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Abstract

Ice formation induced by ice-nucleating particles (INPs) greatly influences the formation, life cycles, and
climatic impact of tropospheric clouds, as well as their ability to form precipitation. However, knowledge
about the abundance of INPs especially in the free troposphere (FT) is still missing. Therefore, this thesis
aimed at observing INPs at the Sonnblick Observatory (SBO, 3106 m a.s.l.) which is frequently located
in the FT. The comprehensive measurements were conducted over long term to investigate the seasonal
variation, at high time resolution to obtain information on the diurnal and shorter-term variability, and
in a wide temperature range to cover mixed-phase cloud (MPC) and cirrus cloud conditions. INPs that
impact the ice formation in cirrus clouds were measured with the novel instrument PINEair (Portable Ice

Nucleation Experiment airborne), which was developed as part of this PhD thesis.

The new aircraft-based INP instrument PINEair was developed especially for use on the HALO (High
Altitude and Long Range) research aircraft. It is the first aircraft-based instrument that can perform auto-
mated in-situ measurements of INPs to temperatures of —65°C. PINEair simulates cloud-like conditions
by expansion cooling. It consists of three expansion chambers operated in a cycling mode to achieve
measurements with higher time and spatial resolution in a fast-flying jet aircraft. Laboratory measure-
ments with a prototype of PINEair have successfully shown that the newly developed instrument can
measure the INP concentration in a wide temperature range relevant for MPC and cirrus clouds. The
distinction between homogeneous and heterogeneous freezing at cirrus conditions was demonstrated for
ground-based conditions with ambient air sampling and for lower pressure (p = 250mbar) conditions
during aircraft flights which were simulated in a series of laboratory experiments. For this purpose, a
new expansion procedure was developed where the pressure in the chambers can step-wise be reduced at
the beginning of the expansion. This allows the calculation of the peak ice saturation ratio (S;c. ,) in the

chamber assuming ice-saturated conditions before expansion start and an adiabatic temperature decrease.

As part of this PhD thesis, a mobile prototype of PINEair was engineered, built, and tested during a field
campaign at the SBO in the Austrian Alps. Measurements were performed quasi continuously during
the time period from May 8 - 22, 2023, at both MPC (T = —22.7°C and T = —27.5°C) and cirrus
(T = —47.8°C) temperatures. At a temperature of —47.8°C and Sjc. , = 1.49 — 1.52, a median INP
concentration of 1.1std L™ was measured, and a maximum concentration of about 90std L™!. Higher
Sice,p conditions in the chamber resulted in higher INP concentrations, which is consistent with the liter-

ature. During a case study with increased aerosol concentrations and particle mass concentrations, also



increased INP concentrations up to 84 std L~! were measured at —47.8°C and Sicep = 1.52—1.55.

Another major part of this PhD thesis were long-term INP measurements in the MPC temperature range
at the SBO. Due to its location, the site receives both air masses from the FT and the boundary layer (BL).
The measurements were performed with the freezing experiment INSEKT (Ice Nucleation Spectrometer
of the Karlsruhe Institute of Technology) from August 2019 to August 2022 with a time resolution of one
week. To date, this is the longest, continuous INP measurement series. In addition, a 14-month INP time
series with a high time resolution of 6 min was performed with PINE, starting in August 2021. Both data
sets show a recurrent seasonal sinusoidal trend with the highest INP concentrations in spring/summer
and the lowest in winter. From April to September, a daily cycle in the INP concentration is observed
with a maximum around noon and a minimum at midnight. In contrast, from October to February, no
daily cycle was observed and the INP concentrations were consistently low. The seasonal and diurnal
variations of the INP concentration are likely caused by the influence of air masses from the BL, as
the concentrations of the tracers (aerosol particles with a diameter larger than 90nm and 2'*Polonium
concentration) show the same trends. A heat analysis of the filters prior to INP analysis with INSEKT
showed reduced INP activity, especially at higher temperatures above —13°C for all seasons, indicat-
ing that biogenic compounds contributed to the INP abundance. Strong sudden increases in the INP
concentration are caused by episodically occurring dust events, which were observed by enhanced and
correlated concentrations of both the INP number concentration and the aerosol mass concentration. A
comparison of the measured INP concentration during a dust event in March 2022 to the parameterization
of DeMott et al. (2015) showed a good agreement, the temperature dependence and 98.5 % of the data
within a factor of 10 were predicted correctly. The median INP concentration of the whole measurement
period was slightly higher during clear-sky periods than during cloudy periods, which could be caused by
processes such as wet-removal or pre-activation of INPs. Moreover, the INP concentration was found to
be correlated with the aerosol concentration, size, and mass, especially at lower nucleation temperatures.
However, the observed variation of the INP concentration was not correlated with meteorological param-
eters. From this study, it can be concluded that the INP concentration at SBO is mainly influenced by
different sources including free tropospheric aerosols, long-range transported dust, and local or regional

aerosol sources transported from the BL to the station.
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1. Introduction

Atmospheric aerosol particles can exert an important influence on the global climate system by directly
changing the Earth’s energy budget via interactions with solar and terrestrial radiation (e.g., Boucher
et al., 2013; Bellouin et al., 2020; Forster et al., 2021) and indirectly by contributing to cloud formation
(e.g., Boucher et al., 2013; Miilmenstiddt and Feingold, 2018; Forster et al., 2021). However, accord-
ing to the latest report of the Intergovernmental Panel on Climate Change (IPCC, Forster et al., 2021)
aerosol-cloud interactions are still poorly understood. The largest uncertainties are related to clouds
containing ice crystals, as their formation, radiative properties, and lifetime in the atmosphere are still
not sufficiently understood (Forster et al., 2021). A basic understanding of atmospheric ice formation is
crucial for a more accurate representation of the ice phase in cloud and climate models (e.g., Boucher
et al., 2013; Storelvmo, 2017; Murray and Liu, 2022; Knopf and Alpert, 2023).

Cirrus clouds form at temperatures below —38°C and consist only of ice crystals, while mixed-phase
clouds (MPCs), which consist of supercooled liquid water droplets and ice crystals, can only form at tem-
peratures between 0°C and —38°C in the atmosphere. Ice formation starts by the spontaneous freezing
of supercooled droplets or diluted solution droplets via homogeneous nucleation when the temperature
is below about —38°C. Ice-nucleating particles (INPs) initiate heterogeneous ice formation at higher
temperatures and lower supersaturations with respect to ice (e.g., Pruppacher and Klett, 1997; Cantrell
and Heymsfield, 2005; Vali et al., 2015; Kanji et al., 2017; Knopf et al., 2018; Knopf and Alpert, 2023).
Depending on the temperature (7") and the saturation ratio with respect to ice (Si..), heterogeneous ice
formation occurs by one of the four different modes deposition nucleation, immersion freezing, conden-
sation freezing, or contact freezing (e.g., Pruppacher and Klett, 1997; Cantrell and Heymsfield, 2005;
Hoose and Mohler, 2012; Murray et al., 2012; Vali et al., 2015) (Figure 1.1).

INPs are a rare subset of atmospheric aerosol particles, which makes their identification and quantifica-
tion a challenge (DeMott et al., 2011; Cziczo et al., 2017). This is further complicated by their strong
dependence on temperature, and the strong variation of their abundance with location and season (e.g.,
Mason, 1972; Pruppacher and Klett, 1997; DeMott et al., 2010; Kanji et al., 2017). Although INPs
have been studied for many decades (e.g., Dufour, 1862), there are still large uncertainties about their
sources, concentrations, and seasonal variability, and it is still not yet known in detail which aerosol
types markedly contribute to the INP population (Kanji et al., 2017). Atmospheric aerosol species that
are known to act as INP are e.g. mineral dust particles (e.g., Pratt et al., 2009; Cziczo et al., 2013;

Ladino Moreno et al., 2013; Vergara-Temprado et al., 2017), biological particles like bacteria, fungal
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Figure 1.1.: Schematic representation of the different nucleation modes for heterogeneous ice formation and their
temperature (7") and saturation ratio with respect to ice (S;..) where they occur. Figure adapted from Hoose and
Mohler (2012).

spores, pollen, lichens (e.g., Alpert et al., 2011; Hiranuma et al., 2014; Mason et al., 2015; Wex et al.,
2015), volcanic ash particles (Kanji et al., 2017), sea spray aerosol (e.g., Burrows et al., 2013; Wilson
etal., 2015; Vergara-Temprado et al., 2017; McCluskey et al., 2018), soil dust particles (e.g., Conen et al.,
2011; Steinke et al., 2016; Suski et al., 2018) or metal particles (Cziczo et al., 2009; Cziczo et al., 2013).
Comprehensive measurements and experiments are needed to identify whether a particular aerosol type
can act as an effective INP (Murray et al., 2012). Nowadays there are three common techniques available
(Figure 1.2): droplet freezing experiments (e.g., Hill et al., 2013), continuous flow diffusion chambers
(CFDCs) (e.g., Rogers, 1988), and cloud expansion chambers (e.g., Mohler et al., 2006; Mohler et al.,
2021). The first is referred to as an offline technique, as the aerosols are first collected on e.g. filters and
thereafter analyzed in the laboratory. The other two techniques are online methods, as the information

about the ice nucleation ability of the aerosols is obtained in real time.

Although INPs are rare, they still have a strong influence on the climate on Earth (e.g., Kanji et al.,
2017; Burrows et al., 2022), as they contribute to the formation of ice crystals in the atmosphere through
heterogeneous nucleation. As soon as a cloud includes ice crystals, its radiation properties change by
altering the interaction between the incoming short-wave radiation and the outgoing long-wave radia-
tion, which influences the radiation balance (e.g., Boucher et al., 2013; Storelvmo, 2017; Forster et al.,
2021). For example, as soon as the first ice crystals have formed in a MPC due to the presence of INPs, a
phase change from liquid to ice can rapidly occur within the whole cloud (e.g., Korolev and Field, 2008;

Korolev et al., 2017). This in turn affects the radiative properties of the cloud and therefore the climate
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Figure 1.2.: Schematic representation of different INP instruments.

(e.g., Storelvmo et al., 2011; Storelvmo et al., 2015; Vergara-Temprado et al., 2018b). In the case of
cirrus clouds, the microphysical properties, such as the size and number of ice crystals, are altered de-
pending on the temperature and supersaturation conditions during their formation, and whether they are
formed by homogeneous freezing of solute aerosols or by heterogeneous ice formation due to the pres-
ence of INPs. This has a great impact on the radiation properties of the cirrus cloud (Storelvmo, 2017).
In addition, most precipitation in clouds is produced by the ice phase (Lau and Wu, 2003; Lohmann and
Feichter, 2005), especially over land (Miilmenstédt et al., 2015; Field and Heymsfield, 2015; Heymsfield
et al., 2020), therefore, ice formation in the atmosphere plays a key role in the global water cycle.

Despite their importance, INPs are still inadequately represented in models (Murray et al., 2021; Burrows
et al., 2022), as there are still many uncertainties regarding their vertical distribution, concentrations, and
seasonal variations. This is due to missing knowledge about INP emission sources and transport pro-
cesses in the atmosphere, which requires more measurements of INPs in ambient air. In recent years,
most INP measurements have been conducted at ground-based stations in the MPC temperature range for
shorter periods (Kanji et al., 2017). However, there is especially a lack of INP field data in the free tropo-
sphere (e.g., Lacher et al., 2018a), and at cirrus conditions (e.g., Wolf et al., 2020). Moreover, long-term
measurements to investigate seasonal variations of the INP concentration are sparse (e.g., Bras et al.,
2022). Thus, the focus of this PhD thesis is put on three aspects: A three-year long-term study of INP
concentrations at MPC conditions at a high-altitude station to investigate seasonal and diurnal variations;
the development of a new aircraft-based INP instrument, capable of measuring in the MPC and cirrus
cloud regime, which will be used in future studies onboard the HALO (High Altitude and Long Range)

aircraft; and ambient measurements of INPs at cirrus conditions using the newly developed instrument.
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Development of a new aircraft-based INP instrument for measurements in the free troposphere:

Most INP measurements were performed at ground-based stations in the boundary layer (BL) (Kanji
et al., 2017), while there are only a handful of measurements conducted in the free troposphere (FT)
(e.g., Lacher et al., 2018a and references therein; Brunner et al., 2022). Therefore, there is a lack of
knowledge about the concentration and composition of INPs in the FT (Wolf et al., 2020). Studies
indicated that more measurements are needed to be able to answer open questions about the INP concen-
trations at cloud level, and their influence on cloud formation and properties (e.g., Coluzza et al., 2017).
INP measurements in the FT were conducted either at mountain sites like, for example, the Jungfraujoch
station in Switzerland (e.g., Conen et al., 2015; Boose et al., 2016b; Lacher et al., 2018a; Lacher et al.,
2018b; Brunner et al., 2022), by tethered balloons (e.g., Creamean et al., 2018; Porter et al., 2020), by
unmanned aerial vehicles (UAV) (e.g., Schrod et al., 2017; Jimenez-Sanchez et al., 2018; Bieber et al.,
2020) or by aircraft-based measurements (e.g., Flyger et al., 1973; DeMott et al., 2016; Price et al., 2018;
Levin et al., 2019; Sanchez-Marroquin et al., 2020, Varble et al., 2021). In particular, aircraft-based mea-
surements are needed to investigate INPs at higher altitudes in the atmosphere. Available aircraft-based
INP instruments include an aerosol filter sampling and offline analysis method (e.g., Grawe et al., 2023)
and a CFDC from the Colorado State University (Rogers et al., 2001b), which allow INP measurements
only in the MPC temperature range. To date, there is no aircraft-based instrument that can measure
the INP concentration at temperatures lower than —40°C and supersaturations relevant for cirrus cloud
formation. As part of this PhD thesis, a new aircraft-based instrument called PINEair (Portable Ice
Nucleation Experiment airborne) was developed, which can be used to investigate the INP concentration

in the temperature range between 0°C and —65 °C in freezing modes relevant for MPC and cirrus clouds.

Measurements of the INP concentration at cirrus cloud conditions:

Cirrus clouds have an average global land cover of 22.8% (Heymsfield et al., 2017) and thus have a
significant influence on the Earth’s radiative budget, but the effect of INPs on cirrus clouds and thus the
influence on the climate is highly uncertain (e.g., Kircher, 2017; Kanji et al., 2017; Kramer et al., 2020).
This is caused by the fact that a comprehensive understanding of cirrus formation is limited due to the
lack of INP field data in this temperature range (e.g., DeMott et al., 2003b; Richardson et al., 2007; Kanji
et al., 2017; Wolf et al., 2020). The current knowledge is based on laboratory measurements, e.g. by us-
ing the AIDA (Aerosol Interaction and Dynamics in the Atmosphere) chamber (e.g., Wagner et al., 2021)
or CFDCs (e.g., Mahrt et al., 2020). Only a few mobile instruments are capable of measuring the INP
concentration at cirrus conditions. Previous measurements were made with a CFDC at the mountain sta-
tions Storm Peak Laboratory in western Colorado (DeMott et al., 2003b; Richardson et al., 2007) and the
Puy de Dome Observatory in France (Wolf et al., 2020). Since more INP measurements at cirrus cloud
conditions are needed, the new INP instrument PINEair was developed not only to be used on research
aircraft but also as a mobile instrument for operation at research stations, to detect INPs at MPC and

cirrus cloud conditions. As part of this PhD thesis, INP measurements at cirrus conditions (7' ~ —48°C)



were performed with a prototype version of PINEair at the high-altitude station Sonnblick Observatory
(3106 m a.s.l.) in Austria.

Long-term measurements of the INP concentration at a high-altitude station:

Many INP studies are limited to shorter measurement periods, and only a few studies focused on ana-
lyzing INP seasonal trends and variability (Brunner et al., 2022). For example, Conen et al. (2015), Wex
et al. (2019), Tobo et al. (2020), Schrod et al. (2020), Schneider et al. (2021a), Brunner et al. (2022)
have found a seasonal dependence of the INP concentration at different locations around the globe, with
the highest concentrations measured in spring and summer. However, except Brunner et al. (2022), the
studies are based on offline filter sampling measurements, with low time resolutions from about 24 h to
2weeks. This does not provide information about the diurnal variability of the INP concentration. In
particular, long-term measurements with a high time resolution are needed, since INP concentrations
can vary significantly on short time scales. Such measurements can be used to derive parameterizations
for the formulation and prediction of INP concentrations in weather and climate models (Burrows et al.,
2022; Bras et al., 2022). A long-term measurement series was performed at the Sonnblick Observatory
in Austria as part of this doctoral thesis, which provides a continuous data set of three years of INP
measurements performed with an offline aerosol filter sampling method and additionally, a 14-month
measurement series conducted with a mobile expansion chamber. The station is an ideal location, as it is

located in the lower FT and is only sometimes influenced by air masses from the BL.

The structure of this thesis is given as follows:
Chapter 2 Theoretical Background: This chapter provides detailed information about the aerosol par-
ticles in the atmosphere, the primary ice formation for the cirrus clouds and MPCs, and the current state

of knowledge about INPs.

Chapter 3 Experimental Methods: This chapter includes a description of the setup and working prin-
ciple of the instruments used in this doctoral thesis, as well as a description of the aerosols used for the

laboratory experiments.

Chapter 4 Development and Application of the New Aircraft-Based Expansion Chamber PINEair:
This chapter describes the structure and working principle of the newly developed PINEair instrument.
It presents the first results of the laboratory measurements for testing and characterization purposes, and
the first measurements at ambient air conditions at Campus North at KIT (Karlsruhe Institute of Tech-

nology) and the Sonnblick Observatory in Austria.

Chapter S Long-Term INP Measurements at the Sonnblick Observatory: This chapter discusses the

long-term measurements of the INP concentration at the Sonnblick Observatory in terms of seasonal and
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diurnal variations. First, an overview of the results is given, then they are interpreted and finally, a case

study of a strong dust event in March 2022 is described in more detail.

Chapter 6 Summary and Outlook: This chapter summarizes the findings and results of this PhD thesis

and gives an outlook for future experiments.



2. Theoretical Background

A major target of this PhD thesis are INPs, a minor number fraction of atmospheric aerosol particles
that induce the nucleation of the ice phase and by that impact atmospheric clouds, precipitation, and
the climate system. Section 2.1 provides an introduction to the types, properties, and impacts of atmo-
spheric aerosols, and section 2.2 describes the basics of ice formation in atmospheric clouds. Section 2.3

summarizes the current knowledge about the types, abundance, and impact of atmospheric INPs.

2.1. Atmospheric Aerosol Particles

Aerosol particles are defined as solid or liquid particles suspended in air (Whytlaw-Gray et al., 1923).
There are a variety of natural and anthropogenic sources with different emission rates, therefore their
concentration and composition vary strongly in the atmosphere (e.g., Seinfeld and Pandis, 2012). They
can be transported over very long distances far away from their emission source (e.g., Jaenicke, 1982;
Abdalmogith and Harrison, 2005), and during transport they can be modified by e.g. coagulation. Finally,
they can be removed from the atmosphere via processes like settling, turbulent deposition, or precipita-
tion. Basically, a distinction can be made between primary aerosols, which are emitted directly into the
atmosphere, and secondary aerosols, which are formed through chemical reactions in the atmosphere
(Seinfeld and Pandis, 2012).

Primary aerosols from natural sources are, for example, biological particles such as pollen, spores, and
bacteria (e.g., Despres et al., 2012), volcanic ash from volcanic eruptions (e.g., Tomasi and Lupi, 2017),
sea salt aerosol from oceans (e.g., Schulz et al., 2004) or dust particles from deserts (e.g., Tegen and
Schepanski, 2009). Primary aerosols can also be emitted into the atmosphere by anthropogenic sources,
such as soot or sulfate particles from industrial processes, transportation, biomass burning, or deforesta-
tion (Lighty et al., 2000).

Secondary aerosols or aerosol components are formed from natural and anthropogenic precursor gases,
which undergo chemical reactions in the atmosphere to form less volatile trace gases. These secondary
components can either condense to existing aerosol particles or form new particles by nucleation pro-
cesses. Natural precursors for secondary aerosol formation can be various monoterpenes such as alpha-
pinene, which mainly originate from forests (McVay et al., 2016). Anthropogenic secondary aerosol
components include, for example, nitrates or sulphates, which are produced by biomass burning or fuel
combustion (Smith et al., 2011). Another important atmospheric secondary aerosol is sulfuric acid, which

is a main player in atmospheric new particle formation and subsequent particle growth (e.g., Kulmala,
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2003; Boy et al., 2005). Sulfuric acid aerosol particles are formed from the gas precursor sulfur dioxide
(50,) (Roedel and Wagner, 2011), which can be emitted into the atmosphere by both natural sources

(e.g., volcanic eruptions) and anthropogenic sources (e.g., industrial burning).
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Figure 2.1.: Particle number (panel a), surface (panel b), and mass (panel c) size distribution as a function of the
diameter of the aerosol particles D), for the four different modes: nucleation mode, Aitken mode, accumulation
mode, and coarse mode. Figure adapted from Seinfeld and Pandis (2012).

Due to the different aerosol sources, they can reach diameters D, between < 10nm and 10000nm.
The aerosol size distribution is usually described by a multimodal distribution (Whitby, 1978), which
consists of the following modes: nucleation mode (D, < 10nm), Aitken mode (D, = 10nm to 100nm),
accumulation mode (D, = 100nm to 1000nm) and coarse mode (D, = 1000nm to 10000nm) (Seinfeld
and Pandis, 2012; Lohmann et al., 2016). The nucleation mode consists of the smallest particles, which
are freshly nucleated aerosol particles. They grow very quickly in size, and thus into the next mode,
which is called Aitken mode and includes e.g. soot and sulfuric acid particles. The next larger aerosol
particles are categorized in the accumulation mode, which contains e.g. ammonium sulfate particles. The
largest aerosols are classified as coarse mode, such as mineral dust or sea salt. Particles larger than D, >
10000nm are commonly referred to as giant particles, such as pollen, for example. Figure 2.1 shows a

schematic of the particle number (panel a), the surface (panel b), and the mass size distribution (panel



2.2. Ice Formation in the Atmosphere

¢) for the different modes. Particles of the nucleation mode and the Aitken mode usually dominate the
number size distribution (panel a) and can be up to several orders of magnitude more frequent compared
to larger particles of the other modes, as they stay longer in the atmosphere due to their smaller diameter,
and therefore, it takes longer for them to settle out. In contrast, the surface (panel b) and mass (panel
¢) size distribution is mainly dominated by the particles with larger diameters, namely the accumulation
mode and the coarse mode, although they can be significantly smaller in number.

It is important to investigate the abundance of the aerosol particles in the atmosphere in more detail,
as they not only have a major impact on air quality (e.g., Silva et al., 2013) but can also influence the
weather and climate (e.g., Boucher et al., 2013) in both direct and indirect ways. They have a direct effect
by scattering and absorbing the radiation, which is also called aerosol-radiation interaction. Additionally,
aerosol particles have an indirect effect on the weather and climate by contributing to cloud formation,
and can thus significantly influence their radiative properties (aerosol-cloud interaction). According to
the latest report of the IPCC (Forster et al., 2021), the net aerosol effective radiative forcing is negative
(Figure 2.2), which results from a combination of the aerosol-radiation interaction and the aerosol-cloud
interaction. This is supported by a broad agreement between both observation-based and model-based
studies. However, considerable uncertainties remain between the interaction of aerosol effects on MPCs
and cirrus clouds, they are indicated in Figure 2.2 by the black bars. This is mainly due to the fact that

the formation of clouds consisting of ice is still not fully understood.
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Figure 2.2.: Total aerosol effective radiative forcing from the latest report of the IPCC (Forster et al., 2021).

A rare but important subset of aerosols is called ice-nucleating particles (INPs), which can serve as seeds
for the primary formation of ice crystals in clouds (Pruppacher and Klett, 2010). Section 2.2 provides
more detailed information about the ice formation in the atmosphere and further information on INPs

can be found in section 2.3.

2.2. Ice Formation in the Atmosphere

At temperatures below the freezing point (< 0°C), a distinction is made between MPCs (coexistence of
supercooled water droplets and ice crystals) and cirrus clouds (only ice crystals) (Figure 2.3). Primary
ice formation in the atmosphere can occur either by homogeneous freezing at temperatures below —38°C

from the liquid phase or by heterogeneous nucleation from the gas or liquid phase with the help of an INP
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Figure 2.3.: Classification of clouds in the atmosphere depending on the phase of the particles. The middle and
right columns illustrate the ice nucleation path of primary ice formation in cirrus clouds and MPCs.

(Pruppacher and Klett, 2010). In the following, the two types of clouds are described in more detail under
the following aspects: general information, their effect on the weather and climate, and the different ice

formation modes.

2.2.1. Cirrus Clouds

Cirrus clouds form at temperatures below —38 °C, the median cloud top varies from 14km in the tropics
to 8km at the poles (Sassen et al., 2008), and they have an average global land cover of 22.8 % (Heyms-
field et al., 2017). They play an important role in the Earth’s radiative budget, as they can have a warming
effect by absorbing and re-emitting the longwave radiation of the Earth, as well as a cooling effect by
scattering the incoming solar radiation back to space (Lohmann et al., 2016). Cirrus clouds remain one
of the components that are least understood and quantified in the Earth’s radiative budget (e.g., Stevens
and Bony, 2013; Bauer et al., 2015; Bickel et al., 2020), as their net radiative effect depends, among other
aspects, on factors such as the microphysical properties like number concentration, size, and morphology
of the ice crystals (Wolf et al., 2023). The microphysical properties of a cirrus cloud are dependent on
the ice formation mechanism, the ice crystals can form either by homogeneous freezing or, if an INP is

present, by heterogeneous freezing (Pruppacher and Klett 1997) (Figure 2.3).
In the case of homogeneous freezing, ice crystals only form at high relative humidities (Sj., > 1.42)

through pure water or diluted solution droplets (Koop et al., 2000). A small ice germ is formed by the

random collision of multiple water molecules. However, the formation of this small ice germ is initially
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kinetically inhibited, as energy has to be generated first to form the interface between the new ice phase
and the surrounding liquid phase. This surface energy is greater than the energy gain from the transition
of the starting phase to the new ice phase, resulting in a nucleation barrier. The energy that has to be

expended to overcome this energy barrier can be derived from the Gibbs free energy (AG, equation 2.1).

AG = —NkgT In(Sice) +04 2.1

(1) ()
AG consists of two terms: (1) the volume term, which is associated with the energy gain from the transi-
tion from the starting phase to the new stable phase, and (2) the surface term, which describes the energy
required to form the interface between the new phase and the starting phase (Salby, 2012) (Figure 2.4).
The volume term depends on the number of molecules in the ice germ N, the Boltzman constant kg, the
temperature 7', and the ice saturation ratio S;... The surface term is dependent on the interface energy o

and the germ surface A (A = 4 % 7w % r2).

AG

(2) surface term

1) volume term

Figure 2.4.: Schematic of the Gibbs free energy A G as a function of the number of molecules of the ice germ N.
The orange line shows the contribution of the surface term, the green line of the volume term and the blue line
shows the resulting trend of AG. N* indicates the critical size of the new ice germ.

As soon as supersaturation with respect to ice is present in the atmosphere, S;.. > 1, the nucleation pro-
cess can start. Initially, however, the nucleation process is not stable as the surface term dominates until
a critical size N* of the germ is reached. As soon as N* is reached, the volume term is more dominant
and the energy gain is greater than the surface term, meaning that the new ice germ is in a stable phase.

Now, the ice germ can continue to grow as an ice crystal as long as there is a sufficiently high S;... The
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higher the supersaturation, the lower the N*, and therefore the higher the probability of the formation of

a stable ice germ.

Laboratory studies have shown that heterogeneous ice nucleation can already occur at lower S;.. (e.g.,
Hoose and Mohler, 2012), as the existing INP already provides a surface for the formation of the new ice
germ, which reduces the energy barrier (Vali et al., 2015). The heterogeneous ice nucleation in the atmo-
sphere can occur through various pathways, such as immersion freezing, condensation freezing, contact
freezing, and deposition nucleation, depending on the temperature and S;.. (e.g., Hoose and Mohler,
2012). At temperatures lower than —38°C, the ice crystals can form heterogeneously by deposition nu-
cleation, the other three freezing modes are only relevant for temperatures in MPCs and are therefore
explained in more detail in section 2.2.2. The deposition nucleation is the only freezing pathway in
which the liquid phase is assumed to not occur. For this, water sub-saturated conditions are required,
then the water vapor is deposited directly on the INP to form a critical germ, which can then further grow
to form an ice crystal (Vali et al., 2015). Another heterogeneous freezing mechanism which is called
pore condensation and freezing may be important for the primary ice formation in cirrus clouds as well
(e.g., Marcolli, 2014; Wagner et al., 2015). Here, the water vapor first condenses in the pores of atmo-
spheric aerosol particles at S;., conditions below liquid water saturation (sub-saturated conditions), and
then it freezes at temperatures lower than —38°C. It is known that heterogeneous freezing plays a key
role at cirrus cloud conditions (Cziczo et al., 2013), but it is still not fully understood whether deposition
nucleation or pore condensation and freezing is more relevant (David et al., 2019). In recent years, it
has also been discussed that deposition nucleation could occur by pore condensation freezing (Marcolli,
2020).

In general, primary ice formation at cirrus cloud conditions can occur through both homogeneous and
heterogeneous freezing in the atmosphere based on the present aerosol population, as shown by field
measurements by DeMott et al. (2003b), and later by Cziczo et al. (2013). This was already investi-
gated by numerous theoretical and modeling studies (Haag et al., 2003; Kércher and Lohmann, 2003;
Kircher and Spichtinger, 2009; Spichtinger and Cziczo, 2010). If sufficient INPs are present in the at-
mosphere, the ice crystals can form by heterogeneous freezing, during this process, a sufficient amount
of water vapor may be removed from the gas-phase which means that the high supersaturation required
for homogeneous ice formation might not be reached (e.g., DeMott et al., 1997; Barahona and Nenes,
2009; Kriamer et al., 2016). This suppression of the homogeneous ice nucleation can strongly change the
microphysical properties of a cirrus cloud (Storelvmo, 2017). If the heterogeneous ice nucleation is pre-
dominant, the cirrus cloud consists of fewer but larger ice crystals, therefore the cloud would be optically
thinner (Figure 2.5a) (Lohmann and Gasparini, 2017). In cases with a major contribution of homoge-
neous freezing, the opposite would be true, the cirrus cloud tends to be composed of more and smaller

ice crystals, resulting in an optically thicker cloud (Figure 2.5b). Thus, the two cirrus ice formation
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2.2. Ice Formation in the Atmosphere

mechanisms lead to large differences in the ice crystal size distribution, and therefore the optical prop-
erties of the cloud, the sedimentation velocities of the ice crystals, and the cloud lifetime. Despite years
of research, the question of which of the two cirrus formation mechanisms dominates in the atmosphere

cannot be answered (Storelvmo, 2017).

a) b)

* % * * * * 2 3 i M* *_* :‘,: ‘ * ) < K % >filcNeP°rV5ta|

Figure 2.5.: a) Cirrus cloud, which is predominantly formed by heterogeneous ice nucleation, consists of a few
large ice crystals. b) In comparison, if homogeneous freezing dominates the ice crystal formation in a cirrus
cloud, it consists of many, small ice crystals.

2.2.2. Mixed-Phase Clouds

MPCs form in the temperature range between 0°C and —38°C, they can consist of both ice crystals
and supercooled liquid droplets (Figure 2.3). The latter are thermodynamically unstable, therefore, the
transition to a more stable state, in this case to ice, can happen promptly (Murray and Sivakumar, 2010).
However, they can also remain in this unstable state for hours to days (e.g., Morrison et al., 2012; Kalesse-
Los et al., 2016; Pinsky et al., 2018). MPCs have a major influence on the formation of precipitation,
especially over continents (e.g., Miilmenstédt et al., 2015; Field and Heymsfield, 2015), as well as the
Earth’s radiation budget (e.g., Lohmann et al., 2016; Forster et al., 2021). In this temperature range, the
ice crystals can only form in the presence of INPs (e.g., Vali et al., 2015). Depending on the temperature
and Sjc., the ice formation in MPCs can occur by four different freezing pathways, which are briefly
explained in the following (e.g., Pruppacher and Klett, 1997; Cantrell and Heymsfield, 2005; Hoose and
Mohler, 2012; Murray et al., 2012; Vali et al., 2015). For immersion freezing, the freezing of a super-
cooled liquid water droplet is triggered by an INP, which is already immersed in the liquid water droplet
before the freezing temperature is reached. During contact freezing, a supercooled liquid water droplet
collides with an INP, which initiates the freezing. Condensation nucleation describes the process when
water vapor begins to condense on an INP, immediately followed by the freezing of the condensing water
and further growth of the resulting ice crystal. Deposition nucleation occurs in the same way as described
for cirrus cloud conditions. It is assumed that immersion freezing is the most important heterogeneous
freezing pathway for MPCs (Ansmann et al., 2008; de Boer et al., 2011), which has been observed in a
large number of studies (Murray et al., 2012). The role of contact freezing in the atmosphere is highly
uncertain, as it is limited by the collision rate of particles with supercooled liquid droplets. However, the
frequency and efficiency of such collisions in real clouds remain poorly understood (e.g., Ladino Moreno
et al., 2013; Nagare et al., 2016). Deposition nucleation is also considered less important for MPC con-

ditions, as lidar measurements have shown that liquid cloud droplets are present before the ice crystals
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form by one of the heterogeneous freezing mechanisms (Ansmann et al., 2008; de Boer et al., 2011).
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Figure 2.6.: Schematic illustration of the distribution of the liquid and ice phase in MPCs and the effect on the
climate when a) many INPs are present or b) fewer INPs are present in the atmosphere.

The presence of INPs can greatly alter the distribution of the liquid and ice phase in MPCs, which in
turn affects the radiative properties of the cloud and therefore the climate (e.g., Storelvmo et al., 2011;
Storelvmo et al., 2015; Vergara-Temprado et al., 2018b). Liquid droplets are small (about 10 tm) and
can be assumed to be spherical, whereas ice crystals are about an order of magnitude larger and are
usually non-spherical. If there are many INPs in the atmosphere, more ice crystals can nucleate (Figure
2.6a). Once ice has formed in MPCs, a transformation from liquid to ice can occur in the entire MPC
temperature range due to the Wegener-Bergeron-Findeisen process (e.g., Korolev, 2007; Korolev and
Field, 2008; Storelvmo and Tan, 2015), as the saturation vapor pressure of ice is lower compared to
liquid (Murphy and Koop, 2005). This cloud glaciation would reduce the optical thickness of the cloud,
as it consists of far fewer particles of larger sizes, and consequently reduce the lifetime and likely pro-
duce more precipitation, which in turn would lead to a lower cooling effect (e.g., Storelvmo et al., 2015;
Vergara-Temprado et al., 2018b). On the other hand, if there are fewer INPs present, the lifetime of the

liquid cloud is extended, and therefore it has a stronger cooling effect on the climate (Figure 2.6b).

Measurements of ice crystal concentration in natural clouds at temperatures above the homogeneous
freezing are often orders of magnitude larger than the INP concentration (e.g., Pruppacher and Klett,
1997; Hobbs and Rangno, 1998; Cantrell and Heymsfield, 2005; DeMott et al., 2016). This is because
the ice crystals can form not only through the primary ice formation with the help of an INP but also
through secondary ice production (SIP) processes (e.g., Cantrell and Heymsfield, 2005; Field et al.,
2017). During SIP processes, new ice crystals of preexisting ice are formed without the presence of
INPs. Based on a large number of laboratory and field measurements, six different SIP mechanisms
have been identified (Korolev and Leisner, 2020), the Hallet-Mossop process was considered for many
years to be the main source of secondary ice in clouds (Korolev et al., 2022). This process is also called
rime-splintering, and it is active at relatively high temperatures ranging from —3°C to —8°C (Mossop

and Hallett, 1974).
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2.3. State of the Art of Ice-Nucleating Particles

INPs are a minor subset of aerosol particles in the atmosphere (Rogers, 1993), typical INP concentra-
tions ranging from 10~* cm =3 to 10~ 'em ™3 (e.g., Mason, 1972; Pruppacher and Klett, 1997; Eidhammer
et al., 2009; DeMott et al., 2010). Calculations by e.g., DeMott et al. (2010) and Wilson et al. (2015)
have shown that the total INP concentration is strongly dependent on the location and the season and is
therefore exposed to considerable seasonal and spatial variations. For example, extreme INP concentra-
tions of up to 1cm™> can be reached in desert dust plumes (DeMott et al., 2003a). In addition, the INP
concentration is strongly dependent on the temperature, observations have shown that the INP concentra-
tion increases with decreasing temperature (e.g., Mason, 1972; Pruppacher and Klett, 1997). Kanji et al.
(2017) summarized the INP measurements for a variety of field data from different locations around the
world and presented them as a function of T (Figure 2.7). Here, they made the general observation that
there is roughly an exponential increase in the INP concentrations with decreasing temperature, which

has already been observed in earlier studies (aufm Kampe and Weickmann, 1951; DeMott et al., 2016).
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Figure 2.7.: INP concentration versus temperature 7' from different field measurements conducted globally. Shaded
areas show the air mass type or the sampling location. Figure adapted from Kanji et al. (2017).

INPs have a size ranging from a few nanometers to hundreds of micrometers and their origin can be
natural or anthropogenic (Knopf et al., 2018). Despite years of research, it is still not known in detail
which properties are required for an aerosol particle to act as an INP (Kanji et al., 2017). Comprehensive
measurements and experiments are needed to identify whether a particular aerosol type can act as an
effective INP (Murray et al., 2012). However, it is well-known that the surface of the aerosols plays an

important role, larger particles are assumed to be more efficient INPs (Connolly et al., 2009). Ice nucle-
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ation likely occurs at certain locations, e.g., at lattice mismatches, cracks, or chemical contaminations
(e.g., Xue et al., 2019) on the surface of the INP, which reduces the free energy of germ formation (Prup-
pacher and Klett, 2010). As this is a surface-specific characteristic, the probability of the occurrence of
such ice-active sites increases with the total available surface area of the aerosol, and thus the probability

that the aerosol can act as an INP (e.g., Archuleta et al., 2005; Kanji and Abbatt, 2009; Welti et al., 2009).

Aerosol types that are known to be effective INPs are mineral dust particles and biological particles,
which are explained in the following in more detail. Afterwards, the relevance of ice nucleation in the
atmosphere is briefly described for a few other selected aerosol types, Figure 2.8 shows an overview.
Mineral dust aerosols consist mainly of eroded crustal rock lifted into the atmosphere by wind and tur-
bulence, therefore their concentrations vary greatly on a spatial and temporal scale. They are not only
important on a regional scale, but can also be transported over long distances and distributed globally
over large areas (Prospero, 1999; Knippertz and Stuut, 2014; Kok et al., 2023). Thus, they can influence
the formation of ice crystals in the atmosphere even far away from their source. Mineral dust parti-
cles have a particularly high ice nucleation ability and can already act as INP at high temperatures of
T < —15°C (e.g., Hoose and Mohler, 2012; Murray et al., 2012; Ladino Moreno et al., 2013). Simula-
tions using global climate models have shown that in the temperature range between 0°C and —38°C,
mineral dust particles account for approximately 77 % of the active INPs (Hoose et al., 2010). Another
model study by Vergara-Temprado et al. (2017) indicates that desert dust dominates the contribution to
the INP population over much of the world. Even under cirrus temperature conditions, the investigation
of ice residuals showed that dust is one of the most important INP types in the atmosphere (DeMott et al.,
2003a; Pratt et al., 2009; Cziczo et al., 2013; Creamean et al., 2013). There are a variety of different
minerals in dust particles such as kaolinite, illite, quartz, and feldspar. However, it is not known exactly
which properties a dust particle needs to have a high ice nucleating activity, so it varies by several orders
of magnitude (e.g., Yakobi-Hancock et al., 2013; Freedman, 2015; Schill et al., 2015). But e.g., Atkinson
et al. (2013), Harrison et al. (2016), and Kiselev et al. (2016) have shown in their studies that feldspar
particles are one of the most active atmospherically relevant INP minerals. Furthermore, Archuleta et al.
(2005), Kanji and Abbatt (2009), and Welti et al. (2009) have found that the ice nucleating activity in-
creases with increasing size of the dust particle (i.e., larger surface area).

Biological particles are e.g., bacteria, fungal spores, pollen, lichens, or marine exudates, which are emit-
ted by biogenic sources such as oceans, vegetation, soils, lakes, and living organisms (Despres et al.,
2012). Similar to other aerosol particles, the ice nucleation ability of bio-aerosols depends on the type of
the particles. The contribution of biological INPs is often derived indirectly by exposing the samples to
heat, and then quantifying the loss of INP activity (Hill et al., 2016). A lot of measurements have shown
that many types of bio-aerosols have a high ice nucleation ability in the MPC temperature range, for
example, pollen, fungi, or bacteria (e.g., Alpert et al., 2011; Prenni et al., 2013; Hiranuma et al., 2014;
Mason et al., 2015; Wex et al., 2015). For example, Pratt et al. (2009), studied ice crystal residuals during
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aircraft-based measurements, and they found that 33 % of the particles from the investigated cloud were
biological particles, for mineral dust it was 50 %. Although the emission rates of bio-aerosols are orders
of magnitude lower than those of dust particles (Despres et al., 2012), some species can already act as
INPs at much higher temperatures. For example, various fungi particles have already shown a high ice
nucleation ability at temperatures between —5°C and —10°C. Furthermore, biological components can
be attached to other particles, such as dust, and thus increase the ice nucleation ability at higher tem-
peratures (e.g., Conen et al., 2011; Tobo et al., 2014; O’Sullivan et al., 2014; Augustin-Bauditz et al.,
2016; Ladino et al., 2016). Recently, laboratory experiments have shown that even small fragments of
biological particles, such as bacteria, fungal spores, and pollen can act as INPs (Pummer et al., 2012;
Augustin et al., 2013; Suski et al., 2018).
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Figure 2.8.: Overview of a few selected aerosol types that can serve as INP. Figure adapted from DeMott et al.
(2010) with changes.

Other aerosol types that can serve as INPs are, for example, volcanic ash particles, which could be im-
portant INPs at lower temperatures, especially in the absence of other effective INPs (Kanji et al., 2017;
Umo et al., 2021). However, volcanic eruptions are very episodic events (Durant et al., 2010) and their
aerosol concentrations in the atmosphere are highly variable. Organic particles emitted by marine en-
vironments are less effective INPs than dust (DeMott et al., 2016), but they are still important for ice
formation, especially in regions in the troposphere where dust is not present. The studies about the ice
nucleation ability of secondary organic aerosols (SOA) show partly inconsistent results, some studies ob-
serve no heterogeneous freezing under cirrus conditions (e.g., Ladino et al., 2014; Wagner et al., 2017),
and others were able to show the opposite (Ignatius et al., 2016; Wolf et al., 2020). However, it should
be noted that there are many different SOA systems in the atmosphere, such as alpha-pinene, naphtha-
lene, and longifolene. Sea spray aerosol is a particularly important INP source in marine regions remote
from continental aerosol sources, as observed in a variety of measurements (e.g., Burrows et al., 2013;
Wilson et al., 2015; Vergara-Temprado et al., 2017; McCluskey et al., 2018). Nevertheless, the ice nu-

cleation activity is two or more orders of magnitude lower than that of mineral dust (DeMott et al., 2016;
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Vergara-Temprado et al., 2018b). Soil dust particles emitted from grazed or agricultural lands are also
considered effective INPs, comparable to bio-aerosols and feldspar particles (Steinke et al., 2016; Kanji
et al., 2017). It is assumed that the high ice nucleation ability is due to internal mixing with biogenic
compounds in the particles (O’Sullivan et al., 2014; Tobo et al., 2014). Numerous laboratory studies ob-
served that soil particles with biogenic compounds are more active INPs than inorganic desert dust (e.g.,
Conen et al., 2011; Steinke et al., 2016; Suski et al., 2018). Metallic particles can also contribute to the
formation of ice crystals at cirrus conditions, this was observed by studying ice residues (Cziczo et al.,
2009; Cziczo et al., 2013). The efficiency of metal particles to form ice in the atmosphere varies depend-
ing on the chemical composition of the particles, e.g. metal oxides (aluminum oxide and iron oxide) can
nucleate ice well due to deposition nucleation. Another aerosol from anthropogenic emissions is black
carbon, which has only a minor contribution to the ice formation in the MPC temperature range (e.g.,
Vergara-Temprado et al., 2018a; Kanji et al., 2020; Schill et al., 2020). However, at cirrus temperatures,
certain types of black carbon have been found to act as INPs in laboratory studies (e.g., Ullrich et al.,
2017; Mahrt et al., 2018). In general, it is very difficult to identify and quantify INPs due to their rarity
(DeMott et al., 2011). It is still uncertain which types of aerosol particles dominate the INP population
in different atmospheric environments and different temperature regimes in the atmosphere (Kanji et al.,

2017).

Over the past decades, a considerable amount of field INP data has been collected, some of them were
summarized in the study by Kanji et al. (2017) by presenting the measured INP concentrations as a
function of temperature (Figure 2.7). However, these are not long-term measurements due to the lack of
automated INP instruments, which have only been developed in recent years (e.g., Bi et al., 2019; Brun-
ner and Kanji, 2021; Mohler et al., 2021). The data in Figure 2.7 were sorted according to their sampling
location and air mass type and marked with the corresponding colors. Figure 2.7 shows a wide spread of
the measured INP concentration over several orders of magnitude for each individual temperature in the
range between —5°C and —40°C, regardless of the air mass or the particle composition of the samples.
The overview of these INP measurements covers the entire MPC temperature range, but not the cirrus
temperature range, as there are only a few measurements of the INP concentration in this regime (Kanji
et al., 2017). Additionally, most of the existing INP measurements have been made at ground-based
stations (Kanji et al., 2017), with most stations located in the BL. To obtain a better overview of the
presence of the INP concentration in all atmospheric layers relevant for cloud formation, measurements
at different altitudes and in particular in the FT are also required. Therefore, as part of this PhD thesis,
a novel instrument was developed for aircraft-based measurements to investigate the INP concentration
in the FT (see chapter 4). Furthermore, this instrument is capable of performing measurements in the
whole temperature range down to —65°C, thus providing important information about the INPs in the
whole relevant temperature range for MPC and cirrus clouds. Burrows et al. (2022) highlighted in their

study that the scientific understanding of the influence of INPs, and thus their implementation in models,
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could be significantly maximized if there were more observational data in the atmosphere with a longer
measurement period and greater spatial coverage. To contribute to the long-term measurements of the
INP concentration, in order to obtain more information about their diurnal and seasonal variations at a
constant location, within this PhD thesis a long-term study was conducted to measure the INP concen-
tration at a high-altitude station (Sonnblick Observatory, 3106 m a.s.l.), which is located in the lower FT
(see chapter 5).
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3. Experimental Methods

In this work, mobile instruments were used to measure the INP concentration of the ambient air. For that,
the online cloud expansion chamber PINE (Portable Ice Nucleation Experiment), the newly developed
instrument PINEair, and the offline droplet freezing experiment INSEKT (Ice Nucleation Spectrometer
of the Karlsruhe Institute of Technology) were used. To test and validate the new instrument PINEair,
additional laboratory measurements were performed with the expansion chamber AIDA and the aerosol
chamber APC (Aerosol Preparation and Characterization). This chapter includes a brief description of
the setup and working principle of the instruments, as well as a description of the aerosols used for the
laboratory validation experiments. A detailed description of the newly developed aircraft-based INP

instrument PINEair can be found in chapter 4.

3.1. Online: Cloud Expansion Chamber PINE

PINE is an online instrument to measure the INP concentration in real-time by first sampling ambient or
laboratory-generated aerosols into a cold chamber, and then inducing cloud droplet and ice formation in
this air by a rapid decrease in pressure and thus temperature, similar to cloud formation conditions in air
parcels rising in the atmosphere. The instrument was developed according to the working principle of
the big cloud chamber AIDA, and it is described in detail by Mohler et al. (2021). PINE is mobile, has a
high time resolution of approximately 6 min, and can be used for measurements in the laboratory as well
as in the field to measure, for example, the short-term variations of the INP concentration. PINE works
fully automatic and can be controlled remotely if needed, which makes it suitable for measurements at
remote locations over longer periods.

The first version of PINE was developed at the KIT in collaboration with the University of Leeds, and
successfully tested in a cold room in January 2016. The first mobile prototype versions "PINE-1A"
and "PINE-1B" with their own cooling systems and a chamber volume of about 7L were developed and
characterized during a series of laboratory experiments (Mdhler et al., 2021). These versions were further
improved, especially with regard to the cooling system as a combination of a vacuum-isolated vessel and
a Stirling cooler, resulting in the next versions of PINE, with model numbers "PINEc", "PINE-04-0X",
and "PINE-05-0X". They have a chamber volume of 10L and they are commercially available from

Bilfinger Nuclear & Energy Transition GmbH, Wiirzburg, Germany (Figure 3.1a).
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Figure 3.1.: a) Photo of the commercial version of PINE, which is available from Bilfinger Nuclear & Energy
Transition GmbH. b) Schematic drawing of the setup of PINE, composed of five major parts: inlet system (I),
cloud expansion chamber (II), cooling system (III), particle detection system (IV), and control system (V).

Setup

PINE is composed of five major parts (Figure 3.1b): an inlet system (I), a cloud expansion chamber (II),
a cooling system (III), a particle detection system (IV) and a control system (V). All parts are briefly
explained in the following. Since most of the measurements presented in this work were performed with
the version "PINE-04-0X", the term PINE in the following always refers to this PINE version.

First, the ambient air flows through the inlet system (part I), which mainly consists of a dual membrane
dryer system (Perma Pure, MD-700-24S5). It is important to dry the humid ambient air to prevent frost
formation on the cold chamber walls and with that an increasing ice background due to frost artifacts.
The dew point temperature of the sampled air is measured before it enters the expansion chamber with a
dew point sensor (Vaisala, DMT143) located downstream of the dryer system.

The core of PINE is the expansion chamber (part II), where the aerosols are activated to liquid super-
cooled water droplets or ice crystals. This activation is achieved by a controlled pressure and related
temperature decrease, similar to cloud formation occurring in air parcels rising in the atmosphere. The

gas temperature T4, in the expansion chamber is monitored by five temperature sensors, which are ver-
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3.1. Online: Cloud Expansion Chamber PINE

tically distributed inside the chamber (Mohler et al., 2021). The wall temperature T,,,;; is monitored at
three different levels and the pressure in the chamber is measured with a pressure sensor (Thyracont,
VSC43MYV), which has an uncertainty of +0.3 %.

The cooling system (part III) of PINE consists of a Stirling cooler (Thales, LPT9310) to operate the ex-
pansion chamber between 0°C and a minimum temperature of —65°C. This allows INP measurements
in both the MPC and the lower cirrus cloud temperature range. For thermal insulation, the expansion
chamber is located in an evacuated stainless steel vessel, allowing cooling rates of 0.6 °C per minute.
An optical particle counter (OPC) (Palas GmbH, fidas-pine) located in the pump tube downstream of
the expansion chamber measures all particles that leave the chamber (part IV). The OPC measures the
light scattered by single particles in a side-ward scattering direction, where a-spherical particles like ice
crystals scatter more light than spherical particles like droplets of the same volume. Therefore, ice crys-
tals can be distinguished from supercooled liquid water droplets due to their larger optical size (Jarvinen
et al., 2014). Furthermore, the ice crystals formed inside the chamber, also grow to a larger geometric
size on the way to the OPC. The OPC detects particles in the entire aerosol flow and is therefore sensitive
to low particle number concentrations.

PINE is controlled with a Labview program (part V), which was developed in-house. This allows pre-
setting and control of operational parameters such as temperature, pressure, dew point temperature, and
flow rates, and records of all important data including detected single particle sizes and number concen-

trations.

Working Principle

PINE is operated in a cycled mode with sequences of runs and operations. A run consists of the following
three modes: "a) flush", "b) expansion" and "c) refill" (Figure 3.2).

After cooling the expansion chamber to the selected temperature, the measurement cycle starts with the
first run. In the flush mode, the valve at the inlet of the expansion chamber is open, allowing the ambient
air with the aerosols to flow through the chamber (Figure 3.2a), while the measured T, (red dotted
line) and pressure p (black line) inside the chamber remain constant. To replace most of the air inside
the chamber with the sampled air at the start of a new measurement cycle, the flush mode typically takes
between 4-5min with a flow between 1 L min~! and 2L min~'. The expansion mode starts by closing the
valve in front of the expansion chamber (Figure 3.2b), while the sample flow is bypassed. A controlled

! results in a constant

pump rate to the chamber with a constant flow between 2L min~! and 5L min~
pressure decrease rate inside the chamber to a pre-set minimum pressure, which is typically 85 % of the
starting pressure. The expansion leads to a decrease in temperature, and consequently to an increase of
the relative humidity. As soon as ice or water saturation is exceeded, the aerosol particles in the chamber
are activated to form ice crystals and/or liquid supercooled water droplets, depending on the temperature

and the type of aerosols. All particles are detected at the outlet of the expansion chamber with the OPC
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Figure 3.2.: The upper two panels show a typical measurement cycle of a run with PINE, which consists of the
three modes "a) flush", "b) expansion" and "c) refill". In the top panel, the pressure p in the chamber is shown
in black, and the measured gas temperature T, in red. The bottom panel shows the detected particles with the
OPC, where D,, corresponds to the particle diameter. A schematic illustration of the different modes is shown in
the lowest Figure.

and the number of ice crystals corresponds to the number of INPs. The INP concentration n;yp can be

calculated using the following equation:

AI\Iice _ AI\Iice
AVexp Afexp : Al‘e)cp

nNp = 3.1

Here, AN, corresponds to the total number of ice crystals detected during an expansion and AV,y, is
the analyzed volume of air, which can be calculated from the flow Af,,, and the duration Af,,, of the
expansion. The uncertainty for the measured INP concentration is estimated to 4+ 20% (Mohler et al.,
2021). For the nucleation temperature of the measured INP concentration, an uncertainty of +1°C is
assumed, which results from the inhomogeneous temperature distribution inside the chamber. In the last
mode (refill mode, Figure 3.2c), the valve at the inlet of the expansion chamber is opened again and the
chamber is refilled with dry, filtered air to ambient pressure. Then, a new run can start with the same se-
ries of flush, expansion, and refill modes. A full run takes about 4 min to 6 min, depending on the settings
for the duration of the flush mode, the expansion flow rate, and the end pressure of the expansion.

During longer operation of PINE at low temperatures, frost can form in the chamber if the wall temper-

ature is lower than the dew point temperature of the sampled air. For this reason, background tests are
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3.2. Offline: Freezing Experiment INSEKT

performed regularly, typically once a day. Therefore the sample flow is passed through a HEPA filter
(Whatman, WHA2609T), avoiding new aerosols from the ambient air to flow into the chamber, and a
cycle of flush, expansion and refill is started. As soon as no ice particles are detected by the OPC after
approximately 2 — 3 runs, this is evidence that no frost has formed on the chamber wall and the detected
ice crystals do not originate from frost artifacts from the chamber wall.

The PINE measurements can either be performed at a constant temperature, or with temperature scans.

A program with an arbitrary sequence of temperatures with a defined time specification can be pro-

grammed, which then runs automatically (as an example see Figure 3.3).
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Figure 3.3.: Example of PINE measurements performed at a constant temperature 7 = —23 °C (on the left, data is
averaged for 1h) and temperature scans from —15°C to —30°C (on the right, raw data with a time resolution of
6min). The INP concentration as a function of time is shown and the different colors indicate the measurement

temperature.

3.2. Offline: Freezing Experiment INSEKT

INSEKT is an offline INP instrument to investigate the ice nucleation activity of atmospheric or lab-
generated aerosols in a wide temperature range from about 0°C to —25.5°C. For this, aerosols are
collected first on filters and examined later offline with INSEKT in immersion freezing mode. INSEKT
is based on the Ice Spectrometer (IS) of the Colorado State University (Hill et al., 2016). A detailed

description of the working principle as well as the setup of INSEKT can be found in Schneider et al.

(2021a).

Experimental Setup

The setup for collecting the aerosol particles mainly consists of a filter holder for the nuclepore filter
(Whatman, nuclepore track-etched polycarbonate membrane) and a pump to maintain the aerosol sam-

ple flow through the filter (Figure 3.4a). A critical orifice is used to achieve a constant sample flow. For
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the measurements presented in this work, nuclepore filters with a diameter of 47 mm and a pore diameter

of 0.2 um were used.
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Figure 3.4.: Schematic drawings of the setup for aerosol sampling on filters (a) and the freezing experiment IN-
SEKT (b).

The investigation of the ice nucleation activity of the collected aerosol particles is performed offline in
the INSEKT laboratory (Figure 3.4b). The instrument consists of two cooled aluminum blocks that can
hold two 96 well PCR plates containing the aerosol suspensions (see next paragraph) to be analyzed.
The aluminum blocks are cooled with an ethanol thermostat (LAUDA, Proline 890) at a constant rate
controlled with a Labview program. The temperature of the blocks is measured with several temperature
sensors located close to the aerosol suspensions in the PCR plates. The temperature uncertainty of
INSEKT is about 0.3 K (Schiebel, 2017). A camera located about 82cm above the PCR plates detects
the brightness change that occurs when the water in a dwell freezes. All important information like the
cooling rate, the temperature, and the brightness changes are recorded and processed with a Labview

software.

Working Principle

First, the aerosol particles from ambient air or a laboratory experiment are collected on a pre-cleaned
filter. For pre-cleaning the filters, a 10 % H>O; solution is used, and then they are rinsed with deionized
water. The sampling duration typically ranges from about one hour at high aerosol or INP concentrations
to several days or a week at low concentrations. Accessibility to the sampling site or the occurrence
and duration of specific events that impact the abundance and types of INPs may influence the choice
of sampling intervals. In the laboratory, a sampling time of about 30 min can already be sufficient. Af-
ter a certain time, the aerosol-loaded filters are ideally changed in a flowbox to prevent contamination.
Afterwards, they are stored in petridishes, wrapped in aluminum foil, frozen, and if possible they are

transported frozen to KIT until they are analyzed with INSEKT.
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3.2. Offline: Freezing Experiment INSEKT

For the analysis, the aerosol-loaded filters are put into a small tube filled with 8 m L of nanopure water.
Next, the aerosols are washed off the filters by placing the tubes on a rotator for about 20 min. Subse-
quently, the aerosol suspension is diluted with 10— and 100—fold volumes of nanopure water, which
was passed through a 0.1 um syringe filter. The different dilutions provide information about the ice nu-
cleation activity of the sampled aerosols over a wider temperature range. Small volumes of 50 uL of the
aerosol suspensions are pipetted into two 96 well PCR plates which are then inserted into the aluminum
blocks of the INSEKT setup (see paragraph "Experimental Setup"). Some of the wells are filled with the
nanopure water used to create the suspension (without aerosols) to serve as a freezing reference (back-
ground measurement). The actual experiment starts by cooling the PCR plates with a constant cooling
rate of usually 0.33°C min~!. If the water in the wells freezes its brightness decreases, which is detected
by the camera. The Labview program stores the temperature at the time of the freezing event. Based on
that, the INP concentration nyyp ysexr per standard liter of the sampled air is calculated in 0.5 °C steps

according to the equations from Vali (1971):

n Vwash In Nu (T)

deell Vair Nall _ (Nf,bgr 11\\]7:11 )
; o

NINPINSEKT = (3.2)

Here 1 is the dilution, Vg, the volume of the suspension in one dwell, V,,,, is the volume of water
used to suspend the aerosol particles and V,;, corresponds to the volume of the sampled air. N, stands for
the number of unfrozen samples, N,;; means the number of all samples, Ny, is the number of all samples

used for the background measurement and Ny e, is the number of the frozen samples.

Throughout the whole analysis with INSEKT, careful and clean work is needed to prevent contamina-
tion. Therefore, cleaned tweezers and disinfected latex gloves are used (Barry et al., 2021), and all filter
preparation and handling procedures are performed in a clean flow box. To check the cleanliness of the
handling, blank filters are taken regularly during a measurement campaign, and for this purpose, no air
is sampled through the filters. The blank filters are analyzed in the same way with INSEKT as described
above to determine the background spectra, which can then be subtracted from the measured INP con-
centration if required.

To obtain information about the content of heat-sensitive INPs (e.g., Hill et al., 2016; Wilson et al.,
2015; O’Sullivan et al., 2018), the aerosol samples can be additionally analyzed with a heat treatment,
to denature proteinaceous INPs. For this, the aerosol suspensions are boiled at a temperature of about
100°C for about 20min and then analyzed in the same way with INSEKT as the unheated suspensions
to investigate any changes in the INP content of the aerosol filter samples. The amount of heat-sensitive

INPs is obtained from the INP concentration difference before and after the heat treatment.
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3.3. Expansion Chamber AIDA

The simulation chamber AIDA is used to study cloud formation under atmospherically relevant con-
ditions by simulating cloud-forming conditions in a rising air parcel. It is not only suitable for the
investigation of aerosol-cloud interactions or ice nucleation processes at different temperatures but also
for testing and characterizing newly developed instruments for ice nucleation research or INP measure-
ments. A detailed description of AIDA can be found in e.g. Mohler et al. (2003), Mohler et al. (2006),
and Wagner et al. (2006). In this work, AIDA was used to test the novel PINEair instrument, for instance
by serving as a reservoir for a constant aerosol source or by simulating atmospheric pressure conditions

that are representative for measurements with PINEair during research aircraft flights.

Setup
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Figure 3.5.: Schematic drawing of the setup of the expansion chamber AIDA, including the most important instru-
ments used in this study.

AIDA consists of a cylindrical aluminum vessel with a diameter of 4m, a height of 7m, a volume of
84m?, and is located inside a thermal housing (M&hler et al., 2003). The air temperature in the housing
can be controlled between 60°C and —90°C, using either large refrigeration systems or the evaporation
of liquid nitrogen. A mixing fan, located in the bottom part of the cylindrical chamber about 1 m above
the floor, ensures a homogeneous temperature and aerosol distribution. The expansion system consists of

two adjustable, mechanical pumps and allows the evacuation of the chamber from atmospheric pressure
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3.3. Expansion Chamber AIDA

to a minimum pressure of 0.01 mbar. The controlled expansion can be used to simulate the rise of an air
parcel. A Labview program is used to control and monitor the entire experiment. The AIDA chamber is
equipped with a variety of measuring instruments that monitor the conditions inside the chamber during
the experiments and the formation of the simulated cloud. Like the measurements of the temperature,
pressure, humidity, the aerosol properties such as number concentration (CPC: Condensation Particle
Counter (TSI, 3010)) and size distribution (SMPS: Scanning Mobility Particle Sizer (TSI, 3071) and
APS: Aerodynamic Particle Sizer (TSI, 3221)) (Figure 3.5). Since AIDA was used in this work only
for testing purposes of the newly developed PINEair instrument, the comprehensive instrumentation is
not discussed in more detail here, more information can be found in e.g. Mohler et al. (2003). The
size and number concentration of liquid supercooled water droplets and ice crystals are measured with
two welas systems (WeiBlichtaerosolspektrometer, Palas GmbH welas2300 and welas2500) located at

vertical sampling tubes below the chamber.

Working Principle

At the beginning of an expansion experiment for ice nucleation study, the AIDA chamber is cooled to
a specific temperature below 0°C, and almost ice-saturated conditions are maintained by a thin layer of
ice on the cold chamber walls. Subsequently, the aerosols to be investigated are injected into the AIDA
chamber and their number concentration and size distribution are analyzed with a CPC, SMPS, and APS.
The generation and the injection of aerosols into the AIDA chamber are described in more detail in sec-
tion 3.5. Mobile instruments such as PINE or INSEKT can sample the aerosols from the AIDA chamber
to study their ice nucleation ability.

The actual AIDA cloud formation experiment starts with the expansion by taking the air out of the AIDA
chamber through the pumping system. Due to the pressure drop, an expansion occurs and the gas temper-
ature also decreases, which causes the relative humidity with respect to water and ice to increase. During
the expansion, the wall temperature remains constant due to the high heat capacity of the aluminum
walls. This creates a heat flux from the wall to the gas which reduces the cooling rate and therefore
an increasing deviation from the adiabatic temperature profile. As soon as a critical supersaturation is
reached, the droplet or ice crystal formation starts, which is observable with the welas instruments. The
INP concentration is then calculated from the number of ice crystals detected in a specific time interval.
The expansion ends when reaching a pre-defined final pressure (usually approximately 800 mbar at a
start pressure of 1000 mbar).

To simulate the atmospheric conditions of an aircraft measurement campaign, the start pressure in AIDA
can be reduced to an arbitrarily low pressure value, like for example 250 mbar. Starting from this initial

pressure, the AIDA experiment is performed in the same way as described above.
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3.4. Aerosol Chamber APC

The APC chamber is a 3.7 m>- sized stainless steel vessel (Mohler et al., 2008), which is used in this work
as a constant aerosol source for testing the newly developed PINEair instrument. The chamber can only
be operated at ambient temperatures, and it can be evacuated to a minimum pressure of approximately
I mbar. The aerosol number concentration is measured with a CPC (TSI, 3772), and the aerosol size
distribution with a SMPS (TSI, 3071) and an APS (TSI, 3221). The air in the APC chamber consists
of synthetic air, which is particle-free and very dry. However, for testing the aerosols for their ice
nucleation ability, the sample air with the aerosols from the APC chamber already has to have a certain
starting humidity to achieve sufficiently high saturation for the formation of ice crystals in the PINEair
instrument during expansion. To increase the humidity of the air in the APC chamber, it is evacuated to
approximately 930 mbar, and then slowly filled with the humid air from the laboratory through a HEPA
filter (Whatman, WHA2609T) until atmospheric pressure is reached. The humidity of the air in the
APC chamber is measured with the dew point sensor at PINEair for the measurements discussed in this
work. After filling the APC chamber with humid and particle-free air, the aerosols to be investigated are

injected. A homogeneous distribution of the aerosols within the chamber is achieved with a mixing fan.

3.5. Generation and Injection of Aerosols

Table 3.1 gives an overview of which types of aerosol particles were used in this work for the labora-
tory experiments with the AIDA and the APC chamber. In the following, the generation of the aerosol

particles and their injection into the respective chamber is briefly explained.

Table 3.1.: Overview of the used aerosols, their generation and purpose for testing the new PINEair instrument.

aerosols generation purpose
heterogeneous freezing
ATD sold commercially (MPC and

cirrus temperature range)
heterogeneous freezing

SDSAO01 purchased (MPC and
cirrus temperature range)
sulfuric acid (H>SO4) home-built sulfuric homogeneous freezing
acid generator (cirrus temperature range)
dispersion of ammonium homogeneous freezing
ammonium sulfate sulfate solution with (cirrus temperature range)

ultrasonic nebulizer

To test the new instrument PINEair for the detection of INPs in the immersion freezing and deposition
nucleation modes, two different dust samples, ATD (Arizona Test Dust) and SDSAO1 (Soil Dust South
Africa), were used. Both are known to be ice-active in the MPC regime, as well as in the lower cirrus

temperature range. ATD contains natural dust particles and it is often used as a reference aerosol as it is
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sold commercially in large amounts by Powder Technology Inc. SDSAO1 samples are collected directly
from the soil surface and originate from a desert region in South Africa (Succulent Karoo biome near
Soebatsfontein). The injection of the dust samples into the AIDA or APC chamber is performed by using
a rotating brush generator (RBG 1000, Palas GmbH). For this purpose, the dust sample is first filled into
a piston, which is inserted into the instrument and slowly moved upwards. Inside the instrument is a
rotating brush that picks up the aerosols from the piston and passes them into an air stream which passes
the aerosol particles directly into the appropriate chamber.

Sulfuric acid and ammonium sulfate aerosols were used to test PINEair for detecting homogeneous
freezing of soluble aerosol particles. The sulfuric acid particles are generated with a home-built sulfuric
acid generator. To do this, concentrated sulfuric acid is filled into a small glass container and heated
to over 100°C by a heating element. Thus, sulfuric acid vapor is produced, which is passed by a flow
of synthetic air into a tube system, where it cools to room temperature. As a result of cooling, the
sulfuric acid vapor nucleates to liquid sulfuric acid droplets (phase changes from gaseous to liquid),
which are then passed through another tubing system into the appropriate chamber. For the generation
of ammonium sulfate particles, an ammonium sulfate solution consisting of 0.1 wt% - 1 wt% ammonium
sulfate and ultra-pure water is first prepared. The solution is dispersed with an ultrasonic nebulizer
(GA 2400, SinapTec) to form droplets, which are subsequently dried with a dryer. Finally, the solid

ammonium sulfate particles are injected into the corresponding chamber.
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4. Development and Application of the New Aircraft-Based
Expansion Chamber PINEair

The PINEair instrument developed as part of this PhD thesis is designed to measure INP concentrations
onboard the German research aircraft HALO to a minimum temperature of —65°C. At present, there is
no aircraft-based instrument available that can measure INPs at temperatures lower than —40°C. Section
4.1 gives a short introduction to existing aircraft-based methods measuring the INP concentration in the
FT. Section 4.2 describes in detail the setup and working principle of the newly developed instrument.
The following sections present the first measurements with PINEair and demonstrate its performance to
successfully measure the INP concentration in both the MPC and the cirrus temperature range. Section
4.3 includes an overview of the laboratory measurements at AIDA and the APC chamber, section 4.4
describes the results from test measurements by sampling ambient air at the institute on Campus North
of KIT. Section 4.5 presents and discusses the results from the first field campaign with PINEair at the

Sonnblick Observatory in Austria.

4.1. Introduction

To date, most INP measurements have been performed in the BL at ground-based stations in the MPC
temperature regime (Kanji et al., 2017, see section 2.3). These measurements provide important informa-
tion on the nature and sources of INPs, as well as their role for primary ice formation in MPCs. However,
further measurements on the spatial and temporal distribution of INPs are needed to assess their influ-
ence on cloud ice formation. INP concentration data from the FT are sparse, as they are much more
difficult to obtain, but they are needed to address some of the open questions like the vertical distribution
of the INP concentration or the influence of INPs on cirrus cloud formation (e.g., Coluzza et al., 2017).
Measurements in the FT can either be performed with research aircraft or at stations which are located
in the FT due to their altitude. INP measurements in the FT in the MPC temperature range were con-
ducted at high-altitude stations like the Jungfraujoch (JFJ) station (3580m a.s.l.) in Switzerland (Boose
etal., 2016b; Lacher et al., 2018a; Lacher et al., 2018b; Brunner et al., 2022), the Sonnblick Observatory
(3106m a.s.l.) in Austria (Bogert et al., 2024 submitted to the journal BAMS, see chapter 5), the Izafia
Atmospheric Observatory (2373 m a.s.l.) on Tenerife (Boose et al., 2016a), the Pico Mountain Observa-
tory (2225m a.s.l.) at the Azores Islands (China et al., 2017) and the Whistler Mountain air chemistry
Observatory (2182m a.s.l.) in Canada (Mason et al., 2016). At cirrus temperatures down to —60°C only
a few INP measurements have been performed in the FT, like the study by DeMott et al. (2003a) and
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Richardson et al. (2007) with a CFDC at the Storm Peak Laboratory on Mt. Werner (3200m a.s.l.) in
western Colorado.

Another possibility to investigate the INP concentration in the lower FT is, for example, by using teth-
ered balloons, which, compared to the stationary stations, also allow for sampling the aerosols at different
heights (e.g., Creamean et al., 2018; Porter et al., 2020). However, the payload weight is often limited
to a few kilograms, limiting the sample equipment. The same applies to small unmanned aerial vehi-
cles (UAVs), which can e.g. be equipped with a sampling system for the collection of aerosol particles
(Schrod et al., 2017; Jimenez-Sanchez et al., 2018; Bieber et al., 2020). Both, tethered balloons and
UAVs can only be operated in the lower troposphere to a maximum height of a few kilometers. INPs
at higher altitudes can be measured with aircraft-based methods. To date, this is achieved either with
offline methods using filter sampling systems onboard the aircraft or with an online CFDC instrument.
Both methods are briefly described in the following paragraphs.

The method of aerosol sampling onboard a research aircraft and the subsequent offline analysis of the
sampled aerosol particles for their INP content has been used in a number of campaigns, e.g., Bigg
(1967), Flyger et al. (1973), DeMott et al. (2016), Price et al. (2018), Levin et al. (2019), Sanchez-
Marroquin et al. (2020), Varble et al. (2021), Knopf et al. (2023). Recently, a new automated High-
volume flow aERosol particle filter sAmpler (HERA) was developed specifically for aircraft applications
(Grawe et al., 2023). Here, the filters can be changed automatically during the flight, thus no operator is
needed on board. The advantage of aerosol particle filter sampling, compared to online instruments, is
that their design is comparatively small and light. With the filter sampling method, the INP concentration
can be analyzed in the temperature range between 0°C and —30°C or down to —37°C, when nanoliter-
sized droplets are used (Grawe et al., 2023).

The only online aircraft-based INP instrument is the CFDC described by Rogers et al. (2001b), which
is a re-built of the laboratory instrument of the CSU (Colorado State University) CFDC (Rogers, 1988;
Rogers, 1994). The aircraft-based instrument can be operated in the temperature range between —10°C
and —40°C, and has been used in numerous aircraft measurement campaigns, e.g. Rogers et al. (2001a),
DeMott et al. (2003a), Prenni et al. (2007), Levin et al. (2019), Barry et al. (2021). Online methods have

the advantage of a higher time resolution compared to offline methods based on aerosol filter samples.

However, at present, there is no aircraft-based INP instrument that can measure the INP concentration in
the FT at temperatures below —40°C. Information about the INP concentration in this temperature range
is required to improve the knowledge about ice crystal formation processes in cirrus clouds, e.g., whether
heterogeneous or homogeneous freezing is more dominant for the formation of cirrus clouds (Storelvmo,
2017). This information is crucial because it can significantly change the prediction of the microphysical
properties of a cloud and thus the radiation balance (Boucher et al., 2013). Previous findings on homoge-
neous or heterogeneous freezing in cirrus clouds were derived from direct measurements of ice particle

size and ice particle number concentration from cloud combination probes (e.g., Kriamer et al., 2009;
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Grof} et al., 2023) or ice residual measurements with aircraft-based single particle mass spectrometers
(Cziczo et al., 2004; Cziczo et al., 2013). PINEair was developed as an aircraft-based instrument for
online INP measurements in the FT at low cirrus formation temperatures. It is well suited for aircraft
measurements due to its high time resolution, automated measurement, and wide temperature range for

both MPC and cirrus measurements.

4.2. General Information

The following section provides general information about the newly developed INP instrument PINEair.
Section 4.2.1 first describes the setup of PINEair, and section 4.2.2 presents the working principle. Fi-
nally, section 4.2.3 provides an overview of the development of the three different versions of PINEair

and their differences.

4.2.1. Setup of PINEair

PINEair is based on the PINE instrument (Mohler et al., 2021) and was specially designed to measure the
INP concentration in the FT onboard research aircraft. It can perform measurements in the temperature
range from 0°C to —65 °C in the MPC and cirrus temperature range. During the development of PINEair,
different versions were built, which are cooled by different methods, for more information see section
4.2.3. One major goal for the development of PINEair was a high time resolution, to also achieve a high
spatial resolution in a fast-flying jet aircraft. To increase the time resolution of PINEair compared to
PINE, it consists of three expansion chambers, each with a chamber volume of 3L. This triples the time
resolution of the INP measurements to approximately 2.5 min — 5Smin, depending on the measurement
temperature, which is described in more detail in section 4.2.2. PINE consists of only one expansion

chamber with a larger volume of 10L (section 3.1), with a time resolution of about 6 min.

The overall setup of PINEair is similar to PINE and is briefly explained in the following (Figure 4.1). The
inlet of PINEair is equipped with a membrane dryer system (Perma Pure, MD-700-24S), which consists
of several drying tubes. The drying tubes reduce the humidity of the sampled air and thus prevent ice or
frost formation on the cold chamber walls. The humidity of the sampled air is measured with a dew point
sensor (Vaisala, DMT143). Similar to PINE, PINEair has the option of conducting a background test for
which the flow is guided over a HEPA filter (Whatman, WHA2609T), to check for artifacts e.g. due to
frost on the cold chamber wall. A valve is located at the inlet of each chamber which is used to switch
between the flush, expansion, and refill modes of a run (more information about the different modes
can be found in section 4.2.2). PINEair consists of three small expansion chambers, each of them has
its own inlet, outlet, and OPC (Palas GmbH, fidas-pine), which detects the particles at the outlet of the
respective chamber (Figure 4.2). Based on their optical size, aerosol particles, droplets, and ice crystals

can be distinguished from each other. The gas and the wall temperature are measured individually in
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Figure 4.1.: Schematic setup of PINEair with the three chambers (CH1, CH2, CH3) including the main components
of the instrument. The different colors show the flow of the sampling gas for the different run modes: flush
(orange), expansion (dark blue) or step-wise expansion (light blue), refill (green), and bypass (black).
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Figure 4.2.: Simplified schematic drawing of PINEair’s three chambers, which are cooled and each has its own
inlet, outlet, and OPC. The gray arrows show the orientation of the aerosol flow.

each chamber with three temperature sensors, which are distributed vertically: one sensor at the top near
the inlet, one in the middle, and one near the outlet of the chamber. All of them were calibrated with two
reference sensors in an ethanol bath in the temperature range from 20°C to —60°C. The calibration result
is considered in the analysis of the data. The pressure of each expansion chamber is measured with a
pressure sensor (Thyracont, VSC43MV). Compared to PINE, PINEair has an additional small vessel with
a volume of 2L, which is used as a buffer volume for a step-wise expansion (Figure 4.1 bottom right).
The principle of a step-wise expansion is new for the PINEair instrument and it is used to achieve an
almost adiabatic temperature decrease during the expansion in order to calculate the peak supersaturation
with respect to ice inside the chamber. It is especially used for the measurements at cirrus conditions,
and the procedure is explained in more detail in section 4.2.2. A Labview program was developed to
control PINEAair, to set the conditions for the measurements, and to store all operation parameters such
as temperature, pressure, and flow. PINEair can perform INP measurements fully automatically over a

longer period of time and if needed, it can be controlled remotely.

4.2.2. Working Principle

The working principle of PINEair is similar to the one of PINE (compare to section 3.1). The instrument
is also operated with a series of runs. Each run consists of the three modes "flush", "expansion" and
"refill". Since PINEair consists of three chambers, a complete run (flush, expansion, refill) is performed
consecutively by each chamber, which is called a run cycle. As soon as a run cycle has finished, the
second run cycle begins and the sequence of three runs per chamber starts again from the beginning. The
advantage of PINEair is the fact that expansions can be performed sequentially with the three chambers,
therefore measurements with a higher time resolution are possible, while the flush time for each chamber

is still long enough to exchange the aerosol content.
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Figure 4.3.: Sequence of a complete run cycle in PINEair with the different modes: flush (orange shading), expan-

sion (blue shading), and refill (green shading). The white shading shows the waiting time before the start of the
expansion. The upper, middle, and lower panel show data of chamber 1, 2, and 3, respectively. The black thick
line shows the measured pressure p in the respective chamber, and the red dashed line represents the measured
gas temperature 7' of the lowest thermocouple. Blue circles correspond to the particles measured with the OPC,
where the optical particle diameters D, are shown. As soon as each chamber has completed a full run, a new run
cycle can begin with chamber 1.

Figure 4.3 shows a complete run cycle at MPC temperature conditions, the black line represents the
chamber pressure p, the red dotted line the temperature 7" of the lowest thermocouple, and the blue cir-
cles the optical diameter D), of the detected particles. The upper, middle, and lower panels show data of
chamber 1, 2, and 3, respectively. As soon as the cooling system reaches the desired temperature, the
first run cycle begins. At the beginning, all chambers are in the flush mode, all three valves at the inlet
of the respective chambers are open and the aerosols are sampled into the chambers from the ambient
air or an aerosol reservoir. For the measurements described in this work, a flow of 1.3L min~! was
used during the flush mode of each chamber, which is controlled with a critical orifice. To reduce the
inhomogeneous vertical temperature distribution within the chamber, a "waiting time" is used for the
PINEair measurements before the start of an expansion. During this process, all valves at the inlet and
outlet of the expansion chamber are closed for a predefined time, so the temperature and relative humid-

ity conditions can reach equilibrium and become more homogeneous inside the chamber. The waiting

time is relevant for the entire temperature range (MPC and cirrus) and is explained in more detail in
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section 4.4.1. Next, chamber 1 starts with the expansion, while chamber 2 and chamber 3 remain in the
flush mode. In contrast to PINE, two different types of expansion can be performed depending on the
measurement temperature. This involves a (continuous) expansion, mostly used at the higher tempera-
tures at MPC conditions, and a step-wise expansion with the buffer volume, preferentially used at cirrus
temperature conditions. The expansion type can be set independently for the three chambers, and they
are both described in more detail below.

For all measurements in the temperature range PINEair can be operated, the number of heterogeneously
formed ice crystals corresponds to the number of INPs, and the INP number concentration is calculated
using the same equation as for PINE (equation 3.1, section 3.1). The uncertainty for the measured INP
concentration is estimated to £20 %, similar to PINE. For measurements at MPC temperatures, the de-
tection limit of the INP concentration for one expansion is 1 L~!, at cirrus temperatures it is 0.7L~!.
The expansion of chamber 1 is finished as soon as the previously set time is reached. Next, chamber 1 is
refilled with filtered, dry air until the ambient pressure is reached (refill mode). Afterwards, chamber 1
switches to the flush mode by opening the valve in front of the inlet and sampling new aerosols into the
chamber. In the meantime, chamber 2 and chamber 3 remain in the flush mode. As soon as chamber 2
and chamber 3 have also finished a complete run, the first run cycle is over. The second run cycle begins
by chamber 1 starts again with a new run. The duration of one run cycle depends on the temperature
range of the measurements (as the different types of expansion require different durations), the humidity
of the ambient air, and the number of chambers used and it takes between approximately 2.5 min and

Smin.

Measurements at MPC Conditions:

The (continuous) expansion is performed for measurements in the MPC temperature range and is similar
to the expansion with PINE. For this purpose, the valve at the inlet of one chamber is closed, and after
a pre-defined waiting time, the air is pumped out of the chamber which reduces the pressure, leading
to a decrease in temperature, and an increase in the relative humidity. For measurements in the MPC
temperature range above approximately —38°C, an expansion flow of 1.7L min~! is typically used. As
soon as supersaturation with respect to ice or water is reached, ice crystals and liquid supercooled water
droplets can form, which are detected at the outlet of the chamber with the OPC. In the MPC temperature
range, the particles can be classified into aerosols, liquid supercooled water droplets, and ice crystals,
based on their different sizes, shape, and asphericity. The minimum temperature for each (continuous)

expansion corresponds to the lowest measured temperature.

Measurements at Cirrus Conditions:
The temperature decrease during the (continuous) expansion in PINEair at MPC conditions deviates from
the adiabatic temperature profile, as the heat flux from the chamber walls has an influence on the gas

temperature. Only the humidity of the sampled air is measured, but not the establishing relative humidity
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inside the chamber during expansion. Especially for measurements in the cirrus temperature range, it
is important to know the ice saturation ratio in the chamber, to be able to better distinguish between
homogeneous and heterogeneous ice nucleation and to measure the INP concentration as a function of
the ice saturation ratio. For this reason, a step-wise expansion with an additional buffer volume can
optionally be performed with PINEair, instead of the (continuous) expansion. By that, the established
relative humidity follows an almost adiabatic temperature decrease. Before the step-wise expansion
starts, the pressure in the buffer volume is set to a pre-defined value below the ambient pressure pgpien: -
For example, a step-wise expansion is started in a chamber by opening the valve between the chamber
and the buffer volume, while the main valve of the chamber is closed. This causes a sudden pressure
drop to a so-called balance pressure (ppaiance)- Figure 4.4 shows the profile of p in the chamber for a

step-wise expansion (black line) and a (continuous) expansion (gray dashed line).
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Figure 4.4.: Comparison of the pressure profile p in the chamber for a (continuous) expansion (gray dashed line)

and a step-wise expansion (black thick line). The red arrow shows the pressure drop which is achieved by doing
a step-wise expansion in PINEair with the use of the buffer volume.

This pressure drop is used as a parameter in the further analysis and is calculated as a percentage pressure

drop (PPD) as follows:

ppp= 2. (Pambient — Pbalance) 4.1

Pambient

Depending on the difference between ppien; and the reduced pressure in the buffer volume, a different
Phalance 15 achieved and thus the peak ice saturation ratio in the expansion chamber can be regulated
directly after the step-wise expansion.
Since the pressure in the chamber is rapidly reduced during the step-wise expansion, it can be assumed
that the related temperature decrease is almost adiabatic. The dry-adiabatic temperature 7, is calculated

as follows:
R4

o
Ty=T- <p> (4.2)
Po

T,4 is used to represent the minimum temperature for each step-wise expansion for measurements per-

formed in the cirrus temperature range. 7T is the temperature of the lowest temperature sensor at the
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start of the expansion, py represents the pressure at the start of the expansion, and p is the pressure
measured in the chamber. R; (= 287] (K-kg)_l) corresponds to the gas constant for dry air and c,
(=1003.5J (K-kg)_l) refers to the specific heat capacity of dry air. At the beginning of the step-wise
expansion, the relative humidity in the chamber is below water saturation, therefore, the dry adiabatic
temperature can be calculated.

The peak ice saturation ratio S;c. , in the chamber can be calculated as follows based on the pressure

measurement and the calculated T,,:

B pice(TO) : %
eor— pice(Tad)

When calculating S;c. , the ratio of p /Po has to be taken into account, as the air is constantly taken out

4.3)

of the chamber during the step-wise expansion assuming a constant water vapor mixing ratio inside the
chamber. p;..(Tp) is the saturation vapor pressure of ice at the beginning of the expansion, and pice(7,4)
is the saturation vapor pressure of ice as a function of the adiabatic temperature and it is calculated using
the equation of Murphy and Koop (2005). It is assumed that Sj.. = 1 at the beginning of the step-wise
expansion since the dew point temperature of the sampled air is higher than the wall temperature of the
chambers so that part of the water vapor condenses on the walls. Since ;.. , cannot be measured in the
chamber, this is a first-order calculation and the assumptions will be validated in the future by further
laboratory measurements.

Figure 4.5 shows an example at 7 = —45°C: the higher the pressure difference and therefore also the
PPD inside the expansion chamber, the stronger the adiabatic cooling dT,,; (blue line) and the higher

Sice,p (red line).
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Figure 4.5.: Example for a step-wise expansion in PINEair with different PPDs at a start temperature of —45°C,
on the left the adiabatic temperature change d7,, in blue and on the right the resulting peak ice saturation ratio
Sice,p in dark red. Using a higher PPD results in a stronger temperature decrease which leads to a higher relative
humidity inside the chamber.
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Due to the increase in the ice saturation ratio inside the chamber caused by the step-wise expansion,
the aerosols can be activated to ice crystals. Immediately after the immediate pressure drop, the valve
between the chamber and the buffer volume is closed again. The air from the chamber is pumped out

1 is used which is obtained via

further until a predefined time is reached, and a flow less than 1L min™
a mass flow controller (MFC). Here, the temperature which is achieved after the step-wise expansion
inside the chamber should remain as constant as possible, more information and results about the test
measurements can be found in section 4.4.1. The formed ice crystals are detected by the OPC at the
outlet of the chamber. However, under cirrus conditions, these can either be formed homogeneously or
heterogeneously. As this depends on the ice saturation ratio in the chamber, which can only be calculated
(equation 4.3), the method of the analysis is described in more detail in section 4.4.2.

Afterwards, the pressure in the buffer volume is regulated back to a pre-set pressure. The entire pressure

regulation in the buffer volume is controlled fully automatically via the Labview program.

4.2.3. Different Versions of PINEair

prototype Il

laboratory tests at APC
prototype | & ambient air tests at - -
KIT Campus North 1.field campaign at
setup laboratory tests at setup (section 4.4) SBO (Austria)
finished AIDA (section 4.3) finished (section 4.5)

2021 2022 2023 2024 2025 _>
start setup setup expansion - integration into HALO rack 1.HALO
expansion chamber chamber + - laboratory tests at AIDA or campaign in New
+ cooling system cooling system APC Zealand

completed - certification for HALO
aircraft

final version

Figure 4.6.: Timeline of the most important milestones in the construction of the different PINEair versions (pro-
totype I (red frame), prototype II (blue frame), and final version (green frame)) in the years 2021 to 2025.

Three different versions of PINEair were developed during the PhD, Figure 4.6 shows the most important
milestones reached for each version. The general setup regarding the basic design such as the size of the
chambers and the operation procedure was similar for the three versions, but they had different cooling

systems. In the following, the differences between the versions are briefly described.

Prototype I: First, prototype I was built (Figure 4.7a) to test whether the principle of simulating cloud

formation by an expansion also works for a smaller chamber volume as PINE and, in particular, whether
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heterogeneous and homogeneous freezing in the cirrus temperature range can be distinguished since the
existing PINE chambers have only been characterized for MPC temperatures. This PINEair version was
set up in the thermostat housing of AIDA. As prototype I of PINEair did not have its own cooling sys-
tem, it was not mobile. The intention here was to perform the first tests under well-controlled conditions,
therefore it was operated at the same temperature and humidity conditions as the AIDA chamber. As the
OPCs were also located in the cooled thermostat housing, welas systems, that can be operated in cold
environments, were used to detect the particles at the outlet of each chamber, similar to AIDA. At the
end of April 2021, the setup was finished and in May and June 2021, it was successfully tested during
an AIDA laboratory campaign. During the campaign, the general working principle and the step-wise
expansions with the buffer volume were tested, as well as the control and detection of the heterogeneous
and homogeneous freezing in the cirrus temperature range (for more detailed information see section

4.3).

Prototype II: In contrast to prototype I, prototype II of PINEair has its own cooling system and is there-
fore mobile and can be used for field measurements (Figure 4.7b). An ethanol thermostat (LAUDA,
PRO RP 290 E) is used for cooling so that INP measurements to temperatures of about —65°C can be
performed. For this, a novel design of double-walled chambers was applied to ensure that the ethanol
coolant surrounds the entire chamber walls, thus achieving homogeneous cooling. The chamber volume
of the individual chambers is also 3L. All other components, except for the OPCs, as well as the entire
electronics, were taken from prototype I. The instrument was completed at the end of January 2023. In
February, March, and April 2023, the instrument was successfully tested in laboratory measurements
with the APC chamber, and measurements with ambient air sampling were conducted at KIT Campus
North in Karlsruhe (section 4.4). For example, systematic measurements were performed to find the
most suitable settings for the operation of PINEair (section 4.4.1) and measurements at different humid-
ity conditions of the sampled air (section 4.4.2). The first field measurement campaign was conducted
in May 2023 at the Sonnblick Observatory (SBO) in Austria (section 4.5). In the future, it is planned to

operate the instrument during more field measurement campaigns at various locations around the world.

Final version: The final version of PINEair is specifically developed for the use onboard the HALO
research aircraft of DLR (Deutsche Zentrum fiir Luft- und Raumfahrt) (Figure 4.7¢). This version is
based on the same components (such as pressure sensors, valves, etc.) and the same Labview program
as the prototypes I and II, but the entire instrument has to fit into a HALO rack. For cooling the cham-
bers, a Stirling cooler is used without any liquid coolant (same principle as for the commercial PINE
(PINEc)). Similar to PINEc, the three chambers are located in a vacuum chamber, which is cooled to
reach temperatures down to —65°C. The development of a liquid-free cooling system is crucial for the
aircraft application of PINEair. The construction of the chambers with the cooling system was started

in collaboration with Bilfinger Nuclear & Energy Transition GmbH in July 2022 and completed in De-
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cember 2023. Next, the integration of the instrument into the HALO rack will take place at enviscope
GmbH in Frankfurt in 2024. Afterwards, it will be tested and characterized in laboratory measurements
at the chamber AIDA or the aerosol chamber APC before it is certified by enviscope GmbH for the use
onboard the HALO research aircraft. The first potential measurement campaign on the HALO research

aircraft might take place in New Zealand in August/September 2025.

a) Prototype | ¢) Final version

b) Prototype I

Figure 4.7.: Pictures of the different PINEair versions: a) Prototype I was located below the AIDA chamber in the
thermal housing. b) Prototype II is mobile and can be cooled with an external thermostat. ¢) Schematic drawing
of the final version of PINEair in a rack for the HALO research aircraft (data courtesy of Laurin Merkel (Goethe
University Frankfurt)).

4.3. Validation Experiments with the PINEair Prototype |

The first validation campaign was performed with PINEair prototype I (Pictures 4.7a), which is located
in the thermal housing of the AIDA chamber. Below is a brief overview of the campaign (section 4.3.1),

followed by a discussion of the results (section 4.3.2).

4.3.1. Overview of Campaign

The aim of the campaign at the AIDA expansion chamber was the basic testing and validation of the
functions of the PINEair prototype I, as well as its control system by the Labview program. The valida-
tion campaign can be split into two parts. The first part includes the measurements at the lower cirrus
temperatures which were carried out in the period from May 17 to 28, 2021, and June 15 to 18, 2021.
Experiments were performed to measure the precise freezing onset temperature of supercooled water
droplets, to distinguish between homogeneous and heterogeneous freezing, and to test the new instru-
ment at aircraft-relevant conditions at reduced pressure (psqrr = 250 mbar).

The second part includes experiments about the immersion freezing of dust at MPC temperatures. Here,
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the INP concentration measured with the PINEair prototype I was additionally compared to other INP
instruments.

Table 4.1 provides a brief overview of the aim of each experiment, the start temperature T4;p4 and start
pressure paipa of the AIDA experiments, as well as the aerosol type and aerosol concentration used for
the experiments. The results of the various experiments are described and discussed in more detail in

section 4.3.2.

Table 4.1.: Overview of the experiments performed at the AIDA chamber to test the PINEair prototype I, with
information about the purpose of each experiment, the start temperature in AIDA Ty pa, the start pressure paipa,
the aerosol used, and the aerosol concentration.

Purpose Tarpa [°C] parpa [mbar] aerosol
(conc. [# cm3))
Freezing onset temperature of -31°C ambient ammonium
supercooled water droplets sulfate (300)
Homogeneous freezing —45°C ambient H,S04 (600)
Homogeneous and —45°C ambient H,S504 (600)
heterogeneous freezing +ATD (10)
Aircraft conditions —55°C 250 H>SO4 + SDSAO01
Immersion freezing and comparison —20°C ambient Dust

to other INP instruments

4.3.2. Results and Discussion

In the following, each experiment from Table 4.1 is explained in more detail, and the results are discussed.

Homogeneous Freezing of Water Droplets

With increasing relative humidity, ammonium sulfate aerosol particles take up water until they deliquesce
and finally form almost pure liquid cloud droplets. The freezing temperature of cloud droplets is known
from previous studies by e.g., Benz et al. (2005). Depending on the size of the cloud droplets, they
can freeze homogeneously at temperatures between —35°C and —37°C. Therefore, ammonium sulfate
aerosols were used as seed aerosols for cloud droplet formation, to validate the onset temperature for
homogeneous freezing of supercooled water droplets measured with PINEair.

For this experiment, the AIDA chamber was cooled to —31°C and filled with 300# cm™> ammonium
sulfate aerosols. The generation of the ammonium sulfate aerosols and the injection into the AIDA
chamber are explained in more detail in section 3.5. The ammonium sulfate aerosols were then sampled
with PINEair prototype I to validate the instrument for the correct detection of homogeneous freezing
of water droplets. Now several (continuous) expansions were performed with PINEair, and the flow rate

during the expansion flow,,, was varied between 0.9L min~! and 1.1L min~!.
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Figure 4.8.: Results of the AIDA experiment about the onset temperature of homogeneous freezing of ammonium
sulfate aerosols for the respective chamber (CH1, CH2, CH3) in PINEair prototype 1. The sum of ice crystals
per expansion is shown as a function of the measured temperature 7' in PINEair. Each line corresponds to an
expansion in PINEair, where the different colors show the flow rate used for the (continuous) expansion flowey,.

Figure 4.8 shows the sum of the ice crystals that formed during each expansion as a function of the
measured temperature 7 for the three expansion chambers of PINEair (CH1, CH2, CH3). The color
corresponds to the respective flow,y,. The temperature T refers to the lowest gas temperature sensor
(T4as3)- The ice onset temperature varies between —32.91°C and —34.20°C and on average the homo-
geneous freezing starts at a temperature of —33.67°C. It is noticeable that the homogeneous freezing
of the ammonium sulfate aerosols in CH1 and CH3 tends to occur at higher temperatures (on average
about 0.5°C) than in comparison to CH2. The reason for the differences is probably due to the slightly
different positions of the thermocouples inside the expansion chambers. No correlation to the different
flow,,, can be observed for the variation of the ice onset temperature. For CH2, in total, a lower number
of ice crystals is detected by the OPC compared to the other chambers. The reason for this might be that
the sensitivity setting of the welas system of CH2 was different for larger particles.

In comparison to the literature values, which vary between —35°C and —37°C (e.g. Benz et al., 2005),
the PINEair measurements have on average an offset of 1.33°C towards higher temperatures. This is
probably related to the temperature inhomogeneities inside the chamber. During expansion, the inhomo-
geneity of the temperature distribution increases even further, which is mainly caused by the temperature

difference between the expanded gas and the chamber walls.

Distinction between Homogeneous and Heterogeneous Freezing

PINEair is also used to measure the INP concentration in the temperature range of cirrus cloud formation
below about —38°C. Here, ice crystals can form either by heterogeneous ice nucleation at lower ice
saturation ratios due to the presence of an INP, or by the homogeneous freezing of solution droplets (for

more detailed information see section 2.2.1). The following experiment is intended to demonstrate that it
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is possible with PINEair to distinguish between homogeneous freezing and heterogeneous ice nucleation
in the cirrus temperature range. Sulphuric acid aerosols (H,SO,4) were used, as it is known that these
aerosol particles can only freeze homogeneously at temperatures lower than —38°C (Tabazadeh et al.,
1997). As an INP, the dust aerosol ATD was used, which is ice-active at low ice supersaturations (e.g.,
Mohler et al., 2006; Murray et al., 2012). The generation and injection of the respective aerosol into the

AIDA chamber are explained in section 3.5.
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Figure 4.9.: Experiment using sulfuric acid aerosols (blue circles) and ATD dust aerosols (brown triangles) to test
the distinction between heterogeneous and homogeneous ice nucleation at cirrus temperatures (74, = —45°C)
with PINEair. The sum of ice crystals as a function of the PPD during step-wise expansions is shown. The relative
humidity conditions for homogeneous freezing are only reached at PPD > 6.29 % (gray shaded area).

At the beginning of the experiment, the AIDA chamber was cooled to a start temperature of —45°C, and
first, only the sulphuric acid aerosols were injected. PINEair was then sampling the aerosols and per-
forming several step-wise expansions with different PPDs in the range from 1.83 % to 7.14 % to achieve
different peak relative humidity conditions inside the chamber (this corresponds to S;c. , of 1.13 to 1.65
using the T, calculation, see equation 4.3 in section 4.2.2). In Figure 4.9, the blue circles show the
results for the sulphuric acid aerosols, the sum of the ice crystals per step-wise expansion is shown as
a function of the PPD. The homogeneous ice formation only occurs at a PPD > 6.29 %, which corre-
sponds to Sic., = 1.55 by using T4 for the calculation. At a lower PPD, the relative humidity in the
chamber is not high enough for the sulfuric acid aerosols to freeze homogeneously.

In the second part of the experiment, ATD aerosols were additionally added to the sulfuric acid parti-
cles in the AIDA chamber, as they can act as INP enabling the ice crystals to form even at lower Sjc.
due to heterogeneous deposition nucleation. Next, several step-wise expansions were performed with
PINEair again with similar PPDs as for the sulfuric acid particles, the results are shown in Figure 4.9
by the brown triangles. As expected, the heterogeneous ice nucleation of the dust particles starts already

below the threshold for homogeneous freezing, which confirms that it is possible to distinguish between
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homogeneous and heterogeneous freezing by using PINEair.
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Figure 4.10.: Start of ice formation in PINEair for the different PPDs also shown in Figure 4.9 for the AIDA
experiments with a) sulfuric acid aerosols and b) sulfuric acid aerosols + ATD. Each data point corresponds to a
step-wise expansion in PINEair, the colors represent the used PPD. The Figure shows the calculated Sic. , as a
function of T4, the grey shaded area shows the onset of homogeneous freezing according to the parameterization
of Koop et al. (2000) with two different a and in black the water saturation. The circles in Figure a) indicate
that ice crystals formed in the chamber at these relative humidity conditions, the crosses show that no ice crystals
formed during the run. In b), ice crystals formed during each run.

Figure 4.10 shows the calculated S;.., , as a function of 7,4 (equations see section 4.2.2) for all the step-
wise expansions which are shown in Figure 4.9, a) all experiments with sulfuric acid aerosols and b)
all experiments with sulfuric acid aerosols + ATD. The black line shows the water saturation and the
gray shaded area shows the beginning of the homogeneous freezing of solution droplets according to
Koop et al. (2000) ("Koop line") with two different values for the water activity a. In Figure 4.10a (only
experiments with sulfuric acid aerosols), the step-wise expansions at which homogeneous ice formation
has started are shown with circles, and the crosses show the step-wise expansions at which no ice has
formed, as the relative humidity conditions in the chamber were too low. The result agrees well with the
literature values, homogeneous freezing of the sulfuric acid aerosols only occurs above the Koop line.
This confirms the assumption that the temperature decrease during the step-wise expansion is almost
adiabatic and T;4 can be used to calculate S;.. , inside the chamber. Figure 4.10b shows the experiments
with sulfuric acid aerosols + ATD, where the heterogeneous ice formation occurred at every step-wise
expansion, regardless of the value of the PPD. Compared to Figure 4.10a, this was already the case at

significantly lower peak relative humidity conditions.

Tests at Aircraft-relevant Conditions

PINEair is specially developed for the use onboard aircraft and therefore the measurement of the INP

concentration in the FT. Depending on the scientific objectives of the measurement campaign, aircraft
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measurements can take place at altitudes of up to 14km, where the ambient pressure is low. It is there-
fore an important part of the validation of PINEair to test whether the instrument also works at reduced
pressure conditions.

For this type of validation experiment, the AIDA expansion chamber was cooled to —55 °C and sulfuric
acid aerosols (concentration: 1000# cm ) and SDSAO01 dust aerosols (concentration: 40 — 50# cm™>)
were injected into the chamber at ambient pressure as described in section 3.5. Afterwards, the pres-
sure in the AIDA chamber was reduced slowly to 250 mbar to prevent an expansion and with that the
activation of the aerosol particles to form ice crystals. The aerosols were then sampled from the AIDA

chamber into PINEair and several step-wise expansions with different PPDs were performed.
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Figure 4.11.: Example measurement with sulfuric acid and SDSAO1 aerosols for one run with the modes flush
(orange shading), expansion (blue shading), refill (green shading) using PINEair at conditions relevant to aircraft
measurements (pgqr; = 250mbar in AIDA). The upper panel shows the measured pressure p in black and the
measured gas temperature T, in the red dashed line. In the lower panel, a circle corresponds to a detected
particle with the OPC as a function of the optical particle diameter D,.

Figure 4.11 shows an example measurement, in the upper panel the measured gas temperature Ty, (red
dashed line) and the pressure p (black solid line), both decrease during the step-wise expansion. The
lower panel shows the particles detected by the OPC as a function of their optical particle diameter D,,.
The particles visible in the flush mode (orange shaded area) are the injected aerosols. The step-wise ex-
pansion occurs during the blue-shaded area, it can be observed that an ice cloud is formed. This confirms
that PINEair is also suitable for measuring the INP concentration at a reduced start pressure and thus for

the use on a research aircraft.

Comparison to other INP Instruments in Inmersion Freezing

To test the performance of the novel PINEair in comparison to other INP instruments, an immersion
freezing experiment was performed at AIDA at a start temperature of Ty;py = —20°C (MPC temperature

regime). For that, a dust aerosol was injected into the AIDA chamber with the RBG as described in
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section 3.5. PINE-04-02 was used as a comparison instrument to measure the temperature-dependent

INP concentration.
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Figure 4.12.: AIDA experiment with dust aerosols at a start temperature of Ty;ps = —20°C, for a comparison

between the INP instruments PINEair (green diamonds), PINE-04-02 (red circles) and AIDA (blue triangles). In
the case of PINEair and PINE-04-02, each data point corresponds to an expansion.

For the measurement with PINEair, several (continuous) expansions were performed with flow,,, =
1.3L min~! and 1.4L min~! without using the buffer volume. Figure 4.12 shows the INP concentration
as a function of the measured minimum temperature 7,;,. For the measurements with PINEair and
PINE-04-02, each single data point corresponds to an expansion with the instrument. The results from
PINEair (green squares) are in good agreement with the results from PINE-04-02 (red circles) and the
AIDA expansion chamber (blue triangles). The measurements agree within the temperature uncertainty

for the different methods.

4.4. Validation Experiments with the PINEair Prototype Il

After the successful tests with PINEair prototype I, the mobile PINEair prototype II was built (compare
to section 4.2.3). To test the performance of the new instrument and to develop optimum operational pa-
rameters, test measurements were performed by sampling specific aerosol types from the APC chamber
under laboratory conditions, and by sampling ambient air consisting of a more natural mixture of aerosol
types. The way of analyzing the data depends on the cloud regime at which the measurements were
conducted. For measurements in the MPC temperature range, the ice crystals can be distinguished from
the supercooled liquid water droplets due to their larger optical size (Jarvinen et al., 2014). Since in this
temperature range the ice crystals can only form through heterogeneous nucleation (section 2.2.2), the

number of ice crystals is equal to the number of INPs. In contrast, in the cirrus temperature range, the ice
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crystals can form through homogeneous or heterogeneous ice nucleation (section 2.2.1), requiring the
use of a different evaluation routine. For this purpose, some methodical measurements were performed
at cirrus temperatures, which helped to find the optimal settings for the measurements with the new INP
instrument, which are discussed in section 4.4.1. Finally, section 4.4.2 describes in more detail how the

data is evaluated in this temperature range.

4.4.1. Measurements at Cirrus Temperatures

Several laboratory and field measurement campaigns have already been performed with the commercial
PINE instruments at temperatures in the MPC temperature range (e.g., Hiranuma et al., 2020; Vogel,
2022; Brasseur et al., 2022; Lacher et al., 2024; Ponsonby et al., 2023), but so far only very few mea-
surements were conducted at cirrus conditions. Consequently, there is little to no experience in operating
this kind of small expansion chambers at temperatures < —38°C. Therefore, comprehensive test ex-
periments were performed with the PINEair prototype II as described in the following sections. These
experiments aimed at finding the optimal settings for the following three parameters: Duration of the
waiting time before the start of the expansion, pump flow after the step-wise expansion, and the duration
of the expansion. Experiments were done either under laboratory conditions at the APC chamber or with

ambient air at the inlet at Campus North (KIT).
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Figure 4.13.: Measured gas temperature T,,s and wall temperature 7,, at the different positions (numbered vertically
from top to bottom) in PINEair as a function of time. From —40sec to Osec the conditions during flush mode are
shown. The waiting time starts from Osec, where all valves at the inlet and outlet of the expansion chamber are
closed. Based on the measurements, a waiting time of 60sec is recommended, which is illustrated by the gray
shaded area.

During flush mode, when the air is sampled in PINEair, there is an inhomogeneous temperature distri-

bution inside the chamber: the highest temperatures are on the top and the lowest temperatures are at
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the outlet, as the air flows through the chamber from top to bottom. For example, Figure 4.13 shows
a temperature measurement of one chamber of PINEair which is cooled to about —39°C. The lines in
reddish colors show the measured gas temperature Ty, and the lines in bluish colors show the measured
wall temperature 7,,. The temperature sensors are numbered as follows: 77 corresponds to the sensor at
the inlet, 7> to the sensor in the middle, and 75 is the sensor close to the outlet of the chamber. In the first
time range of the Figure from —40sec to Osec, the temperature deviation between the top temperature
Tyus1 at the inlet and the bottom sensor at the outlet Tg,3 is approximately 11°C, which corresponds to
the conditions when PINEair is in flush mode. This may lead to an uneven distribution of the relative
humidity, ice-saturated conditions may already be achieved in some places within the chamber, while
at others not. One way of counteracting the vertical temperature gradient is to include a "waiting time"
before the start of an expansion, to allow the incoming sample air to be cooled down by the cold walls.
During this process, all valves are closed to enable the temperature and relative humidity to be homoge-
neously distributed within the chamber, this is shown in Figure 4.13 starting at Osec. The air in the upper
and middle parts of the chamber cools down quickly, while the temperature in the lower part changes
only slightly. The longer the waiting time, the closer T,,s converges to 7,,. However, the waiting time
should not be too long, to keep aerosol losses in the chamber low and to operate the instrument at higher
time resolution. Based on the results presented in Figure 4.13, a waiting time of 60sec was chosen. The
waiting time of 60sec is used for all measurements with PINEair in the entire temperature range (MPCs

and cirrus).
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Figure 4.14.: Figure represents the particle concentration per expansion as a function of the PPD. The result of the
test measurement (March 10, 2023 with ambient air sampling at the KIT Campus North, 7 = —40°C) showing the
influence of the waiting time (shown in different colors) on the start of the homogeneous freezing in PINEair. The
longer the waiting time, the higher the PPD has to be to achieve the relative humidity conditions for homogeneous
freezing.
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The onset of homogeneous freezing may also depend on the initial temperature distribution in the cham-
ber, and by that also on the waiting time. This was investigated in a series of experiments with different
waiting times (10sec, 30sec, 60sec, and 90sec). For each waiting time, a series of runs with increasing
PPD was conducted. The start temperature in PINEair was approximately —40°C and the measurements
were performed at ambient air conditions on March 10, 2023, at Campus North (KIT). The ambient air
flowing into PINEair had a dew point temperature of —25.07°C after passing through the dryers. The
result is shown in Figure 4.14, the particle concentration per step-wise expansion as a function of the
different PPDs and in color the waiting times. At the suggested waiting time of 60sec, homogeneous
freezing occurs at a PPD of 5.1 % (blue line). With a waiting time of 90sec, homogeneous freezing
begins in a similar range, but at a slightly higher PPD (dark blue line). At a lower waiting time of 10sec,
the homogeneous freezing already starts at a PPD of 3.52 % (red line). From these measurements, it can

be concluded, that with increasing waiting time, the homogeneous freezing onset shifts to larger PPDs.

Pump Flow After Step-wise Expansion

After the initial step-wise expansion, the formed ice crystals are pumped out of the chamber with a pre-
set flow,y, and guided through the OPC for detection. In this section, measurements are shown to find
an appropriate flow,y,. Here, it is important that the peak relative humidity that is reached immediately
after the pressure drop remains constant and is not changed by the following pumping. If the pumping
process is too fast, there may be further cooling in the chamber, which could cause an increase in the
relative humidity. In this case, the peak relative humidity can no longer be determined accurately, as
the temperature distribution in the chamber becomes more inhomogeneous after the pressure drop of the

step-wise expansion due to heat flux from the walls.
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Figure 4.15.: Comparison of the lowest measured temperature (dark red dashed line) with the adiabatically calcu-
lated temperature (red thick line) during one run performed with a step-wise expansion in PINEair.

Figure 4.15 shows an example of a run with a step-wise expansion in which the lowest measured tem-
perature (7, dashed dark red line) is shown in comparison to the adiabatically calculated temperature

(according to equation 4.2, solid red line). The adiabatic temperature decrease is only shown for the
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pressure drop of the step-wise expansion, as this assumption is no longer valid for further pumping due
to the heat flux from the chamber walls. Immediately after the pressure drop at 4 sec, the measured tem-
perature and the adiabatic temperature deviate from each other by 4°C. This demonstrates that during a
step-wise expansion, the temperature sensor cannot correctly detect the sharp temperature change in the

chamber due to its response time.

Two different sets of experiments were conducted to investigate which flow,,, directly after the step-
wise expansion allows a good detection and measurement of the formed ice crystals. In the first ex-
periment, a PPD for the step-wise expansion was selected at which homogeneous relative humidity
conditions are achieved. In the second experiment, a lower PPD was selected, therefore only heteroge-

neous relative humidity conditions were reached. Both experiments are described in more detail in the

following.
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Figure 4.16.: Experiment with sulfuric acid aerosols at 7 = —45°C to find a suitable setting of flow,,, for the

measurements with PINEair. The particle concentration during each run (PPD = 7.19 %) is shown as a function
of time for the respective expansion chamber (CH1, CH2, CH3). Each curve corresponds to one run and the colors
represent flow,y,. Based on the results, it can be concluded that flow,y, should be larger than 0.7L min~!.
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For the first experiment, sulphuric acid aerosols were used, which were injected into the APC chamber
as described in section 3.5. The measurements with PINEair were conducted at a starting temperature of
—45°C, and the APC chamber was at room temperature with 7pp = —30°C. PINEair was then used to
perform several runs with step-wise expansions with a PPD of 7.19 %, which corresponds to a Sjc, , of
1.66, therefore homogeneous relative humidity conditions were achieved. After each complete run cycle
anew flow,,, was used, they varied in the range between 0.5L min~! and 0.9L min~".

Figure 4.16 shows the measured particle concentration during each run as a function of time for the
three different chambers (CH1, CH2, and CH3). The different flow,,, after the step-wise expansion
are represented in different colors and symbols. If flow,,, < 0.7L min~!, it takes several seconds until
the ice crystals are detected at the OPC. This is an indication that this flow,y, is too slow. In contrast,
if flowex, > 0.7L min~!, the first ice crystals are detected in the OPC at approximately the same time

for the different flows (~ 5 — 8sec) and the measured total particle concentrations are similar. It can be

concluded that a higher pump flow larger than 0.7L min~' is more appropriate than a lower one.

However, it is important that flow,y, is not too high, as otherwise the peak relative humidity immediately
after the step-wise expansion could be further increased due to a further drop in temperature. Therefore,
in a second experiment, the results of two selected flow,,, of 0.7L min~! and 1.5L min~! are com-
pared with each other. Similar to the first experiment, the second experiment was performed at the APC
chamber at room temperature and PINEair was at a starting temperature of —45°C. Several runs with
step-wise expansions were conducted with a PPD of ~ 4.9 %, which corresponds to Sic, , = 1.39+0.02,
thus achieving heterogeneous conditions in the chamber. At first, only sulfuric acid aerosols were in-
jected, and later dust aerosols ATD were added.

Figure 4.17 shows the results: the first column displays the measured particle concentration during the
run as a function of time for chamber 1 (al, bl) and the second column shows the results for cham-
ber 3 (a3, b3). The data from chamber 2 are not shown due to a problem with the setting of flow,y),.
Experiments with sulfuric acid aerosols are represented by the blue circles and the experiments with
sulfuric acid aerosols+ATD by the brown triangles. The two plots in the top row show the data if
flowey, = 1.5L min~! (al, a3). Here, in the experiment with sulfuric acid aerosols (blue circles), a
clear homogeneous ice cloud has formed in both chambers, although only heterogeneous relative hu-
midity conditions are generated by the peak ice saturation ratio due to the used PPD for the step-wise
expansion. This is an indication that the relative humidity in the chamber has increased further after the
step-wise expansion, which means that flow,,, = 1.5L min~! is too fast. The two plots in the bottom
row show the result for flowe,, =0.7L min~! (b1, b3). A measurement with sulfuric acid aerosols was
also conducted (blue circles), but no ice crystals formed. From these results it can be concluded that
flowe, =0.7L min~! is a good choice, it is therefore used for further measurements with PINEair at

cirrus conditions.
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Figure 4.17.: The particle concentration during each run with PPD ~ 4.9 % is shown as a function of time for the
chamber 1 (al and bl) and chamber 3 (a3 and b3) of PINEair (T = —45°C). Blue circles represent the result
for the measurements with sulfuric acid aerosols and the brown triangles for the experiments with sulfuric acid
aerosols + ATD. For the two plots in the top row (al and a3) flow., = 1.5L min~! was used and for the bottom
row (b1 and b3) it was flowey, = 0.7L min~'.

Duration of Expansion

The duration of the expansion (Z,) is important to ensure that the ice crystals that formed after the
step-wise expansion in PINEair are detected with the OPC. If 7,,,, is too long, the time resolution of the
measurements is unnecessarily reduced and the increase of the gas temperature due to the influence of
the chamber wall becomes larger, which may lead to an evaporation of the ice crystals. Therefore, an

optimum setting for 7., is when a constant particle concentration is reached.

To investigate 7.y, in more detail, measurements were performed with PINEair at a starting temperature
of —45°C at the ambient air at Campus North (KIT). Several measurements with step-wise expansions
at different PPDs in the range of 4.30% to 5.66 % were made to achieve different relative humidity
conditions in the chamber (from heterogeneous to homogeneous S;.. conditions). For the other settings
during the expansion, the suitable settings from the two previous sections were selected accordingly
(waiting time = 60sec, flowe, = 0.7L min~!). Figure 4.18 shows the measured particle concentration
during the expansion as a function of time, the different PPDs are displayed in different colors. After
approximately 90sec, a constant particle concentration is achieved for all step-wise expansions where
the relative humidity conditions for homogeneous freezing have been reached. Afterwards, the particle
concentration slowly decreases again. From this experiment can be concluded that the total duration for

the expansion should be 7., = 90sec, as otherwise, the ice crystals may evaporate.
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Figure 4.18.: Several measurements using PINEair for various step-wise expansions with different PPDs (different
symbols and colors) to find the optimum time for #.,,. The particle concentration during the runs with step-wise
expansions is shown as a function of time. Measurements were carried out at 7 = —45 °C at ambient air conditions
at Campus North. The grey line #., = 90sec is the optimum setting.

4.4.2. Data Evaluation at Cirrus Temperatures

The data evaluation of the measurements with PINEair at cirrus temperatures lower than —38°C is dif-
ferent from that in the higher MPC temperature range, as the ice crystals can form through heterogeneous
or homogeneous nucleation (section 2.2.1). Therefore, when measuring in this regime, it is important to
distinguish between these two ice formation modes. A relative humidity scan with PINEair is performed
to find the threshold at which the PPD during the step-wise expansion leads to homogeneous relative hu-
midity conditions in the chamber. For this purpose, several runs with step-wise expansions are conducted
starting at low PPDs up to larger PPDs to obtain information about the particle concentration in a wide
relative humidity range. Next, the measured particle concentration for each run is displayed graphically
as a function of the PPDs. This can be used to determine the threshold for the start of the homogeneous
nucleation as soon as a sharp, sudden increase in the particle concentration occurs. A more detailed
evaluation of the data measured in the cirrus temperature range is explained in the following sections:
First, it is explained how the balance pressure ppaance 1s determined to calculate the PPD. Laboratory
measurements at the APC chamber and measurements at ambient air conditions at Campus North are
presented and discussed on how homogeneous and heterogeneous freezing can be distinguished. In the
last subsection of this section, the influence of the dew point temperature on the threshold value for the
start of homogeneous freezing is explained in more detail. All the measurements presented in this section

were performed with the mobile PINEair prototype II.
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Determination of Balance Pressure After Step-wise Expansion

It is important to know the PPD of the step-wise expansion as precisely as possible, as the threshold for
the PPD needs to be defined for the relative humidity in the chamber to reach a value for homogeneous
nucleation to occur. To calculate the PPD, ppaance 18 required (equation 4.1 in section 4.2.2), which is
shown graphically in Figure 4.19 (red line). Figure 4.19 shows a typical pressure profile of the pressure in
the chamber pcpamper (black line) and the pressure in the buffer volume py, 7., (gray dashed line) during
a step-wise expansion. The balance pressure ppaiance corresponds to pepamper at the time at which pepgmper
and pp, s fr are equal to each other (red line). Figure 4.19 also shows that pj4jnce does not match the mean
value between pcpamper and ppyfrer, as the two vessels have different volumes (expansion chamber: 3L,
buffer volume: 2L). Therefore, ppyiance has to be determined individually for each different PPD. Since
PINEdair is intended to be used for long-term measurements, it is important that pp,sance 1S determined via
an automatic evaluation routine. Two different methods were used for this, which are briefly explained

in the following.
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Figure 4.19.: Typical pressure profile in PINEair during a step-wise expansion, the black line shows the pressure
in the expansion chamber p¢jamper, and the gray dashed line represents the pressure in the buffer volume pp, e
The red line indicates the balance pressure ppaiance, at Which pepamper and pp, e are in balance.

In method 1, ppaiance is determined by using the highest pressure value 5 sec after the start of the step-wise
expansion. The duration of Ssec is based on experience. For method 2, the difference between pcpamper
and ppyfrer is calculated. ppajance corresponds to peramper at the point in time at which the difference is
the smallest. During the analysis, it was found that the use of both methods does not always result in
the same pressure value for ppgance. This is because popamper 1S not measured directly in the chamber,
but only at the outlet of the chamber shortly after the OPC (see schematic drawing setup PINEair, Figure
4.1). As it is not known which of the two methods is the best, both methods are taken into account in
the analysis to determine ppqiance as accurately as possible. Therefore, the difference between the two
Pbalance determined from the different methods is calculated for each run with a step-wise expansion. If

the difference is < 2mbar, pparance 1s determined from the mean value of both methods. If the difference
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is > 2mbuar, it has to be assumed that one of the two methods gives an incorrect pressure value, which
1S WhY ppaiance 1S determined manually in this case. The calculation of the standard deviations (Figure

4.20) shows that the pressure value of ppgiance can be reliably determined using both methods and an

uncertainty of +1.42mbar is assumed.
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Figure 4.20.: Calculated standard deviations std for the calculation of the pressure balance the respective expansion
chambers CH1, CH2, CH3 from the averaging of the two different methods for determining ppaiance-

Laboratory Measurements: Distinction between Homogeneous and Heterogeneous

Freezing
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Figure 4.21.: Relative humidity scan with PINEair, the calculated S;c, , is shown as a function of T;,4, the colors
correspond to the PPD of the step-wise expansion. The black line represents the water saturation, the grey lines
the beginning of homogeneous freezing according to Koop et al. (2000). For the symbols marked with a cross, the
measurement results are shown in more detail in Figure 4.22.

Test measurements at cirrus conditions were performed with the PINEair prototype I at the AIDA cloud
chamber to investigate the differentiation between the homogeneous and heterogeneous ice formation
(section 4.3). This paragraph describes the test measurements with the PINEair prototype II, where it

was also investigated whether homogeneous and heterogeneous ice formation in the cirrus temperature
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range < —38°C can be distinguished from each other. Here, the APC chamber was used at room temper-
ature and the dewpoint temperature of the air analyzed with PINEair varied between —29°C and —34°C.
The starting temperature of PINEair was at —45°C, similar to the measurements with the prototype I at
AIDA. Next, a relative humidity scan was performed with PINEair by making several runs with step-wise
expansions in a wide range of different PPDs, which are illustrated in Figure 4.21. For this, the PPD was
varied between 3.1 % and 6.2 %, which corresponds to S;c. , = 1.24 and Sj¢, , = 1.52 using the adiabatic
temperature (equation 4.3 in section 4.2.2). According to the parameterization of Koop et al. (2000),
Sice,p has to be larger than 1.48 in order to achieve the relative humidity conditions for homogeneous
freezing inside the chamber. Similar to the test measurements with the PINEair prototype I at the AIDA
cloud chamber, first only sulfuric acid aerosols were used for a set of experiments where the PPD was
varied. ATD dust aerosols were added at a later stage to repeat the set of experiments. The generation

and injection of the respective aerosols into the APC chamber are described in more detail in section 3.5.
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Figure 4.22.: Laboratory measurements with PINEair at the APC chamber with sulfuric acid aerosols (blue circles)
and sulfuric acid aerosols+ATD (brown triangles), the particle concentration during different runs with step-wise
expansions is shown as a function of time. The panels in the left column show the measurement data of chamber
1 (al, bl, cl), the middle column of chamber 2 (a2, b2, c2), and the right column of chamber 3 (a3, b3, c3).
The measurements were performed at 7' = —45°C, waiting time = 60sec and flow,,, = 0.7L min~!. For the
measurements, the PPD was varied during the step-wise expansion: for the graphs in the first row (al, a2, a3)
Sice,p = 1.36 £0.01, in the middle row (b1, b2, b3) S, = 1.42£0.01, and in the bottom row (cl, c2, c3)
Sice,p = 1.49£0.01.

Figure 4.22 shows the measured ice crystal particle concentration during the run as a function of time for

three selected PPDs, which are marked with a cross inside the square in Figure 4.21. The first column
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shows the results of chamber 1 (CH1), the second of chamber 2 (CH2), and the third of chamber 3 (CH3).
In the top row, the measurements were performed at a low peak relative humidity (al, a2, a3), the results
in the middle row were conducted at slightly higher peak relative humidity conditions (b1, b2, b3), and
in the bottom row, the peak relative humidity inside the chamber was the highest (c1, c¢2, ¢3). The cal-
culated ;.. , are shown in each panel at the top left. In all panels, the blue circles show the experiments
with only sulfuric acid aerosols, and the brown triangles show the experiments with sulfuric acid aerosols
+ ATD. The panels in the first row (al,a2,a3) indicate by the blue circles (sulfuric acid aerosols) that ho-
mogeneous relative humidity conditions are not yet achieved in the chamber at this PPD, as the particle
concentration is almost zero. However, if the same PPD and sulfuric acid aerosols + ATD aerosols are
used (brown triangles), a significantly higher particle concentration is measured, as ATD is an efficient
INP, therefore the ice crystals can already form at lower Sjc, . All three chambers show the same result
(top row: al, a2, a3), which demonstrates that the three chambers of PINEair provide comparable mea-
surements. In the middle row (b1,b2,b3), the experiments are shown with a slightly increased PPD of
5.03% t0 5.11% (Sice,p = 1.42£0.01). At this peak relative humidity, homogeneous freezing already
occurs, which is indicated by the higher particle concentration using sulfuric acid aerosols (blue circles).
For the runs with an even higher PPD of 5.64 % to 5.73 % (bottom row: cl,c2,c3), an even higher peak
relative humidity (Sjce,, = 1.49 2-0.01) is achieved inside the chamber, enabling even more ice crystals
to be formed homogeneously. These test measurements again demonstrate that it is possible to achieve
different peak relative humidity conditions within the chamber by doing runs with step-wise expansions

and adjusting the PPD.

Figure 4.23 shows the comparison of the measurements at the APC chamber with PINEair prototype 11
(a) with the results from the measurements at the AIDA chamber with PINEair prototype I (b) (see sec-
tion 4.3.2). In both panels, the calculated S;.. , is shown as a function of the adiabatic temperature, but
only for the experiments with sulfuric acid aerosols. A cross means that homogeneous relative humidity
conditions have not yet been reached inside the chamber and therefore no ice crystals have formed. A
circle means that homogeneous ice nucleation has occurred. In comparison, it is remarkable that for the
measurements at the AIDA chamber (panel b), the beginning of the homogeneous freezing agrees very
well with the parameterization according to Koop et al. (2000). In contrast, the homogeneous freezing of
the measurements at the APC chamber (panel a) already begins at lower Sjc, , and thus fits better with the
parameterization of Schneider et al. (2021b). This parameterization is based on a comprehensive collec-
tion of laboratory-based homogeneous freezing experiments with aqueous sulfuric acid aerosol particles
at the AIDA chamber (Schneider et al., 2021b). From the differences between the two parameterizations
for the onset of homogeneous freezing (Koop et al., 2000 and Schneider et al., 2021b), it is noticeable
that further research is necessary. Although the measurements were performed with two different proto-
types of PINEair, this is probably not the reason for the different onsets of the homogeneous freezing, as

the volume of the expansion chambers of both instruments is identical. The main difference is the hu-
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Figure 4.23.: Comparison between the measurements from a) the APC chamber and b) the AIDA chamber with
sulfuric acid aerosols. The calculated S;c. , as a function of 7,4 is shown, and the color corresponds to the PPD
during the step-wise expansion with PINEair. The circles indicate that homogeneous ice nucleation occurred in
PINEair at this PPD, while the crosses show that no ice crystals were formed. The black line shows the water
saturation, the grey line the onset of homogeneous freezing according to Koop et al. (2000) and the dashed line
the parameterizations for homogeneous freezing by Schneider et al. (2021b).

midity of the sampled air, for the measurements at the AIDA chamber the relative humidity was 100 %,
while for the measurements at the APC chamber, the air was significantly more humid. This shows that
the humidity of the sampled incoming air has an influence on the onset of the homogeneous freezing,
therefore this observation is explained and discussed in more detail in the subsection "Influence of dew
point temperature".

These differences show that the threshold for the start of the homogeneous freezing should not be de-
termined based on ;. , and the comparison with existing parameterizations, since, on the one hand, it
is not known which of the various parameterizations is the best and, on the other hand, the calculation
of Sjce,p in the measurements with PINEair has uncertainties. Here, the highest uncertainty is caused
due to Sjc. at the start of the expansion, which can only be estimated. For the calculation of ;.. , the
assumption is made that S;., = 1 at the start of the expansion. However, this assumption is probably not
valid for measurements at ambient air conditions. Especially when measurements are performed in the
cirrus temperature range, the dew point temperature of the sampled air was > —27°C and this means
Sice > 1. In addition, the waiting time before the start of the expansion also has an influence on S,
it can be assumed that the entering humidity is decreased, as the excess of water vapor deposits on the
chamber walls. In the future, more detailed laboratory measurements will be done to investigate S., at

the start of the expansion.
A better way to specify the conditions for reaching the homogeneous relative humidity conditions inside

the chamber is to determine a threshold value for the PPD of the step-wise expansion. For this purpose,

a relative humidity scan is performed with PINEair by making several consecutive runs with increasing

62



4.4. Validation Experiments with the PINEair Prototype 11

e}
— 10%; @ @
4
7 ®
2]
‘E_' 10 © het. freezing
2 hom. freezing
]
© 1014 © ©
£ o o
© @] @]
o (e} o o] (9
100 ] o o o o
O O
3.5 4.0 4.5 5.0 5.5 6.0
PPD [%]

Figure 4.24.: Particle concentration for each run as a function of the PPD for the PINEair measurements using

sulfuric acid aerosols in the APC chamber (7' = —45°C). The green background shows the range of the PPD
where no ice crystals have formed homogeneously. By contrast, the red background shows the range for the PPD
at which homogeneous relative humidity conditions were achieved in the chamber resulting in the formation of
ice crystals.

PPDs. Figure 4.24 shows the measured particle concentration of each run as a function of the PPD,
only measurements with sulfuric acid aerosols are shown. At approximately PPD = 5%, a steep, sharp
increase in the measured INP concentration can be seen, which indicates the start of the homogeneous
freezing. This means relative humidity conditions for homogeneous freezing are achieved inside the
chamber for all runs where a PPD larger than 5% was used. In the case of runs with a PPD lower than
4.8 %, the relative humidity in the chamber is too low for homogeneous freezing, and only heterogeneous
ice nucleation can occur with the help of an INP. Since only the measurements performed with sulfuric

acid aerosols are shown in Figure 4.24, it is easier to identify the onset of homogeneous freezing.

Field Measurements: Distinction between Homogeneous and Heterogeneous Freezing

The measurements in the laboratory (see subsection above) were performed with aerosol types of known
ice nucleation activity and at constant humidity conditions at the start of the expansion. When operat-
ing PINEair for atmospheric measurements, the situation is less clear because the sampled aerosol may
include a mixture of aerosols with different ice nucleation behavior, and the ambient humidity can vary.
Therefore, some test measurements were performed with the PINEair prototype II by sampling ambient
air at Campus North to determine the threshold of the PPD for inducing the onset of homogeneous freez-
ing.

Figure 4.25 shows an example measurement series from April 14, 2023. The starting temperature in
PINEair was —45°C and the dewpoint temperature of the sampled air was —24.2°C. The peak rela-
tive humidity was increased in a series of runs with step-wise expansions at increasing PPDs (relative
humidity scan), as described in the previous subsections. The particle concentration measured in each
run is shown in Figure 4.25 as a function of the PPD. Similar to the laboratory measurements (see sub-

section above), the measured particle concentration increases with increasing PPDs, and therefore, the
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homogeneous freezing can as well be detected and distinguished from the heterogeneous ice nucleation.
However, when measuring at ambient air conditions, a transition area can be observed (blue shaded area),
e.g. in Figure 4.25 between a PPD of 4.89 % and 5 %. Here, at similar PPDs, for some runs, only hetero-
geneous ice nucleation occurred, whereas for other runs already homogeneous freezing happened. This
transition area is strongly influenced by S;.. at the start of the expansion in the chamber (more detailed
information in the next subsection), which fluctuates more in field measurements than in laboratory mea-
surements. Therefore, it is important to regularly perform a relative humidity scan, especially during
field measurements, in order to redefine the onset of the transition range, depending on the PPD. Then,
measurements can be performed specifically in that range of PPDs where only heterogeneous humidity
conditions are reached to obtain information about the existing INP concentration as a function of the dif-
ferent PPDs. This area is indicated by the green shaded area in Figure 4.25, here, the measured particle
concentration is equal to the INP concentration. At even higher PPDs, homogeneous relative humidity
conditions are achieved (red shaded area). In this area, both heterogeneous ice nucleation takes place, as
this already starts at lower S;.. and homogeneous freezing. The unshaded areas show the PPDs where

no measurements were performed, thus they cannot be categorized in any of the previously mentioned

areas.
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Figure 4.25.: The particle concentration of different runs as a function of PPD is shown for a typical series of
measurements performed under ambient air conditions on April 14, 2023 at Campus North (T4, = —45°C, Tpp =
—24.2°C). The colored shading indicates the different areas: in the green area relative humidity conditions for
heterogeneous freezing are achieved, in the blue area the transition area occurs (homogeneous and heterogeneous
ice nucleation possible) and in the red area and thus at the highest PPD homogeneous relative humidity conditions
are achieved.
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Influence of Dewpoint Temperature

A comparison of the laboratory measurements performed at the AIDA and the APC chamber has shown
that the threshold of the PPD for the start of the homogeneous freezing is strongly dependent on the
humidity of the sampled air into PINEair (Figure 4.23). The humidity of the ambient air can vary on
short time scales, e.g. by precipitation events. The humidity content of the sampled air can be reduced to
some extent using the dryer of PINEair, but it cannot be reduced to a dewpoint temperature below about

—26°C or kept constant at low dewpoint temperature for longer time periods.
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Figure 4.26.: Comparison of two measurement series performed with PINEair at ambient air conditions at Cam-
pus North, upper panel on April 20, 2023 with Tpp = —23.57°C and the lower panel on April 14, 2023 with
Tpp = —25.23°C. The ice particle concentration as a function of the PPD is shown (T = —45°C). The green
background indicates the heterogeneous freezing and the blue background represents the transition region where
both heterogeneous ice nucleation and homogeneous freezing may contribute to the observed ice number concen-
tration. If the incoming air in PINEair is more humid, the relative humidity conditions for the transition region are
reached at a lower PPD.

Figure 4.26 shows a comparison of two measurements at different ambient conditions performed at Cam-
pus North, in each case a relative humidity scan was performed in PINEair with several runs at different
PPDs for the step-wise expansion. The measured ice particle concentration per run is shown as a func-
tion of the PPD and the area where only heterogeneous freezing happens is shaded in green, while the
transition area (homogeneous and heterogeneous ice nucleation) is shaded in blue. The starting temper-
ature in PINEair was —45°C in both cases. The upper panel shows the measurement from April 20,
2023, Tpp = —23.57°C, and the transition area starts at a PPD of 4.99%. In comparison, the lower
panel shows the measurements from April 14, 2023, where Tpp = —25.23°C and the beginning of the
transition area is shifted to a larger PPD of 5.11 %. This can probably be explained by the fact that in

the second example, S;.. at the start of the expansion is lower, and therefore a larger PPD with a larger
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adiabatic cooling is required to achieve the same S;., conditions required for homogeneous freezing.
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Figure 4.27.: Data from the first field measurement campaign with PINEair at the SBO: Tpp of the sampled air

as a function of PPDyjesno1q for all runs with step-wise expansions. The higher Tpp is, the lower the threshold
PPDlhreshold~

Figure 4.27 shows an overview of Tpp of the incoming air as a function of the threshold value PPD,pesn01d
at the beginning of the transition area of all measurements made during the first field measurement
campaign with PINEair prototype II at the Sonnblick Observatory (more detailed information in section
4.5). The threshold PPD,jesn014 shifts significantly to lower values as soon as the incoming air is more
humid. This illustrates the importance of the waiting time before the start of the expansion to achieve
more homogeneous temperature and relative humidity conditions inside the chamber before start of the
expansion.

The influence of the humidity of the sampled air on the start of the transition area or homogeneous
freezing makes the evaluation of the data measured by PINEair in the cirrus temperature range more
difficult. Particularly for long-term measurements or in places where the humidity changes considerably
during the day, it is important to ensure that relative humidity scans in PINEair are carried out regularly

with step-wise expansions at different PPDs.

4.5. First Field Campaign with the PINEair Prototype Il

For the first time, INP concentrations in the cirrus temperature range were measured at the SBO (3106 m
a.s.l.) during a field campaign from May 8 to 22, 2023, using the PINEair prototype II. Section 4.5.1 first
provides a general overview of the measurement campaign, information about additional instruments

that were used to evaluate the INP data, and the temperature settings for the measurements with PINEair.
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In section 4.5.2, the measurements with PINEair are discussed, first the INP measurements in the MPC
temperature range and then the measurements in the cirrus temperature range. As part of this doctoral
thesis, further extensive long-term measurements were conducted at the SBO to investigate the diurnal
and seasonal variability of the INP concentration, which are described and discussed in more detail in

the next chapter 5.

4.5.1. Overview of Campaign

Figure 4.28.: Picture of the mountain Hoher Sonnblick in Austria during summertime. On its peak, the Sonnblick
Observatory (SBO) is located.

The novel PINEair instrument is designed to measure INP concentrations during research aircraft mis-
sions in a wide temperature range from MPC to cirrus formation conditions, with special emphasis on
measurements in the FT. To test the PINEair operation in the lower FT, the SBO site was selected for the
first field measurement campaign (May 8 to May 22, 2023) using the PINEair prototype II. This location
is well-suited for this purpose since it is a high-altitude observatory at 3106 m a.s.l. (Figure 4.28), which
is mostly situated in the lower FT. Thus, the sampled aerosol and INP population has the potential to im-
pact cirrus cloud formation when lifted further in the atmosphere. Moreover, especially in summer, there
is also an influence from the BL, due to the rising warm air masses caused by convection (Holzinger
et al., 2010), which increases the number concentration of natural and anthropogenic aerosols. A de-
tailed description of the location of the SBO, as well as further information about the observatory (e.g.

measuring instruments), can be found in section 5.2.
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For the INP measurements during the campaign in May 2023, PINEair was connected to the total air inlet
at the SBO station. The inlet is designed according to GAW (Global Atmospheric Watch) guidelines and
has an upper cut-off size for particles with a diameter larger than 20 um at a wind speed of 20m s~!.
To be able to compare the measurement results of the new PINEair instrument at MPC conditions with
other already established INP instruments, aerosol filter samples with a time resolution of 10 — 12h were
additionally taken on certain days and then analyzed in the laboratory using the offline freezing experi-
ment INSEKT (see section 3.2). The aerosol sampler was connected to the same inlet as standard station
instruments that measure aerosol parameters. For the interpretation of the measured INP concentration,
the data from the following instruments are used (Figure 4.29): The total aerosol concentration mea-
sured with a CPC 3775 (company: TSI GmbH), the particle size distribution measured with the particle
counter model TCC (company: Klotz GmbH), and the particle mass concentration measured with the
SHARP (Synchronized Hybrid Ambient Real-time Particulate) Monitor 5030 (company: Thermo Scien-
tific). The measurements of these instruments are performed at the respective ambient temperature and a
time resolution of a few minutes. For the results shown in this PhD thesis, average values for 30 min time

intervals were used. A detailed overview of further measurements performed at the SBO can be found in

section 5.2.
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Figure 4.29.: Instrumental setup that was used during the campaign from May 8 to 22, 2023, at the SBO. Measured
parameters, the time resolution, and the temperature range are listed below the scheme.

During the campaign, the temperature and targeted cloud regime in PINEair was varied. During the day,
INP measurements were conducted between 7 = —49.24°C £ 1°C and T = —46.45°C £ 1°C in the
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cirrus temperature range. During the night, the instrument was operated in the MPC temperature range
at T = —27.5°C+1°Cand T = —22.7°C + 1°C. The start of the daytime measurement cycle varied
between 4 and 8 UTC, and the end between 7 and 9 UTC.

For the measurements in the cirrus temperature range, runs with step-wise expansions were performed
with PINEair at different PPDs in the range of 4.87 % and 6.52 % to achieve different S;.. , conditions
inside the chamber. For this, the temperature of the ethanol thermostat was always set to Tipipjer =
—48°C. Depending on the value used for the PPD, this results in a minimum temperature between
T=—-46.45°C+1°Cand T = —49.24°C41°C after the adiabatic temperature drop due to the step-wise
expansion (see equation 4.2 for the calculation of the adiabatic temperature). The dew point temperature
of the sampled air varied between —20.5°C and —25.6°C after the drying process with the dryers from
PINEair. A waiting time of 60sec and flow,,, =0.7L min~! was used for all measurements (see section
4.4.1 for validation of these values).

The first experiments at cirrus temperatures showed that the sampled air was too humid for longer oper-
ation over several hours. The humidity could only be reduced by reducing the sample flow through the
dryers. Therefore, only two chambers instead of all three were used for most of the operations at cirrus

cloud temperatures. The time resolution was thereby approximately Smin - 10 min.
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Figure 4.30.: Example measurement with PINEair at cirrus temperatures (7,7, = —48°C) on May 20, 2023
at the SBO: Grey area shows the relative humidity scan, where PPD and thus ;.. , (marked by the colors) is
increased until homogeneous freezing conditions are reached. The area without shading shows the measurement
at ~ constant PPD, where only heterogeneous saturation conditions are reached in the expansion chamber.

As already explained in more detail in section 4.4.2, the humidity of the sampled ambient air changes
the threshold value of the PPD, where the peak relative humidity inside the chamber is high enough that
homogeneous freezing can occur. For this reason, relative humidity scans with PINEair were performed
regularly throughout the day during the INP measurements at cirrus conditions to identify the thresh-
old value of the PPD for the onset of the homogeneous freezing. Afterwards, INP measurements were

conducted for several hours at a constant PPD, which limited the peak relative humidity conditions to
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conditions where only heterogeneous ice nucleation can occur in the chamber. Figure 4.30 shows an ex-
ample measurement for the INP concentration from May 20, 2023, between 11:10 local time and 15:40
local time (T pizer = —48°C), the colors correspond to Sjc., , inside the chamber, which is caused by the
different PPD during the step-wise expansions. The gray shaded area shows the relative humidity scan;
at a higher S;, ,, higher particle concentrations are measured. The unshaded area shows the measure-
ment at an approximately constant PPD (only heterogeneous freezing), here the particle concentration

varied between Ostd L™! and 14.6std L™! corresponding to ice crystals formed by the presence of INPs.

For the INP measurements in the MPC temperature range, (continuous) expansions without the buffer
volume were performed with flow,,, = 1.7L min~! and a waiting time of 60sec. In this analysis, the
INP activation temperature corresponds to the gas temperature measured with the lowest temperature
sensor Ty, in the PINEair chamber. In the period from May 9 to May 16, 2023, measurements were
performed with PINEair at —27.5°C 4+ 1°C. To compare the INP concentration from the novel PINEair
instrument to another INP technique, and thus to validate its results, in the second week of the campaign,
from May 17 to May 22, 2023, additional, aerosol filters were taken overnight to analyze them for their
INP content offline in the laboratory with the instrument INSEKT. As this INP measurement method
provides information about the INP content in the temperature range between approximately —5°C and
—25.5°C, PINEair measurements were performed in parallel at a temperature of —22.7°C 4 1°C in the
same period. For those experiments in the MPC temperature range, the drying of the ambient air with the
dryers of PINEair was sufficient, and therefore all three expansion chambers of PINEair could be used
for the measurements, resulting in a time resolution of approximately 2.5 min.

Background tests were carried out at least twice a day to ensure that there was no internally formed ice
on the chamber walls of PINEair due to the incoming humid air with dew point temperatures higher than
the wall temperatures. All the tests showed that no internal ice formed. They were always conducted
before changing the cloud regime, which means in the morning before the start of the measurements at
the cirrus temperatures and in the evening before the start of the measurements in the MPC temperature

range.

4.5.2. Results and Discussion

In the following, the results of the PINEair measurements in the MPC temperature range are discussed.
First, a time series for comparing the INP concentration with aerosol properties, second, a comparison
of PINE air with the offline freezing experiment INSEKT is presented.

Afterwards, the results of the INP measurements in the cirrus temperature range are presented. The INP
concentration measured as a function of S, is discussed for the entire measurement period and for two
selected days when changes in the aerosol population occurred. Next, a comparison is shown between
the INP measured for a selected Sjc. , range and the aerosol measurements. Finally, results are shown

for INP measurements at the SBO and other stations (Puy de Dome (France, 1470m a.s.l), KIT Campus
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North (Germany, 120m a.s.l.)), providing a broader view on the FT INP concentration in the cirrus cloud

regime.

INP Measurements at Mixed-phase Cloud Temperatures

Comparison to Aerosol Measurements
Due to the high time resolution of 2.5 min, the measurements with PINEair can detect short-term varia-
tions in the INP concentration. To better understand the sources for the variations in the INP concentra-
tion, a comparison to the measurements of the aerosol particle properties is conducted. This approach has
been used in other previous studies, such as by e.g., DeMott et al. (2010), Conen et al. (2015), Schneider
et al. (2021a), and Brunner et al. (2022).
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Figure 4.31.: Time series of the INP concentration measured with PINEair (panel a: T = —27.5°C £ 1°C in blue,
T = —22.7°C+1°C in orange), the concentration of aerosol particles with diameters d larger than 0.3 um (panel
b), 0.5 um (panel c¢), 1.0 um (panel d) and the particle mass concentration (panel e) in the period from May 8
to May 22, 2023. Purple and blue shaded area show an example in which all parameters show the same trend.
Crosses indicate the measurements with a time resolution of 2.5 min, solid lines show the 30 min mean values.

The INP concentration measured at T = —27.5°C+1°C and T = —22.7°C = 1°C (Figure 4.31 panel

a) is compared to the concentration of aerosol particles with diameters d > 0.3 um (panel b), > 0.5 um
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(panel c¢) and > 1.0 um (panel d), and the particle mass concentration (panel e). In panel a, the crosses
show the single data points with the highest time resolution of the PINEair measurements with 2.5 min
and the thick lines in Figure 4.31 depict the 30 min mean values.

For the PINEair measurements at 7 = —27.5°C £ 1 °C, the INP concentration varied between a concen-
tration below the limit of detection (LOD) and 50.0std L! (Figure 4.31 blue crosses in panel a). At the
higher temperature of 7 = —22.7°C £+ 1°C, on the other hand, the INP concentration varied between a
concentration below LOD and 104.3std L™! (Figure 4.31 red crosses in panel a).

The time series of the INP concentration, the aerosol concentration, and the particle mass concentration
show similar trends for both nucleation temperatures. For example, on the morning of May 20, 2023
(blue shaded area in Figure 4.31), a sudden increase in the particle concentration in all three sizes, as
well as in the particle mass concentration, was measured. At the same time, a peak in the INP con-
centration from approximately 1std L~! to 33std L~ was measured. If, on the other hand, the particle
concentration and the particle mass concentration remained constantly low, e.g. in the night from May
10 to May 11, 2023 (purple shaded area in Figure 4.31), the INP concentration also remained constantly

low between a concentration below LOD and 1.1std L™},

Table 4.2.: Spearman correlation coefficient p between INP concentration (measured with PINEair at 7 =
—27.5°C, —22.7°C) and concentration of aerosol particles for different sizes, and particle mass concentration.
All data sets are averaged to 30min mean values. For all parameters, the p-value is < 0.05 and therefore the
correlation is significant.

p (T = —27.5°C) p (T =—22.7°C)
part. conc. > 0.3 um [cm 3] 0.89 0.82
part. conc. > 0.5 um [cm ™3] 0.9 0.85
part. conc. > 1.0 um [cm 3] 0.86 0.87
part. mass conc. [pm m~3] 0.83 0.86

Indeed, there is a strong correlation between the aerosol concentration, the particle mass concentration,
and the INP concentration. This is confirmed by calculating the Spearman correlation coefficient p.
The calculated p for the correlation between the measured INP concentration and the respective aerosol
parameters are larger than 0.8 (table 4.2). It is noticeable that p for the correlation is higher for the
INP concentration and the larger aerosol particles (> 1.0 um), but only at the higher temperature of
T = —22.77°C =+ 1°C. This indicates that larger particles may be more efficient INPs, which was also
shown by e.g., Connolly et al. (2009), and Mason et al. (2016). This can also be seen, for example, in
the measurement on May 22, 2023, where the trend of the INP concentration corresponds best with the
trend of the concentration of aerosol particles with diameters larger than 1.0 m. In the study by Lacher
et al. (2018b), the INP concentration was measured with the online instrument HINC (Horizontal Ice
Nucleation Chamber (Lacher et al., 2017) type: CFDC) at the High Altitude Research Station Jungfrau-

joch (Switzerland, 3580m a.s.l.) during eight field campaigns in winter, spring, and summer between
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the years 2014 - 2017. Here, a maximum p = 0.7 was calculated for the correlation of the aerosol pa-
rameters and the INP concentration at 7 = —31°C. Interestingly the calculated correlation coefficients
are higher at the SBO, which might be related to the shorter observation period, the sampling location,
or the difference in nucleation temperature.

Furthermore, p was calculated for the correlation of the INP concentration with meteorological parame-
ters such as temperature, pressure, relative humidity, wind direction, and wind speed, but the correlation
was found to be < 0.5 and therefore not significant. This suggests that the INP population at the SBO
was not directly dependent on the weather situation during the measurement period. A similar result was

found in the study by Lacher et al. (2018b).

Comparison of PINEair with INSEKT
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Figure 4.32.: INP temperature spectra for four different nights, where a comparison between the measurements
of the online instrument PINEair (blue circles) and offline instrument INSEKT (black diamonds) is possible.
Data measured by PINEair have a time resolution of 2.5min and were taken during the same period as the filter
sampling.

To evaluate the performance of the new PINEair instrument during measurement intervals at the higher
temperature of —22.7°C, aerosol filters were simultaneously taken for analysis with the offline freezing

experiment INSEKT. Figure 4.32 shows the INP temperature spectra for the four nights where PINEair
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was operated at high temperatures overlapping with the INSEKT temperature range. The aerosol filters
(black diamonds) were collected for time periods of ~ 10 — 12h. The measurements with PINEair (blue
circles) were performed during the same interval of the aerosol sampling, they are shown with a time
resolution of 2.5min (no averaging) from all three expansion chambers. Due to the high time resolution,
it can be seen that the INP concentration varies during all four nights. For example, on the night of May
20 - 21, the INP concentration varies from 5.5std L™! to 104.3std L™! (Figure 4.32 panel c).

In all four examples, the INP concentration measured with PINEair is slightly higher compared to the
measurement with INSEKT. The reason for the differences is not clear, only assumptions can be made
and similar differences have also been found in other studies. For example, section 5.4.6 shows a com-
parison between PINE-04-02 (commercial PINE version with a chamber volume of 10L) and INSEKT,
where also an underestimation of the INP concentration by INSEKT was found for some days. Possible
sources of error for the measurement with PINEair could be a temperature offset. This could be caused
due to the temperature inhomogeneities inside the chambers, or the response time of the temperature
sensors is too slow so that the rapid temperature change during the expansion cannot be detected quickly
enough. At the same time it is possible that INSEKT is underestimating the INP concentration, e.g.,
by an incomplete wash-off of the particles from the filter, or by a partial dissolution of the particles or

ice-active structures in water.

INP Measurements at Cirrus Temperatures

INP Concentration as a Function of Ice Saturation Ratio
For the PINEair measurements at cirrus conditions, several runs were performed with different PPDs
between 4.87% and 6.52 %, resulting in different S;.. , inside the expansion chambers. This aims at

differentiating between homogeneous and heterogeneous freezing.

The lower panel in Figure 4.33 depicts the measured ice crystal concentration as a function of Sjc p,
averaged over the entire period of the campaign. The measured ice crystal concentration is shown as a
box plot, here, the red number corresponds to the red line and describes the median. The circles show the
outliers and the top horizontal line indicates the maximum of the data set. The minimum is represented
by a lower horizontal line, as the ice crystal concentration is below the LOD for all S, , ranges and is not
visible due to the logarithmic scale of the y-axis. The upper line of the box indicates the 75 % quatrtile,
which corresponds to the median of the top 50 % of the data set. The bottom line of the box describes the
75 % quartile and shows the median of the lowest half of the data set. For the calculation of S;c. , (de-
scribed in section 4.2.2), the adiabatic temperature was used, which varied between 7,,; = —46.45°C and
—49.24°C, depending on the PPD used for the step-wise expansion. In all the measurements shown in
Figure 4.33, the ethanol thermostat was set to T, = —48 °C, which corresponds to a start temperature
inside the chambers of Ty,3 ~ —44.6°C (lowest temperature sensor). The numbers in the upper panel

show the number of runs performed with PINEair in each ;.. , range, as information about the statistics
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Figure 4.33.: Number of performed runs (upper panel) and ice crystal concentration (lower panel) as a function
of different Sjc., , ranges. All measurements performed in the cirrus temperature range (T.4iz.r = —48 °C) during
the entire measurement period are shown; the ice crystals were formed via heterogeneous and homogeneous
nucleation. The red numbers show the median of the ice crystal concentrations per Sjc. , range.

of the data. Based on the median of the ice crystal concentration, it can be seen that the measurements
agree well with the theory (Koop et al., 2000), that more ice crystals are formed if there is a higher Sj.. ,
inside the chamber. The median ice crystal concentration varies between the LOD and 272.3std L™! de-
pending on the different S, , ranges. The transition between homogeneous and heterogeneous freezing
is not clearly visible due to the averaging of the long time series.

Therefore, an analysis was performed where only the measurements in which the ice crystals were
formed by heterogeneous ice nucleation are considered (Figure 4.34). The distinction between heteroge-
neous and homogeneous freezing was done in the same way as described in section 4.4.2 by determining
a threshold value for the PPD during the step-wise expansion by visualizing the measured INP concen-
tration as a function of the PPDs. The measured INP concentrations are shown in a box plot (Figure 4.34
lower panel). In general, a wide range of INP concentration can be observed for each ;.. , range, for
example at Sic. , = 1.49 — 1.52 the measured INP concentration varies between a concentration below
LOD and 90.1std L™!. This is probably because the air masses came from different directions during
the two-week measurement campaign, and thus the aerosol concentration present at SBO was also af-
fected by strong fluctuations (see next subsection). When comparing the ranges Sic. 1 = 1.43 —1.46
and Sjce pp = 1.55 — 1.58, it is noticeable that the maximum and the 75 % quartile are higher for Sjc. 1,
although Sjc. p1 < Sice,p2. The reason for this is probably that for S;.. > a fewer number of runs were
performed with PINEair because homogeneous freezing has already occurred for S;.., ,» more often, thus

the statistic is not optimal.
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Figure 4.34.: Number of performed runs (upper panel) and INP concentration (lower panel) as a function of differ-
ent Sjc., ranges. Only the measurements where the ice crystals were formed by heterogeneous ice nucleation are

shown (Tihi10r = —48°C). The red numbers show the median of the INP concentrations per Sjc., , range.

To investigate the variation of the INP concentration within a day, two days were selected from the cam-
paign in which the air masses originated from different directions. The trajectory of the air masses on
May 18, 2023, originated from a north-westerly direction (Figure 4.35a), while on May 22, 2023, they
originated from an easterly direction (Figure 4.35b, data courtesy GeoSphere Austria). Each trajectory

shows the paths for all three hours of the specified day that the air traveled for four days before arriving

at the SBO, with the color indicating the height of the air movement.

55

b) May 22, 2023
J : .'I
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Figure 4.35.: Trajectories of the air masses that reached the SBO on May 18, 2023 (a) and May 22, 2023 (b) (data

height (m)’

courtesy of GeoSphere Austria). The colors show the height at which the air mass moved.
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Figure 4.36a) describes the measured INP concentration as a function of S;.. , for May 18, 2023, while
panel b) shows the measured data from May 22, 2023. The red numbers indicate the median INP con-
centration in the corresponding S;c. , range, and the number of the performed runs is shown again in the
upper panel. The same trend can be seen here as in the previous Figures (4.33 and 4.34), with increasing
Sice,p the median INP concentration also increases, which is true for both days. The same applies to
the 75 % quartile and the maximum for both data sets in the respective Sjc, , range. No INP measure-
ments are shown for May 22, 2023, in the range Sjc., = 1.55 — 1.58 because there was only one run
performed with PINEair. When comparing the INP concentrations between the two days, the median
INP concentration on May 22, 2023, is higher for all ;.. , ranges, which can probably be explained by

the different air masses. In the next subsection, this assumption is examined and discussed in more detail.
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Figure 4.36.: Comparison between two days (a: May 18, 2023 and b: May 22, 2023): Number of performed runs

(upper panel) and INP concentration (lower panel) as a function of different S;c. , ranges. Only the measurements
where the ice crystals were formed by heterogeneous ice nucleation are shown (7 ., = —48°C). The red
numbers show the median of the INP concentrations per Sjc, , range.

Figure 4.37 shows S, , as a function of 7;,; to compare the S;.. , range where heterogeneous ice nucle-
ation has taken place at the SBO with the parameterizations of homogeneous freezing according to Koop
et al. (2000) (red line) and Schneider et al. (2021b) (red dashed line). The circles show the measurements
at SBO where only heterogeneous freezing occurred (7;p;i7.r = —48 °C). The colored shadings show the
Sice,p ranges used in the previous Figures (4.33, 4.34, and 4.36). It is noticeable that the heterogeneous
freezing of the measurements at SBO occur until S;c, , values just below the water saturation (black line),
and thus clearly above the parameterizations for homogeneous freezing according to Koop et al. (2000)
and Schneider et al. (2021Db).

As already discussed in section 4.4.2, the beginning of the homogeneous freezing in PINEair shifts to-
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Figure 4.37.: Sice,p as a function of T;,4, the colored shadings show the different Sj., , ranges of the previous Figures.
The black line represents the water saturation, and the parameterization for the onset of the homogeneous freezing
is shown as a red solid line by Koop et al. (2000) and as a red dashed line by Schneider et al. (2021b). The circles
show the measurements from the SBO, at 7,5, = —48 °C where the ice crystals in the chamber were only formed
by the heterogeneous ice nucleation.

wards higher S;.. , the lower the dewpoint temperature of the sampled air (Figure 4.26 in section 4.4.2).
However, this cannot be the only reason for the strong shift of the SBO data towards higher ;.. , values.
When comparing the start of homogeneous freezing of the laboratory measurements with the APC cham-
ber and the AIDA chamber (Figure 4.23 in section 4.4.2), S;c. , shifts to lower values at a higher dew
point temperature, thus in the opposite direction compared to the SBO measurements. In the comparison
between the measurements at SBO and the laboratory measurements at the APC chamber, the dew point
temperature of the sampled air is higher at the SBO, but the onset of homogeneous freezing still occurs
at higher Sjc. , values.

This inconsistent shift in ;.. , can have several reasons, for example, there may be sources of error in the
calculation of Sjc, . It can be assumed, for example, that the assumption of S;., = 1 inside the chamber
is underestimated at the beginning of the expansion, and that it is actually significantly higher. Sec-
ondly, as already discussed in section 4.4.2, it is, in general, difficult to determine the threshold between
heterogeneous and homogeneous freezing, which could lead to errors. Furthermore, the continuous op-
eration of PINEair at low temperatures could have an influence on S;, , inside the chamber. A stable
layer of ice could form on the cold chamber walls after a longer time of operation, which would not
create ice artifacts due to falling ice crystals, but the ice layer could significantly influence Sjc. , inside

the chamber. Since PINEair is a new instrument and these are the very first measurements, it is cur-
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rently not possible to determine which of the possible reasons mentioned above is causing the shift in
Sice,p- For example, additional information about the peak relative humidity inside the chamber could

be provided by a humidity sensor at the exit of the chamber, which will also be implemented in the future.

Comparison to Aerosol Measurements

Aerosol measurements are important to obtain information on the sources and types of INPs. For this rea-
son, the INP concentration measured in the range Sic., = 1.52 —1.55 is compared with various aerosol
parameters (Figure 4.38). This S;.. , range was selected because most of the measurement data about

heterogeneous freezing is available in this range (Figure 4.34).
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Figure 4.38.: Time series of the following parameters measured during the SBO campaign in May 2023: INP
concentration with PINEair at Sic. , = 1.52 — 1.55 (Teyizer = —48 °C) (panel a), median of the total particle con-
centration (panel b), median of the concentration of aerosol particles with a diameter d > 1 um (panel c¢) and
median of the particle mass concentration (panel d). The gray shaded areas show the two days that are shown in
Figure 4.39 with a higher time resolution and are described in more detail in the text.

Panel a in Figure 4.38 shows the measured INP concentration as a box plot in the range Sic. , = 1.52 —
1.55, panel b represents the median of the total particle concentration, panel ¢ the median of the con-
centration of aerosol particles with a diameter d > 1 um, and panel d presents the median of the particle
mass concentration per day. The median of the respective aerosol parameters was only calculated from
the data set where PINEair measured in the cirrus temperature range, which was during the daytime.

Overall, the INP concentration varied during the entire measurement campaign between a concentra-
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tion below LOD and 94.8std L™! at Sice,p = 1.52—1.55. On some days, strong outliers were measured
in the INP concentration, e.g. on May 13, 2023, it ranged between a concentration below LOD and
75.8std L. In contrast, on other days, such as May 11, 2023, the variations in the INP concentration
ranged between a concentration below LOD and 8.5std L™, which is significantly lower. In general, the
course of the aerosol parameters matches that of the measured INP concentration: Towards the end of
the campaign, all three aerosol parameters (total particle concentration, concentration of aerosol particles
with a diameter d > 1 um and particle mass concentration) show a maximum, the highest median INP

concentrations are measured on the same days.

To find the reason for the variations in the INP concentration, the Spearman’s rank correlation coefficient
p is calculated. Table 4.3 shows p for the correlation of the INP concentration and the different aerosol
parameters (time resolution of Smin), such as total particle concentration, the concentration of aerosol
particles with diameters d > 0.3 um, 0.5 um, 0.7 gm, 1.0 um and the particle mass concentration. In ad-
dition, table 4.3 shows p for the correlation between the INP concentration and different meteorological
parameters (like ambient temperature, relative humidity, pressure, and wind speed), the time resolution
of the data is 30 min. There is no significant correlation (p < 0.5), so it can be assumed that the variations
in the INP concentration are not related to the parameters considered here. The result of p for the cor-
relation between the INP concentration and the aerosol parameters differs from the measurements at the
MPC temperatures, where p > 0.8. In the future, more long-term measurements have to be conducted
to obtain a larger data set to be able to interpret this finding more precisely and to find the reason for the
fluctuations in the INP concentrations at cirrus temperatures. Moreover, an analysis of the ice residuals

would provide useful additional information to get details about the aerosol type of the INPs.

Table 4.3.: Spearman correlation coefficient p between INP concentration measured with PINEair at Typ;j.r =
—48°C (Sice,p = 1.52 —1.55) and various aerosol parameters, as well as meteorological parameters. P-value
< 0.05 for all calculated p.

P
total particle concentration [em3] 0.3

particle concentration d > 0.3 um [cm ™3] 0.25
particle concentration d > 0.5 um [em 3] 0.25
particle concentration d > 0.7 um [cm 3] 0.25
particle concentration d > 1.0 um [cm 3] 0.24
particle mass concentration [pm m 3] 0.31
ambient temperature 0.28
relative humidity -0.25
pressure 0.34
wind speed -0.21

80



4.5. First Field Campaign with the PINEair Prototype 11

Figure 4.39 shows the measurement data with a higher time resolution for the two days May 18, 2023 (a)
and May 22, 2023 (b), which were already discussed in more detail in the previous section (Figure 4.36
for the INP concentration as a function of S;.. ,, and Figure 4.35 for the trajectories of the air masses).
In the top panel the INP concentration at ;.. , = 1.52 — 1.55 (no averaging of the data) is shown, the
second panel presents the total aerosol concentration, the third panel the concentration of aerosol parti-
cles with a diameter d > 1.0 um, and the lowest panel represents the particle mass concentration. The
time resolution of the data is approximately 10min, data gaps occur when the INP measurements were
performed at another ;.. , range than 1.52 — 1.55, explaining the differences in the times (x-axis) for the
two days. On May 22, 2023, higher INP concentrations are measured in the range Sic. , = 1.52 —1.55,
it fluctuated between 0.8std L™! and 84.0std L™!. In contrast, on May 18, 2023, the INP concentrations
varied between 0.1std L~! and 27.3std L', This is consistent with the median INP concentration as
a function of ;.. , between the two days (Figure 4.36). The same trend can also be observed in the
aerosol parameters: the total particle concentration, the concentration of aerosol particles with a diam-
eter d > 1.0 um and the particle mass concentration are higher on May 22, 2023, compared to May 18,
2023, which might be due to the different origin of the air masses.

a) May 18, 2023

b) May 22, 2023
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Figure 4.39.: Time series of two selected days (a) May 18, 2023 and (b) May 22, 2023 from the SBO campaign with
the following parameters from top to bottom: measured INP concentration with PINEair at S, , = 1.52 —1.55
(Tepiter = —48°C), median of the total particle concentration, median of the concentration of aerosol particles
with d > 1 um and median of the particle mass concentration. The colored shadings highlight examples that are
explained in more detail in the text.
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On May 18, 2023, between 10 am and 12:10 pm (purple shaded area in Figure 4.39a) the total aerosol
concentration increases from 266cm™ to 443cm™3, the concentration of aerosol particles with a di-
ameter larger than 1.0 um also increases, and at the same time, an increase in the INP concentration
from a concentration below LOD to 5.2std L™! was detected. Thus, all three parameters show a similar
trend. At around 8.15 pm on May 18, 2023 (green shaded area), stronger fluctuations can be seen in
the INP concentration, so-called jumps between 1.1std L™! and 27.3std L™! are measured, although the
total particle concentration generally decreases and the concentration of aerosol particles with a diameter
d > 1.0 um also fluctuates, but a smooth trend is still visible. Similar behavior can be observed on May
22,2023 (e.g. brown shaded area in Figure 4.39b), the INP concentration increases from 0.8std L™! to
16.1std L™! although no similar trend can be seen in the aerosol parameters. The increases in the INP
concentration are therefore likely not caused by the aerosol parameters shown here (total particle con-
centration, concentration of aerosol particles with a diameter d > 1.0 um, particle mass concentration).
The reason for the fluctuations in the INP concentration can currently not be explained. They are prob-
ably no outliers but occur regularly. It is also unlikely that they are caused by instrument artifacts. In
general, there are very few similar INP measurements in the cirrus temperature range at other stations
with which the new data from SBO could be compared, and to investigate how realistic these sudden
increases in the INP concentration are and whether they could already be observed at other locations in
the atmosphere.

With the measurements carried out so far with the new PINEair instrument, no statement can be made
about the cause of the fluctuations. In the future, further laboratory measurements will be performed
to be able to interpret such fluctuations better. One way to exclude artifacts caused by the instrument
itself could be the use of a well-known ice-active aerosol (such as dust (ATD or SDSAO01)) and the APC
chamber or AIDA chamber for a constant aerosol source. Measurements could be done with PINEair
at constant settings over a longer period of several hours. As a result, the measured INP concentration

should be as constant as possible.

Comparison to Other Measurements

Only very few INP measurements exist at ambient air conditions in the cirrus temperature range (DeMott
et al., 2003b, Richardson et al., 2007, Wolf et al., 2020). In the following, the INP measurements per-
formed in the cirrus temperature range at SBO are compared with the INP measurements of Wolf et al.
(2020) at the Puy de Dome observatory and the measurements with PINEair at Campus North, KIT in

Karlsruhe.

Puy de Déme (France, 1470m a.s.l.):
From October 5 to 15, 2018, INP measurements with the continuous flow diffusion chamber SPIN (SPec-
trometer for Ice Nuclei, Garimella et al., 2016) were conducted at the Puy de Dome Observatory in

France (Wolf et al., 2020). The station is located at an altitude of 1470m a.s.l. on a mountain chain and
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is therefore influenced both by air masses from the lower FT and the BL (Farah et al., 2018). The INP
measurements were performed at a temperature of —46°C and S;.. = 1.3.

Figure 4.40 in the lower panel shows the measured INP concentration during the period of the measure-
ment campaign, variations between ~ 0.1L~! to 70L~! were observed (Wolf et al., 2020). Similar to
the measurements at SBO, the INP concentration varies more strongly on some days (e.g. October 13,
2018) and less strongly on others (e.g. October 9, 2018). Wolf et al. (2020) could not find any cor-
relation between the INP concentration and meteorological parameters such as temperature, pressure,
relative humidity, wind speed, and wind direction. A positive correlation was observed between the INP
concentration and the concentration of aerosol particles with diameters d < 0.15 um, while there was no

correlation for the larger particles with d > 0.15 ym.
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Figure 4.40.: Measurements of the total aerosol concentration (upper panel) and INP concentration (lower panel)
with SPIN at the Puy de Ddme Observatory in France from October 5 to 16, 2018. Figure adapted from Wolf et al.

(2020).

For the INP measurements at the SBO, no correlation was observed between the INP concentration and
meteorological parameters and the concentration of aerosol particles with a diameter d > 0.15 um, which
is in agreement with the measurements at the Puy de Ddme Observatory. A more detailed contrast of the
measured INP concentration at the Puy de Ddme and the SBO is not worthwhile, as the measurements
were carried out at different S;., ranges. While at Puy de Dome, they measured INP concentrations at
Sice = 1.3, at SBO the measurements were performed at the lowest S;c. , range of 1.4 —1.43. Further-
more, the measurements were performed during different seasons and both instruments are based on
different measurement methods, which should first be compared more closely to each other in laboratory

studies.
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Campus North (Germany,120m a.s.l.):
On several days in April 2023 (April 14, 20, 21, 26) daytime INP measurements were performed with
PINEair at Campus North, KIT. The site is located at an altitude of 120m a.s.l. directly next to a forest,

close to a road, and approximately 10km from the city of Karlsruhe. The ethanol thermostat was con-

stantly set to Typiz.r = —48 °C for all measurements (the same as for the measurements at SBO), several
runs with different PPDs were performed resulting in an adiabatic temperature between 1,y = —47.13°C
and T,; = —48.68°C. The other settings for the measurements with PINEair were identical to the

measurements at SBO, the waiting time before the start of the expansion was 60sec and flow,,, =
0.7L min~".
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Figure 4.41.: Comparison of the measurements performed with PINEair (7,5, = —48 °C) at Campus North (April
2023, unfilled markers) and SBO (May 2023, orange markers). The upper panel represents the number of runs
and the lower panel shows the measured INP concentration as a function of the S;.. , ranges.

The lower panel in Figure 4.41 shows the measured INP concentration at Campus North (white box plot)
and SBO (orange box plot) as a function of S, ,, only the data where heterogeneous ice nucleation oc-
curred are shown. The upper panel in Figure 4.41 again shows the number of runs in the respective Sic.
range for the two measurement time series at Campus North (white marker) and SBO (orange marker).
Although there is no information about the particle concentration at Campus North at the time of the
measurements, it can be assumed that it is significantly higher compared to the SBO, as the aerosol
population is different between the two locations due to the different heights. While the SBO is remote
and is mainly influenced by air masses from the lower FT and only occasionally by air masses from the
BL, Campus North might be influenced by biological aerosols from the nearby forest, as well as urban

and anthropogenic aerosols due to its proximity to the city. This is also reflected in the measured INP
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concentration, in the S;.. , ranges where measurements are available for both locations, the median INP
concentration is significantly higher at Campus North. For example, at a peak ice saturation ratio of
1.43 —1.46, the median INP concentration at Campus North is 7.2 std Lfl, while at the SBO the concen-
tration is below the LOD.

It is noticeable that there are stronger outliers at SBO than at Campus North. The reason for this could
be the shorter duration of measurements at Campus North, where data was collected over four days,

compared to approximately 14 days at the SBO.

Furthermore, the S;c. , for the observation of heterogeneous ice nucleation differs between the two sta-
tions (see Figure 4.42a). At Campus North (black diamonds), INP measurements can be made until
Sice,p = 1.43 — 1.46, at higher S;.. , conditions homogeneous freezing already begins. In contrast, when
measuring at SBO, INP measurements can be performed in the heterogeneous range down to Sjc. , values
just below the water saturation. This difference cannot be explained by different dew point temperatures
of the sampled air, as it is very similar for both measurement periods and varies between —20.5°C and
—25.6°C (see Figure 4.42b). A difference between the two time series is the duration for which PINEair
was operated at temperatures < 0°C, which could have an influence on S;,, at the start of the expansion
and therefore on the calculation of Sj.. ,. At Campus North, it was only for several hours, while at the
SBO station, PINEair was operated continuously for approximately seven days. However, this assump-
tion has to be investigated by further laboratory measurements first. Ideally, a CFDC could be used as a

reference INP instrument to obtain more accurate information about the INP concentration at different
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Figure 4.42.: a) Sic. as a function of T4, the black line represents the water saturation, and the parameterization
for the onset of the homogeneous freezing is shown as red thick line by Koop et al. (2000) and as red dashed line
by Schneider et al. (2021b). b) The dewpoint temperature as a function of S;c, , is shown. In both plots the orange
circles indicate the INP measurements at SBO and the unfilled diamonds represent the measurements at Campus
North, only the data points where the ice crystals were formed heterogeneously are shown (7., = —48°C).
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4.6. Summary

To get a better understanding about the abundance of the INP concentration in the atmosphere and there-
fore improve their implementation in weather and climate models, measurements at ground-based sta-
tions need to be complemented by aircraft measurements in air layers where clouds containing ice are
formed (Coluzza et al., 2017). Currently, no aircraft-based instrument exists which is capable of measur-
ing the INP concentration at temperatures < —40°C, limiting the understanding and formulation of the
contribution of heterogeneous freezing to the formation of cirrus clouds.

As part of this doctoral thesis, the new instrument PINEair was developed for application on aircraft,
capable of measuring INP concentrations at conditions relevant for MPC and cirrus clouds. PINEair is
based on the design of the mobile expansion chamber PINE (Mohler et al., 2021), with modifications for
an improved time resolution of the measurements, and a more precise establishment of supersaturation
and temperature. To improve the time resolution, which is especially relevant for aircraft-based mea-
surements, PINEair consists of three expansion chambers (3L each) operating in an alternating cycle of
flushing particles through the chamber, expanding the chamber and thus creating temperature and super-
saturations relevant for cloud formation, and refilling the chamber to ambient pressure conditions. To
better quantify the INP activation conditions regarding temperature and supersaturations, which is espe-
cially important for the differentiation between homogeneous and heterogeneous freezing in the cirrus
temperature range, PINEair can be operated with a step-wise expansion, optionally to the continuous ex-
pansion of the commercial PINE. For this, a buffer volume is used to create an immediate pressure drop,
leading to an almost adiabatic temperature decrease. This allows to calculate the adiabatic temperature
decrease and peak relative humidity inside the chamber. As PINEair is designed to work continuously,
and automatically and can be controlled remotely, it can be operated for long-term measurements with
minimal user input.

The final version of PINEair is designed specifically for the use on the HALO research aircraft and is
expected to be part of the measurement campaign "HALO-South" in New Zealand in September 2025,
where the INP concentration over the clean, pristine Southern Ocean will be investigated. To test the
functionality of the new instrumental design, a prototype I of PINEair was first built and placed in the
thermal housing of the AIDA chamber. Successful experiments were performed at a start pressure of
250mbar and a start temperature of —50°C to mimic aircraft-relevant conditions. Here, the formation
of ice crystals by homogeneous and heterogeneous ice nucleation was observed. A comparison between
PINEair and other INP instruments such as AIDA and PINE in the MPC temperature range showed good
agreement. Furthermore, the onset temperature of homogeneous freezing of supercooled water droplets
was investigated using ammonium sulfate aerosols, which occur at temperatures between —35°C and
—37°C (e.g., Benz et al., 2005). The PINEair measurements with (continuous) expansions on homoge-
neous water droplet freezing showed on average an offset of 1.33 °C towards higher temperatures, which

could possibly be caused by temperature inhomogeneities inside the chambers, which needs to be inves-
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tigated by further laboratory measurements.

Successful experiments for the differentiation of homogeneous and heterogeneous freezing at cirrus
cloud conditions were performed, by measuring sulfuric acid aerosols for homogeneous nucleation and
ATD as INP at a start temperature of —45°C. For this purpose, by systematically changing the PPD
during a series of runs with step-wise expansions, different S;.. , were achieved inside the chamber until

a sufficiently high S;.. , was reached that the homogeneous freezing could occur.

Subsequently, the PINEair prototype I was redesigned as prototype II by adding an ethanol thermostat
to independently cool the instrument. By that, the instrument is becoming mobile and therefore also
suitable for field measurements. Especially for the INP measurements at cirrus conditions and the use of
the buffer volume for the step-wise expansions, the performance of the new instrument was tested and
the optimal operational parameters were identified. For example, the duration of the waiting time, which
is introduced before the start of the expansion when no flow is guided over the chamber, to equilibrate
the temperature inside the chambers, should be 60sec. To ensure that the ice crystals formed during the
step-wise expansion, are transported to the OPC and are finally detected, the pump flow directly after the
step-wise expansion flow,,, should be larger than 0.7L min~!.

During the laboratory measurements at the APC chamber and the first test measurements at ambient
air conditions, it was demonstrated that the ;.. , onset of homogeneous freezing can be well detected
with PINEair by doing a series of runs with step-wise expansions at increasing PPDs (relative humidity
scan). However, there is a transition area where, at similar values for the PPD, sometimes only het-
erogeneous humidity conditions are achieved and sometimes already homogeneous humidity conditions.
Furthermore, it was observed that Tpp of the sampled ambient air has an influence at the onset of the ho-
mogeneous freezing. The limit value of the PPD, where S;c.. , inside the chamber is high enough for the
homogeneous freezing to occur, shifts to lower values if Tpp of the sampled air is higher. Therefore, es-
pecially during the long-term operation of PINEair, regular relative humidity scans should be performed
when measuring cirrus-relevant INPs in order to redefine the start of the homogeneous freezing.

To test the PINEair prototype 11, a field campaign was performed from May 8-22, 2023, at the Sonnblick
Observatory (3106 m a.s.l.) in Austria. The SBO is a well-suited observatory to study aerosol-cloud in-
teractions, as it is located in the lower FT, but may also be influenced by air mass injections from the BL,
resulting in the presence of aerosols from long-range transport, such as dust particles, as well as regional
aerosols.

PINEair proved its suitability as an instrument for long-term operation, as it measured almost continu-
ously for the duration of the campaign. Different operations were tested: During the night, (continuous)
expansions were performed with PINEair in the MPC temperature range (7' = —22.7°C and —27.5°C)
with a time resolution of 2.5min. A comparison between the INP measurements and the aerosol pa-
rameters (concentration of aerosol particles with diameters d > 0.3 um, 0.5um, 0.7 um, 1.0 um and

the particle mass concentration) showed a strong dependence, which is supported by a positive Spear-
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man correlation coefficient p > 0.8 for all parameters. No clear correlation between the meteorological
parameters (temperature, pressure, relative humidity, wind direction, and wind speed) and the INP con-
centration was found (p < 0.5). This is in agreement with the study by Lacher et al. (2018b) at the
Jungfraujoch station in Switzerland. Four time periods of PINEair measurements at T = —22.7°C were
used to compare the PINEair data with the aerosol filters for the analysis with the offline freezing exper-
iment INSEKT. Here, slightly higher INP concentrations were measured with PINEair. Possible reasons
for this could be, for example, the temperature inhomogeneities in the chamber, or a too slow response
time of the temperature sensors during expansion. In the future, laboratory measurements using an INP
sample with a well-known ice onset, for example, Snomax®, will be performed to investigate the accuracy
of the temperature measurement in PINEair during a (continuous) expansion. Furthermore, longer-term
comparison measurements with other INP instruments will be performed.

For the first time in the Alpine region, PINEair measured cirrus-relevant INP concentrations during the
daytime hours of the campaign at the SBO station. First measurements at a temperature of approximately
—47.8°C and Sjc,,p in the range of 1.49 and 1.52 resulted in INP concentrations up to 90std L. Runs
with step-wise expansions with a PPD in the range of 4.87 % and 6.52 % were made, resulting in differ-
ent Sic., between 1.4 and 1.61. Here, higher median INP concentrations were measured at higher Sjc. .
The threshold value for the PPD at which homogeneous freezing for the sampled ambient air at SBO
starts differs compared to the threshold observed during measurements at Campus North, although the
dew point temperatures were very similar. Possible reasons for this could be the operation of PINEair
over a longer period of time at temperatures < 0°C, which could have an influence of S;.. at the start of
the expansion.

A case study between two selected days has shown that during increased aerosol concentrations, and par-
ticle mass concentrations, also increased INP concentrations are measured. When analyzing the whole
time period, no relation between the INP concentration and the aerosol parameters (concentration of
all aerosol particles and concentration of aerosol particles with diameters d > 0.3 um, 0.5 um, 0.7 um,
1.0 um and the particle mass concentration) was found (p < 0.5). The same applies to p for the cor-
relation between the INP concentration and meteorological parameters (ambient temperature, relative
humidity, pressure, wind speed), which is in agreement with the study by Wolf et al. (2020) at the Puy

de DOme Observatory in France.

The mobile prototype of PINEair, and the final aircraft-based PINEair instrument, which is specifically
designed for use onboard the HALO research aircraft, will allow comprehensive and online INP mea-
surements in the free troposphere, both in the MPC and cirrus temperature ranges. The laboratory mea-
surements, as well as the first field campaign, have demonstrated that the design of the instrument is
suitable to perform INP measurements in a wide range of temperature and ice supersaturation. Further
laboratory measurements will aim at characterizing the instrument more precisely regarding the activa-

tion temperature and ice supersaturated conditions inside the chamber.
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Data about long-term measurements of INP concentrations are rare, but they are important to get a better
understanding of the seasonal and diurnal variations in order to improve their implementation in weather
and climate models (Burrows et al., 2022; Bras et al., 2022). For this reason, as part of this PhD thesis,
an INP long-term measurement series was performed at the high-altitude Sonnblick Observatory (SBO)
in Austria. Section 5.1 summarises previous INP measurements investigating the seasonal and diurnal
variability, and section 5.2 gives an overview of the campaign performed at SBO. Section 5.3 describes
the results of the measurements at SBO, which are then discussed in section 5.4. A large dust event in
March 2022 is examined in more detail in section 5.5. Finally, section 5.6 summarizes the results and

conclusions.

5.1. Introduction

! Numerous INP measurements have already been performed in different environments by using different
measurement methods (offline and online) (e.g., Kanji et al., 2017). However, long-term studies at high
time resolution are rather rare, leading to missing information about the seasonal variability of the INP
concentrations. Brunner et al. (2022) present a summary of studies focusing on the seasonal variability
of the INP concentrations (e.g., Conen et al., 2015; Wex et al., 2019; Schneider et al., 2021a; Tobo et al.,
2020; Schrod et al., 2020), which are distributed around the globe. They conclude that a seasonal de-
pendence of the INP concentration was apparent in all studies, with the highest concentrations measured
in spring and summer. Most studies have been performed using offline measurement methods, where
aerosols are sampled in the field and post-analyzed in the laboratory. These measurements usually have
a time resolution ranging from 24 h to 2 weeks, which does not provide any information about the diurnal
variability.

In recent years, automatic online instruments were developed (e.g., Mohler et al., 2021; Brunner and
Kanji, 2021; Bi et al., 2019) which directly analyze the sampled aerosols, and are thus capable of mea-
suring the INP concentrations with a high time resolution. This is important to identify and analyze
short-term variations, like for example diurnal variations or changes in the air mass origin. For example,

a long-term study was conducted at the High Altitude Research Station Jungfraujoch (JFJ) (3580m a.s.l.)

LA slightly modified version of some sections are part of a manuscript which was recently submitted to the journal BAMS
(Bulletin of the American Meteorological Society): Pia Bogert, Larissa Lacher, Maksym Gachkivskyi, Kristina Hohler, Inge-
borg Levin, Elke Ludewig, Christian Maier, Thomas Leisner and Ottmar Mdhler (2024): New insight into the annual cycle of
ice-nucleating particle concentrations from long-term measurements at the Sonnblick Observatory
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by Brunner et al. (2022) using the online instrument HINC-Auto (automated Horizontal Ice Nucleation
Chamber, Brunner and Kanji, 2021), with a time resolution of 20min. They only observed a daily cycle
in the INP concentration on days when the Jungfraujoch was influenced by air masses from the BL.
Other INP studies that have observed the diurnal variability of the INP concentration are e.g., Isoni et al.
(1971), Rosinski et al. (1995), Wieder et al. (2022).

To get a better overall understanding of the presence of INPs, it is important to investigate not only the
diurnal and seasonal variability but also the INP distribution in the altitude, especially in the FT. Exist-
ing INP measurements have mostly been made at ground-based stations (Kanji et al., 2017), with most
stations located in the BL. Measurements of the INP concentration in the FT are difficult. A number
of measurements were achieved by aircraft (e.g., Eidhammer et al., 2010; Field et al., 2012) or at high
mountain stations, like for example the Jungfraujoch station (3580m a.s.l.) in Switzerland (Chou et al.,
2011; Conen et al., 2015; Lacher et al., 2018a; Lacher et al., 2021) or the Storm Peak Laboratory (3200 m
a.s.l.) in Colorado (e.g., DeMott et al., 2003b; Richardson et al., 2007). For more information see the
details in section 4.1. The SBO (3106 m a.s.l.) in Austria is a well-suited location to study aerosol-cloud
interactions at higher altitudes, as the station is located in the lower FT, but it is regularly influenced
by the updraft of warm air masses by convection from the BL. Especially in the summer months, the
BL can reach up to several kilometers (Stull, 1988). Through this process, which is very distinct in the
mountains, air masses including aerosols and trace gases are transported from the BL into the FT (Stull,

1988).

As part of this doctoral thesis, a long-term study was conducted at the SBO to measure the INP concen-
tration at different temperatures in the MPC temperature range to investigate the diurnal and seasonal
variability. The INP measurements discussed in this thesis were performed with the method INSEKT
(see section 3.2) during 3years in the period from August 2019 to August 2022. This represents the
longest constant INP measurement time series to date. In addition, the INP concentration was measured
for about 14 months from August 2021 to October 2022, with the online expansion chamber PINE (see
section 3.1), this measurement time series is the longest INP study with such a high time resolution

(~ 6min) to date.

5.2. Overview of Campaign

The following sections provide an overview of the INP measurements performed at the SBO. Section
5.2.1 first describes the station and its location. The next section 5.2.2 provides an overview of the
conducted campaigns to investigate the INP concentration at SBO. Section 5.2.3 describes the sampling

setup, and section 5.2.4 describes and discusses the air mass origin.
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5.2.1. Field Location

The SBO (12.96’E, 47.05°N) is a measuring and research station in the Austrian Alps (south in the
province of Salzburg, Figure 5.1) and is located on the summit of the mountain "Hoher Sonnblick" at an

altitude of 3106 m above sea level (Figure 4.28).

*SBO

Figure 5.1.: Location of the SBO in Austria, marked by the star.

It is situated on rocks, surrounded by large glacier fields, approximately 1000m above the tree line.
Figure 5.2a shows the SBO in summer, where it is surrounded by bare rocks, whereas in winter (Fig-
ure 5.2b) most of the surrounding area is snow covered. The air temperature at the SBO is affected by
seasonal variations, in the period from August 2019 to mid-October 2022 (time period of the measure-
ments discussed here), it varied between —25.8°C and 13.2°C, on average it was —3.6°C. During this
period, the ambient pressure was on average 695.7 mbar with a maximum of 712.7 mbar and a minimum
of 663.6mbar.

Due to its altitude and location, the SBO receives air masses from both the FT and the BL, therefore
the location is well-suited for measuring the sources and concentration of INPs at higher altitudes and
in the FT. Aerosols at SBO may be influenced by both regional sources and long-range transport, such
as the transport of Saharan dust or mineral dust. Previous measurements at SBO showed that there is a
mineral dust influence for up to 30days per year (Greilinger et al., 2018). The interaction between the
air masses from the FT and the BL has an influence on the aerosol concentration. If the SBO is more
influenced by the air masses from the FT, the air present at the remote site is pristine. In contrast, if the
SBO is predominantly influenced by the air masses from the BL, the number concentrations of natural
aerosols (e.g., particles from vegetation or soils) and anthropogenic aerosols are increased, which is more

often the case in summer, due to the rising warm air masses caused by convection (Holzinger et al., 2010).
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a) SBOin summer b) SBO in winter

Figure 5.2.: Photo a) shows the SBO in summer, surrounded by rocks, and Photo b) shows the SBO in winter,
covered with snow.

Figure 5.3.: Aerosol inlet on the rooftop of the SBO station.

The SBO is operated by Geosphere Austria, it is part of the GAW program and part of the ACTRIS
(Aerosol, Clouds and Trace Gases Research Infrastructure) research infrastructure by hosting the Euro-
pean Center for Cloud Ambient Intercomparison (ECCINT), which is part of the Cloud In Situ (CIS)
topical center of ACTRIS. The first meteorological measurements at SBO were conducted in 1886 and
today the station is staffed permanently. There are a number of long-term measurements available for
a variety of parameters from different areas such as meteorology, radiation, gases, aerosols, permafrost,
and glaciology. The aerosol sampling is performed via a heated total air inlet designed according to

GAW guidelines, with an upper cut-off size of 20 um at a wind speed of 20m s~!, which is installed

92



5.2. Overview of Campaign

on the rooftop of the station (Figure 5.3). Because aerosol properties are particularly important for the

interpretation of the INP measurements, their measurements are explained in more detail in section 5.2.3.

5.2.2. Overview of Conducted INP Measurements
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Figure 5.4.: Overview of all measurement campaigns conducted at the SBO to investigate the INP concentration
using the instruments INSEKT (blue frame), PINE-04-02 (dark green frame), and PINEair (green frame). The
shorter intensive campaigns are listed above the timeline, and the long-term measurements are shown below the
timeline in the gray shaded area.

The INP measurements presented in this section are the first which were conducted at the SBO. Figure
5.4 provides an overview of the time periods of the long-term measurements (gray shaded area) and the
shorter intensive campaigns. The INP instruments that were used were the freezing experiment INSEKT
(blue frame, more information in section 3.2), and the expansion chambers PINE (model 04-02, Bilfinger
Nuclear & Energy Transition GmbH; dark green frame, more information in section 3.1) and the new
instrument PINEair prototype II (green frame, more information in section 4.2.2). The results of the
measurement campaign with PINEair have already been discussed in section 4.5. This section focuses
on the measurements with INSEKT and PINE which were performed in the MPC temperature regime.

In the following, the individual campaigns are described in more detail.

The INSEKT INP measurements at SBO started in August 2019. Since then, aerosol filters were taken
regularly in time intervals of one week. These measurements are still ongoing (status: spring 2024).
In this PhD thesis, the filters are analyzed and the results are discussed until August 2022 (in total 210
filters), providing a long-term measurement series of three years. During the intensive campaigns in

August 2019, July 2021, and August 2022, day and night filters were sampled more frequently with an
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8 — 12h interval. This aims to receive information about the difference of the INP concentrations during
day and night hours and to compare the results of INSEKT with the results of PINE (section 5.4.6).

A blank filter is also sampled every five weeks to check the cleanliness during the filter handling (more
information see section 3.2). An analysis of the blank filters has shown that there is no substantial con-
tribution of ice-active aerosols from the laboratory on the filters, therefore no INP concentration needs to
be subtracted due to contamination.

Approximately half of all filters were additionally analyzed in the laboratory with a heat treatment to ob-
tain information about the content of heat-sensitive INPs. A description of this procedure can be found

in section 3.2. The results are described in section 5.3.4.
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Figure 5.5.: Example of a typical series of PINE measurements at SBO for one week from August, 1 to 8, 2022.
Different colors indicate the measurement temperature. During operation at an almost constant temperature of
—23°C £ 2°C, the data was averaged for 1 h. During temperature scans from —15°C to —30°C, indicated in the
Figure with arrows, single run data with a time resolution of 6 min is shown.

From August 2021 to mid-October 2022, the INP concentration at the SBO was additionally measured
with PINE to achieve measurements with a high time resolution of about 6 min in order to obtain addi-
tional information about shorter-term variations or diurnal cycles of the INP concentration. In general,
PINE was operated at a constant temperature of —23°C £ 2°C, at regular intervals or during events of
elevated INP concentrations (such as dust events) temperature scans from —15°C to —30°C were per-
formed. Figure 5.5 shows an example week from August 1 to 8, 2022 of the PINE measurements at
SBO. For the time periods of constant temperature operation, the data was averaged for 1h. During the
four temperature scans indicated in Figure 5.5, single run data is shown. The instrument works auto-
matically and was controlled remotely from Karlsruhe, for example, to perform temperature changes or
background tests. Regular ice background tests were performed once a day. More information can be

found in section 3.1.
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5.2. Overview of Campaign

5.2.3. Sampling Setup

The PINE instrument and the INSEKT aerosol sampler were connected to the heated total aerosol inlet

(same as for aerosol sampling, Figure 5.3) through a y-splitter, as shown schematically in Figure 5.6.

total aerosol inlet
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Figure 5.6.: Schematic setup of the INP and aerosol measurements at SBO. The measured parameters, the time
resolution of measurements, and the measurement temperature are indicated in the lower part of the Figure.

For the discussion of the INP data in section 5.4, the data of the following aerosol parameters were
used: The total particle number concentration is measured with a CPC model 3775 from TSI GmbH.
For the measurement of the particle size distribution a SMPS (model 3938, TSI GmbH) is used for the
smaller particle size ranges (diameter of 1 nm to 480nm) and for the larger particles (diameter >300nm
to >5000nm) the particle counter model TCC from Klotz GmbH, and the optical particle counter promo
3000 from Palas GmbH. The presence of dust may be indicated by the aerosol mass concentration (e.g.,
Schauer, 2015; Baumann-Stanzer et al., 2018; O’Sullivan et al., 2020) which is continuously measured
at the SBO with a SHARP Monitor 5030 from Thermo Scientific. For the evaluation of the INP measure-
ments with PINEair (section 4.5), the measurement data from the same instruments were used, except for
the promo. All aerosol parameters are measured at the permanently staffed station continuously with a
time resolution of a few minutes. However, the average values of 30 min are used for the data evaluation,
and the measurements are performed at the corresponding ambient temperature. Table 5.1 shows a list
of the meteorological parameters used to calculate the Spearman correlation coefficients (section 5.4.5)

and the corresponding instrument.
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Table 5.1.: Overview of the instruments used to measure the meteorological parameters at the SBO.

parameter instrument

air temperature Logotronic

air pressure Meteolabor BM35
relative humidity E+E 33
precipitation Thies 5.4103.10.000
wind speed Thies 2D inkl. heater
wind direction Thies 2D inkl. heater

5.2.4. Air Mass Origin

As mentioned above, the air masses at SBO are influenced by both, FT and BL air, in particular during
the warmer months of late spring, summer, and early autumn. A tracer to identify the air mass origin
is the number concentration of aerosol particles larger than 90nm in diameter (Herrmann et al., 2015).
Aerosol particles in this size range mainly originate from natural or anthropogenic surface sources, and
therefore can accumulate to higher concentrations in the well-mixed BL, depending on emission rates
and the residence time. The exchange of BL air with the FT is slow, and the aerosol number concen-
trations in the FT are typically much lower due to dilution and deposition processes during long-range
transport in the FT. Therefore, increased number concentrations are a consequence of the influence of air
masses from the BL, as they can only originate from vertical transport from local sources. At SBO, the
aerosol concentrations with a diameter larger than 90nm (measured with the SMPS) varied during the
time period of the INP measurements between 1.6cm™—> and 1569.9cm™3.

Another tracer to identify BL air is 2??Radon (***Rn). It is a short-lived radioactive noble gas produced
in soils from the decay of 2?Radium. With its relatively well-known sources close to the ground (e.g.,
Nazaroff, 1992; Karstens et al., 2015) and its only sink being radioactive decay, high >*>Rn concentra-
tions indicate air mass origin from the BL (Griffiths et al., 2014). At SBO, 222Rn concentrations are
not measured directly, but they can be derived from the >'*Polonium (*'#Po) daughter activity, assuming
radioactive equilibrium. While a correction for 2'#Po disequilibrium is typically required (Levin et al.,
2002; Schmithiisen et al., 2017), at SBO, equilibrium is achieved due to the high altitude of the site.
The 2'#Po concentrations are monitored by the Heidelberger University (data courtesy of Ingeborg Levin
and Maksym Gachkivskyi) using the Heidelberg Radon Monitor (Levin et al., 2002; Gachkivskyi and
Levin, 2022). During the time period of the INP measurements, the 2!4Po concentrations varied between
0.03Bqm~> and 8.7Bqm~3.

An attempt was made to divide the entire data set into periods in which the SBO was in the FT or was
additionally influenced by air masses from the BL. For this purpose, the limit values found during mea-
surements at the JFJ station (3580m) were used for the tracers 222Rn (Griffiths et al., 2014) and number

concentration of particles with d > 90nm (Herrmann et al., 2015). However, the use of these limits for
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the SBO site has produced an inconsistent result, therefore the limits are not considered to be appropriate,
which might be caused by the different heights of the stations.

Another tracer to identify the influence of BL air is the use of ceilometer measurements which are rou-
tinely performed at SBO with a CL51 from Vaisala. A ceilometer can be used to infer the top of the
aerosol layer, which indicates the top of the BL. Further information about the method can be found in
Lotteraner and Piringer (2016). With the additional information about the BL height, an attempt was
made to determine separate limit values for both BL air mass tracers (*'#Po concentration and particle
concentration d > 90nm) for the SBO site. However, it was not possible to define limit values, as there
were often data gaps in the data set of the ceilometer measurements as the air at the alpine location of
the SBO is clean. Therefore the aerosol concentration is low and the ceilometer is often unable to detect
aerosol layers that indicate the upper limit of the BL near the ground. In the future, further measure-
ments should first be performed on-site, or other tracers have to be considered to identify the times of the

influence of BL air.

5.3. Results

This section describes the results of the INP measurements at the SBO, first the INP temperature spectra,
then the seasonal and diurnal variation of the INP concentrations. Finally, the result of the heat treatment

of the aerosol filters is shown.

5.3.1. INP Temperature Spectra

Figure 5.7 shows the INP temperature spectra measured with INSEKT (circles) from August 2019 to Au-
gust 2022, sorted for the different seasons (spring: Mar., Apr., May; summer: Jun., Jul., Aug.; autumn:
Sep., Oct., Nov.; winter: Dec., Jan., Feb.). The blue stars show the INP data measured with PINE, here
only the data of constant temperature operation (' = —23°C £2°C) is presented and averaged to 1h
mean values. No temperature scans with PINE are shown, as they were performed at irregular times but
mostly during dust events, therefore the data would not be characteristic for the different seasons. The
INP concentrations steeply increase with decreasing temperature, however, they vary considerably at a
constant temperature. For example, during summer at a temperature of —21.5°C, the INP concentration
measured with PINE varied over three orders of magnitude, from 0.1 std L~ ! to 150std L', and the
data measured with INSEKT varied between 0.2std L™ and 3std L~! at the same temperature. A good
agreement between the results of PINE and INSEKT is only partially present, with a tendency for higher
INP concentrations measured with PINE. However, PINE can detect short-term variations in the INP
concentration, which is not possible with INSEKT due to the time resolution of one week. Therefore,
a more detailed comparison between the two instruments is given in section 5.4.6, where a period of an

intensive campaign with a higher time resolution of 8 h for the INSEKT filters is considered.
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Figure 5.7.: INP temperature spectra measured with INSEKT (circles) and PINE (stars) for the different seasons
from August 2019 to August 2022. The aerosol particles analysed with INSEKT were sampled for time periods
of one week, PINE data are averaged to 1h mean values.

To better compare the temperature-dependent INP concentrations measured with INSEKT during the
different seasons, the mean values are shown in Figure 5.8 for the data from August 2019 to August 2022.
Only the mean value is presented if there are temperature spectra obtained from at least three filters. The
mean INP concentrations steeply increase with decreasing temperature from about 0.00008std L~" at
—5°C to about 4std L' at —25.5°C. In general, the mean INP temperature spectra have a similar
trend and similar concentrations in spring and summer. The INP concentrations are significantly lower
in autumn/winter, with the difference increasing with decreasing temperature. Possible reasons for the
differences in INP concentrations during the seasons are analyzed and discussed in section 5.4. For the
averaged INP concentration in winter, the INP temperature spectra look unusual for temperatures higher
than —7°C, as slightly higher INP concentrations are measured at higher temperatures. This can be
explained by the fact that the INP concentrations are in general very low at this temperature and there is

not a value for each filter, which makes the outliers more significant when averaging the mean values.
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Figure 5.8.: Mean INP temperature spectra measured with INSEKT for the different seasons from August 2019 to
August 2022.

5.3.2. Seasonal Variation

Figure 5.9 shows a time series of INP concentrations measured with INSEKT and PINE between August

2019 and August 2022 at different temperatures.
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Figure 5.9.: Time series of the INP concentration measured at SBO from August 2019 to August 2022 with IN-
SEKT and PINE. The INSEKT data is shown for the temperatures —20°C (gray circles), —14 °C (gray triangles)
and —8°C (gray diamonds). The time resolution is 7d for most data, or 12h for specific time periods. The PINE
data (dark blue stars), is shown for a temperature of —23°C 4+-2°C and averaged for 1d. The colored background
indicates the seasons with spring in yellow, summer in green, autumn in brown, and winter in blue.

There is a clear seasonal cycle in the INP concentration with lower values in autumn and winter and
higher values in spring and summer. This cycle is visible in both the INSEKT data measured at temper-

atures of —20°C, —14°C, and —8°C and the PINE data derived at around —23 °C. The time resolution
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of the INSEKT data is one week for most of the shown data. Only for shorter periods from August 1 to
8, 2019, July 27 to August 5, 2021, and August 2 to 14, 2022, aerosols were sampled at SBO for shorter
time intervals of about 8 — 12h to e.g. obtain information about the difference of the INP concentrations
during day and night hours. The PINE instrument was operated at SBO from August 2021 to October
2022. Figure 5.9 only depicts the PINE INP data measured at a temperature of about —23°C£2°C. The
PINE has a maximum time resolution of about 6 min, but the data shown in Figure 5.9 is averaged for
1d.

In addition to the seasonal difference, the INP concentration also strongly varies on shorter time scales.
For example, at a temperature of —14°C, it varies from about 0.0004std L™! to 0.98std L~!. Both the
seasonal cycle and the shorter-term variations may be caused by different air mass origins, which is dis-
cussed in more detail in sections 5.4.2 and 5.4.3.

Brunner et al. (2022) also found an annual variation of INP concentrations measured at the JFJ station,
(3580m a.s.l.) from February 2020 to January 2021, with the highest concentrations in April, July, and
August, and the lowest in December. These measurements were performed with the online instrument
HINC-Auto at a temperature of —30°C. Excluding the data where the JFJ was influenced by dust events,
they measured a median INP concentration of 0.5std L' in autumn and 0.7std L™! in winter. In com-
parison, the median INP concentration at the SBO at the same temperature is higher during both seasons,
in autumn it is 9.8 std L™, and in winter 5.6std L™!. In general, the observation of a seasonal cycle with
high INP concentrations in spring/summer and the lowest INP concentration in winter is also consistent
with other studies in a wide temperature range between —13°C and —22°C, which were not performed
at mountain stations, but e.g. in the Arctic (Wex et al., 2019) or in the boreal forest (Schneider et al.,
2021a). The seasonal variations in the INP concentration can be caused by different sources (dust vs.
local biogenic aerosols) or different transport pathways (long-range vs. convective uplift) (Brunner et al.,
2022).

5.3.3. Diurnal Variation

Figure 5.10 shows the monthly averaged diurnal variation of the INP concentrations measured with PINE
at a temperature of —23°C £2°C. The median INP concentration is presented to avoid over-weighting
of strong outliers, e.g. due to dust events. The plots show the data as a function of the local time for the
different seasons from September 2021 to August 2022. Data for June 2022 are not shown, because, due
to technical problems and a power failure at SBO, the PINE instrument measured only on a few days,
therefore the measurement data are not representative for the whole month.

The highest INP concentrations are measured in spring, for example in May 2022, with up to 22.9std L™
From April to September, a clear daily cycle of the INP concentration is observed with a maximum
around noon and a minimum at midnight. For example, in July 2022, the INP concentration varied
from 2.4std L™! to 9.8std L™!. The time at which the maximum INP concentration is reached varies

between the different months. From October 2021 to February 2022, there is no diurnal variation, and
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Figure 5.10.: Monthly averaged diurnal variation of the INP concentration measured with PINE at a temperature
of —23°C £2°C. The different panels show the data for the different seasons from September 2021 to August
2022.

the INP concentrations are constantly low between about 0.2std L' and 2.3std L™!. Brunner et al.
(2022) observed in their INP measurements at the JFJ station that there is only a daily cycle in the INP
concentration on the days when the site is influenced by the air masses from the BL. For the SBO data

set, this aspect is investigated and discussed in more detail in section 5.4.2.

5.3.4. Heat Treatment

As already explained in section 3.2 the filters for the analysis with INSEKT can additionally be analyzed
with a heat treatment to obtain information about heat-sensitive INPs. This was done for some filters
from the long-term measurements, which have a time resolution of one week, providing information on
the seasonal variations of heat-sensitive INPs. Figure 5.11 shows all INP temperature spectra for the
untreated samples (grey circles) and the heat-treated samples (red circles) measured with INSEKT from
August 2019 to August 2022, sorted for the different seasons. Also shown are the temperature-dependent
mean INP concentrations for each season (dark grey symbols), and the mean INP concentrations after
heat treatment of the aerosol particle suspensions (red symbols). After heat treatment, the INP concen-
trations increase with decreasing temperature, but they are significantly reduced, in particular at higher
temperatures between around —13°C and —6.5°C.

Figure 5.12 shows that the INP temperature spectra for the heated filters are similar for the different
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Figure 5.11.: INP temperature spectra measured with INSEKT for the different seasons. Grey circles correspond to
aerosol sampled between August 2019 to August 2022 with a time resolution of one week, and red circles indicate
the results for the heat-treated suspensions. Filled symbols show the respective mean values.

seasons at the higher temperatures. At lower temperatures between around —25.5°C and —13°C, the
INP concentrations of the heat-treated samples are slightly lower in autumn and winter than in spring and
summer. Overall, the decrease of the INP concentration by heat treatment is stronger at higher tempera-
tures than at lower temperatures, indicating the presence of heat-sensitive INPs which are more active at
higher temperatures and probably are related to biological aerosol particles.

To obtain information about the presence of heat-sensitive INPs between day and night, the filters from
the intensive campaign on August 2-14, 2022, with a time resolution of 8 h, are additionally analyzed with
the heat treatment. Figure 5.13 shows the INP concentration measured with INSEKT for the different
temperatures a) —20°C, b) —17°C, and ¢) —14°C, the untreated samples in black and the heat-treated
samples in red. The gray background shows the time period of the night filters, which were sampled
from 10 pm to 6 am local time. The day filters were sampled from 10 am to 6 pm local time. After the
heat treatment, the INP concentrations are decreased for all three temperatures, both during the day and

at night.
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Figure 5.12.: Mean INP temperature spectra for the untreated samples (dark grey symbols) and the heat-treated
samples (red symbols) measured with INSEKT for the different seasons from August 2019 to August 2022. The

different symbols indicate the different seasons.
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Figure 5.13.: INP concentration of the untreated day and night filters (black circles) and heat-treated suspensions
(red circles) for the temperatures a) —20°C, b) —17°C, and c¢) —14°C in the period from August 2-14, 2022. The
time resolution of the data is 8 h, the gray shaded area shows the period of the night filters.
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5.4. Discussion

In this section, the INP measurements at SBO are discussed and interpreted for different aspects. First, for
the potential contribution of different aerosol types. Then for the role of the air mass origin, including BL
air influenced by more regional or local aerosol sources and long-range transport episodically influenced
by Saharan dust sources, for the influence of clouds and other parameters. Finally, a comparison between

the measurements with INSEKT and PINE is shown.

5.4.1. Aerosol Types

Heat treatment of the aerosol particle suspensions caused a significant reduction of the INP concen-
tration, especially at temperatures higher than —13°C (Figure 5.11). On average, this general INP re-
duction by heat treatment was observed for all seasons (Figure 5.12), which means that heat-sensitive
INPs are present at the SBO throughout the whole year and at almost all tested temperatures from about
—25.5°C to —5°C, except during winter at temperatures lower than —21.5°C. At temperatures below
about —13°C, the heat treatment had a lower effect, but still, a significant fraction of all INPs seems to be
heat-sensitive. Only during winter and at temperatures below about —21.5 °C, no significant reduction of
the INP concentration by heat treatment was observed. Both the day and night filters showed a reduction
in the INP concentration by the heat treatment for all three temperatures —20°C, —17°C, —14°C (Figure
5.13), indicating that heat-sensitive INPs were present throughout the day during the intensive campaign
in August 2022. It is generally assumed that heat-sensitive INPs are of biological origin (Morris et al.,
2004; Hill et al., 2016), whereas heat-resistant INPs in particular at lower temperatures are considered
to be mineral dust particles (Murray et al., 2012). The presence of both INP types throughout the year,
in combination with the also observed seasonal and diurnal variations of the INP concentrations (sec-
tion 5.3.2 and section 5.3.3) indicates that the air masses at SBO are not only influenced by the FT but
also by both BL air masses and long-range transport of Saharan dust. This will be further discussed
in the following two sections. The investigation of ice residuals in a future study could provide further

information about the aerosol types at the SBO that can serve as INPs.

5.4.2. Boundary Layer Influence

Figure 5.14 shows the three-year record (August 2019 to August 2022) of INP concentrations measured
with INSEKT at a temperature of —17°C and with a time resolution of 12h to 7d (top panel), the daily
averaged 2'*Po concentration (middle panel), and the daily averaged number concentration of aerosol
particles with diameters larger than 90nm (bottom panel). The different seasons are color-shaded with
yellow for spring, green for summer, brown for autumn, and blue for winter. The data depicted in Fig-
ure 5.14 can all be represented by a sinusoidal function (solid lines), with a recurring annual trend of
highest concentrations in summer and lowest concentrations in winter for all three parameters. As dis-

cussed in section 5.2.4, both the aerosol concentration and the 214Po concentration are used as tracers for
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Figure 5.14.: INP concentrations measured with INSEKT at a temperature of —17°C (upper panel), daily averaged

214pg concentration (middle panel), and daily averaged concentration of aerosol particles with diameters larger
than 90nm (lower panel). The lines in each panel represent sinusoidal fits to the data. The color shaded areas
indicate the different seasons.

the air mass origin at SBO, and larger values indicate a larger contribution of air masses originating from
the BL. It should be noted, however, that the daily averaged values shown in Figure 5.14 do not allow
to quantify the relative contribution or fraction of BL and FT air to the INP concentrations measured
at SBO. More information on the processes contributing to the INP concentrations may be obtained
from the monthly averaged daily cycles measured with the PINE instrument at higher time resolution
(Figure 5.10). From April to September, a clear diurnal cycle of INP concentrations is observed, with
maximum values during the daytime and minimum values during the night. A similar diurnal variation
is also shown in the aerosol concentrations (Figure 5.15) and the 214po concentrations (Figure 5.16).
This is probably caused by BL mixing processes during the day, also influenced by convective updraft in
the complex mountain terrain around SBO. In contrast, from October to February, the INP (Figure 5.10),
aerosol (Figure 5.15) and ?'*Po (Figure 5.16) concentrations are constantly low during the day, indicating
that the SBO is located in the FT most of the winter time. Therefore, the INP concentrations measured
at SBO during the winter months may represent the more constant and well-mixed INPs present in the

lower FT.
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Figure 5.15.: Monthly averaged diurnal variation of the number concentration of aerosol particles with diameters
larger than 90nm. The different panels show the data for the different seasons from September 2021 to July 2022,
data from August 2022 are not available.
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Figure 5.16.: Monthly averaged diurnal variation of the number concentration of 2!4Po concentration. The different
panels show the data for the different seasons from September 2021 to August 2022.

From October 2021 to February 2022 the median INP concentration only varied between about 0.2std L™!
and 2.3std L™!. It should be noted here, that also during this winter time period, a significant decrease
was observed for the monthly mean INP concentration after heat treatment of the INSEKT aerosol sus-

pensions for temperatures higher than —21.5°C. From this, it can be concluded that there is a significant
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contribution of heat-sensitive INPs to the overall abundance of INPs in the lower FT, at least during win-
ter time.

The strong correlation between the INP concentration measured with PINE at a temperature of —23°C +
2°C and the BL air mass tracer of aerosol particles with diameters larger than 90nm is also underlined
by a Spearman correlation analysis which resulted in a positive correlation coefficient p of 0.78. The
correlation was calculated for all available hourly mean data between September 2021 and August 2022.
Notably, the two tracers (>'*Po and aerosol concentration) have slightly shifted minima and maxima
with respect to time of about 27days (Table 5.2). In the study of Brunner et al. (2021), performed at
the High Altitude Research Station Jungfraujoch (3580m a.s.l.) the measurements of >>>Rn and number
concentration of aerosol particles with a diameter larger than 90nm were also used, among others, to
identify the air mass present at the station. Here they also pointed out that the tracers do not always show
the same result. In the study at SBO, the minima, and maxima of the INP concentration are reached in
the time between the minima and maxima of the two tracers, with a better agreement to the data of the
number concentration of aerosol particles with d > 90nm (Table 5.2), which is also reflected by the high
correlation coefficient p. The position of the maxima of the INP concentration is strongly influenced by
the diurnal variation of the tracers, which is different for both tracers for each month (Figures 5.15 and
5.16). More research needs to be done in the future to better interpret the tracers, or additional tracers

need to be considered.

parameter Min 19/20 Max 20 Min 20/21 Max 21 Min 21/22 Max 22
INP conc. 13.01.20 12.07.20 03.01.21 04.07.21 02.01.22 26.06.22
(INSEKT, —17°C)
214Po conc. 04.0220  31.07.20  24.01.21 21.07.21 15.01.22 11.07.22
Particle conc. 31.12.19 29.06.20 26.12.20 26.06.21 24.12.21 23.06.22

d >90nm

Table 5.2.: Times for minima and maxima of the INP concentration (INSEKT, T = 256K), >!4Po and particle
concentration of aerosol particles with d >90nm in the period from August 2019 to August 2022. Compare with
Figure 5.14.

5.4.3. Saharan Dust Influence

In section 5.4.2, the general diurnal and annual trends of the INP concentrations and their correlation
with similar trends of the two BL air mass origin tracers were discussed. Short-term changes of the INP
concentration, e.g. during February 2021 (Figure 5.9), will be discussed in more detail in this section.

The air masses at the SBO are frequently influenced by the long-range transport of mineral dust from
the Saharan desert (Tsamalis et al., 2013). They can be transported in the FT over very long distances
between continents (e.g., Prospero, 1999) and can thus have an influence on cloud formation. Saharan

desert dust particles are known to be efficient INPs, especially at temperatures lower than about —15°C
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(e.g., Hoose and Mohler, 2012; Murray et al., 2012; Kanji et al., 2017). The presence of dust may
be indicated by the aerosol mass concentration (e.g., Schauer, 2015; Baumann-Stanzer et al., 2018;
O’Sullivan et al., 2020), which is shown in Figure 5.17 (lower panel) for the time period from August
2021 to August 2022, together with the INP concentration measured with PINE at a temperature of
—23°C+2°C (upper panel).
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Figure 5.17.: Time series from August 2021 to August 2022 for INP concentration measured with PINE at a
temperature of —23°C £2°C (upper panel), and for the aerosol particle mass concentration (lower panel). Both
data sets are averaged to 1d. The yellow shaded time periods represent dust events identified according to the
SBO dust report.

Both data sets are shown as daily averaged values. The yellow shaded areas in Figure 5.17 indi-
cate dust events that have been classified by the SBO (dust report from the SBO data portal https:
//data.sonnblick.net). This classification is based on the following two criteria to be fulfilled: (1) the
particle mass concentration has to be larger than 5 g m— for at least 8 half-hour averages, and (2) the
exponent of the single scattering albedo has to be negative. Figure 5.17 shows that for several dust events
the INP concentration is larger than during time periods without dust influence. The Spearman correla-
tion coefficient of the INP concentration and the particle mass concentration for the whole time period
from August 2021 to August 2022 results in a positive correlation coefficient of 0.6.

A similar observation was also made in the study by Brunner et al. (2021) at the JFJ in the period from
February 2020 to December 2020, INP measurements were performed with HINC-Auto in the immersion
freezing mode at T = —30°C and saturation ratio with respect to water S,, = 1.04. They also measured

an increase in the INP concentration during each dust event, but the measured median INP concentration

varied over two orders of magnitude.

Figure 5.18 illustrates an example of how strongly the INP concentration can be influenced by the pres-

ence of dust. For this, a day with dust influence (red, February 10, 2022) and without dust influence
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Figure 5.18.: Comparison between a dust event on February 10, 2022 (red square) and a day with no dust influence

(January 9, 2022, blue circles). Panel a) shows the INP concentration measured with PINE (data averaged to
30min mean), panel b) the particle concentration of aerosol particles with d >90nm (data averaged to 1 h mean),
panel c) the 2'*Po concentration (data averaged to 1 h mean) and panel d) the particle mass concentration (data
averaged to 30 min mean) as a function of time in 4.

(blue, January 9, 2022) are compared to each other. All parameters are shown as a function of time, in
panel a) the INP concentration measured with PINE at T = —23°C +2°C, and in panel d) the particle
mass concentration, each data set is averaged to a time resolution of 30min. Panel b) and ¢) represent
the tracers for BL air (concentration of aerosol particles with ¢ > 90nm and the >'*Po concentration),
both tracers show low concentrations on both days, therefore it can be assumed that the SBO was pre-
dominantly influenced by the air masses from the lower FT. On January 9, 2022 (lines in blue), no dust
impact occurred at the SBO, the particle mass concentration is constant <2.05 ttg m—3, and the INP con-
centration is <1std L™'. In red an example day for dust influence is shown (February 10, 2022). Around
19h the particle mass concentration increased from about 1.5 g m™3 to 32.3 ug m~3, at the same time
an increase in the INP concentration from 3.7std L™! to 122.5std L™! can be observed. The aerosol
concentration is higher during the dust event compared to the day without dust influence, but the >'“Po
concentration is low for both days. It can therefore be concluded that the dust is mostly transported in the
lower FT to the SBO. In section 5.5 is a more detailed description of another case study (March 2022) of

the strongest dust event during the measurement period with PINE.
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5.4.4. Cloud Influence

Another source that may influence the INP concentration is the presence of clouds, for example, pre-
cipitation can remove aerosols through wet-removal processes (Wang et al., 2014). Furthermore, pre-
activation of INPs to ice crystals can lead to a reduction in the INP concentration, for example, this
was observed in a study by Stopelli et al. (2015) at temperatures higher than —10°C at the Jungfrau-
joch station. To investigate this with the SBO data, the PINE measurements (T = —23°C £ 2°C) from
August 2021 to October 2022 are split into "clear sky" and "cloudy" conditions, using the approach of
Herrmann et al. (2015). For this purpose, first, the sky temperature Ty, is calculated according to the
Stefan Boltzman law by using the longwave irradiance measurements (LW) on-site and the Boltzman

constant (o = 5.67- 1078 Wm2K—%):

LW = opy - Ty, (5.1)

Afterwards, Ty, is compared to the ambient temperature. If T, is approximately equal (deviation <5°C)
to the ambient temperature, it can be assumed that cloudy conditions exist as the longwave radiation is
absorbed by the cloud. In contrast, if the deviation between T, and the ambient temperature is >5°C, it

is considered that there are clear sky conditions.

cloudy
10%4, | H +  PINE T=-23°C = 2°C

101 4
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Figure 5.19.: a) INP concentration measured with PINE at T = —23°C +2°C in the period August 2021 to October
2022. The gray shaded area indicates cloudy periods, and a white background means a clear sky. Panel b) shows
the boxplots of the measured INP concentration divided into the periods cloudy (left) and clear sky (right) with
the number of hours during the measurement period and the median INP concentration.

In Figure 5.19a, the cloudy periods are marked in gray, the clear-sky periods are shown in white, and

panel b shows the corresponding boxplots of the two conditions. Clear-sky periods occurred with about
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1000h more at the SBO in the considered measurement period of about 14 months (Figure 5.19b), and
they are distributed over the whole year. Furthermore, in both cloudy and clear-sky conditions outliers
up to several 100std L' INPs are measured, as these are likely caused by dust events. There is a
difference in the comparison between the median INP concentration of the cloudy (1.9std L") and
clear-sky (3.5std L") periods, with a slightly higher concentration for the latter. This could be caused
by the processes mentioned above, such as wet-removal or pre-activation. To quantify these two effects
even more precisely, the measurements should be investigated with a higher time resolution in a further
analysis and, for example, the INP concentration in the transition phases between cloudy and clear-sky
periods and vice versa should be analyzed.

In contrast, no difference in the INP concentrations was found between cloudy and clear-sky periods
in the study by Lacher et al. (2018b) at the High Altitude Research Station Jungfraujoch. Here, nine
individual field campaigns were analyzed in winter, spring, and summer in the years 2014 to 2017 at a

temperature of —31°C.

5.4.5. Relation to Aerosol Properties and Meteorological Conditions

To investigate other possible sources for the variations in the INP concentration in more detail, the Spear-
man correlation coefficient p is calculated for various meteorological parameters (air temperature, air
pressure, relative humidity, precipitation, wind direction, wind speed) and some aerosol properties (par-
ticle concentration: total, d > 0.3 um, > 0.5um, > 0.7 um, > 1.0um, > 2.5 um, particle mass concen-

tration).

a) INSEKT [°C] b) PINE [°C
-24 -23 -22 -29 -20 -19 -18 -17 -16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -23+2
air temperature [0S 68 ‘ 0.68 0.47 0.38 0.36 045 0.42 0.35
1.0
air pressure 049 048 047 046 046 043 0.38 031 023 0.2 031 044 0.34 0.27 I
! 0.5
relative humidity 0.25 0.31 035 039 04 036 037 04 041 042 043 043 038 0.36 035 036 039 0.27 0.02
0.0
precipitation -0.26 0.15 02 0.2 0.16 -0.25
-0.5
wind direction 0.16 014 0.15 015 02 0.2 0.17 0.19 0.09 I
-1.0
wind speed 0.5 -049 044 045 -044 -04 -0.36 -0.35 -0.35 0.32 -0.29 -0.19 -0.17 0.28 -0.26 -0.19

Figure 5.20.: a) p for the correlation between the INP concentration measured with INSEKT in the temperature
range of —24°C to —7°C and meteorological parameters. All data sets are averaged according to the time reso-
lution of the INSEKT data which is 8h to 7d. b) p for the correlation between the INP concentration measured
with PINE at a temperature of —23 °C + 2°C and meteorological parameters. All data sets are averaged to 30 min
mean values.
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Figure 5.20a shows p (number in the respective boxes) for the correlation for the INP concentration
measured with INSEKT at the temperatures from —24°C to —7°C and the meteorological parameters.
The meteorological data were averaged to the same time periods of the INSEKT filters, which is usually
one week, except during the intensive campaigns. The colors of the boxes correspond to the calculated
p for the correlations, red means a positive correlation and blue means a negative correlation. For boxes
without a number, the p-value was not < 0.05, so the correlation is considered to be insignificant. Fig-
ure 5.20b shows p for the correlation for the INP concentration measured with PINE at a temperature
of —23°C £2°C and the meteorological parameters, 30min mean values were calculated. Especially
at the lower nucleation temperatures for the measurements with INSEKT, there is a positive correlation
(p > 0.5) between the measured INP concentration and the air temperature (Figure 5.20a first row). The
same applies to p for the correlation between the INP concentration measured with INSEKT and the
ambient pressure (Figure 5.20a second row). It is striking that this behavior is not reflected in the INP
measurements with PINE, there is no positive correlation for either the air temperature or the ambi-
ent pressure (Figure 5.20b first and second row). The reason for this is probably the difference in the
time resolution of the two data sets. No short-term variations can be detected with the measurements
performed with INSEKT, therefore the calculation of p with the PINE data is considered to be more
representative. This assumption is supported by the fact that the calculated p for the correlation from
the measurement campaign with PINEair in the MPC temperature range at the SBO (May 2023, section
4.5.2) also showed no correlation (p < 0.5) between the measured INP concentration and the meteoro-
logical parameters and they were also averaged to 30min mean values. Therefore, it can be concluded

that none of the considered meteorological parameters can explain the variation in the INP concentration.

In the long-term study at the Jungfraujoch station by Brunner et al. (2022), they also found no correlation
between the INP concentration and the ambient temperature (p = 0.149). They hypothesized that the rea-
son for this could be that the investigated ice-activation temperature (7' = —30°C) is significantly lower
than the median ambient temperature (T = —6.5°C) and that therefore a considerable part of the INPs
could be removed from the air layers around the site when the INPs activate and the formed ice crystals
sediment. For the INP measurements performed with PINE at the SBO, the investigated ice-activation
temperature (T = —23°C) is also lower compared to the median ambient temperature (T = —2.8°C)
during the measurement period, so this could be the same reason for a non-correlation to the ambi-
ent temperature. However, this assumption is not consistent with the observations of Schneider et al.
(2021a), where a positive correlation between INP concentration and ambient temperature was found,
although the INP concentration was investigated at 7 = —16°C and the median ambient temperature
was T = 5°C. But the study was performed in a boreal forest environment and it is assumed that the

predominant INP types are biological aerosols.
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a) INSEKT [°C] b) PINE [°C]
-25 -24 -23 -22 -20 -20 -19 -18 -17 -16 -15 -14 -13 -12 -1 -10 -9 -8 -7 -23+2
total 0.53 0.49 0.44 0.44 044 04 034 025 0.29 0.28 0.34 0.25 0.52
d=0.3pum 0.52 0.39 0.38 0.32 0.28 0.31 0.31 0.28 0.28 0.24 0.28 0.28 0.38 0.23 IW'0
c
2
® d205pm 0.52 0.5 045 043 0.31 0.3 0.25 0.23 0.25 0.25 0.21 0.21 0.19 0.23 0.24 0.33 0.21 05
g
§ d20.7pm 0.51 0.45 0.43 0.31 0.31 0.26 0.24 0.25 0.26 0.21 0.21 0.21 0.23 0.24 0.32 0.24 0.0
o
Q@
2
E dz1.0 ym 0.51 0.45 042 0.31 0.3 025 0.23 0.25 0.26 0.21 0.22 0.22 0.24 0.26 0.32 0.25 -0.5
) u
d=2.5pm 0.51 0.45 0.42 0.31 0.3 025 0.22 0.24 0.24 0.2 0.2 0.21 0.22 0.25 0.32 0.27 -1.0
mass h / 0.53 0.52 0.48 0.44 04 0.37 037 033 03 0.26 0.3 0.34 043 0.38

Figure 5.21.: a) p for the correlation between the INSEKT INP data set in the temperature range of —25°C to —7°C
and the concentration of particles with different sizes. All data sets are averaged according to the time resolution
of the INSEKT data which is 8h to 7d. b) p for the correlation between the INP concentration measured with
PINE at a temperature of —23°C +2°C and the concentration of particles with different sizes. All data sets are
averaged to 30 min mean values.

Figure 5.21a displays p for the correlation between the INP concentration measured with INSEKT and
aerosol properties regarding concentration, size, and mass. Figure 5.21b shows the same for the PINE
data set. The time resolution of the measurement data from INSEKT is again 8 h to 7d and the measure-
ments with PINE are again averaged to 30min mean values. A trend can be observed in the INSEKT
measurements, as p for the correlation varies with the nucleation temperature, with higher correlation
coefficients at the lower temperature range for all considered parameters. No direct explanation can
currently be found for that, but it might be related to the fact that the INP measurements with INSEKT
are more uncertain at higher temperatures, as the counting statistics are low and only very few INPs are
collected on the filters. When comparing the PINE and INSEKT data, there are only small differences
between the calculated p, which is probably again caused by the different time resolutions of the mea-
surements, but both show a positive correlation (p > 0.5) between the INP concentration and the here

considered aerosol parameters.

5.4.6. Comparison between INSEKT and PINE

As shown in Figure 5.7 (section 5.3.1), the INP concentrations measured with INSEKT and PINE are
only partially in agreement with each other. The differences could be explained by the different time
resolutions of both instruments (INSEKT: one week and PINE: averaged values for 1h). Therefore, this
section focuses on the comparison of the INP concentrations measured with INSEKT and PINE during
the intensive campaign on August 02-14, 2022, when both day and night INP filter samples were taken
with an increased time resolution of 8h.

Figure 5.22 shows the time series of the measured INP concentration during the intensive campaign.
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Figure 5.22.: Comparison between INSEKT (squares) and PINE (circles, color-coded for the activation tempera-
ture) INP data measured during the intensive campaign in August 2022. PINE data have a time resolution of 6 min
during the temperature scans and are averaged to 1 h during operation of constant temperature of —21.5°C+1°C.
INSEKT filters were sampled for a duration of 8h, and data shows the INP concentrations at a temperature of
—21.5°C.

The circles show the PINE data, color-coded for the activation temperature. During the temperature
scans, the time resolution of the INP data is 6min, for the operation period at a constant temperature
(T = —-21.5°C=x1°C) the data is averaged to 1 h. The squares indicate the period of the filter collection
for the analysis with INSEKT and show the measured INP concentration at 7 = —21.5°C, thus they can
be compared to the PINE measurements performed at a constant temperature. The grey shaded areas
show selected time periods, which are analyzed in more detail in the following.

Figure 5.22 shows that the agreement between the INP concentration measured with PINE and INSEKT
differs strongly. Sometimes they agree very well (e.g., time period of b), on some days higher INP con-
centrations are measured with PINE (e.g., time period c), and in some cases, they are lower (e.g., time
period a). Figure 5.23 shows the INP temperature spectra from the selected days (gray shaded areas in
Figure 5.22: a, b, c, and d), the PINE measurements are shown as blue stars, and the black diamonds
represent the measurements with INSEKT.

During the period of the intensive campaign, the aerosol concentration of the different aerosol sizes var-
ied strongly (Figure 5.24), which is also reflected in the strongly fluctuating INP concentration (Figure
5.22). It is well-known that larger aerosol particles are more likely to serve as INP (Connolly et al.,
2009) therefore they can be decisive for the measured INP concentration. One reason for the differences
between the two instruments might be the loss of larger aerosol particles. PINE has a high sampling
efficiency only for particles < 4 um. Larger particles are lost in the inlet system (dryers, tubings) of the
instrument (Mohler et al., 2021). A similar observation was also found during the PICNIC comparison
campaign between several INP instruments at the Puy de Ddme observatory (central France) in October
2018 (Lacher et al., 2024). It was concluded that the online instruments have a slight tendency to mea-
sure lower INP concentrations during some sampling intervals compared to the offline instruments.

The time intervals where INSEKT measured a lower INP concentration may be explained by the fact
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Figure 5.24.: Concentration of aerosol particles with diameters d > 0.5 um, > 1.0 um, > 2.5 um during the inten-
sive campaign in August 2022. Data are averaged to lh.
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that some aerosol particles can change their ice activity when immersed in water. For example, certain
chemical groups could detach from the aerosol surface after water contact, thus reducing the ice nucle-
ation activity of the particle (Harrison et al., 2016).

Another difference between both INP instruments is the method to measure the INPs. For the measure-
ments with PINE, all aerosols in the expansion chamber are activated as ice crystals within approximately
30sec to 40sec, and ice nucleation can take place by immersion freezing as well as by deposition nucle-
ation. In contrast, only the immersion freezing mode can be analyzed with the INSEKT method and the
freezing process takes significantly longer, as the cooling is slower on a time scale of several minutes.
However, to decide which of the two instruments provides better performance in which situation, more
measurements need to be performed in the laboratory first. Some efforts have already been made, for

example, to find a suitable calibrating aerosol (Vogel, 2022), but so far without a satisfying result.

5.5. Dust Event in March 2022

This section includes a detailed discussion of the measurements during a Saharan dust event that occurred
in March 2022. First, the measurements are presented (section 5.5.1), followed by a comparison with
existing parameterizations for the INP concentration (section 5.5.2). In section 5.5.3, the measured INP
concentrations at the SBO are compared with the INP concentrations at another mountain station in

Greece (Helmos Observatory) that was also impacted by the dust event.

5.5.1. Measurements

As already described in section 5.4.3, the INP concentration at the SBO is strongly influenced by dust
events. The highest concentrations in both the INP concentration and the particle mass concentration
were reached on March 15-18, 2022 during the strongest dust event in the measurement period with
PINE (Figure 5.17).

Figure 5.25 depicts both parameters in this period with a higher time resolution. The INP data is shown
as circles, which are color-coded for the activation temperature inside the PINE cloud chamber (Figure
5.25a). During temperature scans, the time resolution of the INP data is 6 min, for the operation period
at a constant temperature the data is averaged over 1h. The particle mass concentration is averaged over
30min (Figure 5.25b). The grey shaded area shows the time period of the dust event classified by the
SBO station (dust report from the SBO data portal https://data.sonnblick.net). At the lowest temperature
of —30°C, the highest INP concentrations of up to 6718std L' are measured. During the course of the
three days that were impacted by Saharan dust, the particle mass concentration and the INP concentra-

tions are well correlated, p = 0.96 for hourly mean data at a temperature of —26°C+1°C.
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Figure 5.25.: Data from a strong dust event in March 2022. Panel a) depicts the time series of the INP concentration

measured with PINE as a function of the temperature. Data at constant T is averaged to 1h, and data during T
scans are plotted for the highest time resolution of 6min. Panel b) shows the time series of the particle mass
concentration, averaged to 30 min mean.

5.5.2. Comparison to Existing INP Parameterizations

To accurately formulate primary ice formulation, cloud and climate models need parameterizations for
the abundance of INPs as a function of aerosol parameters and temperature. Such parameterizations
have been derived from previous field observations. Here the INP concentration measured with PINE at
the SBO during the dust event in March 2022 is compared to those predicted by the parameterizations
from DeMott et al. (2010) and DeMott et al. (2015). Only INP data from the grey-shaded time periods
in Figure 5.25 are considered for the comparison, as they were classified as dust events according to
the SBO station. The INP parameterization of DeMott et al. (2010) is based on nine ground-based and
airborne field campaigns, it assumes to represent a globally mixed aerosol and is limited to the MPC
temperature range lower than —15°C. The INP parameterization of DeMott et al. (2015) was especially
developed for mineral dust aerosols based on both field measurements and laboratory experiments. Both
parameterizations predict the INP concentration as a function of the freezing temperature 7y and the
concentration of aerosol particles with a diameter larger than 0.5 um n4-0 5., the respective equations
can be found in Table 5.3.

Figure 5.26 shows the comparison of the INP concentration (¢;ypopservea) measured with PINE during the
dust event in March 2022 at SBO with the INP concentrations (¢;np,predicrea) calculated with the parame-
terizations from DeMott et al. (2010) in plot a) and DeMott et al. (2015) in plot b). The parameterization

of DeMott et al. (2010) does not correctly represent the slope of the measured data, and in particular, the
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Table 5.3.: Equations for the INP parameterization of DeMott et al. (2010) and DeMott et al. (2015), Ty means the
freezing temperature and n4-0.5u,» the concentration of aerosol particles with a diameter larger than 0.5 ytm. The
temperature range defines the range for which the INP parameterization is valid.

name parameterization fit parameters T range
DeMott et al., 2010 CINP predicted = a = 0.0000594, —15°C
a(273.16 — Ty)- b=3.33, to
(g0 5pm ) 37316=T1)+d) ¢ =0.0264, —35°C
d =0.0033
DeMott et al., 2015 CINP predicted = a=0 —21°C
273.16—T¢)+b
(cf) (Ma=0.5um) @ F7316=T1)+b). b=1.25, to
exp(c(273.16 = Ty) +d) c=0.46, —-35°C
d=-11.6,
cf=1
a) DeMott et al. (2010) b) DeMott et al. (2015)
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Figure 5.26.: The observed INP concentration with PINE during the dust event in March 2022 is compared against

the predicted INP concentration using the two different parameterizations from a) DeMott et al. (2010) and b)
DeMott et al. (2015). The dotted, dashed, and dashed-dotted lines represent a deviation from the 1:1 line (solid)
of a factor of 2,5,10, respectively.

INP concentrations at the lower temperatures (blue-colored symbols) are over-predicted by up to a factor
of 10. Overall, 82.1 % of the data are within a factor of 10 from the 1:1 parameterization line, within a
factor of 5 it is 51.7 % of the data and within a factor of 2 it is 26.2 %.

The parameterization from DeMott et al. (2015), which was developed on the basis of INP measurements
in mineral dust dominated aerosols, provides a much better fit to the INP data measured during the dust
event at the SBO. In particular, the slope of the data, caused by the different freezing temperatures, is
better represented by the parameterization of DeMott et al. (2015), and 98.5 % of the data is correctly
predicted within a factor of 10 (91.2 % within a factor of 5 and 35.8 % within a factor of 2). The parame-
terization of DeMott et al. (2015) is described for a temperature range between —21°C and —35°C. For

the comparison to the SBO data, it was extended to a minimum temperature of —15°C. A trend can be
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observed, with a better agreement for the higher temperatures.

Another way to formulate the INP concentration as a function of aerosol properties is the ice-active
surface site density n; (Hoose and Mohler, 2012). Here, the INP concentration is normalized to the
available surface area concentration of the ambient aerosol population (4;,), and it can be calculated by
ng = INP concentration / A,,;. For the measurements at the SBO, A;,; was calculated from the data of the
instruments SMPS3938 and promo3000 (see section 5.2.3). In the following, the measured n, from the
INP measurements in the period of the dust event in March 2022 (grey shaded area in Figure 5.25) at
the SBO are compared with the n; parameterizations of Niemand et al. (2012), Steinke et al. (2016), and
Ullrich et al. (2017) (Figure 5.27a). All three parameterizations are based on the freezing temperature

Ty, see Table 5.4.

Table 5.4.: Equations for the parameterization of n; from Niemand et al. (2012), Steinke et al. (2016), Ullrich et al.
(2017), and Boose et al. (2016b). Ty means the freezing temperature and the temperature range defines the range
for which the parameterization is valid.

name parametrization fit parameters T range
Niemand et al., 2012 Ny predicted = a=-0.517 —12°Cto
exp(a(Tf —273.15) +b) b=38.934 -36°C
Steinke et al., 2016 Ny predicted = a=-0.350 —11°Cto
exp(a-Ty+Db) b=110.266 —26°C
Ullrich et al., 2017 Ny predicted = a=-0.517 —14°Cto
exp(a-Tr+Db) b =150.577 -30°C
Boose et al., 2016b Ny predicted = a=0.390
(Sinai Peninsula) exp(—a(Ty —273.15)+b) b=13.22
Boose et al., 2016b Ny predicted = a=0.455
(Canary Islands) exp(—a(Ty —273.15)+b) b=10.16
Boose et al., 2016b Ny predicted = a=0.545
(Crete) exp(—a(Ty —273.15)+b) b=7.32
Boose et al., 2016b Ny predicted = a=0.535
(Peloponnese) exp(—a(Ty —273.15) 4+ b) b=6.84

While the parameterizations of Niemand et al. (2012) and Ullrich et al. (2017) are based on laboratory ex-
periments with pure mineral dust aerosols, the parameterization of Steinke et al. (2016) is derived from
laboratory experiments with soil dust aerosols including some fraction of soil organic matter. Figure
5.27a shows that the measured 7, are overestimated by 2 — 3 orders of magnitude by all three parameter-
izations in the entire temperature range from —15°C to —30°C. However, the temperature dependence
of ng, which is shown by the slope of the data, agrees well between the measured and calculated data.

The overestimation could be caused by incorrect aerosol measurements, especially of the larger a-
spherical dust particles. The measurements were performed with a promo instrument using an optical
measuring principle that may overestimate the diameter of large a-spherical particles (Jdrvinen et al.,

2014). This potential bias will be investigated in more detail in the future by using an APS for measuring
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the larger particles at the SBO, an instrument that is also used for aerosol measurements at the AIDA
chamber and which was used to derive the parameterizations used here for comparison with the INP
measurements at SBO. Another reason for the difference might be that the measured dust particles are
less ice-active because of their large distance from the source region. A number of laboratory studies
(e.g., Kanji et al., 2013; Sullivan et al., 2010) have demonstrated that the ice activity of dust particles
can be reduced by coating or other aging processes in the atmosphere. This assumption should also be
investigated in the future with further measurements. The INP measurements by Lacher et al. (2018a)
performed with the HINC instrument at the Jungfraujoch station show exactly the same result: the mea-
sured INP concentration at —31 °C during a dust event at Jungfraujoch is lower compared to the predicted
ng by the parameterizations of Niemand et al. (2012), Steinke et al. (2016), and Ullrich et al. (2017).
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Figure 5.27.: a) Ice-active surface site density ny as a function of the freezing temperature Ty for the INP data
measured with PINE (black circles) at SBO during the dust event in March 2022, and the parameterizations from
Steinke et al. (2016) (brown line), Ullrich et al. (2017) (orange line) and Niemand et al. (2012) (red line). b) The
same SBO data as in a) is shown and compared to the parameterizations by Boose et al. (2016b) from the different
locations Sinai Peninsula (green line), Canary Islands (purple line), Crete (turquoise line), and Peloponnese (blue
line).

Figure 5.27b additionally shows a comparison of the measured n; at the SBO with different n; parame-
terizations of Boose et al. (2016b), which are also all dependent on the freezing temperature 7y (Table
5.4). In the study by Boose et al. (2016b), the dust samples were collected after airborne transport in the
troposphere from the Sahara to various locations (Crete, the Peloponnese, the Canary Islands, and the
Sinai Peninsula) and then analyzed for their ice activity. The parameterization for n is already in better
agreement as compared to Niemand et al. (2012), Steinke et al. (2016), and Ullrich et al. (2017), which
might be related to the fact that these dust aerosols were exposed to a longer transport distance, however,

the measurements at the SBO are still slightly overestimated.
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5.5.3. Comparison to Helmos Station

During the observation of the dust event described in section 5.5.1, another PINE instrument was in
operation at the Helmos Atmospheric Aerosol and Climate Station in Greece (Vogel, 2022), which is
also part of the ACTRIS network for aerosol and cloud in situ measurements. The Helmos observatory

is located at mount Helmos (22.2E and 37.9N) at an altitude of 2314 m above sea level.
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Figure 5.28.: Simulations of the dust load with the WRF/Chem model at selected times before, during, and after
the dust event in March 2022. The selected times of the panels a, b, ¢, and d are marked in gray shaded areas in
Figure 5.29. Data courtesy of GeoSphere Austria.

In this section, the INP concentration measured at the two stations is compared with each other for the
time period of the strong dust event in March 2022. The arrival of the dust plume to the SBO and
the Helmos station was simulated with the WRF/Chem (Weather Research and Forecasting/Chemistry)
model. The simulations in Figure 5.28 were generated by GeoSphere Austria with a horizontal resolution
of 12km. The concentrations in the Figures do not show the dust load near the ground, but they are
summed up over all height layers, which means that the total amount of Saharan dust in the atmosphere
above each individual map point at the time under consideration is shown. The dust concentration at the

two stations can therefore not be determined, but the model calculation can be used as an initial reference.
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Figure 5.29.: INP concentrations measured at SBO (red circles) and the Helmos station (black triangles) in the
time period from March 15-19, 2022. Both INP data were measured with PINE at a temperature of —26°C£1°C.
The gray shaded areas (a-d) indicate times for which the modeled dust load by the WRF/Chem model is shown in
Figure 5.28.

Figure 5.29 shows the measured INP concentration at a temperature of —26°C =+ 1 °C from the SBO (red
circles) and the Helmos station (black triangles) in the time period from March 15 - 19, 2022. The gray
shaded areas (a - d) indicate selected times for which the modeled dust load by the WRF/Chem model is
shown in Figure 5.28. In Figure 5.29 example (a) (March 15, 00:00), the INP concentrations at both the
SBO and the Helmos station are similarly low (~ 6std L~"). At this time, the air masses at both stations
were not yet influenced by dust (compare Figure 5.28a). About 24 hours later on March 16, 00:00
(b), the air masses at the SBO were already strongly influenced by dust (Figure 5.28b), which caused
an increase of the INP concentration by more than one order of magnitude to ~ 148std L~! compared
to example (a). In comparison, the INP concentration at the Helmos station is still low (~ Sstd L")
because the dust plume has not yet reached there (Figure 5.28b). On March 17, 12:00 (c), the dust plume
also reached the Helmos station, while the location at the SBO is still strongly influenced by dust (Figure
5.28¢). The same can also be seen in the INP concentration, which is now enhanced both at the SBO
~ 1076std L™! and the Helmos station ~ 38std L~'. On March 19, 00:00 (d), the air masses at the
SBO are again influenced by less dust, while the dust load is now higher at the Helmos station. This
can again be observed in the measured INP concentration (SBO: ~ 0.7 std L~!, Helmos: ~ 6std L.
This example clearly shows that high dust concentrations can be transported to distant locations by long-
range transport, and therefore have a significant influence on the INP concentration. In the future, this
comparison could be analyzed in much more detail in a further analysis, for example by also considering

the measurements of aerosol properties at the two stations.
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5.6. Summary

Long-term INP measurements at the SBO in Austria (3106 m a.s.l.) were conducted as a part of this PhD
thesis to investigate the diurnal and seasonal variation as well as shorter-term variations of the INP con-
centrations. Such long-term INP measurements in different environments provide a new basis to improve
the formulation and prediction of primary ice formation in models (e.g., Burrows et al., 2022). The SBO
site is a well-suited location, as it is located in the lower FT, and also receives air masses from the BL and
is therefore influenced by regional aerosol and INP sources and long-range transported particles. INPs
were measured in the temperature range from —5°C to —25.5°C (time resolution: 1/2 - 7days) with the
freezing experiment INSEKT. With continuous measurements from August 2019 to August 2022, this is
the longest INP data set to date. In addition, a 14 month INP time series was obtained, starting in August
2021, with the PINE instrument, which measured in the temperature range from —15°C to —30°C (time
resolution: ~ 6 min).

The results show that the mean INP temperature spectra of the INSEKT data have a similar trend in spring
and summer in the temperature range from —5°C to —25.5°C. The INP concentrations are significantly
lower in autumn/winter, with the difference increasing with decreasing temperature. A recurring seasonal
trend was observed in the INP concentration measured with INSEKT and PINE with the highest concen-
trations in spring/summer (e.g. at T = —14°C up to 0.98std L™!) and the lowest in December/January
(e.g. at T = —14°C up to 0.0004std L~ !). The measurements of the number concentration of the aerosol
particles with a diameter larger than 90nm and of the 24Po concentration both indicate, that the seasonal
variability in the INP concentrations is caused by the influence of air masses from the BL as all three
parameters show the same seasonal pattern of a sinusoidal function. The observations of the seasonal
variability of the INP concentration at SBO are consistent with studies at other sites (e.g., Lacher et al.,
2018a; Wex et al., 2019; Tobo et al., 2020; Schneider et al., 2021a; Brunner et al., 2022).

For the first time, a daily cycle in the INP concentrations was detected with PINE at T = —23°C+2°C,
but only from April to September, with a maximum around noon and a minimum at midnight. For ex-
ample, in July 2022 the monthly averaged INP concentration varied between a minimum of 2.4std L™
and a maximum of 9.8std L. In contrast, from October 2021 to February 2022, the INP concentrations
were consistently lower as compared to summer. A similar diurnal variation can be observed in the num-
ber concentration of aerosol particles with a diameter larger than 90nm and 2'#Po concentration, which
is likely also caused by the impact of enhanced BL mixing processes during the day.

A heat treatment of the sampled INP population before the INSEKT INP analysis in the temperature
range from —5°C to —25.5°C shows reduced INP activity, indicating that biogenic compounds con-
tribute to the INP abundance at SBO. This was most prominent at the higher temperatures (above —13°C)
and was observed in all seasons. The INP concentrations measured during the winter months may rep-
resent the INP population in the lower FT, as both BL air mass origin tracers show low concentrations.

Here, a significant contribution of heat-sensitive INPs was also observed at temperatures higher than
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—21.5°C.

Strong peaks in the INP concentration (e.g. March 2022) were observed, which cannot be explained by
the BL air influence but are likely caused by episodically occurring Saharan dust events (e.g., Liu et al.,
2008). This can be concluded from a strong relation between the INP concentration and the particle mass
concentration. The INP concentration measured with PINE during the dust event in March 2022 showed
a reasonable agreement with the parameterization of DeMott et al. (2015). The temperature dependence
of the measured data (slope) is well represented, and 98.5 % of the data is within a factor of 10 around
the parameterization line. The parameterizations for n; by Niemand et al. (2012), Steinke et al. (2016),
Ullrich et al. (2017) overestimate ny of the measured data from the SBO by 2-3 orders of magnitude
but the temperature dependence of the data is represented well. The deviation could be caused by an
overestimation of the measured particle diameters, especially of the larger a-spherical dust particles. In
contrast, the parameterizations for n, by Boose et al. (2016b) for dust samples from different locations
show a better agreement, and the temperature dependence is well predicted. This could be explained
by the fact that Boose et al. (2016b) used transported dust for their parameterizations and a number of
studies show that the ice activity of dust can be reduced by long transport distances in the atmosphere
due to processes such as coating or aging (e.g., Kanji et al., 2013; Sullivan et al., 2010).

The INP measurements at SBO revealed that during clear-sky periods, a higher median INP concentration
of 3.5std L™! was observed compared to cloudy periods (1.9std L™!) when considering the PINE data.
This could be caused by processes such as wet-removal (Wang et al., 2014) or pre-activation (Stopelli
et al., 2015) during cloud occurrence, and should be investigated in future studies in more detail.
Furthermore, the Spearman correlation coefficient between the measured INP concentration of both in-
struments and various aerosol properties, as well as meteorological parameters, was calculated to find
further reasons for the variations of the INP concentration. Here, a relation between the INP concentra-
tion and the aerosol properties regarding concentration, size, and mass, especially at the colder nucleation
temperatures, was found. In contrast, no relation between the INP concentration and the meteorologi-
cal parameters (air temperature, air pressure, relative humidity, precipitation, wind direction, and wind
speed) was found, which is in accordance with other studies at high-altitude mountain stations (e.g.,
Lacher et al., 2018b).

From this study, it can be concluded that the SBO is mainly influenced by different INP sources includ-
ing free tropospheric aerosols, long-range transported dust, and local or regional aerosols transported
from the BL to the station. In future studies, approaches should be made to identify the INPs, e.g. by
investigating the chemical nature of the aerosol types or by performing ice residual measurements with
a single particle mass spectrometer. Moreover, by using the INP data set from FT sampling periods,
a new parameterization could be established for the INP concentration population in the lower FT. In
general, this study demonstrated the value of long-term studies and INP measurements at high time res-

olution. Therefore, more long-term INP observations should be conducted, e.g. as part of the developing
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research infrastructures ACTRIS, which aims to establish continuous INP concentration measurements

at European observatories.

125



5. Long-Term INP Measurements at the Sonnblick Observatory

126



6. Summary and Outlook

This PhD thesis aimed at measuring ice-nucleating particles (INPs), which have a strong influence on
the climate on Earth (e.g., Kanji et al., 2017; Burrows et al., 2022) and play important roles in the global
water cycle (e.g., Miillmenstédt et al., 2015; Field and Heymsfield, 2015; Heymsfield et al., 2020). The
measurements were carried out at the Sonnblick Observatory (SBO, 3106 m a.s.1.), with special emphasis
on longer-term observation and high time resolution. The latter was only possible by using the newly
developed instrument PINE (Portable Ice Nucleation Experiment, Mohler et al., 2021), which can au-
tonomously monitor the INP concentration. In particular, for measurements in the free troposphere (FT),
where the lack of INP data is largest so far (e.g., Lacher et al., 2018a), the new instrument PINEair
(Portable Ice Nucleation Experiment airborne) was developed as part of this PhD thesis and used for the
first time during an intensive test and observation period at SBO. Here, INP measurements were suc-
cessfully performed at cirrus conditions, as studies at ambient air are sparse in this temperature range
(e.g., Wolf et al., 2020). PINEair is also designed for aircraft-based measurements of INPs which are
of importance for the formation of cirrus clouds. The aircraft version is currently under construction.
The activities, results, and conclusions of the mentioned aspects (development of PINEair, INP measure-

ments at cirrus conditions, and long-term INP measurements) are summarized in the following sections.

Development of a new aircraft-based INP instrument for measurements in the free troposphere:

At present, little is known about the concentration and composition of INPs in the FT (Wolf et al., 2020),
as INP measurements at high altitudes can only be performed at mountain stations (e.g., Brunner et al.,
2022), with tethered balloons (e.g., Porter et al., 2020), with unmanned aerial vehicles (e.g., Bieber et al.,
2020) or with aircraft (e.g., Grawe et al., 2023). However, more measurements are needed to investigate
the spatial and temporal distribution of INPs in the FT and their influence on cirrus cloud formation
and properties (e.g, Coluzza et al., 2017). Aircraft-based measurements, in particular, are needed to in-
vestigate INP concentrations at higher altitudes. To date, there is no aircraft-based instrument that can
measure the INP concentration at temperatures lower than —40°C and thus only at MPC (mixed-phase

cloud) temperatures.

The new aircraft-based instrument PINEair was developed as part of this PhD thesis, which can measure
the INP concentration in the temperature range between 0°C and —65 °C relevant for primary ice for-
mation in both MPC and cirrus clouds. It is an expansion chamber (further development of PINE) and

consists of three chambers with a volume of 3L, each connected to an optical particle counter (OPC).
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Supersaturated conditions with respect to ice or water are established by rapidly reducing the pressure
to cause cooling. Due to the alternating cycle between the three chambers, measurements with a time
resolution of up to 2.5 — Smin can be performed, to achieve a suitable spatial resolution in a fast-flying
jet aircraft. The final version of PINEair is designed to measure INP concentrations onboard the German
research aircraft HALO (High Altitude and Long Range) and is expected to be part of the measurement
campaign “HALO-South” in New Zealand in September 2025. To already perform initial laboratory and
field measurements and validate the new instrument, two PINEair prototypes were developed as part of
this PhD thesis. First, prototype I which was built in the thermal housing of the AIDA (Aerosol Inter-
action and Dynamics in the Atmosphere, Mohler et al., 2003) chamber without its own cooling system,
followed by prototype II, for mobile applications in the field due to its own cooling system.

Successful laboratory experiments for the differentiation of homogeneous and heterogeneous freezing at
cirrus cloud conditions were performed with PINEair at the AIDA and APC (Aerosol Preparation and
Characterization, Mohler et al., 2008) chamber, by measuring sulfuric acid aerosols for homogeneous nu-
cleation and ATD (Arizona Test Dust) as INP at a temperature of approximately —45.5°C to —49.3°C.
For the PINEair measurements, runs with step-wise expansions (immediate reduction of pressure) were
performed with a buffer volume, thus the peak ice saturation ratio S;c., , inside the chamber can be calcu-
lated by assuming an adiabatic temperature decrease. By systematically changing the pressure reduction
by the buffer volume, different S;.. , conditions can be achieved with doing a series of runs with step-
wise expansions in the chamber. Above a certain threshold value for the pressure reduction, Sic, , in the
chamber is high enough that homogeneous freezing can occur. This was successfully detected in both
the measurements in the laboratory and at ambient air conditions. Here, a transition area was observed
where, for the same percentage pressure drop (PPD), sometimes only heterogeneous ice nucleation oc-
curred, while at other times homogeneous freezing conditions were already achieved. This area shifts to
different PPDs depending on the humidity of the sampled air. Therefore, regular relative humidity scans
need to be performed by doing several runs with different PPDs, especially during longer operations.
Successful laboratory measurements were performed at aircraft-relevant conditions (p = 250 mbar),
where the formation of ice crystals by homogeneous and heterogeneous ice nucleation could be ob-
served. Comparison experiments at MPC temperatures with other INP instruments such as AIDA and
PINE demonstrated a good performance of PINEair, as the measured INP concentrations agreed within
the temperature uncertainty for the different methods. In addition, the onset temperature of homogeneous
freezing of supercooled water droplets was investigated using ammonium sulfate aerosols as cloud con-
densation nuclei for the supercooled droplets to form. The subsequent homogeneous freezing of the
droplets was on average observed with an offset of about 1.3°C towards higher temperatures compared
to the literature values, which may be caused by the temperature inhomogeneity inside the chamber.
From the methodical experiments for performing the runs with step-wise expansion, it was found that
for the waiting time, which is introduced before the start of the expansion to achieve a homogeneous

temperature distribution within the chambers, a duration of 60sec is optimal. Moreover, to ensure that
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the formed ice crystals upon the step-wise expansion are transported to the OPC, and finally detected,

the pump flow directly after the step-wise expansion flow,y, should be larger than 0.7L min~!.

In the future, more laboratory measurements should be performed to better quantify the determination
and the uncertainties of ;.. , inside the chamber. For this purpose, comparative measurements could be
conducted with a Continuous Flow Diffusion Chamber (CFDC) both in the field and in the laboratory,
as this instrument is known for its ability to determine S;.. , with a higher accuracy. Furthermore, the
influence of a longer operation of PINEair on the S;.. , conditions inside the chamber will be investigated
in more detail. This could cause a stable ice layer on the chamber walls, which could have an influence

on Sice,p inside the chamber during the step-wise expansion.

Measurements of the INP concentration at cirrus cloud conditions:

Cirrus clouds have a significant influence on the Earth’s radiative budget (Chen et al., 2000). However,
the effect of INPs on cirrus clouds is highly uncertain (e.g., Kéarcher, 2017; Kramer et al., 2020), as ice
crystal formation in this temperature range is still not well understood, partly due to the lack of INP field
data (DeMott et al., 2003b; Richardson et al., 2007; Kanji et al., 2017; Wolf et al., 2020). It is still unclear
which fraction of the atmospheric aerosol particles can act as INP and at which different environmental
conditions regarding S;.. and temperature (Beer et al., 2024). The current knowledge is based on labora-
tory measurements, e.g. by using the AIDA chamber (e.g., Wagner et al., 2021) or CFDCs (e.g., Mahrt
et al., 2020). Only a few studies have been conducted in the field, all of them with a CFDC, namely at the
mountain stations Storm Peak Laboratory in western Colorado (DeMott et al., 2003b; Richardson et al.,
2007) and the Puy de Dome Observatory in France (Wolf et al., 2020).

To measure the INP concentration in the cirrus temperature range, a campaign was conducted from May
8 - 22,2023 at the Sonnblick Observatory (SBO, 3106 m a.s.l.) in Austria with the PINEair prototype II.
The SBO site is located in the lower FT but is frequently also influenced by air mass injections from the
boundary layer (BL). Consequently, the aerosols at the SBO may be influenced by both regional sources
and long-range transport of mineral dust aerosols from the Sahara or other long-range transported aerosol
particles.

In this campaign, PINEair measured almost continuously for several weeks and proved its suitability
for longer-term operation. The measurement program during the SBO campaign included the follow-
ing operations: During the night, continuous expansions were performed in the MPC temperature range
at T = —22.7°C and T = —27.5°C with a time resolution of 2.5min. During the day, PINEair mea-
sured, for the first time in the Alpine region, cirrus-relevant INP concentrations with a time resolution
of 5— 10min. First measurements at a temperature of approximately —47.8°C and S;c. , in the range
of 1.49 and 1.52 resulted in INP concentrations up to 90.1 std L~!. For these measurements, Sice,p Was

systematically varied by repeated runs with step-wise expansions inside the chamber. Generally higher
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INP concentrations were measured at higher S;.. , in the chamber. A case study revealed that during
increased aerosol concentrations and particle mass concentrations, also increased INP concentrations are
measured, with concentrations up to 84 std L~ 'at7T =—47.8°C and Sice,p = 1.52 —1.55. However, no
relation between the INP concentration and the aerosol parameters (concentration of all particles and
particles with a diameter d larger than 0.3 um, 0.5 um, 0.7 um, 1.0 tm and the particle mass concentra-
tion), and the meteorological parameters (ambient temperature, relative humidity, pressure, wind speed),
was found when analyzing the data of the whole time period, the Spearman correlation coefficient is
p < 0.5. This is in agreement with the study by Wolf et al. (2020) at the Puy de Dome Observatory in
France. Remarkably, for the PINEair measurements in the MPC temperature range, a high positive cor-

relation of p > 0.8 was found between the measured INP concentration and the same aerosol parameters.

Based on the data obtained so far, it is not possible to identify the factors influencing the INP concen-
tration at cirrus conditions, which makes it difficult to establish a parameterization specifically for this
temperature range. More INP measurements at ambient air conditions at different locations are needed.
In future studies, additional instruments such as single particle mass spectrometers could help to identify
the ambient particles and could be coupled to PINEair to analyze the ice residuals. This combination
of both instruments could contribute to get more information about the INP population active at cirrus

temperatures.

Long-term measurements of the INP concentration at a high-altitude station:

There are only a few long-term studies investigating INP concentrations, e.g. studies by Conen et al.
(2015), Wex et al. (2019), Tobo et al. (2020), Schrod et al. (2020), Schneider et al. (2021a), Brunner
et al. (2022). They were conducted at different locations around the globe, and all consistently observed
that the highest INP concentrations are measured in spring and summer. However, except Brunner et al.
(2022), the studies have a low time resolution from 24 h to 2 weeks and thus provide no information on
the diurnal variations of the INP concentration. Burrows et al. (2022) point out that, as the INP con-
centration can change significantly within short time periods, long-term measurements with a high time

resolution could help to improve the implementation of INP predictions in models.

A long-term INP study in the MPC temperature range was conducted at the SBO site as part of this
PhD thesis. INP measurements were performed in the temperature range from —5°C to —25.5°C (time
resolution: 1/2 — 7days) with the freezing experiment INSEKT (Ice Nucleation Spectrometer of the
Karlsruhe Institute of Technology, Schneider et al., 2021a), in the period from August 2019 to August
2022 with a time resolution of one week. To date, this is the longest, continuous INP measurement se-
ries. In addition, a 14-month INP time series was conducted starting in August 2021 with the expansion
chamber PINE, in the temperature range from —15°C to —30°C (time resolution: ~ 6 min), making this

the longest, continuous INP data set with such a high time resolution.
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The results show that the INP temperature spectra in the temperature range from —5°C to —25.5°C show
a similar temperature trend and similar concentrations at all temperatures in summer/spring, while the
concentrations are significantly lower in fall/winter, with the difference increasing with decreasing tem-
perature. The highest INP concentrations were generally measured in spring/summer (e.g. T = —14°C
up to 0.98std L™!) and the lowest in December/January (e.g. T = —14°C up to 0.0004std L™'). The
same was observed with PINE. This is likely caused by the influence of air masses from the BL, as the
concentrations of the tracers (aerosol particles with a diameter larger than 90nm and 2!4Polonium con-
centration) show the same sinusoidal trend as the measured INP concentrations.

The impact from the air masses from the BL also likely caused a daily cycle in the INP concentrations at
T = —23°C, which was detected for the first time at a high-altitude station. However, this daily cycle is
only occurring from April to September, with a maximum around noon and a minimum at midnight. For
example, in July 2022, the monthly averaged INP concentration at 7 = —23°C varied from 2.4 std L™
(midnight) to 9.8std L™ (noon). In contrast, from October to February, no daily cycle was observed
and the INP concentrations were consistently low (monthly averaged INP concentration at 7 = —23°C
ranges from 0.2std L™! to 2.2std L™!). Therefore, the INP concentrations during the winter months may
represent the INP population in the lower FT.

Furthermore, a contribution from biogenic compounds to the ice activity was derived from heat treatment
of the aerosol suspensions before the analysis with INSEKT. This was especially observed at higher tem-
peratures above —13°C, and interestingly for all seasons.

The INP concentration at the SBO is also strongly influenced by episodically occurring Saharan dust
events, which was observed by the strong relationship between the INP concentration and the particle
mass concentration. The INP concentration measured with PINE during a dust event in March 2022
could thereby be well predicted by the parameterization of DeMott et al. (2015), which reproduces the
temperature dependence of the measured INP concentration correctly, and 98.5 % of the data within
a factor of 10. The temperature dependence of the measured INP data from the dust event in March
2022 compares well with the parameterization for pure mineral dust aerosols derived from laboratory
experiments (Niemand et al., 2012, Steinke et al., 2016, Ullrich et al., 2017), but in general the parame-
terizations overestimate the ice-active surface site density n; by 2 to 3 orders of magnitude. This could
be caused by an overestimation of the measured particle diameters, especially for the larger a-spherical
dust particles. The difference to a parameterization from Boose et al. (2016b) is lower, which may be due
to the fact that this parameterization is based on transported dust, which may have a reduced ice activity
due to coating or aging processes during atmospheric transport (Kanji et al., 2013; Sullivan et al., 2010).
When comparing the median INP concentration from the PINE measurements during cloudy and clear-
sky periods at SBO, elevated concentrations were observed for the latter, respectively 1.9std L™! and
3.5std L. This may be caused by wet-removal (Wang et al., 2014) or pre-activation (Stopelli et al.,
2015) processes during cloud occurrence.

To explain the short-term variations in the INP concentrations, the Spearman coefficient was calculated
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for the correlation between the INP data set of INSEKT and PINE and various aerosol properties regard-
ing concentration, size, and mass, and meteorological parameters (air temperature, air pressure, relative
humidity, precipitation, wind direction, and wind speed). A correlation was found for aerosol properties,
especially at lower nucleation temperatures, while no correlation was observed for meteorological pa-
rameters.

From this study, it can be concluded that the INP concentration at SBO is mainly influenced by different
sources including free tropospheric aerosols, long-range transported dust, and local or regional aerosol

sources transported from the BL to the station.

In a further analysis, the INP data set from the winter months could be used to establish a parameteri-
zation specifically for the INP concentration in the FT. Previous INP parameterizations were based on
measurement data in the BL at ambient air conditions or laboratory studies. In general, more long-
term INP measurements are needed, such as from developing research infrastructures ACTRIS (Aerosol,
CLouds and Trace Gases Research Infrastructure), to better understand the abundance of INPs in the

atmosphere and to better represent them in models.

In conclusion, new results were obtained as part of this PhD thesis which contribute to an improved
understanding of INPs in the lower FT. The results showed, among other findings, a clear seasonal trend
of the INP concentration at the SBO. The new instrument PINEair was developed and applied for the
first time to measure INPs at MPC and cirrus conditions. The aircraft-based version of this instrument,
which is currently under construction for use on the HALO research aircraft, will allow direct INP
measurements in the FT and by that will provide new and unique data to better understand and predict

the formation of MPC and cirrus clouds as well as their role in the climate system.
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A. List of Abbreviations and Symbols

Abbreviation Description

ACTRIS Aerosol, CLouds and Trace Gases Research Infrastructure
AIDA Aerosol Interaction and Dynamics in the Atmosphere
APC Aerosol Preparation and Characterization

APS Aerodynamic Particle Sizer

ATD Arizona test dust

BL Boundary layer

CFDC Continuous Flow Diffusion Chamber

CIS Cloud In Situ

CPC Condensation Particle Counter

CSU Colorado State University

DLR Deutsche Zentrum fiir Luft- und Raumfahrt

ECCINT European Center for Cloud Ambient Intercomparison
FT Free troposphere

GAW Global Atmospheric Watch

HALO High Altitude and Long Range

HERA High-volume flow aERosol particle filter sSAmpler
HINC Horizontal Ice Nucleation Chamber

INP Ice-Nucleating Particle

INSEKT Ice Nucleation Spectrometer of the Karlsruhe Institute of Technology
IPCC Intergovernmental Panel on Climate Change

IS Ice Spectrometer

JFI Jungfraujoch

KIT Karlsruhe Institute of Technology

LOD Limit of detection

MEC Mass flow controller

MPC Mixed-phase cloud

OPC Optical particle counter

PINE Portable Ice Nucleation Experiment

PINEair Portable Ice Nucleation Experiment airborne

PINEc commercial Portable Ice Nucleation Experiment
RBG Rotating brush generator

SBO Sonnblick Observatory
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SDSAO01 Soil Dust South Africa

SHARP Synchronized Hybrid Ambient Real-time Particulate
SIP Secondary ice production

SMPS Scanning Mobility Particle Sizer

SOA Secondary Organic Aerosols

SPIN SPectrometer for Ice Nuclei

UAV Unmanned Aerial Vehicles

welas WEiBLichtAerosolSpektrometer

WRF/Chem Weather Research and Forecasting/Chemistry
Symbol Description

A Germ surface

Ao Available surface area concentration

CH1 Expansion chamber 1 of PINEair

CH2 Expansion chamber 2 of PINEair

CH3 Expansion chamber 3 of PINEair

CINPobserved Observed INP concentration

CINP,predicted

H>S504
kp

LW
Ng>0.5um
niNp
NINPINSEKT
ng

N

N*

Nai
Npgr

Nt bgr
ANice

Predicted INP concentration

Specific heat capacity of dry air

Particle diameter

Optical particle diameter

Dilution

Flow during an expansion

Gibbs free energy

Sulfuric acid

Boltzman constant

Longwave irradiance measurements
aerosol particles with d larger than 0.5 um
INP concentration

INP concentration measured with INSEKT
Ice-active surface site density

Number of molecules

Critical size of germ

Number of all samples

Number of background samples

Number of frozen samples

Number of ice crystals per expansion
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Ny

214p,

p

po

PAIDA
Pambient
Pbalance
Pbuffer
Pchamber
Pice(To)
Pice(Tua)
PPD
PPDi:preshold
Ry

222Rn

Tad
Taipa
Tenitter
Tem
Teno

Tchs

T:vky
Twal l
Vai r
Vaweli
AVerp

Vwash
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Number of unfrozen samples
214Polonium

Pressure

Pressure at expansion start
Start pressure in AIDA
Ambient pressure

Balance pressure

Pressure in buffer volume

Pressure in expansion chamber

Saturation vapor pressure of ice at expansion start

Saturation vapor pressure as function of adiabatic temperature

Percentage pressure drop

Threshold of percentage pressure drop
Gas constant for dry air

222Radon

Spearman correlation coefficient

Ice saturation ratio

Peak ice saturation ratio

Interface energy

Duration of an expansion

Temperature

Temperature of lowest sensor at expansion start
Adiabatic temperature

Start temperature in AIDA
Temperature of the ethanol chiller

Gas temperature of PINEair chamber 1
Gas temperature of PINEair chamber 2
Gas temperature of PINEair chamber 3
Dew point temperature

Freezing temperature

Gas temperature

Minimum gas temperature

Sky temperature

Wall temperature

Volume of the sampled air

Volume of the suspension in one dwell
Analyzed air volume per expansion

Volume of wash water
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