cussion of the data and to writing the manuscript.

Projects 5 and 6 describe for the first time new particle formation from
purely biogenic precursors. Project 5 is about the initial nucleation and project
6 about the subsequent growth, and they are based on the same measurements.
These big projects only became possible as a highly collaborative effort from
several institutes. In a small team I set up, characterized and ran the negative
nitrate CI-APi-TOF, which provided the key measurements of sulfuric acid and
HOMs for both publications. I contributed to executing the experiments and
was involved in the discussion of the data during and after the campaign. I con-

tributed to the quantification of HOM data and commented on the manuscript.

Project 7 is about the temperature dependence of particle growth from bio-
genic organics. My contribution was mainly on the mass spectrometric side:
I prepared the negative nitrate CI-APi-TOF, conducted measurements and
discussed the HOM gas-phase data. Furthermore, I deployed the TD-DMA
(project 1) to measure the chemical composition of the particle-phase. I ana-
lyzed this data, although it was not included in the manuscript in the end it
supported and confirmed the understanding of the particle-phase composition.
I was closely involved in the discussion on the particle-phase mass spectrome-

ter data. I commented on the manuscript.

Project 8 is about how isoprene suppresses biogenic organic new particle
formation. I was in the core planning team (three members in total) of the

isoprene experiments in CLOUD10 and executed them. These measurements
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could not be used due to contamination issues but were necessary to achieve
good data quality in the following campaigns, which are the database for this
project. I set up and maintained the key instrument of this project, the nega-
tive nitrate CI-APi-TOF, in a small team. I convoyed the analysis of the data
and contributed to the discussion and development of the story. I contributed

to writing the manuscript.
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4.1 Size-resolved online chemical analysis of
nanoaerosol particles: a thermal desorp-
tion differential mobility analyzer coupled
to a chemical ionization time-of-flight mass

spectrometer
(Wagner et al. (2018))
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Abstract. A new method for size-resolved chemical analysis
of nucleation mode aerosol particles (size range from ~ 10
to ~ 30nm) is presented. The Thermal Desorption Differen-
tial Mobility Analyzer (TD-DMA) uses an online, discontin-
uous principle. The particles are charged, a specific size is se-
lected by differential mobility analysis and they are collected
on a filament by electrostatic precipitation. Subsequently, the
sampled mass is evaporated in a clean carrier gas and ana-
lyzed by a chemical ionization mass spectrometer. Gas-phase
measurements are performed with the same mass spectrom-
eter during the sampling of particles. The characterization
shows reproducible results, with a particle size resolution of
1.19 and the transmission efficiency for 15 nm particles being
slightly above 50 %. The signal from the evaporation of a test
substance can be detected starting from 0.01 ng and shows a
linear response in the mass spectrometer. Instrument opera-
tion in the range of pgm~3 is demonstrated by an example
measurement of 15 nm particles produced by nucleation from
dimethylamine, sulfuric acid and water.

1 Introduction

Aerosol particles play an important role in the earth’s cli-
mate. They influence the radiative budget directly by scatter-
ing and absorbing solar radiation, and indirectly by chang-
ing cloud properties such as albedo and lifetime. In cli-
mate models, these interactions are still the largest source

of uncertainty (Core Writing Team et al., 2007; Fuzzi et al.,
2015). Aerosol particles also affect air quality and human
health. Depending on their size and shape, they can pro-
trude deep into the lungs (Kreyling et al., 2006) and even
enter the bloodstream (Nel, 2005), causing problems such as
ischemic stroke (Wellenius et al., 2012), premature mortal-
ity (Lelieveld et al., 2015) and many others (e.g., Pope and
Dockery, 2006; Donaldson and Borm, 2006).

A large fraction of atmospheric aerosol particles origi-
nates from new particle formation (Merikanto et al., 2009;
Dunne et al., 2016). Several major formation mechanisms
have already been subject of intense research (Hallquist et
al., 2009; Zhang et al., 2012; Kulmala et al., 2014; Kirkby
et al., 2016), yet various reaction pathways and processes re-
main unknown. The newly formed particles need to grow to
a certain size (~ 50-100nm) to act as cloud condensation
nuclei (e.g., Hallquist et al., 2009; Riccobono et al., 2012;
Vehkaméki and Riipinen, 2012; Trostl et al., 2016; Lehtipalo
et al., 2016). In order to better understand the nucleation and
subsequent growth to cloud condensation nuclei (CCN), the
condensing vapors, the freshly nucleated small particles, as
well as the larger particles need to be chemically speciated
and quantified.

For the analysis of atmospherically relevant nucleation
precursors, chemical ionization mass spectrometry is quite
commonly used. Depending on the target analyte, the pri-
mary ion is chosen. Prominent examples include the proton
transfer reaction technique using hydronium ions (Hansel et
al., 1995; Graus et al., 2010; Breitenlechner et al., 2017),

Published by Copernicus Publications on behalf of the European Geosciences Union.
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successfully targeting volatile organic compounds or nega-
tively charged nitrate ions for the detection of sulfuric acid
(Eisele and Tanner, 1993; Kiirten et al., 2011; Jokinen et al.,
2012), the class of extremely low volatile organic compounds
(ELVOCs) (Ehn et al., 2014) and clusters of sulfuric acid and
dimethylamine (Kiirten et al., 2014).

Particles that have already grown to larger sizes are fre-
quently analyzed by the well-established technologies of the
aerosol mass spectrometer (AMS) (Jayne et al., 2000; Zhang
et al., 2011) and single particle mass spectrometry (Noble
and Prather, 2000; Bzdek et al., 2012). The chemical compo-
sition of particles, however, changes with size, and obtaining
detailed chemical information about smaller particles is very
challenging as they have an extremely low mass.

To close the gap between the measurement of gas-phase
and larger particles, a number of interesting techniques have
emerged in the past few years. Only a few instruments are
capable of analyzing sub-30 nm particles. They can be dis-
tinguished based on the following main criteria (see Table 1):
(1) a discontinuous principle to enrich the analyte vs. contin-
uous measurements, (2) size-resolved methods vs. integral
sampling methods, (3) particle evaporation method, e.g., by
thermal desorption or laser evaporation, and (4) ability to an-
alyze gas and particle phase vs. only particle phase.

The nanoaerosol mass spectrometer (NAMS) (Wang et
al., 2006) is a single particle mass spectrometer for small
particles and uses a continuous principle. It consists of an
aerodynamic lens, ion guide and quadrupole ion trap with
laser evaporization. The Volatile Aerosol Component Ana-
lyzer (VACA) (Curtius et al., 1998; Arnold et al., 1998; Cur-
tius and Arnold, 2001) is able to continuously measure sul-
furic acid in sub-30nm particles in aircraft plumes, where
gas-phase concentrations are much lower than particle-phase
concentrations. The thermal desorption chemical ionization
mass spectrometer (TDCIMS) (Voisin et al., 2003; Smith et
al., 2004; McMurry et al., 2009) is a size-resolved method
collecting particles electrostatically and using thermal des-
orption to measure the particle-phase composition. It has pro-
vided important insights to several chemical systems includ-
ing aerosol from marine environments (Lawler et al., 2014),
and has even been able to perform size-resolved measure-
ments for extremely small particle sizes of 8—10 nm (Smith
et al., 2010). The aerosol mass spectrometer from Laitinen
et al. (2009) precipitates particles on a platinum surface and
emits them by laser ablation. It has been used for organic
compounds in the size range of 10 to 50nm (Laitinen et
al., 2011). Two other size selective techniques using thermal
desorption are the devices by Phares and Collier (2010) and
the CaCHUP by Gonser and Held (2013). The Filter Inlet
for Gases and AEROsols (FIGAERO) (Lopez-Hilfiker et al.,
2014) is a bulk-phase filter sampler using thermal desorption.
Although it does not provide size-resolved information, it is
able to measure both gas and particle phase and thus to in-
vestigate partitioning effects (Lopez-Hilfiker et al., 2015). A
new technique for the discontinuous particle-phase analysis

Atmos. Meas. Tech., 11, 5489-5506, 2018

is the Electrostatical Precipitation Electrospray Mass Spec-
trometer (EP-ESI-MS) from He et al. (2015). Particles are
charged and electrostatically collected. Thereafter, the ma-
terial is brought to the gas phase and softly ionized at the
same time by using the collection surface as an electrospray
tip. The Droplet Assisted Inlet Ionization (DAII) (Horan et
al., 2017) condenses water on particles and rapidly evapo-
rates them in a heated inlet. It is a continuous method and
has proven the ability to measure test particles as small as
13 nm. A more detailed discussion is given in Sect. 6.2.

In this study, we present our novel device for the online
chemical analysis of nucleation and Aitken mode particles.
The Thermal Desorption — Differential Mobility Analyzer
(TD-DMA) is capable of measuring in a size-resolved and in-
tegral setting. It allows taking gas-phase measurements with
the same mass spectrometer. As a mobile interface, it can
be combined with different mass spectrometers or other real-
time gas-phase analyzers.

Here, the instrument is described (Sect. 2), followed by
a detailed characterization (Sect. 3) comprising the DMA
unit’s transmission efficiency, the particle collection effi-
ciency, the filament temperature and the reproducibility
of the evaporation process. The measurement procedure
(Sect. 4) is specified, including determination of the back-
ground and an exemplary measurement of 15nm particles.
Lastly, the signal is quantified (Sect. 5) and the results are
discussed (Sect. 6), closing with a short summary (Sect. 7).

2 Instrument description

The TD-DMA is designed for size-resolved chemical anal-
ysis of nanometer sized aerosol particles. The particles are
charged, a specific size is selected and they are electrostati-
cally collected on a filament. Subsequently, the sampled mass
is evaporated in a clean carrier gas to be analyzed by a detec-
tor, e.g., a mass spectrometer. In this way, the particle phase
is efficiently separated from the gas phase and the concen-
tration is enhanced to meet the detection limit of the ana-
lyzer. The coupling between TD-DMA and detector allows
for gas-phase measurements during particle sample collec-
tion periods. This enables an existing gas-phase analyzer to
measure the particle phase as well without the requirements
of cost and space for a second analyzer. Only a small frac-
tion of the gas-phase measurement time is lost when it is in-
terrupted by the short evaporation period for the particles.
The chemical composition of gas and particle phase can be
compared directly without the need to consider instrumental
differences in, e.g., ionization and characteristics of the mass
spectrometer, as would be the case when using two separate
instruments. This modular concept allows obtaining a broad
picture of both particle and gas-phase chemical composition
and to observe the condensation, reactive uptake and parti-
tioning of the analyzed substances.

www.atmos-meas-tech.net/11/5489/2018/
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Table 1. Instruments capable of chemical analysis of sub-30 nm particles. For interpretation of the parameters, see the discussion Sect. 6.2,
and for references to later work on the individual instruments, see the introduction Sect. 1.

Method First Size se- Continuous or Evaporation Phase(s) Minimum mass Minimum Smallest de-
reference lective discontinuous method measured concentration analyte  detectable mass tected parti-
aerosol [pg m_3] [pg] cle size
VACA Curtius et no continuous thermal gas & ~33x10° pg m3 n/a n/a
al. (1998) desorption particle? sulfuric acid
TDCIMS Voisin et al. yes discontinuous thermal particle n/a e.g., 1-5pg 8-10nm
(2003) desorption ammonium sulfate
NAMS Wang et al. yes continuous laser particle n/a n/a ~7-10nm
(2006) ablation
Aerosol MS  Laitinen et yes discontinuous laser particle n/a n/a 10 nm
al. (2009) ablation
Aerosol inlet  Phares and yes discontinuous thermal particle n/a n/a n/a
Collier (2010) desorption
CAChUP Gonser and yes discontinuous thermal particle n/a 0.5-5 x 103 pg 25 nm
Held (2013) desorption camphene
FIGAERO Lopez- no discontinuous thermal gas & e.g., 5b 1 60° pg m3 e.g., 1% 1 40¢ pg n/a
Hilfiker et desorption particle C1oH40g C1oH140g
al. (2014) 1690° 1900¢ pgm™3  170° | 630° pg
CoH1404 CoH1404
EP-ESI-MS  Heetal. no discontinuous  electrospray  particle 109 pgm—3 ~2x 103 pg n/a
(2015) cesium iodide
~2x10* pg
levoglucosan
DAII Horan et al. no continuous heating particle 10° pg m3 n/a 13nm
(2017) polypropylene glycol
TD-DMA this work yes discontinuous thermal gas & 27pg m~3 for all 10pg 15nm
desorption particle sizes sulfuric acid

811pg m~3 for
15 nm sulfuric acid

2 Not separated, b chamber study, © ambient study; n/a: not applicable or not specified.

The TD-DMA is a stand-alone instrument that can be at-
tached to any existing technique suitable for real-time chemi-
cal analysis of gas-phase compounds. In this case, individual
compounds relevant for nucleation and early growth of atmo-
spheric nanoaerosol particles should be measured. For this
we used a chemical ionization atmospheric pressure interface
time-of-flight (CI-APi-TOF) mass spectrometer with nega-
tive nitrate primary ions generated by a corona ion source
(Kiirten et al., 2011). This technique is specialized for the
detection of sulfuric acid, amines and highly oxygenated
organic molecules (HOMs) (Kiirten et al., 2014; Simon et
al., 2016; Kirkby et al., 2016), and calibrated for its inter-
nal transmission efficiency (Heinritzi et al., 2016) as well as
for its detection efficiency regarding the sulfuric acid con-
centration (Kiirten et al., 2012). For the gas-phase measure-
ment, the removal of aerosol particles by, e.g., a filter is not
required. As the inlet line and ion source are at the same
temperature as the analyte aerosol, and the gas composition
surrounding the particles is unchanged, the particles do not
evaporate significantly on their way to the mass spectrome-

www.atmos-meas-tech.net/11/5489/2018/

ter and thus are not detected during gas-phase measurements.
On the contrary, applying a particle filter would influence the
gas-phase measurement negatively as a significant fraction
of the gas-phase analyte, especially sulfuric acid or highly
oxygenated organics of low volatility, would adsorb on the
filter.

2.1 Setup and measurement procedure

Before a more detailed technical description of the TD-DMA
is given (Sect. 2.2), an overview of the measurement proce-
dure shall be provided. The measurement procedure is dis-
continuous and is performed in two steps as follows: the first
step is the collection of particles (see Fig. 1a). The analyte
aerosol passes through a charger, where a charge equilibrium
is established. A core sampling system, where the analyte
is isokinetically sampled from the center of a larger tube,
is used to reduce losses in the inlet line (e.g., Wimmer et
al., 2015). The aerosol then enters the DMA unit of the TD-
DMA. The gas phase of the analyte aerosol is removed by

Atmos. Meas. Tech., 11, 5489-5506, 2018
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Figure 1. Measurement setup of the TD-DMA with step (a) collection, and (b) evaporation. Filled valves correspond to closed, unfilled ones
to open. In step (a), particles (blue) from the aerosol sample are charged, size selected and collected on a filament (red) inside the DMA unit
(yellow). In step (b), the filament is moved in front of a mass spectrometer and the collected material is evaporated and analyzed.

the pure nitrogen sheath gas, which is controlled in a non-
recirculating way. Charged particles are attracted towards the
central electrode and a well-defined size enters the selection
slit. A platinum filament is placed inside the central elec-
trode. It is only exposed to pure nitrogen from the sheath gas
and samples the preselected particles by electrostatic precip-
itation. The position of the filament inside the central elec-
trode implements the collection of particles directly after
classification and thereby minimizes losses. While the sam-
pling takes place, the mass spectrometer is used to measure
the gas-phase chemical composition of the analyte aerosol
through a separate sampling line. It is also possible to collect
the whole size distribution by turning off the DMA'’s sheath
flow (see also Sects. 4 and 6).

Once enough particle mass is collected on the filament, the
second step begins (see Fig. 1b). The inlet line of the mass
spectrometer is flushed with ultrapure nitrogen. Another out-
let in the inlet line works as a virtual valve that flushes out the
excess nitrogen added to the sampling line while maintaining
a flow of air into the sampling line. This prevents contamina-
tion of the reservoir where the sample gas is taken from and
also keeps the sample gas flow rate constant, which is impor-
tant for chamber or flow tube experiments. The filament is
then moved into the mass spectrometer’s inlet line. An elec-
trical current is sent through the filament, which is thereby

Atmos. Meas. Tech., 11, 5489-5506, 2018

heated. The sampled particles evaporate and the vapor is an-
alyzed by the mass spectrometer.

2.2 Instrument details

The main part of the TD-DMA system is the in-house devel-
oped DMA unit, where the particle size selection and collec-
tion takes place. The charger is a soft X-ray diffusion charger
(TSI 3088; Tigges et al., 2015). A linear feedthrough (MDC
vacuum, 152.4 mm maximum travel distance) and a stepper
motor are used to translate a ceramic rod with the collec-
tion filament from its collection position to its evaporation
position and back. An in-house built electronic control unit
allows the precise control of all parameters, i.e., flow rates,
valve positions, high voltages and the heating current for the
filament. In the collection mode, the unit supplies the DMA
central electrode and filament with the required positive high
voltages via safe high-voltage (SHV) connectors and cables.
In the evaporation mode, the filament is operated with a de-
fined heating current that can be ramped as a function of
time to increase the evaporation temperature stepwise (up
to about 600°C). The mass flow controllers and magnetic
valves enable software controlled adjustment of the flows for
the aerosol, sheath gas, carrier gas and virtual valve. Further
magnetic valves are used to completely shut-off or redirect
flows when necessary, e.g., during the evaporation. Two au-
tomated ball valves (Grotec OSE-M) allow for separation of

www.atmos-meas-tech.net/11/5489/2018/
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the TD-DMA from the gas-phase measurement during sam-
pling mode as well as closing the aerosol inlet during evap-
oration mode (Fig. 1). The stepper motor moving the linear
feedthrough and filament is also controlled by the electronic
unit. PC control of the electronics is realized by means of
USB data acquisition boards (Meilhaus 1608 and 3103) and
a LabVIEW software program.

The DMA unit (see Fig. 2) is designed to collect a maxi-
mum amount of particulate mass for a defined diameter. Its
characteristics are determined by the dimensions as well as
the sheath and aerosol flow rates. The amount of collected
particles is maximized when the transmission efficiency is
high. Also, increasing the aerosol flow rate leads to an in-
crease in collected mass for constant transmission efficiency.
Therefore, we chose the maximum possible aerosol flow rate
for the dimensions of the DMA unit, 3 standard liters per
minute (slpm). As the overall number of selected particles is
higher when the size resolution of the DMA is low, a low
size resolution and thus low sheath flow rate is beneficial in
this case. However, the size resolution still needs to be high
enough to warrant size selection and at values of the sheath
flow rate that are too low, the DMA will not work anymore.
With a sheath flow of 5 slpm, as much particle mass as possi-
ble is collected while still allowing sufficient size selection.
The DMA has a cylindrical geometry (Reischl et al., 1997,
Chen et al., 1998) with a positive high voltage on the central
electrode (1) and ground potential on the outer electrode. The
DMA’s inner radius is 15 mm, the outer radius is 20 mm and
the classification length is 15 mm. The collection of particles
on the filament takes place inside the central electrode (2). In
this way, losses are minimized as the transfer lines are very
short and the particles do not need to overcome an additional
voltage step (from high voltage to ground potential) because
they do not need to leave the DMA (Franchin et al., 2016).
In order to position the filament, the central electrode has
a through-hole in its center (3, 4) through which a ceramic
rod is inserted. The rod carries two thick copper wires with
a short piece of platinum wire spot-welded to both of their
ends. The electrical resistance of the thin platinum wire is
high compared to that of the remaining system. Thus, when a
current is applied, a voltage drop occurs mainly across the fil-
ament. The deposited energy leads to heating and desorption
of the particle material. Electronic relays suitable for high-
voltage operation are used to disconnect the wires from the
current source during collection mode; in this mode a third
relay is used to apply a positive high voltage to the wires
for electrostatic particle collection. While the opening in the
first part (3, towards the linear feedthrough) of the central
electrode is just large enough to center the ceramic rod while
allowing for its axial movement, the through-hole in the sec-
ond part (4, towards the DMA exit) is larger to allow mov-
ing the filament smoothly towards the sampling line of the
mass spectrometer. The outlet is closed by a ball valve dur-
ing collection mode and is only opened when the filament is
positioned in the CI-APi-TOF sampling line. In this mode,
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140 mm

80 mm

Figure 2. Schematic quarter section of the DMA unit of the TD-
DMA with (1) central electrode, (2) collection area, (3) inlet for the
filament, (4) outlet for the filament, (5) sheath flow inlet, (6) sheath
flow outlet, (7) tissue for laminarizing the sheath low, (8) selec-
tion area, (9) aerosol inlet, (10) aerosol outlet, (11) SHV supplies
and (12) spacer plates. Conductive stainless steel parts are shown in
blue, isolating PEEK parts in yellow.

all other valves connected to the DMA are closed to avoid
gas leaking from the DMA into the sampling line or vice
versa. The shape of the collection area (2) is an attempt to
keep potential disturbances in the air flow small, while max-
imizing the distance between the filament and electrode to
avoid flashovers and leakage currents due to the electric field.
However, leakage currents could not be fully avoided (see
Sect. 3.2).

The DMA sheath flow is distributed in azimuthal direction
by introducing a pressure drop at the inlet (5) and outlet (6)
using a circular cavity and a total of 16 small drilled holes. To
achieve a laminar sheath flow, which is crucial for accurate
size selection, an evenly webbed tissue (7) is placed 20 mm
upstream of the selection area (8). The aerosol flow is intro-
duced into the selection area through a narrow slit (9) with a
design as recommended by Chen et al. (1998). The aerosol
outlet (10) has to be at the side and cannot be on the central
axis as this is used for moving the filament to its evapora-
tion position. In order to achieve an evenly distributed sam-
ple and outlet flow over the whole cross section of the in-
ner part of the central electrode, a small slit introducing a
pressure drop and two outlet connectors (separated by 180°)
are used. The losses in this slit do not matter as the parti-
cles are sampled upstream. However, the characterization of
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the DMA unit (see Sect. 3.1) is performed at the side outlets
to ensure the flow conditions are the same as for the actual
measurements. Therefore, note that the actual transmission
efficiencies at the filament position (i.e., the fraction of parti-
cles that reach the filament) are likely higher than determined
by the characterization measurements.

A positive high voltage is applied to the central electrode
by two SHV connectors (11) as this electrode is split into
two parts. Small spacers (12) allow changing the width of
the aerosol inlet, the selection slit and the outlet, respec-
tively. These spacers proved to be helpful for finding suit-
able distances for an appropriate transmission efficiency, res-
olution and sizing accuracy when first testing the DMA de-
sign. The material of the DMA is stainless steel for the
conductive parts (blue) and PEEK (polyether ether ketone)
for the insulating parts (yellow), as these materials are con-
sidered to be chemically inert to the substances present in
the aerosol sample. The full instrument (Fig. 10) measures
12cm x 12cm x 95 cm and weighs 13 kg.

3 Characterization

In this section, the general performance of the TD-DMA is
described based on characterization experiments in the lab-
oratory. These measurements are used to derive the sizing
accuracy, the DMA’s resolution as well as its transmission
and collection efficiency. Furthermore, application of defined
amounts of sulfuric acid on the filament yields information
on the detection limit of the TD-DMA in combination with
the CI-APi-TOF and on the linearity between signal and col-
lected mass.

3.1 DMA unit

The DMA unit is characterized in a tandem DMA setup
(Fig. 3). Ammonium nitrate particles are produced in a nebu-
lizer followed by a diffusion dryer. The particles are brought
into charge equilibrium by using a soft X-ray charger (TSI
model 3088, Tigges et al., 2015). A first DMA (Grimm
Aerosol Technik GmbH model 55-100, Jiang et al., 2011)
then selects particles of a defined electrical mobility and thus
corresponding size (if all particles are singly charged, which
is a valid assumption for sub-30 nm particles). This quasi-
monodisperse aerosol flow is subsequently split into two
flows. One flow enters the TD-DMA, after which a CPC (TSI
model 3776, Hermann et al., 2007) measures the number
concentration Nj, while the filament is removed. The other
flow is directly led into a CPC which serves as a reference
and measures the concentration N,. This method is based on
having identical counting efficiencies for both CPCs. There-
fore, the CPCs are characterized against each other for each
diameter using the same setup but without the TD-DMA, and
a corresponding correction factor is applied. The ratio of the
two measured concentrations yields the TD-DMA’s transmis-

Atmos. Meas. Tech., 11, 5489-5506, 2018

A. C. Wagner et al.: Size-resolved online chemical analysis of nanoaerosol particles

Nebulizer

Diffusion
dryer

|
| C Overflow

Soft x-ray
charger

= Grimm
55-100
DMA

17

wdjs 0z

-1
TSI 3776/ [TSI 3776
cPc1 || cpc2

Figure 3. Tandem DMA setup for the characterization of the TD-
DMA’s DMA unit.

sion efficiency 7:

=" 1
T(dp) = Ny )]
Note that the aerosol coming from the first DMA is
not strictly monodisperse; instead the DMA provides a
Gaussian-shaped size distribution. As in this case, the resolu-
tion of the first DMA is much higher than that of the second
DMA, Eq. (1) introduces only a small error; using the meth-
ods by Stolzenburg and McMurry (2008) this can be demon-
strated for the relevant sizes of the TD-DMA. At a fixed di-
ameter selected for the first DMA, the TD-DMA voltage is
varied. This method is repeated for six particle diameters dp,
ranging from 7.5 to 30nm. These measurements yield the
transmission efficiency curves (Fig. 4). The error bars for the
transmission efficiency are calculated using the statistical er-
ror of all individual measurements of the CPCs as well as
assuming systematic errors of 10 % as suggested by the man-
ufacturer (TSI Incorporated, 2007). The errors of the voltage
set by the TD-DMA control box originate from the high volt-
age module and are assumed to be 5 %. As the selection slit
of the TD-DMA has a non-infinitesimal width, the resulting
distribution is not singular but triangular to a first approxi-
mation. Particle diffusion distorts it further and results in a
Gaussian shaped curve (Stolzenburg and McMurry, 2008).
The experimental data points are fit by the Gaussian function

U-U 2
P p(‘(m) ) @
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Figure 4. Transmission efficiency of the TD-DMA for different diameters. The DMA unit is characterized in a tandem DMA setup.

where Tyax 1S the maximum transmission efficiency for each
diameter, HWHM is the half width at the half maximum of
the curve, and Uceneer is the voltage applied to the central
electrode to select the given particle size. In Fig. 5a, the fitted
voltage values from the measurement are displayed as a func-
tion of the mobility diameter. The theoretical curve is calcu-
lated from the dimensions of the DMA according to Stolzen-
burg and McMurry (2008) and Wang and Flagan (1990). The
curve fits best when corrected by a factor of 0.81. The reason
for this is unclear, but the factor is constant for all measure-
ments. The maximum transmission efficiency tmax for each
diameter is shown in Fig. 5b. For 15 nm particles, it is slightly
above 50 %. These values are used to estimate the collected
mass when sampling.

The resolution R is defined as the ratio of the electrical
mobility Z to the width of the transmission curve at half max-
imum with respect to electrical mobility (Zhang and Flagan,
1996; Flagan, 2008):

z

R=— " . A3)
2-HWHM

Deriving the electrical mobility from the diameter (Stolzen-
burg and McMurry, 2008; Hinds, 1999),
q - Cc(dp)

Zde) == @)
the abscissa can be transformed into mobility values, using
q the particle charge (for singly charged particles, g equals
one elementary charge), Cc the Cunningham slip correction
factor and 7 the viscosity of the fluid. The resolution can then
be derived using the fitted HWHM of the Gaussian curves.
The resolution vs. the diameter is displayed in Fig. 5, lower
panel, which shows a maximum value of 1.19.

With a resolution of 1.19 and a transmission efficiency
above 50% at 15nm particle size, the performance of
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Figure 5. Summary of DMA performance parameters. The DMA
is optimized for a coarse resolution and high transmission in order
to collect a maximum amount of particle mass while still allowing
size selection.

the TD-DMA is suitable for atmospheric field studies and
aerosol chamber investigations.
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3.2 Collection efficiency

The same tandem DMA setup as in Sect. 3.1 is also used
to characterize the collection efficiency of the filament as a
function of the particle diameter. For these measurements,
the first DMA and the TD-DMA are set to select the same
particle size. The filament voltage is increased to the max-
imum possible value without influencing the voltage on the
central electrode, which is also monitored continuously. Un-
fortunately, it is technically not possible to set the filament
voltage high enough to collect 100 % of the particles for all
tested particle sizes. The reason for this is most likely a leak
current along the surface of the ceramic rod and thus a trans-
fer of charge from filament to central electrode. Therefore,
the filament voltage is set as high as possible with some mar-
gin to avoid an influence on the DMA high voltage.

The ratio of the two measured concentrations corrected
with the DMA transmission efficiency equals the fraction of
particles that are not collected on the filament. The collection
efficiency is thus defined as

Ny 1

dp)=1-— _
n(dp) Ny T(dp)

(5)
with 7 (dp) being the transmission efficiency from Sect. 3.1.
The results are displayed in Fig. 6. The efficiency at which
the selected particles are collected on the filament decreases
with increasing size. As the flow velocity and the distance
between electrode and filament remain constant during the
sampling, the collection efficiency depends only on the par-
ticle electrical mobility for a given potential difference be-
tween filament and central electrode. However, the collection
efficiency is close to unity for all sizes up to 15 nm and above
50 % for sizes up to 30 nm, which can be regarded as the cur-
rent upper size limit of the TD-DMA. Therefore, it can be
claimed that the collection efficiency is sufficiently high for
the size range up to 30 nm, and the results can be corrected
with the experimentally determined values (see Sect. 5.1,
Eq. 11).

3.3 Filament temperature

In order to evaporate the sample in front of the mass spec-
trometer, the filament is heated. This is achieved by sending
an electric current through the wire. Due to the rather high
resistance of the filament, power is released and the filament
temperature increases. Also, the platinum changes its resis-
tance (Rfilament) due to the heating. This feature can be used
to estimate the filament temperature in a similar way as in
platinum thermometers such as Pt100. Here, it is not crucial
to know the temperature with high precision, nevertheless it
can be beneficial to determine it, e.g., in order to gain in-
formation about the volatilities of substances in an aerosol
sample.

The control unit of the TD-DMA monitors the voltage U
and current / across the filament. However, the circuit in the
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Figure 6. Collection efficiency depending on the particle size. Due
to the decreased electrical mobility, the required collection voltage
increases with particle size, which currently limits the collection
efficiency at larger sizes.

electronic control unit as well as the wires connecting the
filament also add to the total resistance:

U

7 = Rrilament (T) + RSystem- (6)
The filament resistance at room temperature (20 °C) is 0.4 €2.
Using this number together with the temperature dependent
resistance of platinum,

Reitamen: (T) = R (0°C) - (1+aT +5T2), )
with  a=3.9083x103QK™" and b=-5775%
1077 QK2 (International Electrotechnical Commis-

sion, 2008), R(0°C) can be derived. Then, by applying
very small currents that hardly warm the filament and
measuring the magnetic field resulting thereof with a current
clamp, one can estimate the resistance of the system as
Rsystem = (0.1£0.1) 2. With this information we can derive
the temperature 7" during all times of the evaporation process
by using the feedback voltage U and current /:

T, n= ®
a ( a )2 1 Rsystem + U
2b 2b b b-R(0°C) [I-R(0°C)-b
During standard operation, the filament is heated up to

350 °C for evaporating the sample and up to 600 °C for clean-
ing.

3.4 Sample mass calibration and reproducibility

Sample mass calibration tests relate evaporated mass to mass
spectrometer response. This method is used to test the evap-
oration method regarding its reproducibility and is required
for the signal quantification (see Sect. 5.2) and determination
of the detection limit. When installing the TD-DMA at the
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mass spectrometer, e.g., after transport, they are also used to
find the optimum filament position in front of the mass spec-
trometers ion source.

For the sample mass calibration experiments, a defined
amount of a test substance is deposited on the filament and
evaporated in front of the mass spectrometer. In this case,
a solution of sulfuric acid (H;SOy4) in water is used. After
reaction with the nitrate primary ions, this substance pro-
duces different ion signals (peaks) with the main contribu-
tion coming from clusters of sulfuric acid with the primary
ion monomer (H2SO4NOy) and bisulfate ions (HSO, ). Sul-
furic acid dimers (H2SO4HSO, ) as well as clusters of sulfu-
ric acid with the primary ion dimer (H,SO4HNO3NO53) are
also detected, but with a much lower intensity than the for-
mer, so that clusters with the primary ion trimer and higher
are negligible.

However, for measuring internally or externally mixed
particles, it should be noted that these consist of more than
one substance; therefore, the signals are spread over many
m/z peaks, which will require more total particle mass to
overcome the detection limit. In addition, the ionization ef-
ficiency of a compound will affect its detection limit in the
same way as in gas-phase measurements.

Figure 7a shows the typical shape of the signals resulting
from the desorption process. It shows a sharp increase when
a certain temperature is reached followed by an exponential
decay reaching background levels within less than 30 s. This
indicates that the substance desorbs from the filament within
a narrow temperature range and that the temperature distri-
bution of the filament is fairly homogeneous, otherwise the
signal would be smeared out more strongly.

For signal analysis, the full spectrum is corrected with
the relative transmission efficiency (Heinritzi et al., 2016),
which takes into account that the detection efficiency inside
the mass spectrometer is a function of ion mass. The individ-
ual signals S; are then normalized by the primary ions’ count
rates, in this case NO; (m/z 62), (HNO3)NO; (m/z 125)
and (HNO3),NOj (m/z 188). Subsequently, the signal is in-
tegrated over the evaporation time in order to obtain the total
signal resulting of a substance i from the evaporation. Fi-
nally, the signals of all relevant peaks j are summed up.

I=lend

> ©)

contributing r=tan
peaks j

l

e
Il

nf 1+ $i(0) dr
Sno; ) + Sunosno; (D + SENog),no; (1)

These time integrated signals are displayed in Fig. 7b and c.
All data points are corrected with blank measurements ob-
tained by evaporating only the solvent (water), without the
test substance. Reproducible results are obtained for a sam-
ple mass as small as 0.01 ng. Additionally, the filament is
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Figure 7. Sample mass calibration with (a) typical desorption shape
of signals, (c) integrated signal vs. injected mass, and (b) zoom on
lower masses with detection limits.

heated without any sample or solvent on it to obtain a zero
measurement (see also Sect. 4.1, heating background). This
zero measurement plus 3 times its standard deviation de-
fines the lower detection limit. The zero measurement and
the measurement points below 0.03 ng, although they show
a good reproducibility, are systematically lower than the sig-
nals when larger masses are applied, which is not yet under-
stood.

Starting from a deposited mass of 0.03 ng, the data indi-
cates very good linearity, which is an important feature of
the TD-DMA combined with a CI-APi-TOF. Furthermore,
we can now relate the mass spectrometer signal to a sample
mass. For the component used here, the conversion factor k
is 42.95 ng (ncps s)~!. For other substances, their individual
ionization efficiencies relative to that of the test substance
need to be taken into account (relative ionization efficiency
RIE;, see also Sect. 5.2) and a mass spectrometer signal S;
relates to a mass of

m; =k-RIE; - S;. (10

In conclusion, the reproducibility and linearity of the evapo-
ration process can be clearly stated.

4 Measurement procedure

For measuring a nucleation event, the following procedure is
desirable: at the beginning of the event, the integral measure-
ment mode is used to analyze the freshly nucleated, smallest
particles. When the mode diameter of the particle size dis-
tribution reaches around 10 nm, several size-resolved mea-
surements are performed. The sampling time is adjusted so
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that enough mass is collected for a given particle size and
concentration in the aerosol sample. However, due to the
minute mass contained in the nanoparticles, such a proce-
dure is not always possible, especially for short or weak nu-
cleation events. In the future, we thus aim to improve the
sensitivity, as suggested in Sect. 6. For now, in case of short
nucleation events or those with low concentrations, one can
choose one size and sample for the whole event or use the
integral mode. In either case, different kinds of background
measurements are important and thus the different steps dur-
ing a full measurement cycle are described in the following.

4.1 Background measurements and signal correction

To verify measurements and to distinguish the signal arising
from particles from possible other sources, background mea-
surements need to be taken regularly.

1. Mass spectrometer background. To determine this back-
ground contribution, the nitrogen carrier gas (the flow
applied to the sampling line of the mass spectrometer
during the evaporation of particles) is applied to the
mass spectrometers sampling line without positioning
the filament inside it (Fig. 1a). This measurement ac-
counts for the instrumental backgrounds of the CI-APi-
TOF (ion source and detector) and is taken shortly be-
fore and after every evaporation. It is also used to correct
the gas-phase measurements of the CI-APi-TOF.

2. Heating background. The filament is placed at its evap-
oration position and heated, but without an aerosol sam-
ple. As the evaporation takes place in the inlet line that
is also used for the gas-phase measurements, the walls
contain adsorbed material, which could re-enter into the
gas phase due to the heating. The core sampling system,
in which the filament is placed (see Fig. 2b), prevents
most of the gas flow directly in contact with the walls
from entering the ion source of the mass spectrometer.
However, the inlet line downstream of the core sam-
pling probe has been in contact with the gas phase. In
the chemical settings tested, it has been observed that
for filament temperatures lower than 400 °C, the sig-
nal from this process is negligible. This is the tempera-
ture range where most of the particle-phase sample des-
orbs. For higher temperatures, the background signals
increase. When observing individual ion signals as a
function of time during heating, the background contri-
bution from the sampling line walls also shows a differ-
ent shape compared to the particle-phase signal (Fig. 8).
The signals from particles on the filament show distinct
spikes with a fast increase and a rapid exponential de-
cay, while the wall background results in slowly rising
signals, which do not show a pronounced decay.

3. Gas-phase adsorption background. The gas-phase ad-
sorption on the filament is corrected for by placing the
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Figure 8. Composition measurement of 15 nm particles generated
from dimethylamine, sulfur dioxide and ozone in presence of UV
light. (a) Spectrum of particle phase compared to the background.
Prominent particle-phase peaks in black, primary ions in grey.
(b) Time series of evaporation. As filament temperature increases,
substances desorb from the filament and are depleted rapidly. At
high temperatures, signals originating from the inlet line appear.

filament in the sampling position inside the TD-DMA
and performing the measurement in the same way as
regular sampling, the only difference being that the fila-
ment is set to the same potential as the central electrode;
thus, no particles are sampled. When the nitrogen sheath
flow is used, as in the size-resolved measurements, the
filament is only exposed to nitrogen and there is hardly
any relevant gas-phase adsorption. However, for the in-
tegral mode, the sheath flow is turned off and the fil-
ament is thus exposed to the gas phase of the aerosol
sample. When heating the filament, the signals show
the same shape as for the particle measurements, as they
are originating from the filament itself. This background
measurement is taken for every major change in gas-
phase chemistry. For most of our tested systems, this
background was comparably low and mostly negligible.

4.2 Example measurement
The instrument was tested during the CLOUDI10T cam-

paign at the Cosmics Leaving Outdoor Droplets (CLOUD)
chamber at the European Organization for Nuclear Research
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(CERN). CLOUD is a 26m? stainless steel chamber used
for investigating nucleation and growth of aerosol particles
under atmospherically relevant and precisely controlled con-
ditions (Kirkby et al., 2011). Figure 8 shows a measurement
of size selected 15 nm particles generated from 119 ppt, of
dimethylamine, 4.3 x 106 cm™3 sulfuric acid, at a temper-
ature of 4.8 °C and relative humidity of 40.2 %. The total
particle number concentration (> 2.5nm) is approximately
1.7 x 10° cm™3 and the TD-DMA collected its analyte parti-
cles for a duration of 60 min. While the filament is gradually
heated, substances desorb and are subsequently ionized by
the negative nitrate primary ions and detected by the mass
spectrometer. The example substances shown here desorb at
different temperatures. The signal shape for a given ion sig-
nal as a function of time is the same as for the sample mass
calibration (Sect. 3.4, Fig. 7); a sharp increase is followed
by an exponential decrease, as the material on the filament
is depleted. At filament temperatures beyond 350 to 400 °C,
signals of different shapes appear (in this case, e.g., m/z 147
and m/z 163). These signals are also found in the heating
background measurements and do not originate from the col-
lected analyte particles. Instead, they are caused by desorp-
tion of substances from the inlet line due to the increased
temperature of the carrier gas. The fact that the inlet line is
a much larger reservoir than the filament explains why the
shape of these background signals is different and why they
do not decrease within a few seconds. The temperature range
where valid measurements are taken is thus up to ~ 350 °C.
Nevertheless, the filament is heated up to 600 °C in order to
ensure that all particulate material evaporates and memory
effects are avoided.

Some substances seem to desorb at two different tem-
peratures. This can happen for two reasons: (1) the fila-
ment might be heated unevenly, but this would also re-
sult in less pronounced peaks instead of two sharp peaks.
(2) Different chemical species that do not possess the same
evaporation temperature, can result in the same product
ions. In the example shown here, it is not exactly clear
whether sulfuric acid belongs to dimethylamonium-bisulfate
or dimethylamonium-sulfate, and what influence potential
contaminants such as ammonia can have on the evaporation
temperature (Lawler et al., 2016). (3) The signal appearing
first originates from desorption of the molecule with this
given mass to charge ratio, whereas the second appearance
could be due to the fragmentation of a larger molecule. Some
amount of the larger molecules seem to fragment and these
fragments are then detected at higher temperatures than ex-
pected for a desorption (see also Sect. 6). In the chemical
system of dimethylamine and sulfuric acid, one can also ob-
serve the selectivity of the ionization by nitrate ions. Sulfuric
acid, for example, has a lower detection limit of 5 x 10* cm™3
(~0.00185 ppty) (Kirkby et al., 2016), whereas for dimethy-
lamine the lower detection limit of 1.7 ppt, (Simon et al.,
2016) is almost a factor of 10> higher. Therefore, the signals
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related to sulfuric acid are very strong whereas DMA related
signals mostly do not reach the detection limit.

5 Signal quantification
5.1 Collected particle mass during a measurement

The collected mass on the filament is calculated in order to
quantify the measured signals. Additionally, it is estimated
before the measurement from the present particle size distri-
bution and the selected particle diameter so that the collected
particle mass exceeds the detection limit.

As a DMA cannot provide an absolute monodisperse
aerosol (see Sect. 3.1), the incoming number size distribution
dn/dd,, of the sample in combination with the transmission
efficiency 7(dp), collection efficiency 7n(d,) and charge frac-
tion x (dp) is needed to calculate the collected mass precisely.
The transmission and collection efficiency are retrieved from
the TD-DMA characterization (Sect. 3, Figs. 4, 5, and 6) and
the incoming size distribution can be provided by an SMPS
or other instrument measuring the number size distribution
of the analyte aerosol in the applicable size range. Thus, the
collected mass on the filament can be calculated according to
the following equation:

teoll dp.max
b4 e e dn (dp, t)
6 P dd,
1=10 dy=0

~x (dp) -1 (dp) - Tdy (dp) - dd, - dt,
with Qgerosol the aerosol flow rate through the TD-DMA, p
the particle density and dI’, the selected diameter. The amount
of mass collected per time thus depends both on the selected
diameter and on the size distribution of the aerosol analyte.
In addition, as for any DMA, the effective diameter collected
varies with the size distribution of the background aerosol.
To get an impression of the amount of mass that can be col-
lected under certain conditions, we look at the aerosol size
distribution of the example event described in Sect. 4.2 (see
Fig. 9). The lower panel displays the number size distribution
and median diameter (black line), as well as the time period
of collection (pink line). The upper panel shows the particle
mass collected by the TD-DMA per unit time when the in-
strument is set to collect a certain diameter; it ranges between
107 and 1073 ngs~!. Integration over time yields the total
mass collected as described by Eq. (11).

The minimum mass concentration in the analyte aerosol
where measurements with the TD-DMA are possible, de-
pends not only on size distribution and selected size but also
on sampling time and analyte aerosol composition. For ex-
ample, the lower limit for sulfuric acid particles with a sam-
pling time of 2h is 27 pgm~3. Measuring in size-resolved
mode from monodisperse 15nm particles, 811 pgm—> are
needed. Assuming the number size distribution from the ex-
ample nucleation event (Fig. 8) and measuring all sizes, the

mCOH(d];) = Qaerosol * 0 an
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Figure 9. Particle mass collected by the TD-DMA per unit time
when the instrument is set to collect a certain diameter (a), for a
given size distribution (b).

mass concentration should be higher than 385 pgm~3. The
TD-DMA’s sensitivity is thus comparable to other instru-
ments operating in this size range (see Sect. 6.2).

5.2 Mass fraction of individual substances from time
integrated signals

The fraction of a substance in the aerosol sample shall be de-
termined. Like this, the relative contribution of an individual
substance or a group of substances (e.g., all organic com-
pounds) to nucleation can be investigated, e.g., for the same
size under different conditions or with increasing size under
constant conditions.

The calculation requires the collected mass from Sect. 5.1
and the conversion factor from the sample mass calibration
in Sect. 3.4. The fraction f; of an individual substance in the
aerosol sample is thus
fi=— (12)

Meoll

Note that the collected mass calculated from the SMPS data
should be used instead of the sum of all identified compo-
nents, > m;. Using the latter would be based on the assump-

1
tion that all compounds of the aerosol could be charged, de-
tected, identified and quantified. As we know from gas-phase
measurements, this is usually not the case for the chemically
complex atmospheric aerosols. Chemical ionization, espe-
cially the negative nitrate ionization used here, is a selective
technique. A substance needs to react with the primary ions
to be charged and detected in the mass spectrometer. This can
either be the transfer of a positively charged hydrogen atom
from the substance to the primary ion, or clustering with the
primary ion (Hyttinen et al., 2017). For the same reason, the
signal of each substance also needs to be corrected with its
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Figure 10. The TD-DMA coupled to a gas-phase detectors inlet
line.

ionization efficiency (see Sect. 3.4) and this property is not
known for all substances. That circumstance can also be by-
passed by comparing the contribution of compounds under
different conditions rather than providing an absolute con-
centration.

6 Discussion
6.1 Discussion on the newly developed TD-DMA

The detection limit and sensitivity are a limit to the pa-
rameters particle size, number concentration of the analyte
aerosol, ionization efficiency, complexity of the spectrum
and time resolution. A major challenge is the fact that small
particles have an extremely low mass. For example, a parti-
cle of half the diameter contains less mass by a factor of 8. In
addition, charging probability decreases with size. At 15 nm,
the fraction of singly negatively charged particles is less than
0.07 (Fuchs, 1963; Tigges et al., 2015) for the soft X-ray
charger used here. For an aerosol of multi component compo-
sition, it applies that the more particle mass is collected, the
more substances overcome the lower detection limit and the
more detailed the observed mass spectrum will be. The TD-
DMA is thus designed for high transmission at a coarse reso-
lution. In this way, a size selection is possible but still a suffi-
cient amount of mass is collected. In case of very low particle
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concentrations or when a high time resolution is needed, it is
also possible to sample all particle sizes in an integral mode
by turning off the sheath flow. The low mass concentration
of the particulate matter is also the reason why a discontin-
uous system with consecutive collection and evaporation is
chosen. Conversely, the probability for multiple charging in-
creases with particle diameter, so that particles larger than the
target size can contaminate the sample. This can be corrected
for when counting, but not in the chemical analysis. Within
the size range of 10 to 30 nm that the TD-DMA is specialized
for, multiple charging does not play a significant role. A typ-
ical particle size selected with the TD-DMA is 15 nm. Dou-
bly charged particles of the same electrical mobility have a
diameter of 21 nm (Stolzenburg and McMurry, 2008; Hinds,
1999). Considering the charging probabilities of the used soft
X-ray charger (Tigges et al., 2015), a fraction of 7.6 x 1072
of the 15 nm particles carry one charge, whereas just a frac-
tion of 2.6 x 10™* of the 21 nm particles carry two charges.
With the particle mass being proportional to their cubic di-
ameter, the contribution of 21 nm particles to a 15 nm sample
would be 2.6 x 107% x (21nm)3/(7.6 x 1072 x (15nm)> +
2.6 x 107* x (21 nm)?). Thus, at the maximum only a frac-
tion of 0.009 of the particle mass in the sample would orig-
inate from doubly charged larger particles. This assumes a
uniform particle number size distribution. As for new parti-
cle formation events, the smallest particles have the highest
number concentration, this estimate calculation gives an up-
per limit. In case of very large background particles in the
accumulation mode size range, as, for example, in field use,
an impactor should be used.

The soft X-ray charger was chosen for that reason and due
to the fact that it does not change the chemistry much, com-
pared to, e.g., a corona charger. Nevertheless, it would be
beneficial to find a charger which offers a higher charging
probability for small particles while still fulfilling the above
criteria.

For optimizing the collection process, it would be benefi-
cial to enhance the collection efficiency (see Sect. 3.2) also
for larger sizes. Applying a larger collection voltage to the fil-
ament increases the collection efficiency, which is currently
limited by leak currents occurring between filament and cen-
tral electrode when the potential difference is too high. It is
also a possibility to prepare the DMA for a higher flow of the
analyte aerosol in order to collect more mass.

The exact position of the filament, in combination with
the flow profiles at the place of evaporation, is crucial and
optimization of these features has a high impact on the sensi-
tivity. Also, the high temperature gradient when heating the
filament releases the analyte in a very compact way, which
benefits the lower detection limit. This method of direct heat-
ing ensures a homogeneous and precisely controlled temper-
ature for the desorption of the substances. Currently we have
a discrepancy between the TD-DMA’s sample mass calibra-
tion and the gas-phase calibration of sulfuric acid (Kiirten et
al., 2012). This can be explained by losses in the transition
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from filament to mass spectrometer due to condensation on
the mass spectrometer’s inlet line. There have also been tests
to evaporate the sample directly inside the ion source, but for
the presently used ion source (Kiirten et al., 2011) this was
not expedient. Nevertheless, these losses are unsatisfactory
and possibilities for further improvements are being investi-
gated.

As discussed in Sect. 4.2, the filament material might be
problematic in terms of influencing the analyte. Heating, es-
pecially from metallic surfaces, might lead to fragmentation
or other chemical modification of the original molecules. We
tested different filaments and saw that not only the material
but also the way the wire is manufactured strongly influences
this process and thus the suitability of the filament. Also, it
was found that a careful heating procedure seems to reduce
these effects. This was investigated by using the sample mass
calibration method (see Sect. 3.4) with different substances
and by careful examination of the spectra from nucleation
events. Some fraction of the larger molecules (for example
of the HOMs) seem to fragment and these fragments are then
detected at higher temperatures than molecules that have the
same elemental composition. A detailed analysis of this issue
will be the subject of future studies. A complete degeneration
of substances is hardly observed for the relevant tempera-
ture range, only very small peaks that might originate from
such reactions are present in the spectra at higher tempera-
tures. Nevertheless, it cannot be excluded that some material
breaks up into substances that are not ionized by the negative
nitrate CI-APi-TOF and are thus not visible in the spectra.
By coating the filament with a thin layer of a chemically in-
ert material, this could be reduced.

The ionization with negative nitrate primary ions is a se-
lective technique. To target more substances like, e.g., amines
and ammonia, different primary ions can be chosen (Lawler
et al., 2016). To distinguish the aerosol sample from poten-
tial gas-phase adsorption, a sheath flow of pure nitrogen sur-
rounds the filament in the size selective mode. In the integral
mode, the filament is also exposed to the gas phase of the
analyte and a gas-phase background measurement is advised
(see Sect. 4.1).

Up to now, the TD-DMA has been used in chamber exper-
iments with timed nucleation events, but it is also intended
for field use in the future. Here, the size selective mode
is especially useful because the larger background parti-
cles would otherwise dominate the mass concentration. Also,
background measurements, as suggested in Sect. 4.1 (3) are
not straightforward when chemical conditions change over
time. To look further into the chemistry of aerosol growth, it
will be interesting to perform measurements at a flow tube,
where a steady state production of the analyte aerosol is pos-
sible. When not being limited by the time resolution or small
number concentrations, one can analyze particles starting at
small sizes with a high size resolution, which is variable
in this method, and thus gain a very detailed picture of the
growth process.
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6.2 Comparison of instruments capable of chemical
analysis of sub-30 nm particles

The new instrument TD-DMA shall be placed in the con-
text of existing techniques for the online chemical analysis
of sub-30 nm aerosol particles. When comparing the differ-
ent nanoparticle instruments, one has to focus on a selection
of criteria as the instruments strongly differ from one an-
other and have their individual functional principles and thus
strengths and weaknesses.

To give an overview regarding the functional principle of
the devices (see Table 1), we introduced the following cri-
teria: (1) continuous vs. discontinuous, (2) size-selective vs.
non-size-selective, (3) how the particulate material is evapo-
rated and (4) whether the gas phase can be measured simul-
taneously.

One of the most important criteria is the sensitivity of the
instruments, but the question arises of which is the appro-
priate parameter to describe this. Especially the fact that the
cited studies do not all refer to the same parameter when dis-
cussing the sensitivities of their instruments, makes a com-
parison difficult.

One option for a meaningful number is the minimum
mass concentration of the analyte aerosol (pgm~3) which
is needed to perform measurements. However, this is not a
constant number for each instrument but depends strongly
on the number size distribution, target substances, chemi-
cal composition of the analyte aerosol, collection time and
other factors. For example, an instrument specialized for size
selective analysis of small particles will profit more from a
mode of smaller particles, whereas an approach sampling all
sizes will benefit more from a mode of larger particles as
they contain more mass. Thus for small particles, the first
instrument will have a higher sensitivity, and for larger par-
ticles, the second one. For the TD-DMA, we thus derived
the sensitivity towards sulfuric acid for three different cir-
cumstances: measuring all particles (27 pgm~3), selecting
15 nm particles from a monodisperse mode (811 pgm~3) and
a non-size-resolved measurement assuming the number size
distribution of an example nucleation event (385 pgm™, see
also Sect. 5.1). Lopez-Hilfiker et al. (2014) compared their
sensitivities between a chamber study and an ambient study
with different background aerosol conditions, temperature,
gas-phase concentrations and sample volume. Although their
target molecules were all oxygenated organics, the resulting
detection limits in pg m~> span a range of two orders of mag-
nitude. The minimum detectable mass (pg) would be another
option, but this parameter is only meaningful in combination
with the information how much mass can be sampled from
the analyte aerosol. In addition, most techniques use chem-
ical ionization to charge the sample after it is transferred to
the gas phase. This is a selective technique and depending
on the primary ion chosen, different target substances will
result in different sensitivities. Horan et al. (2017) report a
seemingly rather high lower detection limit of 10° pgm™3,
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but the instrument has nevertheless proven the ability to an-
alyze particles as small as 13 nm. Therefore, a higher num-
ber in pgm~> does not necessarily mean that an instrument
is less suitable for analyzing small particles. However, the
smallest detectable particle size certainly depends on param-
eters like the mass concentration of the analyte aerosol and
collection time. Table 1 contains a selection of parameters
considering the sensitivity. However, we emphasize that this
table represents only an overview on the available techniques
and care has to be taken for the exact interpretation due to the
sensitivity’s dependence on other parameters.

Apart from the sensitivity of a technique, other criteria are
also relevant. An important example is in how far the aerosol
components fragment when they are transferred to the gas
phase, or in how far the instrument can detect semi stable
reaction products from particle-phase reactions. These ques-
tions are not discussed in this short overview as it is beyond
the scope of the present manuscript. Ultimately, it would be
beneficial to have several instruments measure the same sub-
30 nm aerosol particle population during an intercomparison
campaign.

7 Summary

The TD-DMA is suitable for measuring nucleation and
Aitken mode particles and is successfully analyzing aerosol
mass concentrations in the pg m~> range. The DMA unit is
optimized for a high transmission at a coarse resolution to
collect a sufficient amount of mass. The characterization of
the DMA unit and the evaporation of a test substance show to
be reproducible. The instruments ability to measure freshly
nucleated particles was proven in chamber experiments.

The advantages of the instrument are as follows: (a) the
TD-DMA allows for size selection, thus the chemical com-
position of different particle sizes can be compared in order
to determine the relative importance of different vapors for
particle growth as a function of size. (b) An integral, non-
size-selective mode of operation is possible in order to max-
imize the mass of collected particles. (c) The TD-DMA is a
modular and compact unit that can in principle be used with
different mass spectrometers or other gas analyzers. (d) Dur-
ing the particle collection process, the gas phase can be an-
alyzed. For this reason, the same mass spectrometer can be
used for particle as well as gas-phase measurements and both
phases can be directly compared. With this instrument, the
processes affecting particle composition and growth can be
investigated in detail.

Data availability. The research data can be accessed from
https://doi.org/10.5281/zenodo.1443176 (Wagner et al., 2018).
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ARTICLE INFO ABSTRACT

Keywords: We present a study characterizing aerosol particles resulting from a skyscraper blasting. High
Demolition emissions PM,, mass concentrations with a maximum of 844.9 ug m™ were present for a short time period
Urban aerosol of approximately 15 minutes. They result in a day mean of 32.6 ug m™> compared to a 27.6 ug m™
Ultrafine particles background not exceeding the 50 pg m™> EU maximum permissive value. The increase in particle
PMio number concentration was less pronounced with a maximum concentration of 6.9 - 10* cm™

Chemical composition

R compared to the local background value of 1.8 - 10* cm™. The size-resolved number concentra-
Size distribution

tion shows a single mode of ultrafine particles at approximately 93 nm. The spatial distribution of
deposited dust was investigated with Bergerhoff glass collection vessels, showing a decrease with
distance. In the deposited dust samples the concentrations of twelve metals was determined, non
of them exceeded the regional background concentrations significantly. The chemical composi-
tion of individual particles emitted by the demolition was studied by Scanning Electron
Microscopy. They were mainly concrete and steel particles, with 60% calcium carbonates, 19%
calcium sulfates, 19% silicates and 2% steel. In energy-dispersive X-Ray Spectroscopy, no fibers
like asbestos were observed. Using a broad spectrum of instruments and methods, we obtain
comprehensive characterization of the particles emitted by the demolition.

1. Introduction

Exposure to airborne particles is associated with a number of adverse health effects including cardiovascular and respiratory
diseases as well as premature death (e.g. Pope & Dockery, 1999, 2006; WHO, 2006). Although biologically plausible mechanisms
have been proposed, there is still considerable uncertainty about the exact pathways linking particle exposure and the observed
health effects (e.g. WHO, 2006; Donaldson & Borm, 2006).

The major anthropogenic sources contributing to ambient particulate matter are traffic, power generation, industrial and waste
combustion, metallurgy, domestic heating, agriculture and biomass burning (Holman, 1999; WHO, 2006; Lelieveld et al., 2015; Viana
et al., 2008). On a local scale, demolition and blasting of buildings may also contribute significantly to the particle burden. For
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example, it was estimated by Fuller & Green (2004) that fugitive emissions from building and road works may have been responsible
for exceedance of the twenty four hours limit value of PM;q (50 ug m™>) at 25% of the monitoring sites in and around London.

Although blasting of large buildings is taking place regularly (e.g., 23 buildings in the US in the year 2000; Beck et al., 2003), it is
from a public health perspective a very rare event. However, due to the potentially high particle concentrations (despite short
exposure time) and the possible release of hazardous materials (e.g., asbestos fibers, lead), blasting of large buildings is often of public
concern. In addition to the direct short-term exposure to airborne particulates, longer-term exposure to the deposited dust may occur
due to inhalation after re-suspension or ingestion after hand-to-mouth activities (Lioy et al., 2002; Beck et al., 2003). As a large
number of people including vulnerable groups (children, the elderly, the sick) may be affected, characterization of emissions of
building detonations is highly desirable. However, despite their potential adverse impacts, the data base on particulate emissions
during blastings of large buildings is sparse (Beck et al., 2003; Stefani et al., 2005). The aerosol emitted after the collapse of the World
Trade Center (Lioy et al., 2002; Gavett, 2006) cannot be compared directly to the former, as the blasting of buildings mostly takes
place after careful removal of hazardous materials. Building demolition by mechanical disruption and the particle burden resulting
thereof were recently investigated by Azarmi & Kumar (2016), Azarmi et al. (2016), Dorevitch et al. (2006) and Hansen et al. (2008).

Most studies on adverse health effects of ambient particles focus on PM;, or PM, s, because both are often measured and reg-
ulations are based on these size fractions. Ultrafine particles (diameter < 100 nm) became of prime importance after it was re-
cognized that these particles can cross the air blood barrier of the lung (e.g., Kreyling et al., 2007). Recently, the need to quantify the
emission of ultrafine particles from building activities, including demolition, was emphasized by Kumar et al. (2012).

In the present contribution, a detailed characterization of the aerosol emitted from the detonation of a 116 m-high building (AfE
tower) in Frankfurt am Main (Germany) on February 2nd, 2014 is presented. The AfE ("Abteilung fiir Erziehungswissenschaften")
tower is the highest building blasted in Europe to date. About 40 000 spectators followed the event in close proximity (distance
between 250 and 500 m) and thus were exposed to the large dust cloud resulting therefrom. To characterize the particles produced by
the detonation, the event is assessed by different approaches. This includes measuring the size-resolved number concentration of
particles as well as the mass concentration before, during and after the event. A rough spatial distribution as well as maximum spread
of the pollution due to the demolition is estimated. Dust samples are analyzed for the chemical composition of individual particles as
well as bulk concentration of a number of different metals. This thorough approach is expected to contribute to a better assessment of
potential adverse health effects of particle exposure from the blasting of buildings.

2. Material and methods

A suite of instruments were positioned at N50.11936 E8.65316, 350 m downwind of the tower (Fig. 1), with their sampling ports
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Fig. 1. Location of the blasted tower (T) at N50.11640 E8.65133 and main measurement site (M) at N50.11936 E8.65316. Circles are the positions of the Bergerhoff
glass vessels as discussed in Section 3.4. The measurement of the sedimented mass is indicated by a color-code. Map: ©OpenStreetMap contributors.
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2.5 to 3 m above ground. Measurements were performed for two days around the event. A Condensation Particle Counter (CPC, TSI
Model 3776, TSI Incorporated, 2007; Hermann et al., 2007) measured the total number concentration starting at a cut-off diameter of
0.0025 pum. The size-resolved number concentration (Baron & Willeke, 2001) was determined by three instruments with overlapping
size ranges: A Scanning Mobility Particle Sizer (SMPS, TSI Model 3080, TSI Incorporated, 2001; Wang & Flagan, 1990), an Optical
Particle Counter (OPC, TSI Model 3330, TSI Incorporated, 2012b) and an Aerodynamic Particle Sizer (APS, TSI Model 3321, TSI
Incorporated, 2012a; Peters et al., 2006) ranging from 0.0146 to 0.6612 pm, 0.337 to 9.016 pm and 0.542 to 19.81 pm, respectively.
The mass concentration of particulate matter with an aerodynamic diameter less than 10 pm (PM;,) was measured by a Synchronized
Hybrid Ambient Real Time Particulate Monitor (SHARP, Thermo Scientific Model 5030i, Thermo Fisher Scientic Inc. Air Quality
Instruments, 2007). Furthermore, dust samples were collected on silicon wafers and analyzed by Scanning Electron Microscopy
(SEM) with Energy Dispersive X-Ray Spectroscopy (EDX) (Goldstein et al., 2012) to obtain images and the chemical composition of
the particles. A portable weather station (Vaisala Model WXT520) recorded meteorological parameters such as temperature, pressure,
humidity, wind speed and direction. While these measurements give broad information on the particle population at this position, the
spatial distribution was targeted by distributing Bergerhoff glass collection vessels around the site (Fig. 1). This method allowed
obtaining a rough spatial distribution of the sedimented aerosol mass according to VDI guideline 4320 (The Association of German
Engineers) and additionally was used for further chemical analyses corresponding to VDI guideline 2267.

3. Results and discussion
3.1. Overview: Total number and mass concentration

A time series of the total number concentration and the mass concentration of PM;q is shown in Fig. 2. The measurements were
started half a day before and ended on the day after the blasting. The average background of the PM;, mass concentration is 27.5 um
m™. The demolition event produces a high peak in the mass concentration for a short period of time. Shortly after the blasting, it rises
by a factor of 30.7 and reaches a maximum value of 844.9 pg m™. After 25 minutes, the mass concentration has decreased back to the
background value. Note that the decrease is not primarily triggered by processes of removing particles from the atmosphere but
mostly by the wind transporting the dust away from the sampling site. However, the total particle number concentration, measured
by the CPC, rises only by a factor of 3.8 over the local and 2.9 over the full background. The local background is here taken as the
mean concentration measured during 50 minutes before and after the blasting, excluding the peak, the full background is calculated
over the full time range recorded. The highest number concentration measured while the dust cloud was present is 6.9 - 10* cm™.
Also, we see several short spikes in the number concentration which are higher than the increase caused by the demolition event.
These are assumed to originate most likely from local traffic, e.g. diesel trucks without diesel particle filters which pass by close to the
measurement site. These particles must be small in size, as they do not influence the mass concentration. Therefore, the peak from the
blasting is not as prominent in the number concentration as it is in the mass concentration. This observation can be explained by the
number concentration being dominated by small particles. The demolition event, however, produces comparatively fewer but larger
particles (see also Section 3.2, Fig. 3), which then dominate the mass concentration.

For air quality statements, a 24-h mean is usually applied. The World Health Organization (WHO, 2000) suggests the 24-h mean
of PM,, mass concentration not to exceed 50 pug m'>, which is also stated by the European Union as a maximum permissive value that
should not be exceeded on more than 35 days per year (EU, 2008). As the high concentrations caused by the demolition only occurred
for a very short time, they disappear in the daily mean. With 32.6 pg m™ on the day of the demolition, the maximum permissive value
of the EU was not exceeded.
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Fig. 2. Rise in number concentration (green) and mass concentration (red) occurring due to the particles from the demolition. The local and full backgrounds of the
number concentration are shown in brown and light brown, the background of the mass concentration is shown in blue. The rise due to the event can clearly be seen in
the mass concentration but is less pronounced in the number concentration, as number concentration is dominated by small particles which is also influenced by
numerous spikes from local traffic. The blasting event however produces numerous larger particles, dominating the mass concentration.

13



64 4 PUBLICATIONS

A.C. Wagner et al. Journal of Aerosol Science 112 (2017) 11-18

0

dp 6ol p/NP

d, [um]
o
n

09:50 10:00 10:10 10:20 10:30 10:40 10:50 11:00

02.02.2014
@ZnHm‘“‘“H‘m“u““m“u““ |
10, gt g
g2 g2l
E 28 287
E a el
a N N L
el
1 F L
10:00 10:20 10:40 11:00 10:00 10:20 10:40 11:00
02.02.2014 02.02.2014
@105? P | P | P | ‘?
10" 4 3
10° 4 L
o ] £
- ] [
g I
z 107 3
z ] £
o 4 L
10" 3 3
o | SMPS OPC APS dinax i
10" §10:09:37 -~ —m- —4A— 54.6 nm background E
J10:11:52 -~ -m —4A—  92.7 nm plume E
J10:13:00 o O A 85.3 nm plume r
10_1 10:20:52 ~— -®- —4A— 53.7 nm background
— T — T T T
0.1 1 10
dp [um]

Fig. 3. Size-resolved number concentration measured by the a) SMPS, b) OPC and c) APS as time series and d) for different times around the moment of blasting. A
substantial increase in particles is observed for all sizes > 40 nm. During the plume event, the number size distribution peaks at around 93 nm. Fluctuations in the OPC
data are an artifact of the devices internal calculation procedure. For comparability, OPC and APS data in b) and c) are shown on equal scales.
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3.2. Typical size of produced particles

The size-resolved number concentration was measured to get precise information about the particle size distribution of the aerosol
produced by the demolition. Fig. 3 shows the combined size distribution measurement by the SMPS, OPC and APS instruments for
different time intervals around the detonation time. The instruments show reasonable agreement in the size regions where the
instrument ranges overlap. Some fluctuations of the OPC data (small peak of the concentration at 1 um size) are most likely due to the
automated method by which the device derives the concentration from the measured Mie scattering of light by the particles. Note
that the aerosol sizes measured by the different techniques are not identical. While the SMPS measures the electrical mobility
diameter, the size classification of the OPC relies on the optical properties of the aerosol, assuming, for example, a certain refractive
index and shape. The APS measures the aerodynamic size, which depends on shape and density. Therefore, the derived sizes are
strictly speaking not directly comparable without more detailed knowledge about the density, shape factor, and the optical properties
of the aerosol. None of these properties is well known and therefore particle size corrections are not straightforward and have not
been attempted. However, we have some information about the particle shape from the EDX (see Section 3.6) and know that they are
not fibrous, which would be relevant for the sizing technique of the APS. Keeping in mind these different sizing techniques, the size
distributions shown in Fig. 3 should not be interpreted as a homogeneous size distribution measurement over the entire size range,
and differences in the overlapping regions may also be caused by these methodological differences.

The black symbols show the data measured at 10:10 h just before the dust cloud passes the measurement site, the red line
represents maximum plume exposure and the following lines show the decrease until particle concentrations reach background level
again. The size distribution of the background can be represented by a log-normal distribution with a geometric mode diameter of
54 nm. The plume then produces a log-normal mode with mode diameter of around 93 nm. Within only 10 minutes, the particles
from the plume are no longer detected at the measurement site and the 50 nm mode dominates the size distribution again.

Compared to the maximum diameter occurring in the PM, 5 range, which is by definition 2500 nm, these particles below 100 nm
are very small.

3.3. Comparison of number concentrations

To cross-check the performance of the devices, size-resolved number concentrations measured by SMPS, OPC and APS are in-
tegrated and compared to the total number concentration measured by the CPC. Fig. 4 presents these concentrations for a 70 minutes
time interval around the blasting. In general, the measurements show a good agreement. The CPC concentrations are systematically
slightly higher. This difference can potentially be explained by the presence of ultrafine particles with sizes between 2.5 and 15 nm
which are counted by the CPC (cut-off diameter of 2.5 nm) but not detected by the SMPS (smallest particles detected at 15 nm), or it
is due to unaccounted losses in the SMPS system. Also, the difference is smaller at the blasting peak, which is consistent with the
observation that the particles originating from the explosion are small, but yet larger than the background.

3.4. Spatial distribution

Bergerhoff glass collection vessels were distributed around the site as a low-cost method for getting a rough spatial distribution of
the sedimented mass. Fig. 1 shows the measurement site with the position of tower (T) and the collection sites of the Bergerhoff
vessels (circles). All other measurements took place at the point indicated with M. The vessels were positioned around the tower at a
distance of approximately 300 m and along a street canyon approximately in line with the downwind direction with different dis-
tances from the site.

Comparison of the PM,, mass concentration with measurements from the regular air quality monitoring stations of HLUG (Hessian
Agency for the Environment and Geology) allows to refine the maximum spread of the plume to less than 3.1 km in north-eastern
direction and 7.9 km in western direction (see appendix C). Unfortunately, vessels 2, 3, 9, 13 and 14 had to be removed from the
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Fig. 4. Total number concentrations derived from SMPS, OPC and APS compared to CPC. They agree well regarding the lower cut-off diameter of the CPC.
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Table 1
Summary statistics of chemical composition of deposition samples in which N=number of samples, LOD =limit of detection, LOQ=1imit of quantification and
Regional background =mean value of Frankfurt from January to June 2014.

Element Lower Median Upper N N N Regional
quartile quartile (<LOD) (>LOD, (>L0OQ) background
ugg™'l lngs™ ugg ™ <LoQ®) ugg ™

Sb <dl <dl <dl 14 0 0 14.5

As 4.7-4.9 4.7-4.9 11.4 5 8 1 5.9

Pb 53.8 67.4 80.9 0 0 14 60.7

Cd 0.81 0.81 1.76-2.27 4 9 1 0.7

Cr 70.4 108.8 155.8 0 1 13 90.6

Fe 2790 6432 10300 0 0 14 16800.4

Cu 181.4 217.4 278.4 0 0 14 207.0

Ni 41.2-45.5 58.2 67 0 7 7 42.8

Tl 0-1.6 0-1.6 1.9-4.5 13 1 0 0.3

v 5.5 14.6 30.3 3 4 7 323

Mn 59.8 143.1 278 0 5 9 368.8

Co 6.1 6.5 10.8 2 6 6 8.0

analysis due to breakage or contamination.

The local wind direction of 197° and wind speed of 0.74 ms™ measured at point M shows that the dust cloud moved slowly along
the street Senckenberganlage, which was visually observed after the detonation as well. The samples taken along that street canyon
show a decrease of the mass of the settled dust as a function of distance from the demolition site as the largest particles settle closest
to the demolition site. However, the locally measured wind direction is expected to be strongly influenced by the surrounding
buildings. Meteorological data show the average wind direction at the time of explosion to be around 135° (south-east) which is
consistent with the highest sedimented mass in vessels located to the north-west of the tower.

For a detailed interpretation of the results from the Bergerhoff vessels the exact position of the vessels must be taken into account,
as small scale differences in wind speed and direction can effect sedimentation and the distribution of the dust. For example, vessel 29
was placed at a crossing with prevailing wind direction from the East, whereas vessel 24 was located in a more protected spot closer
to the buildings and thus shows a higher value in comparison to vessel 29. Vessel 4 shows an extremely high sedimented mass of
1763.5 mg m™2 d! and was placed downwind at an exposed position in a street directly leading to the tower. The vessel M positioned
directly at the main measurement site showed a sedimented mass of 564.3 mg m™> d™'. This needs to be taken into account when
interpreting the other measurements taken there: They represent the particle burden at this place, and the pollution might have been
higher at other places, especially those directly in line of sight with the tower.

3.5. Chemical composition - Metals

The sediment samples from the Bergerhoff glass collection vessels were used to test for contamination with metals by chemical
precipitation according to VDI guideline 2267. Table 1 shows the resulting mass fractions of different metals in the samples taken
during the event and the mean of the surrounding area for January to June 2014. As a significant fraction of the deposition samples
investigated contained values below detection limit or between detection limit and quantitation limit, the statistical analysis follows
the recommendations given by Helsel (2011) for censored data. Summary statistics for elements with censored data was computed
using nonparametric survival analysis methods. As the data set consists of interval censored data, the nonparametric maximum
likelihood estimate of Turnbull (1976) was used to calculate a survival function and to determine quantiles. For the elements Pb, Fe,
and Cu with all measurements above the quantitation limit (uncensored data), quantiles were determined in the conventional way.
All statistical calculations were performed with R version 3.0.3 (R Core Team, 2012) and using the package “interval” (Fay & Shaw,
2010).

Compared to the surrounding area, which can be used as background, the median value of each metal shows only slightly or not
enhanced mass fraction. We conclude that there are no significantly enhanced concentration of hazardous substances like arsenic or
thallium in the analyzed samples.

3.6. Chemical composition and particle morphology

Dust samples from the demolition collected on silicon wafers were analyzed by Scanning Electron Microscopy (SEM) with Energy
Dispersive X-Ray Spectroscopy (EDX). Out of 1330 particles, 60% were identified as calcium carbonates, 19% as calcium sulfates,
19% as silicates and 2% as steel (see exemplary images and spectra in Fig. 5). The calcium carbonate and calcium sulfate particles
might also contain silicates as there is always a Si-peak in the spectrum due to the silicon wafer material and a contribution from the
sample could be hidden therein. The steel material is most likely from the buildings girders. The main purpose of this analysis,
however, was to determine whether or not there was an enhanced concentration of fibers in the dust from the demolition. Some
fibers, such as asbestos, are known to be especially hazardous to human health (Donaldson et al., 2010). The building did contain
asbestos originally, which was removed prior to the demolition. According to the World Health Organization (WHO) fibers are
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Fig. 5. Secondary electron images and corresponding energy dispersive X-ray spectra of the most abundant particle types collected on a silicon wafer during the plume
at the measurement site: a) Silicate; b) Calcium carbonate (+silicate); ¢) Calcium sulfate (+silicate); and d) steel abrasion particle.

defined as particles longer than 5 um, no thicker than 3 um and with a length-to-width-ratio larger than 3. Two wafers from the
blasting (sampled volume 2 and 61) as well as two wafers from the background measurement (sampled volume 101 each) were
searched, but not a single fiber was found. Thus it can be assumed that the demolition did not lead to an enhanced concentration of
fibers.

4. Conclusion

We characterized particle emissions originating from a skyscraper blasting. Regarding all aspects, it can be concluded that the
demolition event itself did not pose a special long-term risk.

Nevertheless, there is no lower limit of particle mass or number concentration regarding adverse health effects, thus we can only
compare the particle burden to the urban background and conclude that the enhanced concentrations only strained the public for a
time period shorter than 15 minutes.

Although there was a significant increase of ultrafine particles, number concentrations were not much different from other peaks
in regular urban environment. Both number and mass concentrations decreased to background levels within short time. Furthermore,
there was no enhancement of components with particular toxicological relevance. Heavy metals were not enriched in the deposition
samples compared to regional background, so re-suspension of the deposited particles, which may occur on a longer time scale of
weeks or months, did not lead to higher exposure to toxic compounds. Considering the large amounts of asbestos installed during
construction of the building and the absence of fibers in our samples, the removal of this material prior to the demolition proved to be
very effective. The high relative humidity on that day as well as the large water reservoirs installed in the tower for the blasting may
also have helped to reduce the particle burden.

However, spectators and vulnerable people living close to the demolition site may still have experienced acute effects (e.g.,
irritation of the airways, triggering of asthma attacks). In addition, cleanup and transport of the debris may have lead to enhanced
particle exposure as it is the case in conventional demolition work. However, this aspect is beyond the scope of the present paper.

Combining a broad spectrum of instruments and methods, we obtained a comprehensive characterization of the emitted particles,
including number size distribution and chemical composition. The measurements can serve as a basis for comparison of particle
emissions from continuous demolition work to those from blastings. In this way, the overall particle exposure of the public due to
building demolition work can be minimized.

Acknowledgements

Funded by: German Federal Ministry of Education and Research (no. 01LK1222A), Marie Curie Initial Training Network “CLOUD-
TRAIN” (no. 316662).

Appendix A-E. Supplementary data

Supplementary data associated with this article can be found in the online version at http://dx.doi.org/10.1016/j.jaerosci.2017.
06.007.

17



68 4 PUBLICATIONS

A.C. Wagner et al. Journal of Aerosol Science 112 (2017) 11-18

References

Azarmi, F., & Kumar, P. (2016). Ambient exposure to coarse and fine particle emissions from building demolition. Atmospheric Environment, 137, 62-79. http://dx.doi.
org/10.1016/j.atmosenv.2016.04.029.

Azarmi, F., Kumar, P., Marsh, D., & Fuller, G. (2016). Assessment of the long-term impacts of PM;o and PM, s particles from construction works on surrounding areas.
Environmental Science: Processes & Impacts, 18(2), 208-221. http://dx.doi.org/10.1039/C5EM00549C.

Baron, P. A., & Willeke, K. (2001). Aerosol measurement - Principles, techniques and applications. Wiley Interscience.

Beck, C. M., Geyh, A., Srinivasan, A., Breysse, P. N., Eggleston, P. A., & Buckley, T. J. (2003). The impact of a building implosion on airborne particulate matter in an
urban community. Journal of the Air & Waste Management Association, 53(10), 1256-1264. http://dx.doi.org/10.1080,/10473289.2003.10466275.

Donaldson, K., & Borm, P. (2006). Particle toxicology. CRC Press.

Donaldson, K., Murphy, F. A., Duffin, R., & Poland, C. A. (2010). Asbestos carbon nanotubes and the pleural mesothelium: A review of the hypothesis regarding the role
of long fibre retention in the parietal pleura, inflammation and mesothelioma. Part Fibre Toxicol, 7(5), 5. http://dx.doi.org/10.1186/1743-8977-7-5.

Dorevitch, S., Demirtas, H., Perksy, V. W., Erdal, S., Conroy, L., Schoonover, T., & Scheff, P. A. (2006). Demolition of high-rise public housing increases particulate
matter air pollution in communities of high-risk asthmatics. Journal of the Air & Waste Management Association, 56(7), 1022-1032. http://dx.doi.org/10.1080/
10473289.2006.10464504.

EU. Directive 2008/50/ec of the european parliament and of the council of 21 may 2008 on ambient air quality and cleaner air for europe. Official Journal of the
European Union 2008.

Fay, M. P., & Shaw, P. A. (2010). Exact and asymptotic weighted logrank tests for interval censored data: The interval R package. Journal of Statistical Software, 36, 2.

Fuller, G. W., & Green, D. (2004). The impact of local fugitive from building works and road works on the assessment of the european union limit value. Atmospheric
Environment, 38(30), 4993-5002. http://dx.doi.org/10.1016/j.atmosenv.2004.06.024.

Gavett, S. H. (2006). Physical characteristics and health effects of aerosols from collapsed buildings. Journal of Aerosol Medicine, 19(1), 84-91. http://dx.doi.org/10.
1089/jam.2006.19.84.

Goldstein J., Newbury D., Echlin P., Joy D., Romig A., Lyman C., Fiori C., Lifshin E. (2012). Scanning Electron Microscopy and X-Ray Microanalysis: A Text for
Biologists, Materials Scientists, and Geologists. Springer US, volume 2.

Hansen, D., Blahout, B., Benner, D., & Popp, W. (2008). Environmental sampling of particulate matter and fungal spores during demolition of a building on a hospital
area. Journal of Hospital Infection, 70(3), 259-264. http://dx.doi.org/10.1016/j.jhin.2008.07.010.

Helsel D.R. (2011). Statistics for censored environmental data using Minitab and R. John Wiley & Sons, volume 77.

Hermann, M., Wehner, B., Bischof, O., Han, H. S., Krinke, T., Liu, W., Zerrath, A., & Wiedensohler, A. (2007). Particle counting efficiencies of new TSI condensation
particle counters. Journal of Aerosol Science, 38(6), 674-682. http://dx.doi.org/10.1016/j.jaerosci.2007.05.001.

Holman, C. (1999). Sources of air pollution. Air Pollution and Health, 116, 148.

Kreyling W.G., Moller W., Semmler-Behnke M., Oberdérster G., Donaldson K., Borm P. (2007). Particle dosimetry: deposition and clearance from the respiratory tract
and translocation towards extrapulmonary sites. Particle toxicology.

Kumar, P., Mulheron, M., Fisher, B., & Harrison, R. M. (2012). New directions: Airborne ultrafine particle dust from building activities-a source in need of quanti-
fication. Atmospheric Environment, 56, 262-264. http://dx.doi.org/10.1016/j.atmosenv.2012.04.028.

Lelieveld, J., Evans, J., Fnais, M., Giannadaki, D., & Pozzer, A. (2015). The contribution of outdoor air pollution sources to premature mortality on a global scale.
Nature, 525(7569), 367-371. http://dx.doi.org/10.1038/nature15371.

Lioy P.J., Weisel C.P., Millette J.R., Eisenreich S., Vallero D., Offenberg J., Buckley B., Turpin B., Zhong M., Cohen M.D. (2002). Characterization of the dust/smoke
aerosol that settled east of the World Trade Center (WTC) in lower manhattan after the collapse of the WTC 11 september 2001. Environmental Health Perspectives
110(7) (p. 703).

Peters, T. M., Ott, D., & O'Shaughnessy, P. T. (2006). Comparison of the grimm 1.108 and 1.109 portable aerosol spectrometer to the TSI 3321 aerodynamic particle
sizer for dry particles. Annals of Occupational Hygiene, 50(8), 843-850. http://dx.doi.org/10.1093/annhyg/mel067.

Pope, C., III, & Dockery, D. (1999). Epidemiology of particle effects. Air Pollution and Health, 31, 673-705.

Pope, C. A, III, & Dockery, D. W. (2006). Health effects of fine particulate air pollution: Lines that connect. Journal of the Air & Waste Management Association, 56(6),
709-742. http://dx.doi.org/10.1080/10473289.2006.10464485.

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria, 2012, 2014.

Stefani, D., Wardman, D., & Lambert, T. (2005). The implosion of the calgary general hospital: Ambient air quality issues. Journal of the Air & Waste Management
Association, 55(1), 52-59. http://dx.doi.org/10.1080/10473289.2005.10464605.

Thermo Fisher Scientific Inc., Air Quality Instruments. Model 5030 synchronized hybrid ambient real-time particulate monitor. 2007.

TSI Incorporated. Model 3080-series electrostatic classifiers. 2001.

TSI Incorporated. Model 3776 ultrafine condensation particle counter. 2007.

TSI Incorporated. Aerodynamic particle sizer model 3321. 2012a.

TSI Incorporated. Optical particle sizer model 3330. 2012b.

Turnbull, B. W. (1976). The empirical distribution function with arbitrarily grouped, censored and truncated data. Journal of the Royal Statistical Society Series B
(Methodological), 290-295.

VDI guideline 2267. VDI Verein Deutscher Ingenieure 2267: VDI/DIN-Handbuch Reinhaltung der Luft, Band 4: Analysen- und Messverfahren, Blatt 14/Part 14.

VDI guideline 4320. VDI Verein Deutscher Ingenieure 4320: VDI/DIN-Handbuch Reinhaltung der Luft, Band 4: Analysen- und Messverfahren, Blatt 2/Part 2.

Viana, M., Kuhlbusch, T., Querol, X., Alastuey, A., Harrison, R., Hopke, P., Winiwarter, W., Vallius, M., Szidat, S., & Prevot, A. (2008). Source apportionment of
particulate matter in Europe: A review of methods and results. Journal of Aerosol Science, 39(10), 827-849. http://dx.doi.org/10.1016/j.jaerosci.2008.05.007.

Wang, S. C., & Flagan, R. C. (1990). Scanning electrical mobility spectrometer. Aerosol Science and Technology, 13(2), 230-240. http://dx.doi.org/10.1080/
02786829008959441.

WHO. Air Quality Guidelines - Second Edition, Chapter 8.2. Man-made vitreous fibres. World Health Organization, 2000.

WHO. Air quality guidelines: global update 2005: particulate matter, ozone, nitrogen dioxide, and sulfur dioxide. WHO Regional Office for Europe, Copenhagen,
Denmark: World Health Organization, 2006.

18



4.2 CHARACTERIZATION OF AEROSOL PARTICLES PRODUCED BY A

SKYSCRAPER BY BLASTING

69

Characterization of Aerosol Particles
Produced by a Skyscraper Demolition by Blasting

Supplementary Information

Andrea C. Wagner!®, Anton Bergen®, Sophia Brilke®, Bertram Biihner®,
Martin Ebert®, Werner Haunold{?, Martin Heinritzi®, Stephan Herzog?, Stefan
Jacobi®, Andreas Kiirten®, Felix Piel®, Alfons RammeP, Daniel Weber?,
Stephan Weinbruch®, Joachim Curtius®

@ Institute for Atmospheric and Environmental Sciences,
Goethe University Frankfurt, Frankfurt am Main, Germany
b Hessian Agency for the Environment and Geology, Wiesbaden, Germany
¢Institute for Applied Geosciences,
Technical University of Darmstadt, Darmstadt, Germany

1 To support the data and conclusions of the main paper, the complete dataset is
> shown here, including Appendix A, meteorological data taken by the portable
s weather station and Appendix B, the size-resolved number concentration mea-
« sured by SMPS, OPC and APS. Supplementary information Appendix C is an
s estimation of the maximum spread of the plume, Appendix D is the chemical

¢ analysis of the sediment samples and Appendix E an Ice Nuclei analysis.

LCorresponding author. E-mail: acwagner@iau.uni-frankfurt.de
2tdeceased

Preprint submitted to Journal of Aerosol Science February 22, 2016



4 PUBLICATIONS

7 Appendix A. Meteorological Data
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Figure A.1: Meteorological data from the day of the blasting. Shortly after the blasting, the

local wind direction (red) was 197° with a wind speed (purple) of 0.74ms™ 1.

The relative
humidity (blue) was 87%, the temperature (brown) about 5° and the pressure (green) 1001.7

mbar.
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s Appendix B. Size-Resolved Number Concentration
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Figure B.1: Size-resolved number concentration measured by a) SMPS b) OPC and c) APS.
For larger particle diameters (OPC and APS), the blasting is dominant, whereas the smaller

sizes (SMPS) have a higher background. For comparability, OPC and APS data are shown

on equal scales.
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Appendix C. Maximum Spread

The PM;g mass concentration data taken at the measurement site near the
tower were compared to data from regular air quality monitoring stations of
HLUG (Hessian Agency for the Environment and Geology) in Frankfurt. The
stations “Friedberger Landstrafie” (50.125656 8.693006, northeast of the tower),
“Hochst” (50.102906 8.542172, west) and “Ost” (50.126914 8.748594, east),
which are 3.148 km, 7.936 km and 7.040 km linear distance from the tower,
respectively, show a similar diurnal variation, but the blasting cannot be seen.
Thus, this can be used to estimate a maximum spread of the particles from
the blasting. The enhanced concentrations spread no further than 3.148 km

north-east direction and 7.936 km in west direction.
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Figure C.1: PM;o mass concentrations at the measurement site near the tower (red), compared
to “Friedberger Landstraie” (blue), “Hochst” (green) and “Ost” (black) in 30 minute time
resolution. The stations further away from the tower show no detectable enhancement in

concentration due to the blasting.
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Appendix D. Chemical Composition - Metals

Element  Sample M Sample 4  Sample 5  Sample 7 Sample 8 Sample 10  Sample 11
Sb 12.5 4.0 11.4 25.0 20.8 20.8 16.1
As 9.1 114 9.1 10.0 9.1 8.3 6.5
Pb 814 71.2 84.4 79.1 54.0 51.9 46.8
Cd 0.9 0.8 0.7 1.5 1.6 1.2 1.1
Cr 66.2 131.5 88.9 108.8 68.6 171.6 314.9
Fe 8018.8 16928.0 10489.0 4192.6 3330.2 2610.4 2280.6
Cu 207.7 89.9 101.7 390.3 224.7 178.5 458.9
Ni 50.8 61.6 37.7 87.4 48.1 88.2 161.3
Tl 5.0 1.6 4.5 10.0 8.3 8.3 6.5
\% 14.6 32.7 21.7 10.0 124 9.4 6.5
Mn 205.6 406.0 278.0 85.2 81.2 66.6 50.6
Co 6.1 15.9 11.2 3.5 4.2 3.2 3.0

total mass 564.3 1763.5 620.8 282.2 338.6 338.6 437.4

Element  Sample 12 Sample 15 Sample 16 Sample 22 Sample 24 Sample 29  Sample 30
Sb 19.2 11.4 11.6 20.8 29.4 4.9 16.7
As 7.7 7.6 10.8 12.4 18.2 4.3 6.7
Pb 53.7 61.0 79.3 117.8 138.1 28.8 63.6
Cd 1.2 0.8 0.8 1.6 2.7 1.0 3.3
Cr 130.0 70.4 89.7 155.8 165.3 31.6 115.8
Fe 2594.2 9715.9 15680.0 9744.8 19676.0 2393.5 4844.2
Cu 229.7 261.4 190.2 210.2 409.4 7.2 284.1
Ni 74.1 425 58.2 73.3 109.3 21.8 67.0
Tl 7.7 4.5 4.7 8.3 11.8 3.7 6.7
\% 77 47.9 30.3 20.2 41.6 5.5 8.9
Mn 43.8 253.0 433.0 229.9 555.0 59.8 143.1
Co 2.7 6.5 10.8 5.6 12.2 1.6 5.2

total mass 366.8 620.8 606.7 239.8 423.3 211.6 183.4

Table D.1: Chemical composition of deposition samples. Mass fractions of elements in pgg™".

Total mass in mgm~2d~!. Sample M was taken directly at the main measurement site.

1
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Appendix E. Ice Nuclei

The ice nuclei counter FRIDGE (Klein et al. (2010)) was used to study the
particles ice nucleation ability in deposition mode. Therefore, aerosol particles
were collected on silicon wafers before, during and after the skyscraper blasting
(wafers 1 4+ 2, 3 + 4 and 5, respectively). Afterwards the sample was analyzed
in the FRIDGE chamber, where it was exposed to a temperature of -18°C and
a stepwise increased relative humidity of 111% - 118% with respect to ice. The
absolute number of activated ice nuclei as well as the ice nuclei concentration
were not significantly increased in the samples from the blasting (fig. E.1). The
measurement suggests that the particles from the blasting do not generate ice
nucleation under the analyzed conditions, thus the blasting apparently did not

affect the ice nuclei concentration.
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Figure E.1: Number of ice nuclei per sample and ice nuclei concentration under different
relative humidities with respect to ice. Wafers 1, 2 and 5 are samples with background aerosol,
wafers 3 and 4 contain aerosol from the blasting. The samples taken during the blasting do

not show significantly enhanced ice nuclei concentration compared to background.
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Abstract. The exact mechanisms for new particle forma-
tion (NPF) under different boundary layer conditions are not
known yet. One important question is whether amines and
sulfuric acid lead to efficient NPF in the atmosphere. Fur-
thermore, it is not clear to what extent highly oxidized or-
ganic molecules (HOMs) are involved in NPF. We conducted
field measurements at a rural site in central Germany in the
proximity of three larger dairy farms to investigate whether
there is a connection between NPF and the presence of
amines and/or ammonia due to the local emissions from the
farms. Comprehensive measurements using a nitrate chem-
ical ionization—atmospheric pressure interface time-of-flight
(CI-APi-TOF) mass spectrometer, a proton-transfer-reaction
mass spectrometer (PTR-MS), particle counters and differen-
tial mobility analyzers (DMAs), as well as measurements of
trace gases and meteorological parameters, were performed.
We demonstrate here that the nitrate CI-APi-TOF is suitable
for sensitive measurements of sulfuric acid, amines, a ni-
trosamine, ammonia, iodic acid and HOMs. NPF was found
to correlate with sulfuric acid, while an anti-correlation with
RH, amines and ammonia is observed. The anti-correlation
between NPF and amines could be due to the efficient uptake
of these compounds by nucleating clusters and small parti-
cles. Much higher HOM dimer (C19/Cso9 compounds) con-
centrations during the night than during the day indicate that
these HOMs do not efficiently self-nucleate as no nighttime
NPF is observed. Observed iodic acid probably originates
from an iodine-containing reservoir substance, but the iodine
signals are very likely too low to have a significant effect on
NPF.

1 Introduction

The formation of new particles from gaseous compounds
(nucleation) produces a large fraction of atmospheric aerosol
particles (Zhang et al., 2012). While the newly formed par-
ticles have diameters between 1 and 2nm, they can grow
and reach larger sizes, which enables them to act as cloud
condensation nuclei (CCN, ~50nm in diameter or larger).
Removal processes such as coagulation scavenging due to
larger pre-existing particles can be important if the growth
rates (GR) for the newly formed particles are slow and/or if
the coagulation sink (CS) is high. The climatic effect of nu-
cleation depends strongly on the survival probability of the
newly formed particles, i.e., if they reach CCN size or not.
Model calculations indicate that nucleation can account for
ca. 50 % of the CCN population globally (Merikanto et al.,
2009). In addition to their climatic effect, secondary parti-
cles can also influence human health (Nel, 2005) or reduce
visibility, e.g., in megacities (Chang et al., 2009).

New particle formation (NPF) is a global phenomenon and
has been observed in many different environments (Kulmala
et al., 2004). In most cases a positive correlation with the
concentration of gaseous sulfuric acid has been observed (Si-
hto et al., 2006; Kuang et al., 2008). However, other trace
gases besides HySO4 and H>O need to be involved in the for-
mation of clusters, as otherwise the high particle formation
rates measured in the boundary layer cannot be explained
(Weber et al., 1997; Kirkby et al., 2011). One ternary com-
pound which enhances the binary nucleation of sulfuric acid
and water significantly is ammonia. However, at the rela-
tively warm temperatures of the boundary layer the presence

Published by Copernicus Publications on behalf of the European Geosciences Union.
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of ammonia is probably not sufficient for reaching the ob-
served NPF rates when acting together with sulfuric acid and
water (Kirkby et al., 2011; Kiirten et al., 2016). The same
applies for ion-induced nucleation (IIN); the observed IIN
rates for the binary and ternary system including ammonia
are not high enough to explain the observations (Kirkby et
al., 2011). Therefore, recent nucleation experiments have fo-
cused on organic compounds acting as a ternary compound
(besides H»SO4 and H,O). Many studies indicate that amines
have a very strong enhancing effect on nucleation (Kurtén
et al.,, 2008; Chen et al., 2012; Glasoe et al., 2015). In-
deed, a chamber experiment was able to show that the nu-
cleation of sulfuric acid, water and dimethylamine (DMA)
at 5°C and 38 % RH produced particles at a rate which is
compatible with atmospheric observations in the boundary
layer over a relatively wide range of sulfuric acid concen-
trations (Almeida et al., 2013). For sulfuric acid concentra-
tions < 107 molecules cm—3, which is typical for the bound-
ary layer, and dimethylamine mixing ratios of >~ 10 pptv,
nucleation was found to proceed at or close to the kinetic
limit. This means that every collision between sulfuric acid
molecules and clusters associated with DMA leads to a larger
cluster which does not evaporate significantly (Kiirten et al.,
2014).

In principle, mass spectrometry using nitrate chemical ion-
ization could be used to detect neutral clusters consisting of
sulfuric acid and bases in the atmosphere. However, only a
few studies indicate that neutral nucleating atmospheric clus-
ters consist of sulfuric acid and ammonia or amines (Zhao et
al., 2011; Jiang et al., 2011), while other studies could not
identify such clusters (Jokinen et al., 2012; Sarnela et al.,
2015). A further outstanding issue is the question about the
magnitude of the atmospheric amine mixing ratios at differ-
ent locations. In the past several years, experimental tools
for sensitive online measurement of amines in the pptv range
have become available (Hanson et al., 2011; Yu and Lee,
2012). The reported amine levels reach from up to tens of
pptv (Hanson et al., 2011; Freshour et al., 2014; You et al.,
2014; Hellén et al., 2014) to <0.1 pptv (Sipild et al., 2015).
An important question is therefore whether some of the re-
ported mixing ratios could be biased high or low due to in-
strumental issues, or whether the natural variability in the
amine mixing ratios due to different source strengths can ex-
plain the differences.

Other possible contributors to particle formation are
highly oxidized organic compounds (HOMs) originating,
for example, from the reaction of monoterpenes with atmo-
spheric oxidants (Zhao et al., 2013; Ehn et al., 2014; Ric-
cobono et al., 2014; Jokinen et al., 2015; Kirkby et al., 2016;
Bianchi et al., 2016). From this perspective it seems likely
that different nucleation pathways are possible and may dom-
inate at different sites depending, for example, on the concen-
tration of sulfuric acid, amines, oxidized organic compounds
and other parameters such as temperature and relative hu-
midity. Synergistic effects are also possible; for example, it
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has been demonstrated that the combined effect of ammo-
nia and amines can lead to more efficient particle formation
with sulfuric acid and water than for a case where ammo-
nia is not present (Glasoe et al., 2015). Due to the mani-
fold possibilities for nucleation and the low concentrations
of the growing clusters, it is challenging to identify the dom-
inant particle formation pathway from field measurements
in an environment where many possible ingredients for nu-
cleation are present at the same time. However, such mea-
surements are necessary and previous measurements from
Hyytiéld, Finland, underscored the importance of sulfuric
acid, organic compounds and amines regarding NPF (Kul-
mala et al., 2013).

In this study, we have chosen to conduct measurements
with an emphasis on the observation of NPF at a rural site
in central Germany. The goal of this field campaign was to
measure NPF in an amine-rich environment in the vicinity of
dairy farms, as cows are known to emit a variety of different
amines as well as ammonia (Schade and Crutzen, 1995; Ge et
al., 2011; Sintermann et al., 2014). The measurements were
performed using different particle counters and particle size
analyzers as well as trace gas (O3, SOz and NO, ) monitors.
A proton-transfer-reaction mass spectrometer (PTR-MS) is
used to determine the gas-phase concentration of monoter-
penes and isoprene, whereas a chemical ionization time-of-
flight mass spectrometer using nitrate primary ions (Jokinen
et al., 2012; Kiirten et al., 2014) is used for the measurement
of sulfuric acid, amines, ammonia and highly oxidized or-
ganics.

2 Methods and measurement site description
2.1 Measurement site description

The measurement site is located right next to a me-
teorological weather station operated by the German
Weather Service (DWD measurement station Michelstadt—
Vielbrunn/Odenwald;  49°43'04.4”N,  09°05'58.9”E;
452ma.s.l.). The village of Vielbrunn has a total of ~ 1300
inhabitants and is surrounded by fields and forests. The
next larger cities are Darmstadt (~ 35 km to the WNW) and
Frankfurt am Main (~50km to the NNW). The site was
chosen for several reasons: (i) three larger dairy farms are
close by, which should possibly enable us to study the effect
of amines on NPF; (ii) it can be regarded as typical for a rural
or agricultural area in central Europe; (iii) the site is not too
far away from the University of Frankfurt, which allowed
for the station to be visited for instrument maintenance on
a daily basis; and (iv) since we could measure right next to
a meteorological station, infrastructure and meteorological
data from the DWD could be used.

In terms of studying the effect of amines on NPF, we were
expecting to see a direct effect due to the local emissions
from the dairy farms. Each of these farms keeps a few hun-

www.atmos-chem-phys.net/16/12793/2016/



78

4 PUBLICATIONS

A. Kiirten et al.: Observation of new particle formation

dred cows in shelters, which essentially consist of only a
roof and a fence, such that the wind can easily carry away
the emissions. As mentioned in the introduction, livestock
are known to emit a variety of amines as well as ammonia
(Schade and Crutzen, 1995; Sintermann et al., 2014), both of
which should have an influence on NPF and growth (Almeida
et al., 2013; Lehtipalo et al., 2016). The farms are located in
the west (~ 450 m distance), south-southwest (~ 1100 m dis-
tance) and southeast (~ 750 m distance) of the station.

One further aspect that should be considered is the fact
that the site is also surrounded by forests (mixed type of
coniferous and deciduous trees, at least 1 km away). Conse-
quently, emissions of, for example, monoterpenes (CjoHje
compounds) can also potentially influence NPF as recent
studies indicate that their oxidation products can contribute
to NPF and particle growth (Schobesberger et al., 2013; Ric-
cobono et al., 2014; Ehn et al., 2014; Kirkby et al., 2016).

2.2 CI-APi-TOF

The key instrument for the data discussed in this study is the
chemical ionization—atmospheric pressure interface time-of-
flight mass spectrometer (CI-APi-TOF). The instrument was
first introduced by Jokinen et al. (2012), and the one used
in the present study is described by Kiirten et al. (2014).
The CI-APi-TOF draws a sample flow of 8.5 slm (standard
liters per minute), which interacts with nitrate primary ions
((HNO3)p-2NO3) within an ion reaction zone at ambient
pressure (~ 50 ms reaction time). The primary ions are gen-
erated from the interaction of HNO3 in a sheath gas and
a negative corona discharge (Kiirten et al., 2011). The ion
source is based on the design by Eisele and Tanner (1993)
for the measurement of sulfuric acid. The primary and prod-
uct ions are drawn into the first stage of a vacuum chamber
through a pinhole (~ 350 um diameter). Quadrupoles in the
first and a second stage of the chamber, operated in rf-only
mode, are used to guide the ions. A lens stack in a third stage
focuses and prepares the ions energetically before they en-
ter the time-of-flight mass spectrometer (Aerodyne Research
Inc., USA, and Tofwerk AG, Switzerland). This mass spec-
trometer has a mass resolving power of ~4000Th/Th and
a mass accuracy of better than 10 ppm. These characteristics
allow the elemental identification of unknown ions —i.e., dif-
ferent species with the same nominal (integer) m/z ratio can
be separated due to their mass defect. Using isotopic patterns
for an expected ion composition supports the ion identifica-
tion. For the data analysis the software tofTools (Junninen et
al., 2010) is used within the Matlab environment.

Previous work has shown that the CI-APi-TOF can be used
for highly sensitive measurements of sulfuric acid (Jokinen
et al., 2012), clusters of sulfuric acid and dimethylamine
(Kiirten et al., 2014), organic compounds with very low
volatility (Ehn et al., 2014) and dimethylamine (Simon et al.,
2016). Sulfuric acid and its clusters can be detected after do-
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nating a proton to the primary ions, i.e.,
(H2S04),, + (HNO3),=0-2NO5
— (H2S04),—1(HNO3)t=0-2HSO,
+ (m —k+ 1)(HNO3), R1D)

whereas the low-volatility organic compounds (HOMs) are
detected after clustering with NO;3, ie.,

HOM + (HNO3),,—0—2NO3
— (HOM)NO3 + m(HNO3). (R2)

In both Reactions (R1) and (R2) the presence of water has
been neglected for simplicity. The measurement of amines is
possible because they can be associated with nitrate cluster
ions (Sect. 3.6). Generally, the quantification of a substance
is derived with the following equation:

concentration =

C~1n(l+

Equation (1) relates the sum of the product ion count rates
to the sum of the primary ion count rates. Using a calibra-
tion constant C, the concentration of a neutral substance can
be determined. In the case of the sulfuric acid concentration
([H2S0O4]) the product ion count rates are due to HSO, and
(HNO3)HSO, , while the primary ion count rates include
NO3, (HNO3)NO; and (HNO3);NO;. The calibration
constant has been determined as 6 x 10° molecules cm—>
(Kiirten et al., 2012).

The same calibration constant has also been used for the
quantification of HOMs. However, in this case the mass de-
pendent transmission of the CI-APi-TOF was taken into ac-
count by the method of Heinritzi et al. (2016). This requires
an additional correction factor in Eq. (1), which is around 0.4
for the m /z range 300 to 400 Th and 0.22 for the range 500 to
650 Th; these factors take into account only the transmission
as a function of the m/z value, while assuming the same ion-
ization efficiency as for sulfuric acid, which has been shown
to be a valid assumption by Ehn et al. (2014). The quantifica-
tion of amines will be detailed in Sect. 3.6. Table 1 gives an
overview of the identified ion signals used in the further anal-
ysis evaluating sulfuric acid monomer and dimer concentra-
tions as well as amine, nitrosamine, ammonia and iodic acid
signals (further explanations will be given in the following
sections).

Regarding the loss of sample molecules within the inlet
line of the CI-APi-TOF, we expect only a minor effect. As
the sample line has a total length around 1 m, a very high flow
rate was applied over most of the inlet length (Berresheim et
al., 2000). Only for the last ~ 15 cm was the flow of 8.5 slm
applied when taking the sample from the central part of the
first inlet stage, where the inlet has a significantly larger di-
ameter (5 cm instead of 1cm for the last part) to avoid wall
contact of the relevant portion of the sampled air.

> product ion count rates ) n

> primary ion count rates
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Table 1. List of ions used in the identification of sulfuric acid (monomer and dimer), iodic acid, ammonia, amines (C1, C;, C3, C4 and Cg)
and dimethylnitrosamine. Cattle farms in the vicinity of the measurement site are expected to be a source for the listed amines (Ge et al.,

2011).

Ton Exact mass  Neutral compound

HSO, , (HNO3)HSO, 96.9601, sulfuric acid monomer
159.9557

(H2SO4)HSO,, (HNO3)(HySO4)HSO,  194.9275, sulfuric acid dimer
257.9231

103, (H20)I05, (HNO3)IO3 174.8898, iodic acid
192.9003,
237.8854

(NH3)(HNO3) 2NO3’ 142.0106, ammonia
205.0062

(CH5N)(HNO3)]’2NO37 156.0262, C amines (e.g., methylamine)
219.0219

(C2H7N)(HNO3) | »NO5’ 170.0419, C, amines (e.g., ethylamine, dimethylamine)
233.0375

(C3H9N)(HNO3)1 2NO5 184.0575, C3 amines (e.g., trimethylamine, propylamine)
247.0532

(C4H11N)(HNO3) | oNO3 198.0732, C4 amines (e.g., diethylamine, butylamine)
261.0688

(CcH1sN)(HNO3) 1 oNO3 226.1045, Cg amines (e.g., triethylamine)
289.1001

(C2HgN2O)(HNO3)1 oNO5 199.0320, dimethylnitrosamine
262.0277

2.3 PTR-MS only the sum of monoterpenes could be measured. However,

Volatile organic compounds (VOCs) were measured with a
calibrated proton-transfer-reaction mass spectrometer (PTR-
MS using a quadrupole mass spectrometer, IONICON
GmbH, Innsbruck, Austria). The instrument inlet was heated
to 60 °C and the same temperature was applied to the ion drift
tube. The drift tube was operated at an £/N of 126 Td in or-
der to minimize the formation of protonated water clusters
while maintaining a high sensitivity (E/N is the ratio be-
tween the electric field strength E in V cm™! and the number
density N of gas molecules incm™3; see Blake et al., 2009).

A calibration of the instrument was performed prior to the
campaign with a gas mixture containing several VOCs at a
known volume mixing ratio (Ionimed VOC standard, Inns-
bruck, Austria), including isoprene, a-pinene, and acetone,
amongst others. The calibration was performed for a rela-
tive humidity range of 0 to 100 % (steps of 20 %) at room
temperature. However, especially for «-pinene (measured at
81 and 137 Th), the sensitivity of the PTR-MS operating at
the rather high £ /N was not depending on relative humidity.
For isoprene (measured at 41 and 69 Th), a higher RH led
to lower fragmentation inside the instrument, but this did not
affect the overall sensitivity much (<5 % decrease from 20
to 100 %).

The PTR-MS cannot readily distinguish between differ-
ent monoterpenes as all have the same molecular weight, so
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since a-pinene is often the most abundant monoterpene in
continental midlatitudes (Geron et al., 2000; Janson and de
Serves, 2001) and the reaction rate constants for different
monoterpenes are rather similar (Tani et al., 2003; Cappellin
et al., 2012), our estimation of total monoterpene concentra-
tion should not be affected by large errors.

2.4 Other instrumentation

Trace gas monitors were used to measure the mixing ratios
of sulfur dioxide (model 431 TLE trace level SO, analyzer,
Thermo Scientific), ozone (model 400 ozone monitor, Tele-
dyne API) and nitrogen oxides (NO,, APNA-360 ambient
NO, monitor, Horiba). These instruments were calibrated
once before the campaign with known amounts of trace gases
and dry zero air was applied on a daily basis for a duration of
at least half an hour in order to take instrument drifts into ac-
count. The detection limits of the gas monitors are 0.05 ppbv
for the SO, monitor (for a 5 min integration time), approxi-
mately 0.5 ppbv for the NO, monitor and 0.5 to 1 ppbv for
the O3 monitor.

Further instruments used include condensation particle
counters (CPCs) and differential mobility analyzers (DMAs).
Model 3025A and 3010 CPCs (TSI, Inc.) were used to deter-
mine the total particle concentration above their cut-off sizes
of 2.5 and 10nm, respectively. A scanning mobility parti-
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Figure 1. Overview of the different parameters measured between
18 May and 8 June 2014. Temperature (7') and relative humidity
(RH) are shown in the upper panel, the center panel shows the global
radiation and precipitation, and the bottom panel shows the number
size distribution measured by the nano-DMA together with the con-
densation sink (black line). Gray arrows above the bottom panel
indicate days when significant NPF was observed.

cle sizer (SMPS) from TSI (model 3081 long DMA with a
model 3776 CPC) determined the particle size distribution
between 16 and 600 nm. The smaller size range was covered
by a nDMA (Grimm Aerosol Technik, Germany) and a TSI
model 3776 CPC for diameters between 3 and 40 nm. The
combined size distribution can be used to calculate the con-
densation/coagulation sink towards certain trace gases (e.g.,
sulfuric acid) or particle diameters.

Meteorological parameters were both obtained from our
own measurements with a Vaisala sonde (model WXT 520),
which yielded the temperature, RH, wind speed and direc-
tion, and the amount of precipitation. The same parameters
are also available for the Vielbrunn meteorological station
from the DWD; additionally, values for the global radiation
were provided by the DWD.

3 Results
3.1 Meteorological conditions and overview

The intensive phase of the campaign was from 18 May to 7
June 2014 (21 campaign days). Figure 1 shows an overview
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Figure 2. Overview of the trace gas measurements between 18 May
and 8 June 2014. The SO, and O3 mixing ratios are shown in the
upper panel, the NO and NO, mixing ratios are shown in the center
panel, and the bottom panel shows the sulfuric acid monomer con-
centration ([HpSO4]) together with the isoprene and monoterpene
mixing ratios.

of the meteorological conditions, i.e., temperature, relative
humidity, global radiation and precipitation. The size distri-
bution of small particles (Fig. 1, bottom panel) was measured
by the nDMA. In addition, the condensation sink calculated
for the loss of sulfuric acid on aerosol particles is also shown
taking into account the full size distribution (up to 600 nm).

The first part of the campaign (including 22 May) was
characterized by warm temperatures and sunny weather
without precipitation. Between 22/23 and 31 May the
weather conditions were less stable with colder tempera-
tures and some precipitation events. Especially on 29 May,
a strong drop in temperature and the condensation sink was
observed, due to a cold front followed by the passage of
relatively clean air. From 31 May onward, temperatures in-
creased again and it was mostly sunny, with only two rain
events on 3 and 4 June.

Elevated concentrations of small particles could be ob-
served on almost every day. However, NPF from the smallest
sizes (around 3 nm) followed by clear growth were seen only
on 6 days out of 21 (i.e., 29 %). These events, which were
also used for the calculation of NPF rates (Sect. 3.9), are
highlighted in the bottom panel of Fig. 1 by the dark-gray
arrows. The presence of small particles was also observed on

Atmos. Chem. Phys., 16, 12793-12813, 2016
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Figure 3. Diurnal averages for the sulfuric acid ([H,SO4]) and the
calculated hydroxyl radical ((OH]) concentrations (axis on the left).
The iodine signal is not converted into a concentration; instead, the
normalized count rates per second (ncps) are shown (axis on the
right). A value of 5 x 1073 ncps for iodine would correspond to a
concentration of 3 x 10° molecules cm™> when applying the same
conversion factor for iodic acid as for sulfuric acid. The global ra-
diation indicates that all signals are related to photochemistry. Error
bars indicate 1 standard deviation for the 30 min averaged values.

several other days; however, the events were either relatively
weak or no clear particle growth was observable.

3.2 Trace gas measurements

The trace gas measurements are shown in Fig. 2. Typical
maximum daytime ozone mixing ratios ranged from ~ 40 to
75 ppbv (Fig. 2, upper panel). The sulfur dioxide levels were
between 0.05 and a maximum of 2 ppbv, with average val-
ues around 0.3 ppbv (Fig. 2, upper panel). Especially during
the passage of clean air on 29 and 30 May, the SO levels
were quite low. NO, mixing ratios showed a distinct diurnal
pattern with a minimum in the late afternoon and an average
mixing ratio around 3 ppbv (Fig. 2, middle panel; see also
Fig. 8). The NO mixing ratios were about a factor of 5 lower
compared to NO; on average (Fig. 2, middle panel; see also
Fig. 8); similar values were reported for another rural site in
Germany (Mutzel et al., 2015). The maximum sulfuric acid
concentrations were reached around noon and ranged be-
tween ~ 1 x 10° and 2 x 107 molecules cm™3 (Fig. 2, lower
panel; see also Fig. 3), which is comparable to other sites
(Fiedler et al., 2005; Petdjd et al., 2009). The total monoter-
pene and isoprene mixing ratios measured by the PTR-MS
were similar to each other with values between ~ 0.03 and
1 ppbv (Fig. 2, lower panel). Mixing ratios in the same range
have also been reported for the boreal forest (Rantala et al.,
2014).

3.3 H,SO4 measurement and calculation from proxies

Figure 3 shows the average diurnal sulfuric acid concentra-
tion along with other data, which will be discussed in later
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sections. The maximum average [H2SO4] around noon was
~3 x 10% molecules cm—3; the error bars represent 1 stan-
dard deviation.

Recently, Mikkonen et al. (2011) introduced approxima-
tions to calculate sulfuric acid as a function of different
proxies. Since the relevant parameters (sulfur dioxide mix-
ing ratio, global radiation, relative humidity and condensa-
tion sink) are available, we have used the following formula
to approximate the sulfuric acid concentration (Mikkonen et
al., 2011):

[H2SO4]proxy = a - k (T, p) - [SO2]” - Rad® - RH? - CS®.  (2)

The [H2SO4] (expressed in molecules cm™3) is calculated
as a function of the SO, mixing ratio (in ppbv), the global
radiation Rad (in Wm™2), the relative humidity RH (in
%), the condensation sink CS (in s~!), a rate constant &,
which depends on ambient pressure p and temperature T
(see definition for k by Mikkonen et al., 2011) and a scal-
ing factor a. A least-squares fit made with the software
IGOR yields the coefficients a = 1.321 x 10'>, b =0.913,
¢ =0.990, d =—0.217 and e =—0.526 (linear correlation
coefficient, Pearson’s r, is 0.87). Following the recommenda-
tions given by Mikkonen et al. (2011) we restricted the data
used in the derivation of the parameters to conditions where
the global radiation was equal or larger than 50 W m~2. In
addition, a simpler formulation was also tested, which ne-
glects the dependence on RH and CS:

[H2SO4]proxy = a@’ - k (T, p) - [SO2]”" - Rad"". 3)

Here, the coefficients a’=1.343 x 106, »'= 0.786 and
¢’ =0.941 yield good agreement (linear correlation coeffi-
cient, Pearson’s r, is 0.85) between calculated and measured
[H2SO4]. Figure 4 shows a comparison between the two ap-
proximation methods and the measured sulfuric acid for the
full campaign (when Rad > 50 W m~2). In almost all cases
the predicted 5 min averages are within a factor of 3 of the
measured values for both methods. This indicates that even
the simpler method (Eq. 3) can yield relatively accurate re-
sults for the conditions of this study. This is probably due to
the fact that RH and CS show only relatively small variations
over the duration of the campaign and it would therefore not
be absolutely necessary to include these factors in the sul-
furic acid calculation. Nevertheless, whenever the data are
available, we recommend using the more detailed parameter-
ization (Eq. 2) as it treats the sulfuric acid concentration cal-
culation more rigorously. The parameters found are in good
agreement with the ones reported by Mikkonen et al. (2011)
for different sites.

3.4 Calculated OH

For further data evaluation, knowledge of the OH concentra-
tions is useful. In this study the hydroxyl radical concentra-
tion is required to derive an estimated concentration of the
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Figure 4. Calculated [H,SO4] as a function of the measured
concentrations. Only data points where the global radiation ex-
ceeded 50 W m~2 were considered in deriving the fit parameters
for Eqgs. (2) and (3). The red circles take into account SO;, global
radiation (Rad), condensation sink (CS) and relative humidity (RH)
to calculate the [HpSO4], whereas only SO, and global radiation
are used for the blue triangles.

iodine species OIO (Sect. 3.5) and for a comparison of con-
ditions during nucleation and no-nucleation days (Sect. 4).
Since there was no direct measurement of the hydroxyl rad-
ical available, only an estimation based on other measured
parameters can be made. This estimation is based on the
assumption that most of the sulfuric acid is produced from
the reaction between SO, and OH. Using the condensation
sink CS the balance equation between production and loss at
steady state can be used to derive the OH:

CS - [H2SO4] — kx50, - [X]-[SO2]

koH+s0, - [SO2]
CS - [H2SO4]

~ koH+s0, - [SO2]"

Recently, it was discovered that there are also other species
capable of oxidizing SO; to SO3 (which lead to subsequent
production of H»SO4 due to further reactions with O, and
H,O; Mauldin et al., 2012). Those species X, e.g., stabilized
Criegee intermediates (sCI), can be formed via the ozonoly-
sis of alkenes (e.g., isoprene, «-pinene, limonene; Mauldin et
al., 2012; Berndt et al., 2014). Therefore, if some H,SOy is
generated from sCI reactions with SO, then the calculated
OH is an upper estimate. During the day this effect should
be relatively small, i.e., <50 % (Boy et al., 2013; Sarwar et
al., 2013), although Berndt et al. (2014) state that no final
answer can be given regarding the effect of the sCI on the
sulfuric acid formation because it depends strongly on the
sCI structure and competitive reactions between sCI and wa-
ter vapor. However, it should also be noted that the reaction

[OH] =

“
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between alkenes and ozone generates not only sCI but also
OH at significant yields (e.g., the OH yield for the reaction
of a-pinene and Oz is ca. 0.77; Forester and Wells, 2011)
and that the OH produced via this mechanism is taken into
account by Eq. (4). Data from Sipilé et al. (2014) further sug-
gest that the production of sulfuric acid from sCI oxidation of
SO, is probably minor compared to that from OH and SO;.
For these reasons we have decided to calculate the [OH] not
only for the daytime but for the full day. The derived diurnal
pattern of [OH] is shown in Fig. 3 with a maximum concen-
tration of 1 x 10® molecules cm™—2 around noon, which is in
good agreement with other studies where OH was measured
directly (Berresheim et al., 2000; Rohrer and Berresheim,
2006; Petiji et al., 2009).

3.5 Iodic acid (HIO3) and OIO

The high-resolution CI-APi-TOF mass spectra revealed the
presence of iodine containing substances. It can be ruled
out that these signals result from instrument contamination
as our CI-APi-TOF had never been in contact with iodine
(i.e., no nucleation experiments with iodine have yet been
performed and no iodide primary ions have been used). The
observed signals could be assigned to 105, (H20)IO0; and
(HNO3)I05 (Table 1). To our knowledge the identification
of iodine-related peaks has not been reported from measure-
ments with a nitrate chemical ionization mass spectrome-
ter (CIMS). However, Berresheim et al. (2000) reported the
presence of a peak at m/z 175 in the spectrum for the marine
environment, which was not identified previously but, in the
light of this study, can almost certainly be attributed to 105 .

The diurnal pattern of 105 and the related iodine peaks
show a distinct pattern with a maximum around noon fol-
lowing the diurnal pattern of sulfuric acid almost perfectly
(Fig. 3). This may not be surprising since the formation of
HIO3 is due to reaction between OIO and OH (Saiz-Lopez
et al., 2012); therefore, the iodic acid concentration is con-
nected to the OH chemistry. After normalization of the iodic
acid signals with the nitrate primary ion count rates, a con-
centration of the neutral compound HIO3; can be obtained
by tentatively adopting the same calibration constant for
iodic acid as for sulfuric acid. Thereby a maximum average
daytime concentration of ~ 3 x 10> molecules cm—> can be
found. Further, using the derived OH concentrations from the
H,>SO4 and CS measurements (Sect. 3.4), the derived [HIO3]
can be used to estimate the concentration of OIO (Saiz-Lopez
etal., 2012):

CS - [HIO3]
koutoro - [OH]

Equation (5) assumes that the only production channel of
HIO3 is the reaction between OH and OIO and the only loss
mechanism of HIO3 is the uptake on aerosol. The reaction
rate kog+oro can be taken from the literature (Plane et al.,
2006). In this way the concentration of OIO can be estimated

[OIO] = (5)
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to a typical value of 5 x 10° molecules cm ™3, which is much
lower than the values reported for the marine environment (3
to 27 pptv, i.e., 7.5 x 107 to 6.8 x 108 molecules cm™3; see
Saiz-Lopez et al., 2012).

The relatively low values of [HIO3] and [OIO] probably
indicate that iodine chemistry is not very important in terms
of NPF at this site. This is supported by the fact that we could
not observe any clusters containing, for example, sulfuric
acid and iodic acid or clusters containing more than one io-
dine molecule. However, it is surprising that iodine can be de-
tected more than 400 km away from the nearest coast line. On
the other hand, HYSPLIT back-trajectory calculations (Stein
et al., 2015) reveal that in most cases the air was arriving
from westerly directions and therefore had contact with the
ocean within the last 48 h before arriving at the station. Dur-
ing the measurement period there was unfortunately never a
day where the air was clearly coming from easterly direc-
tions and had not been in contact with the Atlantic Ocean or
Mediterranean Sea within the previous days. Therefore, we
could not check whether this would result in lower iodine sig-
nals. Despite the marine origin of the air masses observed, it
is not clear how the iodine is transported over relatively large
distances without being lost on aerosol particles. If iodic acid
is irreversibly lost on aerosol (similar to sulfuric acid) its life-
time should only be on the order of several minutes at typical
boundary layer conditions. Therefore, the presence of iodine
indicates either a local iodine source or its transport from ma-
rine environments in the form of a reservoir substance, e.g.,
CH3lI (the lifetime of CH3l is in the order of 1 week; see
Saiz-Lopez et al., 2015), and subsequent release due to pho-
tolysis.

Regarding the sensitivity of the CI-APi-TOF it can be
said that iodic acid (and, if present, probably also its clus-
ters) can be detected with high sensitivity. One aspect that
helps in unambiguously identifying iodic acid is the high
negative mass defect of the iodine atom (Am ~ —0.1 Th).
Furthermore, this also contributes to the low detection limit
for this compound because generally there will not be any
overlapping signals from other substances with the same
integer mass (mass resolving power of the instrument is
~4000Th/Th - i.e., at m/z 175 the peak width at half
maximum is ~ 0.04 Th). The method introduced here there-
fore allows high-sensitivity measurement of [HIO3] as well
as the estimation of [OIO] with the help of Eq. (5) in fu-
ture studies. The lowest detectable concentrations should be
around 3 x 10* molecules cm ™3, or better, for [HIO3] and
5 x 10° molecules cm ™ (ca. 0.02 pptv) for [OIO] when as-
suming the same calibration constant for HIO3 as for HySOq4
and considering the lowest iodine signal from Fig. 3.

3.6 Amine, nitrosamine and ammonia measurements
The detection of dimethylamine (DMA, (CH3)>,NH) by

means of nitrate chemical ionization with a CI-APi-TOF has
been described previously (Simon et al., 2016). The clus-
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tering between diethylamine (DEA) and nitrate ion clusters
has also been reported by Luts et al. (2011). The amines
detected in the present study include CHsN (monomethy-
lamine), CoH7N (dimethylamine, DMA, or ethylamine,
EA), C3HgN (trimethylamine, TMA, or propylamine, PA),
C4H 1N (diethylamine, DEA) and C¢Hy5N (triethylamine,
TEA). All of these amines are identified as clusters in the
CI-APi-TOF spectra where the amines are associated with
both the nitrate dimer ((amine)(HNO3)NO;') and the trimer
((amine)(HNO3)2NO3).

The high mass resolving power of the CI-APi-TOF al-
lowed the identification of five different amines (C;, Cp, Cs,
C4 and Cg amines; see above). Since the amines are all iden-
tified at two different masses each (with either the nitrate
dimer or the nitrate trimer), plotting the time series of each
pair of signals allows further verification of the amine sig-
nals since a different time trend would reveal that another
ion would interfere with the amine signal. This was some-
times the case when the relative humidity was high and clus-
ters of water and nitrate appeared with high water numbers.
The cluster of NO; and 6 water molecules has a mass of
170.0518 Th and the C; amine cluster (C;H7N)(HNO3)NO3
(170.0419 Th) cannot be separated from this primary ion
cluster. Therefore, if large nitrate plus water clusters were
observed in the spectra, no C, amine signal could be evalu-
ated.

The same ion cluster chemistry applies for ammonia,
which can also bind with the nitrate cluster ions. Conse-
quently, ammonia is detected as (NH3)(HNO3)NO; and
(NH3)(HNO3);NO;" (Table 1). To our knowledge the exis-
tence of these cluster ions has not been reported previously.

In accordance with Simon et al. (2016), the cluster ion sig-
nals have been normalized by the following relationship:

aminepeps = (1 . { (amine) (HNO3) NOJ } + { (amine) (HNO3),NO3 }) (6)
S — B

{(HNO3),NO3 }

where the curly brackets denote the count rates of the dif-
ferent ion clusters and the same formula can be used when
“amine” is replaced by NH3 to obtain the normalized ammo-
nia signal. The normalization with the nitrate trimer has been
chosen because we think that this is the dominant nitrate ion
cluster the amines (and ammonia) can bind to within the CI-
APi-TOF ion reaction zone (Simon et al., 2016). Partial evap-
oration of one HNO3 from the resulting amine nitrate cluster
within the CI-APi-TOF vacuum chamber leads to the spread
of the signal over the related masses separated by 62.9956 Th
(HNO3).

In addition to the five amines mentioned before,
we were able to identify dimethylnitrosamine (NDMA,
(CH3)2NNO) from its clusters ((CH3)2NNO)(HNO3)NO3
and ((CH3)2NNO)(HNO3),NO; (Table 1). The signals from
NDMA show a clear diurnal pattern on some days, which
can be up to about 2 orders of magnitude higher during the
night compared to the day. This is in agreement with the
formation mechanism of NDMA via the reaction of DMA

www.atmos-chem-phys.net/16/12793/2016/
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Figure 5. Diurnal averages for different amines (Cy, Cy, C3, C4 and
Cg) and ammonia. The temperature profile is shown in addition.
Error bars represent 1 standard deviation of the 30 min averages.
The lower detection limits for the different compounds are not well
defined. However, the lowest measured signals during some periods
were 0.3 x 1074 neps for Cp; ~0.5 x 104 neps for Co, C3, C4 and
Ce; and 0.1 x 104 ncps for ammonia. For most of the time (and
for all averaged values shown) the signals were clearly above these
“background” levels.

with OH and NO (Nielsen et al., 2012). The lower concen-
trations during the day can be explained by the rapid pho-
tolysis rate of NDMA (Nielsen et al., 2012). Since only C;
amines are capable of forming nitrosamines, no further ni-
trosamine could be identified from the mass spectra. Only a
rough estimation of the mixing ratio can be provided by us-
ing the calibration constant from Simon et al. (2016) which
was derived for DMA. Using this calibration constant the
maximum mixing ratio of NDMA would be ~ 100 pptv (or
2.5 x 10° molecules cm—3). However, this value has a high
uncertainty because no direct calibration with NDMA was
performed.

The average diurnal patterns of the four amines and am-
monia are shown in Fig. 5. The data are an average over 21
measurement days and the error bars represent 1 standard
deviation. The temperature profile is shown along with the
CI-APi-TOF signals. The C4 and Cg amines and ammonia
show a distinct diurnal profile which follows the temperature
profile closely. The temperature-dependent signal intensity
could be due to partial re-evaporation of amines from the par-
ticulate phase. No correlation with temperature is seen for the
Cj1, C2 and C3 amines, which could indicate efficient stabi-
lization of these amines in the particulate phase due to acid—
base reactions (Kirkby et al., 2011; Almeida et al., 2013).
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No direct calibration for amines, NDMA and ammonia
was performed during the campaign. Therefore, only a rough
estimation of the mixing ratios can be made. Using the cali-
bration curve for DMA by Simon et al. (2016), 1 x 10~ ncps
(normalized counts per second) corresponds to ~ 1 pptv of
DMA. With this conversion the average mixing ratios are be-
tween about 1 and 5 pptv for the amines. The mixing ratios
from this study are in a similar range to those reported from
measurements in a southeastern US forest (You et al., 2014)
but generally lower than those from three different sites in
the USA (Freshour et al., 2014).

The ncps for ammonia are lower than for the amines,
which should not be the case if the sensitivity towards am-
monia and amines were the same because the ammonia mix-
ing ratios are almost certainly higher than the ones for the
amines in this environment. The ammonia mixing ratio can
be above several ppbv in rural areas (von Bobrutzki et al.,
2010). Therefore, the sensitivity of the nitrate CI-APi-TOF
towards ammonia seems to be significantly lower than for
amines. This is reasonable since other studies have found
that acid-base clusters between sulfuric acid (including the
bisulfate ion) and amines are much more stable compared to
sulfuric acid ammonia clusters (Kirkby et al., 2011; Almeida
et al., 2013). Therefore, the acid-base clustering between ni-
tric acid (including the nitrate ion) and ammonia or amines
could follow a similar rule, which would lead to faster evap-
oration of the ammonia nitrate clusters. For this reason, only
the relative signals for ammonia can be used at the moment
without providing estimated mixing ratios.

Recently, it was suggested that diamines could play an im-
portant role in ambient NPF (Jen et al., 2016a); however, we
could not identify diamines from the high-resolution mass
spectra.

3.7 Sulfuric acid dimer

Occasionally, the CI-APi-TOF sulfuric acid dimer signal was
above background levels. The dimer ((H2SO4)HSO,) was
identified from the high-resolution spectra on nine campaign
days. The measured sulfuric acid dimer concentrations are
shown as a function of the sulfuric acid monomer concentra-
tions in Fig. 6. For comparison, CLOUD chamber data from
nucleation experiments in the ternary sulfuric acid—water—
dimethylamine system are included (red circles in Fig. 6;
Kiirten et al., 2014). In addition, the lower dashed line shows
the expected dimer formation due to ion-induced clustering
(IIC) of sulfuric acid monomers in the CI-APi-TOF ion reac-
tion zone (Hanson and Eisele, 2002; Zhao et al., 2010).

The data indicate that the measured dimer concentrations
are clearly above the background level set by ion-induced
clustering. On the other hand, the concentrations are lower
than what has been measured in CLOUD for kinetic nu-
cleation in the sulfuric acid—water—dimethylamine system at
5°C and 38 % RH (Almeida et al., 2013; Kiirten et al., 2014).
Clearly, the neutral sulfuric acid dimers were stabilized by a
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Figure 6. Sulfuric acid dimer concentrations as a function of the
sulfuric acid monomer concentrations. The legend on the left lists
the periods when high dimer signals were observed. In addition,
data from CLOUD chamber experiments with at least 10 pptv of
dimethylamine are shown; under these conditions dimer formation
proceeds at or close to the kinetic limit (Kiirten et al., 2014). The
dashed-dotted line indicates the lower detection limit for neutral
dimers set by ion-induced clustering (IIC) within the CI-APi-TOF
ion reaction zone.

ternary compound, as otherwise their concentrations would
not have been measurable at these relatively warm conditions
because the dimer (without a ternary compound) evaporation
rate is quite high (>10°s~! at 290 K; Hanson and Lovejoy,
2006; Kiirten et al., 2015). On the other hand, the ternary sta-
bilizing agent evaporates after charging of the sulfuric acid
dimers because no cluster between the sulfuric acid dimer
and another compound (besides HNO3 from the ion source)
could be identified. This means that although the dimers con-
tained at least one additional molecule in the neutral state, the
ionized dimer will be detected as (H2SO4)HSO, (Ortega et
al., 2014; Jen et al., 2014), which makes it impossible to iden-
tify the stabilizing agent. Only when larger clusters of sulfu-
ric acid are present (trimer and larger) can stabilizing agents
like ammonia or amines stay in the cluster after charging with
the nitrate ion (Zhao et al., 2011; Kirkby et al., 2011; Ortega
et al., 2014; Kiirten et al., 2014). Unfortunately, no large sul-
furic acid clusters (trimer and larger) were measurable during
the campaign, probably because their concentrations were
too low. Therefore, only speculations about the stabilizing
agent responsible for the high dimer concentrations can be
made. It is quite unlikely that ammonia would be the only
stabilizing compound for the dimers since previous studies
have shown that the relatively high dimer concentration mea-
sured at rather low sulfuric acid monomer concentrations
(<2 x 107 molecules cm~3) cannot be explained by sulfuric

Atmos. Chem. Phys., 16, 12793-12813, 2016

A. Kiirten et al.: Observation of new particle formation

acid—ammonia—water nucleation (Hanson and Eisele, 2002;
Jen et al., 2014). In addition, efficient clustering between sul-
furic acid and iodic acid can probably be ruled out (provided
that these compounds would be capable of producing a clus-
ter with a low evaporation rate) as the concentrations of iodic
acid are quite low (~ 3 x 10° molecules cm™> at maximum;
see Sect. 5). This means that the arrival rate of iodic acid
on a sulfuric acid dimer is on the order of 10~*s~! (using
a collision rate of 5 x 1071% cm? molecules—! s~1). Due to
the high evaporation rate of the pure sulfuric acid dimer, no
significant dimer stabilization by iodic acid can be expected.

Whether amines are responsible for the dimer formation
in the present study cannot be concluded. If they were, the
lower dimer concentrations compared to the CLOUD cham-
ber results (Kiirten et al., 2014) could be attributed to the
higher temperatures in the present study, which result in
faster evaporation rates. Another explanation would be the
lower amine mixing ratios. In the CLOUD study, dimethy-
lamine was present at 10 pptv or higher. In addition, it can-
not be concluded that, for example, the measured C, amines
are all dimethylamine; if a significant fraction of them were,
for example, ethylamine, its stabilizing effect could be sig-
nificantly lower. This remains somewhat speculative as no
data regarding NPF from ethylamine and sulfuric acid were
found; however, triethylamine was reported to have a rela-
tively weak effect on nucleation compared to DMA or TMA
(Glasoe et al., 2015). Other compounds which are present
and have been shown to form new particles are HOMs
(Schobesberger et al., 2013; Ehn et al., 2014; Riccobono et
al., 2014), although their stabilizing effect on neutral sulfuric
acid dimers remains to be elucidated.

Regarding the observations shown in Fig. 6, it should be
noted that no ion filter (high-voltage electric field in the
CI-APi-TOF inlet to remove ambient ions) was used in the
present study. This could in principle lead to the detection
of ambient ions and clusters, which did not undergo charg-
ing in the CI-APi-TOF ion reaction zone. If this were the
case, no representative concentrations of the corresponding
neutral sulfuric acid dimer would be derived. CLOUD stud-
ies reported that charged sulfuric acid monomers (HSO, )
and dimers ((H2SO4)HSO,) could be observed with a dif-
ferent nitrate CIMS under some conditions (Rondo et al.,
2014; Kiirten et al., 2015). However, for ambient measure-
ments, no significant effect could be observed for sulfuric
acid monomers (Rondo et al., 2014). In principle, the sul-
furic acid dimer could be more strongly affected by the de-
tection of ambient ions since the neutral dimer concentra-
tion is much lower than the sulfuric acid monomer, while
the negative ambient ion spectrum can be dominated by the
charged sulfuric acid dimer (Eisele et al., 2006). Therefore,
we cannot entirely rule out that ambient ions had some ef-
fect on the data shown in Fig. 6. However, the ambient ions
would need to overcome an electric field before they could
enter the ion reaction zone (Kiirten et al., 2011; Rondo et al.,
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2014). In the CIMS and the CI-APi-TOF a negative voltage
is used to focus the primary ions to the center of the reac-
tion zone, while the sample line is electrically grounded. This
means negative ambient ions would need to overcome a re-
pulsing electric field which acts as a barrier. Light ions will
be efficiently deflected due to their high mobility, but heav-
ier ions can in principle penetrate more easily. Consequently,
CIMS measurements at the CLOUD chamber showed that
the apparent dimer signal measured by the CIMS correlated
with large ion clusters (pentamer, i.e., (H2SO4)4HSO,, and
larger, which underwent subsequent fragmentation) but not
with the (H,SO4)HSO, signal; the charged clusters were
measured simultaneously with an APi-TOF (Junninen et al.,
2010; Kiirten et al., 2015). The CI-APi-TOF used in this
study utilized a higher voltage for the ion focusing compared
to the CIMS (ca. —500V instead of —220V in the CIMS)
and should therefore prevent smaller masses even more ef-
ficiently from entering the ion source than in the study by
Kiirten et al. (2015). In addition, the absence of any trimer
signal (H2SO4)2HSOy ) in the spectra argues against ambi-
ent ion detection. In a previous study by FEisele et al. (2006)
ambient ion measurements also showed, besides signals for
(H2SO4)HSO,, signals for (H2SO4)2HSO, which were on
average ~ 50 % of the dimer signals. Since the CI-APi-TOF
design, with its repulsing voltages towards ambient ions in
the ion reaction zone, should be more sensitive towards the
trimer than towards the dimer, the absence of sulfuric acid
trimer signals argues against a significant bias in the data due
to charged ambient clusters.

3.8 Highly oxidized organic molecules (HOMs)

Recently, the rapid autoxidation of atmospherically relevant
organic molecules, such as isoprene and monoterpenes, was
described (Crounse et al., 2013; Ehn et al., 2014). There is
evidence that these HOMs are involved in the formation of
secondary aerosol and can even promote the formation of
new aerosol particles (Jokinen et al., 2015; Kirkby et al.,
2016). Nitrate chemical ionization mass spectrometry is ca-
pable of detecting a suite of HOMs when the O: C ratio is
high (e.g., >~ 0.6 for C19 and >~ 0.35 for C19/Cp9 com-
pounds) through association of an NOj primary ion (Ehn
et al., 2014), while other ionization techniques are more se-
lective towards less oxidized compounds (Aljawhary et al.,
2013). Many recent publications report peak lists for dif-
ferent compounds identified from chamber or ambient mea-
surements with nitrate chemical ionization (Ehn et al., 2012,
2014; Kulmala et al., 2013; Mutzel et al., 2015; Praplan et al.,
2015; Jokinen et al., 2015; Kirkby et al., 2016). The species
from the previous studies are mainly Cjo (containing 10 car-
bon atoms) or Cyg (containing 19 or 20 carbon atoms) com-
pounds originating from reactions between monoterpenes (in
most cases from a-pinene) and ozone and/or OH.

The Cjp compounds can be further segregated into
HOM radicals (RO, i.e., CioHi50;>¢), HOM monomers
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Figure 7. Comparison between average daytime and nighttime
mass spectra measured with the nitrate CI-APi-TOF. The daytime
spectrum was averaged for periods when no nucleation was ob-
served.

(C10H140;>7 and Cy9H;60;>¢) and HOMs involving reac-
tions with nitrate (C1oH;5NO;>7 and C10H16N20;>g; Joki-
nen et al., 2014). Dimers (C;9/Cy9 compounds) originate
from reactions among HOM RO, radicals (Ehn et al., 2014).

The spectra were evaluated according to the peak list
shown in Table 2 regarding HOMs. It should be noted that
the listed compounds represent some fraction of the observed
signal in the monomer and dimer region, although not all of
the peaks that are present are identified yet. Figure 7 shows
a comparison between the average daytime and the average
nighttime spectra for the mass to charge range between m/z
300 and 650. According to Fig. 7 the main difference be-
tween day and night is the significantly higher signals in the
dimer region during the night.

Figure 8 shows the diurnal variation of the HOMs (sep-
arated into HOM radicals, HOM monomers, HOM nitrates
and HOM dimers according to Table 2) together with other
parameters (NO, NO;, O3 and global radiation). One striking
feature is the pronounced maximum concentration of HOM
dimers during the night. During the day, when the global ra-
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Table 2. Peak list of the highly oxidized organic molecules (HOMs) used in this study.

Ion sum formula  Cluster ion Exact mass Compound
C]OH]SNO; (C10H1506)NO§ 293.0752 HOM RO, radical
CioH1sNOy, (C10H1507)NO3 309.0701 HOM RO radical
C1oHsNO,; (C10H1508)NO5 325.0651 HOM RO; radical
C1oH5NO|, (C10H1509)NO5 341.0600 HOM RO, radical
C10H15N01_3 (C10H15010)NO; 357.0549 HOM R02 radical
C1oH5NO5 (C10H15012)NO5 389.0447 HOM RO; radical
CgHpNOy, (CgH 208)NO5 298.0416 HOM monomer
CoH14NO}, (C9H1409)NO5 328.0521 HOM monomer
Ci1oH14NOy, (C10H1407)NO5 308.0623 HOM monomer
C10H14N01_l (C10H1403)NO§ 324.0572 HOM monomer
C1oH14NO, (C10H1409)NO5 340.0521 HOM monomer
CioH14NO ;5 (C10H14010)NO5 356.0471 HOM monomer
C1oH14NO, (C10H14011)NO5 372.0420 HOM monomer
Ci1oH16NOy (C10H1606)NO5 294.0831 HOM monomer
CioH16NO; (C10H1607)NO5 310.0780 HOM monomer
C10H16N01_1 (C10H1603)N03_ 326.0729 HOM monomer
C1oH16NO|, (C10H1609)NO5 342.0678 HOM monomer
CioH16NO 5 (C10H16010)NO3 358.0627 HOM monomer
C1oH16NO (C10H16011)NO5 374.0576 HOM monomer
CioH15N207, (C10H15NO7)NO5 323.0732 HOM nitrate
C10H15N201_1 (C10H15N08)NO3_ 339.0681 HOM nitrate
Ci1oH15N207, (C10H15NOg)NO5 355.0630 HOM nitrate
CioH15N2015 (C10H15NO19)NO3’ 371.0580 HOM nitrate
C1oH15sN207, (C10H15NO11)NO5 387.0529 HOM nitrate
Ci1oH15N2055 (C10H15NO12)NO5 403.0478 HOM nitrate
C10H15N201_6 (C10H15N013)NO3_ 419.0427 HOM nitrate
C1oH16N307; (C10H16N208)NO5 354.0790 HOM dinitrate
C10H17N40174 (C10H16N208)(HN03)NO; 417.0747 HOM dinitrate
C10H16N307, (C10H16N209)NO5 370.0739 HOM dinitrate
C1oH17N4055 (C10H16N209)(HNO3)NOS 433.0696 HOM dinitrate
C10H16N301_3 (C10H16N2010)NO3_ 386.0689 HOM dinitrate
C10H17N4014 (C10H16N2010)(HNO3)NOS 449.0645 HOM dinitrate
C19H30N0176 (C19H30013)NO; 528.1570 HOM dimer
C19H30NO 4 (C19H30014)NO5 544.1519 HOM dimer
CooHpgNO ¢ (CoH28013)NO5 538.1414 HOM dimer
C20H28N01_7 (C20H28014)NO; 554.1363 HOM dimer
CooHogNO ¢ (CoH28015)NO5 570.1312 HOM dimer
ConggNO;g (Conngl(,)NO; 586.1261 HOM dimer
CooH28NO,, (C20H28017)NO5 602.1210 HOM dimer
CooHgNO;,; (CoH28018)NO5 618.1159 HOM dimer
CooHgNO,, (C0H28019)NO5 634.1108 HOM dimer
C20H28N02_3 (C20H28020)NO3_ 650.1058 HOM dimer
CooH30NO 4 (C0H30014)NO5 556.1519 HOM dimer

diation shows values above zero, the dimer signals drop by
about 1 order of magnitude and reach levels which are close
to the detection limit of the instrument. The low daytime
dimer concentrations are probably due to enhanced NO, HO,
and R’O, concentrations during the day. These compounds
can react with HOM RO; radicals and thereby inhibit the for-
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mation of dimers, which are a result of the reaction between
two RO; radicals. As can be seen from Fig. 8, the NO con-
centration peaks in the morning. HO, was not measured but
typically peaks around noon or in the later afternoon (Monks,
2005). Direct photolysis of HOM dimers has to our knowl-
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Figure 8. Diurnal profiles of the NO, NO, and O3 mixing ra-
tios. The signals for highly oxidized organic molecules (HOMs) are
shown for some Ciy (HOM monomers, HOM nitrates and HOM
radicals) and C19/Cpo compounds (HOM dimers), which show a
distinct maximum during the night. The HOM dinitrates show a
similar pattern as the other C1n compounds and are not included
in the figure. The global radiation is shown in addition. Error bars
indicate 1 standard deviation for the 30 min averages.

edge not been reported in the literature but could in principle
also explain the dimer pattern seen in Fig. 8.

The HOM monomer signal (Fig. 8) does not show a pro-
nounced diurnal cycle; only in the early morning are the sig-
nals reduced by about 50 % compared to the daily average.
Slightly higher values around noon could be explained by the
higher O3 and OH concentrations during midday, which lead
to enhanced formation of HOMs through reactions between
these compounds and monoterpenes (Jokinen et al., 2015;
Kirkby et al., 2016). The HOM nitrates, dinitrates and rad-
icals show almost the same profile as the HOM monomers.
This might be expected for the HOM radicals as these can
be regarded as the precursors for the HOM monomers, but
the fact that the HOM nitrates follow an almost identical pat-
tern is somewhat surprising as the NO mixing ratio shows
a different profile and is thought to be involved in the for-
mation of the HOM nitrates. However, further involvement
of, for example, OH, HO; and R’O; in the HOM formation
should also play a role and therefore influence their diurnal
pattern. The elucidation of the HOM formation mechanisms
is beyond the scope of this article and will therefore not be
discussed further. More field and chamber experiments are
needed to identify the influence of different trace gases and
radicals on the formation and concentration of HOMs.

3.9 Particle formation rates
The presence of small particles (<~20nm) was observed
on almost every day during the campaign. However, often

nanometer-sized particles appeared suddenly without clear
growth from the smallest size the nDMA covered (slightly
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above 3nm). In total there were seven events where clear
growth was detectable, and these events were the only ones
for which a NPF rate (J) was derived. It should be noted that
clear NPF was observed only on 6 days; however, for one day
two NPF rates were derived, which results in a total of seven
NPF rates.

In accordance with other previous studies (Metzger et al.,
2010; Kirkby et al., 2011), we have first derived a NPF rate at
a larger mobility diameter dp; (2.5 nm in the present study),
which was corrected to a smaller diameter of d,; = 1.7 nm in
a second step. The formation rate Jyp7 is obtained from the
time derivative of the small particle concentration, which fol-
lows from the difference in particle concentrations (N2 5-10)
measured by the TSI model 3776 (cut-off diameter of 2.5 nm)
and 3010 (cut-off diameter of 10 nm) CPCs:

dN25-10
dr

+CSq,, - Nas—10+

Jde =
GR

— - Ny5-10- 7
10nm — 2.5nm 25-10 ™

The second term on the right-hand side in Eq. (7) accounts
for the loss of small particles on particles larger than 2.5 nm,
while the third term accounts for the growth of particles out
of the size range under consideration (Kulmala et al., 2012).
The coagulation sink CSgp; is calculated from the particle
size distribution measured by the nDMA and the SMPS. The
second step involves an exponential correction to obtain the
particle formation rate at the smaller size, Jgp1, by taking
into account the coagulation sink and the growth rate (GR)
of particles (Lehtinen et al., 2007):

CSa,,
Jay = Ja, -exp\ —=¢ -dp1-y ). (®)

The factor y is defined as follows (Lehtinen et al., 2007):

1 de s+1
= —1), 9
Y= ((dpl) ©

where s is the slope of the coagulation sink as a func-
tion of size for the size range between d,; and dp;
(s =10g(CSyp2/CSyp1)log(dpza/dp1)). The value of s can be
derived from the measured particle size distribution and was
found to be around —1.6 for the present study, which is
in good agreement with the values reported by Lehtinen et
al. (2007). The growth rate was derived from the nDMA mea-
surements in the size range between 3 and 10 nm by fitting
a Gaussian function to the particle size distribution to deter-
mine the mode diameter for all measured size distributions.
Applying a linear fit to the mode diameter as a function of
time yields the GR used in Eq. (8) (Hirsikko et al., 2005). Er-
rors are calculated by taking into account the statistical varia-
tion of the particle formation rates Jgp2 as well as systematic
errors on GR (factor of 2), dp» (factor of 1.3) and CS (factor
of 1.5).
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Figure 9. Particle formation rates from this study at a mobility di-
ameter of 1.7nm (J; 7, red circles) and 2.5nm (J, 5, green stars).
Data from CLOUD chamber measurements for a diameter of 1.7 nm
are shown in addition for the system of sulfuric acid, water and
dimethylamine (light blue symbols; see Almeida et al., 2013) and
sulfuric acid, water and oxidized organics from pinanediol (dark
blue symbols; see Riccobono et al., 2014). The light-gray circles
are from other field measurements (Kuang et al., 2008; Paasonen et
al., 2010; Kulmala et al., 2013).

Figure 9 shows a comparison between Jg,1 from this
study, data from other field studies and formation rates from
CLOUD chamber studies for the system of sulfuric acid,
dimethylamine and water at 278 K (Almeida et al., 2013),
as well as for oxidized organic compounds with sulfuric acid
and water (Riccobono et al., 2014).

4 Discussion

By comparing time periods where significant NPF occurred
to time periods where no NPF was observed, some conclu-
sions can be drawn about the relevance of certain parameters
regarding NPF. Figure 10 shows a comparison for a variety
of parameters by comparing nucleation days to no-nucleation
days (red bars) and periods with high sulfuric acid dimer con-
centrations to no-nucleation days when there are also no high
dimer concentrations (blue bars).

It is evident from Fig. 10 that sulfuric acid is on average a
factor of 2 to 2.5 higher on days with nucleation; however,
the variability is rather high (error bars take into account
the standard deviations of a parameter for both the nucle-
ation days and the no-nucleation days). The enhanced sulfu-
ric acid concentrations confirm the importance of this com-
pound regarding NPF, which has also been shown in numer-
ous other studies (e.g., Weber et al., 1997; Kulmala et al.,
2004; Fiedler et al., 2005; Kuang et al., 2008). The OH con-
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Figure 10. Comparison of various parameters for different time pe-
riods (SA: sulfuric acid monomer; Cy, C,, C3, C4 and Cg: amines;
iod.: iodic acid; and rad.: global radiation intensity). The subset
figure on the upper right shows the signals for the highly oxi-
dized organic compounds with 10 or 20 carbon atoms (339: or-
ganic compound CjoHj5NOg clustered with NO;™ having a mass
of 339.0681 Th; the definition of other HOMs, i.e., monomers, rad-
icals, nitrates, dinitrates and dimers, can be found in Table 2). The
red bars relate nucleation days to days without nucleation and the
blue bars show the ratio between periods where high sulfuric acid
dimer concentrations were observed (see Fig. 6) to no-nucleation
days. Similar times of the day (early morning) were used as refer-
ence periods when no nucleation was observed as nucleation and
dimer formation was also mainly observed in the morning.

centration and the global radiation are also enhanced during
nucleation, which is not surprising given the fact that the pa-
rameters HySO4, OH and global radiation are connected. The
relative humidity is generally lower during nucleation peri-
ods, which has also been reported in previous studies (Hamed
et al., 2011; Nieminen et al., 2015).

Regarding amines and ammonia, Fig. 10 reveals an anti-
correlation between their concentration and the occurrence
of NPF or sulfuric acid dimer formation (factor of 2 to 5
lower during nucleation). However, this does not necessar-
ily mean that these compounds inhibit the formation of par-
ticles. On the contrary, it could mean that amines and am-
monia are efficiently taken up by small clusters and there-
fore are also involved in the formation of new particles. Un-
like sulfuric acid, amines and ammonia are not produced in
the gas phase and therefore their concentration will decrease
with increasing distance from their sources depending on the
condensation sink. During nucleation the condensation sink
is slightly enhanced (Fig. 10), probably because of the newly
formed particles. However, the CS is only calculated for par-
ticles larger than 3 nm. Also, smaller particles and sulfuric
acid clusters can contain amines (Kiirten et al., 2014) and
even the sulfuric acid monomer can be bound to dimethy-
lamine (Ortega et al., 2012; Kiirten et al., 2014). Therefore,

www.atmos-chem-phys.net/16/12793/2016/



90

4 PUBLICATIONS

A. Kiirten et al.: Observation of new particle formation

continuous production of sulfuric acid and its clusters will
lead to a depletion of amines away from their sources, al-
though no mixed clusters of sulfuric acid and amines could
be observed; this is probably the case because their concen-
trations were too low to be measured with the CI-APi-TOF.
As sulfuric acid concentrations are high during nucleation,
this could explain the low amine values. Efficient uptake of
amines in the particle phase has also been reported in a pre-
vious field study (You et al., 2014). In addition, the limited
pool of amines can also be the explanation for the relatively
low slope from Fig. 6 (sulfuric acid dimer vs. monomer) for
some of the periods with elevated sulfuric acid dimer concen-
trations. If the sulfuric acid concentration increases, the ratio
of the free (unbound) amine to sulfuric acid concentration
drops, and there are fewer amines available to stabilize the
sulfuric acid dimers. This is a different situation compared to
the CLOUD?7 experiment, where the amine to sulfuric acid
concentration was maintained at a ratio of ~ 100 over the en-
tire duration of the experiments (Kiirten et al., 2014). How-
ever, from these observations we cannot unambiguously con-
clude whether the amines are involved in the very first steps
of nucleation, or whether they are depleted due to clusters
which do not need the help of amines in order to nucleate.
One other aspect that could explain the low amine ratios is
the somewhat enhanced OH concentration during the nucle-
ation days, as amines react with OH. However, the lifetime of
amines regarding their reactions with OH is on the order of
hours (Ge et al., 2011), whereas the uptake on particles is sig-
nificantly faster (if CS is on the order of 1073 to 10725~ 1),

Regarding the possibility that sulfuric acid and amines
can explain the observed nucleation, it has to be noted that
no clusters involving more than two sulfuric acid molecules
could be observed. In the following we will calculate the
maximum expected sulfuric acid trimer concentration and
discuss what parameters can lower this concentration. The
maximum measured sulfuric acid dimer concentration is
around 1 x 10° molecules cm 3 for a sulfuric acid monomer
concentration of 1 x 107 moleculescm™3. A sulfuric acid
trimer will be formed through the collision between a
monomer and a dimer (collision rate K1 2), whereas the loss
rate of the trimer is defined by the sum of the condensation
sink (CS) and its evaporation rate (k. 3). At steady state this
would yield the following equation for the trimer concentra-
tion N3 as function of the monomer and dimer concentrations
Nj and N3 (for simplicity this neglects a potential contribu-
tion from tetramer evaporation):

_Ki2-Ni- N,

N3 = 10
3T T CS+tkes (19)

Using a value of 5 x 10710 molecule ™! cm3 s~ ! for Ki» and
a condensation sink (CS) of 5 x 1073s~! for the above-
mentioned monomer and dimer concentrations would yield a
trimer concentration of 1 x 10° molecules cm ™~ if the trimer
evaporation rate were zero. This concentration should be de-
tectable with our CI-APi-TOF. The fact that we do not see
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the trimer could indicate that the trimer evaporation rate is
nonzero. For a high amine to sulfuric acid ratio nucleation
proceeds at or close to the kinetic limit (Jen et al., 2014;
Kiirten et al., 2014). However, if the amine concentration is
not very high, not every trimer that is formed would be sta-
ble (as it is the case for a favored acid-base ratio; see Or-
tega et al., 2012) and therefore could evaporate rapidly. This
would result in lower trimer concentrations, which could be
below the detection limit of the CI-APi-TOF. From this per-
spective the absence of larger sulfuric acid amine clusters is
not necessarily an indication that this system is not respon-
sible for NPF. In other regions where the sulfuric acid and
amine mixing ratios are even higher (i.e., very close to amine
sources) such clusters can be observable (Zhao et al., 2011).
Recently, Jen et al. (2016b) provided evidence that nitrate
chemical ionization could not be sensitive towards sulfuric
acid—amine or sulfuric acid—diamine clusters if these contain
three or more sulfuric acid molecules because of the low-
ered acidity of such clusters by the basic amines/diamines.
This could also explain the absence of clusters beyond the
dimer in the present study. Further measurements using dif-
ferent primary ions are needed to investigate this possibility
further.

The Cip and Cyg signals for NPF and no-nucleation days
are not significantly different (Fig. 10). This can be inter-
preted in different ways: (1) the HOMs are not important in
terms of NPF, (2) HOMs are generally high enough and it
needs just enough sulfuric acid to initiate nucleation involv-
ing HOMs, or (3) “HOM” is too broadly defined and only
a subgroup of HOMs is involved in the nucleation, but cur-
rently we cannot distinguish this group. Neither of the pos-
sibilities can be proven right or wrong. However, what can
be said is that it is unlikely that the identified HOMs alone
are capable of producing new particles to a significant extent
at the conditions of the present study. The HOM dimer con-
centrations (Fig. 8) are significantly higher during the night
than during the day. Nevertheless, no nighttime nucleation
is observed. This could be interpreted as an indication that if
HOMs are involved in NPF, it requires additional compounds
such as sulfuric acid to initiate significant nucleation. Alter-
native explanations for the absence of nighttime nucleation
could be the suppression of the formation of HOMs that can
nucleate by NO3 during the night, or low [OH], which is re-
quired for the formation of nucleating HOMs.

Kulmala et al. (2013) proposed that C;oH;5NOg (detected
as a cluster with NOj at 339.0681 Th) could be important be-
cause NPF correlated even better with this compound com-
pared to sulfuric acid. During nucleation days this compound
is only slightly elevated (Fig. 10), and this could be due to
the generally higher OH levels, although the exact formation
mechanism of C19H;5NOg has to our knowledge not been re-
ported yet. During nucleation, no mixed clusters between sul-
furic acid and HOMs could be identified. However, this also
does not rule out their existence as the concentrations could
be below the CI-APi-TOF detection limit, or a low charging

Atmos. Chem. Phys., 16, 12793-12813, 2016



4.3 OBSERVATION OF NEW PARTICLE FORMATION AT A RURAL SITE IN

CENTRAL GERMANY

91

12808

efficiency with the nitrate primary ion could prevent their de-
tection. Furthermore, not all signals are identified yet.

The observed particle formation rates (Fig. 9) are consis-
tent with the rates observed at other sites, although at the
upper end of the typical ranges that have been previously
measured. The present data seem to agree a bit better with
CLOUD chamber data for the system of sulfuric acid, wa-
ter and dimethylamine (Almeida et al., 2013) compared to
data for the system of sulfuric acid, water and oxidized or-
ganics from pinanediol (Riccobono et al., 2014). However, a
direct comparison is difficult as the conditions between this
ambient study and the CLOUD chamber experiments are not
identical (with respect to 7', RH, CS, amine mixing ratios,
HOM concentrations, etc.).

5  Summary

In spring 2014 (18 May to 7 June) a field campaign
was conducted at a rural site in central Germany (Viel-
brunn/Odenwald). The measurement site was in the vicinity
(within 450 to 1100 m distance) of three larger dairy farms.
The aim of this campaign was to evaluate whether there is
a connection between NPF and the concentration of amines
and/or ammonia. Furthermore, the impact of highly oxi-
dized organic molecules (HOMs) from surrounding forests
was investigated. A nitrate chemical ionization—atmospheric
pressure interface time-of-flight mass spectrometer (CI-APi-
TOF) was used to identify gas-phase compounds and clus-
ters. Particle counters and differential mobility analyzers
were used to characterize the aerosol size distribution and
number density. The following conclusions can be drawn
from our measurements:

— Nitrate CI-APi-TOF can be used to measure sulfuric
acid, iodic acid, amines, a nitrosamine, ammonia and
HOMs. The measurement of iodic acid, ammonia and
the nitrosamine has not been described before; there-
fore, the method is even more versatile than previously
thought and well suited to studying all of the abovemen-
tioned compounds during field measurements.

— The sulfuric acid concentration can be well described
by proxies (SO, global radiation, RH and CS or just
by SO; and global radiation) for this site, with a similar
accuracy to that reported in a previous study (Mikkonen
etal., 2011).

— Significant sulfuric acid dimer concentrations were
measured. It is, however, not clear what compound sta-
bilizes the neutral dimers. Larger sulfuric acid clusters
(trimer and beyond) were not observed.

— Amines (Cy, C;, C3, C4 and C¢ amines) are present at
estimated mixing ratios between approximately 1 and
5 pptv, which is consistent with other studies; the C4 and
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Ce amines as well as ammonia show a diurnal variation,
which follows the temperature profile.

— lodine was observed (probably iodic acid) on every day,
which is somewhat surprising for a continental site lo-
cated more than 400 km away from the ocean. The ni-
trate CI-APi-TOF has a high sensitivity towards iodic
acid and its presence indicates long-range transport of
iodine-containing substances (although a local source
cannot entirely be ruled out). OIO concentrations can
also be estimated using OH concentrations; however,
both [HIO3] (~3 x 10° moleculescm™3) and [OIO]
(~5 x 10% molecules cm™?) are probably too low to af-
fect NPF significantly at this site.

— The diurnal pattern of HOM dimers shows maximum
concentrations during the night but no nighttime nucle-
ation is observed; the daytime concentration could be
low due to the presence of NO and/or HO;, which sup-
press the HOM dimer formation.

— Relatively high particle formation rates are found,
which are rather at the upper end of the atmospheric
observations for other rural sites; the rates are compat-
ible with CLOUD chamber data both for the systems
of sulfuric acid, water and dimethylamine (Almeida et
al., 2013) and for a system involving sulfuric acid, wa-
ter and oxidized organics (Riccobono et al., 2014). No
definitive answer can be given as to which system is
more relevant.

— Nucleation seems to be favored on days with relatively
low RH and high sulfuric acid. An anti-correlation with
the amine and ammonia signals is observed; this could
be due to efficient uptake of these compounds on clus-
ters and particles during NPF as amines and ammonia
are not produced in the gas phase.

The above points seem to support recent findings about the
relevance of amines in terms of NPF and early growth (Chen
etal., 2012; Almeida et al., 2013; Kulmala et al., 2013; Lehti-
palo et al., 2016). However, it cannot be unambiguously con-
cluded that amines are more relevant for NPF than HOMs at
this site because no nucleating clusters could be directly ob-
served. More studies like the present one are necessary in the
future to obtain better statistics about the parameters relevant
for NPF (Fig. 10). Ideally, such measurements should include
further instrumentation, including a particle size magnifier
(Vanhanen et al., 2011) for the measurement of clusters and
small particles (<3 nm), an APi-TOF (Junninen et al., 2010)
for identification of charged nucleating clusters, an instru-
ment for HO, /RO, measurements and an instrument for sen-
sitive amine measurements capable of speciating the amines.
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6 Data availability

All data presented in this study are available upon request
from the corresponding author.
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Abstract. Knowledge about mass discrimination effects in
a chemical ionization mass spectrometer (CIMS) is crucial
for quantifying, e.g., the recently discovered extremely low
volatile organic compounds (ELVOCs) and other compounds
for which no calibration standard exists so far. Here, we
present a simple way of estimating mass discrimination ef-
fects of a nitrate-based chemical ionization atmospheric pres-
sure interface time-of-flight (CI-APi-TOF) mass spectrome-
ter. Characterization of the mass discrimination is achieved
by adding different perfluorinated acids to the mass spec-
trometer in amounts sufficient to deplete the primary ions
significantly. The relative transmission efficiency can then
be determined by comparing the decrease of signals from
the primary ions and the increase of signals from the per-
fluorinated acids at higher masses. This method is in use al-
ready for PTR-MS; however, its application to a CI-APi-TOF
brings additional difficulties, namely clustering and fragmen-
tation of the measured compounds, which can be treated
with statistical analysis of the measured data, leading to self-
consistent results. We also compare this method to a trans-
mission estimation obtained with a setup using an electro-
spray ion source, a high-resolution differential mobility ana-
lyzer and an electrometer, which estimates the transmission
of the instrument without the CI source. Both methods give
different transmission curves, indicating non-negligible mass
discrimination effects of the CI source. The absolute trans-
mission of the instrument without the Cl source was esti-
mated with the HR-DMA method to plateau between the m /z

range of 127 and 568 Th at around 1.5 %; however, for the ClI
source included, the depletion method showed a steady in-
crease in relative transmission efficiency from the m/z range
of the primary ion (mainly at 62 Th) to around 550 Th by
a factor of around 5. The main advantages of the depletion
method are that the instrument is used in the same operation
mode as during standard measurements and no knowledge of
the absolute amount of the measured substance is necessary,
which results in a simple setup.

1 Introduction

The nitrate-based chemical ionization atmospheric pressure
interface time-of-flight (C1-APi-TOF) mass spectrometer has
been established as an important tool for atmospheric sci-
ences over the last years. It is capable of measuring sul-
furic acid down to levels of 5 x 10*cm~3 (Kiirten et al.,
2011; Jokinen et al., 2012) and clusters of sulfuric acid with
dimethylamine (Krten et al., 2014), as well as the newly de-
scribed class of extremely low volatile organic compounds
(ELVOCs, Ehn et al., 2014), which play a role in the forma-
tion of secondary organic aerosol (SOA). However, proper
quantification of the measured signals remains challenging,
as direct calibration gas standards for sulfuric acid, as well as
for ELVOCs do not exist so far. For comparison, for proton-
transfer-reaction mass spectrometry (PTR-MS), which is ca-
pable of measuring precursors for ELVOCs like «-pinene at
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the ppt level (Graus et al., 2010), calibration gas standards
for many volatile organic compounds (VOCs) are commer-
cially available with a typical uncertainty of +5 %. The lack
of calibration gas standards for the CI-APi-TOF led to the
development of a dedicated calibration system for sulfuric
acid (Kdrten et al., 2012). Here, a known amount of gaseous
sulfuric acid is produced via UV-light induced generation
of OH- radicals (Tanner and Eisele, 1995) and subsequent
oxidation of SO to H,SO4 (Eisele and Tanner, 1991). The
UV system is characterized with a separate experiment, us-
ing photolytical conversion of N,O to NO, (Edwards et al.,
2003), where both reactant and product can be measured.
With this system calibration factors for the CI-APi-TOF can
be obtained for sulfuric acid with an overall uncertainty of
around 33 %. However, this leaves still open the question of
quantifying ELVOCs properly. Ehn et al. (2014) have per-
formed a gravimetrical calibration of the CI-APi-TOF us-
ing perfluorinated heptanoic acid, which appears mainly in
the m/z range of 319 to 426 Th (monomers) and at 727 Th
(dimers). They obtained a similar calibration factor for this
compound as for sulfuric acid; however, the detailed trans-
mission efficiency of the instrument over the entire mass
range cannot be resolved with this method.

The theoretical framework for deriving concentrations of
a certain compound from ion count rates for the CI-APi-TOF
is essentially the same as given by Eisele and Tanner (1993)
for sulfuric acid measurements or by Hansel et al. (1995) for
a PTR-MS. lonization of a compound X via primary ions P~
can be described by the following reaction:

Pt X 5 xE4p (R1)

The relation between primary ion concentration [P*] and the
concentration of the desired compound [X] in the reaction
tube of the instrument is given by the following expression,
where k is the reaction rate constant for the ionization reac-
tion:

d[P*]
dr

Assuming [X] as constant over the reaction time ¢ (pseudo
first order reaction approximation) enables a simple inte-
gration. The additional assumption that the total amount of
charge is constant in the reaction tube leads to the following
expression for the concentration of [X]:

1 ( [xi]) 1 X#]

= —k[PE][XI. (1)

Assuming [X*] « [P*], which is usually fulfilled, allows for
the first order approximation in Eq. (2). The concentration of
compound X is proportional to the ratio of concentrations of
product ions [X*] and primary ions [P*]. However, the mass
spectrometer does not measure the ion concentrations in the
reaction chamber directly, but only ion count rates at the lo-
cation of the detector of the instrument. Therefore replacing
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the concentrations [X*] and [P*] in Eq. (2) by ion count
rates i (X*) and i (P*) is only justified if we account for the
relative mass discrimination of the two ion species inside the
mass spectrometer:

1 i(x®) 1
X] kiR T ©)

Here, Tx is the factor that describes the mass discrimina-
tion of ions X+ relative to that of the primary ions P%. This
factor can be strongly dependent on the m/z ratio of the in-
volved ions. Calibration with an external gas standard or the
above described H2SO4 calibration intrinsically accounts for
this factor. However, if a direct calibration is not available,
the factor Tx has to be known for the m/z range of the de-
sired compound. Therefore the calculated concentration of
X depends on the ratio of product ions to primary ions, as
well as the reaction time ¢, the reaction rate constant k£ and
the relative transmission factor Tx. Ehn et al. (2014) showed
with quantum chemical calculations that the collision rates
of characteristic ELVOC molecules with the nitrate primary
ions (NO3 (HNO3)o—2) are equal to the collision rate of sul-
furic acid with the nitrate primary ions, respectively. Further-
more, due to the assumed high binding energy between the
highly oxidized ELVOC molecules and the nitrate primary
ions, a charging at the kinetic limit is assumed, resulting in
approximately the same reaction rate constant for ELVOCs
as for sulfuric acid. This is, however, a rough approxima-
tion as the chemical composition of ELVOC molecules dif-
fers strongly and may thus result in varying reaction rate
constants. As the reaction time is assumed to be equal for
all compounds, only depending on the geometry of the ion
source and the applied flows, the factor 1/kz in Eq. (3) for
ELVOC molecules would be approximately the same as for
sulfuric acid, leaving the mass discrimination factor Tx as
the only remaining unknown. This factor is of great impor-
tance for quantification of any uncalibrated compound and
especially for ELVOC molecules, as their m/z range (peaks
between 235 and 625 Th) differs strongly from that of sulfu-
ric acid (main peak at 97 Th).

In this study we show the application of the method of
depleting primary ions to the nitrate-based CI-APi-TOF for
obtaining transmission curves. We describe the measurement
setup and the used compounds as well as the statistical anal-
ysis that became necessary due to the high level of clustering
of compounds inside the CI-APi-TOF. Additionally we com-
pare this method with a second approach for transmission
estimations that uses a high-resolution differential mobility
analyzer and an electrometer.

2 Mass discrimination effects

Various parts of the time-of-flight mass spectrometer (Tofw-
erk AG, Thun, Switzerland) can cause mass discrimination
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effects, especially the two quadrupole units in the APi inter-
face, the orthogonal extraction unit in the TOF and the multi-
channel plate (MCP) detector. The CI source itself (Kirten et
al., 2011) may also cause mass discrimination effects, as sev-
eral negative voltages are applied to the source to guide the
ions to the pinhole, which marks the entrance of the vacuum
region of the instrument. After the pinhole, three differen-
tially pumped chambers are installed, two of which contain
a segmented quadrupole operating in RF-only mode, and the
last one contains an Einzel lens system. The main task of
these transfer units is to guide and focus the ion beam to the
high vacuum TOF region. Quadrupoles in RF-only mode act
as a high pass filter for ions as the trajectories of ions below
a certain m/z ratio are not stable any more (Chernushevich
et al., 2001). On the other hand, as the potential well pro-
vided by a quadrupole is inversely proportional to m/z, heav-
ier ions suffer poorer focusing and thus reduced transmission
(Gerlich, 1992). The m/z range with maximum transmission
can however be modulated with the applied RF-voltage. Ac-
cording to Chernushevich et al. (2001), higher RF voltages
lead to a stronger suppression of lighter ions and vice versa.
Additionally, the shape of the transmission curve depends
on the ion beam shape at the entrance of the quadrupole.
Muntean (1995) showed ion trajectory calculations taking
into account ion beam divergence as well as off-axis beam
profiles. While beam divergence shifts the maximum trans-
mission to small values, meaning an additional suppression
of heavy ions, off-axis intensities have the opposite effect. In
practice, there will be a suppression of ion transmission at
both ends of the m/z range, with the shape and position of
the transmission window depending on the detailed settings
and the quality of the beam focusing.

The orthogonal extraction unit of a TOF shows a system-
atic discrimination of lower m/z ratios under the assumption
of a mono-energetic ion beam entering the extraction unit in
axial direction (Chernushevich et al., 2001). This discrimi-
nation is a result of the higher axial velocity and thus larger
spatial spread of lighter ions along the axis. Therefore as a
larger fraction of lighter ions has already left the extraction
region compared to heavier ions, fewer of the lighter ions are
accelerated orthogonally to the detector. As the velocity of
the ions is proportional to W‘l the geometric duty cycle
is proportional to \/m/z.

Also the multi-channel plate detector in the TOF can show
mass discrimination effects. Mdller et al. (2014) showed for
a PTR-TOF, which utilizes the same MCP as the TOF in
this study (PHOTONIS Inc., Sturbridge, MA, USA), that the
mass discrimination can change due to aging of the detec-
tor and is strongly dependent on the operating voltage of the
MCP. Especially at low gain voltages, higher masses are dis-
criminated against more strongly. Gilmore and Seah (2000)
showed that the mass discrimination effects of an MCP also
vary with the total impact energy of the ions, which is defined
by the post accelerating voltage in a TOF. This study found a
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reduced detection efficiency for heavier ions at lower impact
energies.

Finally, even the smallest changes of the inner geometry
of the instrument, e.g., caused by shipping, can affect ion
beam alignment and thus cause different transmission char-
acteristics. This variety of effects makes it almost impossi-
ble to calculate the transmission efficiency, so methods for a
measurement of this property are crucial.

3 Methods
3.1 HR-DMA

The development of high-resolution differential mobility an-
alyzers (HR-DMA\) led to the ability of classifying particles
and clusters down to a size of around 1 nm (Steiner et al.,
2010; Ferndndez de la Mora et al., 2013). As this corresponds
to a mass range the CI-APi-TOF is able to measure, these two
instruments can be combined for a characterization of the lat-
ter. Here, a version of the so called “Vienna-type” DMA was
used (Steiner et al., 2010). It is a closed loop, medium flow
(up to around 700 slpm) size classifier, with a maximum res-
olution power of around 20. The resolution power is derived
from the ratio of the electrical mobility Z of a certain clus-
ter and the full-width half maximum (FWHM) of the corre-
sponding peak in a mobility scan. However, for the operat-
ing conditions in this study a resolution power between 10
and 15 was achieved, which was sufficient to clearly sepa-
rate monomers and dimers of almost all compounds tested.
The high resolution, in principle, is necessary to distinguish
between small clusters with only one molecule difference in
mass. To generate these clusters, an electrospray ion source
was used, which can be operated in either negative or posi-
tive mode. As the nitrate-based CI-APi-TOF is operating in
negative ion mode, we produced negatively charged clusters
of several bromide and iodide salts as well as an ionic lig-
uid (see Table 1). After production by electrospray ioniza-
tion (ESI) and size selection in the HR-DMA the cluster ion
flow is split up between a Faraday cup electrometer (EM) to
measure the ion count rate in front of the mass spectrome-
ter and the CI-APi-TOF. The transmission efficiency of the
mass spectrometer at a certain m/z ratio is obtained by di-
viding the ion count rates from the TOF by the corrected EM
ion count rate. The configurations that were tested are shown
in Fig. 1a and b. This method is in use already for charac-
terizing the transmission efficiency of APi-TOF instruments
(Junninen et al., 2010) and does not account for mass dis-
crimination effects of the ClI source. The pinhole plate of an
API-TOF is usually set to a certain voltage to attract ions. In
the CI-APi-TOF this is achieved by applying negative volt-
ages to the CI source, whereas the pinhole plate itself is at
ground potential. In the configurations used here, the pin-
hole plate was at ground as well in order not to disturb the
potential steps on the vacuum side of the instrument. In the

Atmos. Meas. Tech., 9, 1449-1460, 2016
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Table 1. Compounds used for HR-DMA method with according monomer, dimer, and trimer. Trimers were not always quantifiable as the
HR-DMA also selected multiply charged higher clusters when adjusted for trimers (indicated by italics). This was also the case for the

tetradodecylammonium bromide dimer.

Name Monomer, m/z [Th]

Dimer, m/z [Th] Trimer, m/z [Th]

Methyltrioctylammonium
bis(trifluoromethylsulfonyl)imide, MTOA

C2NO4FgS, , 279.92

Tetrabutylammonium ioidide, TBAI 17, 126.90
Tetrapropylammonium iodide, TPPAI 17, 126.90
Tetraheptylammonium bormide, THABr Br—, 78.92
Tetradodecylammonium bromide, TDABr  Br—, 78.92

C29H54N30gF125,,928.26  C56H108N5012F18S4 , 1576.60
C16H3gNI5 ', 496.09

Ci12H2gNI, , 440.03

C28HgoNBr; , 568.31

Cy4gH100 NBr, , 848.62

first setup the cluster ions are directly guided to the pinhole
of the TOF, which marks the entrance to the vacuum region.
The goal of this setup was to determine the mass discrimi-
nation of the TOF itself, including the APi section from the
point of the pinhole to the detector (sampling line effects are
discussed below). However, we also chose a second setup,
where the CI source of the instrument was installed, with
the goal of studying possible effects from this section on the
transmission curve. All the voltages of the Cl source were set
to standard operation values, as well as all flows. The corona
discharge was shut off and nitric acid was not fed into the
instrument. Choosing this setup, one faces the problem that
the CI source is operated at negative voltages up to —500V,
so feeding negative ions from outside into the source means
climbing a very large potential step. This step can of course
affect ions with different masses in different ways; we expect
high losses of light ions due to their high electrical mobility.
Instead of placing this potential step at the end of the 1/2”
sampling line inside the CI source, we chose to set it outside
the ion source, where we installed a 6 mm nylon insulator
(Fig. 1b). Due to the smaller inner diameter, the velocity of
the flow is higher which should give smaller losses of ions
at the voltage step. However, this way the usually grounded
sampling line as well as the first part of the ion source had to
be set to —500 V.

Measuring only in the configurations given in Fig.1aand b
yields the total transmission curve of the whole setup includ-
ing tubing effects. For technical reasons the sampling line to
the TOF did not have the same length as the line to the EM,
therefore the losses of ions in the lines cannot be assumed
to be identical. Additionally, the sampling line of the TOF
increases in diameter from 6 mm to 1/2” in front of the ClI
source in the second setup. It is crucial to correct for these
losses, as diffusion to the walls is mass-dependent and thus
affects the shape of the transmission curve. We have made
additional measurements to obtain mass-dependent EM cor-
rection factors that account for the different tubing lengths
and flows (see Fig. 2). By doing so, we can estimate the
ion concentration not only at the position of the EM, but
directly in front of the mass spectrometer which is the im-
portant measure for the transmission estimation. For that we
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Figure 1. Schematic setup for the three types of experiments con-
ducted. (a) HR-DMA measurement without CI source, APi-TOF
only. (b) HR-DMA setup with CI ion source. The 1/2” sampling
line of the CI source was at a potential of —500V. To minimize
losses the potential step from ground to —500 V was installed at the
6 mm line with a nylon insulator. (c) Setup for the depletion method.
A small sample was stored in a 1/2” cap and slowly heated with a
standard heat gun. Potential overly high or overly small diffusion of
the sample into the carrier flow can be controlled by varying length
and inner diameter of the vertical connection between the sample
and the carrier flow line.

placed the EM at the position of the TOF and applied equal
flows as during the standard measurements. However, as the
inlet of the EM has 6 mm diameter, the transition from 6 mm
to the 1/2” TOF sampling line could not be accounted for.
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This is a remaining source of uncertainty as losses at this
point may be mass-dependent as well. For the CI setup we
also tried to simulate the potential step of —500V by us-
ing a nylon insulator; however, we used a second nylon in-
sulator to set the sampling line to ground again in front of
the EM. As only one EM was available the losses could
not be measured simultaneously, but only after reassembling
the setup, assuming the ESI source performance stayed con-
stant over the duration of the measurement and reassem-
bling. This was checked by measuring in the initial position
of the EM before and after assembling, which showed rea-
sonable agreement. The measurements were performed with
the monomer, dimer, and trimer of MTOA (methyltriocty-
lammonium bis(trifluoromethylsulfonyl)imide), which cor-
respond to m/z ratios of 279.9, 928.3, and 1576.6 Th, re-
spectively. The mobility spectra for these measurements are
shown in Fig. 2a and b. Each mobility spectrum is the aver-
age of 5 individual scans. The ratios of the individual peak
areas for EM at original position and at TOF position give
the mass-dependent correction factors. Peak areas were ob-
tained by fitting triple Gaussian peaks to the spectra. The
MTOA trimer signal is strongly affected by multiply charged
heavier clusters selected by the HR-DMA due to their iden-
tical electrical mobility. The shoulder in the data caused by
these higher clusters was fitted with a double Gaussian peak
and subtracted from the trimer signal before obtaining trimer
peak areas. As these measurements were only performed for
MTOA monomer, dimer, and trimer, covering a m/z range
from 280 to 1576 Th, we had to extrapolate the EM correc-
tion to smaller clusters (see Fig. 2c). For that an exponen-
tial fit with offset 1 was applied to the correction factors,
whereas the MTOA trimer was only weighted with 50 % due
to the effects of multiply charged higher clusters. With this
extrapolation, additional uncertainty is introduced to the EM
correction of especially negative monomers of bromide and
iodide salts (Br~ at 79 Th and 1~ at 127 Th). In general, both
setups are not perfect; as in the APi setup, the ions are not
drawn to the pinhole, whereas in the CI setup a large po-
tential step and thus large correction factors are involved.
The total uncertainty consists of contributions from the EM
correction for MTOA (8 %), the extrapolation of the fit to
other masses (estimated by using 68 % confidence bonds of
the EM correction fit to be around 7 %), and for dimers pos-
sible fragmentation to monomers. Especially iodide dimers
fragmented strongly to I—, the EM values were corrected for
that with the independently obtained monomer transmission
efficiency. The percentage of EM signal attributed to lower
clusters was used to estimate the additional uncertainty intro-
duced by fragmentation. As the MTOA trimer signal overlaps
with signals from multiply charged heavier clusters and the
maximum correction of the MTOA peak in the mobility spec-
trum due to the shoulder was 31 %, this number was used as
additional uncertainty for the MTOA trimer. During the EM
correction measurements for the CI mode a second nylon in-
sulator was installed to operate the EM at ground potential.
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Figure 2. (a) Mobility spectrum for MTOA generated by the HR-
DMA with the EM at original position and when its position was in-
terchanged with that of the APi-TOF. The shoulder on the right orig-
inates from multiply charged higher clusters. The fit of the shoul-
der to correct the trimer concentration is shown as well. (b) Same
as (a) but with two nylon insulators and potential step of —500V
added to the setup. Applying the voltage results in additional dras-
tic losses. (c) Calculated correction factors for MTOA monomer,
dimer, and trimer and exponential fit for extension to smaller m/z
ratios.

lon losses in this second insulator were not quantifiable and
are thus not represented by error bars, but we note that there
may be additional uncertainty for the data points of the ClI
mode. This may lead to an underprediction of ion concentra-
tion in front of the pinhole and thus an overprediction of the
Cl mode transmission values.

3.2 Depletion of primary ions

The basic idea of the depletion method is to add different sub-
stances to the instrument one after the other in amounts that
lead to a significant decrease in primary ions (Steinbacher et
al., 2004; Huey et al., 1995). Charge provided by the primary
ions is therefore shifted to the m /z region of the product ions.
Comparing the loss of charge at the primary ion mass with
the appearance of charge at the product ion mass yields the
relative transmission factor between these two masses. The
underlying assumption is that the total amount of charge in
the system is constant over the duration of the experiment,
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which is usually the case for both PTR-MS, as well as Cl-
API-TOF. The substances should ideally not fragment signif-
icantly nor cluster with themselves as this leads to a charge
transfer to a third mass region; however, we will face this
problem for the CI-APi-TOF. The relation between reacted
primary ions and product ions should be linear and the slope
of the linear fit gives the relative transmission of the m/z
range of the product ions compared to the m/z range of the
primary ions. Adding different compounds one after the other
leads to a transmission curve over a certain m/z range. The
first main advantage of this method is that it is not neces-
sary to know how much of the compound of interest is added
to the instrument. This leads to a very simple measurement
setup without the need for further instrumentation. The sec-
ond main advantage is that the instrument is used in stan-
dard operating mode including the CI source, which is not
the case for the HR-DMA method. Therefore the depletion
method intrinsically accounts for mass discrimination effects
of the CI source. Note that this method only reveals the rel-
ative mass discrimination of the product ions compared to
the m/z range of the primary ions, which is however suffi-
cient for quantification (Eq. 3). If the absolute transmission
is needed, the HR-DMA method should be chosen.

The saturation method works fine for a PTR-MS as this
technique is a rather soft ionization method and there is al-
most no clustering of a substance with itself. Therefore the
shift of charge from the m/z range of the primary ions to
the desired m/z range is usually rather complete, and al-
most no charge appears at a third m/z range; however, this
may change for certain substances. Good compounds for ap-
plying this method to a PTR-MS are for example acetone
or xylene, whereas monoterpenes usually show a consider-
able degree of fragmentation. The picture changes, however,
when we want to apply this technique to the CI-APi-TOF.
First of all, we need different substances that can be eas-
ily measured with the CI-APi-TOF and should cover sub-
stantial parts of the m/z range (ideally from around 100
to around 1500 Th). We have chosen several perfluorinated
acids (CF3(CF2)3,5,6,7,8COOH, Sigma Aldrich, purity >
95 %) as fluorine is very electronegative and is thus supposed
to easily take over the negative charge from NO;', while the
hydrogen atom of the acid group can perform a proton trans-
fer reaction with the primary ion. On the other hand, perflu-
orinated acids are available at different molecular weights,
with a variable number of CF, building blocks included.
CF;, has a molecular mass of 50 amu, so the m/z range can
be stepped through easily by adding differently sized com-
pounds. We have tried also perfluorododecyltrichlorosilane
(C12H4ClI3F21 Si, Sigma Aldrich, purity 97 %). Table 2 shows
an overview of the substances that were applied.

The measurement setup has to ensure that sufficient
amounts of the desired compound enter the CI source of the
instrument to deplete the primary ions, but on the other hand
one has to be careful not to put too much into the system
to avoid long term contamination. One way to achieve this
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is to inject a gas sample from the headspace of the desired
compound with a needle into the sample flow of the instru-
ment through a rubber sealing. This works in principle, but
gives only very short signal spikes as the volume in the nee-
dle is quickly diluted. A better approach is shown in Fig. 1c),
where a 1/2” T-piece was added to the sampling line with a
short 1/2” tube and a 1/2” cap at the end of the tube. The
chosen compound is placed inside the cap. It is important to
only use very small amounts in order not to contaminate the
whole system for long periods of time. All the substances
used evaporated either from liquid (perfluorinated pentanoic
acid) or solid phase (all others) and diffused along the short
vertical 1/2” line into the sample flow. Different concentra-
tion levels of the compounds were achieved by heating the
cap slowly with a heat gun. If the amount of a compound
in the cap is too large, a permanent complete depletion of all
primary ions can occur. As will be described below, we need,
however, varying degrees of depletion to deliver meaningful
transmission curves; a complete and permanent depletion of
the primary ions is not useful. To avoid this, it is important
to only use a small grain/drop of the respective compound
and/or to install a longer and/or thinner vertical diffusion tube
in the inlet setup (see Fig. 1c).

The spectra for the different compounds are shown in
Fig. 3. It is evident that the charge provided by the primary
ions is not only shifted to one distinct m/z region like it is
the case for this method in PTR-MS, but distributed over a
wider range of masses. The monomer of all perfluorinated
acids appears at three main channels, namely proton trans-
fer to NO5 (middle peak), clustering with NO; (right peak)
and fragmentation (loss of the acid group; left peak). These
three monomer peaks alone span already over a m/z range of
106 Th, which is a disadvantage of this method. Furthermore,
the perfluorinated acids, as well as the silane compound tend
to cluster strongly with themselves. However, for dimers and
trimers of these acids, only one main peak was measured
originating from a proton transfer reaction. Higher clusters
like tetramers or pentamers were not observed. Especially
for smaller perfluorinated acids, the tetramers would lie well
below 2000 Th, which is the highest m/z ratio the CI-APi-
TOF is able to measure; so it is reasonable to assume that we
are not missing any charge at m /z ratios higher than 2000 Th.
We also know from different experiments that the transmis-
sion efficiency for high m/z ratios of up to 2000 Th is not
zero.

To obtain time series of the data we used the MATLAB
based tofTools software. For the monomer intensities of the
perfluorinated acids and the silane compound, all monomer
peaks were added up without any further correction for
transmission. The measurement data from the heating ex-
periments with perfluorinated heptanoic and nonanoic acid
(Fig. 4) show a decrease of the primary ion signal (sum of
NO3 and HNO3NO3') when the heating started at the begin-
ning of the experiment and a strong increase in the perfluo-
rinated acid signal. The sum of all signals also increases by

www.atmos-meas-tech.net/9/1449/2016/



104

4 PUBLICATIONS

M. Heinritzi et al.: Characterization of the mass-dependent t

ransmission efficiency of a CIMS 1455

Table 2. Compounds used for depletion method. The perfluorinated acids only differ in the number of CF, building blocks.

Name Formula Mol. weight [amu]  Purity [ %]
Perfluorinated pentanoic acid CF3(CF2)3COOH 264.05 97
Perfluorinated heptanoic acid CF3(CF2)5COoH 364.06 99
Perfluorinated octanoic acid CF3(CF2)gCOOH 414.07 96
Perfluorinated nonanoic acid CF3(CF2)7COOH 464.08 97
Perfluorinated decanoic acid CF3(CF2)gCOoH 564.09 95
Perfluorododecyltrichlorosilane  C1oH4Cl3F21Si 681.57 97
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Figure 3. Spectra for all compounds used for depletion mode experime!
three monomer peaks for the perfluorinated acids originate from proton t

nts. Primary ions are NO" at 62 Th and HNO3NO; at 125Th. The
ransfer to NO3™ (middle peak), clustering with NO3" (right peak) and

fragmentation (loss of the acid group, left peak). Dimers and trimers of the perfluorinated acids are present only as one main peak. Notice
the stepwise addition of CF, building blocks for the perfluorinated acids.

more than a factor of 2. The total amount of charge in the ClI
source is given by the primary ion production in the corona
discharge and is assumed to be constant over the experiment.
As we count more charge during the heating at higher m/z
regimes, the transmission efficiency of charge through the
instrument must be higher for the m/z range of heptanoic
and nonanoic acid monomer and dimer compared to the m/z
range of the primary ions.

However, as the charge from the primary ions is not only
transferred to one distinct mass, but distributed over a wider
range, we cannot apply a linear fit to the data. We there-
fore introduce a relation that combines the measured signal
with the theoretical total amount of charge in the system via

www.atmos-meas-tech.net/9/1449/2016/

weighting factors, which will lead to relative transmission
factors:

Sprim * fprim + Smon - fmon + Sdim - fdim

+ Strim * firim =1 4

or > s; fi = 1, where i indicates primary ions and monomers,

1
dimer, and trimer of the perfluorinated acids. s; is the sig-
nal of the corresponding compound in counts per second at a
given time and f; are the weighting factors that need to be in-
troduced to yield the right hand side of the equation, which is
anormalized expression of the total amount of charge present
in the CI source. This is a quantity not directly measurable
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Figure 4. Measurement examples for (a) perfluorinated hep-
tanoic acid and (b) perfluorinated nonanoic acid. Data are slightly
smoothed (moving average). Heating (indicated by red shaded ar-
eas) leads to increased evaporation of the perfluorinated acids and
a depletion of primary ions. After the heating period the system
cooled down to room temperature, with the corresponding decrease
in signal for perfluorinated acids and recovery of the primary ions.
The sum of all signals shows a clear increase due to the heating pe-
riods, as charge is shifted to higher m/z regions. As the amount of
charge is limited by the primary ions, this indicates that a higher
fraction of ions reaches the detector when the ions are at the m/z
range of the monomer or dimer of pentanoic or nonanoic acid. This
is direct evidence for higher transmission efficiencies at these m/z
ranges.

with the TOF unless the absolute transmission efficiency is
known. We are not interested in its absolute value, but just
need to assume that it is constant over the duration of the ex-
periment. Equation (4) has four knowns and four unknowns,
but it must be true for every time step of the experiment, so
this one equation expands into an overdetermined system of
linear equations, which can readily be solved via regression
analysis. After obtaining the four weighting factors f;, we
normalize them to the weighting factor of the primary ions
and invert them to get the relative transmission factors for
the mass range of monomer, dimer, and trimer of the used
perfluorinated acid with respect to the mass range of the pri-
mary ions.

The relative uncertainty was estimated via the 95 % con-
fidence bonds of the regression analysis. Additional uncer-
tainty for the relative transmission factors comes from possi-
ble fragmentation of larger clusters to primary or monomer
ions. However, as fragmentation to primary ions implicates
that their signal cannot be fully depleted, and during the
strongest heating the primary ion level goes, e.g., below 4
and 5% of the original level for heptanoic and nonanoic
acid, respectively, we use 5% as upper limit for fragmen-
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tation to primary ions. For fragmentation to monomer ions,
we compare the highest dimer signal to the monomer signal
at the same point of time (the right peak of the monomers
can be excluded for this, as no dimer contains NO3 and thus
cannot fragment to this peak). We find minimum monomer
to dimer ratios of 12 and 20 % for heptanoic and nonanoic
acid, respectively. These ratios might go down even further
for stronger heating, so we have added an additional uncer-
tainty for primary ion signals of 5% and for all the others of
15%. As the relative transmission of the primary ions was
set to 1, their uncertainty was added in quadrature to the
one of all other compounds involved. Time resolution of the
data affects the uncertainty originating from the regression
analysis; we chose a 3 s resolution for all compounds, which
leads to relatively small error bars. As the monomer peaks
of all involved compounds spread over a certain m/z range
and the transmission efficiency may change over this span,
summing up the three monomer peaks introduces additional
uncertainty. Note that the ratios of primary ions, monomers,
dimers and trimers to each other should vary ideally signifi-
cantly over the duration of the experiment to obtain reliable
results with this method, otherwise close to linearly depen-
dent equations cause a large scatter of the results. At this
point also the advantage of the heating method over the in-
jection method becomes obvious as the first one produces
smooth increases and decreases of perfluorinated acids and
so much more data points for the statistical analysis.

4 Results

We have obtained two transmission curves for the HR-DMA
method and one for the depletion method, which are shown
in Fig. 5. The curves were obtained by applying least-squares
fits to a 2-fold Gaussian distribution for the APi-, Cl-mode
and depletion data. To ensure reasonably good representa-
tion of the measured data, we had to set lower limits for the
two parameters in the denominator of the exponent (200 for
the CI-mode and depletion method and 350 and 500 for the
APi-mode fit). The overall transmission for the APi mode is
in the range of 1% with a steep increase from m/z 80 Th
(Br~) to m/z 127 Th (17) and a shallow decrease at higher
m/z ranges above around 700 Th. The shape of the trans-
mission curve is in agreement with earlier estimates for an
APi-TOF using a similar method by Ehn et al. (2011); how-
ever, in our study we found around transmission levels a fac-
tor of 2 higher than Ehn et al. (2011). The data points of the
APi setup are systematically higher than for the CI setup,
with a larger difference for smaller masses. This difference
is due to a combined effect of the ClI ion source as well as the
discussed voltage step of —500V in front of the ion source.
The result is a stronger suppression of lighter ions in the CI
setup and a shift of the maximum of the curve towards higher
masses. Furthermore, the difference in transmission between
Br~ and I~ is much smaller for the CI setup. Note that io-
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Figure 5. (a) Absolute transmission data obtained with the HR-
DMA method for APi only (crosses) and Cl mode. Each data point
is the ratio of TOF signal to corrected EM signal of a certain clus-
ter. lodide containing dimers fragment significantly to 1—, which
enhances uncertainty. (b) Transmission curve obtained by deple-
tion method with included mass discrimination effects of the CI
source. The data points obtained with the direct fit method repre-
sent lower limits of relative transmission. A least-squares fit to a
2-fold Gaussian distribution was applied to the data (direct fit data
was not used for this fit). The transmission curve obtained by the de-
pletion method changes significantly over the m/z range of ELVOC
molecules, indicated by orange and blue shaded areas for EL\VOC
monomer and dimer, respectively.

dide dimers show a high degree of fragmentation indicated
by color code in Fig. 5a, whereas bromide dimers fragment
very little. Therefore, bromide salts together with the ionic
liquid MTOA work best for this method. Error bars in Fig. 5a
represent results of Gaussian error propagation of the above
mentioned uncertainties.

The results for the relative transmission efficiency esti-
mated with the depletion method are shown in Fig. 5b. The
agreement between the individual perfluorinated acids and
the silane compound is remarkably good. There is a clear
maximum of transmission efficiency in the range around
600 Th. Especially the m/z range from 235 to 625 Th shows
a steep increase in transmission efficiency. This m/z range
corresponds to the EL\VOC monomer and dimer range as in-
dicated by light orange and blue color in Fig. 5 and is thus
of great importance for ELVOC quantification. The direct
fit method was applied to some of the data obtained dur-
ing depletion experiments. It is a linear fit of product ions
vs. reacted primary ions (as used in PTR-MS) during periods
of time, where mostly monomers were present. These data
points (black crosses in Fig. 5b) can be seen as a lower limit
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for the relative transmission. The above mentioned fit to the
2-fold Gaussian distribution of the results of the regression
analysis was used as transmission curve of the instrument
and to correct data sets from other experiments obtained un-
der similar conditions. Horizontal error bars in Fig. 5b indi-
cate the spread of the primary ions, as well as the monomers
of the perfluorinated acids and the silane compound along
the m/z axis. All monomers of perfluorinated acids were set
to the m/z value of the deprotonated monomer peak (middle
monomer peak, see Fig. 3). Vertical error bars originate from
the regression analysis as described above. As the monomer
peaks of all involved compounds spread over a certain m/z
range and the transmission efficiency changes over this span,
summing up the three monomer peaks introduces additional
uncertainty. However, as the left monomer peak of the per-
fluorinated acids has a lower transmission efficiency than the
middle peak and the right monomer peak a higher one, this
effect tends to cancel out. We tested this for all used com-
pounds by correcting monomer peaks individually for trans-
mission and found an effect ranging from 2 % for perfluori-
nated pentanoic acid to 10 % for the silane compound. These
uncertainties were added in quadrature to the ones of the re-
gression analysis and affect only monomers but not dimers
and trimers.

If we use the results of the regression analysis for the in-
dividual acids and correct the corresponding time traces in
Fig. 4 for transmission, their sum should yield a constant
level over the duration of the experiment. This is the case
for both acids shown in Fig. 4 (light blue line). The constant
signal confirms our method and represents now the constant
ion production in the CI source.

The shape and the position of maximum transmission dif-
fer from the two curves obtained by the HR-DMA method.
These differences may be attributed to mass discrimination
effects of the Cl source because the HR-DMA method does,
in principle, not account for this. The CI setup shown in
Fig. 1b tried to simulate these effects, but for the price of
introducing an additional potential step of —500V, which
also may change the shape of the transmission curve. The
HR-DMA method is a valid and established method for esti-
mating the transmission efficiency of an APi-TOF. However,
for a CI-APi-TOF the depletion method produces more reli-
able results as the CI source is included in the characteriza-
tion as well. This method shows two main advantages: The
first is that the instrument is used in its standard operation
mode with the exact same settings as during sulfuric acid or
ELVOC measurements, so no additional corrections have to
be applied in order to obtain the transmission efficiency. The
second main advantage is that no knowledge of the amounts
of perfluorinated acids that enter the instrument is required
for estimating the relative transmission efficiency. We just
have to add sufficient amounts to deplete the primary ions
significantly. This results in a simple and inexpensive mea-
surement setup.
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5 Conclusion

We have presented an easy-to-use and straight-forward way
of estimating the mass-dependent transmission efficiency of
a nitrate-based CI-APi-TOF via the depletion of primary
ions. This method is in use already for PTR-MS, but to
our knowledge has not been applied to a nitrate-based CI-
APi-TOF before. The additional difficulty compared to PTR-
MS is a strong clustering of the tested substances, which is
treated with statistical analysis of the measurement data. We
used different perfluorinated acids and one silane compound
to estimate relative transmission factors over the m/z range
from around 250 to 1400 Th. The results for all compounds
are very consistent and show a steady increase in transmis-
sion efficiency from the m/z region of the nitrate primary
ions up to about 500 Th by a factor of ~ 5. A second method,
which estimates the transmission efficiency of the APi-TOF
alone without the CI source by use of an HR-DMA and an
electrometer, shows a differently shaped transmission curve
with a transmission efficiency of ~1.5% in the m/z region
from 127 to 568 Th. We thus conclude that there most prob-
ably exist non-negligible mass discrimination effects of the
Cl source. These effects have to be taken into account for
the quantification of ELVOCs and other compounds. As the
transmission efficiency strongly depends on the chosen set-
tings of the instrument, our transmission estimation cannot
be generalized to other instruments. Ehn et al. (2014) found
similar calibration coefficients for sulfuric acid and perfluo-
rinated heptanoic acid, indicating similar transmission effi-
ciencies for both m/z ranges. However, a detailed transmis-
sion curve cannot be obtained by a standard gravimetrical
calibration with one compound, so the method presented in
this study can further enhance the accuracy of quantification
for ELVOCs and other molecules. The depletion method has
the advantage of a simple setup, as no need for quantifica-
tion of the measured compounds exists and the instrument is
used in its normal operation mode. We also want to point out
that this method should, in principle, work as well for other
chemical ionization schemes like acetate or iodide; however,
different substances than the ones used in our study will have
to be applied.
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Appendix A

Here we present the detailed settings of the CI-APi-TOF
used in this study. The settings were applied for the deple-
tion method as well as for HR-DMA experiments.

Table Al. Voltage and flow settings of the Cl source. The basic design of the CI source is given in Kurten et al. (2011); however, the HNO3
and corona mixing flow were not fed into the source together with the N5 sheath flow, but directly over the corona needle. The electrostatic
lens in front of the pinhole and the N, buffer flow were omitted in our Cl source. The corona needle voltage given below is reduced by a
500 M2 resistor before being applied to the needle itself.

Gas flows in Cl source  [Lmin~1]  Voltages CI source V1
N> sheath flow 20 Corona cylinder —500
Exhaust flow 31.85 Drift tube —210
HNO3 flow 0.050 Pinhole plate 0
Corona mixing flow 1.5 Corona needle —6000
Sample flow CI source 9.5
Sample flow TOF 0.80
Table A2. Voltages and frequencies in the APi section.
SSQ low voltages [V]  BSQ low voltages [V] Quadrupoles RF
IMR 0 Q2 Front 10 SSQ Frequency 620 kHz
Nozzle 10 Q2 Back 135 SSQ Amplitude 180V
Q1 EP 5  Skimmer 2 16 BSQ Frequency 1.15MHz
Q1 Front 8 Reference (bias) 17 BSQ Amplitude 100V
Q1 Back 8 lon-lens 2 135
Lens skimmer 8 Detector flange 39
Skimmer 8  Deflector 38.1

Table A3. \oltages and pressures in the TOF section (operated in negative high sensitivity mode).

Extraction pulser [V] ~ TOF high voltages [V]  TOF pressures [mbar]

TOF Pulse 700 Lens 500 Fore pressure  3.52

TOF Ref. 42 Drift 3000 SsSQ 2.29

TOF Extr. 1 35 RG 649 BSQ 3.48 x 1072

TOF Extr. 2 700 RB 700 PB 9.55 x 10~
HM 0 TOF 9.61 x 10~/
A 2700
MCP 2155
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Atmospheric aerosols and their effect on clouds are thought to
be important for anthropogenic radiative forcing of the climate,
yet remain poorly understood'. Globally, around half of cloud
condensation nuclei originate from nucleation of atmospheric
vapours?. It is thought that sulfuric acid is essential to initiate
most particle formation in the atmosphere®?, and that ions have
a relatively minor role®. Some laboratory studies, however, have
reported organic particle formation without the intentional
addition of sulfuric acid, although contamination could not be
excluded®’. 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 (HOM:s) are produced by ozonolysis
of a-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.

It is thought that aerosol particles rarely form in the atmosphere
without sulfuric acid®*, except in certain coastal regions where iodine
oxides are involved®. Furthermore, ions are thought to be relatively
unimportant in the continental boundary layer, accounting for only
around 10% of particle formation®. Sulfuric acid derives from anthro-
pogenic and volcanic sulfur dioxide emissions as well as dimethyl
sulfide from marine biota. However, typical daytime sulfuric acid
concentrations (10°-107 cm ™3, or 0.004-0.4 parts per trillion by vol-
ume (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’, 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!?. Tt is well established that oxidation products of volatile
organic compounds (VOCs) are important for particle growth'!, but
whether their role in the smallest particles is in nucleation or growth
alone has remained ambiguous®!>1%. 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®!*'>. We refer to these compounds as HOMs (highly
oxygenated molecules) rather than ELVOCs (extremely low-volatility
organic compounds)'® because the measured compounds span a wide
range of low volatilities.

Here we report atmospheric particle formation solely from bio-
genic vapours. The data were obtained at the CERN CLOUD chamber
(Cosmics Leaving OUtdoor Droplets; see 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®’, here we measure the cluster
chemistry and the role of ions, and rule out contamination.

Precursor VOCs in the atmosphere arise predominantly from nat-
ural sources such as vegetation and largely comprise isoprene (CsHs),
monoterpenes (CjoHj¢), sesquiterpenes (Cy5H,4) and diterpenes
(C0Hs3,). Here we have studied a-pinene (CyoHjg) because it is the
most abundant monoterpene, often exceeding 50 p.p.t.v. in the conti-
nental boundary layer'”. We oxidized o-pinene by exposure to ozone
and also to hydroxyl radicals (OH-) produced from ozone photoly-
sis 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% H, 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 cham-
ber (H,SO4 and HOMs). Therefore, for this study, HOMs are implic-
itly defined as oxidized organic compounds that can be detected by
a nitrate CI-APi-TOF; related molecules with a lower oxidation state

1Goethe University Frankfurt, Institute for Atmospheric and Environmental Sciences, 60438 Frankfurt am Main, Germany. 2CERN, CH-1211 Geneva, Switzerland. *Department of Physics,
University of Helsinki, FI-00014 Helsinki, Finland. “Helsinki Institute of Physics, University of Helsinki, FI-00014 Helsinki, Finland. °School of Earth and Environment, University of Leeds, Leeds
LS2 9JT, UK. ®Paul Scherrer Institute, Laboratory of Atmospheric Chemistry, CH-5232 Villigen, Switzerland. 7Institute for lon and Applied Physics, University of Innsbruck, 6020 Innsbruck,

Austria. 80nera—The French Aerospace Lab, F-91123 Palaiseau, France. °SIM, University of Lisbon, 1849-016 Lisbon, Portugal. '%lonicon Analytik GmbH, 6020 Innsbruck, Austria. *!Institute for
Atmospheric and Climate Science, ETH Zurich, CH-8092 Zurich, Switzerland. 12Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena, California 91125,
USA. 13WSL Institute for Snow and Avalanche Research SLF, CH-7260 Davos, Switzerland. *University of Eastern Finland, FI-70211 Kuopio, Finland. !*Finnish Meteorological Institute, FI-00101
Helsinki, Finland. 1®Solar and Cosmic Ray Research Laboratory, Lebedev Physical Institute, 119991 Moscow, Russia. 1”University of Leeds, National Centre for Earth Observation, Leeds LS2 9JT,
UK. '8Department of Applied Environmental Science, University of Stockholm, SE-10961 Stockholm, Sweden. 1°Faculty of Physics, University of Vienna, 1090 Vienna, Austria. 2°Leibniz Institute
for Tropospheric Research, 04318 Leipzig, Germany. 2!University of Beira Interior, 6201-001 Covilha, Portugal. 2Center for Atmospheric Particle Studies, Carnegie Mellon University, Pittsburgh,
Pennsylvania 15213, USA. 23Aerodyne Research Inc., Billerica, Massachusetts 01821, USA. tPresent addresses: CIRES, University of Colorado Boulder, Boulder, Colorado 80309, USA (C.W.); Arctic
Research Center, Korea Polar Research Institute, Incheon 406-840, South Korea (J. Kim); Department of Atmospheric Sciences, University of Washington, Seattle, Washington 98195, USA (S.S.).

26 MAY 2016 | VOL 533 | NATURE | 521
© 2016 Macmillan Publishers Limited. All rights reserved



112

4 PUBLICATIONS

AIALGEN LETTER

or different functional groups could be present in the chamber, but
undetected by our nitrate chemical ionization set-up.

Before starting measurements, we carefully cleaned the CLOUD
chamber (see Methods) and established extremely low contaminant
concentrations: at 38% relative humidity and 278 K, the contaminants
were below the detection limit for SO, (<15 p.p.t.v.) and H,SO4
(<5 % 10*cm™?), and total organics (largely comprising high volatility
C,-C; 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 10*cm . The APi-TOF
measured contaminant CsHsNH™ (protonated pyridine) and contam-
inant NOj to be the dominant positive and negative ions, respectively,
before we added any trace gases to the chamber other than water
vapour and ozone (Extended Data Fig. 1a, b). Despite its higher gas-
phase acidity, we detected contaminant HSO, at only 1% of the NOj
signal (Extended Data Fig. 1b), 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 abun-
dant positive ion is likely to be contaminant ammonium (NH}), 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 a-pinene to O3 in the
chamber, we detected gas-phase HOM monomers and dimers (Fig. 1a).
Particles appeared shortly afterwards (Fig. 1b). HOM monomers
(denoted E,) broadly comprise highly oxidized Cs_19H4,1606-12 species
with an oxygen-to-carbon ratio (O/C) above about 0.6. HOM dimers
(E,) are two covalently bound monomers (see below), which generally
have lower oxygen-to-carbon ratios, but, almost certainly, a lower
volatility. For the present study we define E; (E,) 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 E; mass band distinguished by an odd H number
(C10H1506,8,10,12), which we assign to the RO,- peroxy radical. These
m/z values include a contribution of 62 Th due to the NO; ion from
the CI-APi-TOF ionizer. We define the total HOMs as the sum
ROy +E; +E,.

We measure high HOM molar yields (Extended Data Fig. 2): approx-
imately 1.2% per hydroxyl radical (OH:) reaction with a-pinene, 3.2%
per ozone reaction with a-pinene, and 2.9% from pure ozonolysis. We
find a high E; yield from ozonolysis (10%-20% of total HOMs), but
negligible E; yield from hydroxyl-initiated oxidation. Neutral trim-
ers are close to the detection limit of the CI-APi-TOF (below 0.1% of
total HOMs). High yields of these same HOM:s have previously been
reported®!®, although our ozonolysis yields are less than half those of
ref. 16. For our experiments, a-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) x 10°cm ™2 during ozonolysis experi-
ments, and (0.4-2) x 10° cm ™ during pure hydroxyl experiments with
0.5-3 p.p.b.v. of HONO.

This remarkably fast production of HOMs is likely to proceed via an
autoxidation mechanism involving peroxy radicals'®!#-?" (Extended
Data Fig. 3). There is simply insufficient time for oxidation to proceed
in multiple steps through stable intermediate molecules. Here, initial
ozonolysis of an a-pinene molecule proceeds via a Criegee intermediate
and further steps to form an RO,- radical, followed by several repeated
cycles of intramolecular H abstraction and O, addition to re-form a
new RO,- radical. We measure an RO,- 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 E,. The negligible E, yield
from hydroxyl-initiated oxidation could result from additional NO,
chemistry that terminates the peroxy radicals before they can combine.
Our theoretical calculations further indicate that E, must be cova-
lently bound because the neutral molecular cluster formed from two
monomers (denoted E;.E,) is expected to be unstable (see below).
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Figure 1 | Evolution of HOMs and particles during a typical run.

a, Evolution of selected HOM monomers (E;), dimers (E) and peroxy
radicals (RO,-) at 300 p.p.t.v. a-pinene, 33 p.p.b.v. O3, zero H, or HONO,
38% relative humidity, 278 K and [H,SO4] < 5 x 10*cm 3 (the same run as
shown in Extended Data Fig. 4). The HOMs start to appear soon after the
first injection of a-pinene into the chamber at 21:22, 23 October 2013.

A HOM monomer is a highly oxygenated molecule derived from a-pinene
(CioHj6), and a HOM dimer is a covalently bound pair of monomers.
Peroxy radicals are identified by an odd H number. The HOM:s are charged
with an NOj 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 Methods).

We measured nucleation rates under neutral (J,), Galactic cos-
mic ray (GCR; Jy.) and 7+ beam (J,;) conditions, corresponding to
ion-pair concentrations of around 0cm ™3, 700 cm > and 3,000cm >,
respectively. This range spans atmospheric ion concentrations between
ground level and 15-km altitude. The nucleation rate J, describes the
neutral rate alone, whereas J; and J;. describe the sum of the neutral
and ion-induced rates, J;, + Jiin. We determine the nucleation rates at

© 2016 Macmillan Publishers Limited. All rights reserved
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Figure 2 | Molecular composition and mass spectra of charged clusters
during GCR nucleation events without sulfuric acid. a, b, Cluster mass
defect (difference from integer mass) versus m/z of negatively (a) and
positively (b) charged clusters measured with the APi-TOF at 240 p.p.t.v.
a-pinene, 34 p.p.b.v. O3, zero H, or HONO, 38% relative humidity, 278 K
and [H,SO,] below the detection limit (5 x 10*cm™3). The values of
Jger and total HOMs concentration are, respectively, 3.4 cm3s !and
1.7 x 10’ cm ™3 (a), and 3.3cm 3s ! and 2.4 x 107 cm 2 (b). The mass
bands are labelled according to the number of HOM monomer units
in the cluster, E,.. Each circle represents a distinct molecular composition
and its area represents the counts per second. The most highly oxidized
compounds are located at the lower right-hand edge of each band.

1.7-nm mobility diameter, at which size a particle is generally con-
sidered to be stable against evaporation. To determine the nucleation
rates, we fit the time-dependent particle concentrations with a numer-
ical model that treats particle nucleation and growth kinetically at the
molecular level (an example is shown in Fig. 1b; see Methods for further
details).

A typical run sequence (Extended Data Fig. 4) begins by establishing
ion-free conditions with a high-voltage clearing field and introducing
a-pinene to the chamber, where it mixes with ozone. Particles then start
to form and, after measuring J, at steady-state a-pinene concentration,
we turn off the high voltage and measure Jg.; under otherwise identi-
cal chamber conditions. A sharp enhancement of particle formation is
seen when the high voltage was turned off (Extended Data Fig. 4b, e),
due to ion-induced nucleation of both charge signs (Extended Data
Figs 4c, d and 5).

Figure 2 shows the molecular composition and mass spectra of neg-
atively and positively charged ions, monomers, dimers and clusters
during ion-induced nucleation events. The dominant core ions in the
clusters are identified as NH,, NO; 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 E,( in the APi-
TOF (Fig. 2¢, d). This indicates the importance of dimers for pure
biogenic nucleation. Dimers are expected to be less volatile than mon-
omers, owing primarily to higher molecular weight, but also to addi-
tional functional groups. Our previously described definition for
neutral gas-phase HOMs encompasses compounds with a wide range
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The dark blue circle represents NOj ions; the light blue circle represents
ClOj ions. Clusters with fully identified molecular composition are
coloured according to their core ion: purple (NO3), green (E™) or orange
(NH;). Grey circles are unidentified clusters. ¢, d, Mass spectra from the
same events for negative (c) and positive (d) clusters up to m/z=3,000 Th.
A particle of 1.7-nm mobility diameter has a mass of about 1,200 Th.
The ‘Nessie’ plot (d) shows that positive-ion-induced nucleation involves
HOM dimers alone (E;.NH} clusters are not seen owing to instrument
tuning). The decreasing signal amplitude at larger masses is due to the
lower concentration and decreasing detection efficiency of the APi-TOF
mass spectrometer (the efficiency versus m/z depends on the instrument
tune and polarity).

of low volatilities!®?!, of which only a subset drive nucleation

(ELVOCs, which comprise about 36% of measured total HOMs?!).
From the strong ion enhancement of nucleation we conclude that the
APi-TOF mass peaks above the dimer in Fig. 2 are clusters of ELVOC
monomers and dimers. Although we can precisely determine their
molecular composition (C,H,0,), we can only infer their specific
structure and functional groups.

We show the experimental neutral and GCR nucleation rates in
Fig. 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, Ji;,, reaches the limit set by the GCR total ion
production rate (3.4cm~3s~1). Positive and negative clusters nucleate
at comparable rates (an example is shown in Extended Data Fig. 5).
Relative humidity has little effect on J, over the range 6%-80% relative
humidity, whereas J, increases substantially at higher relative humidity
(Extended Data Fig. 6).

The large GCR enhancement indicates that biogenic molecular clus-
ters 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 depend-
ence on ion species by adding small amounts of SO, to the chamber,
up to around 1,000 p.p.t.v. When [H,SO,] exceeds about 1 x 10°cm 3,
the major negative ion species shift to HSO}, SO; and SO, (Extended
Data Fig. 1c), owing to their lower proton affinity (higher gas-phase
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Figure 3 | Pure biogenic nucleation rates versus HOM concentration.
Neutral (Jy; circles) and GCR (Jgr; triangles) nucleation rates versus
total HOMs concentration (RO;- + E; + E,). The fraction of total HOMs
that participate in nucleation (ELVOCs) is about 36% (ref. 21). The
experimental conditions are 10-1,300 p.p.t.v. a-pinene (for measurements
below J;7=10cm s~ 1), 30-35p.p.b.v. O3, zero H, or HONO, 38%
relative humidity, 278 K and <8 x 10°cm ™~ H,SO4. The colour scale shows
[H,SO4]; purple and blue points correspond to contaminant level (below
the detection threshold); other colours correspond to measurements after
SO, was added to the chamber. The fitted curves show parameterizations
(described in Methods) for J, (dashed), J (solid) and ion-induced
nucleation (Jin = Jger — Jn; dot-dashed). The Ji;, parameterization assumes
that the nucleation rate falls steeply at HOM concentrations below the
experimental measurements, following a similar slope to that for J,.
The bars indicate 1o total errors, although the overall systematic scale
uncertainty of +80%/—45% on the HOM concentration is not shown.

acidity) than contaminant compounds. However, the nucleation rates
with sulfur ion species remain unchanged (Fig. 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. 2 and Extended Data Fig. 1), which indicates that not
all ions have a suitable chemical structure to bond strongly with the
oxidized organic compounds®>.

Figure 4 shows the CLOUD biogenic nucleation rates extended to
[H,S04] =6 x 10°cm ™~ and compared with atmospheric boundary-
layer observations®*?*24 Biogenic nucleation rates show no signifi-
cant 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 sul-
furic acid in the presence of ammonia® or amines!?, where nucleation
rates at 1.7 nm show a steep dependency on [H,SO,] above 10%cm 2.
Comparison of the atmospheric observations (Fig. 4) with our meas-
urements 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 dependence on
sulfuric acid. The second, which is more important in pristine envi-
ronments, involves nucleation of pure organic particles and depends
on only oxidized organics and ions.
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Figure 4 | Experimental and atmospheric nucleation rates versus H,SO,
concentration. CLOUD measurements of the neutral (J,; circles), GCR
(Jgers triangles) and 7 beam (J; diamonds) biogenic nucleation rates at
1.7nm (J;7) versus [H,SO4]. The CLOUD experimental conditions are
10-1,300 p.p.t.v. a-pinene (for measurements below J; 7 =10cm 3s71),
25-35p.p.b.v. O3, zero H, or HONO, 20%-40% relative humidity and

278 K. Measurements below 1 x 10°cm 2 for [H,SO,] are near to the
detection limit of the CI-APi-TOF and should be considered as upper-
estimates (to avoid overlap, some data points at the H,SO4 detection

limit are displaced by up to 1 x 10*cm™?). The total HOMs concentration
from a-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>***?*, Following
convention, the H,SO,4 concentration refers to monomers alone; that is,
H,S0, 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 J; 7 and /5. This band assumes the CLOUD
condensation sink, which is comparable to that of a pristine atmosphere.
The upper limit on Jii, from the GCR ion-pair production rate at ground
level is indicated by the dot-dashed line. The bars indicate 1o total errors,
although the overall +50%/—33% systematic scale uncertainty on [H,SO4]
is not shown.

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, AG, using quantum chemical meth-
ods (see Methods). For this study we chose CgH;407 and C0H30O14
as E; and E; surrogates, respectively (Extended Data Fig. 7). We observe
these compounds both in the gas (Fig. 1) and particle phases in the
CLOUD chamber. We show proposed formation mechanisms and
structures'®? in Extended Data Fig. 3. Our calculations, summarized
in Extended Data Table 1 and Extended Data Fig. 8, confirm that
ELVOC clusters formed with an E;, HSO,, NO; or NH} 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 neu-
tral clusters are weakly bound and so neutral nucleation is expected to
be 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 temper-
ature, with a single monoterpene, in the absence of isoprene and mostly
in the absence of NO,, which can influence HOM yields. Nevertheless,
our results may provide fresh insights into several seemingly disparate
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phenomena associated with low atmospheric concentrations of sulfu-
ric acid. First, pure HOM nucleation could provide a mechanism to
account for nucleation-mode particles observed at night-time, under
low-[H,SO4] conditions*>?. Second, although observations are rare,
nucleation-mode particles are seen in the Amazon?’, where SO, levels
are extremely low (20-30 p.p.t.v.). Peak particle concentrations often
occur at sunrise and sunset?’, 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 for-
mation observed in the upper troposphere in cloud outflows depleted
of SO, such as over the Amazon®’~%. Low-solubility biogenic precursor
vapours can be efficiently convected inside clouds to high altitudes
where HOM:s 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!®, pure HOM
nucleation involving anthropogenic organic precursors could be
expected when [H,SO4] is low®. 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®!2,

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 bio-
genic nucleation might also take place over forested areas at high north-
ern latitudes during periods of especially low pollution. Identification
of pure biogenic nucleation in the atmosphere will require simultane-
ous 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 H,SOy,), together
with standard instruments such as low-threshold particle counters,
PTR-TOF (precursor organic vapours) and NAIS (size spectra of ions
and charged particles).

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 10’ cm 2. The stabilizing agent for pure biogenic
particles is a suitable ion, whereas for sulfuric acid particles the stabiliz-
ing 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 pre-industrial atmosphere and so could
reduce the estimated anthropogenic radiative forcing from increased
aerosol-cloud albedo over the industrial period.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

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 373K
and flushing at a high rate with humidified synthetic air and elevated ozone
(several parts per million by volume). Contaminant levels of condensable vapours
are in the sub-p.p.t.v. range. The high cleanliness of the chamber, together with
its large volume (26.1 m®) and highly stable operating conditions, allows particle
formation to be studied under atmospheric conditions at nucleation rates between
about 0.001cm s and 100cm 35~ 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.

Ton production in the chamber can be controlled using an internal electric
clearing field (which creates an ion-free environment), GCRs or an adjustable 7"
beam®** from the CERN Proton Synchrotron. The 7 beam is de-focused to a
transverse size of about 1.5m x 1.5m when it passes through the CLOUD chamber.
With the electric field set to zero, the equilibrium ion-pair concentration in the
chamber due to GCRs is around 700 cm 3. With the 7 beam, this can be increased
to any value up to about 3,000 cm~>. 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 cham-
ber is a few minutes, depending on the fan speeds. Photochemical processes are
initiated by illumination with an ultraviolet fibre-optic system, providing highly
stable gas-phase reactions with a precise start time. The contents of the chamber
are continuously analysed by instruments connected to sampling probes that pro-
ject into the chamber. The sampling analysers are tailored for each experimen-
tal campaign, but typically comprise around 30-35 instruments, of which up to
10 are mass spectrometers.
Summary of analysing instruments. For the results reported here, the analysing
instruments attached to the chamber included a chemical ionization mass spec-
trometer (CIMS) for H,SO, concentration®*; an atmospheric pressure interface
time-of-flight (APi-TOF; Aerodyne Research Inc. and Tofwerk AG)* mass spec-
trometer for molecular composition of positively or negatively charged ions and
clusters; two chemical ionization atmospheric pressure interface time-of-flight
(CI-APi-TOF; Aerodyne Research Inc. and Tofwerk AG)***” mass spectrometers
for molecular composition and concentration of neutral gas-phase H,SO4 and
HOMs; a proton transfer reaction time-of-flight (PTR-TOF; Ionicon Analytik
GmbH)*® mass spectrometer for organic vapours; a neutral cluster and air ion
spectrometer (NAIS; Airel Ltd)* for concentrations of positive ions, negative ions
and charged clusters in the range 1-40 nm; a nano-radial differential mobility
analyser (nRDMA)*’ 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 nm and 4 nm: two Airmodus A09
particle size magnifiers, PSM*!, (one fixed-threshold and the other scanning), two
diethylene glycol CPCs, DEG-CPC*2*3, a butanol TSI 3776 CPC and a water TSI
3786 CPC (TSI Inc.).

Additional gas analysers included dew-point sensors (EdgeTech), sulfur diox-
ide (Thermo Fisher Scientific, Inc. 42i-TLE) and ozone (Thermo Environmental
Instruments TEI 49C). For certain tests, HONO vapour was supplied to the cham-
ber and photolysed with ultraviolet light to produce OH- in the absence of Os.
The gaseous HONO was generated by continual mixing of H,SO, with NaNO,
(ref. 44) 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 H,SO, and sulfan-
ilamide, which was then analysed online with a long path absorption photometer
(LOPAP)®.

Determination of the nucleation and growth rates. The nucleation rates (in
cm>s7!) were measured under neutral (J,), ground-level GCR ( Joer) and 7+ beam
(Jx) conditions. Neutral nucleation rates are measured with the clearing field
electrodes set to =-30kV, which establishes an electric field of about 20kVm™!in
the chamber. This completely suppresses ion-induced nucleation because, under
these conditions, small ions or molecular clusters are swept from the chamber in
about 1s. Because all of the nucleation and growth processes under considera-
tion take place on substantially longer timescales, neutral nucleation rates can be
measured with zero background from ion-induced nucleation. For GCR and 7"
beam conditions, the electric field was set to zero, leading to equilibrium ion-pair
concentrations around 700 cm ™ and 3,000 cm 3, respectively. The nucleation rate
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Jn measures the neutral rate alone, whereas Jy.; and J measure the sum of the
neutral and ion-induced nucleation rates, J; + 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 WO,
particles*. The nucleation rates J, ; 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 corres-
ponds 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
sulfuric acid-dimethylamine clusters'®*”. Our measurements indicate that the
smallest 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 H,SO4 production rates derived from the CI-APi-TOF experimental
data. The measured HOM production rates are scaled by a factor of 1.8 to match
the observed particle appearance times and growth rates. This scaling results in
good agreement of the model with the experimental data over the full experimental
range of HOM concentrations. The scaling factor is within the systematic meas-
urement uncertainty of the CI-APi-TOF, and could arise if a nitrate CI-APi-TOF
does not detect all the HOM:s that contribute to particle growth.

Primary ions from GCRs are generated in the model at the known rate of g=1.7
ion pairs per cubic centimetre per second. A fixed parameter of the model, f,
accounts for the charge sign asymmetry due to differences in the diffusional loss
rates of positive and negative primary ions to the chamber walls:

9, =f(29)
q_=(1-1)(2q)

The parameter f; is determined by the experimentally measured positive and
negative ion concentrations in the NAIS to have the value 0.52.

Molecules and particles collide kinetically, and cluster with each other. The
model uses a reduced clustering probability (termed 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), then 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 H,SO4 vapour condensation. Particles grow through size bins that are
linearly spaced for small sizes and logarithmically spaced from about 2nm to a
maximum size of 400 nm. The time-steps for clustering processes range from 0.9s
to 10s, depending on the conditions of the experimental run under analysis. The
time-step is 10s for all other processes (for example, updates of gas concentrations,
high-voltage 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 1.3gcm ™3, and at 1.85gcm > for a pure H,SO cluster.

For neutral-neutral collisions, the number of particles in size bins 1 and 2 that
coagulate in a time interval At to produce a particle of mass m1, is:

112 = KooShormna VisAt (1)

where Ky is the neutral-neutral collision kernel, #;, n, and n,, are the particle
number concentrations, and V), is the van der Waals enhancement factor (see
below). The neutral-neutral sticking probability for pure biogenic particles,
Sbo, s is:

Sho, = exp[—0.693(Cp/m2)°8]

where Cg and Sg are free parameters. The parameter Cy effectively defines the
threshold mass of stable clusters because the sticking probability So,5 = 0.5 when
Cp = my;,, whereas the parameter S controls the sharpness of the threshold. The
sticking probability for collisions where at least one particle is mainly sulfuric acid
is similarly defined as:

560,A = exp[70.693(CA/m12)5A]

where Cy and S, are free parameters.
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The neutral-neutral collision kernel, Ko, in equation (1) is the Fuchs form of the
Brownian coagulation coefficient*”*. The van der Waals enhancement factor is the
modification to Fuchs theory due to Sceats*’, as described in ref. 50, for a Knudsen
number in the kinetic (free molecular) regime. The enhancement factor is:

E
1+ boJA”

where the reduced Hamaker constant, A’, is:

Via=1+ +biln(1+A’) + byln(1+ A7)}

A _nn
kT (r1+r2)?

where r,, are the particle radii, A = 6.4 x 10~°] (the Hamaker constant for sulfuric
acid™), by=0.0151, b, = —0.186, b, = —0.0163, k is the Boltzmann constant and
T is temperature. The same Hamaker constant is used for both sulfuric acid and
HOMs because it does not noticeably change the model predictions.

Tons and charged clusters collide according to a similar expression as
equation (1):

1y = (E x Koo)S'mmn, At (2)

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, oo, is:

St+,0— = exp[—0.693(C/myz )S0+0-]

where Sg o is a free parameter and C= Cy or C, for biogenic or acid particles,
respectively. Jon-ion recombination results in a neutral particle, which may evap-
orate 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 ion-ion recombination, ' _, is:

8’y =exp[—0.693(Cy _ /my2)5+-]

where C, _ is a free parameter. A power of unity (S, — =1) is used because 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:

Ef1,0- = Koto- /Koo
Eir =Kt /Koo
Ei_=Ky- [Koo

where K are the collision kernels and the subscripts refer to the charge of the col-
liding particles. The charged collision kernels in equation (2) are obtained from
ref. 51, which refers to sulfuric acid particles. Because biogenic particles may have
different neutral-charged collision kernels, their enhancement factor is left free
in the fit:

Epro-—1
E0+’07:L+1 3)

0+,0—

where fy o is a free parameter.

Tons, 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 3h (10~*s~!), depending on the total sampling rate of
all instruments attached to the chamber. The wall loss rate is 1.8 x 107>s™! for
H,SO, 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; that is, it is
assumed that HOMs and particles that collide with the walls are irreversibly lost.
For experimental runs for which 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 (Sg, Sa,
So+,0-» fo+,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 (Sg) is involved in the fit. The value of Sg ranges from 12 to 14,
Sa from 4 to 6, S0 from 0.1 to 1.0, fo o is near 4 and C, _ is near 10,000 Th.
The parameters Cg, Ca, S and f. were determined by a global fit to all runs in the
dataset and then subsequently fixed at these values. The fitted threshold masses
for Cg and C, are around 1,300 Th and 700 Th, respectively. The parameter S, _
is set to 1.0 and f; 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 Extended Data
Fig. 4b).

After fitting the data with the model, the nucleation rate ] 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 increment. In each nucleation run at fixed
conditions, the time f,,, is determined at which J; 7 is maximum; the value of
J1.7 for that run is then calculated as the mean measurement over the interval
(tmax£300s).

There are three major advantages of using a data-driven kinetic model to deter-

mine nucleation rates rather than making direct measurements with the PSM1.8
or CPC2.5 data. First, it avoids the need for time derivatives of the data, which
are subject to large errors at low counting rates. Second, 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 there-
fore avoids the exponential sensitivity on experimental growth rates that occurs
with other methods®~>°. 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 near 3 nm.
Verification of the model nucleation rates. We performed extensive cross-checks
of the nucleation rates obtained with the model by calculating the nucleation rates
independently in two additional ways: (1) direct measurements at 1.8 nm using
the scanning PSM and (2) CPC2.5 measurements that 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 in ref. 55, but a brief sum-
mary is provided here. The nucleation rates are derived from the rate of change of
the formation rates, dNcpc/dt, where Nep is the particle number concentration
measured with the CPC2.5 above its detection threshold, dy;,. The formation rate
is corrected in two sequential steps for particle losses to chamber walls, dilution
and coagulation: (1) particle losses above dy, and (2) particle losses during growth
from 1.7 nm to dy,. 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.

Correcting for particle losses during growth from 1.7 nm to dy, (item (2) above)

requires knowledge of the particle growth rate. This is experimentally determined
with several instruments, for example, from the appearance times measured in
the scanning PSM>®, which detects particles over a range of threshold diameters
between 1nm and 2.5 nm. The growth rates were also measured over different size
ranges with several other instruments, including a fixed-threshold PSM, two DEG-
CPCs,a TSI 3776 CPC, an APi-TOF, an NAIS, an nRDMA and a nano-SMPS. The
experimental growth rates are parameterized because they cannot be measured
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 dy,, the size interval
is divided into m log-normally spaced bins, dlog(D}), chosen to match the spac-
ing of the SMPS bins at larger sizes. The residence time of a particle in each bin
is 0t = 0d,/(growth rate), where 8d; is the size of bin i. Starting with the measured
particle distribution above dy,, the size distribution and formation rate is then
extended towards 1.7 nm in a stepwise process. In the first step, using the known
loss rates due to the chamber walls, dilution and coagulation, as well as the time
ot, 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.
The NAIS. The neutral cluster and air ion spectrometer (NAIS)*” measures
the size distributions of positively and negatively charged particles, and also of
total (charged plus neutral) particles, between mobility-equivalent diameters
of 0.75nm and 45 nm. Because the instrument includes two mobility analysers
operating in parallel, positive and negative spectra are obtained simultaneously,
each with 21 electrometers. Taking into account the internal diffusion losses,
the mobility distribution is then calculated in 28 size bins from the measured
electrometer currents.

The instrument operates sequentially in three modes: ion, particle and offset
mode (one cycle takes 150s). The aerosol sample first passes through a pre-
conditioning 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
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measure only ions and charged particles from 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 residual ions from the
charger. 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 to provide corrections for the preceding ion and
particle measurement.

After preconditioning, the aerosol sample is classified in two cylindrical mobil-

ity 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 601 min~". 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 concen-
trations 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 ion-mobility (size) and concentration measurements
is described in refs 58, 59.
The APi-TOF mass spectrometer. The atmospheric pressure interface time-
of-flight (APi-TOF) mass spectrometer'* 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~* mbar. The second stage of
the instrument is a time-of-flight (TOF) mass spectrometer at 10~® mbar.

The APi-TOF was connected to the CLOUD chamber viaa 1” (21.7-mm inner
diameter) sampling probe shared with the NAIS. A Y-splitter divided the total
flow of 201min ! equally between the two instruments. The sample flow for the
APi-TOF was 0.81min ™!, with the remainder being discarded.

The APi-TOF measurements were made during GCR and 7 beam runs; that is,

the ions were charged by GCRs or charged pions traversing the CLOUD chamber.
Because the APi-TOF can measure only one polarity at a time, positive and nega-
tive ions were measured in different runs. Different instrument settings were used
during the campaigns to optimize detection in the low- or high-mass regions of
the spectrum. The data were analysed with tof Tools**, developed by the University
of Helsinki. The tool is implemented in MATLAB and allows complete process-
ing of TOF data: averaging, mass calibration, baseline detection, peak fitting and
high-resolution analysis.
The CI-APi-TOF mass spectrometer. Two nitrate chemical ionization atmos-
pheric pressure interface time-of-flight (CI-APi-TOF) mass spectrometers were
used to measure neutral sulfuric 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-CIL.
The CI-APi-TOF has been described previously*®*”. The sample air from the
CLOUD chamber was drawn in through a 1/2” stainless steel tube at flow rate of
91min~! (10Imin~'). An electrostatic filter was installed in front of each instru-
ment to remove ions and charged clusters formed in the chamber. The geometry
of both ion sources follows the design of ref. 60, but a corona charger®* (X-ray
generator) is used for ion generation. Dry air with nitric acid vapour is flushed over
the ionizer to generate NO3 (HNO3 )j—,2ions. The ions are guided into the sample
flow with an electric field, where they react with sulfuric acid and HOMs. The
reaction time is approximately 50 ms (200 ms) before the ions enter the APi section
through a pinhole with a diameter of 350 um (300 pm). The APi section consists
of three consecutive differentially pumped chambers where the pressure is pro-
gressively reduced and the ions are focused by two sets of quadrupoles and an ion
lens system. The mass-to-charge ratios, m/z, of the ions that pass through these
chambers are measured by a time-of-flight (TOF) mass spectrometer (Tofwerk
AG).

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 differ-
ent 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 optimized for low and high m/z, respectively.

The raw data were analysed with the MATLAB fofTools package®*. The mass
scale is calibrated to an accuracy of better than 10 p.p.m. using a two-parameter fit.

(IR0 RESEARCH

The concentration of sulfuric acid is calculated from the ratio of bisulfate ion
counting rates (in s ') relative to primary ions as follows:

HSO; + HSO; . HNO;

[H,S04] = C x SLy,s0, In|1 + —
- I{ E?:ONO3 ‘(HNO3)]'

The factor SLy,s0, 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-characterized H,SO4 generator®'. The value of C depends on the
voltage settings in the APi-TOF section and was determined to be 6.5 x 10°cm >
(1.2 x10"cm 3 and 2.8 x 10°cm~ for the high and low m/z settings, respectively),
with an uncertainty of +50%/—33%. The H,SO, detection limit is 5 x 10*cm™> or
slightly lower.
The concentration of a HOM at m/z =i is calculated as follows:

HOM) = CT Sy, 1+ HOMINOL

Ej:o NO; . (HNO3)j
Here, HOM; . NOj is the background-subtracted counting rate of the HOM.
Background levels were measured by sampling air from the clean CLOUD cham-
ber without any a-pinene present. The factor T; is the mass-dependent trans-
mission efficiency. The calibration coefficient, C, is the same as that obtained for
sulfuric acid because HOMs and sulfuric acid were shown to have similar mole-
cular collision rates with the nitrate ions'®. Furthermore, the binding of NO3 with
highly oxidized HOM:s is found in the present study to be strong, so clustering
should proceed at near the kinetic limit, as it does for NOj with sulfuric acid. The
factor SL, /g, corrects for losses in the sampling line from the CLOUD chamber.
The values were determined for E; and E, separately, using experimentally
determined diffusion coefficients, as SLg, = 1.443 and SLg, = 1.372.

The HOM monomers, Ey, are the background-subtracted sum of the peaks
in the m/z band 235-424 Th; the HOM dimers, E,, are the corresponding sum
for 425-625 Th. Instrumental contamination peaks are excluded from the band
summation, as are peaks assigned to the RO,- radical (CoH;50¢,g,10,12, which cor-
respond to m/z=293 Th, 325 Th, 357 Th and 389 Th). Total HOMs is defined as
the sum RO,-+E; + E,.

HOM yields. The HOM yields from either ozonolysis or OH- chemistry were
calculated by assuming equal production and loss rates during steady-state':

d[HOM]

dt = ’YoXkAPJrOx[AP] [Ox] — kioss[HOM] =0

where the yield, Yoy, is the fraction of a-pinene (AP) oxidation reactions leading
to HOM formation, and ‘Ox’ signifies O3 or OH-. The values of the rate constants
(in cm® per molecule per second) at 278 K for oxidation of a-pinene are
kap+0;=8.05 x 107 and kap 1 on.=5.84 x 10~!1, from the International Union
of Pure and Applied Chemistry (TUPAC)®* (the a-pinene + Oj rate constant is
updated on the IUPAC website at http://iupac.pole-ether.fr/htdocs/datasheets/pdf/
Ox_VOC8_03_apinene.pdf). The HOM wall loss rate was determined to be
1.1x1073s7 1, assuming they are irreversibly lost. An additional loss is due to
dilution of the chamber contents by makeup gases (0.1 x 10~2s~). The total loss
rates for HOMs is then kiges = 1.2 x 1073571,

During the experiments involving pure OH: chemistry, nitrous acid (HONO)
concentrations ranging from 0.5 p.p.b.v. to 3 p.p.b.v. were photolysed by ultraviolet
radiation from the fibre optic system to produce OH-. This led to a small contami-
nation 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 a-pinene concentrations with no OH- pres-
ent (ultraviolet off) and OH- present (ultraviolet on at different intensities). The
decrease in a-pinene was due to only OH- reactions, because no O3 was present
in the chamber during these experiments. The accuracy for [OH-] is estimated to
be £30% (10) including uncertainties in «-pinene measurements and reaction
rate constant, which leads to a systematic scale uncertainty on the HOM produc-
tion rate, kap 4 on.[AP][OH:], of +£40% (10). However, run-to-run uncertainties
contribute substantially to the overall uncertainty as indicated by the error bars
in Extended Data Fig. 2.

The SO,-CIMS. The SO, chemical ionization mass spectrometer (SO,-CIMS) uses
COj primary ions to convert SO, to SOy, which is then measured in a quadrupole
mass spectrometer with an APi interface (Georgia Tech). The general design of the
ion source is shown in ref. 60, but the primary ions are generated with a corona
discharge®. The corona needle holder was modified so that CO,, O, and Ar are
fed directly over the corona discharge. In this way, direct contact between the N,
sheath flow and the discharge needle is avoided, which leads to a reduced
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contamination by NO; and maximizes the ratio of CO; to NOj. The reaction
scheme for the ionization of SO, to SO can be found in ref. 63. The use of a dry
N, buffer flow in front of the pinhole of the mass spectrometer evaporates associ-
ated water molecules from SOj ions, and so sulfur dioxide is detected in the mass
spectrum at m/z=112 Th (SO3).

The SO, concentration (in p.p.t.v.) is calculated from the ion count rates, Ry,
as follows:

SO, = Cs In(1+ Rz /Reo)

where Ry, corresponds to the background-corrected ion count rate of SO5 and
Reo is the ion count rate of the primary ion CO5 . The calibration factor Cs was
obtained by periodically calibrating the instrument with a SO, gas standard
(Carbagas AG) 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 SO, mixing ratios
between 12 p.p.t.v. and 11 p.p.b.v. The calibration factor was found to be
1.3 x 10°p.p.t.v,, with an estimated uncertainty of +-11%. The error includes uncer-
tainties in the flow rates during a calibration and 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; background signal when no SO, was applied to the CIMS. This
effect contributes to the overall uncertainty and mainly affects the measurement
atlow SO, levels (<100 p.p.t.v.), with lower precision in this concentration range.
For example, at 30 p.p.t.v. SO,, the estimated uncertainty is +-23%, but it becomes
progressively smaller with higher SO, levels, reaching £-13% above 100 p.p.t.v. SO,.
The detection limit of the instrument is 15 p.p.t.v. SO,.

Experimental errors. To determine J; 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, o}, has three main components. The dominant
error at slow growth rates is due to uncertainties in the PSM1.8 and CPC2.5 detec-
tion thresholds for HOM particles®. The threshold error components are first
determined numerically for each nucleation measurement by performing addi-
tional AEROCLOUD fits after shifting the PSM1.8 particle detection threshold by
+0.2/—0.1nm 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, opsm and oy, respectively. The total error due to detection threshold
uncertainties, oy, for the combined fit to the PSM1.8 and CPC2.5 data is then:

1 1 1

S =5t
Othr Upsm Ucpc
OpsmO¢
psmTcpc
Othr =~ 2

(Cpom T Tep)' 2

The total fractional ], ; error, oy, is then obtained by adding o, in quadrature
with an experimental error due to run-to-run reproducibility under nominally
identical chamber conditions, oy, and an error to account for model approxi-
mations, opedel:

2 2 2 2
U] = Othr + Gexp + O model

where 0ey, = 30% and oynoder = 50%.

The concentration of O3 is measured with a calibrated instrument and is known
to £10%. The a-pinene concentration in the PTR-TOF is known to £10%. As
discussed above, the uncertainty on SO, is +13% above 150 p.p.t.v., increasing at
lower values to £23% at 30 p.p.t.v.

For CI-APi-TOF measurements, the run-to-run experimental uncertainties are
£10% for [H,SO4] and +20% for [HOM]. However, there is a larger overall system-
atic error that scales all measurements by the same amount. The systematic scale
uncertainty for [H,SO4] is estimated to be +50%/—33%. This estimate is based
on a comparison of [H,SO,] measurements with a CIMS and a calibrated H,SO,
generator®'. The systematic uncertainties for [HOM] have the following sources
and fractional errors (10): sulfuric 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 a-pinene (10%), O3 (10%), OH- (30%), HOM wall loss rate (6%)
and rate constants (35% for the a-pinene Oj reaction and 20% for the a-pinene
OH- reaction). This results in a mean estimated uncertainty in HOM yield for
either ozonolysis or hydroxyl chemistry of +-100%/—60%.

Quantum chemical calculations. To estimate the characteristic binding energies
and evaporation rates expected for ELVOC clusters, we chose C;oH ;407 (molecular

weight of 246) to represent the ELVOC monomer, E;, and C;0H300O14 (molecular
weight of 494) to represent the covalently bound ELVOC dimer, E,. Their forma-
tion mechanism and structures are shown in Extended Data Figs 3 and 7. To
evaluate the effect of charge on the formation of ELVOC clusters, we studied initial
molecular clusters of E; and E, that are either neutral or else include an ion of the
type E;, HSO, NO; or NH (Extended Data Table 1).

We calculated formation Gibbs free energies at 278 K, AGy7sx, of different

clusters with the MO62X functional® and the 6-31+G(d) basis set® using the
Gaussian09 program®’. The formation Gibbs free energy can be related to evapo-
ration rate as described in refs 68, 69. In previous works!*!°, we used the method
proposed in ref. 68 for calculating the formation free energy of different clusters.
However, this method is too computationally demanding for the large clusters of
the present study. The MO62X functional has been shown to be well suited to the
study of atmospheric clusters”’. Ref. 70 has shown how reducing the basis set from
the largest Pople basis set available (6-3114-+G(3df,3pd)) to the basis set used in
this work (6-314+G(d)) leads to differences in the calculated formation free ener-
gies below 1kcalmol . Therefore, MO62X/6-31+(d) is a good alternative to the
B3RICC2 method® when studying large clusters. We confirmed this by comparing
the formation free energies previously calculated'® using the BBRICC2 method
with those calculated here using the MO62X/6-31+G(d) method. The differences
were found to be below 2 kcal mol ..
Parameterization of the pure biogenic nucleation rate. We parameterized the
experimentally measured pure biogenic nucleation rates in a form suitable for
global aerosol models. The neutral and ion-induced pure biogenic nucleation rates
(in cm~3s~!) are parameterized as:

Jo = a[HOM 2 +as/[HOM]

Jin=2[n+]a;[HOMJ 4+ s/ (HOM) W
where [1n,] =[n]=[n_] is the small-ion concentration of either sign. Expressions
for [HOM] and [n.] are given in equations (7) and (10) below, respectively. The
parameters a, are determined from fits to the data in Fig. 3 and have the values
a;=0.04001, a, = 1.848, a3 =0.001366, a; = 1.566 and a5 = 0.1863, with [HOM]
expressed in units of 107 cm 3. The parameterized rates are shown by the curves
in Fig. 3. The R? value of the fit is 0.97. The terms a,_4 describe simple power
laws, whereas the term as 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 (equation (6) below), because
the experimental measurements exist at only a single temperature.

The HOM concentration in equation (4) is determined from its production
and loss rates:

d[HOM
% = Yiom+0skmr=0:[MTI[O3] + Yiom«onkmrson [MT][OH - ] )

— knom[HOM]

where MT represents total monoterpenes. The [TUPAC® reaction rate constants
(in cm? per molecule per second) for oxidation of a-pinene by ozone and hydroxyl
radicals are, respectively:

k05 = 8.05 X 1016 exp(—640/T)

i (6)
kMT*OH-: 1.2x 10 exp(440/T)

where T (in K) is the temperature (the a-pinene-+Oj rate constant is updated on
the IUPAC website at http://iupac.pole-ether.fr/htdocs/datasheets/pdf/Ox_VOC8_
O3_apinene.pdf). The HOM yields in each ozone-monoterpene and hydroxyl-
monoterpene reaction are YHOM*Og and YyqoMm+OH.» respectively. The parameter
kriom is the HOM loss rate or, equivalently, the atmospheric condensation sink, CS
(in s1). The condensation sink is determined assuming the diffusion character-
istics of a typical a-pinene oxidation product (see appendix A1 of ref. 71).
Assuming steady-state in equation (5), the HOM concentration becomes:

Yrom«03kmT+05[MT][O3] + Yrom«orkmrson [MT][OH - |

HOM] =
(HOM] CS

(7)

where the HOM yield from ozonolysis is Yiiom+«0, = 2.9%, and from reaction with
the hydroxyl radical is Yaom«on. = 1.2% (Extended Data Fig. 2). The HOM yield
from ozonolysis is determined from CLOUD measurements in the presence of a
hydroxyl scavenger (0.1% H,). The HOM yield from reaction with hydroxyl rad-
icals is determined from CLOUD measurements in the absence of ozone, and
where photolysed HONO provides the OH- source. Therefore, the experimental
measurement of hydroxyl-initiated oxidation is made in the presence of NO,, as
occurs in the atmosphere.
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The small-ion concentration in equation (4) is calculated from the steady-state
solution of the ion balance equation:

d[n-]
dt

where g (in cm™s7!) is the ion-pair production rate and « is the ion-ion
recombination coefficient (in cm®s™!). The factor of 2 in equation (4) accounts
for nucleation from positive and negative ions. For the CLOUD GCR data,
g=1.7cm *s~!. Terrestrial radioactivity such as radon contributes additional
ionization in the boundary layer over land masses’2. The ion loss rate, k;, is due to
the condensation sink, CS, and ion-induced nucleation:

(®)

=q—alns]? —kiny

3

Jin
ki=CS+—"—
' 2[n4]

©)

where J;in/(2[n4]) is given by equation (4) and the steady-state concentration of
small ions is, from equation (8):

_ (K +40q)'/* — Kk
2a

[n+] (10)

From equations (8) and (9), Jii, saturates at 2q at high nucleation rates (see Fig. 3).
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Extended Data Figure 1 | Small-ion mass spectra. a, b, Composition of
positive (a) and negative (b) small ions measured by the APi-TOF under
GCR conditions and before adding any SO, to the chamber. The
experimental conditions are zero a-pinene, 35 p.p.b.v. O3, zero H; or
HONO, 38% relative humidity, 278 K and [H,SO4] < 5 x 10* cm 3.
Collisions will transfer positive charge to contaminant molecules having
the highest proton affinity (a), and negative charge to contaminant
molecules with the lowest proton affinity, that is, highest gas-phase
acidity (b). From molecular cluster measurements, the positive ions

also include ammonium (NHD, but its mass is below the set acceptance
cut-off of the APi-TOF. ¢, The negative small-ion spectrum at

[H,S04] =1.2 x 10°cm 3, after adding 32 p.p.t.v. SO, to the chamber,
showing that the dominant ions species shift from nitrate to sulfur-
containing. The experimental conditions are 340 p.p.t.v. a-pinene,
35p.p.b.v. O3, zero H, or HONO, 38% relative humidity and 278 K. Water
molecules evaporate rapidly from most hydrated ions in the APi-TOF and
so are not detected.
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Extended Data Figure 2 | HOM yields versus a-pinene oxidation rates
with O3 and OH. Total HOM mixing ratios versus a-pinene reaction

rate with (i) O3 plus OH- (ozone without H; scavenger; circles and solid
line), (ii) O3 alone (ozone with 0.1% H, scavenger; triangles and dashed
line) and (iii) OH- alone (produced by ultraviolet photolysis of nitrous
acid, HONO, in the absence of O3; squares and dotted line). The yields
are shown for total HOMs = RO;- + E; + E,. The experimental conditions
are 38% relative humidity, 278 K and (i) 70-440 p.p.t.v. a-pinene,

21-35p.p.b.v. O3, zero H, or HONO, 0%-100% ultraviolet, (ii) 80-1,230
p.p.t.v. a-pinene, 21-35 p.p.b.v. O3, 0.1% H,, zero HONO, 0%-100%
ultraviolet, and (iii) 840-910 p.p.t.v. a-pinene, zero O3 or Hy, 0.5-3 p.p.b.v.
HONO, 0%-100% ultraviolet. The bars indicate 1¢ 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% (+10).
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Extended Data Figure 3 | Proposed mechanism for the formation of
the E; and E, surrogates via peroxy radical formation. The proposed
scheme for the formation of the ELVOC monomer (C;0H;407) and dimer
(Cy0H30014) surrogates selected for quantum chemical calculations
(Extended Data Fig. 7) is based on recently established autoxidation
mechanisms for a series of cycloalkane + Oj systems!®!8-207374 Peroxy
radicals in the figure are indicated by a green label, E, by a red label and
E, by a blue label. Addition of ozone to the double bond of a-pinene
produces two carbonyl-substituted Criegee biradicals. The energy-rich
Criegee biradical is either collisionally stabilized, or isomerizes via
1,4-H-shift to a vinylhydroperoxide (VHP), which then decomposes to
yield an OH- and an alkenoxy radical. The alkenoxy radical reacts with
0, leading to a peroxy radical, which is the potential precursor to a
sequence of autoxidation reactions leading to the formation of HOMs'®.
Here the peroxy radical C,gH;504- 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®” to be 0.14 ™!, which initiates the autoxidation
chemistry on a fast timescale compared to the HOM lifetime resulting
from loss to the CLOUD chamber walls (about 900s). The resultant acylic
radical undergoes rapid O, addition, leading to an -OOH functionalized
peroxyacyl radical (C;oH;506:). The second intramolecular hydrogen
abstraction is expected to proceed at the carbon atom in the « position
of the peroxyacyl group via 1,4-H isomerization. The resultant C;oH;50g-
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terminates by known reactions of peroxy radicals (HO,- or RO,- under
the present experimental conditions), producing a spectrum of HOM
monomers that includes the E,; surrogate, C;oH;407. The homogeneous
recombination of two peroxy radicals via elimination of O, produces

the covalently bound dimer C;0H30O14 chosen as the E; surrogate.
Alternatively, CoH;503- can undergo further autoxidation, if sufficiently
labile hydrogen atoms are available, leading to the observed closed-shell
monomers with >9 O (Fig. 1). The self/cross-reaction of the C;oH;504-
peroxy radical produces an alkoxy radical, which decomposes rapidly,
leading to a carbonyl-functionalized peroxy radical (C,oH;50s:). 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-functionalized peroxy radical is calculated to be less
than about 10~3s~, 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”. The unbalanced sources
and sinks potentially account for the low signals of peroxy radicals with
odd oxygen numbers (for example, C;oH;505, C10H;507 and C;oH;50).
The autoxidation process of C;gH;50s5- is presumed to proceed by an
autoxidative reaction pathway similar to that for C;oH;504-, eventually
leading to the spectrum of HOM monomers and dimers observed in

the CLOUD chamber. Except for the autoxidation channel, all the
peroxy radicals are still subject to well-established reactions such as
R(")O,+ RO,/HO,, which are potentially important if the reaction rate is
comparable to that for the autoxidation channel.
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Extended Data Figure 4 | 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 H, or HONO,
38% relative humidity and 278 K. a, The run began at 21:22, 23 October
2013, by starting the a-pinene flow into the chamber to reach a chosen
equilibrium value near 300 p.p.t.v., which produced an equilibrium total
HOMs concentration near 2 x 107 cm ™ (0.8 p.p.t.v.). b, Particles (red
curve) formed at a slow rate in the chamber without ions present (‘neutral’
conditions). The clearing field high voltage (HV) was turned off at 05:16,
24 October 2013, and the subsequent presence of ions in the chamber
from GCRs caused a sharp increase in the particle formation rate by about
one order of magnitude (as seen by the increase in the gradient of the red
curve). The nucleation rates are measured under constant gas conditions
in the period before (J,=0.14cm™>s™!) and after (Jye =3.3cm™s™)
turning off the clearing field high voltage. ¢, d, Ion-induced nucleation is

Time (UTC)

observed both for positive (c) and negative (d) 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 5nm can be seen when GCR ions are present. The colour scale in

c-e indicates dN/dlog(Dy), where N (in cm ™) is the particle number
concentration and Dj, (in nm) is the particle diameter. The concentrations
of ozone and contaminant H,SO, were essentially constant during the
run, which ended at 09:30 when the a-pinene flow to the chamber was
turned off. The H,SO, measurement near 5 x 10 cm > 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. 1.
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Extended Data Figure 5 | Ion-induced nucleation event without H,SO4,  GCR ionization conditions in the chamber, and the a-pinene flow into
measured in the NAIS. a, b, Example of a nucleation event showing the the chamber was stopped at 10:52. Ion-induced nucleation can be seen for
growth versus time of positive (a) and negative (b) charged particles at positive and negative charged particles, followed by rapid growth to sizes
530 p.p.t.v. a-pinene, 35 p.p.b.v. O3, zero H, or HONO, 3.4 x 107 cm above 10 nm. Ion-ion recombination progressively neutralizes the charged
HOM, 38% relative humidity, 278 K and [H,S04] <5 x 10*cm™>. The particles as they grow, but some reappear at larger sizes, owing to diffusion
colour scale shows the concentration of ions and charged particles. The charging.

clearing field high voltage was turned off at 06:48, marking the start of
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Extended Data Figure 6 | Nucleation rates versus relative humidity. been corrected to the same total HOMs concentration (2.05 x 10”7 cm™3)
Neutral (Jy; circles) and GCR (Jge; triangles) nucleation rates versus using the curves shown in Fig. 3. The bars indicate 10 total errors,
relative humidity. The experimental conditions are 250-800 p.p.t.v. although these are not shown in the x direction because they are smaller
a-pinene, 30-35p.p.b.v. O3, zero H, or HONO, (1.1-2.9) x 107 ¢cm 3 than the symbols.

HOM, 278 K and (0.5—1.5) x 10° cm > H,SO,. All measurements have
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Extended Data Figure 7 | Surrogate molecules chosen for quantum Grey spheres represent carbon atoms, red are oxygen atoms and white
chemical calculations. a, b, Structures of the surrogate molecules chosen are hydrogen atoms. We show their proposed formation mechanisms in
for quantum chemical calculations to represent the ELVOC monomer, Extended Data Fig. 3.

Ei, C1oH1407 (a) and the covalently bound dimer, E,, C;0H30O14 (b).
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Extended Data Figure 8 | Relationship between cluster formation corresponds to equal rates for particle evaporation and vapour
energies and equilibrium evaporation/condensation rates. condensation at 278 K and 1 p.p.t.v. ELVOC vapour mixing ratio
Estimated ELVOC vapour mixing ratios versus the AG,7s x at which (2.6 x 107cm™3). The evaporation rate increases by a factor of 10 for
the condensation and evaporation rates of the cluster at 278 K are in each 1.27 kcalmol ! reduction of the cluster formation energy.

equilibrium® . For example, a formation free energy of —15.3 kcal mol !
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Extended Data Table 1 | Quantum chemical calculations of ELVOC cluster formation energies

Neutral clusters Negative clusters Positive clusters
Cluster AGy7si | Cluster AGoy7sk | Cluster AGorsi
process (kcal/mol) | process (kcal/mol) | process (kcal/mol)
Ei1+E; -5.76 | E1 +Eq~ -2095 | E; + NHZr -22.46
Es + Ey 215 | Es + E1~ -19.90 | Eo + NHZr -30.87

E; + E.NHf -11.71
Eo + El.NHI -24.35
E; + EQ.NHI -15.94
E1 + HoSOy -9.90 | By + HSO, -26.97
EQ == HQSO4 -12.04 EQ + HSOZ -30.30
E1 + El.HQSO4 +2.49 E1 + ElHSOZ -15.28
Es + E1.HySOy4 +3.13
Ei+ EQ.HQSO4 -5.69
E1 + NO3 -25.99
E2 + NO3 -25.65
E; + E1.NOy -10.09

Formation Gibbs free energies at 278K, AGz7sk, for neutral, negatively charged and positively charged ELVOC clusters. The cluster processes indicate the incident E;/E, vapour molecule + the target
cluster. Quantum chemical calculations made at other temperatures (not shown) indicate that the binding energies strengthen by —1.0kcal mol~! per 20K reduction in temperature. The uncertainty in
the calculated energies is less than 2 kcal mol~1. Our calculations indicate the following approximate order for different functional groups to contribute to the cluster binding energies involving HSO4 or
H2S04 (starting with the strongest): (i) carboxylic acids, R-C(=0)-O0H; (ii) hydroxyls, R-OH; (iii) hydroperoxy acids, R-C(=0)-0-OH; (iv) hydroperoxides, R-O-OH; and (v) carbonyls, R-(R'-)C=0. In the
case of NHX, the main interacting group is carbonyl, independently of which other groups are attached to it; therefore ammonium will form stronger clusters with carboxylic acids, hydroperoxy acids or
carbonyls than it will with hydroxyls or hydroperoxides.
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About half of present-day cloud condensation nuclei originate
from atmospheric nucleation, frequently appearing as a burst
of new particles near midday'. Atmospheric observations show
that the growth rate of new particles often accelerates when the
diameter of the particles is between one and ten nanometres?>.
In this critical size range, new particles are most likely to be
lost by coagulation with pre-existing particles®, thereby failing
to form new cloud condensation nuclei that are typically 50 to
100 nanometres across. Sulfuric acid vapour is often involved in
nucleation but is too scarce to explain most subsequent growth>®,
leaving organic vapours as the most plausible alternative, at least
in the planetary boundary layer’"'°. Although recent studies''~!?
predict that low-volatility organic vapours contribute during
initial growth, direct evidence has been lacking. The accelerating
growth may result from increased photolytic production of
condensable organic species in the afternoon?, and the presence
of a possible Kelvin (curvature) effect, which inhibits organic
vapour condensation on the smallest particles (the nano-Kohler
theory)>!%, has so far remained ambiguous. Here we present
experiments performed in a large chamber under atmospheric
conditions that investigate the role of organic vapours in the
initial growth of nucleated organic particles in the absence
of inorganic acids and bases such as sulfuric acid or ammonia
and amines, respectively. Using data from the same set of
experiments, it has been shown'® that organic vapours alone can
drive nucleation. We focus on the growth of nucleated particles
and find that the organic vapours that drive initial growth have
extremely low volatilities (saturation concentration less than
10~** micrograms per cubic metre). As the particles increase in
size and the Kelvin barrier falls, subsequent growth is primarily

due to more abundant organic vapours of slightly higher volatility
(saturation concentrations of 10~%> to 10~%° micrograms
per cubic metre). We present a particle growth model that
quantitatively reproduces our measurements. Furthermore, we
implement a parameterization of the first steps of growth in a
global aerosol model and find that concentrations of atmospheric
cloud concentration nuclei can change substantially in response,
that is, by up to 50 per cent in comparison with previously
assumed growth rate parameterizations.

Two measurement campaigns at the CERN CLOUD (Cosmics
Leaving OUtdoor Droplets) chamber (Methods) focused on aerosol
growth with different levels of sulfuric acid and a-pinene oxidation
products. With the chamber at 278 K and 38% relative humidity,
tropospheric concentrations of a-pinene, ozone (O3) and SO, were
introduced (see Extended Data Table 1). Using various instruments
(Methods and Extended Data Fig. 1) we measured the behaviour of
freshly nucleated particles of 1-2 nm diameter and their subsequent
growth up to 80 nm. Two chemical ionization mass spectrometers
(Methods) using nitrate as the reagent ion (nitrate-CI-APi-TOF) meas-
ured the concentrations of sulfuric acid and highly oxygenated organic
compounds'®!”. Nitrate anions tend to cluster with highly oxygenated
molecules (HOMs), and the measured HOM:s fall broadly into two
product ranges based on carbon number (Extended Data Fig. 2): mon-
omers (C,H,O, with x=8-10, y=12-16 and z=6-12), and dimers
(CiH, 0O, with x=17-20, y=26-32 and z=8-18). Here we refer to
these measured compounds as HOMs rather than extremely low-
volatility organic compounds (ELVOCs), as previously reported!’. As
we shall show, the HOM volatility spans a wide range (although it is
always very low), and we shall separate HOMs into volatility bins using
the volatility basis set (VBS)'®.

IPaul Scherrer Institute, Laboratory of Atmospheric Chemistry, CH-5232 Villigen, Switzerland. 2Carnegie Mellon University, Center for Atmospheric Particle Studies, Pittsburgh, Pennsylvania
15213, USA. 3CERN, CH-1211 Geneva, Switzerland. “Goethe University Frankfurt, Institute for Atmospheric and Environmental Sciences, 60438 Frankfurt am Main, Germany. *Department of
Physics, University of Helsinki, PO Box 64, FI-00014 Helsinki, Finland. ®Department of Applied Environmental Science, University of Stockholm, SE-10961 Stockholm, Sweden. Institute for
Atmospheric and Climate Science, ETH Ziirich, 8092 Ziirich, Switzerland. 8Chemical Sciences Division, Earth System Research Laboratory, NOAA, Boulder, Colorado, USA. °Division of Chemistry
and Chemical Engineering, California Institute of Technology, Pasadena, California 91125, USA. 1°Helsinki Institute of Physics, University of Helsinki, PO Box 64, FI-00014 Helsinki, Finland.
Hinstitute for lon and Applied Physics, University of Innsbruck, 6020 Innsbruck, Austria. *2lonicon Analytik GmbH, 6020 Innsbruck, Austria. '3WSL Institute for Snow and Avalanche Research
SLF, 7260 Davos, Switzerland. *University of Eastern Finland, 70211 Kuopio, Finland. *°Finnish Meteorological Institute, 00101 Helsinki, Finland. '®National Center for Atmospheric Research,
Atmospheric Chemistry Observations and Modeling Laboratory, Boulder, Colorado 80301, USA. VInstitute of Meteorology and Climate Research, Karlsruhe Institute of Technology, Karlsruhe,
Germany. '8School of Earth and Environment, University of Leeds, LS2 9JT Leeds, UK. °Department of Chemistry, University of California, Irvine, California 92697, USA. 2°Faculty of Physics,

University of Vienna, 1090 Vienna, Austria. 21SIM, University of Lisbon and University of Beira Interior, 1849-016 Lisbon, Portugal. 2Aerodyne Research, Inc., Billerica, Massachusetts 01821, USA.
FPresent addresses: Cooperative Institute for Research in Environmental Sciences, University of Colorado Boulder, Boulder, Colorado, USA and Chemical Sciences Division NOAA Earth System
Research Laboratory, Boulder, Colorado, USA (C.W.); SMEAR II, Hyytiala Forestry Field Station, University of Helsinki, Hyytidlantie 124, FI-35500 Korkeakoski, Finland (H.K.); Arctic Research Center,
Korea Polar Research Institute, 21990 Incheon, South Korea (J. Kim); Department of Atmospheric Sciences, University of Washington, Seattle, Washington 98195, USA (S.S.); Institute for Aerosol
and Sensor Technology, University of Applied Science Northwestern Switzerland, 5210 Windisch, Switzerland (E.W.).

26 MAY 2016 | VOL 533 | NATURE | 527

© 2016 Macmillan Publishers Limited. All rights reserved



4.6 THE ROLE OF LOW-VOLATILITY ORGANIC COMPOUNDS IN INITIAL

PARTICLE GROWTH IN THE ATMOSPHERE

133

AIALGEN LETTER

In Fig. 1 we plot the growth rates measured in CLOUD as a function
of sulfuric acid and HOM concentration, focusing on size ranges from
1.1nm to 3.2nm and >5nm (mobility) diameter. It is evident from
Fig. 1a and b that the observed growth cannot be explained in either size
range by the condensation of sulfuric acid even at the kinetic limit, where
sulfuric acid is assumed to be completely non-volatile. Furthermore, for
sulfuric acid molecular concentrations below 107 cm ™3, the growth rate
is uncorrelated with sulfuric acid. In contrast, the growth is clearly cor-
related with organics for all size ranges up to the size of cloud condensa-
tion nuclei (CCN) for HOM concentrations >10°cm ™3 (Fig. Icand d).
For experiments with sulfuric acid concentration <5.5 x 10°cm ™ we
have separately reported a large charge enhancement for the nuclea-
tion rate'®. However, there is no corresponding charge influence on
the growth rates of either 1.1-3.2nm or >5nm particles (grey versus
blue symbols in Fig. 1c and 1d). Most of the HOMs in the chamber
are neutral (~10” cm ™~ neutral HOMs versus ~10°cm ™~ charged
molecules), so a charge enhancement is not expected, especially with
increasing size'?. However, owing to the experimental uncertainties
we cannot exclude the possibility of an ion enhancement at sizes
below 3 nm.

A non-volatile (collision-limited) model of HOM condensation
(Methods) cannot explain the observed growth rates across the full
range of particle diameters we studied. We modelled growth at 1.1nm,
3.2nm, 5nm, 15nm and 50 nm (labelled curves, Fig. 1c and d) assum-
ing that observed HOM monomers and dimers are non-volatile, with a
density of 1,400 kg m~ and a mass of 300 Da. Contrary to the common
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misconception that non-volatile diameter growth rate should be con-
stant with size (in the free molecular regime), the predicted growth rate
with this assumption is highest at any given HOM concentration for
the smallest particles and decreases rapidly with increasing size up to
~5nm (Fig. 1c, d). This predicted decreasing growth rate with increas-
ing particle size is because the cross-section and collision velocity are
highest relative to particle size for the smallest particles (Methods).
However, the observations show the reverse, with growth rates for sizes
above 5nm exceeding those near 2 nm by a factor of 1.5+ 0.2, obtained
from normalizing (to 10”7 cm 2 HOMs) and averaging the growth rates
in the considered size ranges. The ratio of observed growth rates to
modelled non-volatile growth rates increases from 0.7 +0.1 at 1.1 nm
to 2.8+ 0.2 at 5nm, where in each case the quoted error is the standard
error of the mean. This large discrepancy is strong evidence that the
measured HOMs cannot fully describe the observed growth, and that
additional organic material must be contributing to particle growth
above roughly 5nm particle diameter.

To explore the potential role of HOM volatility, we use the SIMPOL
model? to estimate the saturation mass concentration (C*, pg m~?)
and saturation molecular concentration (N*, cm—3) of each HOM
using its measured atomic composition together with an estima-
tion of its likely chemical structure (see Extended Data Fig. 3). We
grouped the HOMs in volatility bins (separated by factors of ten) and
assigned them to several volatility classes (see Extended Data Fig. 4).
The HOMs span a wide range from extremely low-volatility (ELVOC,
C*<107** g m™¥ N* < 5 x 10* cm ™ assuming a molecular mass
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Figure 1 | Growth rates as a function of sulfuric acid and highly
oxygenated molecule (HOM) concentrations. Symbol shapes represent
the different instruments to derive the growth rates (see key and Methods),
symbol colours indicate the HOM concentration (colour scale at right).

a, b, Growth rate versus sulfuric acid concentration for particles from
1.1nm to 3.2 nm (a), and for particles 5-15nm, 15-30 nm, 30-60 nm

and >60 nm (b). Non-volatile growth rates by condensation of sulfuric
acid® are displayed for different diameters. ¢, Measured growth rates

from 1.1nm to 3.2 nm versus the HOM concentration for sulfuric acid
concentrations <5 x 10°cm~%; d, as ¢ but for size ranges 5-15nm,
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HOM concentration (cm=3)

15-30nm, 30-60 nm and >60 nm. Linear growth was observed for
particles >5nm, thus no differentiation was made in b and d. Panel ¢
additionally shows the parameterization for 1.1 nm and 3.2 nm based on
our volatility-distribution modelling results. Symbol colours in ¢ and d
indicate the ion conditions in the chamber (blue, neutral; grey, ions from
Galactic cosmic rays (GCR); see Methods). The HOM and sulfuric acid
concentration uncertainty (error bars) is estimated to be +80%/—45%
and +50%/—33%, respectively. Growth rate error bars indicate 1o total
errors.
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Figure 2 | Observed gas-phase HOMs and their volatility distribution.
a, Mass defect (in Th; 1 Th =1 Da/e, where e is the elementary charge)

of all HOM:s versus their nominal mass to charge ratio (m/Q) including
the estimated volatility distribution based on the proposed structures
(Extended Data Fig. 3). The size of the plotting symbols is proportional to
the logarithm of the counting rate. White circles are Cs—C; compounds,
which were not included in the volatility analysis. b, HOMs binned to a
volatility distribution showing the measured relative counting rates in
per cent, with ELVOCs comprising ~36%.
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0f 300 Da) to low-volatility (LVOC, 10~ ** ugm 3 < C* <10~ **pugm=3;
5% 10* cm > < N* < 5 x 103cm ™) to some semi-volatile (SVOC,
107 pugm 3 < C* <10%°pgm %5 x 108 em > < N* <5x 10" em?)
organic compounds. In Fig. 2a we show a mass defect plot (Methods)
of the observed compounds during a representative run, and in
Fig. 2b we show the corresponding volatility distribution (colours based
on ref. 18). The binned volatility distribution of measured gas-phase
organic species (Fig. 2b) shows a substantial fraction of ELVOCs, max-
imal contribution in the LVOC range and even low levels of SVOCs.
Because the LVOCs and SVOCs do not build up a sufficient satura-
tion ratio to overcome the Kelvin barrier, they should not be able to
condense onto the smallest particles, so that only the ELVOCs should
contribute to the initial growth. While nitrate ions cluster efficiently
with ELVOCs and calibration based on sulfuric acid should be fairly
accurate, the concentration of LVOCs and SVOC:s is likely to be under-
estimated because of inefficient clusteringu. Indeed, SVOCs are formed
with high yield in a--pinene oxidation?? but most of them evidently are
not detected by the nitrate-CI-APi-TOF instrument (Fig. 2). The fact
that even the non-volatile model based on measured HOMs underes-
timates the observed growth rates for particles >5nm by a factor of
three strongly indicates that the concentration of condensing organic
vapours is substantially higher than measured, at least after the Kelvin
barrier has diminished.

We further consider two very different experiments. During the
first experiment, the HOM concentration increased nonlinearly with
time, which replicates the diurnal variation of biogenic emissions and
oxidants in the ambient for the morning and early afternoon (Fig. 3a).
This situation leads to a nonlinear increase in the growth rate. During
the second experiment, the HOM concentration remained at a con-
stant steady state (production balanced by wall loss). This allowed us
to test whether the accelerating growth seen in the first experiment
was due to the diminishing Kelvin effect or the increasing HOM con-
centration. The constant HOM concentration led to a nearly constant
growth rate, except for the smallest particles below ~5nm (Fig. 3d).

In order to quantify the importance of the Kelvin effect and HOM
measurement biases, we analysed the contribution of HOMs to early
growth and assessed the dependence on HOM volatility by using a
dynamic volatility-distribution model* for these two cases. The HOM
volatility-distribution model comprises nine C* bins ranging from

Figure 3 | Comparison of the
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Figure 4 | Modelled influence on global CCN of different organic
growth rates from 1.7 nm to 3 nm simulated by the GLOMAP aerosol
model. a, The annual mean number concentration of soluble particles of
at least 100 nm diameter (Njgo on colour scale, taken as a proxy for CCN)
at cloud base level. We treat irreversible (collision-limited) condensation
of sulfuric acid for particle growth from 1.7 nm to 3 nm, together with

a size-dependent growth rate due to HOMs from the present work.

108 pugm—>to 1pgm =3 (10" cm > to 10° cm~3), split into three ranges
(see Fig. 2 and Extended Data Fig. 5): ELVOC (grey), LVOC (pink)
and SVOC (light green). When we run the HOM volatility-distribution
model using the directly measured volatility-binned HOM concen-
trations as input, the simulated growth rates for particles >2nm are
underestimated by a large factor (see Extended Data Fig. 6, blue dashed
line). This is consistent with the expectation that the detection effi-
ciency of LVOCs in the nitrate-CI-APi-TOF is lower as discussed above.
An attempt to adjust the HOM volatility distribution by increasing the
LVOC:s to reproduce the observed growth rates was not successful
(see Extended Data Fig. 6, blue solid line). The model can be brought
into agreement with observations by increasing the LVOC concentra-
tions and introducing a Kelvin effect (Fig. 3 and Extended Data Fig. 6
grey line). This tuned model, adjusting for inefficient LVOC measure-
ment in the nitrate-CI-APi-TOF and considering the Kelvin effect (see
Methods, Extended Data Fig. 5b and Extended Data Fig. 7 for details),
captures the observed particle growth in both example cases with high
fidelity (Fig. 3). While the agreement at 10 nm diameter is ensured by
our LVOC correction, the Kelvin term is essential to reproduce the
observed growth rate over the full size range for these two quite different
cases, although the strong size dependence in Fig. 3a is primarily due
to the increasing HOM concentration. This is evidence that the Kelvin
term (along with abundant LVOCs) is responsible for the acceleration
in growth observed in field experiments in the afternoon, and that only
ELVOC:s have a sufficiently high saturation ratio to overcome the Kelvin
barrier at the smallest sizes.

The pool of ELVOCs, many having C* < 1078 ug m~ (Fig. 2b),
implies continuous production of relatively stable clusters smaller
than 2 nm (continuous nucleation is observed, as shown in Extended
Data Fig. 8). ELVOCs govern the contribution to growth up to ~2nm;
beyond this, LVOCs take over in sequence as the Kelvin effect becomes
progressively weaker with increasing size. Thus, while growth rates in
the non-volatile HOM model decrease by a factor of ~3 between 1 nm
and 5nm, in the volatility-distribution HOM model they increase by a
factor of ~3 over this range, consistent with observations. This volatility-
distribution growth model is a version of ‘nano-Kéhler theory, in which
the effects of condensed-phase mixing (Raoult’s law) and particle cur-
vature (the Kelvin term) combine for miscible organics. The Kelvin
effect dominates because curvature enhances condensed-phase activi-
ties by orders of magnitude for the smallest particles, regardless of their
composition, and the critical issue is whether the saturation ratio of an
LVOC volatility bin exceeds this threshold (see Extended Data Fig. 7 for
detailed model results). Finally, the volatility-distribution model shows
that, in the experiments, SVOCs cannot contribute to the observed
growth via non-reactive uptake as their gas-phase saturation ratio never
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b, The percentage change in CCN concentration (colour scale) when
growth from 1.7 nm to 3 nm is due to sulfuric acid alone. ¢, The percentage
change in CCN concentration when we parameterize growth from 1.7 nm
to 3nm as irreversible condensation of sulfuric acid together with an
organic contribution following ref. 30, which assumes a Kelvin barrier

to organic condensation below 2.5 nm. All simulations assume the same
nucleation rates at 1.7 nm and the same particle growth rates above 3 nm.

rises high enough for them to contribute (see Extended Data Fig. 7
and Methods).

The a-pinene 4 ozone system explored here is among the most
efficient sources of ELVOCs yet observed!'®!7, but it is likely that
many sources of LVOCs may be important in the atmosphere. The
latter include the first-generation compounds described here but
also later-generation ‘ageing’ products formed by reaction with OH
radicals'®**?, Different sources are almost certain to produce LVOCs
with differing volatility distributions and chemical properties, which
also might influence their reactivity in the condensed phase, including
oligomerization?® and reactive uptake?, resulting in different growth
patterns compared to those in Fig. 3. These growth patterns thus con-
stitute a critical and variable link between new particle formation and
CCN formation.

Strongly size-dependent nanoparticle growth has been observed
and parameterized based on atmospheric observations>?’~%’, although
during nucleation events in the field it has not been possible to deter-
mine whether changes in the growth rate are due to the Kelvin effect
or due to changes in the HOM concentrations during the event. To
assess the global implications of our findings, we parameterized the
growth between 1.7 nm and 3 nm using the size-resolved growth rates
from the HOM volatility-distribution modelling results (Fig. 1 and
Methods). Using a global aerosol model (Methods), we find that CCN
concentrations are sensitive to whether, and how, organic compounds
participate in the first stages of the growth of freshly nucleated parti-
cles. Figure 4a shows the concentrations of soluble 100 nm particles
(N100), a proxy for CCN, using our parameterized growth rates, which
are up to a factor of two higher than those in a simulation without
organics participating in the initial growth (Fig. 4b). Conversely, a
previous parameterization®* which empirically accounts for the Kelvin
effect below 2.5 nm but assumes that all condensable organic products
(not just HOMs) contribute to the growth of these particles, produces
CCN concentrations up to 50% higher than our parameterization
(Fig. 4¢). Our model results show that CCN concentrations can be sen-
sitive to the processes and concentrations of species driving the growth
of the smallest atmospheric particles as reflected in the pronounced
differences of the corresponding growth rates (Extended Data Fig. 9).
On the basis of the combined modelling results and experimental data
that we report here, we suggest that low-volatility organic vapours are
the key to particle growth at the initial sizes.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

The CLOUD chamber. We conducted two measurement campaigns at the CERN
CLOUD chamber, a 26 m? stainless steel vessel which enables aerosol experiments
under the full range of tropospheric conditions®*2. CLOUD?, in the autumn of
2012, included mostly high sulfuric acid concentrations, while CLOUDS, in 2013,
addressed low sulfuric acid concentrations. To avoid contamination, pure air is
generated by the evaporation of cryogenic liquid nitrogen (N) and liquid oxygen
(O,), combined at a ratio of 79:21. A UV light (250-400 nm) system enables the
formation of hydroxyl (OH) radicals via the photolysis of ozone*. By applying a
high voltage field (30kV m™") all charged particles in the chamber can be removed
rapidly (neutral conditions); when the high voltage field is turned off, natural ions
are produced in the chamber by Galactic cosmic rays (GCR condition) reach-
ing ground level. With the 3.5 GeV/c secondary pion beam (7 condition) from
the CERN Proton Synchrotron passing through the chamber, ion concentrations
representative for those of the upper troposphere can be achieved'**, A dedicated
inlet system is available for every gas. In order to clean the chamber, the chamber
can be heated by raising the temperature to 373K, and, in addition, flushed with
ultra pure water. All gas pipes are made from stainless steel to avoid contamination,
and chamber and gas seals are chemically inert gold coated metal. Two fans run-
ning in counter flow ensure a good mixture of the gases in the chamber®. Traces
of contaminants, for example, low molecular weight volatile organic compounds
(VOCs)*® or ammonia®’, were sometimes observed in the chamber. However, as
shown elsewhere®, extremely clean conditions can be achieved.

Experimental settings. A typical experiment started with the injection of c-pinene
under neutral (ion free) conditions. The ozone already present in the chamber
immediately reacts with the a-pinene leading to aerosol nucleation (see also ref. 15).
Using the UV fibre system in the chamber, additional OH could be photochemi-
cally produced. The major fraction of HOM (~60%) were chemically produced via
the ozonolysis of a-pinene. This experiment was continued until a steady-state—
that is, a stable HOM concentration, was achieved. Afterwards the high-voltage
field, used in neutral experiments for sweeping out ions, was turned off. This
allowed ions (~700 cm~3) produced by Galactic cosmic rays to accumulate in
the chamber, and resulted in a second nucleation event (see also ref. 15). In addi-
tion experiments were also started under GCR conditions to prove consistency. In
total, approximately 40% of the runs started (with increasing HOM concentration)
in neutral conditions, 18% in GCR condition and 20% in 7 condition. Plateau
conditions (with steady-state HOM concentration) in GCR constitute approxi-
mately 18% of the runs and in 7 condition approximately 4%. 7 conditions relate
to experiments where the Proton Synchrotron was also used to produce higher
ion concentrations (~3,000 cm ™), as encountered in the upper troposphere. This
was only possible during CLOUD 7, as during CLOUD 8 the Proton Synchrotron
was not in operation due to maintenance work. A typical experiment is shown in
Extended Data Fig. 8. For pure biogenic experiments, we added no SO,; for sulfuric
acid experiments, we injected SO, into the chamber as an additional precursor.
All experimental steady-state conditions can be found in Extended Data Table 1.
For each run several growth rates at different diameters could be quantified (see
Extended Data Figs 1 and 8). Extended Data Fig. 8 shows two nucleation events
that were observed during one run, one under neutral and the second one under
GCR conditions. Thus, one run can yield several points in Fig. 1.

Cluster composition. Atmospheric pressure interface time of flight mass spectrometer
(APi-TOF). One APi-TOF (Tofwerk AG) measured the mass-to-charge ratio of
positive or negative clusters present in the CLOUD chamber?". Since this instru-
ment only measures charged clusters, the measurements were made during GCR
or 7 conditions. It is only possible to measure one polarity at a time thus positive
and negative spectra were measured alternately.

Chemical ionization atmospheric pressure interface time of flight mass spectrometer
(nitrate-CI-APi-TOF). Two nitrate-CI-APi-TOFs*® measured the concentration
of sulfuric acid, oxidized organics and other clusters and molecules in the cloud
chamber.

The instruments use an ion source (one an X-ray generator, one a corona needle)
to ionize the reagent gas nitric acid in a nitrogen flow. In a drift tube an electric field
is then applied to guide the primary ions to the sample flow where they react with
the neutral molecules and clusters with an overall reaction time of about 200 ms in
one instrument and 50 ms in the other. Inside the drift tube, two possible reactions
can then take place to ionize the neutral molecules or clusters A in the sample flow:

RI: AH + (HNO3),NO; — A"+ (HNO;),HNO;

R2: AH+ (HNO;),NO; — AH - NOj + (HNO;),

The first reaction (R1) corresponds to a proton transfer reaction (acid/base reac-
tion) which is, for example, the case for sulfuric acid. The second reaction (R2) is
a ligand switching reaction, forming a more stable adduct, which is the case for

highly oxygenated molecules (HOM:s). Using an electrostatic field, the charged
molecules and clusters are then guided through a small pinhole with a diameter
of 350 (300) pm to the APi-TOF section.

The voltage settings in the APi and TOF sections determine the mass dependent
transmission efficiency of the instrument. The transmission curves were deter-
mined with separate measurements, by adding certain compounds (perfluorinated
acids) to the instrument in sufficient amounts to deplete the primary ions. With
this method the transmission relative to the mass to charge ratio (m/Q) of the
primary ions was determined®. One instrument operated at the same voltage
settings for the whole campaign while the other one was operated in a switching
mode between voltage settings optimized for a low or high m/Q range.

We analysed the raw data with the MATLAB tofTools package 32*°. The mass
scale is calibrated to better than 10 p.p.m. accuracy, using a two-parameter fit.
The concentration of sulfuric acid is calculated from the count rates of each ion
species as follows:

[H,804] = C X SLis0, X In| 1+ [HS?‘*] + [HSO, - HNO;] (1)
S [NO; - (HNOs);]

j=0

where [H,SOy4] is the concentration of sulfuric acid. The corresponding ion count
rates, including the primary ions, appear on the right hand side of the equation.
C is a calibration coefficient, which was determined by connecting the nitrate-
CI-APi-TOF to a well characterized H,SO, generator®!. Line losses for H,SO, were
corrected with the term SLy,50,. SL can be calculated from empirical equations
for straight circular tubes with a laminar flow*2.

Measurement of oxidized organics. During nucleation and growth, we observed
two distinct signal patterns—monomers and dimers—in the nitrate-CI-APi-TOF
(Extended Data Fig. 2, Run 1209) corresponding to the monomers and dimers of
the a-pinene oxidation products. These bands contain highly oxygenated mole-
cules (HOMs), which have been found to play a potentially major role in aero-
sol growth!”. Owing to their structure and their high O:C, these clusters have a
low saturation vapour concentration. In ref. 17, it was assumed that all observed
oxygenated organics are extremely low-volatility organic compounds (ELVOCs)
and condense on the added seed aerosol.

We define monomers (mainly C,H,O, with x=8-10, y=12-16 and z=6-12)
as the sum of the peaks in the m/Q range from 235-424 Th (1 Th =1 Da/e, where
eis the elementary charge) and dimers (mainly C,H,0, with x=17-20, y =26-32
and z=8-18) as the sum from 425-625 Th. We excluded contamination peaks
from the summation within a band, as well as peaks assigned to RO, radicals
(C10H1506,8,10,12> corresponding to m/Q of 293, 325, 357 and 389 Th).

The APi-TOF also detected naturally charged clusters between 670 and 850 Th
(trimers) and between 900 and 1,200 Th (tetramers). For the nitrate-CI-APi-TOF
the trimer band was only observed for a very long integration time, indicating
either a low concentration of neutral trimers or a low transmission efficiency. We
also observed intermediate species with a carbon number of 11 to 17, which may
be dimers formed from reactions of RO, radicals with RO, radicals formed from
fragments. However, their concentration is small (see cyan peaks in Extended
Data Fig. 2).

To estimate the concentration of each highly oxygenated molecule (HOM;), we
applied the following equation:

[HOM;] =C x T; x SL yom; X In lJrM

2) [NO; - (HNOs),]
=

)

In this equation, [HOM; - NOj ] is the integrated area of a background corrected
HOM peak in counts per second (c.p.s.). We corrected for the losses through the
sampling line with the term SLyjowm. Here, we used the diffusion coefficients for the
monomers (0.0297 cm? s~!) and for the dimers (0.0240 cm? s~!), which we deter-
mined in the CLOUD chamber experimentally. This results in correction factors
for the monomers of a factor of 1.44 and for dimers of a factor of 1.37. The total
HOM concentration is defined as the sum of all [HOM,], which includes all
identified monomers, dimers and intermediate clusters (see Extended Data Fig. 2).

We assume that the binding between the nitrate ion and the HOM is strong
and proceeds at the kinetic limit and therefore use the same calibration constant
C as for sulfuric acid. This assumption does hold for highly oxygenated species
with extremely low volatilities, but not for less oxygenated species as the ionization
efficiency decreases®!. Quantum chemical calculations have shown that the nitrate
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preferably clusters with ELVOC?!. Less oxidized species are, therefore, observed to
a lesser extent under our experimental conditions (HNO; concentration).

The transmission efficiency T; of each individual HOM; depends strongly on
the mass of each molecule and the different voltage settings in the nitrate-CI-APi-
TOE. To correct this transmission factor, we derived a transmission curve over the
whole mass range of the HOMs. For more details see ref. 43.

The uncertainty in HOM measurement 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. This results
in an overall scaling uncertainty for the measured [ELVOC] of +-80%/—45% assum-
ing a charging efficiency of one. We cannot give an uncertainty of the LVOC
concentration. Instead we used a scaling factor to match the observation. On the
basis of that and because LVOC > ELVOC, the HOM concentration is presumably
underestimated by a factor of four. Nobody; at least to our knowledge, has been able
to calibrate the nitrate chemical ionization source for charging efficiency so far.

For the analysis, the data from only one nitrate-CI-APi-TOF (University of
Frankfurt-UFRA) was used. The main reason for this was that a transmission cali-
bration of the APi-TOF section was performed with this instrument (see also ref. 43)
and thus the data are expected to be quantitatively correct. The other nitrate-
CI-APi-TOF (University of Helsinki-UHEL) agrees very well for the monomer
concentration, but less well for the oligomers. In addition, the UHEL nitrate-CI-
APi-TOF was operated under different settings. It was switched between several
modes—(1) high fragmentation, (2) high mass and (3) low mass—to get further
information on the fragmentation of the molecules and clusters.

Mass defect. In a mass defect plot, the difference between the exact mass of a com-
pound and its nominal mass (Th) is depicted as function of its mass to charge ratio
(Th). Depending on the element the mass defect can be negative or positive. In
case of oxygen the mass defect is negative, so that a slope downwards represents
an increase in oxygen molecules. Thus, the analysis of a complex high resolution
spectrum is simplified by a convenient visualization where the pattern of com-
pounds belonging to the same family is clearly shown.

Proton transfer reaction time of flight mass spectrometer (PTR-TOF-MS). We used
a PTR-TOF-MS (Tonicon Analytik) to determine -pinene concentrations in the
chamber; it also provides information about the overall cleanliness regarding VOCs
in the chamber. VOCs are jonized in a reaction chamber by means of a proton
transfer reaction under precisely defined conditions (reaction time, pressure, tem-
perature) and then analysed by a time-of-flight (TOF) mass spectrometer (Tofwerk
AG). A mass resolving power of 4,000 (m/Am, FWHM) and a mass accuracy
within 10 p.p.m. enables unambiguous identification of pure hydrocarbons and
volatile organic compounds up to m/Q= 250 Th (ref. 39). Direct calibration allows
determination of -pinene volume mixing ratios with an accuracy of 5% and a
lower detection limit of 25 parts per trillion by volume (p.p.t.v.).

SO, chemical ionization mass spectrometer (SO,-CIMS). The very low SO,
volume mixing ratios were determined with an SO, chemical ionization mass
spectrometer (SO,-CIMS). It uses the primary ion (COj ) to convert SO, to SO5
(reaction scheme can be found elsewhere**). The SOj is then measured in a quad-
rupole mass spectrometer with an atmospheric pressure interface (Georgia Tech).
The primary ions are generated with a corona discharge®*. The ratio of CO5 to
NOj was maximized by feeding CO,, O, and Ar directly over the corona discharge,
leading to a reduced contamination by NOj . The SO, concentration is then
calculated as follows:

[SO2] = Cin(1 + Ri12 /Reo) (3)

where Ry;; is the background-corrected ion count rate of SO5 , R the ion count
rate of COj5 and C; the calibration factor. C, was obtained by using an SO, gas
standard (Carbagas AG). The calibration was repeated periodically during the
campaign. The resulting calibration factor was found to be 1.3 x 10° p.p.t.v. Its
detection threshold of SO, is about 15 p.p.t.v.; the uncertainty is within 23% for
low SO, volume mixing ratios (around 30 p.p.t.v.), and 13% for volume mixing
ratios >150 p.p.t.v. This uncertainty is mostly related to temperature changes in
the experimental hall where the SO,-CIMS was located. This change led to a drift
in the SO5 background signal.

Aerosol properties. Nano radial differential mobility analyser (nRDMA). A
custom-built aerosol size classifier and counter assembly was used to measure
positively charged particles in the 1.1 to 10 nm diameter size range with a time
resolution of 60s. The classifier was a Caltech Nano-Radial Differential Mobility
Analyser (herein referred to as nRDMA*). The counter that was employed down-
stream of the nRDMA was an Airmodus Particle Size Magnifier with a 78 °C sat-
urator coupled to a Brechtel Manufacturing Inc. Mixing Condensation Particle
Counter, model 1710¥7. The raw data from the Caltech assembly was inverted
using transfer function parameters, effective length, and penetration efficiency
functions*®.

LETTER EHNZY]

Nano scanning mobility particle sizer (nano-SMPS). The nano-SMPS** measured
the dry aerosol size distribution from 5nm to 80 nm with a time resolution of
130s. It was located within a temperature controlled rack and was kept at chamber
temperature. The nano-SMPS consisted of the TSI condensation particle counter
(CPC) 3772 with a modified cut-off (Dsy= 5.6 nm, D;g=3.5nm)®, a TSI-type PSI-
built short differential mobility analyser (DMA) and a neutralizer (Kr-85 source).
The data were corrected for single charging efficiency, multiple charges, diffu-
sion losses, and CPC detection efficiency. The diffusion loss correction assumes a
laminar flow™” and includes all parts of the nano-SMPS system (tubes, Kr-source,
DMA inlet, DMA column).

Neutral cluster and air ion spectrometer (NAIS). The NAIS (Airel) is an ion mobility
spectrometer designed to determine the number size distribution of ions in the
size range 0.75-45nm, as well as total (charged and neutral) particles in the size
range ~2-45nm (ref. 51). Previous studies have verified the performance of the
NAIS*>®*, Tt consists of two differential mobility analysers (DMAs) in parallel.
Each is equipped with 21 electrometers, to separate the mobilities and determine
the concentrations of positive and negative ions simultaneously. A corona charger
is used when measuring the total particle size distribution.

Particle counters. Several particle counters with different 50% cut-offs were
deployed at the CLOUD chamber including two DEG-CPCs***° (1.5 and 2.7 nm
cut-off), one butanol CPC (TSI 3776, 3.2 nm cut-off) and one Particle Size
Magnifier (PSM, Airmodus, model A10)°®. The PSM was run in scanning mode
and was used to determine the number size distributions between 1.4 nm and
3.4nm mobility diameter.

Volatility of oxygenated organics. Recent studies have focused on the formation
mechanism of highly oxygenated organics'”*”*%. Here we considered the propaga-
tion and termination reactions as proposed in refs 57 and 59. We used the radicals
from a-pinene ozonolysis proposed in ref. 60 as a starting point and evaluated the
possible chemical structures for monomers and dimers (Extended Data Fig. 3).
We assume that dimers are covalently bound'>'’. This is supported by the chem-
ical formulae of the observed compounds which cannot be explained by a cluster
consisting of two monomers.

Instead of assuming an average reduction of the saturation vapour concentration
with oxidation, we used this set of chemical structures to calculate the saturation
vapour concentration with SIMPOL?.

We then plotted the oxygen to carbon ratio (O:C) as a function of C* (see
Extended Data Fig. 4). We applied a linear least squares fit and used the fit param-
eters to estimate the volatility for molecules for which we did not derive the
structure. The intermediate cluster volatilities were roughly estimated assuming
different numbers and types of functional groups (aldehydes, ketones, hydro-
peroxyacids). The concentration of these clusters is low and will therefore not
influence the results significantly. SIMPOL was originally derived at 293K, but
a temperature dependence is given. Thus, we extrapolated C* to 278 K (resulting
in approximately one order of magnitude lower C* values). Then we separated
all observed HOM peaks into volatility regimesls, as shown in Fig. 2a and b. For
this, the HOM concentrations observed in CLOUD for a steady-state run (1209)
with ~600 p.p.t.v. of injected c-pinene was used. It needs to be noted that the
SIMPOL data set does not contain the smallest saturation vapour pressures (as
they are difficult to measure quantitatively). Thus, the predicted saturation vapour
concentrations for low-volatility compounds could deviate from the actual values.
However, the binned volatility distribution is rather flat especially in the ELVOC
range. So even if the saturation concentration were to deviate by an order of
magnitude, this would not change the conclusions of this work.

Aerosol growth model. The net condensation flux is defined as®*:

Sip
deposition rate
of vapours at the surface
65, =Np(n/4(Dy+ D)) Grgrighig
particle—vapour
collision cross-section
%ip

ip i i,pYipi
driving force
of condensation

(C} —a},Cll = af v, ClISi—al,]  (4)
i Theis

Fip

with N}, the particle number concentration, Dj, the particle diameter, D; the vapour
diameter, ;, the accommodation coefficient, the vapour concentration C} and
the saturation vapour concentration of CY. In the following the indicated terms of
equation (4) will be further explained.

Deposition rate coefficient. In the molecular regime the collision cross-section is
the appropriate metric of a collision probability. Here we assume hard-sphere limit,
neglecting charge interactions. The deposition rate coefficient is corrected for the
transition regime using the /3;, correction factor, to account for non-continuum
effects, that is®%:

Kn(1+ Kn) 2)
2 ) — Ka=-r (5)
Kn*®+ Kn + 0.283Kna;, + 0.75a;,p D,

ﬂi,p =
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The f3;, correction term and the mass accommodation coefficient o, are con-
nected, as the correction term considers the onset of the gas-phase concentration
gradients near the particle. For very small particles (Knudsen number, Kn > 1),
no gradients exist. However, for very large particles (Kn < 1), the gas concentration
at the particle surface can be near zero even with a;, < 1. The effective mass accom-
modation coefficient, a; , is therefore introduced as well.

For the collision between vapours and ultrafine particles, the reduced mass 11;
needs to be considered; v; , is then the centre of mass velocity:

Vip= »ISRT/('TW,‘,F) s Hip= MMy, [(Mi+ M) (6)

The two first terms—collision cross-section and the deposition rate—can be com-
bined. Instead of using the cross-section, the suspended surface area (NPTYD;) can
be used. The modified deposition rate coefficient is then given by:

(Dp + Di)z Vi
Sip= TZai,Pﬂi,p (7)
P
Condensation sink. Combining the surface area and the deposition rate coefficient
we can calculate the collision frequency, which is the frequency with which species
i collides with the particle surface:

Vip=ViB(Dp v = 1)(“D§NP) ®

The condensation sink, k. = ZPUZ{JVC’ gives the actual time constant for interaction
of vapours with particles. The condl:ensation sink is also the fundamental equili-
bration timescale between the gas and particle phases when condensation is the
main loss of vapours.

Driving force of condensation. The driving force of condensation F;j, and excess
saturation ratio st are:

I 0 0 ’
Fip=I[C/ - a,-,pCi] =C;[Si— ai,P] )
—

sX8

ip
The saturation ratio (gas-phase activity) is $;= C} / C?. The term a;p is the activ-
ity of the species i at the condensed-phase surface of the particle (a;, =X y7ip
Raoult term), where X; , = Cip / C; is the mass fraction, and +;, the mass based
activity coefficient in the organic condensed phase. Owing to their curved surfaces,
the activity of a small particle—a K; ,—includes the Kelvin term K;,. The

ip
Kelvin term is defined as®!:

p = Gip

Kip= 10Pk10/Dp — exp _AoiM; (10)
RTp,D,
Ac:M;
Dxio =log,(e) x I;TITpX (11)
i

with the surface tension o, the molar weight M and the density p. For very
small particles a large supersaturation is needed to allow for condensation. For
=0.023N'm"!,a molar weight of 300 g mol ! at 300K, Dx=3.75nm. Any charge
effect on the growth rate would appear in either an enhancement to the collision
cross-section, o, due to charge-dipole interactions, or a change in the effective
Kelvin diameter reflecting enhanced stability of small clusters. Further investiga-
tion of a possible enhancement in the growth rate caused by ions requires dedicated
experiments.

Equilibrium solution. At equilibrium, F;; is zero. In this case, equilibrium par-
titioning is the basis for organic aerosol calculations. Aerosol partitioning the-
ory describes the condensation and evaporation of gas phase species on or from
an aerosol surface®. The fraction of the condensed phase (s) of a species i in the
suspended aerosol particle within the partitioning frame work is defined as:

1

S __
L= e

(12)

Ct is the effective saturation concentration of the vapour and Cg, , the concentra-
tion of species k in the particle phase.

Steady-state solution. Organic aerosol production, P;, (or loss) is inherently not an
equilibrium process, but many terms will reach a steady state in different situations.
There are two relevant limits: one where condensation to suspended particles con-
trols the vapour concentrations on a timescale given by the condensation sink
(o 1/;), and one where losses, k; (that is, wall losses), control those vapour concen-
trations. We are interested in the steady-state saturation ratios S;° and excess

saturation ratio S;*.

When losses control the steady-state, S;* = (P; / C}) / k;. If the suspended par-
ticles control the steady-state, the excess saturation ratio will be in steady state. A
fraction of P; will go to vapours and a fraction to the particles. The latter fraction
will be approximately f°.

sPi/Ci0

i alke

(13)

07 =f;Pi=k°C][Si — al] = k°CIST™ - §7F = f

$1%% is a key diagnostic for organic condensation. If $}** > 1, the condensation
will be essentially ‘non-volatile’ (a,{P will have no influence on the condensation),
while if $7** < 1 then the condensation will be ‘semi-volatile’ Finally, if ;% < 1,
species i cannot be an important driver of the condensation, as a/ , cannot grow
larger than §; during net gas-phase production.
Dynamic volatility-distribution modelling of aerosol growth. From ref. 15,
where the yields were derived from the same experiments, we know the molar
yield of HOMs to be roughly ~2.9% from a-pinene ozonolysis. The molar weight
of the HOMs is on average twice the molar weight of o-pinene, and we approximate
a mass yield of the HOMs of about 6%. The HOMs used include monomers, dimers
and intermediate compounds as seen by the nitrate-CI-APi-TOEF. The concentra-
tion of other neutral multimers was either too low or below detection limit (and
thus also too low) to contribute significantly to the growth and were neglected in the
model. The dynamic volatility-distribution model then condenses the observations
into nine volatility bins ranging from C*=10"8jigm 3 to C* = 1pgm . ELVOCand
LVOC were defined as C* < 10~**ugm—and 10+ pgm > < C* <10~ pgm 2
respectively, which is slightly modified compared to ref. 18. This is justified as
species with C* = 10~*ug m —3(typically ELVOC) behaved rather like LVOC, that is,
the condensation flux increases with diameter. In Fig. 1 we have seen that the meas-
ured HOMs alone cannot explain the observed growth in all size ranges. Therefore,
alarger yield of C* =11g m ™~ was assumed (light shaded area in Extended Data
Fig. 5a), which represents the compounds participating in the formation of the
traditional secondary organic aerosol (SOA). Species with C* < 10~8j1g m > were
brought into one single bin with C*=10"%ug m~>. The CI-APi-TOF transmission
calibration was multiplied by a factor of 1.3, which is within the transmission effi-
ciency uncertainties. The resulting HOM distribution (in percentage) is displayed
in Extended Data Fig. 5a.

Using this adjusted HOM distribution, we modelled the growth rate due
to condensation assuming no Kelvin effect. Extended Data Fig. 6 shows that
the model overestimates the early growth rate and substantially underestimates the
observed particle growth rates at larger sizes (blue dashed line). In a next step we
modified the charging efficiencies, to match the observation better. Our best result
wasachieved with values of [0.5,0.4,0.3,0.1] for the VBS bins from 10 *to 10 ' pgm ™,
meaning that we increased the raw measured values by [2, 2.5, 3.3, and 10]. Still,
it is not possible to describe the observations as depicted by the solid blue line in
Extended Data Fig. 6.

Therefore it is essential to introduce the Kelvin effect to reproduce the observed
growth rate. In the model we use a Kelvin diameter Dx = 3.75 nm. This corresponds
to a surface tension of 22 mN m ™, which is a reasonable value for organics®*. If
we attempt to model the observed growth using the HOM volatility distribution
in Extended Data Fig. 5a, Extended Data Fig. 6 shows that the model substantially
underestimates the observed particle growth (pink dashed line), as expected.

The efficiency of HOM charging by the nitrate anion (NOj ) depends upon the
number and location of OOH groups?.. As the probability of two OOH groups at
optimal configuration is highest for the least volatile species (ELVOC), their charg-
ing efficiency is near unity. For products with higher volatility (LVOC) the effi-
ciency decreases. Many of the oxidized monomers might still have a stiff carbon
4-ring backbone hindering an optimal cluster formation between two OOH groups
and the nitrate ion. This decreased charging efficiency has yet to be experimentally
quantified. Cycloalkene experiments indicate that the nitrate-CI-APi-TOF indeed
underestimates the low-oxygenated compounds, if compared with the
acetate-CIMS®®, while the concentration for highly oxygenated compounds is
similar. The ELVOC bins cannot be changed to a great extent as this would yield
an overestimation in the growth rate at sizes below 3nm.

Adjusting both the LVOC concentrations and the Kelvin term, it is possible to
explain the observed size dependent behaviour in Fig. 3. Our best fit was achieved
with charging efficiencies of [0.5, 0.25, 0.1, 0.1] for the VBS bins from 10~ to
107! jig m 3 and a Kelvin diameter Dg = 3.75 nm. The final adjusted yields can be
seen in Extended Data Fig. 5b, which displays the HOM fraction in the correspond-
ing volatility bins (in percentage). Other tested Kelvin diameters (for example,
Dk =4.5nm) yielded a slightly worse agreement with the measurements, the qual-
itative picture, however, remained the same. Increasing D requires an additional
adjustment of the ELVOCs to match the observations, so that several parameter
combinations will yield similar results. However, very large Dy are very unlikely,
as there is not much space to increase the ELVOC concentration due to the nitrate-
CI-APi-TOF measurement principle.
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Here we do not attempt to constrain the volatility distribution exactly. We show
that the distribution matters in the formation of particles. ELVOC condensation
dominates the growth up to ~1.5nm. Beyond this size, LVOC can contribute and
drive the growth. It should be noted that the HOM distribution will change with
chamber operating conditions (temperature, a-pinene concentration, particle
concentration).

Here we only show two representative runs, but very different cases. We did

not perform experiments with pre-existing particles in the chamber, at least
not in such an amount to overcome the sink due to the wall (kyuy &~ 10 >s~!
versus kong 2 10~*s ! or lower). The wall loss does in some way simulate the sink
due to pre-existing particles. The measured gas-phase concentration is a result
of the existing sink and source terms. These terms will be somewhat different in
the chamber compared to ambient conditions. Thus, we cannot say that under
the same a-pinene and ozone concentrations the growth is the same. But, meas-
uring the same volatility distribution of HOMs in the ambient (and at the same
temperature) should yield similar results. The exact evolution of the particle size
and the contribution of the volatility bins will always depend on the observed
volatility distribution of the HOM species. The volatility distribution itself will
depend on the temperature and the oxidants (for example, NO, will hinder the
formation of ELVOC, lowering the yield'”). But the approach proposed here and
the corresponding conclusion will still be applicable.
Model details. For the simulations we assumed a mono-disperse population of
nucleated particles at an initial size of 1.2 nm mobility diameter or 0.9 nm physical
diameter (which is approximately the monomer size). The key parameter is the
concentration gradient (see equation (9)), which in turn reflects the differences in
activity between the gas phase (the saturation ratio) and the particle phase (here
the mass fraction). This can be seen in Extended Data Fig. 7a. The gas phase is
characterized by the balance between the production rate of the a-pinene oxidation
products and wall losses yielding a stable gas-phase saturation ratio. In contrast,
the condensed phase activities drop as soon as the particles grow and the Kelvin
effect decreases.

Looking at the excess saturation (Extended Data Fig. 7b), the least volatile spe-
cies (mostly ELVOC) have a significant excess saturation at all times; the condensed
phase activity is always much lower than the gas-phase saturation ratio. The more
volatile species are near equilibrium at the beginning, only gradually (if ever) devel-
oping a significant driving force of condensation. The most volatile species are in
equilibrium all of the time with a diminishing mass fraction in the condensed
phase. For <2.5nm, the particles are unstable, with the majority of their constitu-
ents showing activities >>1. They can only grow as a consequence of the excess
saturation ratio of the ELVOC:s. If the production were rapidly stopped, the parti-
cles would evaporate. Extended Data Fig. 7b also shows the condensed phase mass
fraction and thus the chemical composition of the particle. Particles <2.5nm are
mainly composed of ELVOC dominated by species with C* =10"%g m 3. For
larger particles the LVOC mass fraction increases until each contributes equally to
the particle composition. The two most volatile bins never contribute substantially
to the particle composition as their gas-phase saturation ratio is too low.

Extended Data Fig. 7c shows the absolute driving force of condensation and the
equilibrium concentration of the different volatile species over the growing parti-
cles. Here, this transition from ELVOC to LVOC dominated growth is evident in
the driving force of condensation. Owing to the stiff coupled differential equations
tight tolerances on the solver are required for the solution to converge accurately.
Appearance times and growth rate estimation of clusters and aerosols. The
appearance times of clusters and aerosols allow us to investigate the growth
process. Cluster and particle appearance times, defined as the 50% rise time of the
concentration of a cluster or size channel®, were derived for APi-TOE, PSM, NAIS,
DEG-CPCs, nRDMA and nano-SMPS. The corresponding diameters (leading
edge diameter) were then plotted against the time. The temporal evolution is then
representing the growth rate. For linear evolution, a linear fit was applied; the slope
yields the growth rate. Extended Data Fig. 1 combines all the calculated appearance
times for one example run. It shows an excellent agreement between the different
methods and instruments.

To determine the appearance time for APi-TOF, NAIS, and PSM, concentrations
in each size bin were analysed and the time when the concentration reaches 50% of
its maximum value after the start of a nucleation experiment was determined and
linked with the diameter midpoint of the size bin. The growth rate was obtained
from a linear fit of the appearance times and the corresponding diameters. For the
PSM the growth rate could be determined for the size range 1.5-3.2nm. For the
NAIS: (1) 1.4-3nm, (2) 5-15nm and (3) 15-30 nm. In the APi-TOF, appearance
times of the monomers, dimers, trimers and tetramers were determined.

A normal (Gauss) function was applied to the size distribution data®®’. The
position of the full-width at half-maximum (FWHM) was then defined as the
50% rise time. Nano-SMPS growth rates were determined for the following size
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ranges: (1) 5-15nm, (2) 15-30nm, (3) 30-60 nm and (4) >60nm. In these size
ranges, a constant growth rate for constant HOM concentration was observed,
so we did not further differentiate these ranges in Fig. 1. For the nRDMA:
(1) 1.1-3nm, (2) 2-7nm.

The DEG-CPC method was slightly different. In previous studies®, the 1%

threshold of the CPC and the initial rise of the concentration was used to fur-
ther extend the growth rate analysis to lower diameters. We decided to also use
this approach for the DEG-CPCs. However, owing to the high noise, it was often
difficult to determine the 1% rise time, thus the 5% rise time of the DEG-CPCs
was used instead, yielding similar results.
Growth rate uncertainties. The method uncertainty is estimated®® to be approx-
imately 50%. To consider the run-to-run uncertainty, we used oy, as retrieved
from the linear fit uncertainty to determine the growth rate (GR). The overall
uncertainty then scales as follows:

Oiot = 4/ 0.25[GR]? + o2,

The growth rates in Fig. 1c, d correlate reasonably well with the HOM concen-
tration. Growth rates of larger sizes correlate with a Pearson’s correlation coefficient
of 0.94, growth rates at smaller size with a Pearson’s correlation coefficient of 0.7.
The lower correlation at the smaller sizes can be explained by the higher measure-
ment uncertainty at these size ranges, compared to larger sizes.
Parameterization of first steps of growth and global aerosol modelling. We are
especially interested in the first steps of growth, that is, from the nucleated cluster
size to 3 nm, as there the coagulation losses are highest. In the global model we
use here®®, nucleated clusters have a diameter of 1.7 nm, and particles must grow
to 3nm before being advected through the atmosphere in the nucleation mode.
Therefore we parameterize the growth rate in the size range 1.7-3 nm. We use the
size-resolved growth rates from the HOM volatility-distribution modelling results
to derive a size-dependent parameterization. The Kelvin effect increases the growth
rate with increasing size. The considered size range (1.7-3 nm) is small enough that
we can approximate the dependence on the particle diameter Dj, as linear. We thus
parameterize the growth rate (in nm h™") by fitting the two-dimensional function
([HOM] in cm 3, D, in nm):

(14)

GR = kD,[HOM]? (15)

to the HOM volatility-distribution modelling results, with the free parameters
k=(5.240.4) x 10~ and p = 1.424 4-0.004. Here the uncertainties are those
from the fit only; they reflect how well the function describes the data but do not
represent the full uncertainty in the parameterization. The parameterization is
intended to describe the size-dependent growth that we observe, and does not
necessarily reflect the underlying mechanism. Therefore, extrapolations to very
high values (>5 x 10®cm ) and low values (<2 x 10°cm ) may not be reliable,
as it is likely that the parameterized growth rates deviate from the true growth rates.
Such high biogenic HOM values, however, are not expected in the field and should
not impact the global modelling results. Conversely, low HOM concentrations
far below 2 x 10°cm ™ are expected far from sources of terpenes, especially over
oceans and the upper free troposphere. From Fig. 1 it is evident that the growth rate
at [HOM] <2 x 10°cm ™% is <1nm h~'. Under these conditions, growth is driven
by condensation of sulfuric acid, and uncertainties in the parameterization of the
very small organic contribution are not expected to affect the results significantly.
This parameterization provides a refined estimate of the growth rate between 1.7
and 3 nm, which is appropriate for models of atmospheric aerosol that treat SOA
condensation kinetically. To implement the parameterization, a mechanism and
yield for the production of HOMs is required. In our model, HOMs are simulated
as being produced directly from the oxidation of monoterpenes (MT) and lost to
the condensation sink (CS) in a steady-state approximation:
[HOM] = (Yiky[MT][O3] + Y2ko[MT][OH])/CS (16)
where Y}, the yield of HOMs from the ozonolysis of monoterpenes, is 2.9%, and
Y>, the yield from the OH-oxidation, is 1.2%. The yields were determined from
the nitrate-CI-APi-TOF and PTR-TOF measurements in the CLOUD chamber'®.
The constants k; and k; are the temperature dependent reaction rate constants of
a-pinene with ozone and hydroxyl radicals, respectively®. Thus the numerator of
equation (16) represents the production of HOMs and the denominator the losses.
We do not quote a similar parameterization for growth rates at larger sizes,
because it is clear that the nitrate-CI-APi-TOF does not see all of the more volatile
molecules that condense onto larger particles, many more compounds are likely
to participate than those present in the CLOUD chamber, and at these larger sizes
the kinetic condensation approach should be complemented by an equilibrium
partitioning treatment (for example, ref. 70).
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This parameterization represents pure organic growth resulting from biogenic
emissions. In the ambient atmosphere, additional organic and inorganic precursors
such as sulfuric acid, ammonia, amines and anthropogenic VOCs are also present
and influence the growth rate, in addition to the different oxidants. Also temper-
ature and relative humidity could influence the observed growth rates. So, while
this parameterization represents a significant advance on the current state of the
art, it should not be considered complete. Furthermore, we only consider the size
range 1.7 to 3nm, as the growth in this size range is most decisive for the fate of
the freshly nucleated particle®.

The parameterization of initial particle growth is incorporated in the global
aerosol model GLOMAP-mode®, an extension to the TOMCAT chemical trans-
port model”!. GLOMAP includes representations of particle formation, growth
via coagulation, condensation and cloud processing, wet and dry deposition and
in/below cloud scavenging. The horizontal resolution is 2.8 x 2.8 degrees and
there are 31 vertical sigma-pressure levels extending from ground level to 10 hPa.
Aerosol in the model is formed of four components: black carbon, organic carbon,
sea salt and sulfate, and is advected through the atmosphere in seven log-normal
size modes. These are hygroscopic nucleation, Aitken, accumulation and coarse
modes, and non-hygroscopic Aitken, accumulation and coarse modes. Formation
of secondary particles in the model is based on CLOUD measurements of ternary
H,S04-organic-H,O nucleation detailed in ref. 25 and on a parameterization of
binary H,SO4-H,O nucleation’?. Simulations are run for the year 2008.

In the aerosol model, particles grow by irreversible condensation of monoter-
pene oxidation products and sulfuric acid. Monoterpene emissions in the model
are taken from the database of ref. 73. Our measurements'® provide HOM yields
of 2.9% from the oxidation of a-pinene by ozone and 1.2% from the hydroxyl
radical. In ref. 58 a substantially higher HOM yield was observed from endocyclic
monoterpenes such as a-pinene than from exocylic monoterpenes. These two
types are roughly equally abundant in the atmosphere. Thus, we account for this
by dividing our measured yields by two. In the light of these results, we also divide
the organic nucleation rate of ref. 25 by two, since it also assumed all terpenes
were represented by a-pinene in the atmosphere. Above 3nm in diameter, a fixed
13% of the oxidation products of monoterpenes with OH, O3 and NOj3 (assuming
the reaction rates of a-pinene) condense irreversibly onto aerosol particles at the
kinetic limit. These oxidized organic molecules are referred to as SORG and are
advected through the troposphere as a tracer in the model, while the HOM con-
centration is calculated assuming a steady state as described earlier. Below 3nm,
organic molecules condense onto particles according to the parameterization, while
sulfuric acid molecules condense at the kinetic limit (collision-limited), which is
approximately:

GRs=7.3 x 10~% [H,S04] (17)
Additional model runs were performed with no organics participating in the initial
growth, and with non-volatile size-dependent growth of particles between 1.7 and
3nm due to condensation of SORG multiplied by the factor determined in ref. 30
for the parameterization of ref. 3,

k=0.47D, — 0.18 (18)
where D,, is the particle diameter in nm and the correction is only applied to par-
ticles below 2.5 nm. We note that the SORG in GLOMAP is produced with a 13%
yield while that in GEOS-chem is produced with a 10% yield. The growth rates
in these three cases are shown in Extended Data Fig. 9, together with the HOM
concentration in the model.
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Extended Data Figure 3 | Possible structures of a-pinene oxidation
products. a, Possible structures of HOM monomer molecules. C* was
estimated using the SIMPOL method (at 293 K). Note that the volatility is
less once the ring structure is open. The volatility generally decreases with

increasing oxidation and decreasing temperature. b, Possible structures
of HOM dimer molecules. C* was estimated using the SIMPOL method
(at 293 K). Structures in boxes with asterisk(s) at the top right corner were
confirmed by (*) or taken from (**) Kurtén et al.”*.
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to 10%° pgm=3).
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Extended Data Figure 5 | HOM distribution binned to a VBS.

a, Measured HOM distribution (dark green) binned to a VBS. As the
nitrate-CI-APi-TOF is expected to underestimate SVOC, which are often
observed during secondary aerosol formation in smog chamber studies,
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we added a representative SOA bin at logC* = 0 (light green). b, Modified
HOM distribution after scaling for the weaker charging efficiency for
LVOC (light green). The ELVOC:LVOC:SVOC ratios are a, 20:34:46

and b, 7:77:16.
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Extended Data Figure 6 | Dynamic volatility-distribution modelling
results with and without a Kelvin term and with original and modified
HOM volatility distribution for the case of constant HOMs. a, Different
model approaches (key at bottom right) compared to the measured
diameter evolution. b, Enlargement of the first 30 min of the experiment
and the first 5 nm of the diameter evolution (key in panel). ¢, Size
dependent growth rate for different model approaches (key at bottom
right). The Kelvin effect is essential to describe the measured diameter
behaviour. Using the original volatility distribution (blue dashed line), the
model slightly overestimates the initial growth but strongly underestimates
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it at larger sizes. Although considering a Kelvin effect fits the initial growth
well, growth at larger sizes is underestimated even more (pink dashed
line). By adjusting the HOM volatility distribution in the model with

no Kelvin effect, the best fit (blue solid curve) still fails to reproduce the
observations, substantially overpredicting growth at small sizes and then
underpredicting growth at larger sizes. However, adjusting the volatility
distribution and treating the Kelvin effect captures the growth well over
the full size range (grey solid line). Error bars indicate the 1o systematic
scale uncertainty of the determined growth rates.
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Extended Data Figure 7 | Dynamic volatility-distribution model
details. a, Vapour (left) and condensed-phase (right) activities during a
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steady-state with respect to production and wall loss, with the saturation
ratio increasing monotonically with decreasing volatility. b, Excess
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during simulated particle growth event in CLOUD. ¢, Driving force of
condensation (left) and equilibrium concentrations of vapours over
particles (right) during simulated particle growth events in CLOUD.
Volatility is indicated by brightness, with darkest grey corresponding to

C*=10"%pg m~ (see key).
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Extended Data Table 1 | Summary of CLOUD runs during CLOUD7 and CLOUDS8

CLOUD 7

RUN | Ozone [p.p.b.v.] a-pinene [p.p.tv.] SOz[p.p.b.v.} HOMI[cm™] Sulfuric Acid [cm™]*
1060 20 660 70 1.1-107 1.9-107
1061 20 640 70 1.0-107 1.8:107
1062 20 180 70 4.2-108 7.8-10°
1063 20 650 70 1.0-107 1.6-107
1065 20 190 70 3.8-100 6.5-100
1066 20 650 70 1.3-107 8.7-108
1067 20 640 70 1.3-107 6.6-108
1068 20 890 70 1.5-107 1.2:107
1070 20 1230 70 1.7-107 2.4-107
1107 30 420 0.6 1.4-107 7.6-10°
1108 30 420 0.6 1.4-107 6.0-105
1109 30 430 0.6 1.4-107 6.3-108
1110 30 430 0.6 1.3-107 5.1-108
1111 30 430 16 1.4-107 5.6-100
1113 30 370 1.6 1.3-107 5.5-10°
1114 30 390 1.6 5.8-108 4.3-108

*measured with SO, monitor (Thermo scientific, 43i-TLE)
measured with CIMS
CLOUD 8

RUN | Ozone [p.p.b.v.] a-pinene [p.p.t.v.] SO0 [p.p.b.v.] HOM [em™] Sulfuric Acid [em™]
1208 32 20 - 2.9-10° 6.8-10*
34 40 - 5.8-10° 6-10*

34 110 -0 1.4-107 7.4-10*

1209 35 250 - 2.0-107 3.8-10*
1210 35 510 - 3.4-107 3.4-10*
1211 34 240 5 1.7-107 -
1212 32 1340 20 1.0-108 7.5-10°
1213 33 1280 10 7.4:107 1.3:10°
1214 33 170 8 1.4-107 8.2-10*
1215 33 90 6 7.4-10° 6.3-10*
1217 32 270 40 1.9-107 1.1-10°
1218 33 250 150 1.7-107 4.4-10°
1219 34 250 1300 1.4-10" 2.9:-10°
1220 33 240 1500 1.2:107 3.3-10°
1221 31 11000 20 2.1-10® 3.1-10*
1222 31 7750 20 1.8-108 2.9-10*
1224 33 900 -* 4.2:107 9.4-10°
1225 31 15700 -* 2.5:10% 2.6:10°
1226 31 60 - 3.8-10° 8.2-10*
1226 30 700 * 2.8-107 5.1-10*
1227 33 460 * 1.9-107 3.1-10*
1229 33 290 4000 9.2:10° 3.1-107

* no measurement available

° no SO, injected

Each run consisted of several stages (increasing gases, steady-sate, changing charging state of chamber, see also Extended Data Fig. 8), here only the steady-state plateau values are indicated.
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4.7 Rapid growth of organic aerosol nanopar-
ticles over a wide tropospheric tempera-

ture range
(Stolzenburg et al. (2018))
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Nucleation and growth of aerosol particles from atmospheric
vapors constitutes a major source of global cloud condensa-
tion nuclei (CCN). The fraction of newly formed particles that
reaches CCN sizes is highly sensitive to particle growth rates,
especially for particle sizes <10 nm, where coagulation losses
to larger aerosol particles are greatest. Recent results show that
some oxidation products from biogenic volatile organic com-
pounds are major contributors to particle formation and initial
growth. However, whether oxidized organics contribute to par-
ticle growth over the broad span of tropospheric temperatures
remains an open question, and quantitative mass balance for
organic growth has yet to be demonstrated at any temperature.
Here, in experiments performed under atmospheric conditions in
the Cosmics Leaving Outdoor Droplets (CLOUD) chamber at the
European Organization for Nuclear Research (CERN), we show
that rapid growth of organic particles occurs over the range from
—25°C to 25°C. The lower extent of autoxidation at reduced
temperatures is compensated by the decreased volatility of all
oxidized molecules. This is confirmed by particle-phase composi-
tion measurements, showing enhanced uptake of relatively less
oxygenated products at cold temperatures. We can reproduce the
measured growth rates using an aerosol growth model based
entirely on the experimentally measured gas-phase spectra of
oxidized organic molecules obtained from two complementary
mass spectrometers. We show that the growth rates are sen-
sitive to particle curvature, explaining widespread atmospheric
observations that particle growth rates increase in the single-
digit-nanometer size range. Our results demonstrate that organic
vapors can contribute to particle growth over a wide range of
tropospheric temperatures from molecular cluster sizes onward.

aerosols | nanoparticle growth | aerosol formation | CLOUD experiment |
volatile organic compounds

9122-9127 | PNAS | September 11,2018 | vol. 115 | no. 37

he global budget of cloud condensation nuclei (CCN) signif-

icantly influences the Earth’s radiative balance, as it affects
the albedo and the lifetime of clouds. New particle formation
by gas-to-particle conversion is the largest source of CCN (1).
Especially the early steps of particle growth between 1 and
10 nm determine the survival chance of freshly formed parti-
cles and therefore their climatic relevance (2, 3). The major
vapors driving particle growth are sulfuric acid and, maybe more
importantly, low-volatility organics resulting from the oxidation
of volatile organic compounds (VOCs) (4). Monoterpenes are
an important class of atmospheric VOCs with copious emissions
from vegetation (5). They are quickly oxidized in the atmo-
sphere and, through a subsequent autoxidation process, rapidly
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Significance

Aerosol particles can form and grow by gas-to-particle con-
version and eventually act as seeds for cloud droplets, influ-
encing global climate. Volatile organic compounds emitted
from plants are oxidized in the atmosphere, and the resulting
products drive particle growth. We measure particle growth
by oxidized biogenic vapors with a well-controlled laboratory
setup over a wide range of tropospheric temperatures. While
higher temperatures lead to increased reaction rates and con-
centrations of highly oxidized molecules, lower temperatures
allow additional, but less oxidized, species to condense. We
measure rapid growth over the full temperature range of
our study, indicating that organics play an important role in
aerosol growth throughout the troposphere. Our finding will
help to sharpen the predictions of global aerosol models.

form highly oxygenated molecules (HOMs), which constitute
a large source of low-volatility species in the atmosphere (6).
Recent studies have shown that HOMs from the ozonolysis of
the predominant monoterpene a-pinene are able to form (7) and
efficiently grow particles from cluster sizes onward (8). Model
simulations suggest that they are major contributors to parti-
cle formation on a global scale (9). Moreover, the impact of
HOMs on initial particle growth might explain the observa-
tions of increasing growth rates with particle size between 1 and
10 nm during particle-formation events (10) by a multicompo-
nent Kelvin effect (8, 11), also known as nano-Kohler theory
(12). This is because HOMs span a wide range of volatilities (13),
and, with increasing particle size, more and more low-volatility
species can contribute to the growth process.

In contrast to sulfuric acid plus ammonia or amines, where
growth proceeds close to the kinetic limit (14), growth driven by
organics is governed by the resulting volatilities of the wide vari-
ety of oxidation products. Therefore, temperature likely plays a
decisive role, as the saturation concentration has a steep expo-
nential temperature dependence as described by the Clausius—
Clapeyron relation. Additionally, a recent study has shown that
temperature crucially influences the chemical composition of the
initially formed molecular clusters in a-pinene ozonolysis (15).
Therefore, the contribution of biogenic organics to new parti-
cle formation might be strongly sensitive to temperature. This,
in turn, may significantly influence the importance of new par-
ticle formation at high altitudes (16) and in outflow regions of
deep-convective clouds—for example, over the Amazon Basin
(17-19).

Here, we investigate in the Cosmics Leaving Outdoor
Droplets (CLOUD) chamber (20) the effect of tempera-
ture on the production of oxygenated molecules and subse-
quent particle growth from dark a-pinene ozonolysis at three
different temperatures (—25 °C, 5 °C, and 25 °C) for various pre-
cursor concentrations. The resulting volatility distributions are
inferred by combining two types of chemical ionization (CI) high-
resolution time of flight mass spectrometers (TOF-MS) (21, 22)
using complementary ionization techniques to obtain a detailed
representation of the gaseous oxidation products. Together
with the precision measurement of particle growth rates (23)
and analysis of the particle-phase composition (24), this allows
identification of the underlying processes and their temper-
ature dependence responsible for initial growth in biogenic
ozonolysis systems (see Materials and Methods for details about
the experimental setup and measurement procedures).

Results

Observed Gas-Phase Composition and Volatility Distribution. We
measured gas-phase composition with a nitrate-CI atmospheric
pressure interface (APi)-TOF-MS (nitrate-CI) (21) and a proton
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transfer reaction (PTR)-TOF-MS (PTR3) (22) to obtain a more
detailed overview of the neutral gas-phase species present dur-
ing the a-pinene ozonolysis experiments. We obtained overlap
for peaks observed in both instruments (SI Appendix, Fig. S3)
and show a combined mass-defect plot of both instruments for
three representative experiments at three different temperatures
in SI Appendix, Fig. S4. The PTR3 introduces >200 previously
undetected molecular ion signals, not only HOMs, which are
usually specified by their high oxygen to carbon ratio (O:C >
0.7 for monomers), but mostly compounds toward lower oxida-
tion states. For molecules with identified chemical composition,
a volatility can be assigned according to the number of oxy-
gen atoms no and the number of carbon atoms n¢ within the
molecule (S Appendix).

As volatilities of organic compounds observed in the atmo-
sphere vary by >10 orders of magnitude and the combined mass
spectra contain ~500 different molecules, it is convenient to
simplify considerations of gas-to-particle partitioning by group-
ing compounds together within a volatility basis set (VBS) (13,
25). Within this framework, the volatility bins are separated
by one decade in C* at 300 K, and for other temperatures,
the binned distribution is shifted toward lower saturation mass
concentrations. The saturation mass concentration of oxidized
organics should follow the Clausius—Clapeyron relation at a con-
stant evaporation enthalpy A Hy.p, which in turn is linked to C*
at 300 K (13) (SI Appendix).

Fig. 1 shows the resulting binned volatility distribution of all
observed organic gas-phase compounds for three representative
experiments. We averaged observed gas-phase concentrations
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Fig. 1. Volatility distributions for representative experiments with similar
a-pinene ozonolysis rate: 25 °C (A), 5°C (B), and —25 °C (C). The green and
blue bars show summed molecular ions observed in the nitrate-Cl and PTR3,
respectively. The highest and lowest bin are overflow bins. Volatility bins
are defined at 300 K, shifted, and widened according to their corresponding
temperature. The resulting saturation mass concentration is defined on the
x axis, while log,, C;OOK is specified by white numbers. Additionally, the bins
in supersaturation with C"/C* > 1 are found left of the indicating arrow.
ELVOC, extremely low-volatility organic compound; IVOC, intermediate-
volatility organic compound; LVOC, low-volatility organic compound; SVOC,
semi-volatile organic compound.
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Fig. 2. Growth rates (GR) measured by the DMA train in two size intervals [1.8-3.2 nm (A, C, and E) and 3.2-8 nm (B, D, and F)] vs. several gas-phase
variables. Representative experiments are highlighted. On the x axis, A and B show the reacted a-pinene rate, C and D show the HOMs observed in the
nitrate-Cl, and E and F show the amount of condensable material determined by the temperature-dependent volatility basis set. Colors in all plots indicate
the run temperatures: purple corresponds to —25°C, green to 5°C, and red to 25°C. In A and B, the light yellow areas shows the range of growth rates
of the other size interval to demonstrate the observed lower growth rates at small diameters. In C-F, the gray areas illustrate the range of uncertainty on
the kinetic condensation limits drawn as solid colored lines. In E and F, the error on the sum over the VBS distribution is determined from the 1-decade

uncertainty in the volatility definition.

C" over a period where comparable particle growth rates are
measured with a differential mobility analyzer (DMA) train (23),
and the a-pinene ozonolysis rate is similar with k(T) - [ap] -
[03]~1.4—2.0-10° cm™5s

Due to the comparable growth rates of the three examples,
the gas-particle partitioning is expected to be comparable, which
is confirmed by the similarity of the observed total volatility
distribution over the extremely low-volatility organic compound
(ELVOC) and low-volatility organic compound (LVOC) ranges.
Earlier work on growth of nucleated particles from a-pinene
oxidation at 5°C using only a nitrate-CI found that the mea-
sured HOMs could only explain a fraction of the growth and
speculated that the nitrate detection efficiency was progres-
sively lower for less polar (and, hence, more volatile) species
(8). We confirmed the missing fraction and found that the
PTR3 detected many new compounds, mainly less-oxygenated
molecules with no < 7, not measured by the nitrate-CI, inde-
pendent of temperature. At low temperature, fewer polar func-
tional groups are required for a compound to have a low
volatility, and thus at 5°C, and even more significantly at
—25°C (Fig. 1 B and C, respectively), these species observed
by the PTR3 contribute substantially in the LVOC and even
ELVOC range.

Particle-Growth Measurements. We measured growth rates dur-
ing the experiments with a DMA train over two different size
intervals, 1.8-3.2 and 3.2-8 nm, by the appearance time method
as it was done in comparable studies (8, 14). It gives robust
apparent particle-growth rates for chamber experiments and is
not affected by measurement uncertainties in absolute particle
concentrations due to possible evaporation effects during the
measurement procedure (SI Appendix). Fig. 2 shows the mea-
sured growth rates vs. several gas-phase variables. Fig. 24 and B
shows the correlation with the estimated reaction rate of the -
pinene ozonolysis during the growth rate measurement. Higher
reaction rates, and hence higher product concentrations, lead to
higher growth rates, following an exponential relation m (7T, d,) -

9124 | www.pnas.org/cgi/doi/10.1073/pnas.1807604115

(k(T)-[ap] - [03])? (SI Appendix). For a given «-pinene
ozonolysis reaction rate, we find lower growth rates at smaller
sizes. The smaller size range also shows a more significant tem-
perature dependency: The growth rates are higher at low temper-
atures at a given reaction rate. This indicates that the ozonolysis
products at the three different temperatures have different prop-
erties influencing their ability to condense from molecular cluster
sizes onward.

Fig. 2 C and D shows the measured growth rates vs. the
total HOM signal observed in the nitrate-CI only, along with
a kinetic curve showing the growth rate if all measured HOMs
condensed irreversibly (26). The growth rates of the three dif-
ferent temperatures are clearly separated, but condensation at
the kinetic limit for HOMs would give almost identical values.
Thus, the total HOM concentration observed in the nitrate-CI
cannot fully describe the observed growth at any temperature. At
25 °C, several HOMs measured by the nitrate-CI are classified as
semi-volatile organic compounds and might not be able to con-
dense, and at —25°C, the nitrate-CI measures only a small
fraction of the less-oxygenated a-pinene oxidation products
responsible for particle growth (Fig. 1).

Therefore, Fig. 2 E and F shows the growth rates vs. a
sum, combining both mass spectrometers, over all VBS bins
in supersaturation for a given particle size—that is, with S =
K(D,) - Csbin/ Cupspin > 1. A Kelvin term K (D,) = 10Px10/Pr
accounts for the curvature of the particles, slowing growth
of smaller particles. With this simple approach, it is possi-
ble to bring the growth measurements at these three differ-
ent temperatures into reasonable agreement, aligning the data
points roughly parallel to the kinetic line. This approach only
accounts for bins in supersaturation, which should condense
almost kinetically. Especially for the larger size interval, the
measured growth rates were slightly higher than the super-
saturated kinetic limits for all temperatures. However, some
VBS bins below supersaturation will contribute as well by
gas-particle partitioning, which was not considered in this simple
approach.
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Comparison with an Aerosol Growth Model. We modeled growth
with the same framework as used in ref. 8. However, we modified
the model to take real-time measured VBS distributions from
both mass spectrometers as input, without any adjustments of
unknown charging efficiencies (SI Appendix).

The most important remaining unknown in the condensation
equations is the Kelvin term, K (D,) = 10P%10/Pr parametrized
for simplicity by a decadal Kelvin diameter related to bulk
liquid properties D10 =log,o(e) - (4o M) - (RTp)~*. However,
the observed size dependence and especially the growth mea-
surements at diameters < Dg1o should provide a direct con-
straint on the curvature effect. For the three representative
experiments, we found the best agreement with Dg1o(T) =
(4.840.8)- (300K - T7') nm. This corresponds to reasonable
average properties (surface tension ¢ =0.03 N-m~*, molecu-
lar mass M =320 g-mol™ ", and density p = 1,400 kg-m~—?3) for
the many condensing species, ignoring other possible tempera-
ture dependencies in p, o, and M. Fig. 3 shows the resulting
predicted growth rates and their size dependence in compari-
son with the measurements. The agreement between modeled
and measured growth rate at the smallest sizes is within the
uncertainties of the measurements. Other values for Dyio—
for example, Dx10(300K) =3.75 nm, used previously—lead to
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Fig.3. Modeled and measured growth rate vs. particle diameter. (4) Shown
is 25°C at increasing a-pinene ozonolysis reaction rates (~1.7 —2.3-
10% cm—3s~"). (B) Shown is 5°C at increasing reaction rates (~ 1.2 — 1.8+
10% cm—3s~"). (C) Shown is —25°C at constant reaction rates (~1.9-
10% cm—3s~"). The thick black lines indicate the modeled total growth rate
inferred from real-time oxidized organics measurements, and the dashed
black lines indicate the associated uncertainty resulting from a +1 bin shift
of the VBS distribution. The contribution of the different bins of the VBS
distribution is illustrated by the colored areas, where white numbers and
the color code represent the saturation mass concentration at 300 K for all
three cases. The contribution below the thick gray line is from bins with
C¥ > C*. For the measured growth rates, red diamonds show the DMA train
(shown as well in Fig. 2) and blue circles show other instruments: the neutral
cluster and air ion spectrometer (NAIS), the nanoscanning mobility particle
sizer (nano-SMPS), and the particle-size magnifier (PSM) (S/ Appendix). The
capped black error bar shows the statistical uncertainty of the single mea-
surements, while the gray error bar gives the 50% systematic uncertainty of
the appearance time method.
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a significant overestimation of the observed growth rates at the
smallest diameters for all temperatures. Another reason for the
higher Dk1o could be an underestimation of the volatility of
the most oxygenated compounds (27). Above 5 nm, the model
agreed well with the observations at all temperatures. Consid-
ering the 1-decade uncertainty in saturation mass concentration
(SI Appendix), we achieved reasonable mass balance for growth
of freshly nucleated particles between 2 and 30 nm over a wide
range of conditions.

Although there was no disagreement of the model with the
measurements, within the uncertainties, there are several con-
tributions that we have not considered. First, some condensable
compounds might still be undetected by the two used ioniza-
tion chemistries. Additionally, fragmentation of molecules within
the instruments might disturb the volatility estimate. Second, the
temperature dependence of organic volatilities is also subject to
uncertainties (13). Third, we did not model any particle-phase
reactions, such as oligomerization. Reactive uptake is thought
to be more important at larger particle sizes (28), again in part
because of the Kelvin effect (29).

Particle-Phase Composition Measurements. The predictions by the
aerosol growth model were supported by the measurement of
the particle-phase composition using a filter inlet for gas and
aerosols (FIGAERO) (24) attached to a O; -CI-APi-TOF-MS
[FIGAERO-chemical ionization mass spectrometer (CIMS)] (81
Appendix). Fig. 4 shows the desorption profiles of three molec-
ular ion signals corresponding to Ci10H1604, C10H160s6, and
C10H1609. We accumulated particles on the FIGAERO fil-
ter inlet at chamber temperature during the three experiments
at —25°C, 5°C, and 25°C. The signal intensity was normal-
ized to the accumulated mass on the filter inferred from the
measured particle-size distributions and sample flow rate, which
allowed for quantitative comparison of the three temperatures.
We fit the desorption profiles with a bimodal distribution,
where the first mode represented the monomer signal and
the second mode was due to fragmentation products of less
volatile dimers which therefore desorb at higher temperatures
(SI Appendix). Desorption of the monomer clearly occurred
earlier for the less-oxygenated products, which experimentally
confirmed the volatility dependence on no used for the volatility
estimates.

It was evident that the less-oxygenated monomers only ap-
peared at lower temperature in the particle phase. C19Hi604
contributed significantly only at —25°C, and C1oH160¢ ap-
peared already at 5°C in the particle phase. For C10H1609, a
subsequent reduction in the normalized particle-phase intensity
was observed for decreasing temperatures. Although the volatil-
ity of this molecule is low enough to contribute significantly even
at 25 °C, its production in the gas phase was reduced at lower
temperatures, and its contribution to the particle phase thus
decreased with decreasing temperature.

These trends are supported by the comparison of gas-
and particle-phase composition within the representative
C10H1603_9 series, which contains the most dominant peaks of
the particle-phase mass spectra. In Fig. 5, the fractional contribu-
tions of C10H1603—9 are shown for the gas and particle phase for
the three investigated temperatures. Generally, the most abun-
dant gas-phase product at all temperatures within this series is
pinonic acid (C1oH1603), having a similar yield to all HOM
products together (7, 30). However, the fraction of the contri-
bution of highly oxygenated products increased significantly at
warmer temperatures (see also SI Appendix, Fig. S4), while at
—25°C, less oxygenated products dominated the gas phase com-
pletely. In the particle phase, HOM products were mainly found
at 25°C, while at lower temperatures, the particle phase con-
tained a large contribution of less-oxygenated molecules with
even a strong contribution of the modestly oxygenated pinonic
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Fig. 4. Mean thermal desorption profile of three compounds found in
particle-phase composition measurements with a FIGAERO-CIMS and the
corresponding SE (shaded areas). The signal intensity normalized (Norm.)
by primary ion signal and collected particle mass vs. the desorption temper-
ature is compared for three representative experiments with red indicating
25 °C, green indicating 5 °C, and dark blue indicating —25 °C. For all three
temperatures, the mean of the median mass diameters during sampling was
between 40 and 50 nm, which should be representative for sizes >> Dg1o.
A shows the desorption profiles of CigH1604, B of CioH1606, and C of
CyoH160g. Fits for the monomer, dimer fragment, and background signal
are indicated for a single temperature on each profile.

acid. This is not only because of the decrease of the availability
of gas-phase HOM products, but mainly due to a strong drop in
volatility of all compounds, resulting in condensation of lower-
oxygenated products. This is similar to the observations in ref.
15, where a significant decrease in O:C of the nucleating charged
clusters was observed at colder temperatures.

Conclusion

Organics play a leading role in atmospheric new particle forma-
tion and growth and thus govern the global budget of CCN. VOC
oxidation products in the atmosphere make up a substantial por-
tion of condensing vapors causing growth of existing particles.
Because oxidized organics span a wide range of volatilities, tem-
perature is a crucial parameter. We use a combination of mass
spectrometers, two using complementary ionization techniques
for gas-phase measurements and one measuring particle-phase
composition. Consideration of the volatility distribution of the
measured gas-phase compounds, here with a volatility basis set,
gives a sufficient constraint of the gas-phase products to com-
prehensively describe growth over a wide temperature range.
The measured and modeled particle-phase compositions are
self-consistent. The measurements are in good agreement with
an aerosol growth model, and a direct estimate of the Kelvin
diameter for organics of (4.8+0.8) nm at 300 K could be
inferred.

Temperature influences the growth by organics from dark a-
pinene ozonolysis in several ways via competing processes. At
higher temperatures, the increasing extent of autoxidation leads
to high yields of highly oxygenated products in the gas phase.
This is due to the temperature dependence of the unimolecular
autoxidation reactions. It is highly likely that the intramolecu-
lar H-atom transfer reactions have significantly higher activation
energies than radical-radical termination reactions, and so it
is reasonable that the extent of autoxidation will increase with
increasing temperature (31). On the other hand, the strong drop
in volatility leads to significant condensation of less-oxygenated

9126 | www.pnas.org/cgi/doi/10.1073/pnas.1807604115

molecules at lower temperatures. Our precision measurements
of particle-growth rates across the critical size range from 2 to
30 nm reveals that organic condensation drives particle growth
at a similar rate over a wide temperature range, when the
precursor oxidation rate is held constant. The temperature-
dependent effects illustrated in Fig. 5 are thus of the same
order of magnitude: Less extensive oxygenation at lower tem-
perature is counterbalanced by lower volatility. This suggests
a crucial role of organics in aerosol growth across the wide
temperature range of the troposphere. Not only due to higher
emission and ozonolysis reaction rates, but also due to rapid
autoxidation to highly oxygenated products, organics can influ-
ence aerosol growth dramatically in warm regions. However,
due to the strong drop in volatility of modestly oxygenated
organic products, such compounds can drive aerosol growth at
low temperatures. This observation could be of special inter-
est for regions with high biogenic emissions (e.g., the Ama-
zon basin), where compounds like pinonic acid could domi-
nate early aerosol growth at low temperatures after convective
updraft (32). Global aerosol models therefore need to imple-
ment robust descriptions of these processes, not only considering
the first-order rate constants of ozonolysis and OH reactivity,
but, rather, a more detailed description of organic chemistry
and its temperature dependence. Precision measurements with
a complementary set of mass spectrometers and particle-size-
distribution measurements in the crucial region of <10 nm
provide important constraints for model predictions of the con-
tribution of gas-to-particle conversion to the global budget
of CCN.

Materials and Methods

The CERN, the European Organization for Nuclear Research, CLOUD cham-
ber is a 26.1-m* electropolished stainless-steel vessel, surrounded by a
thermal housing capable of stabilizing temperature in a range from —65°C
to 100 °C with £0.1 K precision (33). The chamber is equipped with a gas-
control system achieving extremely high purities by mixing boil-off nitrogen
and boil-off oxygen at the atmospheric ratio of 79:21. Highly pure trace
gases can be precisely added at the parts per trillion (ppt) level. Before the
experiments, the chamber was heated to 100 °C and rinsed with ultrapure
water. This assured operation at contaminant levels of <5 x10% cm™3 H,50,
and total organics <150 ppt by volume (15, 20).
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Fig. 5. Overview of the competing processes and their temperature depen-
dence and comparison between the relative (rel.) gas- and particle-phase
contribution of the ozonolysis product group CioH1603_g. Left shows the
normalized relative contribution of the different oxygenated molecules
within the gas phase, while Right shows the normalized relative contri-
bution of the same compounds within the particle phase, inferred from
monomer desorption fits.
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Experiments were conducted as follows: At 38% relative humidity, with
no SO, and no NOy present in the chamber, stable ozone concentrations of
30-40 parts per billion were established. Under dark conditions (i.e., without
any additional OH radical production mechanism except from the ozonolysis
itself), a high-voltage field cage inside the chamber was switched on to per-
form neutral experiments first. Injection of a-pinene initiated the ozonolysis
reaction and the subsequent formation of particles. After steady-state a-
pinene concentrations were reached and particle growth was measured up
to at least 10 nm, the high-voltage field was switched off. lons now present
in the chamber led to a significant increase in nucleation rate (7). Therefore,
two growth rate measurements could eventually be performed, as the size
distribution will show two growing particle populations. The second mea-
surement was independent of changing gas concentrations, as steady-state
was reached during the neutral stage. As no significant effect on growth
due to different ionization levels was found, all measurements are treated
equally.

The key particle-size distribution and growth-rate measurements of this
study were performed with a DMA train (23). The sheath flows of the six
DMAs were conditioned to chamber temperature to avoid possible parti-
cle evaporation during particle sizing. A 50% systematic uncertainty was
assumed on the apparent particle-growth rates inferred by the appearance
time method when comparing the values to growth rates from pure conden-
sation. This also covered uncertainties of possible evaporation during the
measurement procedure. Details can be found in S/ Appendix. Gas-phase
composition was measured by two complementary mass spectrometers
using different ionization techniques (21, 22). For molecular ion signals
observed in both instruments, the stronger signal was used to account for a
reduced charging efficiency by any of the two ionization chemistries. For
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more details, see S/ Appendix. Particle-phase composition was measured
with a FIGAERO-CIMS (24), which accumulated particles for 30 min on a fil-
ter inlet kept at chamber temperature. As all experiments were started with
a particle-free chamber, all collected particles originated from new particle
formation under similar experimental conditions. The accumulated particles
were thermally desorbed by heating the filter, and their composition was
analyzed by the connected mass spectrometer. Details can be found in S/
Appendix.
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Supporting Information Text
Measurement of particle growth with the appearance time method

Particle-size-distributions are measured by several sizing instruments optimized for a certain size range. Each instrument
was thereby treated separately but we found comparable results in the overlapping regions for all presented experiments.
Particle growth rate measurements were performed with the appearance time method, which can be used especially in chamber
experiments, where a clear front of a growing particle population can be identified during most nucleation experiments.

Key part of this study is the precision measurement of particle-size-distributions in the size range between 1.8-8 nm by a
newly developed instrument, a DMA-train (1). It uses six differential mobility analyzers in parallel with the classified size fixed
for every device. Subsequent detection of the size-selected aerosol is done by the usage of six condensation particle counters.
As no scanning is involved, high counting statistics at a single size is achieved, providing unprecedented high sensitivity to low
number concentrations in the crucial sub 10-nm range. At diameters above 5nm higher counting statistics allow one DMA to
be set alternating every 10 seconds between 6.2 and 8 nm, hence providing in total seven measured sizes for the DMA-train:
1.8, 2.2, 2.5, 3.2, 4.3, 6.2, 8.0nm (see Fig. S1 (B)).

The other size-ranges were covered by three additional instruments: Below 2.5 nm, a particle size magnifier in scanning
mode was used (2). Above 8 nm a scanning mobility particle sizer system, TSI nano-SMPS model 3982, measured up to 65 nm
(3). Additionally, a neutral cluster and air ion spectrometer (NAIS) measured between 3-42 nm (4). For the size distribution of
particles >10nm two additional SMPS systems were attached to the chamber, but were not used for detailed growth rate
analysis.

Considering the evolution of particle size-distribution binned into different size-channels as given by most particle size-
distribution measuring instruments, the signal in each size-channel is fitted individually with a four parameter sigmoid function
using a least-square algorithm:

. a—>b

L+ (t/tapp)?
where a and b represent the background and plateau value of the sigmoid function respectively, d is a parameter for the
steepness of the rising signal and tapp is the time at which the 50 % value between plateau and background is reached.

A representative fit for a 3.2 nm size channel of the DMA-train is shown in Fig. S1 (A). All size-channels are cross-checked
manually after the automated fitting and a statistical error of tapp is estimated from the covariance of the fit-result. The values
obtained for t.pp can be plotted against the corresponding diameter as shown in Fig. S1 (B). A linear fit with an orthogonal
distance regression is used to take into account both the uncertainties of tapp, and of the diameter of the size-channels. The
resulting value of the slope and its associated error can be interpreted as an apparent particle growth rate and its statistical
uncertainty.

For the DMA-train two size-intervals for the growth rate measurement were defined: One between 1.8-3.2 nm and one
between 3.2-8 nm. The choice of the size-intervals is arbitrary but proofed to be representative to show differences between
early and later growth. In (5) it was shown that growth driven by biogenic organics shows only a minor size-dependence above
5 nm, i.e. the upper growth rate size-interval of the DM A-train is representative for growth >5 nm.

However, this apparent growth rate of the particle size distribution does not necessarily represent the growth caused by pure
condensation, as it omits coagulation and, in chamber experiments, wall losses, which both alter the particle size-distribution
(6). Therefore, a systematic uncertainty of the method is estimated to be 50 % (7). On the other hand, methods accounting for
coagulation and loss effects do need reliable absolute number concentration measurements and therefore good knowledge of
overall detection efficiencies of the sizing instruments. In the presented experiments there might be high uncertainties due to
possible evaporation effects of particles produced at e.g. cold temperatures and brought into warmer analyzing instruments. To
ensure precise sizing at different chamber temperatures, the sheath-air of all six DMAs of the DMA-train was passed through
an heat exchanger maintained at chamber temperature. All inlet lines and sheath flow lines as well as the DM As were insulated
to be maintained as close to chamber temperature as possible. Subsequent evaporation losses inside the detecting CPCs are
unlikely to affect the appearance time method. This method does not depend on absolute particle concentrations as long as
there is enough signal detected in a channel to get reliable results with the fit by Eq. 1. To further investigate possible effects
of particle evaporation on the measured growth rates a custom-build SMPS was operated while being completely contained
inside a refrigerator which was kept at chamber temperature for the experiments at +5°C and -25°C. A comparison of this
cooled SMPS with the nano-SMPS used in this study is presented in Fig. S2. The differences in absolute concentrations are
within a factor of 2 and the growth rate measurements inferred are generally agreeing within the measurement uncertainties.
We therefore conclude that the results of the appearance time method should be generally robust with respect to possible
evaporation of the sampled particles and the major uncertainties are covered within the 50 % systematic error given by (7).

Sa, (t) +b, 1]

Absolute HOM concentration measurements using nitrate-CI-APi-ToF

The nitrate-CI-APi-ToF (nitrate-CI) uses negative nitrate, (HNO3),(NOj3'), as reagent ion (8), which shows high charging
efficiencies towards H2SO4 and HOMs. This rather selective ionization technique is used obtain a very clean spectrum of
HOMs (9). The concentration of a HOM species is estimated via

[HOM, - NO3 |

[HOMl] = C N TIL . SLHOMi . 11’1 1 + -
>0 ,[NO; - (HNOg);]

[2]
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Here [HOM; - NO; | is the background corrected peak area which is normalized to the intensity of the main reagent ions.
To obtain a quantitative concentration, three factors are applied: First, a calibration factor C, which is inferred from a
calibration using sulfuric acid (10) and assuming that all detected HOMs have the same ionization efficiency (9). Second, a
mass dependent transmission efficiency T; of the APi-ToF can be inferred in a seperate experiment by depleting the reagent
ions with several perfluorinated acids (11). Third, sampling line losses SLuowm , are estimated assuming laminar flow diffusional
losses in the sampling lines (12) with a diffusion coefficient of HOMs scaling with the molecular mass M; of the compound via
Dlem?s™ 1= 0.31- M, ;1/ % at 278 K, determined from wall loss measurements in the CLOUD chamber. As the sampling lines of
the nitrate-CI are thermally insulated, for other experiment temperatures D o (T/278K)"" is assumed. As the compounds
detected by the nitrate-CI are mostly classified ELVOC or LVOC in the temperature range of this study, we can assume that
they all get lost irreversibly to sampling line walls due to diffusion.

Absolute concentration measurements of oxidized organics using PTR3-ToF

The PTR3-ToF (PTR3) uses (H3;0")(H20), clusters as reagent ions, ionizing a-pinene as well as first and higher order
oxidation products by proton transfer or ligand switch reactions (13). A contact minimized laminar flow inlet system with core
sampling is used to transfer the sample air into the tripole reaction chamber operated at 80 mbar and reduces transmission
losses. The (H307)(H20),, cluster ion distribution can be regulated by a radio-frequency-amplitude applied to the tripole
rods without influencing the reaction time. Increased pressure in the reaction region and longer reaction times compared to
traditional PTR instruments yield a 500 fold increased sensitivity to a broad range of organics. At the operating conditions
of the PTR3, secondary reactions of ionized species with the most abundant neutral VOCs in the sample gas are limited
to less then one percent at the highest measurable concentrations. The new instrument bridges the gap between precursor
measurements at ppbv level to HOM measurements at sub ppt level, complementing atmospheric pressure CIMS techniques.

A quadrupole interfaced Long-ToF mass spectrometer (TOFWERK AG, Thun, Switzerland) is providing the high mass
resolving power needed to separate isobaric compounds. We obtained more than 1500 individual mass peaks, excluding isotopes,
during a-pinene ozonolysis experiments. A multi-peak fitting algorithm is applied to separate the major compounds and
assign chemical sum formulas. Extracting the relevant signals is done omitting all masses rising less than 30 above chemical
background noise during ozonolysis measurements and removing peaks with possible uncertainties caused by interference of
higher neighboring peaks. (H30")(H20), clusters are known to be soft ionization reagent ions. Nevertheless we cannot exclude
completely fragmentation of some ionized HOMs loosing most likely HoO especially when containing an (-OOH) group.

The PTR3 was calibrated with a gas standard containing 1 ppm of 3-hexanone, heptanone and a-pinene in nitrogen, which
was dynamically diluted by a factor of 1000 in VOC-free air to contain 1 ppbv of each compound. Duty cycle corrected
counts per second dcps are used in order to compensate for the mass-dependent transmission of the TOF mass spectrometer
(deps(i) = eps(i) - (101/m;)1/?) (13). For 3-hexanone and heptanone we obtained a sensitivity which is in agreement with the
calculated sensitivity taking into account the duty cycle corrected (HzO")(H20).,, regent ion count rates, the pressure and the
reaction time in the reaction chamber (80 mbar; 3 ms) and using 2 — 3 - 10~ %cm®s ™! as a fast reaction rate constant close to
the collisional limit value. Consequently, only lower end product concentrations can be given.

In a previous a-pinene ozonolysis study PTR3 results showed quantitative agreement for several HOMs with the nitrate-CI
(13). The authors estimated 80 % inlet losses for low volatility molecules with no > 5, bringing the two instruments into
reasonable quantitative agreement for common molecular ion signals. However, the assumption for the nitrate-CI, that all
detected molecules get lost on contact with sampling line walls, does not hold for all substances measured by the PTR3. In
the transition from SVOC to LVOC the partitioning of substances between inlet line walls and sample gas is temperature
dependent. We therefore extended the approach of (13) with our knowledge about an approximate volatility of the measured
compounds. Assuming that all molecules in the LVOC and ELVOC range get lost by diffusion (the diffusion coefficient of a
molecule is estimated similar to the nitrate-CI) according to (12), we can apply a temperature dependent loss-correction for
the sampling line losses, which is split up into three sections:

Thtot = nline,int(T) * Mine,ext (298K) - IPTR3 (310K) [3}

We account for losses at the sampling line within the CLOUD chamber 7iine,int at chamber temperature 7', as well as losses
occurring at the sampling line outside the chamber at room temperature 7iine,ext (as it was not thermally insulated) and losses
within the PTR3 instrument heated to 37°C nprTrs. Therefore, for each sampling section other molecules might be subject to
losses according to their temperature-dependent volatility classification.

Comparison of the used mass spectrometers

The considerations of the two previous sections result in the comparison for data obtained in three representative experiments
at three different temperatures which is shown in Fig. S3, where niine,int and Mine,ext are calculated assuming diffusional losses
similar to the nitrate-CI and nprrs is estimated to correct for the 80% discrepancy found in (13).

For higher oxygenated molecules the agreement between both mass spectrometers is in a reasonable range including the
additional loss term nprr3 for losses within the PTR3 ion source and inlet. This indicates that the loss in measured concentration
from +25°C to -25°C for the three experiments at similar initial precursor oxidation rates is caused by the reduced reaction
rates of the auto-oxidation process. For lower temperatures and lower oxidized states (no = 4/5/6) a discrepancy between the
instruments gets significant. However, even at elevated temperatures, the nitrate-CI is only detecting a small fraction of all
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oxidation products with no = 5/6 observed by the PTR3. Therefore it is concluded that the increasing discrepancy is likely
due to a lowered sensitivity of the nitrate-CI for such compounds. The ionization efficiency in the nitrate-CI depends on the
relative binding energy of a (HNO3)(NOjy') cluster compared to a (Analyte)(NOj3) cluster (14). A relative shift in binding
energies at lower temperatures that favors (HNO3)(NOj3') clustering instead of (Analyte)(NOj3') clustering, could explain the
observed decrease of signal for the lower oxidation states for the nitrate-CI. The higher oxidation states however are unaffected
because the (HOM)(NO3') clustering is generally very strong and will always dominate the (HNO3)(NOj') clustering, which
explains the good agreement of the two instruments for higher oxidized states.

When combining the two mass spectrometers, for molecular ion signals observed in both instruments the higher signal is
used. Both spectra are background subtracted and therefore a weaker signal in either of the mass spectrometers could point
towards a lower ionisation efficiency.

Combined gas-phase mass defect plots

Fig. S4 shows mass defect plots from the nitrate-CI and the PTR3 during three representative experiments at three different
temperatures. For all three cases the a-pinene ozonolysis rate is comparable.

The mass defect plots for all temperatures show the typical pattern of HOMs (5). Two bands can be identified, one
representing monomers (nc=6-10, 100-400 Th) and one representing dimers (nc=16-20, 400-600 Th); molecules with increasing
oxidation state are found towards the lower right of the panels. The reduction in temperature mainly reduces the signal of the
higher oxygenated compounds towards the lower right of the panels. This is in agreement with (15) and the observation of
reduced auto-oxidation rates at lower temperatures leading to less highly oxygenated molecules (16). This trend is as well
shown in Fig. 5 for some representative molecules.

The symbol color for peaks with an identified composition in Fig. S4 corresponds to a broad temperature-dependent
classification of their volatility, based on the carbon and oxygen numbers of the individual compounds. We place them in
four general groups, according to their saturation mass concentration C*: extremely low volatility compounds (ELVOC,
log,, C™ <-4.5), low volatility compounds (LVOC, log,, C*=(-4.5,-0.5]), semi-volatile compounds (SVOC, log,, C*=(-0.5,2.5])
and intermediate volatility compounds (IVOC, log,, C* >2.5) (17). Compounds in the ELVOC and LVOC ranges have been
shown to contribute to nanoparticle growth (5). Comparing this classification for the three different temperatures clearly
indicates the importance of the compounds observed by the PTR3. At -25°C, large quantities of LVOC compounds can be
observed by the usage of this additional ionization technique.

FIGAERO-CIMS: Measurement procedure, data analysis, normalization on aerosol mass and thermogram fitting

Chemical composition of the bulk particle phase composition was measured by the Filter Inlet for Gases and Aerosols (FIGAERO)
(18) coupled to a chemical ionization time-of-flight mass spectrometer (CI-ToF-MS) (Tofwerk, HTOF). Measurement cycles were
set to 30 minutes particle sampling at 8 SLPM sampling flow rate, followed by a thermal desorption ramp (10 minutes, maximal
heating rate). The particle phase sampling line outside of the thermal housing (~0.5 m) of the CLOUD chamber was insulated,
and due to the high sampling flow rates we assume that Tchamber & Tsampling. Desorption temperature in the FIGAERO is
measured by a thermocouple installed in front of the particle filter. The particle filter was exchanged approximately every 48
hours between the experiments (Zefluor membrane, 2.0 um pore size, 25 mm diameter, PALL, USA). The thermal desorption
gas flow was 2 SLPM ultrapure synthetic air (from the CLOUD liquid nitrogen and oxygen reservoirs). O, ions are formed by
passing a 2.2 SLPM flow of synthetic air through a radioactive charger (210P0, 370 MBq, Model P-2021, NRD Inc., USA) and
into the ion molecule reaction (IMR) chamber, where the chemical ionization occurs. The body of the IMR was heated to
approximately 50°C to avoid condensation of low volatility compounds and kept at 800 mbar using an active pressure control
device (Aerodyne Inc., USA). The voltages of the transfer optics were tuned for maximum sensitivity and strong declustering in
order to minimize cluster ions and maximize the signal of [M-H|~ ions. Blank particle phase samples were obtained between the
chamber experiments by continuous sampling or by manually switching a HEPA filter in front of the FIGAERO filter during
the experiments. Gas phase concentrations of the majority of oxidation products were too low throughout all experiments to
be monitored in real-time by the gas-phase sampling position of the FIGAERO.

Data analysis using Tofware (version 2.5.11 FIGAERO) gave 10 seconds average mass spectra. A post-acquisition mass
calibration using the ions O3, CO3, NO3, HCO; and Ci16H310; resulted in a mass accuracy <10 ppm. High-resolution
peak identification of the particle phase products was done with the constraints of nc: 1-20, ng: 2-50, no: 0-20. Shoulder
peaks were fitted also when no ion was identified, in order to resolve background signal from varying analyte signal. The
ion signal [ions/s] was normalized by the reagent ion signal ((O; + COj)-107%), where 10° is the reference value. Selected
high-resolution ion traces (Ci10H1505_4) of the FIGAERO desorption ramps of three experimental runs at T=-25, +5 and
+25°C were further processed: The aerosol mass collected (Mcon) per FIGAERO filter cycle was calculated by the product of
FIGAERO sampling flowrate and integrated mass of the combined nanoSMPS and SMPS particle size distribution. Aerosol
density was approximated with 1.5gcm™>. For sampling cycles during which Mcon > 10 ng (Fig. S5), the FIGAERO ion
signal was normalized by the sampled mass, providing the thermograms shown in Fig. 4 and enabling quantitative comparison
between results at different temperatures. The number of thermal desorptions (npes) are 31, 12 and 15 for the experiments
at -25°C, +5°C and +25°C, respectively. Mean and standard error of the mean are calculated from the results of a cubic
smoothing spline fit (smoothparam=0.01) for each normalized thermogram, resulting in the thick lines and shaded areas in
Fig. 4, respectively. During desorption, we observed a lower effective heating rate for the low temperature experiments, since
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the tubing and the FIGAERO filter material cooled down during sampling. This observation explains different Ti,ax for the
same molecular formulas in the thermograms. Thermograms of monomeric ion signals often exhibit a mode that originates
from fragment ions of compounds that decompose at high temperatures (19). For most monomeric ion signals we observed
bimodal thermograms, indicating that thermal decomposition during the temperature ramping is a significant phenomenon.
Therefore, we fitted the thermograms with three modes (monomer mode, dimer (decomposition) mode and background mode)
at different temperature boundaries using a fitting function used in chromatography (20). A non-linear least squares solver
(Isqcurvefit, Matlab) was applied for fitting the thermograms and extracting the peak areas from the monomer mode.

Growth rate parametrization

Growth rates were parametrized in Fig. 2 (A) and (B) by the simple exponential relation GR=m(T,d,) - [k(T) - ap - O3]?, to
express the correlation between growth rate and a-pinene ozonolysis reaction rate. While the coeffcients m(T, dp) depend on
temperature and size-range of the growth rate measurement, ¢ is chosen to be independent of both. A minimum least-square
regression yields the results presented in Table S1.

Volatility of HOMs

Direct measurements of volatilities of individual HOM are extremely challenging as they are difficult to synthesize and the
vapour pressures are too low for current volatility measurement techniques. To overcome this problem, vapour pressures can be
inferred by several model calculations, like so-called group contribution methods (21) or parametrizations according to the
oxidation state (17). In this study a combined approach is applied.

We use a volatility parametrization according to the carbon ni and oxygen ni number of the specific molecule i. This is
based on two general observed trends that increasing carbon and increasing oxygen number lower the volatility of oxidized
organic molecules. Thus, these quantities are linked to volatility, expressed as the logarithm of the saturation mass concentration
log,, C; for compound i:

logm CL* (300K) = (’I’L% - nzj) . bc — n6 . (bo — badd) - QL’nO:bco [4}

where the parameter n%:25 is the baseline carbon backbone for a volatility of 1 ug m~2 without the addition of any functional

groups. bc=0.475 is the roughly half decade decrease in volatility per carbon atom and bo=2.3 is the more than two decade
decrease in volatility per oxygen atom assuming an average of (=0) and (-OH) groups. bco is a non-linearity term. More
details can be found in (17).

However, other functionalities e.g. hydroperoxides (-OOH) and covalently bound dimers are not included in bo, but are
both abundant in HOMs from «-pinene ozonolysis. To account for these specific attributes, a representative set of proposed
products (5, 22) with known structure is analyzed with the group contribution method SIMPOL (21). The results are fitted
with Eq. 4 including a free parameter baqa altering the effect of oxygen bo. Monomer and dimer products are fitted separately
allowing this parameter to include the covalent binding.

The resulting parametrisation at 300 K is shown in Fig. S6. The free parameter yields baaqa = 0.90 for monomers and
baaa = 1.13 for dimers. Accordingly, for any a-pinene ozonolysis product with unambiguously identified composition, a volatility
can be calculated.

However, computed volatilities from group-contribution methods generally tend to underestimate vapour pressures at low
vapour pressures. A recent study investigating the volatility of a-pinene oxidation products with quantum-chemical based
model calculations found large deviations due to intramolecular H-bonds (22). These deviations were significant especially for
highly oxygenated monomers and dimers, while the agreement for the higher volatilities was much better.

This study focuses on the temperature dependence of the volatilities which is described by:

o ) AHpp (1 1
logy C° (1) = logy € (300K) + 7 o6 (300 T)

5]
The evaporation enthalpy AH.., can be linked to the saturation mass concentration at 300 K log,, C*(300K) according to
(17) and combined with (23):

AHyap [kJmol ™| = —5.7 - log,, C* (300K) + 129 [6]

The correlation between volatility at 300 K and the evaporation enthalpy AHy.p is very comparable for approaches like
(23), (17) and (22). Moreover, the shift in volatility due to temperature in this study is most important for oxygenated
compounds with volatilities around log;, C*(300K) ~ 0, at the transition between LVOC and SVOC. For those molecules also
the predictions of the volatility between the different methods don’t differ drastically (22). Therefore, we assume an overall
uncertainty of the volatility description of 1 bin (i.e. 1 decade in C*(300K) for volatility distributions within a volatility
basis set). This uncertainty is shown Fig. 2 (E) and (F) and gives the method uncertainties in Fig. 3.
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Aerosol growth model

The measured VBS-distributions can be used to model aerosol growth. The modeling framework is based on the one used in
(5) but simplified for the input of direct VBS-distribution measurements. Starting from a VBS-distribution at ¢ = 0 the growth
of a monodisperse population of nucleated particles at an initial size of 1.2 nm mobility diameter is modeled. Every VBS bin is
treated like a single surrogate molecule having the properties of the averaged mass and concentration of the bin. It is assumed
that the measured gas-phase concentrations are in steady-state with losses to particles and chamber walls. The condensation
flux ¢;,p of every VBS bin ¢ should then follow:

$ip = Np - 0ip, kip- Fip [7]

N, gives the number concentration of particles of a given size. o;, = 7/4(dp + d;)? is the particle-vapor collision cross-section
including the diameter of the monodisperse particle population d, and mass-diameter of the VBS bin d;. ki,p = s, pVi,pfs,p is
the deposition rate of vapor molecules at surface, with a;, the mass accommodation coefficient, v, = (8RT/(7pip))'/? the
center of mass velocity for particle and vapor (with the reduced mass p;,p = (M;Mp)/(M; + Mp)) and B;,, the correction factor
for non-continuum dynamics (24). Fj, is the driving force of condensation, closely related to the saturation ratio S; of the VBS
bin by Fip = C2(S; — X p7vi,pKip). This driving force of condensation for a VBS bin 7 gives the difference between gas phase
activity S; and particle phase activity (X p7i,pKi,p), which includes the Raoult term X; ,vi,p to account for the mixture effect
of the particles and the Kelvin-term K; , = exp (40M/(RT pd,)) accounting for the curvature effect of the particle surface.
The model assumes an ideal mass based solution, i.e. the condensed phase activity is the mass fraction X; , and hence v; , = 1.
Therefore we use C* as saturation mass concentration throughout this study, as C* = ~; ,C°.

Solving the above condensation equations for the measured evolution of the VBS-distribution assuming this distribution always
reflects a steady-state between production from a-pinene ozonolysis and wall losses and following the growing monodisperse
aerosol population, yields a diameter versus time evolution which can be connected to a growth rate.

Besides from the different input VBS-distributions at different temperature, only the Kelvin-term and the collision-frequency
include a temperature dependence.
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Fig. S1. Example for a representative determination of the particle growth rate with the appearance time method for data obtained by the DMA-train. (A) shows the sigmoid
function fit to the measured concentration within the 3.2 nm channel. (B) shows the orthogonal distance regression for the growth rate determination in two intervals.
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Table S1. Resulting parameters from least-square regression for the growth rate parametrization of Fig. 2 (A) and (B) by the simple exponential relation GR = m(T', d,) -
(k(T) - ap - Os]?.

Size-Range m(+25°C) m(+5°C) m(-25°C) q

1.8-32nm  1.12.10~7 209107 267107 1.21
3.2-8.0 nm 2.66-10-7 3.12.10-7 3.57.10°7 1.21
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Nucleation of atmospheric aerosols from gaseous precursors produces roughly half of the global cloud
condensation nuclei, thus strongly affecting cloud coverage and Earth’s radiative balance!. Recent
studies show that highly-oxygenated products of monoterpene (CioH1s) oxidation? can nucleate on their
own? or with the help of sulfuric acid*. Monoterpenes are emitted mainly from trees; however, many
plants also emit isoprene (CsHs), which has the highest global emissions of all biogenic organic vapors®.
Several field measurements and laboratory studies have shown that isoprene suppresses new-particle
formation, but the cause of this suppression is under debate®*'. Here, in experiments performed under
atmospheric conditions at two different temperatures (+5 and +25 °C) in the CERN CLOUD chamber, we
show that isoprene reduces nucleation of monoterpene oxidation products by altering peroxy-radical
(RO*) termination reactions and thus inhibiting the formation of highly-oxygenated dimers containing
19 to 20 carbon atoms. We observe an increase of dimers with 14 to 15 carbon atoms, which are,
however, not efficient nucleators on their own. This effect increases when the isoprene-to-
monoterpene ratio increases. Additionally, the altered oxidation chemistry reduces initial particle
growth in the size range from 1.3 to 3.2 nm by a factor of roughly two compared to monoterpene-only
conditions. Overall, this results in a suppression of new-particle formation, especially at warmer
temperatures. By identifying peroxy-radical termination as the critical mechanism responsible for
isoprene suppression of pure biogenic nucleation and initial growth, our findings can explain to a large
degree the hitherto puzzling absence of biogenic new-particle formation in the Amazon!! and the
southeastern United States™’.

Nucleation of aerosol particles is observed in many environments, ranging from boreal forests to urban
and coastal areas, from polar to tropical regions and from the boundary layer to the free troposphere??.
Gaseous sulfuric acid, ammonia?3, amines!* and, in coastal regions, iodine'®, were shown to contribute to
nucleation. Additionally, a small fraction of the large pool of organic molecules in the atmosphere, namely
highly-oxygenated organic molecules (HOMs), some of which possess extremely low vapor pressures,
nucleate together with other precursors as well as on their own®*!¢. This means nature is nucleating
particles on a large scale without pollution, and this may have been especially pervasive in the pre-
industrial atmosphere'’. HOMs are formed with molar yields in the single-digit percent range from the
oxidation of monoterpenes (CioH16) with endocyclic C=C double-bonds?*. Monoterpenes are emitted by a
variety of trees in regions ranging from the tropics to northern latitudes, often reaching mixing ratios of
tens to hundreds of parts per trillion by volume (pptv)>2. Isoprene is a hemiterpene (CsHs) emitted by
broad-leaf trees and has the highest emissions of any biogenic organic compound, with concentrations
reaching several parts per billion by volume (ppbv) in the Amazon rainforest and the southeastern United
States despite high reactivity>!%'!. Numerous studies report suppression of nucleation in isoprene-rich
environments, even if sufficient monoterpenes are present®%1%2, This isoprene suppression effect has
been demonstrated in carefully controlled chamber studies®® and observed in isoprene-rich ambient
locations”*°, In addition to observing isoprene suppression, earlier studies have proposed mechanisms
to explain it. One possibility is OH- depletion by isoprene, which would reduce the oxidation rate of
monoterpenes and thus supersaturation driving nucleation®8. However, OH- is observed to remain high
and undisturbed in isoprene-rich environments due to atmospheric OH- recycling mechanisms triggered
by isoprene?'2®, Further, HOM formation from endocyclic monoterpenes is dominated by ozonolysis?>.
Another proposed possibility is the deactivation of sulfuric acid cluster growth due to addition of isoprene
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90 oxidation products®. However, HOMs can nucleate without sulfuric acid® and suppression of nucleation
91 by isoprene is observed in pristine environments such as the Amazon?!.

92 Isoprene oxidation by OH- triggers complex peroxy-radical chemistry with a variety of products such as
93 hydroxy-hydroperoxides (ISOPOOH), hydroperoxy-aldehydes (HPALD) as well as second-generation low-

94  volatility compounds?*?®

. Isoprene oxidation products with low volatility such as dihydroxyepoxides
95 (IEPOX) contribute to secondary organic aerosol formation?$31. However, the interaction of isoprene and
96 monoterpene oxidation chemistry and the consequent effect on nucleation and growth of new particles
97 remains unclear. One consequence of this is an over-prediction of cloud condensation nuclei (CCN) in the
98  Amazon by models that simulate pure biogenic nucleation, but neglect the role of isoprene in new-particle

99  formation®’.

100 Here we show on a molecular level how isoprene affects the chemistry of monoterpene oxidation, thus
101 reducing nucleation rates. We conducted experiments at the CLOUD (Cosmics Leaving OUtdoor Droplets)
102 chamber at CERN (European Center for Nuclear Research) in Geneva, Switzerland. The CLOUD chamber is
103 a 26.1 m3 stainless steel aerosol reactor with very controlled and clean conditions that span those found
104 in the atmosphere. It is equipped with a suite of state-of-the-art mass spectrometers and particle-counting
105 instruments. We measured isoprene and a-pinene with a newly developed proton transfer reaction mass
106  spectrometer and the resulting HOMs with a nitrate chemical ionization atmospheric pressure interface
107  time-of-flight mass spectrometer (CI-APi-TOF). We detected the ultrafine particles with a suite of particle
108  size magnifiers (PSM) and counters, as well as a newly developed DMA-train (for further details on
109 instrumentation see Methods).

110 We performed several experiments at +5 and +25 °C and relative humidity (RH) ranging from 20 to 80 %
111 with most of the experiments being carried out at 38 % RH. Ozone levels ranged from 30 — 50 ppbv. We
112 directly compare experiments performed with a-pinene as the sole biogenic vapor to experiments with a
113 mixture of a-pinene and isoprene. a-Pinene levels ranged from 0.33 to 2.5 ppbv, while isoprene levels
114  ranged from 2.5 to 10 ppbv. We thus could recreate conditions similar to ref. 3, as well as to regions like
115 the Amazon and southeastern parts of the United States.

116  Ozone attack to the endocyclic a-pinene C=C double bond leads to the well-described formation of highly-
117 oxygenated RO, radicals via intramolecular H-shift and autoxidation (mainly C1oH15046,810, from now on
118 referred to as RO(ap)) as well as a wide spectrum of closed-shell monomers (mainly CioH14,1605,7,9,11) and
119  covalently bound dimers (mainly CyH300s16 and CisH2807.11, see Fig. 1a)>*32, These highly-oxygenated
120 organic molecules (HOMs) nucleate at atmospherically relevant concentrations with the help of ions but
121  without other species (e.g. sulfuric acid or bases) required®. Here, we group the HOMs according to carbon
122 atom number and define Cs, Ci19, C15 and Cyo classes as sum of all HOMs with 2-5, 6-10, 11-15 and 16-20
123 carbon atoms, respectively. This resembles the basic building block unit of a Cs isoprenoid skeleton.

124  Anisoprene/ozone mixture in the CLOUD chamber produces CsHqOs.9 RO, radicals (referred to as RO,(ip))
125 which terminate to CsHsOs.g and CsH100s.e monomers and also some CioH130s.10 dimers under UV-
126 illuminated conditions (see Extended Data Fig. 5 a, b). The CsHqOs.o radicals originate presumably from an
127 OH- addition to isoprene and subsequent autoxidation. Under dark conditions, when the only source of
128 OH- is isoprene ozonolysis at 26 % yield?, we observe only Cs monomers. None of these molecules are
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able to nucleate under atmospherically relevant conditions despite having an oxygen to carbon ratio (O:C)
> 1, which agrees with earlier observations that products from isoprene ozonolysis do not drive significant
new-particle formation3+3¢.

When isoprene is present together with a-pinene and ozone, the HOM chemistry of a-pinene is altered.
We observe the appearance of Cis and an increase in Cs class molecules compared to a-pinene only
conditions as well as a decrease in Cyo and Cyo class molecules (see Fig. 1 and Extended Data Fig. 3). Without
isoprene, RO,(ap) can terminate with another RO,(ap), thus forming either one Cyo dimer or two Cio
monomers. Monomers can also be formed by termination with HO, or unimolecular termination®2. The
presence of RO;(ip) offers additional termination channels (see Fig. 4) and acts as an additional loss term
for RO,(ap). RO,(ip) reactions are expected to result in Cs and C;o monomers as well as C;5s dimers. Most
importantly, the reduced RO,(ap) steady state concentrations lead to a reduction of Cy class dimers by
roughly 50 % (depending on detailed conditions) compared to their level in the absence of isoprene for all
studied a-pinene concentrations (see Extended Data Fig. 3).

We measured the particle formation rate directly at a 1.7 nm cut-off diameter with a scanning Particle Size
Magnifier (PSM) under neutral (high voltage field cage switched on, see Methods for details) and ion
conditions (high voltage field cage switched off, allowing for galactic cosmic ray (gcr) ionization in the
chamber), further referred to as J, and Jgr (see Methods for detail). Fig. 2a shows J, and Jgr plotted against
the total HOM concentration (the sum of the Cs, Ci0, C15 and Cyo classes) for the a-pinene only case and a-
pinene + isoprene. For +5 °C we find good agreement with ref. 3. However, the presence of isoprene and
the consequent change in oxidation chemistry reduces Jgr by a factor of two to four and J, even more by
around one order of magnitude at 5 °C. The suppression is stronger for lower a-pinene concentrations and
thus higher values of R (the ratio of isoprene to monoterpene carbon).

The larger gap between Jgr and J, with isoprene present compared to a-pinene only conditions is direct
evidence that isoprene oxidation products destabilize the nucleating clusters, thus making cluster
stabilization through the presence of charge more efficient. This also confirms that Cy class molecules are
mainly responsible for pure biogenic nucleation®”. Cys class molecules, which tend to counteract the losses
of the Cy class, do not prevent a decrease in J. Earlier studies have already suggested that Cyo class
molecules do not have low enough vapor pressure to qualify as Extremely Low Volatility Organic

Compounds?®-38

and thus drive nucleation, leaving Cy class molecules as the most likely nucleator
molecules. At +25 °C and UV light illumination, we find that nucleation rates of the pure a-pinene system
are reduced by a factor of about 2-3 compared to +5 °C. This is a much smaller reduction in nucleation rate
compared to, e.g., the inorganic sulfuric acid water system, for which the same temperature increase
reduces nucleation rates by around two orders of magnitude®® due to an increase in vapor pressure at
warmer temperatures. In our organic system, however, accelerated oxidation chemistry counters the
effect of higher vapor pressures. This includes a higher rate of initial oxidation of a-pinene by ozone, as
well as a faster autoxidation process, which leads to HOMs with generally higher oxygen content. When
we add isoprene at +25 °C with a constant ratio of isoprene to monoterpene carbon (R = 2), we find a
reduction in Jycr of around a factor of about 2. Similar to the data at +5 °C where R ranges from 1.6 to 6.5,
we expect a stronger decrease for higher values of R. This can be understood as higher isoprene

concentrations enhance RO,(ip) formation, which in turn reduces Cy production and subsequent

5
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169 nucleation. R can reach levels around 15 in the Amazon® and around 26 in Michigan’, were we would thus
170 expect an even stronger isoprene effect on nucleation.

171  Comparing HOM formation and nucleation for three different a-pinene/isoprene settings, we observe that
172 the addition of 2.7 ppbv of isoprene to an a-pinene/ozone mixture (770 pptv and 49 ppbv, respectively)
173  mitigates Cyo production and reduces J1.; from 3.2 cm3s? to 0.81 cm3s? (see Extended Data Figure 6). A
174  rough doubling of both the a-pinene and isoprene levels to 1326 pptv and 4.87 ppbv, respectively,
175 increases overall HOM production; however, Cy levels and consequently J1.7 remain lower than in the
176 original pure a-pinene setting without isoprene. Thus even increasing monoterpene concentrations can
177 lead to lower J values when isoprene is added as well. A strong coupling of daily cycles of isoprene and
178 monoterpenes is frequently observed in the Amazon basin with overall isoprene mixing ratios reaching up
179  to 20 ppbv**4l, We thus do not expect significant Cyo formation in the Amazon and subsequent nucleation,
180 even if monoterpene concentrations are relatively high, which agrees with the lack of new-particle
181  formation events observed. Further evidence for the important role of Cyo class molecules for nucleation
182 is that fits for J1.7 vs Cy agree for both a-pinene only and a-pinene + isoprene conditions, while for J1.7 vs
183 C15+Cyo, these fits are significantly different depending on isoprene presence (see Extended Data Figure 9
184  a). Additionally, regressing each individual HOM peak with J,r also gives high coefficients of determination
185 for Cyo class molecules (see Extended Data Figure 9 b).

186 It has been argued that OH- depletion by isoprene is responsible for the absence of nucleation in isoprene-
187 rich environments®8; however, under atmospheric conditions, isoprene induced OH- recycling can lead to
188  undisturbed high OH- levels, which might not be true in chamber experiments®23, In our study we also
189  see an OH- depletion effect due to isoprene addition (see Extended Data Fig. 1 and Methods for detailed
190 discussion). However, if OH- depletion were the reason for suppression of nucleation, an increase of OH-
191  would lead to an increase in the nucleation rate. When we increase OH- levels by switching on UV lights in
192  the presence of isoprene, this reduces RO,(ap) further, as well as the Cy and Cyo class molecules, while
193 enhancing the Cs and Cis classes (see Extended Data Fig. 1, 4 and 5¢,d as well as Methods for details).
194  Accordingly, J is also reduced slightly instead of being increased. This OH- effect can be understood by
195 comparing the reactivity of a-pinene and isoprene towards OH- at our given concentrations. For 300 and
196 1200 pptv the reactivity of a-pinene towards OH- at +5 °C ([ap]-kapon) is 25.1 and 6.3 times lower than the
197 reactivity of 4 ppbv isoprene towards OH- ([ip]-kipon), respectively. At +25 °C these numbers are similar
198  (25.4 and 6.3, respectively). This implies that any additional OH- provided by e.g. UV illumination will favor
199 the formation of additional RO,(ip) instead of RO,(ap), thus favoring the formation of C;s over Cy and
200 consequently reducing nucleation rates. OH- does not enhance nucleation in this chemical system; it
201 suppresses it.

202  We performed experiments at +25 °C with three different levels of relative humidity (20, 38 and 80 %) to
203 probe the effect of water on new-particle formation. Changes in humidity do not significantly affect HOM
204  formation and Jyr (see Extended Data Fig. 7). J, increased slightly with humidity, showing an increased
205  stabilization of nucleating clusters by water; however, in gcr conditions, this role is fulfilled more efficiently
206 by ions.

207  We further studied the effect of sulfuric acid on nucleation of an a-pinene/isoprene mixture (about 1300
208 pptv and 4.5 ppbv, respectively) in experiments with excess ammonia (0.4 - 2.5 ppbv) in order to reproduce
6
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typical conditions in the eastern parts of the United States'®. We find that sulfuric acid does not enhance
biogenic nucleation up to a concentration of 5:10° cm™ (see Extended Data Fig. 8). This decoupling of
biogenic nucleation from low sulfuric acid levels is similar to the pure a-pinene system reported in ref. 3.
At sulfuric acid levels higher than 5-10° cm, nucleation rates depend strongly on sulfuric acid levels, which
agrees with a wide variety of atmospheric measurements®. In the Amazon, sulfuric acid levels are typically
in the range of 1-5-:10° cm™ 7, well below the threshold value of 5-:10° cm™. In Alabama this threshold was
exceeded only three times in a 45-day measurement period due to transported sulfur plumes, which led
to two events of particles growing to larger sizes'®. In Michigan, sulfuric acid concentrations are typically
in the range of 1-10° cm™"7. We thus conclude that isoprene can exert its suppression of biogenic nucleation
in the Amazon as well as in different regions of the eastern United States, despite the presence of small
amounts of sulfuric acid.

We measured the growth rates of freshly nucleated particles from 1.3 nm onwards with a scanning Particle
Size Magnifier, a DMA-train and a nanoSMPS (see Methods for details). The change in HOM chemistry
caused by concurrent isoprene oxidation reduces the growth rates of particles in the range of 1.3 -1.9 nm
and 1.8 — 3.2 nm roughly by a factor of two (Fig. 2b). This confirms that C;s class molecules have a higher
vapor pressure than Cyo class molecules and are thus less efficient than Cy class molecules at causing
growth of the smallest particles. Likewise, most Cio class molecules are too volatile to contribute
significantly to the early stages of growth?®, For the size range from 3.2 — 8.0 nm and larger, we observed
no suppression effect due to isoprene, indicating that molecules smaller than Cy are capable of
condensing onto larger particles. We find a linear relationship of growth rate vs Cy for 1.3 -1.9 and 1.8 -
3.2 nm, regardless of isoprene presence. For larger sizes the linear relationship is independent of isoprene
presence, when plotted against Cis + Cyo; this again indicates that Cis contributes to growth at larger sizes
(Extended Data Fig. 10). Besides C;s and Cy0, however even lighter and less oxygenated molecules can
contribute to particle growth at larger sizes*2. Growth rates at +25 °C are typically halved compared to +5
°C due to higher vapor pressure of the HOMs*?, which leads to a higher chance of particles being scavenged
while growing, even more so in the presence of isoprene.

Fig. 3 shows the formation rate of particles measured at diameters of 1.7, 2.2, 2.5 and 6 nm for gcr
conditions and six concentration values (low/mid/high a-pinene mixing ratios with and without isoprene)
at +25 °C. We find that due to the reduced growth rates in the presence of isoprene, a moderate reduction
of formation rates at 1.7 nm becomes much more pronounced, while the particles grow to larger sizes.
When we compare a-pinene only data (771 pptv a-pinene, 49 ppbv Os) with a mixture (1320 pptv a-
pinene, 39 ppbv O3 and 4.9 ppbv isoprene, orange data points in Fig. 3), J1.7 is reduced by 45 %, while the
corresponding formation rate at 6 nm is reduced by an order of magnitude. The corresponding precursor
concentrations are similar to conditions found in e.g. Alabama’. Isoprene can thus drastically reduce the
formation of particles larger than 6 nm even at relatively warm temperatures like +25 °C. This growth-rate
driven effect becomes stronger when a-pinene concentrations are reduced. We conclude that the
suppression of early growth by isoprene can explain the presence of small clusters that are however not
able to grow further, as was observed in Alabama® and the Amazon?. Increased levels of preexisting
aerosols (i.e. condensation sink) can scavenge freshly nucleated particles; however, due to the reduced
initial growth rates, the likelihood for that process at a given condensation sink is increased when isoprene
is present compared to a-pinene only conditions.
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In summary, we find that isoprene interferes with a-pinene HOM chemistry via RO,- peroxy-radical
termination. When isoprene is present, fewer Cyo class molecules are formed, which directly reduces the
nucleation rate. We could show that Cy class molecules act as “nucleator” species. The reduction of
nucleation rate becomes stronger with higher isoprene to monoterpene carbon ratio (R), consistent with
earlier observations®; however, in the monoterpene-isoprene chemical system, increased OH- does not
enhance nucleation, but, on the contrary, reduces it due to Cy class reduction. Biogenic nucleation in the
a-pinene isoprene system is not affected by typical concentrations of sulfuric acid found in the Amazon or
in eastern parts of the United States. The change in monoterpene HOM chemistry due to isoprene reduces
organic growth rates in the 1.3 — 3.2 nm range by around 50 %, which strongly reduces the probability that
the smallest, freshly-nucleated particles will survive scavenging as they grow to larger sizes. While other
factors can also inhibit nucleation (like NO,* or a high condensation sink), at atmospherically relevant
conditions, isoprene can make the difference between measurable new-particle formation events and
their absence even at relatively high monoterpene concentrations (> 1 ppbv). Our findings can thus explain
on a molecular level the lack of biogenic new-particle formation in isoprene-rich environments like the
Amazon basin or the eastern United States.
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Figure 1: Mass defect plots of neutral HOM molecules measured with nitrate CI-APi-TOF without
isoprene (a) and with isoprene added (b) at +25 °C. a-pinene levels were 771 and 1326 pptv, respectively.
Ozone levels were 49 and 39 ppbv, respectively. Isoprene was 4.9 ppbv. in (b). Relative humidity was 38 %
in (a) and (b). The area of the marker points is linearly scaled with the intensity of the HOM signals. Color
code shows the relative intensity change for each HOM peak due to isoprene addition, i.e. the percentage
intensity change between (a) and (b). The color for each peak is thus the same in (a) and (b). HOM intensity
in (a) was scaled up linearly by 38 % to match [a-pinene]-[Os] levels present in (b) to calculate the intensity
change.
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Figure 2: Pure biogenic nucleation rates at 1.7 nm diameter and growth rates against total HOM
concentration with and without isoprene added at +5 and +25 °C. HOM total is defined as the sum of Cs,
C1o, C15 and Cyo carbon classes. Relative humidity is 38 % for all data points. (a) Triangles represent Jy- and
circles J,. Small grey points were taken from ref. 3. Magenta edges indicate UV-illuminated conditions at
+5 °C, at +25 °C all data points are with UV light on. Color shows isoprene to monoterpene carbon ratio
(R). Black solid and dash-dotted lines are parametrizations of Jy and J, from ref. 3. Red solid and dash-
dotted lines are power law fits to Jg- and J, in the presence of isoprene at +5 °C. Thick solid black and red
line represent power law fits to +25 °C data for a-pinene only and a-pinene + isoprene systems. Bars
indicate 10 run-to-run uncertainty. The overall systematic scale uncertainty of HOMs of +78 %/-68 % and
of J for +47 % is not shown. In (b) and (c), triangles represent a-pinene only, circles a-pinene + isoprene
conditions. Marker color indicates the size range in which growth rate was measured: dark blue 1.3 -1.9
nm (measured by scanning PSM), light blue 1.8 — 3.2 nm, orange 3.2 — 8.0 nm (both measured by DMA-
train) and red 5.0 — 15 nm (measured by nanoSMPS). Bars indicate 1o uncertainties in growth rate
estimation. Dashed lines are linear fits to a-pinene only data points; solid lines are linear fits to a-pinene
+ isoprene conditions, respectively.

15



441

442
443
444
445
446
447
448
449
450

4.8 MOLECULAR UNDERSTANDING OF THE SUPPRESSION OF

NEW-PARTICLE FORMATION BY ISOPRENE 189
| | ] ] I | ] | ] | | | HOM
101 3 A ap only 3 [cm'3]
o B @ ap+isoprene| x108
i T T - = aponly i 3
L —— ap + isoprene |
RN TERR L M g B
X 2.5
10°F -
i ] 12

107"

Formation rate, J [cm'3s'1]

o aaaal

0.5
- ®\@® o

aaaal

1 L1 1 I 1 1 1 L1 1 1 0

1.7 2 22 25 3 35 4 45 55566.5
Diameter [nm]

Figure 3: Formation rate (gcr) vs diameter of particles at +25 °C and 38 % RH. Triangles represent a-pinene
only, circles a-pinene + isoprene conditions. a-Pinene levels were 456, 771 and 1442 pptv for triangles and
677, 1326 and 2636 pptv for circles. Ozone levels were 49 ppbv for triangles and 38 to 40 ppbv for circles.
Isoprene levels ranged from 2.7 to 9.8 ppbv for circles. Color code represents HOM concentration. Bars
indicate overall scale uncertainty for formation rates of £47 %. The uncertainty in the diameters is £0.3
nm. Dashed and solid lines are lines to guide the eye. The steeper slope at lower diameter values is caused
by the Kelvin effect, i.e. a smaller growth rate at small sizes that leads to higher losses of newly formed
particles. The formation rate measurements at 2.2 and 2.5 nm for the lowest a-pinene/isoprene setting
(cyan circles) are upper limits.
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452 Figure 4: Proposed mechanism for the interference of isoprene in a-pinene oxidation chemistry. The
453 pathway of HOM formation of an a-pinene/ozone mixture alone is indicated by red arrows. When isoprene
454  is present, the green arrows indicate the additional interference of isoprene in a-pinene oxidation
455 chemistry via RO, radicals. The oxidation of a-pinene at the conditions used in our experiments is
456  dominated by ozonolysis. After the initial ozone attack a CioHisOs peroxy-radical forms via a
457  vinylhydroperoxyde channel (VHP), which can undergo various intramolecular H-shifts and autoxidation
458 steps?3. Thus the chain of ROz(ap) mostly consists of C1oH15046,10. These radicals can terminate either via
459 reaction with other RO, radicals, via reaction with HO, or via unimolecular processes®2. The resulting
460 closed shell products are then either covalently bound Cy class dimers, which are mostly responsible for
461 nucleation or Cyo class monomers. Possible fragmentation might also lead to a low amount of Cs and Css
462  class molecules being formed even without isoprene present. Isoprene oxidation is dominated by reactions
463  with OH- in the CLOUD chamber, which produce a series of Cs RO, radicals (CsH9O3,6,7,,9). These ROz(ip)
464  radicals can now interfere in the termination of RO,(ap). The reaction of RO,(ip) with RO,(ap) can lead to
465 Css class dimers, Cjo class monomers or Cs class monomers. The reaction of RO,(ip) with another RO,(ip)
466  can lead to Cyo class dimers or Cs class monomers. The presence of RO,(ip) reduces the steady state
467  concentration of RO(ap), as it acts as an additional sink for RO(ap). This directly reduces the formation
468 of Cyo class dimers, as two RO,(ap) radicals are needed to form one Cy class dimer. We link this reduction
469  of Cy class dimers to the reduction of biogenic nucleation and early growth rates in the presence of
470 isoprene.

471
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Methods
CLOUD Facility

We conducted our measurements at the CLOUD (Cosmics Leaving OUtdoor Droplets) chamber at CERN
(European Center for Nuclear Research), Geneva, Switzerland. The CLOUD chamber is a 26.1 m? electro-
polished stainless-steel tank used to recreate atmospheric condition in the laboratory (for more details on
the chamber see refs. 3,13,44). Data for this study are from the CLOUD 11 and 12 campaigns in autumn
2016 and 2017. Various measures are taken to reduce unwanted contaminants in the CLOUD chamber.
The air in the chamber is mixed from cryogenic nitrogen and oxygen, all lines are made of stainless steel
and intense cleaning cycles are performed prior to each campaign. Each cleaning cycle consists of at least
24 h of rinsing the chamber from the inside with ultrapure water, followed by a period of at least 24 h with
the chamber at 100°C and high ozone levels (several parts per million by volume). These measures result
in very low organic contamination below 150 pptv? in total.

Ultrapure water is used to humidify the air in the chamber. Ozone is produced by a UV ozone generator.
Liquid a-pinene (Sigma Aldrich, purity >98 %) is stored in a temperature controlled water bath and
evaporated into a dry nitrogen flow and fed into the chamber. Isoprene from a gas bottle (Carbagas AG,
purity >99%) is additionally cleaned by a cryotrap. The cryotrap consists of a ~2 m long %” stainless steel
tube spiral placed in a cryogenic liquid held at 233 K. By using this trap, non-negligible monoterpene-like
contaminants in the isoprene gas bottle are effectively frozen out®. Isoprene and a-pinene are diluted by
separate two stage dilution systems prior to being fed into the chamber. All gases are fed into the chamber
from the bottom and are mixed by two magnetically driven fans.

A unique feature of the CLOUD chamber is its control of ion concentrations. A high voltage electric field
cage (+30 kV) can sweep ions that are constantly produced by naturally occurring galactic cosmic rays out
of the chamber in around 1 s. This enables us to study pure neutral nucleation. By switching the field cage
off, the naturally formed ions are allowed to stay in the chamber and affect nucleation processes. To
artificially enhance ion concentrations, CERN’s Proton Synchrotron provides a 3.5 GeV " beam that is
diverged to >1 m? beam profile and crosses the center region of the chamber.

The CLOUD chamber is equipped with four HgXe UV lamps (LightningCure LC8, Hamamatsu Photonics K.K.)
positioned at the top of the chamber and connected via fiber bundles. An additional UV source is provided
by a KrF excimer laser (ATLEX-1000, ATL Lasertechnik GmbH) at 248 nm wavelength and also connected
to the chamber via fiber bundles to enhance OH- production via photolysis of O; further.

Typical Run sequence and conditions

Our experiments were performed at +5 and +25 °C and mostly 38 % relative humidity. A typical run
sequence can be seen in Extended Data Fig. 1 and 2. First, a-pinene is present with ozone under both
neutral and gcr conditions at three different atmospherically relevant concentrations. HOMs are forming
as seen by the CI-APi-TOF and new-particle formation is induced. The purpose of this experiment was also
to ensure inter-campaign comparability to ref. 3. In the following run a stable isoprene concentration is
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established in the chamber and ozone is added shortly afterwards. As ozone and isoprene only react very
slowly, effects on HOMs are minor. As UV light in the chamber is switched on, OH- production increases
and thus formation of OH- induced isoprene HOMs. However, only the subsequent addition of a-pinene
leads to formation of Cy class HOMs and thus new-particle formation. UV effects were studied by
switching on the Hamamatsu lamp, as well as the KrF-excimer laser.

Gas-phase measurements

Ozone was measured by a calibrated ozone monitor (Thermo Environmental Instruments TEI 49C).
Isoprene and a-pinene were measured by the newly developed proton transfer reaction time-of-flight
mass spectrometer (PTR3¢). The instrument was frequently calibrated for both gases and has a limit of
detection of 2 pptv for isoprene and a-pinene for 1 s integration time. The accuracy of the instrument for
both gases is mainly determined by the uncertainty of the calibration gas standard (5 %) and accuracies of
mass flow controllers and is estimated to be 7 %.

The chemical ionization atmospheric pressure interface time-of-flight (CI-APi-TOF) mass spectrometer
(Tofwerk AG) measured highly-oxygenated organic compounds with a limit of detection of ~5-10* cm™.
The instrument operates with a nitrate based ion source similar to the design in ref. 47. However, a corona
discharge was used instead of a radioactive source*. The instrument was calibrated for sulfuric acid* and
the data corrected for mass dependent transmission efficiency®®. HOM quantification was performed as
described in ref. 3. The run-to-run uncertainty for HOMs is estimated to be 20 %. Due to technical reasons
at the start of CLOUD 11 the CI-APi-TOF could only start measuring at 03 Oct 2016, 10:28 UTC (see
Extended Data Fig. 1). As HOMs depend linearly on the product [a-pinene]-[03] %3, HOM concentrations
measured during the mid a-pinene settings were used and scaled down according to this relation to obtain
HOM concentrations for the low a-pinene settings for the appropriate times where J and growth rates
were estimated. This also gave a higher uncertainty for this data point (28 %) as indicated in Fig. 2a. The
overall uncertainty in HOM quantification consists of contributions from sulfuric acid calibration (+50 %/-
33 %), charging efficiency of HOMs in the ion source (25 %), transmission correction (50 %) and sampling
line loss correction (20 %). This results in an overall scale uncertainty for HOMs of +78 %/-68 %. There are
however additional uncertainties in our HOM estimation that cannot be readily quantified. On the one
hand nitrate ionization of HOMs shows a drop in charging efficiency for HOMs with six or less oxygen
atoms®?. This leads to an underestimation of these molecules. However, these molecules with comparably
low oxygen content are not expected to contribute significantly to nucleation and early growth.
Additionally, it was shown that nitrate ionization has a reduced charging efficiency towards HOMs formed
by OH- oxidation compared to HOMs formed by ozonolysis®?>>3, This could affect also Cy class molecules
that show OH- dependence, like CxoH3,07 (see Extended Data Figure 1). The real increase of these Cy class
HOMs due to UV light could be larger than the measured one, thus dampening the overall decrease of Cy
when UV is switched on. The fact that J decreases when UV is switched on, however, confirms that the
total nucleating molecules in the chamber decrease. That effect is thus not strong enough to lead to a real
increase instead of a decrease in Cy class molecules.
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547 We group all HOMs within the m/z range from 235 to 625 Th in four groups according to their carbon
548 number. This m/z range was chosen to remain consistent with the definition of total HOM in ref. 3. We
549 sum up HOMs with 2-5, 6-10, 11-15 and 16-20 carbon atoms to get Cs, Cio, Cis and Cyo class HOMs,
550 respectively. The sum of these four classes represents HOM total as shown e.g. in Fig. 2.

551
552 OH: estimation and comparison to ambient environments

553 We estimate OH- levels in our chamber via a steady state approach (see Extended Data Figure 1). OH-
554  sources taken into account are ozonolysis of a-pinene and isoprene, with yields of 79 %°* and 26 %33,
555 respectively, as well as photolysis of ozone with our UV laser. The OH- source strength of the UV laser was
556 characterized with a separate experiment (SO, to sulfuric acid conversion) and depends on laser settings,
557 ozone concentration and absolute water vapor concentration. Sink terms taken into account are reactions
558  of OH: with a-pinene and isoprene. Secondary reactions of OH- with further oxidation products of a-pinene
559 or isoprene are not taken into account, as their effect is expected to be minor (e.g. two orders of
560 magnitude smaller than the former sink terms in case of the pinonaldehyde-OH- reaction). OH- recycling
561  in our chamber is expected to be weak, as we do not have NOy in the chamber and many runs are
562 performed under dark conditions. The recycling mechanism due to photolysis of hydroperoxy-aldehydes
563 (HPALDs)?! can in principal take place during UV runs, however, HPALDs may also decompose on our
564  stainless steel chamber walls without releasing OH- in a process similar to the one described in ref. 56,
565  thus further reducing recycling efficiency. However, the Oy recycling mechanisms (reaction of O; and HO;
566  vyielding OH-, as well as photolysis of H,0, under UV conditions) might take place in our conditions®’. All
567 gas phase reaction rate constants are preferred values provided by IUPAC (International Union of Pure and
568  Applied Chemistry) and were evaluated at +5 °C (Kapoz = 8.1:10°Y cm?3s?, kopon = 5.8:10cm?3s?, kipos =
569  7.9-10 cm3stand kipon = 1.1-101° cm3s?) and +25 °C (kqpos = 9.4:10"Y ecm3s™, kqypon = 5.2:10 M em3s™, kipos
570 =1.3-10" em3stand kipon = 1.0-10°2° cm?3s’?).

571 We calculate OH- levels of around 1-:108 cm™ during dark a-pinene ozonolysis, with roughly a doubling to
572 2-10°cm? when the UV laser is switched on. When isoprene is present together with a-pinene it foremost
573  acts as a sink for OH- and thus reduces its concentrations. The strength of this depletion depends on the
574 main OH- source strength, i.e., the a-pinene ozonolysis rate. We find OH- levels 5 to 20 times lower when
575 isoprene is present than under a-pinene only conditions. This depletion can also be recognized in the
576  traces of HOMs that originate from OH- oxidation, like C10H130s (see Extended Data Figure 1).

577 In the atmosphere, OH- levels of 10° cm™ and higher are reported even in the presence of isoprene, as
578  several OH- recycling mechanisms take place'®*2°7, However, given the reduction in Cy class molecules
579  when OH: is increased from 2-10° cm to 4-10° cm™ by switching on UV light, it is a reasonable assumption
580 that, if OH- would be fully replenished to 1-10° cm3, we would see a further decrease of total Cy class
581 molecules and subsequently a reduction in J and early growth rates. This assumption is also valid when
582  the reduced charging efficiency of nitrate ionization towards OH- initiated HOMs is taken into account as
583  outlined above. The decrease of Cyo class molecules and nucleation rate when OH- is increased is direct
584  evidence that the suppression effect of isoprene on nucleation is not due to depletion of OH-.
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Particle Measurements

The total particle number concentration above 2.5 nm is measured by a TSI 3776 condensation particle
counter (CPC) using butanol as working fluid. For smaller particles, an Airmodus A10 particle size magnifier
(PSM), using diethylene glycol as working fluid, is used®® in combination with an Airmodus A20 CPC. This
setup achieves detection of airborne particles down to 1 nm. By varying the supersaturation inside the
PSM, particle size distributions between 1 — 3 nm can be inferred®.

A DMA-train® is used to measure the particle size distribution and growth rates between 1.8 — 8.0 nm. It
uses a parallel design of six sampling channels each equipped with a differential mobility analyser (DMA)
together with an ultrafine condensation particle counter (uCPC). For detection of sub-2.5 nm particles,
two of the channels are equipped with either an Airmodus A10 particle size magnifier (PSM) or a TSI 3777
nanoEnhancer as booster stage upstream of the CPC. The channels are operated at fixed sizes to increase
time-resolution and counting-statistics leading to higher sensitivities for smaller sizes compared to
standard scanning mobility devices.

The size distribution above 5 nm is measured with a TSI Scanning Mobility Particle Sizer (nanoSMPS,
Model 3938) using a TSI 3082 nanoDMA and a water-based TSI 3788 CPC for detection of the size-
selected particles. For particles larger than 65 nm a custom-built SMPS with a long column DMA was
used.

Determination of nucleation rates

The nucleation rate J defines the number of particles formed within a volume per unit of time. It is
calculated using the flux of the total concentration of particles growing past a specific diameter (here at
1.7, 2.2, 2.5 and 6 nm). In the following, the method for calculating J;7 is presented, however the
calculation for J,.2, Jos and Je follows the same procedure unless specified otherwise. The nucleation rate
is the sum of the time derivative of the concentration of particles above a certain diameter, as well as
correction terms accounting for aerosol losses due to dilution in the chamber, wall losses and coagulation.

dNsq
Ji7 = % + Sait + Swan + Scoag (1)

N is the concentration of particles of diameter equal or larger than 1.7 nm. The term Sqi describes the size-
independent losses of particles due to dilution of the gases in the chamber. The chamber is continuously
flushed with a total flow of 230 liters per minute to replenish the sampling flow of the instruments. This
results in the dilution factor kgi = 1.47-10* st and

Sait = Nov7nm - kai - (2)

The term Syai describes the size-dependent particle losses to the chamber walls and was calculated based
on the decay rate of sulfuric acid monomer (of mobility diameter = 0.85 nm®) in the chamber (at
temperature = 278 K). The wall loss rate kwai is a function of particle diameter and temperature.
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d
620 Swall (T) = Zd;z‘i";nm N(dp,i) : kwall(dp,i: T) (3)

621  At278K

- 4 1
622 kyau(d,;) =1.7-10"3nms? . (4)
623  The term Scoag represents the coagulation losses to the surface of pre-existing aerosol particles in the
624  chamber and was calculated using the full number size distribution present in the chamber®,
_ _ dp,max dp,max . . .

625 Scoag(dp = 1.7nm) = T 07 b 8ij - K(dpidys) - Ni - N (5)
626  where K(d,,,dp;) is the coagulation coefficient for particles of the size dp; and d,;, Ni and N, are the number
627  concentrations of particles in the size bins dy; and d,j, and 6i;= 0.5, ifi =jand 6i; = 1, if i #j. dp, is the
628 midpoint diameter for the size bin with index i.

629  The number size distribution of particles used for the calculation of formation rates were obtained from
630  the scanning PSM at cut-off diameters 1.7 nm and 2.2 nm for the determination of J;.7and J,2, and from a
631 butanol CPC (model CPC3776, TSI Inc.) of fixed cut-off (2.5 nm) for determining the formation rate of 2.5
632 nm particles. For determining Js the integrated size bins from the nanoSMPS were used. A correction factor
633  of +0.3 nm on the cut-off diameter of the PSM was included to account for the poorer detection efficiency
634  of neutral organic particles compared to calibration with tungsten oxide®®. The concentrations obtained
635 were corrected for sampling line losses. During each run, the value of J was determined after reaching a
636 steady state value. A median value of the formation rate was then obtained. The errors on the reported J
637 rates were obtained by considering an inter-campaign reproducibility error of 30 % as well as a series of
638 run-dependent systematic and statistical uncertainties which include errors on sampling (10 %), dilution
639 (10 %), wall loss (20 %) and coagulation sink (20 %). The resulting overall scale uncertainty for J is 47 %.

640
641 Determination of growth rates

642 Particle growth rates were derived from several instruments individually with the widely used appearance
643  time method®®. For this method the signal rise in a single size channel is fitted with a sigmoidal function
644 during the particle formation event. The fit determines the appearance time t,,, at which the signal
645 intensity reaches 50 % between a potential background and the final value reached at steady-state
646 nucleation conditions. A linear fit of t,p, and the corresponding diameters of several size channels yields
647 an average apparent growth rate of the size distribution for a diameter interval. To infer a size-dependence
648 of the measured growth rates, several instruments and size-intervals were used. Growth rates between
649 1.3 - 1.9 nm were measured with the scanning PSM, the DMA-train size channels were split up into two
650 intervals, one between 1.8 — 3.2 nm and one between 3.2 — 8.0 nm. For size-intervals above 8 nm the size
651  channels of the nanoSMPS was used. Uncertainties in the sigmoidal fit result are promoted to the linear
652 fit of the growth rate providing an estimate of the statistical uncertainties. However, at least a systematic
653 uncertainty of approximately 50 % has to be assumed if apparent growth rates are interpreted as
654  condensational growth values.
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Extended Data Figure 1: Time series of a nucleation experiment with example HOM traces. (a) shows
traces of a-pinene, isoprene and ozone. (b) and (c) show selected time traces of HOM monomers and
dimers measured by the CI-APi-TOF, respectively. The temperature in the chamber was +5 °C and rel.
humidity was 38 %. N, GCR and CLEAN indicate neutral (high voltage cleaning field on), galactic cosmic ray
(high voltage cleaning field off) and cleaning (neutral periods to clean the chamber of particles) conditions,
respectively. In the first part until 04 Oct, 06:00 UTC, a-pinene was present in the chamber at three
different concentrations to study pure biogenic nucleation under both neutral and gcr conditions with an
additional UV stage at the end. Afterwards an isoprene/ozone mixture was studied under both dark and
UV-illuminated conditions. Note that during the UV stage on 04 Oct the laser intensity deteriorated
towards the end of the stage and thus corresponding HOM signals went down as well. At 04 Oct, starting
at 18:40 UTC, a-pinene was added at three concentration levels similar to the first part of the experiment.
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Extended Data Figure 2: Time series of a nucleation experiment with particle counter data and J rates.
The temperature in the chamber was +5 °C and rel. humidity was 38 %. The time window shown is the
same as in Extended Data Fig. 1. (a) shows traces of a-pinene, isoprene and ozone. N, GCR and CLEAN
indicate neutral (high voltage cleaning field on), galactic cosmic ray (high voltage cleaning field off) and
cleaning (neutral periods to clean the chamber of particles) conditions, respectively. (b) shows particle
concentration above 1.7, 2.2 and 2.5 nm, measured with a scanning PSM (1.7 nm and 2.2 nm) and a
butanol-based CPC (2.5 nm). (c) shows the nucleation rate J determined at 1.7, 2.2 and 2.5 nm using the
particle concentrations shown in (b). (d) shows a combined size distribution of aerosol particles in the
CLOUD chamber. The DMA-train contributed the size range from 1.8 — 8 nm, the nanoSMPS from 8 — 65
nm and the long-SMPS for sizes >65 nm.
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733

734  Extended Data Figure 3: Effects of isoprene addition on RO, radical and HOM classes distribution.
735 Chamber conditions were +25 °C and 38 % RH. a-Pinene levels were 456, 771 and 1442 pptv for a-pinene
736  only and 677, 1326 and 2636 pptv for a-pinene + isoprene conditions. Ozone levels were 49 ppbv for a-
737 pinene only and 38 to 40 ppbv for a-pinene + isoprene conditions. Isoprene levels were 2.7, 4.9 and 9.8
738 ppbv. All data from the a-pinene only runs was scaled up linearly (21, 38 and 45 % for low, mid and high
739 a-pinene levels, respectively) to match the exact same [a-pinene]-[Os] values as in the a-pinene + isoprene
740 runs. (a) shows the distribution of the most prominent RO, radicals originating from isoprene and a-
741 pinene oxidation. (b) shows the absolute and (c) the relative changes of the HOM class distribution due to
742 isoprene addition.
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Extended Data Figure 4: Changes of RO;: radical and HOM classes distribution due to UV light in an a-
pinene, isoprene and ozone mixture. Chamber conditions were +5 °C and 38 % RH. a-pinene levels were
1116 (dark) and 1096 pptv (UV illuminated). The ozone level was 48 ppbv, the isoprene level was 3.6 and
3.4 ppbv in dark and UV illuminated conditions, respectively. Data from the dark run was slightly scaled
down linearly (1.2 %) to match exact same [a-pinene]-[Os] values as in the UV run. (a) shows the
distribution of the most prominent RO,- radicals originating from isoprene (green) and a-pinene (red)
oxidation. (b) shows the absolute and (c) the relative changes of the HOM class distribution due to UV
light.
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752

753 Extended Data Figure 5: Mass defect plots showing HOM production from isoprene alone (a, b) and the
754  effect of UV light on an a-pinene/isoprene mixture (c, d). Chamber conditions were +5 °C and 38 % RH.
755 HOM production from a mixture of isoprene (4.5 ppbv) and ozone (40 — 50 ppbv) under (a) dark conditions
756 and (b) UV-illuminated conditions with higher OH- levels. The area of the marker points is linearly scaled
757  to intensity of the HOM signals. Color code represents oxygen-to-carbon ratio (O:C) of HOMs. UV light
758  strongly enhances OH- and thus HOM production. This even leads to the formation of some Cio dimers
759 resulting from the combination of two RO,(ip). Mass defect plot of HOMs from a mixture of a-pinene,
760  isoprene and ozone under (c) dark and (d) UV-illuminated conditions. a-pinene is 1116 and 1096 pptv,
761  isoprene was 3.6 and 3.4 ppbv in (c), and (d), respectively. Ozone was 47 ppbv for both runs. The area of
762  the marker points is linearly scaled to intensity of the HOM signals. Color code indicates the change in
763  intensity for each HOM peak when switching from dark to UV light conditions, i.e. the percentage intensity
764  change between (c) and (d). The color for each peak is thus the same in (c) and (d). Data from the dark run
765 was slightly scaled down linearly (1.2 %) to match the same [a-pinene]-[Os] values as in the UV run for
766  calculating the intensity change.
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Extended Data Figure 6: Mass Defect plots showing the effect of increased isoprene and monoterpene
concentrations on HOM formation and nucleation rate J;;. Chamber conditions were +25 °C and 38 %
RH. (a) describes the base case without isoprene, (b) shows the effect of addition of isoprene. Color code
in (b) and (c) shows the relative change in HOM intensity compared to (a). (c) shows HOM spectra after a-
pinene and isoprene concentrations have been roughly doubled compared to (b).
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Extended Data Figure 7: Nucleation rate J17 vs relative humidity at +25 °C (a) and corresponding HOM
spectra (c-d). All data shown was recorded with similar precursor concentrations (1.4 ppbv a-pinene, 5.1-
6.2 ppbv isoprene, however, ozone decreased slightly from 46 to 40 ppbv as humidity was increased).
HOM levels were fairly constant ranging from 1.3-10% to 1.6-10% cm™. Bars indicate 16 run-to-run
uncertainty. The overall systematic scale uncertainty of J for £47 % is not shown. The mass defect plots (b,
¢ and d) show the HOM distribution measured by the nitrate CI-APi-TOF under different humidity levels.
The color code represents the relative change in HOM signal compared to the standard 38 % RH setting
shown in (c). To calculate this change, HOM levels in (b) and (d) were scaled down by 11 % and scaled up
by 10 %, respectively to match the same [ap]-[Os] levels as in (b). We attribute the strong increase of
certain HOMs with low O:C ratios in (d) (red marker symbols) to a more efficient charging process with
nitrate ions in our ion source due to assistance of water molecules rather than to an increased production
inside the CLOUD chamber.
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Extended Data Figure 8: Nucleation rate J;.7 (gcr) vs sulfuric acid at +25 °C. a-pinene and isoprene levels
were kept constant for all data points (around 1300 pptv and 4.5 ppbv, respectively), ozone levels ranged
from 35 to 39 ppbv. HOM levels were fairly constant for all data points, ranging from 1.2-10% to 1.5-10% cm"
3, All data was taken with excess ammonia (0.4 -2.5 ppbv), relative humidity was 38 % for all runs. Bars
indicate 1o run-to-run uncertainty. The overall systematic scale uncertainty of J for +47 % is not shown.
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Extended Data Figure 9: Role of HOM classes and individual HOMs in nucleation. (a) Nucleation rate J17
with and without isoprene vs Cy0 and Ci5+Cy class molecules at +25 °C and 38 % RH. Green marker symbols
represent J17vs Cyo and blue marker symbols J17 vs Ci5+Cy. Circles show data taken without isoprene in
the chamber (only a-pinene and ozone present); triangles show data taken with a-pinene and isoprene
present at the same time. a-Pinene levels were 456, 771 and 1442 pptv for a-pinene only and 677, 1326
and 2636 pptv for a-pinene + isoprene conditions. Ozone levels were 49 ppbv for a-pinene only and 38 to
40 ppbv for a-pinene + isoprene conditions. Isoprene levels were 2.7, 4.9 and 9.8 ppbv. Bars indicate 1o
run-to-run uncertainty. The overall systematic scale uncertainty of HOMs of +78 %/-68 % and of J,7 for
+47 % is not shown. Green and blue lines are power law fits to J17 vs Cy and J17 vs Cis+ Cyo, respectively.
Here, solid lines represent fits under a-pinene only and dashed lines fits under a-pinene + isoprene
conditions. (b) Mass defect plot of HOMs with coefficient of determination of Jg vs individual HOM as
color code. The data points displayed are taken from a run with 2.6 ppbv a-pinene, 9.8 ppbv isoprene and
38 ppbv ozone under UV illuminated conditions. The area of the marker points is linearly scaled to the
intensity of the HOM signals. The color code indicates coefficient of determination (R?) of a power law fit
of J vs every individual HOM peak. The dataset used for the fit contains the six J,r data points taken under
low/medium/high a-pinene levels with and without isoprene at +25 °C. High R? does not necessarily mean
that the corresponding molecules contribute directly to nucleation, but that they are predominantly
formed in a chemical setting that favors the production of nucleator molecules.
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Extended Data Figure 10: Growth rate vs (a) Cy class concentration and (b) Ci5 + Cx class concentration
at +5 °C and 38 % RH. Growth rates were measured by scanning PSM (1.3 — 1.9 nm, dark blue), DMA-train
(1.8 — 3.2 nm, light blue and 3.2 — 8.0 nm, orange) and nanoSMPS (5.0 — 15 nm, red). Triangles represent
a-pinene only runs, circles represent a-pinene + isoprene runs. The growth rate between 1.8 nm and 3.2
nm can be parametrized by a linear fit when plotted against Cyo class molecules, for the size range from

3.2nm-38.0 nmthere s a linear relationship for growth rate when plotted against C;s + C;0 class molecules.
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5 | Summary and Outlook

This work focused on the development and characterization of instruments for
nanoaerosol analysis and their application for research on organic new particle
formation. Laboratory, chamber and field measurements were conducted to
assess nanoaerosols under different aspects.

The main project was the development of an instrument for the chemical anal-
ysis of sub-30-nm particles. The TD-DMA uses an online discontinuous princi-
ple. Particles are charged, a given size is selected and they are electrostatically
sampled on a filament. Consecutively, the filament is moved into a mass spec-
trometers inlet line and the sample is desorbed in a carrier gas to be analyzed by
a negative nitrate CI-APi-TOF. The characterization of the instrument shows
reproducible results and in test measurements at an aerosol chamber it proved
to be suitable for the measurement of freshly formed nanoparticles. In the
second project, a broad spectrum of particle measurement instruments were
deployed to characterize a particle population originating from a skyscraper
blasting. A single mode of fine particles under 100 nm leads to a rise in particle
mass by a factor of 30. As the dust cloud was pushed away by the wind, the
particle strain was only elevated for 15 minutes at a fixed measurement point.
Further analysis excluded an elevated appearance of heavy metals. The parti-
cles mainly consisted of the building’s concrete and steel grinders and were not
fibrous, like e.g. asbestos. Thus, the blasting led to an intense but short-timed
particle burden without enhancement of particularly toxic compounds. The
third project was also an ambient observation of nanoaerosols. New particle
formation in a rural German area was observed and quantified. It was proven
that the negative nitrate CI-APi-TOF is capable of sensitive ambient measure-
ment for of many substances relevant for new particle formation. In the fourth
project, this instrument was characterized for its mass dependent transmission
efficiency. Therefore the measurements with this instrument, which is key for
most of the projects, can be quantified better. The following projects were
chamber experiments of new particle formation from biogenic organic precur-
sors. It was discovered for the first time that organic substances can nucleate
on their own without the presence of other substances like sulfuric acid under

atmospherically relevant conditions. From the precursor alpha-pinene, highly
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oxygenated molecules are formed, which cluster together and form particles.
From the same experiments, the growth of these freshly nucleated particles
at different particle sizes was assessed, showing the contribution of more and
more volatile substances as the particles grow. The influence of temperature
on this process was also examined. At higher temperatures, those molecules
which can already contribute to particle growth at small sizes, are formed to
an increasing degree. Conversely, at lower temperatures, the same molecules
can condense more easily, so that the absolute growth rate is almost constant
over temperature. In the following, the previous chemical system of alpha-
pinene was extended by another precursor, isoprene. Isoprene suppresses the
initial nucleation and early particle growth, as its reaction products combine
with those from alpha-pinene to form substances that can only contribute to
growth at larger diameters, but not to the very first steps of new particle for-

mation.

Concluding, this work significantly contributed to the understanding of nano-
aerosols: An instrument for the chemical analysis of nanoaerosol particles was
successfully developed, tested and characterized. In chamber measurements,
mechanisms for organic nucleation and growth were discovered and addition-
ally, nanoaerosol populations of different origin were characterized in field mea-

surements.

The newly developed TD-DMA proved its ability to successfully analyze nano-
aerosolparticles and operate stable for long measurement campaigns. However,
in the future, further optimization can be implemented. There is currently a
discrepancy between the TD-DMA’s sample mass calibration and the gas-
phase calibration of sulfuric acid, which indicates high losses in the transition
of the sample from filament to mass spectrometer. Further possibilities for the
coupling of TD-DMA to mass spectrometer are being investigated, as reducing
these losses would greatly benefit the sensitivity of the system.

Up to now, the newly developed TD-DMA was deployed with a negative nitrate
CI-APi-TOF. As chemical ionization is a selective technique, different primary
ions can be chosen to target more substances. The TD-DMA has been used
in chamber experiments with timed nucleation events, but it is also intended
for field use in the future. Here, the size-selective mode is especially useful
to make sure that newly formed particles are analyzed, as there can be larger

background particles that would otherwise dominate the mass concentration.
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It will be especially interesting to perform TD-DMA measurements at a flow
tube with a continuous production of nanoparticles, so that measurements are
not limited by time resolution or small number concentrations as it is often
the case in the chamber measurements. Like this, one can analyze particles
starting at small sizes with a high size resolution, and gain a very detailed
picture of the growth process.

Although the knowledge about new particle formation has advanced tremen-
dously in the past years, there are still many open research questions. To
receive an understanding of the atmosphere which is as realistic as possible,
chamber simulations need to approach the complexity of the Earth’s atmo-
sphere more and more. In practice, this means to include additional sub-
stances like nitrates and the simulation of additional systems like marine or
urban environments, also while varying atmospheric parameters like tempera-
ture, relative humidity and UV light. With the CLOUD experiment, there is

a suitable infrastructure to explore these topics.
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6 | Zusammenfassung

Atmosphérische Nanoaerosole haben weitreichende Effekte auf Klima und Ge-
sundheit. Diese kumulative Arbeit beschéftigt sich mit der Entwicklung und
Charakterisierung von Instrumenten zur Analyse von Nanoaerosolen, und mit
deren Einsatz zur Erforschung der Aerosolpartikelbildung aus biogenen Vor-
lauferstoffen. Die zentrale Forschungsfrage ist, wie die chemische Komposition
kleinster Partikel gemessen werden kann und wie die Atmosphérenchemie Ae-
rosolprozesse beeinflusst, insbesondere Partikelneubildung und Partikelwachs-
tum. Hierzu wurden Nanoaerosole unter verschiedenen Aspekten untersucht,
unter anderem wurde ein Instrument zur Partikelmessung entwickelt sowie

Kammer- und Feldmessungen durchgefiihrt.

Um atmosphérische Partikelneubildung zu verstehen, ist es wichtig, die kon-
densierenden Substanzen zu analysieren, und zwar sowohl in der Gas- als auch
in der Partikelphase. Fiir Gasphasenmolekiile und molekulare Cluster werden
Chemische Ionisations-Massenspektrometer eingesetzt (CI-APi-TOFs, |[Kiirten
et al| (2014), |Jokinen et al. (2012))), und fiir bereits angewachsene Partikel
meist Aerosolmassenspektrometer (AMS, [Jayne et al| (2000), Zhang et al.
(2011))). Jedoch ist die chemische Analyse von Nanopartikeln unter 30 nm
auerst anspruchsvoll, da diese kleinen Partikel eine sehr geringe Masse ha-
ben. Das Hauptprojekt dieser Arbeit besteht in der Entwicklung des Gerétes
“Thermal Desorption Differential Mobility Analyzer” (TD-DMA, Wagner et al.
(2018))), das die massenspektrometrische Analyse (Maher et al. (2015)) kleins-
ter Aerosolpartikel ermoglicht. Der TD-DMA funktioniert nach einem online
diskontinuierlichen Prinzip. Die Partikel werden geladen, in einem Differenziel-
len Mobilitdtsanalysator (Knutson and Whitby| (1975)) nach ihrer Grofie selek-
tiert und auf einem Filament elektrostatisch gesammelt. Anschliefend wird das
Filament in die Einlassleitung eines Massenspektrometers bewegt. Durch Hei-
zen des Filamentes desorbiert das gesammelte Material in ein Tragergas und
wird dann massenspektrometrisch analysiert. Hierdurch wird die Partikelphase
von der Gasphase getrennt und die Konzentration so erhoht, dass das Detek-
tionslimit des Massenspektrometers erreicht wird. Die Vorteile dieses Mess-

prinzips sind wie folgt: I) Da die Partikel grofenselektiert analysiert werden
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konnen, kann die chemische Komposition in verschiedenen Stadien des Wachs-
tumsprozesses verglichen und der relative Beitrag von Substanzen abhéngig
von der Partikelgrofie bestimmt werden. IT) Ein integraler Messmodus erlaubt
das Sammeln von Partikeln aller Groflen, sodass die analysierte Partikelmasse
maximiert wird und Messungen auch bei sehr schwachen Partikelkonzentratio-
nen des Analytaerosols moglich sind. IIT) Der TD-DMA ist modular und kom-
pakt. Bisher wurde er in Kombination mit einem NO;-CI-APi-TOF (Kiirten
et al. (2014), Jokinen et al. (2012))) eingesetzt, jedoch kann er im Prinzip auch
mit anderen Gasphasen-Analysatoren kombiniert werden. IV) Wihrend Par-
tikel auf dem Filament gesammelt werden, kann das Massenspektrometer zur
Analyse der Gasphase genutzt werden. Somit entfallen die Kosten fiir ein wei-
teres Massenspektrometer und beide Phasen kénnen direkt verglichen werden.
Alle Schritte des Messprozesses wurden im Labor charakterisiert, um die Mes-
sungen quantifizieren zu kénnen. Die DMA-Einheit zur Gréflenselektion ist
auf eine hohe Transmissionseffizienz bei eher niedriger Auflésung ausgelegt,
damit genug Partikelmasse gesammelt werden kann. Sie wurde fiir sechs Durch-
messer zwischen 7.5 und 30 nm getestet. Die Transmissionseffizienz (Stolzen-
burg and McMurry| (2008)) in Abhéngigkeit vom Partikeldurchmesser zeigt
eine gute Ubereinstimmung mit Gausskurven, wobei die maximale Transmis-
sionseffizienz fiir 15 nm bei iiber 50% liegt. Die Grofienauflosung ist mit 1.19
recht grob, sodass trotz erfolgreicher Groflenselektion viel Partikelmasse se-
lektiert wird. Das elektrostatische Sammeln der Partikel auf dem Filament
geschieht fiir kleine Partikel unter 15 nm zu 100%, fiir groflere Partikel féllt
aufgrund der sinkenden elektrischen Mobilitdt die Sammeleffizienz ab. Um
die gesammelte Partikelmasse zu dem massenspektrometrisch gemessenen Si-
gnal in Verbindung zu setzen, werden wéhren Kalibrationsmessungen defi-
nierte Mengen einer Substanz auf dem Filament platziert und anschliefSend
desorbiert. Die Ergebnisse dieser Kalibrierung sind hochgradig vom verwende-
ten Massenspektrometer abhingig und von der Art und Weise, wie der TD-
DMA mit diesem gekoppelt ist. Fiir das verwendete System betréagt der Ka-

1.s7! fiir Schwefelsiure, bei anderen Substan-

librationsfaktor 42.95 ng ncps™
zen muss zusdtzlich deren lonisierungseffizienz beriicksichtigt werden. Durch
Kombination der verschiedenen Charakterisierungen kann das Signal des Mas-
senspektrometers quantitativ der analysierten Aerosolpartikelpopulation zu-
geordnet werden. Der TD-DMA ist sensitiv genug fiir Messungen bei Analyt-
Massenkonzentrationen im Bereich Pikogramm pro Kubikmeter. In einer Test-

messung konnten frisch gebildete Partikel von 15 nm chemisch analysiert wer-
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den. Mit dem TD-DMA wurde somit ein Gerit entwickelt, das geeignet ist,
Nanoaerosolpartikel unter 30 nm unter atmosphérisch relevanten Bedingungen
chemisch zu analysieren.

Im zweiten Projekt wurde ein breites Spektrum von Aerosolmessgeriten ein-
gesetzt, um die bei einer Turmsprengung entstandene Partikelpopulation zu
charakterisieren (Wagner et al.| (2017)). Die Sprengung produzierte eine ein-
zelne Mode von Partikel mit Modendurchmesser 93 nm, die mit verschiede-
nen Instrumenten zur Messung der Anzahlgréflenverteilung beobachtet wur-
de (CPC, |[Hermann et al.| (2007), SMPS, |Wang and Flagan (1990)), OPC,
Hinds| (1999) und APS, |Peters et al. (2006)). Da die Anzahlkonzentration
von noch kleineren Partikeln dominiert war, stieg diese nur um den Faktor
3.8 iiber den Hintergrund von 6.9-10% cm™3, withrend die Massenkonzentra-
tion um den Faktor 30.7 auf 844.9 ugm™2 anstieg. Die rdumliche Verteilung
wurde mittels Wiegen von sedimentiertem Material abgeschétzt und zeigte,
dass die deutlich sichtbare Staubwolke vom Wind entlang der Stralenschlucht
bewegt wurde und ihre Intensitdt mit der Distanz zum Turm abnahm. Am
Hauptmesspunkt, 350 m von der Sprengung entfernt, war die erhchte Nano-
partikelbelastung bereits nach 15 Minuten voriiber. Somit wurde auch der von
der EU festgelegte maximale Feinstaubwert, der im 24-Stunden-Mittel berech-
net wird, nicht {iberschritten. Die Partikel bestanden laut Energiedispersiver
Rontgenspektroskopie (EDX, |Goldstein et al| (2012])) hauptséchlich aus dem
Beton und den Stahltrigern des Gebaudes, mit 60% Kalziumkarbonaten, 19%
Kalizumsulfaten, 19% Silikaten und 2% Stahl. Bei einer Metallfdllung wurde
kein erhohter Schwermetallgehalt festgestellt. Die im Rasterelektronenmikro-
skop (SEM, |Goldstein et al.| (2012)) gewonnenen Bilder der Partikel zeigen,
dass sie nicht faserartig wie beispielsweise Asbest waren. Insgesamt generierte
die Turmsprengung eine intensive, aber zeitlich kurze Nanopartikelbelastung
ohne erhohte Konzentrationen von Schwermetallen oder faserartigen Partikeln.
Im Hinblick auf die menschliche Gesundheit gibt es keinen Grenzwert, unter-
halb dessen keine negativen Auswirkungen zu befiirchten sind. Jedoch helfen
Messungen wie diese, eine Abwégung zu treffen zwischen Sprengungen und
herkémmlichen Abrissmafinahmen, welche in der Regel deutlich langer andau-
ern.

Das dritte Projekt (Kirten et al.| (2016))) ist ebenfalls eine atmosphérische Mes-
sung von Aerosolen. Es wurde die Partikelneubildung in einer ldndlichen Ge-
gend in Deutschland beobachtet und quantifiziert. Ziel war es, einen moéglichen

Zusammenhang zwischen Partikelneubildung und Ammoniak- und Aminemis-
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sionen von nahe gelegenen Rinderfarmen (Behera et al.| (2013)), sowie organi-
schen Emissionen des umgebenden Waldes zu beobachten. Die Mechanismen
der einzelnen chemischen Systeme waren bereits in Kammerexperimenten un-
tersucht worden (Kirkby et al. (2011), |Almeida et al.| (2013), Kiirten et al.
(2014), Kirkby et al| (2011)), |Trostl et al.| (2016))). AuBerdem sollten unsere
Instrumente auf ihre Anwendbarkeit im Feld getestet werden. Das NO;-CI-
APi-TOF zeigte seine Fahigkeit, auch im Feld sensitiv Schwefelsdure, hoch
oxygenierte organische Substanzen (HOMs, |[Ehn et al.| (2014])) und Amine (Si-
mon et al. (2016))) zu messen, auflerdem konnten erstmals lodsdure, Nitrosami-
ne und Ammoniak mit diesem Instrument detektiert werden. Somit zeigte sich
das Instrument als noch vielseitiger als bislang angenommen. Mit einer Zusam-
menstellung von Partikelzédhlern wurden Partikelneubildungsraten bestimmt,
die mit 5 bis 200 cm~3s~! recht hoch fiir ein lindliches Gebiet waren. Aufgrund
der Vielzahl der Parameter konnte die Partikelneubildung jedoch nicht einer
einzelnen Quelle zugeordnet werden. Die Messungen liefern Beitrdge zum Da-
tensatz atmosphérischer Beobachtung und das unerwartete Vorkommen von
lodséure wirft weitere Forschungsfragen auf.

Im vierten Projekt (Heinritzi et al.| (2016))) wurde das NO3-CI-APi-TOF, das
zentral fiir fast alle Projekte war, beziiglich seiner massenabhéngigen Transmis-
sionseffizienz kalibriert, sodass die Messungen mit diesem Gerét besser quan-
tifizierbar sind. Hierzu wurden zwei verschiedene Methoden getestet: In der
ersten Methode wird mithilfe eines hochauflésenden DMAs (HR-DMA, |Stei-
ner et al. (2010), Fernandez de la Mora and Kozlowski| (2013)) eine bekannte
Konzentration verschiedener Ionen in das Massenspektrometer gegeben, um
dessen absolute Transmission zu erhalten. In der zweiten Methode wird jeweils
ein Uberschuss einer bestimmten Substanz verwendet, sodass die Primérionen
weggesattigt werden. Die Ladung der Primérionen wird somit im Spektrum
auf das Masse-zu-Ladungs-Verhéltnis der eingegebenen Substanz verschoben.
Aufgrund der Ladungserhaltung ergibt der Vergleich der Primérionensignale
zu den Produktionensignalen die relative Transmissionseffizienz zwischen bei-
den. Die erste Methode hat den Vorteil, dass die absolute Transmissionsef-
fizienz bestimmt wird, somit ist sie beispielsweise geeignet, um die Einstel-
lungen des Massenspektrometers zu optimieren. In der zweiten Methode wird
die Transmission relativ zu den Primé&rionen bestimmt. Jedoch ist die Me-
thode unaufwéndiger und benétigt keine weitere Instrumentierung. Wichtiger
noch, es wird hierbei das Massenspektrometer mitsamt Ionenquelle in dersel-

ben Konfiguration genutzt wie es auch zur Analyse der Analyten verwendet
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wird: Es werden neutrale Substanzen verwendet, welche erst in der Ionenquel-
le geladen werden. Tatséchlich zeigen beide Methoden leicht unterschiedliche
Transmissionskurven, was bedeutet, dass der Einfluss der Ionenquelle auf die
Transmissionseffizienz nicht zu vernachléssigen ist.

Die folgenden Projekte sind Kammermessungen zur Partikelneubildung aus
biogenen organischen Vorlauferstoffen. Die Experimente hierzu fanden an der
Cosmics Leaving OUtdoor Droplet Kammer (Kirkby et al. (2011)) am CERN
statt. Im fiinften Projekt (Kirkby et al.| (2016])) konnte erstmals gezeigt werden,
dass biogene Organika ohne die Beteiligung von anderen Stoffen wie Schwe-
felsdure unter atmosphérischen Bedingungen Partikel bilden kénnen. Dies war
moglich, da die CLOUD-Kammer einerseits sehr rein war, andererseits mit
dem NO;-CI-APi-TOF sehr sensitiv Schwefelsdure detektiert wurde, sodass
Kontaminationen ausgeschlossen werden konnten. In dem betrachteten chemi-
schen System werden aus dem Vorlduferstoff a-Pinen hochoxygenierte Stoffe
gebildet, die dann aneinander haften und Partikel formen. Dies funktioniert
besonders gut, wenn die anwachsenden molekularen Cluster durch Ladung sta-
bilisiert werden. Da man zuvor angenommen hatte, dass Partikelneubildung
nur unter dem Einfluss von Schwefelsiure passieren konnte, ist dies ein bedeu-
tendes Ergebnis. Insbesondere die Modellierung der Aerosolpartikelkonzentra-
tion in naturbelassenen Gegenden und des vorindustriellen Klimas, wo wenig
Schwefelsdure vorkommt, konnte durch den neu entdeckten Mechanismus ver-
bessert werden. In Projekt 6 (Trostl et al.| (2016)) wurde anhand der gleichen
Experimente das Wachstum dieser neugebildeten Nanoaerosolpartikel und die
Beteiligung verschiedener Klassen an organischen Molekiilen bei verschiede-
nen Partikelgréfen analysiert. Wahrend bei kleinen Groflen eher Substanzen
mit einer sehr niedrigen Fliichtigkeit das Partikelwachstum verursachen (EL-
VOCs, Ehn et al| (2014])), konnen bei steigendem Partikeldurchmesser auch
fliichtigere Substanzen beitragen. Deshalb wird mit steigendem Durchmesser
das Wachstum beschleunigt. Werden diese Prozesse in einem globalen Aero-
solmodell beriicksichtigt, hat das starke Auswirkungen auf die Konzentration
der stark angewachsenen Partikeln, den Wolkenkondensationskeimen. Vergli-
chen mit einem Szenario, indem der Einfluss von Organika auf das Partikel-
wachstum génzlich vernachléssigt wird, ergibt der Prozess eine Steigerung der
Wolkenkondensationskeime um bis zu 50%. Wird hingegen angenommen, alle
Organika konnten von Anfang an zum Wachstum beitragen, wird die Kon-
zentration um 50% iiberschétzt. Somit haben die in diesem Projekt gezeigten

partikelgréffenabhéngigen Beitrdge verschiedener organischer Klassen eine si-
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gnifikante Verbesserung der Modellierung von Wolkenkondensationskeimen zur
Folge. Projekt 7 (Stolzenburg et al. (2018)) erweitert das vorherige Projekt
um den Einfluss der Temperatur. In diesen Experimenten wurde ein erwei-
tertes Set an Messgeriten und Analysemethoden eingesetzt. Unter anderem
wurde im Bereich von 1.8 bis 8 nm, in der sich die Wachstumsrate der Par-
tikel sehr stark &ndert, der DM A-train (Stolzenburg et al.| (2017)) eingesetzt,
um das Wachstum in hoher Zeitauflosung verfolgen zu konnen. Zudem wur-
den Daten des NO3 -CI-APi-TOF mit Daten eines speziellen Protonentransfer-
Massenspektrometers (PTR, Breitenlechner et al.| (2017))) kombiniert, um die
organischen Substanzen iiber einen sehr breiten Bereich an Fliichtigkeit de-
tektieren zu konnen. Es stellte sich heraus, dass bei hoheren Temperaturen
vermehrt jene sehr hochoxygenierten organischen Stoffe gebildet werden, die
bereits sehr kleine Partikel anwachsen lassen kéonnen. Jedoch kénnen bei nied-
riger Temperatur die Stoffe leichter kondensieren und bereits weniger hochoxy-
genierte Substanzen zum Partikelwachstum beitragen. Somit ist das Wachs-
tum der Partikel bei gleicher Konzentration des Vorlauferstoffes a-Pinen kaum
temperaturabhéngig. Im achten Projekt (Heinritzi et al.| (2018)) wird das reine
a-Pinen-System um den Vorlauferstoff Isopren erweitert. Isopren interferiert
mit der a-Pinen Oxidationschemie iiber die Terminierung von Peroxyradika-
len. Es werden weniger Verbindungen aus zwei a-Pinen-Grundeinheiten mit
insgesamt 20 Kohlenstoffatomen gebildet. Gleichzeitig steigt die Bildungsra-
te von Mischprodukten aus a-Pinen und Isopren mit 15 Kohlenstoffatomen.
Diese sind jedoch volatiler als die Produkte aus zwei a-Pinen-Grundeinheiten.
Dies fiihrt zu einer Reduktion der biogenen Nukleation durch Isopren, sowie
einer Abschwéchung des frithen Partikelwachstums. Die Kombination aus re-
duzierter Nukleation und Wachstumsrate kann die Abwesenheit typischer Nu-

kleationsereignisse in isoprenreichen Regionen erklaren.

Insgesamt hat diese Arbeit signifikant zum Verstdndnis von Nanoaerosolen
beigetragen: Ein Instrument zur chemischen Analyse von neugebildeten Nano-
aerosolpartikeln wurde erfolgreich entwickelt, getestet und charakterisiert. In
Kammermessungen wurden Mechanismen zur rein biogenen organischen Par-
tikelneubildung und zum Partikelwachstum entdeckt und ergénzend in atmo-
sphérischen Feldmessungen Nanoaerosolpopulationen verschiedener Herkunft

charakterisiert.
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Bisher wurde der TD-DMA mit einem NO;-CI-APi-TOF eingesetzt. Da che-
mische lonisierungsmethoden jedoch immer selektiv auf bestimmte Analyten
sind, konnte man das Gerdt auch mit anderen Primérionen zu testen, um
eine noch groflere Bandbreite an Substanzen detektieren zu konnen. Eben-
so ist der TD-DMA fiir Feldmessungen geeignet. Insbesondere ist hier der
groBenselektive Modus sehr hilfreich, um frisch gebildete Partikel zu messen,
da bei nicht-grofienselektiven Methoden gréfere Hintergrundpartikel die Mes-
sungen dominieren. Besonders interessant wire es, den TD-DMA an einem
Stromungsrohr einzusetzen, in dem Nanopartikel kontinuierlich gebildet wer-
den. Somit entfillt die zeitliche Limitierung und oftmals geringe Anzahlkon-
zentration, die in den bisher durchgefiithrten Kammerstudien meist limitierend
fiir den TD-DMA waren. So konnten Partikel bereits ab sehr kleinen Gréfien
mit einer hohen Gréflenauflosung analysiert werden, um ein sehr detailliertes
Verstandnis der Partikelwachstumsprozesse zu erhalten.

Obwohl die Forschung zur Partikelneubildung und zum Partikelwachstum in
den letzten Jahren sehr grofle Fortschritte gemacht hat, sind noch viele For-
schungsfragen fiir die Zukunft offen. Um ein moglichst realistisches Bild der
Atmosphére zu erhalten, ndhern sich Kammersimulationen immer mehr der
Komplexitat der Erdatmosphére an. Konkret bedeutet das die Inklusion wei-
terer Substanzen wie zum Beispiel Nitratverbindungen und die Simulation wei-
terer Gegenden wie marinen oder urbanen Systemen, auch unter Variation at-
mosphérischer Grundparameter wie Temperatur, Feuchte und UV Licht. Mit
dem CLOUD-Experiment besteht eine gut geeignete Infrastruktur, diese The-

men zu erkunden.
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AMS

APi-TOF

APS

CCN

CI-APi-TOF

CIMS

CLOUD

CPC

DMA

DMA-train

EDX

Aerosol Mass Spectrometer

Atmospheric ~ Pressure  Interface

Time-Of-Flight Mass Spectrometer

Aerodynamic Particle Sizer

Cloud Condensation Nuclei

Chemical Ionization Atmospheric
Pressure Interface Time-Of-Flight

Mass Spectrometer

Chemical Ionization Mass Spectrom-

eter

Cosmics Leaving OUtdoor Droplets

experiment

Condensation Particle Counter

Differential Mobility Analyzer

instrument with six DMAs for
high-time-resolution  particle-size-

distribution measurements

Energy Dispersive X-Ray Spec-

troscopy

Jayne et al

(2000),
et al.| (2011)

Schobesberger

et al.| (2013)

Peters et al.

(2006)

Lohmann and Fe-

Kiirten et al.
(2014))/Jokinen |

et al.| (2012)

Maher et al

(2019

Kirkby et al.

(2011)

Aitken 1890),

Hermann et all
(12007)
Knutson and

Whitby] (1975)

Stolzenburg et al.
(2017)

Goldstein et al.
(2012)
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ELVOC Extremely Low Volatile Organic |[Ehn et al. (2014
Compound
GR Growth Rate
HOM Highly Oxigenated Organic Molecule [Ehn et al.| (2014
HR-DMA High Resolution Differential Mobility [Steiner et  al.
Analyzer (2010)), Fernandez
de la_Mora and|
Kozlowski (2013)
Jx Nucleation Rate at a diameter of
X nm
LVOC Low Volatile Organic Compound
m/z mass to charge ratio of an ion
MS Mass Spectrometer Maher et al.
(2015))
npf New Particle Formation
nSMPS nano Scanning Mobility Particle
Sizer (see SMPS)
OPC Optical Particle Counter Hinds| (1999
PSM Particle Size Magnifier Vanhanen et al.
(2011)
PTR-MS Proton Transfer Reaction Mass Spec- Hansel et al.
trometer (1995)),
et al.| (2010), Bre-
itenlechner et al.
(2017)
SEM Scanning Electron Microscopy Goldstein et al.
(2012)
SHARP Synchronized Hybrid Ambient Real [Thermo Fisher

Time Particulate Monitor

|

\Quality  Instru-|
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SIMPOL

SMPS

SOA

SVOC
TD-DMA

simplified prediction method for pre-
dicting vapor pressures of organic

compounds

Scanning Mobility Particle Sizer

Secondary Organic Aerosol

Semi Volatile Organic Compound

Thermal Desorption Differential Mo-
bility Analyzer

Pankow and Asher
(2008))

Wang and Flagan

1990

E

Hallquist et al.

(2000)

Wagner et al

@013)
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