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Abstract

Clouds and precipitation are a fundamental part of everyday life and climate. They re昀氀ect so-
lar and terrestrial radiation and transport fresh water through the atmosphere. The formation
of clouds and precipitation are in昀氀uenced by the presence of aerosol particles. Ice-nucleating
particles (INPs) are a minor subset of atmospheric aerosol particles, that lead to primary ice
formation in clouds containing liquid water droplets above 238 K. Due to their impact on pri-
mary ice formation, they a昀昀ect the radiative budget of the cloud as well as its precipitation
and lifetime. Aerosols and INPs originate from a variety of sources including ocean, desert, and
forest areas.
The Hyytiälä Ice Nucleation Experiment 2023 (HyICE23) in southern Finland aimed at investi-
gating the sources and types of INPs in the boreal forest. During this campaign, which lasted
from October 18th, 2023 to April 30th, 2024, INP measurements were done using the PINE (Por-
table Ice Nucleation Experiment) instrument and the INSEKT (Ice Nucleation SpEctrometer of
the Karlsruhe Institute of Technology) method. The PINE instrument covered a temperature
range from about 242 K to 262 K at a temporal resolution of up to 6 minutes, while the INSEKT
method covered a temperature range from about 255 K to 273 K with a time resolution between
4 h and 4 days.
The INP concentrations generally show a seasonal pattern, with high concentrations (at high
10

−1 to 10
2

stdl
-1, at low temperatures) in autumn and spring and lower concentrations (at high

10
−4 to 10

2
stdl

-1, at low temperatures) during winter time. This matches the results from the
previous HyICE campaign in 2018.
In general, the observed INP concentrations are correlated to the ambient air temperature. The
INP measurement during this campaign did agree well to the parameterization developed after
the previous 昀椀eld campaign. Again, a dependence on the ambient temperatures as well as snow
cover was found. During several days, an increase of the INP concentration was observed with
increasing temperature and decreasing snow depth.
Observations using the high temporal resolution of the PINE instrument allowed observations of
short term INP concentrations, for example an increase by more than 10

1
stdl

-1 during 1 h long
local street works on April 19th and during short term aerosol concentration increases. During
some observed precipitation events, an in昀氀uence on the INP concentrations was observed. Also
observed was the change in INP ranging over 10

1 over a day during a case study on multiple
days, this could not be concluded to be a diurnal cycle due to additional factors like a decrease
in snow depth. A diurnal cycle could not be distinguished in general. The results shown in this
thesis show the importance and versatility of INP measurement methods with high temporal
resolution to increase knowledge on INPs in the boreal forest.





Kurzzusammenfassung

Wolken und Niederschläge sind ein wesentlicher Bestandteil des Alltagslebens und des Klimas.
Sie re昀氀ektieren Sonnen- und Erdstrahlung und transportieren Süßwasser durch die Atmosphäre.
Die Bildung von Wolken und Niederschlägen wird durch die Anwesenheit von Aerosolpartikeln
beein昀氀usst. Eisnukleierende Partikel (INPs) sind eine kleine Untergruppe atmosphärischer Ae-
rosolpartikel, die zur primären Eisbildung in Wolken führen, die 昀氀üssige Wassertröpfchen über
238 K enthalten. Aufgrund ihres Ein昀氀usses auf die primäre Eisbildung beein昀氀ussen sie den
Strahlungshaushalt der Wolke sowie deren Niederschlag und Lebensdauer. Aerosole und INPs
stammen aus verschiedenen Quellen, darunter Ozean-, Wüsten- und Waldgebiete.
Das Hyytiälä Ice Nucleation Experiment 2023 (HyICE23) in Süd昀椀nnland zielte darauf ab, die
Quellen und Arten von INPs im borealen Wald zu untersuchen. Während dieser Kampagne, die
vom 18. Oktober 2023 bis zum 30. April 2024 dauerte, wurden INP-Messungen mit dem Instru-
ment PINE (Portable Ice Nucleation Experiment) und der Methode INSEKT (Ice Nucleation
SpEctrometer des Karlsruher Instituts für Technologie) durchgeführt. Das PINE-Instrument
deckte einen Temperaturbereich von etwa 242 K bis 262 K mit einer zeitlichen Au昀氀ösung von bis
zu 6 Minuten ab, während die INSEKT-Methode einen Temperaturbereich von etwa 255 K bis
273 K mit einer Zeitau昀氀ösung zwischen 4 h und 4 Tagen.
Die INP-Konzentrationen zeigen im Allgemeinen ein saisonales Muster mit hohen Konzentratio-
nen (bei hohen 10

−1 bis 10
2

stdl
-1, bei niedrigen Temperaturen) im Herbst und Frühling und

niedrigeren Konzentrationen (bei hohen 10
−4 bis 10

2
stdl

-1, bei niedrigen Temperaturen) im
Winter. Dies entspricht den Ergebnissen der vorherigen HyICE-Kampagne im Jahr 2018.
Im Allgemeinen korrelieren die beobachteten INP-Konzentrationen mit der Umgebungslufttem-
peratur. Die INP-Messung während dieser Kampagne stimmte gut mit der nach der vorheri-
gen Feldkampagne entwickelten Parametrisierung überein. Auch hier wurde eine Abhängigkeit
von den Umgebungstemperaturen sowie der Schneedecke festgestellt. Über mehrere Tage hin-
weg konnte mit zunehmender Temperatur und abnehmender Schneehöhe ein Anstieg der INP-
Konzentration beobachtet werden.
Beobachtungen mit der hohen zeitlichen Au昀氀ösung des PINE -Instruments ermöglichten die Be-
obachtung kurzfristiger INP-Konzentrationen, beispielsweise einen Anstieg um mehr als 10

1
stdl

-1

während 1 h langer lokaler Messungen Straßenbauarbeiten am 19. April und kurzfristiger An-
stieg der Aerosolkonzentration. Bei einigen beobachteten Niederschlagsereignissen wurde ein
Ein昀氀uss auf die INP-Konzentrationen beobachtet. Außerdem wurde im Rahmen einer mehrtä-
gigen Fallstudie eine Änderung des INP im Bereich von mehr als 10

1 über einen Tag hinweg
beobachtet. Dies konnte aufgrund zusätzlicher Faktoren wie einer Abnahme der Schneehöhe
nicht auf einen Tageszyklus geschlossen werden. Ein Tagesgang konnte generell nicht unterschie-
den werden. Die in dieser Arbeit gezeigten Ergebnisse zeigen die Bedeutung und Vielseitigkeit
von INP-Messmethoden mit hoher zeitlicher Au昀氀ösung, um das Wissen über INPs im borealen
Wald zu erweitern.

v
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Chapter 1.

Introduction

Clouds play a key role in climate and weather. They are aggregations of liquid cloud droplets
(warm clouds), ice crystals (cold clouds) or both (mixed-phase clouds) (Knopf et al. 2018).
Clouds mostly made up of liquid cloud droplets re昀氀ect incoming solar radiation back to space,
which results in a cooling of the surface below (Lohmann et al. 2016; Mueller et al. 2011)). Ice
clouds, clouds where the ice phase dominates, re昀氀ect long wave radiation from the planet back
to the surface, resulting in a global net warming e昀昀ect (Boucher 2015; Boucher et al. 2013). The
net radiative e昀昀ect of clouds on climate is depending on whether the ice or liquid phase is more
dominant (McCoy et al. 2018; Murray et al. 2021; Sun and Shine 1994).
In addition, clouds play a key role in the water cycle of Earth by transporting fresh water through
the atmosphere (Lynch et al. 2002). Ice crystals in mixed-phase clouds grow to large sizes at
the expense of liquid droplets (Bergeron 1935; Findeisen 1938; Wegener 1911) and fall out as
precipitation. Precipitation in liquid or solid form re昀椀lls fresh water reservoirs around the globe,
allowing life in many di昀昀erent environments. The impact of climate change may also be re昀氀ected
by clouds in Earths atmosphere. An increase in annual temperatures leads to an increase in
liquid water vapor, which in turn may in昀氀uence the formation, lifetime of clouds and intensity of
precipitation (Climate Change (IPCC) 2023). The formation of precipitation in clouds, especially
in mixed-phase clouds, is depending on the presence of ice crystals (Mülmenstädt et al. 2015).
Aerosols play a major role in the formation of liquid droplets as well as ice crystals in the
atmosphere (Pruppacher and Klett 2010). Aerosols are liquid or solid particles suspended in
the atmosphere (Hinds 1999) with sizes ranging between 10−3 to 102 µm. They a昀昀ect climate
directly by interacting with radiation and indirectly via cloud interactions. Natural sources of
aerosols include the ocean, desert, and forest areas. Anthropogenic sources include biomass
burning, industry and traffic as major contributors (Seinfeld and Pandis 2016).
Aerosols which a昀昀ect the formation of liquid cloud droplets are called Cloud Condensation Nuclei
(CCN). The much more scarce aerosols a昀昀ecting formation of ice crystals are called Ice Nucleating
Particles (INPs) (Schaefer 1946). The INPs population only amounts to a small subset (about 1
in 105) of all aerosols, but INP are of major importance in understanding weather and climate
(DeMott et al. 2010).
In the absence of INPs, water droplets can cool down below 273 K without freezing, below
this temperature, they exist in a supercooled state (Rosenfeld and Woodley 2000). At about
235 K1, the transition to the solid phase happens homogeneously (Koop et al. 2000). This
process is called homogeneous freezing, while processes above 235 K involve INP and are called
heterogeneous (Kanji et al. 2017). INPs can alter the net-radiative e昀昀ect, precipitation and thus
the lifetime of a cloud by a昀昀ecting the amount of ice crystals present. Heterogeneous freezing

1The precise temperature is dependent on di昀昀erent factors, but for this work an estimated temperature is
sufficient.

1



Chapter 1. Introduction

Figure 1.1.: Schematic adopted from Kanji et al. 2017 showing the possible primary ice nucle-
ation pathways in the atmosphere.

processes can be categorized into four di昀昀erent modes:

Immersion freezing: An INP is already immersed in a droplet and starts the freezing process
once the droplet cools down. This process is the most dominant process in mixed-phase clouds
(Kanji et al. 2017; Burrows et al. 2022). The two methods used in this thesis, to measure the
INP concentration, are mainly sensitive to immersion freezing.

Contact freezing: A super cooled droplet comes into contact with an INP. The INP initiates
the freezing upon contact (Pruppacher and Klett 2010).

Condensation freezing: Water vapor condenses on the surface of an INP and freezes at the
same time (Vali et al. 2015). This may happen in a very narrow temperature and saturation
window.

Deposition Nucleation: Water vapor nucleates on the surface of an INP as ice directly under
super saturation to ice, this mode is predominant in cirrus clouds (Cziczo et al. 2013).

The ice nucleation pathways possible in the atmosphere are depicted in 昀椀gure 1.1, adopted from
Kanji et al. 2017. In case the INP in question is not an ice crystal, these processes lead to the
nucleation of primary ice crystals. Secondary ice production then leads to a multiplication of
the number of ice crystals inside the cloud (Field et al. 2017; Keinert et al. 2020). Knowledge
on processes in which INPs a昀昀ect ice formation as well as types and sources of INPs can be
used to further understand and predict our weather and climate (DeMott et al. 2010; Engström
et al. 2015; Perlwitz et al. 2020; Storelvmo et al. 2011; Trueblood et al. 2020; Tucker et al.
2018). A variety of biogenic aerosols were found to have atmospherically relevant ice-nucleating
abilities (Augustin et al. 2013; C.E. Morris et al. 2004; Creamean et al. 2013; Hader et al. 2014;

2



Figure 1.2.: Graph adopted from Vogel et al. 2024, showing a comparison of INP concentrations
(cINP) measured with PINE (black stars), INSEKT (green lines) and µl-NIPI (red lines) during
HyICE-2018.

Möhler et al. 2007; O’Sullivan et al. 2015, 2018; Pratt et al. 2009; Schnell and Vali 1973), at
temperatures above 258 K (Christner et al. 2008; Murray et al. 2012).
One of the natural sources of biogenic INPs are the boreal forests (Schneider et al. 2021). They
include roughly 30% of the global forest area (Tunved et al. 2003). The knowledge on INP
originating from the boreal forests is scarce. A study on boreal forests was the Hyytiälä Ice
Nucleation Experiment 2018 (HyICE-2018), during which INP observations were done at the
Station for Measuring Ecosystem-Atmosphere Relations II (SMEAR II) in Hyytiälä in the bo-
real forest of southern Finland (Brasseur et al. 2022). During the campaign, INP concentrations
were measured by collecting ambient aerosols on 昀椀lters and analyzing the samples using INSEKT
(Schiebel 2017), as well as using the 昀椀rst prototype of the mobile cloud expansion chamber (Möh-
ler et al. 2021), the PINE-1A. The working principles of both methods is discussed in section
2.1. The 昀椀lter samples were taken over periods of 10 to 24 h from February 2018 to May 2019.
PINE-1A measured at an approximate time resolution of 6 minutes in parallel from March to
May 2018.
Figure 1.2 shows the observations on INPs done in HyICE-2018 for INSEKT measurements
(green lines) ,PINE measurements (black stars) and µl-NIPI (red lines), another o昀툀ine method
(see Harrison et al. 2018) over the two months. The INSEKT measurements had been extended
beyond the duration of the HyICE-2018 campaign. Schneider et al. 2021 found the boreal for-
est to be an important source of biogenic INP, generating concentrations comparable to other
environments (Kanji et al. 2017). A seasonal cycle in INP concentrations and types was found
for the year-long measurements with INSEKT. INP concentrations measured at around 257 K
were found to be lowest during winter compared to measurements during spring (Kaufmann
2019). This seasonal trend was especially pronounced in INP concentrations between 255 K and
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259 K. This cycle was concluded to be linked to the prevalence of biogenic aerosol particles
by heat treatment (see section 2.1.2) of 昀椀lter samples and comparison of INP concentrations
at 257 K with Wideband Integrated Bioaerosol Sensor (WIBS) data, primarily emitted by the
forest vegetation.
In this work, the parameterization of Schneider et al. 2021 was used to predict measured INP
concentrations, showing a general good agreement for INSEKT and PINE data. Further measure-
ments with a high time resolution were done to investigate possible relations to meteorological
events like precipitation and frontal passages in more detail.
The PINE-1A measurements suggest that INPs in this boreal forest that are active below 249 K
can be also biological (Vogel et al. 2024). Snow cover reduced potential local INP sources to only
a few, including the tree dwelling lichens (Proske et al. 2024) which might emit INPs (Mo昀昀ett
et al. 2015). The lichen were found to be possible sources of biogenic aerosols under complex
humidity conditions (Marshall 1996; Armstrong 1991; Proske et al. 2024). Proske et al. 2024
found INP derived from Lichen species sampled in this region to be ice active at 257 K and 255 K
and in a size range where previous studies could detect them (<2 µm)).
The successor campaign HYICE23 started on October 18th, 2023 and ended on April 30th, 2024.
INSEKT 昀椀lter samples and PINE data were collected during the whole duration, utilizing the
high sensitivity of INSEKT to the INP concentration and the high temporal resolution of the
PINE instrument. INSEKT is sensitive to nucleation temperatures above ≈ 255 K, while PINE
measured between 262 K and 242 K. INSEKT measurements were used to observe INP concen-
trations of particles ice active above 247 K at intervals reaching from 4 hours to 4 days. The
PINE instrument measured INP concentrations at ground level in a container. In parallel, 昀椀lter
samples for INSEKT were taken in the container as well as on a 35 m high tower, to compare
ground level to above canopy observations. An Aerodynamic Particle Sizer (APS) was deployed
to measure the aerosol particle size distribution during the whole campaign. Later on during
the campaign, measurements of 昀氀uorescing particles using WIBS were added.
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Experimental Methods

Multiple characteristics of Aerosols in the boreal forest of southern Finland were measured dur-
ing the HyICE23 campaign. Two di昀昀erent methods were used to measure INP concentrations
(cINP), the Portable Ice Nucleation Experiment (PINE) and the Ice-Nucleation SpEctrometer of
the Karlsruhe institute of Technologie (INSEKT). Size distributions of aerosols were measured
with the Aerodynamic Particle Sizer (APS) over the whole campaign. For shorter time periods,
the size distribution was also measured with Promo-2000 and welas-2500 sensor setups. Fluoresc-
ing particles of biological origin were measured with a Wideband Integrated Bioaerosol Sensor
(WIBS). The following section will describe the di昀昀erent instruments and measuring methods
used in the HyICE23 campaign in more detail.

2.1. Ice-Nucleating Particle Concentrations

2.1.1. Portable Ice Nucleation Experiment (PINE)

The Portable Ice Nucleation Experiment, in short PINE, is an expansion-type cloud chamber
designed after the AIDA cloud chamber at IMK-AAF (see Möhler et al. 2021). The working
principle is the same, but the size was reduced to enable mobile measurements in the 昀椀eld.
The instrument used for this thesis was built by Bil昀椀nger Nuclear & Energy Transition GmbH
as a commercial version of the fourth instrument generation labeled PINE-04-01. Over an
inlet system, air is sampled into a chamber. Directly below the chamber an optical particle
counter (昀椀das-pine, Palas GmbH, Karlsruhe, Germany) is located in the 昀氀ow tube connecting
the chamber with the pump system.
As depicted in 昀椀gure 2.1 on the left side, the PINE instrument is composed of 昀椀ve major
components, namely the inlet system (I), the cloud expansion chamber (II), the cooling system
(III), the particle detection (IV) and the control system (V). The right side shows the PINE
instrument located in the PINE container.
In the inlet system, the sampled air 昀椀rst 昀氀ows through a di昀昀usion dryer, controlling the frost
point temperature of the incoming air. A semipermeable membrane (Na昀椀onTM) allows di昀昀usion
of water vapor from the incoming sample air 昀氀ow into an outgoing air 昀氀ow at lower pressure. The
pressure gradient between the two air 昀氀ows drives the di昀昀usion transport of water vapor across
the membrane. The pressure gradient up to 800 mbar is maintained with a pressure controller
(Wagner Mess- und Regeltechnik GmbH, type P-702). Reducing the frost point temperature in
the sampled air is important to avoid the accumulation of ice and frost layers inside the chamber.
The control system sets various valves so that the sampled air 昀氀ows either directly through the
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Figure 2.1.: Schematic of the Portable Ice Nucleation Experiment (PINE) on the left, from
Möhler et al. 2021 and a picture of the Instrument which was located inside a measurement
container (PINE container) during the HyICE23 Campaign.

chamber, around said chamber (”bypass” mode), or through an aerosol particle 昀椀lter (HEPA
昀椀lter). The 昀椀lter removes any aerosols particles and is used to clean the chamber and check the
background of measurements.
The cloud expansion chamber with a volume of 10 l resides within a vacuum chamber for thermal
insulation. A cooling system (Stirling type, Thales, LPT9310) and heating elements are attached
to the outer wall of the cloud expansion chamber. These allow for reducing or increasing the
temperature of the air inside the expansion chamber. The gas temperature is measured with 昀椀ve
sensors located inside the cloud chamber. The wall temperature is measures with three sensors
attached to the chamber walls, and one additional sensor is used for temperature control. The
temperatures and other important instrument parameters like the pressure and the dew point
temperature are recorded automatically as part of the measurement.

The PINE instrument is controlled by a custom-made LabView software. Measurements are
performed in operations which are composed of pre-de昀椀ned runs. Each run includes the three
modes ”昀氀ush”, ”expansion” and ”re昀椀ll”, as shown in 昀椀gure 2.2. In the software, a run setup can
be de昀椀ned with the duration of the 昀氀ush, the 昀氀ow rates for each mode as well as the minimum
pressure which needs to be reached at the end of the expansion. A temperature program can
be set, independent of the run setup. It consists of a series of set temperatures and a duration
for each of them. The heating elements automatically activate as soon as the set temperature
is 3 K higher than the temperature measured by the control temperature sensor.
In 昀椀gure 2.3, a schematic of a typical run of the PINE instrument is shown. The graph in panel (a)
shows the temperature and pressure measurements in the chamber, showing the rapid decrease
during ”expansion”. The graph in panel (b) shows the supersaturation SW in the chamber. For
this graph, several conditions were assumed. The saturation of water vapor was close to 100%
and all water in the chamber was still in the gas phase, at the start of the expansion. The water
vapor mixing ration was assumed to be constant over the duration of the expansion, as there
are no additional sources or sinks assumed to be in the chamber. As such, the condensation of
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Figure 2.2.: Scheme adopted from Möhler et al. 2021 showing the run modes ”昀氀ush” (a),
”expansion” (b) and re昀椀ll (c).

water droplets is assumed to balance the saturation ratio to 1, which is why the line is dotted
when supersaturation conditions are met. The graph in panel (c) shows the time series of the
optical diameter of single particles detected with the optical particle counter. Roughly 10 s
after the start of the expansion, SW is calculated to rise above 1. At this point, water droplets
form. These are visible as a cluster or cloud of dots with diameters roughly smaller than 10 µm.
A smaller number of particles are shown to be of larger diameters than the ’cloud’ droplets.
These are identi昀椀ed as ice crystals formed during the expansion. These droplets and ice crystals
evaporate soon after the re昀椀ll mode is initiated. Once the chamber is re昀椀lled to the pressure at
the start, the 昀氀ush mode will be enabled to start the next run.
During the ”昀氀ush” mode, ambient air is passed through the chamber for about 5 minutes at
2 Lmin-1 in order to replace residual aerosols in the chamber. The 昀氀ow rate is controlled by
a mass 昀氀ow controller. At the end of the 昀氀ush period, the valve at the top of the chamber is
closed while the out昀氀ow stays open. The 昀氀ow rate during ”expansion” was set to 3 l min-1. The
pumping of air out of the chamber leads to a pressure decrease and thereby also a decrease of
the gas temperature. This causes an increase of the relative humidity and, after some time of
expansion, water supersaturated conditions are reached in the chamber volume.
Once supersaturation is reached, the available CCN lead to the formation of liquid water droplets.
At temperatures lower than 0 ◦C, ice formation may occur via immersion freezing, if INPs are
present.
During the ”expansion” as well as the ”re昀椀ll” time, the sample 昀氀ow is set to ”bypass” mode,
which allows for a constant air 昀氀ow through the inlet system of the instrument. After the
pressure within the chamber reaches 860 hPa, the valve at the top is reopened to ”re昀椀ll” the
chamber. During the re昀椀ll, the 昀氀ow rate was set to be 2 l min-1. Once the pressure within the
chamber reaches ambient pressure, the instrument will restart with a ”昀氀ush”, enabling repeated
measurements roughly every 6 minutes.
The 昀椀das-pine optical particle counter below the chamber measures the optical size of individual
particles leaving the chamber. The OPC is sensitive to large aerosol particles, droplets and ice
crystals. Particles above a certain size threshold are identi昀椀ed as INP, as ice crystals grow non
spherically and are visible in the OPC data as particles larger than liquid droplets, see 昀椀gure
2.3 left side. Each particle, identi昀椀ed as ice crystal, counts as a single INP.
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Figure 2.3.: Time series of a typical run of the PINE instrument with the ”昀氀ush”, ”expansion”
and ”re昀椀ll” modes indicated. The gas temperature and pressure are shown in panel (a), the cor-
responding supersaturation in the chamber in panel (b), and the optical diameters of individual
particles detected with the optical particle counter in panel (c).

Calculation of the concentration of ice-nucleating particles

The concentration of INPs, cINP, for each run ”i” of the PINE instrument operation is calculated
as the ratio of the total number of ice particles, Ni detected during the run, and the volume of air
Vair,i that passed the OPC during the ice particle detection time. Ni is determined by counting
all particles above a run-dependent size threshold in the OPC data. The threshold is calculated
by a Python program1, which also calculates the INP concentrations. vair,i is calculated by
multiplying the 昀氀ow rate during the expansion (Fexp) with the duration of the expansion during
run ”i” (texp,i). The cINP,i can then be calculated using:

cINP,i =
N i

V air,i
=

N i
F exp × (texp,i)

. (2.1)

Each cINP,i can be assigned a temperature Ti which is the minimum value measured by the gas
temperature closest to the OPC. This leads to a cINP,i(T ) with a temperature uncertainty of ±

1 K. Considering this uncertainty, the cINP,i data is analyzed and discussed in 2 K temperature
bins.
With (texp,i) ranging from 30 to 35 seconds and (Fexp) set to 3 stdl min-1 the volume of air 昀氀owing
through the 昀椀das-pine during each expansion is around 1.5 to 1.75 stdl which results in a cINP,i

single run detection limit of about 0.6 stdl-1. A lower detection limit can be achieved by averaging
over multiple consecutive runs. This reduces the time resolution for the INP measurements. A
new temperature ramp was designed for this campaign to optimize the measurements of PINE
at a high temporal resolution as well as over a wide temperature range. The validation of the
temperature ramp is shown in the following.

1Available at: https://codebase.helmholtz.cloud/pine (last accessed: August 29th, 2024)
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Figure 2.4.: Example of INP data loss due to heating / cooling during test measurements at
KIT Campus North. The respective top graphs show the temperatures measured during a set
of runs coinciding with a heating (left) or cooling (right) phase. Below are graphs showing the
pressure and detected particles, the respective runs with loss of measurements are highlighted
in blue.

Validation of PINE Temperature Programs

Various tests were done at KIT Campus North prior to the HyICE23 campaign. The focus of
these were the various possibilities of the temperature program used for PINE operation. In ad-
dition to the temperature steps at which measurements should be done, two further factors need
to be included. The limit of the dryer and the heating and cooling rates between temperature
steps.
The drying efficiency of the Na昀椀on membranes is limited. The dew point temperature may be
above the temperature at which measurements are done, depending on ambient conditions. In
this case, water will accumulate inside the chamber by freezing on the interior. This accumula-
tion may lead to interference with the valve used to close the top of the chamber. This can be
detected by observing the pressure gradient during the re昀椀ll. During normal re昀椀ll the pressure
increase is linear, with an iced valve, the increase will show irregularities. Expansions, where
this is detected, may be unusable for INP concentration measurements. The Python program1

used to calculate INP concentrations detects these automatically and 昀氀ags the run, which may
have to be removed from the measurement by a quality control afterwards.
To balance the deposition of water inside the chamber, the temperature of the chamber needs to
be above the dew point for a certain amount of time. This way, accumulated ice will evaporate,
and the chamber will e昀昀ectively be dried. This ’dry phase’ needs to be long enough to balance
out the water deposition into the chamber, but short enough to keep the humidity inside the
chamber at close to 100% at the start of each expansion. Expansions during which no super-
saturation is reached, will not result in formation of droplets or ice crystals and lead to loss in
measurements.
The issue of heating and cooling rates is connected to the above rather closely. To ensure mea-
surements with high time resolution at di昀昀erent temperatures, the heating and cooling phases
could be adjusted to the limitations of the heating and cooling system. The observed maximum
cooling rate was at 0.6 K min-1, as mentioned in Möhler et al. 2021. The maximum heating rate
was observed to be 1.4 K min-1. This heating rate is for active heating elements. The di昀昀erence
between set and measured temperature at which the heating elements activate can be set man-
ually, but for this campaign it was kept at 3 K.
During the tests, as well as during various campaigns, problems with the measurements during
heating phases were observed. Similar problems were observed during cooling phases at max-
imum cooling rate during the tests. When an expansion happens during these phases, no, or
close to no, formation of droplets or ice crystals can be observed. This might be related to the
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evaporation of cloud droplets before reaching the OPC. Examples of these missing measurements
are depicted in 昀椀gure 2.4. The respective top graphs show temperature measurements in the
chamber, on the walls, as well as the dew point. The lower graphs show the measured pressure
in the chamber (blue line) as well as single particles detected by the OPC and the threshold
set by the Python program1. The respective blue colored areas depict the runs, where the INP
concentration measurement was lost.
For temperature di昀昀erences between set and measured temperature below 3 K, heating is done
passively with the sample air. Phases of passive heating showed no loss of measurements. For
HyICE23, the PINE instrument was operated using only passive heating. By trial and error, a
temperature program was found which results in a cooling rate of 0.17 K min-1 and a heating
rate of 0.14 K min-1. These rates allow measurements at roughly 1 K intervals during the cooling.
During test measurements (with ambient air), as well as measurements in the 昀椀eld, the INP con-
centration measured during a heating phase was less than 10% larger than during the cooling
phase, which hints to residual particles from previous runs at lower temperature having an e昀昀ect,
but the e昀昀ect is negligible. For a proper evaluation, further tests with a constant aerosol need
to be done in the lab. In 昀椀gure 2.5 a comparison of measurements during heating and cooling
phases (up and down ramps) is shown. The boxes stand for the INP concentrations measured
within the di昀昀erent temperature bins, while the di昀昀erent colors stand for heating, cooling or
constant temperature respectively (for comparison of all measurements done with PINE during
the campaign, see Appendix 昀椀g. A.1).
The temperature program mostly used during the campaign is shown in 昀椀gure 2.6, showing the
temperature measured at the chamber wall at middle height. The program is shown with a
two-hour period of measurements at high temperatures of around 257 K and a temperature scan
down to around 243 K. The period of measurements at high temperature allow for higher sensi-
tivity by calculating a mean over the roughly 20 expansions during this period. On the left is a
slightly changed version with only temperature scans. The duration of a cycle of temperatures
is around 5 hours 30 minutes. This graph also shows slight variability in the length of each
temperature cycle, which is mostly due to ambient temperature di昀昀erences a昀昀ecting the heating
rate slightly. For the program, a maximum di昀昀erence of 15 minutes could be observed. A short
temperature scan was used without the 2 h period at high temperatures, shortening the scan to
3 hours 30 minutes and a maximum variation of 6 minutes (see Appendix 昀椀g. A.2)
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Figure 2.5.: Comparison of PINE data created during the cooling (down ramp) and heating
(up ramp). The graph shows a comparison of PINE measurements during cooling (blue) and
heating (orange) phases.

Figure 2.6.: PINE Temperature program cycle for long temperature scan. Shown is the tem-
perature measured at the wall at middle height of the chamber. The graph shows cycles of a
2 h period at 257 K and a scan to 243 K over a period of 5.5 h.
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2.1.2. Ice Nucleation SpEctrometer of the Karlsruhe institute of Technologie
(INSEKT)

INSEKT is a freezing essay (Schiebel 2017) used to observe immersion freezing of aerosol samples,
based on the Colorado State University Ice Spectrometer (CSU-IS) (Hill et al. 2016). Aerosols
are collected using a 昀椀lter from a sample 昀氀ow of ambient air in the 昀椀eld. The particles gathered
on the 昀椀lter are washed o昀昀 in a laboratory using water of high purity. The suspension of aerosol
particles is then analyzed with INSEKT. This way, immersion freezing capabilities of the gath-
ered aerosols can be analyzed for temperatures above 247 K (for a general look, see Schneider
et al. 2021; Böhmländer et al. 2024).
The 昀椀lters used are 47 mm diameter poly carbon 昀椀lters with pores of 0.2 µm size (Whatman
Nuclepore®track-etched). The 昀椀lters are prepared in a 昀氀ow box which provides a clean environ-
ment, to avoid contamination. Tweezers used to handle the 昀椀lters are cleaned the same way as
the 昀椀lters. The 昀椀lters are cleaned by submersion in a solution of 10% hydrogen peroxide, rinsed
with deionized water (about 0.057 µScm-1) and dried in the 昀氀ow box. The 昀椀lters and tweezers
are then packaged in aluminium foil after drying in the 昀氀ow box. The aluminium foil used has
been cleaned and sanitized by heating in an oven at 300 ◦C for about 20 minutes. To further
keep polluting factors to a minimum, the holders in which the 昀椀lters are inlaid, are cleaned
using a disinfectant (Bacillulol or 2-Propanol) and wiped every time the 昀椀lters are changed, as
shown in 昀椀gure 2.8. For storage, the samples are put in sterile petri dishes, further packaged in
aluminium foil and kept in a freezer at −18 ◦C until analysis.

The 昀椀lter holder mounted with a clean 昀椀lter is installed in a 昀椀lter setup described in 3.2.1, where
a pump creates a sample air 昀氀ow through the 昀椀lter. A critical ori昀椀ce (CO) is used to keep the
air 昀氀ow during sampling on a constant level. Pressure measurements between 昀椀lter and CO
are used to monitor the change in 昀氀ow rates caused by accumulation of particles on the 昀椀lter.
During this campaign, the accumulation of particles on the 昀椀lter showed no signi昀椀cant e昀昀ect on
the measured pressure compared to changes in ambient pressure. For the HyICE23 campaign,
four 昀椀lter samples were taken in parallel at two di昀昀erent locations. The corresponding 昀氀ow rates
of the CO (F CO) and their uncertainty are listed in table 2.1. The 昀氀ow rates were validated
by measuring the 昀氀ow with a 昀氀ow meter (Defender™ 530H). The measured 昀氀ow rates showed a
deviation of less than 1% from the expected 昀氀ow rates for the intact 昀椀lter holders. One of the 12
昀椀lter holders used was found to be defect. The 昀氀ow rate measured through this 昀椀lter holder was
up to 25% lower than the expected 昀氀ow rate. A comparison of parallel aerosols sampling with
the defect and an intact 昀椀lter holder showed no signi昀椀cant bias within the INSEKT measurement
uncertainty (see Leonhard 2024). The defect 昀椀lter holder was replaced later during the campaign.

Figure 2.7.: INSEKT Filters (left) and 昀椀lter holders (right) used during the HyICE23 campaign.
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Figure 2.8.: Process of 昀椀lter change in facilities of Hyytiälä (Flow box - Lamair), here done by
Tobias Leonhard. On the left is the transfer of a sample from a 昀椀lter holder to a petri dish. In
the middle is a part of the cleaning process of the 昀椀lter holder. The transfer of a new 昀椀lter from
an aluminium package in to the 昀椀lter holder is on the right.

Table 2.1.: Flow rates FCO of the di昀昀erent 昀椀lter lines at normal conditions and errors (1%).
Filter line / Critical Ori昀椀ce F CO [stdl min-1] uncertainty of F CO [stdl min-1]

A 4.3834 0.043834
B 4.2365 0.042365
C 4.29 0.0429
D 4.2419 0.042419

To include pollution from handling of 昀椀lters during transport and the procedure of each change,
blank 昀椀lters were taken additionally. The blank 昀椀lters di昀昀er from normal 昀椀lters only in the fact
that no air 昀氀ow was enabled once the 昀椀lter holders holding them were installed. The analysis of
the samples is done in a Laboratory. Preparation of sample suspensions are done in a 昀氀ow box.
As preparation, Nanopure™ (from now on NP) water is 昀椀ltered using a 0.1 µm syringe 昀椀lter.
The 昀椀ltered NP water is used to clean 50 mL centrifuge tubes (CELLSTAR® polypropylene
tubes). The tubes are then 昀椀lled with 6 mL of 昀椀ltered nano pure water using a pipette2.
The 昀椀lter to be analyzed is moved into the tube using a pre-clean plastic tweezer. The tube
is then placed into a rotator at 60 rpm for 20 min. Afterwards, 3 µL of the suspension are
transferred to a new cleaned tube for heat treatment (see the following subsection), using a
pipette. The heat treated as well as the non-heated suspension are then handled the same way.
The suspensions are diluted with 5- and 25-, or 10- and 100-fold volumes of 昀椀ltered NP water, to
extend the INSEKT detection range to lower temperatures. The original suspension and the two
diluted suspensions are distributed into two 96-well Polymeraze Chain Reaktion plates (PCR)
plates (Brand, Cat. No. 781368), together with the 昀椀ltered NP water as a background. The
NP water background typically freezes around 250 K, limiting the experimental temperature
ranges observable with this method. The 192 well can be divided into di昀昀erent partitions.
For higher diluted suspensions, more wells are 昀椀lled to increase the precision of measurements
for low concentrations of particles in the suspension. Each well is 昀椀lled with 50 µL using an
electrical pipette. The PCR-plates are then set into the freezing array INSEKT consisting of
aluminium blocks which are cooled by a cryostat (Lauda®, ProLine RP 855 for INSEKT1, Pro
RP 245 E for INSEKT23. A plastic pane covers the PCR plates to reduce contamination during
the experiment. Eight Pt100 sensors measure the temperature inside the cooling block, the
mean temperature is taken as a reference temperature for the calculation of the frozen fraction.
Compressed air is 昀氀owing below and above the glass cover to prevent condensation. Above
the setup, a camera captures the PCR plates as well as the state of the suspension within the
wells. If a suspension within a well freezes, the brightness of this well reduces. This change can

2A list of the used pipettes can be found in Kaufmann 2019, as these were also used for this thesis.
3At the IMK-AAF, two INSEKT freezing arrays are used, both featuring the same setup and components, except

for the used chiller.
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Figure 2.9.: INSEKT PCR-plates installed in aluminium blocks and camera above (left) and
cooler connected to aluminium blocks (right).

be detected with the camera. During the analysis, the aluminium blocks are cooled down at
0.33 K per minute starting from 274 K. During the cooling, brightness changes are detected and
noted down automatically using a LabView program on a laptop which also sets the cryostat
temperature.
By comparing the frozen (dark) wells with non-frozen wells (bright) of the same dilution, a frozen
fraction can be calculated. Using these frozen fractions, INP concentrations can be calculated
for a spectrum of temperatures ranging from 268 to 248 K.

Calculation of the concentration of ice-nucleating particles

The calculation of cINP for INSEKT is done by calculating the frozen fraction, dilution factors,
solvent volume and the volume of sampled air. The volume of sampled air is calculated with
the duration of each 昀椀lter and the 昀氀ow rate of ambient air through the 昀椀lter. The 昀氀ow rates
of each critical ori昀椀ce are determined at standard conditions (293.15 K, 1013 hPa). To calculate
the INP concentration in stdl-1 the 昀氀ow rates of each CO is used. Using these informations, the
frozen fractions can be translated into cINP following the relations developed by Vali 1971. With
the INP concentration of each well of the PCR-plate cINP,V:

cINP, V = −
d

V well
× ln

(

N l(T )

Nall

)

, (2.2)

where Nl(T ) equals subtracting the frozen fraction from 1. d corresponds to the dilution factor,
Vwell the volume of liquid in each well and Vall the total number of wells 昀椀lled with the dilution.
By factoring in the volume of 昀椀ltered nano pure water used to wash the 昀椀lter Vwash the actual
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cINP can be calculated with:
cINP =

V wash
V air

× cINP,V. (2.3)

The error estimation used in this thesis follows a combination of systematic and statistic un-
certainties which have been investigated in depth in the Master Thesis 2018 of Julia Schneider
(formerly Kaufmann) (Kaufmann 2019). The cINP is calculated with a Python Program4.

Heating of sample during processing with INSEKT

For the heat treatment, the suspension is put into a measuring beaker 昀椀lled with boiling water
for 20 min. During the treatment, heat-sensitive INPs will become deactivated (e.g. Barry et al.
2021; Hill et al. 2013; Hill et al. 2016; Schneider et al. 2021). This test can be an indicator
for the presence of biogenic INPs, when compared to the original non-heated sample. The INP
concentration over the temperature spectrum will be reduced compared to the non heat treated
sample, unless no biogenic or other heat sensitive components were caught on the 昀椀lter.

4Available at: https://codebase.helmholtz.cloud/insekt/py_raw_insekt (last accessed: August 29th, 2024)
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Chapter 2. Experimental Methods

2.2. Measurement of Particle Properties

2.2.1. Particle Concentration and Size Distribution

Aerodynamic Particle Sizer (APS)

The Aerodynamic Particle Sizer (APS) detects the aerodynamic size of particles by detecting
the velocity distribution after acceleration of particles through a rapid increase in 昀氀ow rate. The
sample air 昀氀ow containing the aerosol particles is embedded in a particle free sheath 昀氀ow and
directed through an accelerating ori昀椀ce nozzle. The sheath 昀氀ow is cleaned through a particle
昀椀lter before combining with the sample 昀氀ow. The nozzle accelerates the air 昀氀ow and directs it and
the containing aerosols into a pair of polarized laser beams, see 昀椀gure 2.10. After acceleration,
larger particles have a slower velocity than smaller particles. The particles scatter the light of
the two beams at di昀昀erent times and create detectable signals. Each particle creates a pair of
signals, the time di昀昀erence between can be used to determine the aerodynamic diameter of the
particle (see 昀椀g. 2.10). The shape of a particle can not be determined this way as the e昀昀ective
air drag coefficient is dependent on multiple variables including particle size, shape, material
and density. These variables are combined into the aerodynamic diameter. Particles of the same
aerodynamic diameter behave similarly when a change in surrounding air velocity or direction
happens. The APS detects particles with an aerodynamic diameter between 0.54 µm and 20 µm.
Particles between 0.48 µm and 0.54 µm are still counted, but not di昀昀erentiated in size. Sample
times used during the campaign were 300 and 120 seconds.

Figure 2.10.: Schematic of the APS working principle (Aerodynamic Particle Sizer® Spectrom-
eter Model 3321 - User Manual).
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2.2. Measurement of Particle Properties

Figure 2.11.: Pictures of a welas sensor (left) and the Promo devices used in the HyICE23
campaign (right)

White Light Aerosol Spectrometer (welas) and Promo

The White Light Aerosol Spectrometer (welas) and Promo are a set of devices of a sensor and a
device that emits a light beam and detects light signals. A beam of white light emitted by the
Promo is transferred to the sensor via an optical 昀椀ber. There it is focused on a small window
inlaid in a tube through which sample air 昀氀ows. Aerosols within the sample air 昀氀ow scatter the
light when they 昀氀ow through the detection volume, see 昀椀gure 2.12. The shape of the window
allows elimination of particles which are only detected at the edges of the light beam. A second
window in a 90◦ angle connects to a detector over a second optical 昀椀ber. The intensity of
the re昀氀ected light is converted into a voltage signal and allocated to a channel. A calibration
table with size ranges for each channel allows a transformation of the light signal into a particle
diameter. A size range between 0.3 µm and 17 µm was used for the measurements. A LabView
program is used to store the data as single particle data. The OPC used in the PINE instrument
is a special version called 昀椀das-pine. This version observes the whole sample 昀氀ow to better detect
large ice particles.

Figure 2.12.: welas sensor, schematic of structure of the sensor (left) and schematic working
principle (right)
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Figure 2.13.: Particle type classi昀椀cation with WIBS by Perring et al. 2015. The three modes
(FL1, FL2 and FL3) correspond to the Aerosol particle type classi昀椀cation based on the 昀氀uo-
rescence measurements by WIBS by Perring et al. 2015, leading to seven categories to which
昀氀uorescent particles can be associated. Figure adopted from Savage et al. 2017.

2.2.2. Measurement of 昀氀uorescent particles

The Aerosols Wideband Integrated Bioaerosol Sensor (WIBS) is an instrument for online mea-
surement of 昀氀uorescence of single particles of diameter between 0.5 and 30 µm (see Gratzl et al.
2023). First, size and asphericity are measured with a laser using the forward scattering proper-
ties. Two neon lamps are then used to excite the particles using di昀昀erent wavelengths, 280 nm
and 370 nm. The excited particles will lose the excess energy by emitting one or more photons
of di昀昀erent wavelengths. Two detectors detect emitted photons in the two wavelength bands
310 nm to 400 nm and 420 nm to 650 nm. This allows categorizing the 昀氀uorescent particles into
7 categories (Perring et al. 2015; Savage et al. 2017), see 昀椀gure 2.13.
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Chapter 3.

Field campaign HyICE23

The Hyytiälä Ice Nucleation Experiment 2023 (HyICE23) is an international measurement cam-
paign aiming at increasing the knowledge on sources and types of aerosols in the boreal forests
of southern Finland. In a previous campaign at the same location, HyICE2018, studies of these
aerosols have already been done in a similar way, see Brasseur et al. 2022. During this campaign,
an increase of the INP concentration at around 257 K was observed during the snow melting
period at the beginning of April 2018. This increase was less pronounced at lower temperatures.
Another part of this campaign is producing new data on seasonal variability and in昀氀uence of air
mass origin on INPs.
The campaign started on the October 18th, 2023 and ended on the April 29th, 2024. The
campaign was split into three phases, two of them with more intensive measurements, and a
longer one in between with less intensive measurements. The 昀椀rst intensive measurement period
(phase 1) began on October 18th, 2023 and ended on the November 7th, 2023. The longer but
less intensive period (phase 2) ranged from the end of phase 1 until March 22nd, 2024. This
was the beginning of the second intensive measurement period (phase 3) which ended on April
29th, 2024 (see tab. 3.2).
Aerosol 昀椀lter sampling for INSEKT as well as microscopic analysis were done during all phases,
between 10 and 14 h in phase 1; 3 to 4 days in phase 2 and 4 to 24 h in phase 3. Durations of
the 昀椀lter measurements as well as sampling rates of the di昀昀erent instruments during the three
phases can be found in table 3.2. Measurements of the INP concentrations as well as particle
properties mentioned in section 2.2 were performed inside a measurement container (from now
on PINE container) and on a 35 m high tower (from now on Tower container). A list of the
relevant instruments and measured properties is in table 3.1. Results and correlations between
the di昀昀erent data will be presented in chapter 4. A more in-depth description of the 昀椀eld site
and experimental setups is described in the following sections.

Table 3.1.: Used instruments and measurement methods as well as measured properties.
Instruments/Measurement Method Measured Properties
PINE INP concentration
INSEKT INP concentration
APS aerodynamic particle size distributions
welas & Promo optical particle size distribution
WIBS 昀氀uorescence of aerosols
Sample collection snow depth
SMEAR II instrumentation meteorological data
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Table 3.2.: Sample rate of Instruments and Methods used in the HyICE23 campaign.
Phase 1 Phase 2 Phase 3
10/17/2023–
11/07/2023

11/07/2023–
03/22/2024

03/22/2024–
04/29/2024

PINE 6 minutes 6 minutes 6 minutes
INSEKT 10–14 hours 3–4 days 4–24 hours
(PINE container)
INSEKT 10–14 hours 3–4 days 10–24 hours
(Tower container)
APS 5 minutes 5 minutes 2 minutes
welas & Promo - - 2 minutes
WIBS1 - 2 minutes 2 minutes
(PINE container) Start 01/05/2024
WIBS2 - - 2 minutes
(Tower container) Start 04/05/2024

3.1. The SMEAR II 昀椀eld site

The HyICE23 campaign was conducted at the Station for Measuring Ecosystem-Atmosphere
Relations SMEAR II (led by University of Helsinki (Junninen et al. 2009), which is located in
southern Finland in Hyytiälä 60 km northeast of Tampere (Sogacheva et al. 2008) and 220 km
north of Helsinki (Hari and Kulmala 2005) (see map in 昀椀g. 3.1). The direct anthropogenic
in昀氀uence at this remote site is low because the closest settlements have a population of less
than 2500 inhabitants. Therefore, the aerosols at SMEAR II mostly originate from the natural
environment or from long range transport. Figure 3.2 shows a picture of the PINE container
and the 35m high tower, where some measurements were performed (see tab. 3.2). These are
the locations used for the instruments and measurement methods described in chapter 2.
A 120 m high measurement mast was used for ambient air temperature measurements and snow
depth was measured on the GPM-Field. The map in 昀椀gure 3.3 shows the di昀昀erent locations
of the measurement sites at the SMEAR II Hyytiälä forest station. The proximity (less than
1 km) allows for correlations between measured properties with low in昀氀uence of changes due to
distance. The snow depth measurements in the open 昀椀eld do not cover the snow accumulation
within the forest area.
The site had a closed snow cover from November 13th 2023 until April 15th 2024. The transition
from winter (with snow cover) to spring (without snow cover) was di昀昀erent compared to the
more steady and smooth transition during the HyICE-2018 campaign. During HyICE23, the
temperatures varied close to 0 ◦C for two months from February 21st until April 23rd, while
during HyICE-2018, the transition from temperatures below 0 ◦C to above 0 ◦C happened during
3 weeks from March 25th 2018 to April 15th 2018.

1Provided by Hinrich Grothe et al. from TU Wien
2Provided by Jorma Keskinen et al. from University Tampere
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Figure 3.1.: Map3 showing the location of the SMEAR II Station in Finland.

3Available at https://www.helsinki.fi/en/research-stations/hyytiala-forest-station (last accessed:
2nd September 2024
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Chapter 3. Field campaign HyICE23

Figure 3.2.: Picture of the PINE container and the 35 m tower of SMEAR II. On top of the
PINE container on the left, the PM 10 inlet (Comde-Derenda) is visible. The same inlet was
used for the 昀椀lter-based measurements on the tower.

Figure 3.3.: Map (OpenStreetMap contributors 2017) showing the sampling locations at the
SMEAR II Station.
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3.2. Measurement setup at the measurement locations

3.2.1. The PINE container

Ground-based measurements were performed in a container (PINE container) during the Hy-
ICE23 campaign. The setup used during the di昀昀erent phases is shown in 昀椀gure 3.4. It includes
the PINE instrument for measurement of INP concentrations at high temporal resolution a
setup for 昀椀lter sampling for INP measurements over longer periods and an APS for particle size
distribution measurements during phase 1 and 2 (right).

The air 昀氀ow to the instruments inside the PINE container 昀椀rst passes a PM10 inlet (Comde-
Derenda) which removes particles with a diameter larger than 10 µm. The incoming air is split
into three branches to the di昀昀erent instruments.
The setup used during phase 1 and 2 is shown in 昀椀gure 3.4 on the left. The sample line to the
right connected to the PINE, which was operated with a sample 昀氀ow rate of 2.2 to 2.5 l min-1.
The vertical sampling tube is connected to the APS. The APS was operated with a 昀氀ow rate of
5 l min-1, the WIBS with a 昀氀ow rate of 0.3 l min-1. The sample line to the left was used for the
昀椀lter based aerosol sampling setup. A valve before the 昀椀lters allow disconnecting the sampling
昀氀ow to this branch during 昀椀lter changes (see section 2.7). The valve between the 昀椀lter setup
and the pump was used to stop the air 昀氀ow through the 昀椀lters during 昀椀lter changes. The 昀椀lter
sampling setup was used with 昀氀ow rates between 3.4 l min-1 and 3.8 l min-1 during the whole
campaign.
The changes to the setup in phase three are shown in 昀椀gure 3.4 on the right. At the beginning of
January 2024, a WIBS from TU Wien was connected to the vertical branch. A second pressure
meter was added to the 昀椀lter setup on the left branch. Two welas-2500 sensors were added to the
setup at di昀昀erent positions, see 昀椀gure3.4 (left) and 昀椀gure 3.5. One was mounted to the vertical
main sampling line before the line splits into the di昀昀erent branches, in order to measure the size
distribution of incoming particles in the total sampling 昀氀ow. The total 昀氀ow rate at that position
is 14.5 to 15.2 l min-1. The second sensor was mounted to the vertical sampling tube directly
above the cloud chamber of the PINE instrument (see 昀椀g. 3.5 left side). The welas sensors at
the start and end of the sampling line can be used to observe particle loss due to the setup, by
comparing the measured size distributions. This needs further evaluation, not part of this thesis.

Figure 3.4.: Scheme of the PINE container setup during phase 1 and 2 (left) and phase 3
(right).
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Figure 3.5.: Pictures of the additional welas-2500 sensors and Promo-2000 devices added during
phase 3. A picture showing a welas sensor built into the PINE instrument (left). The welas
sensor built in before the split of the sampling line and the Promo devices are shown on the
right.

3.2.2. The tower container

Figure 3.6.: Scheme of tower container measurement setup during phase 1 and 2 (left) and
phase 3 (right).

A container (tower container) located on a 35 m high tower was used for aerosol and INP
measurements above the canopy level. The sample 昀氀ow for these measurements was passed
through a PM10 inlet. On the inside of the tower container, a setup for taking 昀椀lter samples
was installed. Similar to the setup in the PINE container, the main sample 昀氀ow was split into
several 昀氀ows for the parallel sampling of aerosols on two 昀椀lters with 昀氀ow rates between about
3.4 l min-1 and 3.8 l min-1. The sample line was connected to the central pump system of the
tower container. The aerosol 昀椀lter setup was in operation during all three campaign phases.
At the start of April, a WIBS from the University of Tampere was connected to the sample line.
Prior to installation in the tower container, a comparison between the two WIBS instruments
was done in the PINE container. The comparison was repeated at the end of the measurement
period. Valves and a second pressure meter were added to the 昀椀lter setup. The valves allowed
continuous measurement of the WIBS instrument even during 昀椀lter changes.
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Chapter 4.

Results

This chapter includes a presentation and discussion of results obtained during the HyICE23
campaign. The data time series are shown in section 4.1 and a case study of the period between
April 18th and 25th, 2024, is shown in section 4.2.

4.1. Long Term Measurements

This chapter gives an overview of the measurements done during the HyICE23 campaign. Pre-
sented are measurements of INP concentrations over the whole campaign using PINE in section
4.1.1 and INSEKT in 4.1.2. A comparison between the two INP measurement methods is shown
in section 4.1.3. Detailed data time series for each month of the campaign are shown in section
4.1.4. A comparison of the INP measurements with ambient conditions and the aerosol particle
size distribution are shown in Sections 4.1.6 and 4.1.5.

4.1.1. PINE measurements

An overview of the PINE data measured during the HyICE23 campaign is presented in 昀椀gure
4.1. The INP concentrations measured at higher time resolution are shown here as daily means
for temperatures between 242 K and 260 K. Concentrations are plotted with the color code at
the right side, with dark blue colors for the lowest concentrations and yellow colors for the
highest concentrations. The INP concentrations were averaged for 2 K temperature intervals.
PINE measurements were performed between mid-October and mid-November at di昀昀erent tem-
perature ranges in order to obtain an overview for the range of the local INP population. The
PINE instrument was then operated in repeating periods of constant temperature at 257 K and
temperature ramps to 243 K from mid-November to mid-March. The PINE instrument was
operated at di昀昀erent temperature settings from mid-March to end April.
The measurements at high temperatures (around 257 K) showed INP concentrations around
1 stdl-1 to 10−2 stdl-1. INP concentrations at low temperatures (around 247 K) varied between
1 stdl-1 and 102 stdl-1.

Figure 4.2 shows time series of the INP concentrations at the selected temperatures 247 K (blue),
251 K (orange), and 257 K (green). Again, the INP concentrations are shown as daily means.
The day to day INP concentrations varies for all temperatures. For the PINE measurements at
the lowest two temperatures, the day to day variability can be as high as one order of magnitude,
in some cases a change of two orders of magnitude could be observed. No signi昀椀cant seasonal
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Figure 4.1.: Overview of the PINE data set for the whole campaign period. The INP concen-
tration (color code) is shown as time series with daily mean values and for the temperatures
from 242 K to 262 K. During two separate periods in December and January, the measurements
were done at a constant temperature.

variation of the INP concentrations was observed at these low temperatures. The measurements
at 251 K show a slight seasonal trend with decreasing INP concentrations from October to
January and increasing concentrations from February to May. The day to day variability of
INP concentrations at the highest temperatures is within about one order of magnitude. For
March and April, an increasing variability of the INP concentration can be seen at the highest
temperature.
Figure 4.3 shows the monthly mean INP concentrations for the temperatures 247 K, 249 K, 255 K
and 257 K. The boxes are calculated using the daily mean values of the PINE INP measurements
at each temperature. This representation con昀椀rms the conclusion from the time series plots
above with not clear seasonal trend for the INP concentration at temperatures below about
249 K, but a more clear trend at temperatures above about 255 K. At 257 K, the mean values
decreased from about 0.44 stdl-1 in October to 0.14 stdl-1 in January in mid-winter. The INP
concentrations then increased from about 0.25 stdl-1 in February to 0.57 stdl-1 in April. This
result con昀椀rms a trend for the INP concentration in Hyytiälä already observed by Schneider
et al. 2020 for temperatures above about 255 K.
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Figure 4.2.: PINE INP concentration time series for three di昀昀erent temperatures. The INP
concentration is shown as daily means at 247 K (blue), 251 K (orange) and 257 K (green).

(a) (b)

(c) (d)

Figure 4.3.: Monthly mean INP concentrations measured with PINE. The boxes are calculated
by using daily mean INP concentrations for temperatures of 247 K (a), 249 K (b), 255 K (c) and
257 K (d). Each box represents one month, from October 2023 to April 2024. The frame of each
box represents the quartiles, the line within the box depicts the median. The whiskers stand for
the area of 5 and 95% of all measurements. Outliers are shown as singular dots.
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4.1.2. INSEKT measurements

In addition to the PINE measurements, aerosol 昀椀lter samples were taken during the whole
campaign period for o昀툀ine INP analysis with the INSEKT method. For this thesis, samples
between October and December 2023 and during spring 2024 have been analyzed. Samples
have been taken in two locations, the PINE container, for ground based measurements and the
tower container for measurements above the canopy (see sections 3.2). Figure 4.4 shows the
INP concentrations measured with INSEKT from samples taken in the PINE container. Figure
4.5 shows the INP concentrations measured with INSEKT from samples taken in the tower
container. For both locations, the INP concentrations between 246 K and 268 K are shown as
color-昀椀lled circles. The measurements were divided into temperature bins of 0.5 K, the color
shows the time, when the sample was taken.
The INP concentrations at high temperatures (around 260 K) were usually around 10−3 stdl-1

to 10−1 stdl-1. At low temperatures (around 252 K), the INP concentrations varied between
10−1 stdl-1 and 101 stdl-1. Samples taken during spring 2024 (March and April, light green and
yellow colors) show variability over all measured INP concentrations. A few samples from this
season show enhanced INP concentrations at temperatures around 259 K to 255 K. This can be
seen at both locations.
Figure 4.6 shows the monthly distribution of INP concentrations measured with INSEKT (PINE
container, non-heated). The data in each panel is depicted in the same way as in 昀椀gure 4.4, but
here only the data of the respective month is color-coded, while all the other measurements
are shown in gray in each panel. They show the samples taken in October (a), December (b),
March (c) and April (d). Samples taken in both, March and April show the spread mentioned
above. Samples taken in December show lower INP concentrations compared to all measure-
ments. Additional analysis of the samples using heat treatment was performed for the samples
taken during the winter to spring transition.
Figure 4.7 shows a comparison of the INP concentrations measured in the PINE container and
the INP concentrations measured in the tower container. The INP concentrations measured in
the tower container are around 4.6% higher compared to the INP concentrations measured in
the PINE container. Figure 4.8 shows a comparison of the INP concentrations of samples taken
during daytime and nighttime, the deviations are shown to be rather small. A comparison be-
tween the INP measurements of non-heated and heated samples is presented in 昀椀gure 4.9. The
dots are calculated by comparing the INP concentration measured at di昀昀erent temperatures
before and after heat treatment. The color shows the time when the sample was taken. For
low concentrations, the non-heated samples show a concentration almost 10 times larger than
the heated samples. Figure 4.10 shows the same comparison, but as a quotient, between the
di昀昀erent INP concentrations for di昀昀erent temperatures. The color in this graph also shows the
time, when the sample was taken. The INP concentrations observed between 260 K and 251 K
are roughly 10 times larger for non-heated compared to heated samples. The ratio for this devi-
ation slightly decreases for lower temperatures. This can be explained by a change of prevalent
INP particle types with temperature, from biogenic at high temperatures to dust or sea salt at
lower temperatures, which are less a昀昀ected by the heat treatment.
Figure 4.11 shows a monthly comparison of INP concentrations of the heated samples. The
graph is built up similarly to Fig 4.6, with measurements of heated samples from the PINE con-
tainer. Heated samples during di昀昀erent months showed a similar variety in INP concentrations
to the non-heated measurements. Samples taken in December show lower values, while samples
from March and April show a large spread.
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Figure 4.4.: INSEKT INP measurements from the PINE container aerosol samples (non-
heated). The graph shows the INP concentrations for the whole temperature in 0.5 K steps.
The colored circles represent the measured INP concentrations, while the whiskers stand for
the measurement uncertainty for the INP concentration. The color code indicates the aerosol
sampling time.

Figure 4.5.: INSEKT INP measurements from the tower container aerosol samples (non-
heated). The colored circles represent the measured INP concentrations, while the whiskers
stand for the measurement uncertainty for the INP concentration. The color code indicates the
aerosol sampling time.
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(a) (b)

(c) (d)

Figure 4.6.: Monthly INP concentrations measured with INSEKT for the PINE container.
The four panels show the INP spectra for the four months October, December, March and April.
The INP concentrations represent a mean value over the time when each sample was taken at
di昀昀erent temperatures, divided into 0.5 K bins. Every panel includes the INP spectra of all
samples taken in the PINE container displayed in gray, whereas the spectra of the particular
months are highlighted with colors. The color represents the time when the sample was taken.
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Figure 4.7.: Comparison of INSEKT INP concentrations measured in the PINE container and
the tower container. The solid blue line indicates the 1:1 ratio, the dashed line a 1:2 ratio, and
the dotted line a 1:10 ratio. The INP concentrations measured in the tower container are around
4.6% higher compared to the INP concentrations measured in the PINE container.

Figure 4.8.: Comparison of the INP concentrations from day and night samples for the PINE
and the tower container taken during the 昀椀rst phase.
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Figure 4.9.: Comparison of INSEKT INP measurements from heated and non-heated aerosol
samples from the PINE container and the tower container. The color shows the time when the
昀椀lter was taken.

Figure 4.10.: Ratio of the INSEKT INP concentrations from the non-heated and the heated
aerosol samples from the PINE container (same data as shown in 昀椀g. 4.9). The color shows the
time when the 昀椀lter was taken.
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(a) (b)

(c) (d)

Figure 4.11.: Monthly INSEKT INP concentrations from heated samples. The panels show
the INP concentrations for the four months October, December, March and April as shown in
昀椀gure 4.6 for samples after heat treatment.
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4.1.3. Comparison of PINE and INSEKT

A comparison of INP concentrations measured with the PINE instrument (triangles) and the
INSEKT method (circles) is presented in 昀椀gure 4.12 for samples taken in the PINE container,
and in 昀椀gure 4.13 for samples taken in the tower container. The INP concentrations measured
by PINE were averaged over the times when each aerosol sample for INSEKT analysis was taken.
The INP temperature spectra of PINE and INSEKT are analyzed and plotted in steps of 2 K
and 0.5 K, respectively. In general, the INP concentrations measured with PINE and INSEKT
agree well to each other. Only towards higher temperatures, the PINE data seems to show a
high bias compared to the INSEKT data, but overall the two instruments complement each
other very well.
A selection of four examples for the comparison of PINE data to a single INSEKT sample is
shown in 昀椀gure 4.14. During one sample (light green), the PINE was operated at a constant
temperature, the mean value of which is shown as a single triangle. For all examples, the overlap
of PINE and INSEKT is very good for temperatures below 255 K, above this temperature,
the PINE instrument may measure slightly higher INP concentrations as shown in the yellow
graph. For two examples (purple) PINE and INSEKT show very good agreement over the whole
temperature spectrum. As such, during times of high INP concentrations at temperatures above
255 K, PINE measurements do not overestimate the real INP concentration.
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Figure 4.12.: INP concentrations measured with the PINE instrument (triangles) and with
INSEKT for non-heated aerosol samples from the PINE container (dots) over a temperature
spectrum between 242 K and 268 K. The PINE measurements were averaged over the sampling
time of each INSEKT sample. For PINE, the temperatures are binned into 2 K intervals and
for INSEKT into 0.5 K intervals. The color shows the time of each measurement.

Figure 4.13.: INP concentrations measured with the PINE instrument (triangles) and with
INSEKT for non-heated aerosol samples from the tower container (dots) over a temperature
spectrum between 242 K and 268 K. The PINE measurements were averaged over the sampling
time of each INSEKT sample. For PINE, the temperatures are binned into 2 K intervals and
for INSEKT into 0.5 K intervals. The color shows the time of each measurement.

35



Chapter 4. Results

Figure 4.14.: Comparison of INP concentrations from PINE and INSEKT measurements in
the PINE container for selected single INSEKT sampling periods.
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4.1.4. Monthly data time series

In this section, detailed data time series are shown and discussed subsequently for each month
of the campaign time period. The aim here is to provide an overview of the INP and other
important data as well as their variation and correlation for the full campaign period.
The INP concentrations measured with PINE and INSEKT are shown in 昀椀gures 4.15 to 4.21
together with aerosol and meteorological data1.

The top panel of these 昀椀gures shows the INP concentrations measured with PINE together with
precipitation. The INP concentrations (circles) at temperatures 249 K (blue) and 257 K (green)
were averaged over 12 to 24 h periods (phase 1 and 3, and phase 2). The precipitation is shown as
6 h accumulative liquid water equivalent (blue shaded areas) measured at the GPM-昀椀eld (OTT
Pluvio2 weighing rain gauge). The averaging was done, to show and compare the PINE data for
a time resolution similar to the INSEKT measurements. The 12 h averaging of the PINE data
starts from 06:00 local time, while the 24 h averaging starts from 12:00 local time.
The second panel shows INSEKT INP measurements (circles) and relative humidity (blue line).
The INP concentrations at temperatures 254 K (blue) and 257 K (orange) from PINE container
(non-heated) samples are shown for 12 h daytime and nighttime samples during phase 1 and
3 and 3 to 4-day periods for phase 2. The relative humidity measured at 1.5 m above ground
(Rotronic MP102H RH/T sensor) is shown as 12 h running mean for autumn and spring and a
one-day running mean for winter.
The third panel shows the air temperature (red line) and snow depth (black line). The air
temperature is measured at 1.5 m above ground (Rotronic MP102H RH/T sensor), it is shown
as a 12 h (autumn and spring) and 24 h (winter) running mean, to better 昀椀t the averaging of INP
concentrations. The snow depth is measured at the GPM-昀椀eld (Jenoptik SHM30) and shown
with no averaging (still zero until end of October).
The fourth panel shows the number concentration of aerosol particles measured with APS in the
PINE container. The measured concentration of particles larger than 0.5 µm (blue line) and the
concentration of particles larger than 2.5 µm(black line) is shown as 12 h (autumn and spring)
and 24 h (winter) running mean.
The lowest panel shows the wind direction Wd (red line) and wind speed Ws (black line ) also
using a running mean of 12 (autumn and spring) and 24 h (winter). The wind direction is
measured at 120 m (Metek 3D ultrasonic anemometer) and the wind speed at 8.4 m (Thies 2D
Ultrasonic anemometer) above ground.
The changes in wind direction coincide often with changes in ambient temperature, but to
di昀昀erentiate the actual origin of the air mass, modelling of back trajectories with HYSPLIT
(Stein et al. 2015) is more reliable (see section 4.2).

October: The INP concentrations varied until October 23rd, where INSEKT measurements
show a decrease in INP concentrations at 257 K after a precipitation (snow) event that day. A
change in wind direction from north-east to south east on this day may hint to a change in air
masses. During the night to 24th and the following days ambient temperatures stayed close to
0 ◦C. During daytime of the 23rd INP concentrations measured with PINE at 249 K were by
close to 10−1 lower compared to the days prior and after. The INP concentrations at 257 K
measured with PINE could be observed to decrease during a decrease in ambient temperatures
from October 24th to 26th. The INP concentrations at 249 K showed a slight increase during
this time. Measurements with INSEKT also showed decreasing INP concentrations at 254 K

1Available at: https://avaa.tdata.fi/web/smart (last accessed: September 2nd, 2024)
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and 257 K in the same period. The concentration of particles larger than 0.5 µm, as well as
concentration of bigger particles (larger than 2.5 µm) measured with APS, showed no systematic
change. An increase in INP concentrations was observed on the 26th, with increasing ambient
temperature with PINE and INSEKT, while particle concentrations showed no change. INP
concentrations at 249 K measured with PINE increased with no visible connection to changes in
ambient temperature, except on the 26th. Decreases in INP concentrations showed no visible
connection to changes in temperature or particle concentration. A change in wind direction
from north-east to south-west could be observed during the 29th, the INP concentrations showed
no change connected to this. At the end of the month, decreasing INP concentrations at all
temperatures were observed during a precipitation event. During this event, the 6 h accumulative
precipitation was observed to be above 5 mm liquid water equivalent over a duration of 18 h.
Ambient temperatures were close to 0 ◦C and showed no particular change. The measured
particle concentrations decreased during this time by about one order of magnitude, and slightly
more for particles larger than 2.5 µm.

November: At the start of November, INP concentrations decreased with decreasing ambient
temperature until around the 3rd. From this day, an increase in ambient air temperature as well
as increasing INP concentrations can be observed. During this time, a decrease in snow depth
was observed. Particle concentrations increased by around 101. Decreases in INP concentrations
at 257 K could be observed during high ambient temperatures from November 5 to 6. The mea-
sured particle concentration of large particles showed a decrease by 101 at the same time. The
concentration of particles larger than 0.5 µm showed no particular change during this time. The
INP concentration could be observed to decreases during precipitation events on two occasions
of long (more than 12 h) snow fall during November 11 and 12. This decrease was observed at all
temperatures measured with PINE. INSEKT samples during this time spanned multiple days
and showed a decrease of less slightly than 101. INP concentrations measured with INSEKT
showed a decrease in conjunction with decreasing ambient temperature over most of November.
This seems to be the inverse of the winter to spring transition, considering the closed snow
cover after November 13th. A steady decrease in INP concentrations from 1 to 10−2 stdl-1 over
a period of two weeks can be observed during this transition. During a period where ambient
temperatures increased by 101 K to around 0 ◦C around November 23, no signi昀椀cant change in
INP concentrations was observed. At this time, the concentration of particles larger than 0.5 µm
measured with APS decreased by 101. On this occasion, the decrease in concentration of parti-
cles larger than 0.5 µm and the increase in the INP concentrations possibly caused by increasing
temperatures may have balanced out to the observed indi昀昀erence of observed INP concentra-
tions. During a second event (November 27th to 29th) of ambient temperature increase by more
than 101 K, no signi昀椀cant change in particle concentration was measured. INP concentrations
measured with PINE at high temperatures increased simultaneously to the change in ambient
temperature at this event. The INP concentrations at low temperatures show similar behavior
to INP concentrations at high temperatures for most of November. Changes of wind direction
over the month could not be connected to changes in the INP concentrations, more so to changes
in ambient temperature, hinting to changing air mass origin over the month.

December: The INP concentrations at high temperatures were low during December com-
pared to the previous months. Around mid-December, INP concentrations measured with
INSEKT increased together with an increase in ambient temperature from around 10−2 to
10−1 stdl-1 at 257 K while at 254 K a increase from around 1 to 101 stdl-1 could be observed. Fluc-
tuations due to precipitation could not be observed to re昀氀ect on INP concentrations measured
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with INSEKT during this increase due to long measurement periods. The INP concentrations
at low temperatures measured with PINE in December varied. During the period of warmer
temperatures (December 16th to 23rd), the INP concentrations measured at low temperatures
with PINE showed a decrease from 101 to 1 stdl-1. The PINE measurements showed a decrease
in the INP concentrations during multiple precipitation events in December. Measurements at
high temperatures showed 昀氀uctuations similar to the INSEKT measurements but seem to be
more a昀昀ected by precipitation events. During one speci昀椀c increase in INP concentrations (on
17th), a short dry phase at ambient temperatures close to 0 ◦C could be observed. The particle
concentrations measured with APS showed a decrease during these events, especially particles
larger than 2.5 µm. Changes in the particle concentrations during this month showed mostly
no parallels to changes in the measured INP concentrations, except during precipitation events.
In late December, the INP concentrations measured with PINE at low temperatures increased
with decreasing ambient temperature. During this time, the INP concentrations measured with
INSEKT decreased by around 10−2 for the observed temperatures. Measurements with INSEKT
at high temperatures showed a decrease from 10−1 to 10−3 stdl-1. Wind direction during this
month could be connected to periods of increasing ambient temperature during west-wind and
decreasing ambient temperature during periods of east-wind until 21st December.

January: The INP concentrations measured with PINE decreased at the start of January,
while ambient temperature stayed low (<−20 ◦C). The INP measurements at temperatures
above ambient temperature were possible due to relative humidity being below 80%. The INP
ice active above ambient temperature were not activated due to low ambient water vapor pres-
sure. An increase in INP concentrations at low temperature with PINE from 1 to 101 stdl-1 could
be observed during increasing ambient temperatures on January 7th. On January 8th (12:00 to
14:00 UTC), INP concentrations measured with PINE at high temperatures rose to 101 stdl-1 due
to local concentration of particles being high during a four-hour-long event. Low temperature
measurements were done directly before and after the event and may have missed the changes in
INP concentrations connected with it. INSEKT samples have only been analyzed until before
this event. The long period of INSEKT measurements may make this event invisible compared
to possible increase in INP due to increasing temperature. Further measurements with PINE at
high temperatures showed variations, most likely connected to changes in ambient temperature.
Decreases in the particle concentration measured with APS coincided with INP concentration
decreases twice during this month (10th and 24th). During both, the INP concentrations mea-
sured at low temperatures showed a decrease. During a precipitation event on January 22nd,
the INP concentrations at low temperature decreased, while at high temperatures no change
was observed. From mid of the month, INP concentrations at low temperatures showed inverse
development compared to ambient temperature, showing increases during decreasing ambient
temperature and vise versa. Wind direction varied more over this month compared to December,
which may have a昀昀ected the INP concentrations, but speci昀椀c back trajectories may give more
reliable information.

February: An increase in the INP concentrations at low temperatures was observed during
decreasing ambient temperature at the beginning of February, a change in wind direction from
north-west to north-northeast could be observed at the start of the decreasing trends. From mid
to late February, INP concentrations at low temperatures decreased while ambient temperatures
rose. During this month, the INP concentrations at high temperatures varied only a few times
from around 10−1 stdl-1 On February 7th (08:00 to 11:00 UTC), a short term increase in the
INP concentrations from 10−1 to 1 stdl-1 was measured with PINE at high temperatures. During
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this event, no changes in aerosols were measured with APS or most station measurements. The
DMPS showed an increase from 750 to 1200 cm-3, a connection to the INP increase is not yet
possible. At around mid of the month, the INP concentrations at low temperatures decreased,
while the INP concentrations at high temperatures showed an increase. Ambient temperature
rose to around 273 K. APS measurements showed a decrease of particle concentrations by
around 1 around the 17th, while a precipitation event was observed. During this event, the INP
concentrations also showed a decrease at all temperatures. In the night prior to the 17th a change
in wind direction from south to north could be observed. A decrease in the INP concentrations
at high temperatures could be observed during the following days, while ambient temperature
decreased. A peak in INP concentrations at low temperatures on 24th was observed, but could
not be connected to changes in any other measurement part of this thesis. Wind direction
during this month was observed to be mostly south during periods of increasing, or ambient
temperature close to 0 ◦C and mostly north during periods of decreasing temperature.

March: At the start of March, the INP concentrations measured with PINE decreased and
increased with changes in particle concentrations measured with APS. The ambient air tempera-
ture stayed close to 0 ◦C (between −10 ◦C and 10 ◦C) for most of the month. INP concentrations
at high temperatures followed increases and decreases in ambient temperature, except during a
precipitation event on March 16th. The INSEKT measurements showed increases of INP concen-
tration at high temperatures by 102 during increasing ambient temperature and decreasing snow
depth. The PINE measurements also follow this trend for measurements at high temperatures.
During a precipitation event on 22nd, the INP concentration at high temperatures decreased by
101. The INP concentrations at low temperatures increased from 1 to 102 stdl-1 from 8th to 10th
March. The INP concentrations at high temperatures showed an increase of less than 101 on
10th March. The ambient temperature showed a decrease during this time (March 8th to 10th).
A decrease of the INP concentration at high temperatures from 1 to 10−1 stdl-1 was observed
during a precipitation event around 15-16th. The PINE Measurements of INP concentrations at
low temperatures showed no changes connected to ambient temperature, except during decreas-
ing snow depth. INP measurements with INSEKT at high temperatures were around 10−2 stdl-1

around 20th March. Measurements at the end of March showed INP concentrations at around
10−1 stdl-1 to 1 stdl-1. Measurements in between have not been analyzed yet. The wind direc-
tion during this month varied more compared to February, still, mostly south-wind was observed
during warm periods and wind from northern directions during cool periods.

April: The INP concentrations measured with PINE at high temperatures decreased for mea-
surements with PINE and INSEKT at the start of April and slowly increased by about 101

until April 7th. The INP concentrations at low temperatures followed this trend. Ambient
temperature decreased from around 5 ◦C to −8 ◦C on the 4th and increased to 5 ◦C by 7th. At
around April 7th to 8th, a precipitation event was observed with decreasing INP concentrations
at low temperatures. The INP concentrations at high temperatures seem less a昀昀ected, which
may be due to increasing ambient temperature during the event. The INP concentrations mea-
sured with INSEKT at high temperatures showed a decrease from 10−1 to 10−2 stdl-1 from the
beginning of April until 7th, after the precipitation event, an increase to 1 stdl-1 was observed.
Until April 12th, PINE and INSEKT measurements show increasing INP concentrations at all
temperatures, while ambient temperature stayed above 0 ◦C even during the night. The par-
ticle concentrations measured with APS varied, but showed no correlation to changes in INPs
until mid-April. From around 12th, the INP concentrations at all Temperatures decreased over
the next 2 days and varied until 16th. Around this time, the measured particle concentrations

40



4.1. Long Term Measurements

showed similar changes and may be connected. From 16th to 18th, INP concentrations were
observed to decrease with decreasing ambient temperature. Afterward, day-to-day changes are
shown in the case study in section 4.2. A general trend of the INP concentrations changing with
changes in ambient temperature was observed 18-25th. After 25th, the INP concentrations show
dependence on ambient temperature as well as particle concentration measured with APS. Wind
direction during this month could be connected to periods of increasing ambient temperature
during west-wind and decreasing ambient temperature during periods of north-east-wind until
April 25th.
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Figure 4.15.: Data time series for the 昀椀rst campaign month October 2023. The top panel
shows 12 h daytime and nighttime means of the INP concentrations measured with PINE at
temperatures of 249 K (blue circles) and 257 K (green circles), as well as 6 h accumulative precip-
itation amounts (liquid water equivalent, blue shaded areas). The second panel shows INSEKT
INP measurements at temperatures of 254 K (blue circles) and 257 K (orange circles) from 12 h
daytime and nighttime aerosol 昀椀lter samples (non-heated) in the PINE container, as well as the
one-day running mean of the ambient relative humidity. The third panel shows the one-day
running mean of the air temperature (red line) and the snow depth (black line, still zero during
October). The fourth panel shows the number concentrations of aerosol particles larger than
0.5 µm (blue line) and larger than 2.5 µm (yellow line), both measured with the APS in the
PINE container. The lowest panel shows the wind direction Wd (red line) and the wind speed
Ws (blue line).
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Figure 4.16.: Data time series for the campaign month November 2023. The same panels and
data are the same as in 昀椀g. 4.15, only the time period for the INSEKT aerosol samples did vary
during the month.
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Figure 4.17.: Data time series for the campaign month December 2023. The same panels and
data are the same as in 昀椀g. 4.15, only the 12 h running mean of meteorological and APS data
was changed to a one-day running mean.
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Figure 4.18.: Data time series for the campaign month January 2024. The same panels and
data are the same as in 昀椀g. 4.15, only one INSEKT analysis was done selectively and the 12 h
running mean of meteorological and APS data was changed to a one-day running mean.
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Figure 4.19.: Data time series for the campaign month February 2024. The same panels and
data are the same as in 昀椀g. 4.15, only one INSEKT analysis was done selectively and the 12 h
running mean of meteorological and APS data was changed to a one-day running mean..
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Figure 4.20.: Data time series for the campaign month March 2024. The same panels and
data are the same as in 昀椀g. 4.15, only the time period for the INSEKT aerosol samples did vary
during the month and INSEKT analysis was done selectively around periods of decreasing snow
cover.

47



Chapter 4. Results

Figure 4.21.: Data time series for the campaign month April 2024. The same panels and data
are the same as in 昀椀gure 4.15, only the time period for the INSEKT aerosol samples did vary
during the month and INSEKT analysis was done selectively around periods of decreasing snow
cover.
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4.1.5. INP correlation to aerosol number concentrations

Parallel to the INP measurements, particle number concentrations and size distributions were
measured with an APS instrument (see section 2.2) over the whole duration of the campaign.
For a general comparison of INPs and particle properties, the Spearman correlation coefficients
were calculated for the INP measurements and the particle size distribution of particles larger
than 0.5 µm as well as the particle size distribution of particles larger than 2.5 µm (see Kauf-
mann 2019) measured with the APS. Figure 4.22 shows the calculated correlation coefficients for
comparison between APS and INSEKT (PINE container, non-heated) (a) and APS and PINE
(b). The correlations are calculated by using a mean of the size distributions measured over the
time of measurements of PINE and INSEKT respectively.
The correlation between INP concentration measured with INSEKT and concentration of parti-
cles larger than 0.5 µm measured with APS are low for all temperatures and above 254 K, slightly
negative. The correlation between INP concentration measured with INSEKT and concentra-
tion of particles larger than 2.5 µm measured with APS are higher for temperatures between
255 K and 262 K. The INP concentrations measured with PINE show a slight correlation to the
aerosol concentration for temperatures below 251 K. The increase in the correlation coefficient
by looking only at particles larger than 2.5 µm can still be observed, but is much less pronounced
compared to the comparison to INSEKT measurements. A more in depth comparison of INP
measurements and APS data is shown in sections 4.1.4 and 4.2.
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(a)

(b)

Figure 4.22.: Spearman correlation coefficient between INSEKT measurements (a) and PINE
measurements (b) to the APS aerosol concentration measurements. The orange graphs show
the correlation of INP concentration to concentration of particles larger than 2.5 µm while the
blue graphs show the correlation to the particle concentration of particles larger than 0.5 µm.
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4.1.6. INP correlation to meteorological conditions

Correlating the INP concentrations to meteorological data may provide insight into possible
sources. For the measurements in Hyytiälä, local and regional sources may play an important
role. As these mostly produce biogenic particles, the meteorological factors may also impact the
prevalent type of measured INPs. However, neither wind direction, wind speed nor precipita-
tion showed signi昀椀cant correlation with the INP concentrations measured with either PINE or
INSEKT on long term. The highest correlation was found to be in regard to the ambient tem-
perature. The Spearman correlation coefficients for INSEKT INP concentration and ambient
temperature at 1.5 m (Rotronik MP102H RH/T) were calculated at di昀昀erent nucleation tem-
peratures. The correlation coefficients for samples taken in the PINE container are presented
in 昀椀gure 4.23. The coefficients are calculated by using a mean of the temperature measured
during the duration when the sample was taken. Figure 4.24 shows the di昀昀erence in correlation
coefficients for the two locations, Pine container and tower container, compared to temperature
at 1.5 m was used. A di昀昀erence in the correlation was observed for the two locations. The INP
measurements with INSEKT in the PINE container showed higher correlations compared to the
measurements done on the tower container. This may be due to the sources, which react to the
temperature changes, being closer to the ground than above the canopy, while above the canopy
the INP from further away sources in昀氀uence the measurement more.

Figure 4.25 shows the correlation made for INSEKT measurements during the di昀昀erent phases.
During autumn (phase 1), temperatures varied only slightly, while INP concentrations at high
temperatures varied by up to 103. Decreases in INP concentration were observed during precipi-
tation (snow) events. INP concentrations increased after these events, while temperature changes
were di昀昀erent to these events. Due to generally low ambient temperature in winter (phase 2)
a correlation to low INP concentrations is acceptable, but INP concentration decreases were
observed to reach a lower limit around 10−3 stdl-1. These concentrations were reached during
ambient temperatures above −10 ◦C, during winter ambient temperatures were observed below
−10 ◦C. During spring (phase 3), changes in INP concentrations could be observed to be largely
in昀氀uenced by ambient temperature.
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Figure 4.23.: Spearman correlation coefficient R between INSEKT INP measurements (PINE
container, non-heated, whole campaign period) and the ambient temperature.

Figure 4.24.: Spearman correlation coefficient R between INSEKT INP measurements (non-
heated, whole campaign period) and the ambient temperature. The blue graph shows the
correlation for the PINE container measurements, the yellow graph shows the correlation for
the tower container measurements.
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Figure 4.25.: Correlation coefficient between INSEKT measurements and the ambient tempera-
ture at each phase. The graph shows the Spearman correlation coefficient R of INP concentration
(non-heated) measured in the PINE container and ambient temperature at 1.5 m above ground
for the 昀椀rst phase (blue), second phase (green) and third phase (yellow).
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4.1.7. Comparison to parametrization

A parametrization describing the INP concentration in the boreal forest was proposed in Schnei-
der et al. 2021. The predicted INP concentrations, at ice active temperature T , cINP(T ) are
calculated using the ambient temperature Tamb as follows:

cINP(T ) = 0.1 × exp(a1 × T ab − a2) × exp(b1 × T − b2), (4.1)

with a1 = 0.074 ± 0.006 K-1, a2 = -18 ± 2, b1 = -0.504 ± 0.005 K-1 and b2 = 127 ± 1. A compari-
son of the predicted INP concentrations cINP,pred and the measured INP concentrations cINP,obs,
during this campaign, is shown in 昀椀gure 4.26 for daily mean values of PINE measurements and in
昀椀gure 4.27 for INSEKT measurements. The comparison of predicted INP concentrations show a
good agreement with the measurements using INSEKT. The comparison to PINE measurements
show only few deviations.
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Figure 4.26.: Comparison of the daily mean INP concentrations cINP,obs measured with the
PINE instrument and predicted concentrations cINP,pred using the parametrization proposed in
Schneider et al. 2021.

Figure 4.27.: Comparison of INP concentrations cINP,obs measured with INSEKT and predicted
concentrations cINP,pred using the parametrization proposed in Schneider et al. 2021.
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4.2. Case Study for the week from April 18th to 25th, 2024

In this chapter, a period of 8 days from April 18th to 25th, 2024, is discussed in more detail.
INP measurements with PINE and INSEKT were compared to short term changes in aerosol
parameters and meteorological conditions. INSEKT measurements were obtained for 10 to 24 h
periods. These allow insight into the changes from day to day. The PINE instrument was op-
erated at constant temperatures of 249 K or 250 K during some periods, and with temperature
ramps from 257 K to 242 K in between. Figure 4.28 shows a time series of the PINE measure-
ments at 249 K and 250 K compared with snow depth and temperature measured at 1.5 m above
ground. The INP measurements were calculated using a running mean over a 1 h period. The
ambient temperature and snow depth in this 昀椀gure are depicted as 1 min mean values.
Figure4.1.4 shows an overview of the meteorological changes during the 8-day period in the same
way as for monthly graphs. INP concentrations measured with INSEKT for heated (circles) and
non-heated (triangles) aerosol samples at temperatures of 254 K and 257 K are shown in the top
panel. A 1 h running mean was applied to the meteorological data (except precipitation). The
APS data was averaged with a running mean of 1 h. The INP concentrations at 257 K measured
with INSEKT were in the range from 10−3 stdl-1 to 10−2 stdl-1 until April 24th, then increased
to values around 10−1 stdl-1. The INP concentrations at 254 K showed some variation before
24th but then also steadily increased to about 101.
The INP concentrations were observed to correlate with temperature and the presence of snow.
INP concentrations increased with increasing temperature, in particular during phases where
the snow depth decreased. The INP concentrations then also decreased with decreasing temper-
ature. During the period under discussion here, this happened mostly in the evening hours, and
at the same time precipitation in the form of snow was observed. A peak in INP concentrations
on April 19th could be connected to a local source of particles.
Following the overview given in the previous paragraphs, several graphs are now shown compar-
ing the changes in INP concentration with various other data. These include the air temperature
and the snow depth, aerosol concentrations from APS measurements, as well as biological par-
ticles measured with WIBS. The INP measurements and aerosol concentrations were calculated
using a running mean over a 1 h period. The ambient temperature and snow depth in this 昀椀gure
are depicted as 1 min mean values.

April 18th (昀椀g. 4.30): During this day, the INP concentrations at 249 K increased from
around 1 to roughly 3 stdl-1. The ambient temperature 昀椀rst increased from about −3 ◦C to 3 ◦C,
then decreased again to about −3 ◦C, while INP concentration stayed almost constant. The snow
depth was observed to decrease and was observed to be zero after 10:30 (UTC+3). However,
pictures from a webcam show snow inside the forest area (see 昀椀g. 4.31). The INP concentrations
at 249 K decreased to 1 stdl-1 during the night. The air temperature was observed to decrease
and the snow coverage increased during the night.

April 19th (昀椀g. 4.32): The INP concentrations on this day followed a similar trend as
on the day before, while the temperatures stayed below 0 ◦C and the snow cover decreased
to zero by 11:00 (UTC+3). The INP concentrations at 249 K increased by a factor of 101

for around one hour at around 14:00 (UTC+3). Figure 4.36 shows the INP measurements
on 19th in comparison to APS measurements of the same day. An increase in the particle
concentration of particles larger than 0.5 µm (blue line) occurred shortly before the peak in the
INP concentrations, while the concentration measured for particles larger than 2.5 µm (black
line) showed almost no increase. The sudden increase of the aerosol could be traced back to a
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local source of dust due to other observations. Figure 4.34, panel (a) shows a picture of a close
by road covered in grit on April 13th. On the 19th, the grit was removed, panel (b) shows the
road on the evening of this day. The removal process involves use of heavy machinery (panel
(c)), which produced large dust clouds at the dry conditions. Panel (d) shows a map with the
location of the street close (<500 m) to the PINE container. The overview for the week revealed
relative humidity at around 60% at the time of the peak in INP. The INP concentrations were
observed to decrease during the evening hours, while the air temperature decreased and the
snow cover started to increase.

April 20th (昀椀g. 4.35): The PINE instrument was disconnected for routing cleaning and
background procedures during late night to morning of this day, so that the measurements
only started around midday. The INP concentrations at lower temperatures were observed to
have increased when measurements were restarted. The air temperature stayed below 0 ◦C, but
increased slightly until 13:00 (UTC+3). The INP concentrations decreased starting from 10:00
(UTC+3) over the rest of the day. The snow cover increased between 08:00 (UTC+3) and 10:00
(UTC+3) from around 4 to around 7 cm, with further increasing to about 8 cm until the evening.
The precipitation on this day could not be observed to in昀氀uence PINE INP measurements. It
should be noted, however, that the highest intensity precipitation happened during the cleaning
of the PINE instrument. The INP concentration at 257 K measured with INSEKT (see 昀椀g. 4.29)
on this day, was observed to be 10−3 lower compared to the last analyzed sample on 16th April
(see 昀椀g. 4.21), while the INP concentration at 254 K showed no obvious change.

April 21st (昀椀g. 4.37): During this day, an increase of the INP concentrations was observed
along with increasing ambient temperatures in the morning. The INP concentrations then lev-
elled o昀昀 during a period of increasing temperature and decreasing snow depth from 07:00 to 12:00
(UTC+3). Measurements with the APS (昀椀g. 4.38) showed changes in the particle concentration,
which are aligned quite well with the changes of the INP concentration. The concentration of
particles larger than 0.5 µm varied only slightly during the whole day, while the concentration
of particles larger than 2.5 µm showed an increase with the increasing INP concentration from
around 1.5×10−2 on 07:00 (UTC +3) to 5×10−2 cm-1 on 11:00 (UTC +3). The INP concentra-
tions increased from around 1.5 to 6 stdl-1 during this period. This may indicate that the INP
concentration was more in昀氀uenced by larger aerosol particles on this day.
The WIBS data of this day shows an increase in 昀氀uorescing particles (昀椀g. 4.39), in parallel
to increasing INP concentrations. While the INP concentrations decreased, concentration of
昀氀uorescing particles stayed level. A further in-depth look at di昀昀erent categories of 昀氀uorescing
particles (see section 2.2, Savage et al. 2017) reveals a good correlation between INP concen-
trations and particles of category A on this day (昀椀g. 4.40). The concentrations of 昀氀uorescing
particles (A, B) are similar to the INP concentrations. A comparison of the concentrations of
particles larger than 0.5 µm measured with APS and WIBS shows that WIBS measures a factor
of 101 lower particles, probably because the WIBS has a higher detection threshold for the par-
ticle diameter. The INP concentrations decreased during the evening with decreasing ambient
temperature during the night.

April 22nd (昀椀g. 4.41): The INP concentration at 249 K on this day followed the trend
of the ambient temperature. From 03:00 (UTC+3) to 12:00 (UTC+3), the INP concentration
measured at 249 K increased from around 0.1 to around 20 stdl-1. The ambient air temperature
increased from 03:00 (UTC+3) to 11:00 (UTC+3) from around −9 to 1 ◦C. The increase in
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INP concentration showed a more rapid development (0.5 stdl-1 to 2 stdl-1) during a period of
decreasing snow depth between 12:00 (UTC +3) and 15:00 (UTC +3). Until the evening, the
INP concentration dropped with decreasing ambient temperature from 2 stdl-1 to about 0.2 stdl-1.
Particle concentrations measured with APS (昀椀g. 4.42) showed no change until the evening and
seem to be not connected to the changes in INP concentration during this day. The same was
observed for 昀氀uorescing particles measured with the WIBS (昀椀g. 4.43) in the PINE container.
The pictures in 昀椀gure 4.44 show the absence of snow on the tree crowns during the measurements
on 22nd April.

April 23rd (昀椀g. 4.45): During this day, INP measurements showed a similar trend as during
the 20th April, with a slight increase until midday and a decrease for the rest of the day. The
ambient air temperature stayed below 0 ◦C, but increased during the day. The snow depth
increased over the whole day with an almost constant rate. The particle concentrations were
observed to decrease over the whole day (see 昀椀g. 4.46).

April 24th (昀椀g. 4.47): The INP concentrations at 251 K on this day were observed to
increase from 0.1 stdl-1 at 09:00 (UTC +3) to 2 stdl-1 at 12:00 (UTC+3) and decreasing to
1 stdl-1 by 14:00 (UTC +3). The next measurement at 21:00 (UTC+3) showed no major change
in the INP concentrations. A temperature scan during the afternoon revealed an increase in INP
concentrations at high temperatures during this time, INP concentrations at 257 K increased
from around 3 × 10−1 to 101 stdl-1 (see 昀椀g. 4.21). The INSEKT measurements of this day
revealed an increase by almost 102 in the concentrations at 257 K (from around2 × 10−3 to
roughly 1 × 10−1 stdl-1) comparing the day before and this day, while INP concentrations at
254 K increased by about 101 (from around 8 × 10−2 to roughly 1 stdl-1). This coincides with
the increased INP concentrations measured with PINE. Measurements of particle concentrations
with the APS (昀椀g. 4.48) showed increases over the day, but these were apparently not strongly
correlated with the changes in INPs. WIBS measurements (昀椀g. 4.49) showed an increase in
昀氀uorescing particles along with the increase in the INP concentration. In particular, the particles
categorized as ABC particles (昀椀g. 4.50) showed an increase (by a factor of 101) and decrease with
the decrease in measured INP concentrations. The shown concentrations of 昀氀uorescing particles
are by a factor of 101 lower than the observed INP concentrations. The INP concentration was
observed to decrease during the evening, while WIBS measurements showed no change. The
pictures in 昀椀gure 4.51 show the presence of snow on the tree crowns during measurements on
24th April. The snow on the crowns reduced over the day.

April 25th (昀椀g. 4.52): The INP concentrations at 251 K on this day was observed to stay
close to the level reached during the night (around 0.7 stdl-1). In the evening, a decrease of the
INP concentration by a factor of 101 was observed. On this day, the changes in temperature
seem to not strongly a昀昀ect the INP concentration. Measurements of particle concentrations (昀椀g.
4.53) show constant concentration of particles larger than 2.5 µm during the time of constant INP
concentrations, then also decrease at the same time as the INP concentrations. Measurements of
昀氀uorescing particles (昀椀g. 4.54) reveal constant concentration of particles of category ABC dur-
ing the time of level INP concentrations, which decrease at the same time as INP concentrations.

Figure 4.55 includes trajectories calculated with the HYSPLIT (Hybrid Single-Particle La-
grangian Integrated Trajectory) model (Stein et al. 2015). The trajectories show no major
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4.2. Case Study for the week from April 18th to 25th, 2024

Figure 4.28.: Data time series for the 8-day period April 8th to 25th, 2024. Shown are the INP
concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K (skyblue
circles), the air temperature measured at 1.5 m above ground (red line) and the snow depth
(black line).

change in air mass origin during the measurements until 24th April, a change of air mass origin
happens on 25th.
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Figure 4.29.: Data time series for the 8-day period April 8th to 25th, 2024. The top panel
shows INP concentrations measured with INSEKT in the PINE container and analyzed without
heat treatment (nh, circles) and with heat treatment (h, triangles), and for temperatures of
254 K (blue) and 257 K (orange). The top panel also shows the 6 h accumulative precipitation
(light blue areas) and the ambient relative humidity (blue line). The second panel shows the
one-day running mean of the air temperature (red line) and snow depth (black line). The third
panel shows the number concentrations for particles with diameters larger than 0.5 µm (blue
line) and larger than 2.5 µm (black line) measured by the APS in the PINE container. The
bottom panel shows the direction (Wd, red line) and speed (Ws, black line) of the horizontal
wind.
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4.2. Case Study for the week from April 18th to 25th, 2024

Figure 4.30.: Data time series for April 18th, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), the ambient air temperature measured at 1.5 m above ground (red line) and
the snow depth (black line).

(a) (b)

Figure 4.31.: Change of the snow coverage in the forest on April 18th, 2024. The left picture
(a) shows the snow cover on 10:01 (UTC +3). The right picture (b) shows the same location on
14:31 (UTC +3).
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Figure 4.32.: Data time series for April 19th, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), the ambient air temperature measured at 1.5 m above ground (red line) and
the snow depth (black line).

Figure 4.33.: Data time series for April 19th, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), and the number concentrations for particles with diameters larger than 0.5 µm
(blue line) and larger than 2.5 µm (black line) measured by the APS in the PINE container. The
APS measurements are averaged with a 1 h running mean.
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(a) (b)

(c)
(d)

Figure 4.34.: Photos from road construction work causing a local dust source during April
19th, 2024. The picture in panel (a) shows the road covered with grit on April 13th. The
picture in panel (b) shows the same road after grid removal in the evening of April 19th. The
picture in panel (c) shows the machinery used for the removal of grit. The map (OpenStreetMap
contributors 2017) in panel (d) shows the location of the street in (a) and (b) relative to the
measurement locations.
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Figure 4.35.: Data time series for April 20th, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), the ambient air temperature measured at 1.5 m above ground (red line) and
the snow depth (black line).

Figure 4.36.: Data time series for April 20th, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), and the number concentrations for particles with diameters larger than 0.5 µm
(blue line) and larger than 2.5 µm (black line) measured by the APS in the PINE container. The
APS measurements are averaged with a 1 h running mean.
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4.2. Case Study for the week from April 18th to 25th, 2024

Figure 4.37.: Data time series for April 21st, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), the ambient air temperature measured at 1.5 m above ground (red line) and
the snow depth (black line).

Figure 4.38.: Data time series for April 21st, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), and the number concentrations for particles with diameters larger than 0.5 µm
(blue line) and larger than 2.5 µm (black line) measured by the APS in the PINE container. The
APS measurements are averaged with a 1 h running mean.
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Figure 4.39.: Comparison of INP measurements with WIBS data on April 21st, 2024. The
graph shows the 1 h running mean of INP concentrations measured with PINE at temperatures
of 249 K (blue circles) and 251 K (skyblue circles), as well as the number concentration of all
particles (back line) and 昀氀uorescing particles (green line) measured with the WIBS in the PINE
container. The WIBS measurements are averaged with a 1 h running mean.

Figure 4.40.: Comparison of INP measurements to WIBS data on April 21st, 2024. The graph
shows the 1 h running mean of INP concentrations measured with PINE at temperatures of
249 K (blue circles) and 251 K (skyblue circles), as well as number concentrations of 昀氀uorescent
particles in categories A (red line) and B (blue line) measured with the WIBS in the PINE
container. The WIBS measurements are calculated as 1 h running mean.
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4.2. Case Study for the week from April 18th to 25th, 2024

Figure 4.41.: Data time series for April 22nd, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), the ambient air temperature measured at 1.5 m above ground (red line) and
the snow depth (black line).

Figure 4.42.: Data time series for April 22nd, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), and the number concentrations for particles with diameters larger than 0.5 µm
(blue line) and larger than 2.5 µm (black line) measured by the APS in the PINE container. The
APS measurements are averaged with a 1 h running mean.
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Figure 4.43.: Comparison of INP measurements with WIBS data on April 22nd, 2024. The
graph shows the 1 h running mean of INP concentrations measured with PINE at temperatures
of 249 K (blue circles) and 251 K (skyblue circles), as well as the number concentration of all
particles (back line) and 昀氀uorescing particles (green line) measured with the WIBS in the PINE
container. The WIBS measurements are averaged with a 1 h running mean.

(a) (b)

Figure 4.44.: Development of snow coverage on tree crowns from April 21st to 22nd, 2024.
The left picture (a) shows the tree crowns at 15:31 (UTC +3) on April 21st. The right picture
(b) shows the tree crowns at 10:01 (UTC +3) on April 22nd.
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4.2. Case Study for the week from April 18th to 25th, 2024

Figure 4.45.: Data time series for April 23rd, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), the ambient air temperature measured at 1.5 m above ground (red line) and
the snow depth (black line).

Figure 4.46.: Data time series for April 23rd, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), and the number concentrations for particles with diameters larger than 0.5 µm
(blue line) and larger than 2.5 µm (black line) measured by the APS in the PINE container. The
APS measurements are averaged with a 1 h running mean.
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Figure 4.47.: Data time series for April 24th, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), the ambient air temperature measured at 1.5 m above ground (red line) and
the snow depth (black line).

Figure 4.48.: Data time series for April 24th, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), and the number concentrations for particles with diameters larger than 0.5 µm
(blue line) and larger than 2.5 µm (black line) measured by the APS in the PINE container. The
APS measurements are averaged with a 1 h running mean.
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4.2. Case Study for the week from April 18th to 25th, 2024

Figure 4.49.: Comparison of INP measurements with WIBS data on April 24th, 2024. The
graph shows the 1 h running mean of INP concentrations measured with PINE at temperatures
of 249 K (blue circles) and 251 K (skyblue circles), as well as the number concentration of all
particles (back line) and 昀氀uorescing particles (green line) measured with the WIBS in the PINE
container. The WIBS measurements are averaged with a 1 h running mean.

Figure 4.50.: Comparison of INP measurements to WIBS data on April 24th, 2024. The graph
shows the 1 h running mean of INP concentrations measured with PINE at temperatures of
249 K (blue circles) and 251 K (skyblue circles), as well as number concentrations of 昀氀uorescent
particles (green line) and particles in category ABC (sky blue line) measured with the WIBS in
the PINE container. The WIBS measurements are calculated as 1 h running mean.
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(a) (b)

Figure 4.51.: Development of snow coverage on the tree crowns from April 23rd to 24th. The
left picture (a) shows the tree crowns at 15:31 (UTC +3) on April 23rd. The right picture (b)
shows the tree crowns at 10:01 (UTC +3) on April 24th.

Figure 4.52.: Data time series for April 25th, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), the ambient air temperature measured at 1.5 m above ground (red line) and
the snow depth (black line).
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4.2. Case Study for the week from April 18th to 25th, 2024

Figure 4.53.: Data time series for April 25th, 2024. The graph shows the 1 h running mean
of INP concentrations measured with PINE at temperatures of 249 K (blue circles) and 251 K
(skyblue circles), and the number concentrations for particles with diameters larger than 0.5 µm
(blue line) and larger than 2.5 µm (black line) measured by the APS in the PINE container. The
APS measurements are averaged with a 1 h running mean.

Figure 4.54.: Comparison of INP measurements to WIBS data on April 25th, 2024. The graph
shows the 1 h running mean of INP concentrations measured with PINE at temperatures of
249 K (blue circles) and 251 K (skyblue circles), as well as number concentrations of 昀氀uorescent
particles (green line) and particles in category ABC (sky blue line) measured with the WIBS in
the PINE container. The WIBS measurements are calculated as 1 h running mean.
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Figure 4.55.: Backwards trajectories calculated with the HYSPLIT (Hybrid Single-Particle
Lagrangian Integrated Trajectory) model (Stein et al. 2015) for April 22nd and 24th, 2024.
Every 6 h, one trajectory was calculated going 72 h back in time.
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Chapter 5.

Summary and Outlook

5.1. Summary

The boreal forest is an important source of biogenic INPs (Schneider et al. 2021). Changes in
both the INP emission rates, types and concentrations can vary depending on many di昀昀erent
parameters. A seasonal cycle, especially for the INP concentrations at temperatures between
255 K and 259 K, linked to biogenic particles, was found during a year-long measurement in
the HyICE-2018 campaign (Schneider et al. 2021). New parameterizations for this region were
formulated, one of which is relating the INP concentrations to the ambient temperature (Schnei-
der et al. 2021). INP measurements at lower temperatures suggested a dependence on biogenic
aerosol sources as well (Vogel et al. 2024). Tree dwelling lichen, not covered in snow during
winter, were found to be possible sources for INPs in this region (Proske et al. 2024). Further
observations of the INP concentration, especially at high temporal resolution, were shown and
discussed in this thesis.
The observations on INPs in the boreal forest of southern Finland were performed during the
HyICE23 campaign (successor to HyICE-2018). The INP concentrations of INPs active between
242 K and 262 K were measured with the portable expansion chamber PINE at high temporal
resolution (6 min). INPs active between above 248 K were measured by analyzing aerosol 昀椀lter
samples with INSEKT. The 昀椀lter samples were taken in the PINE container and in a container
on a 35 m high tower (Tower container) for time periods between 4 h and 4 days. The particle
size distribution was measured using an APS in parallel to the PINE instrument and 昀椀lter sam-
ples in the PINE container.
The PINE instrument was operated using di昀昀erent temperature settings at the begging of the
campaign to get an overview of the ambient INP population. The instrument was operated
alternatively for periods of constant temperature and a temperature ramps during winter time.
The PINE instrument was then operated using di昀昀erent temperature settings, including more
and longer periods of constant temperature and temperature ramps during spring, to observe
the winter to spring transition in more detail.
During autumn 2023, the aerosol samples for INSEKT INP analysis were also taken for shorter
time periods in order to observe the change in INP concentrations from night to day. They were
analyzed for a comparison between the two sample locations over the whole campaign. Heat
treatment was used on a set of samples, and compared to non-heated samples, in order to gain
information on the contribution of biological particles to the ambient INP population.
Comparison of the two measurement methods PINE and INSEKT showed a good agreement for
INP concentrations below about 255 K. The PINE instrument tends to measure higher concen-
trations than INSEKT above a temperature of about 255 K. In conclusion, the two methods

75



Chapter 5. Summary and Outlook

complement each other well and allow observation of the whole temperature range above 242 K.
The INP measurements were compared to particle properties as well as meteorological data from
the SMEAR II station. At low temperatures, the INP measurements with INSEKT showed a
positive correlation to the concentration of particles larger than 2.5 µm measured with APS. The
correlation increased for higher temperatures. The INP measurements with INSEKT showed
close to no correlation to the concentrations of particles larger than 0.5 µm measured with APS,
even slightly negative at higher temperatures. Both results di昀昀er to the 昀椀ndings in Kaufmann
2019. The INP measurements with INSEKT also showed a high correlation to the ambient
temperature in both locations. The measurements on the tower showed a slightly lower corre-
lation to the ambient temperature. It should also be mentioned that the INP concentrations
were measured to be slightly higher at the tower container location than at the PINE container
location. The correlations calculated for INSEKT INP measurements with the ambient temper-
ature showed di昀昀erences during the di昀昀erent phases of the campaign. The highest correlation
was observed for measurements in phase 3 (spring). This coincides with the 昀椀ndings of the pre-
decessor campaign HyICE-2018. Measurements during phase 1 (autumn) showed that samples
taken during daytime and nighttime show no di昀昀erence.
Comparison of the samples taken during the di昀昀erent seasons showed a decrease of the INP
concentration at temperatures between 255 K and 260 K during winter, which agrees to the sea-
sonal change found by Schneider et al. 2020 for the observed seasons. A comparison of heated
aerosol samples to non-heated ones showed a decrease of the ice-active particles in the sample
by a factor of 101 due to the heat treatment. The decrease of the INP concentrations by heat
treatment was larger during winter compared to autumn or spring.
The samples taken during spring showed a large spread in the INP concentrations. The tran-
sition from winter (closed snow cover) to spring (no snow cover) was longer compared to the
HyICE-2018 campaign, and less steady due to temperatures 昀氀uctuating above and below 0 ◦C
from mid-February to late April, along with repeated periods of snow fall and snow melting.
Therefore, an increase of the INP concentration with snow melting was still observed, but only
for several shorter time periods. During periods above 0 ◦C, the INP measurements at 257 K
with INSEKT showed 102fold higher concentrations compared to periods below 0 ◦C. The PINE
instrument showed a 101fold change in INP during these occasions.
A seasonal change of the INP concentrations was also observed for the PINE measurements at a
temperature of 255 K. This seasonality was clearly visible in a monthly mean analysis with the
lowest values during January. The INP concentrations measured with PINE at 255 K showed
no signi昀椀cant variation with the season. This indicated that the INPs at lower temperatures are
of di昀昀erent type or come from di昀昀erent sources. This needs further measurements and investi-
gation. The INP measurements of both PINE and INSEKT show a good agreement with the
air temperature dependent parametrization proposed by Schneider et al. 2021.
The INP concentrations measured with PINE and INSEKT also showed changes during some
precipitation events. The relation varied between a decrease of the INP concentration for all nu-
cleation temperatures, a decrease at higher temperatures and an increase at lower temperatures,
and occasionally no signi昀椀cant change at all. These may be due to various factors working at
the same time, like changes in the air temperature, the snow coverage and the air mass origin
related to the precipitation event.
Changes of the INP concentrations connected to meteorological events as well as short term
local sources were observed in real time during the campaign. A dust cloud produced by local
street maintenance increased INP concentrations by 101 for a duration of 1 h on 19th April. An
increase of the INP concentrations in connection with decreasing snow depth as well as increas-
ing temperature was observed during three of the days during a case study (18-25th April). The
increase was more intense during periods where the temperature increased from below 0 ◦C to
above. Pictures from a webcam showed presence and absence of snow on the tree branches for
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two of the events (22nd, 24th). During an event on 21st April, an increase in 昀氀uorescent particles
measured with WIBS was observed which coincided with an increase of the INP concentration
at 249 K, in particular for 昀氀uorescence in category A. On 24th April, an increase of 昀氀uorescent
particles was seen coinciding with the increase in INP at 251 K, in particular for 昀氀uorescence in
category ABC. Measurements on 22nd April showed an increase of the INP concentrations at
249 K, which was not related to APS nor WIBS measurements. INSEKT INP measurements on
this day also showed no strong relation to aerosol measurements. On the 25th April, changes of
the INP concentration at 251 K was observed to be in related to changes in the concentration of
aerosol particles larger than 2.5 µm, probably caused by an air mass origin change on this day.

5.2. Outlook

Further analysis of the data may bring an improved understanding of the links between the INP
sources and concentrations in the Boreal forest with meteorological conditions, aerosol concen-
trations and types, as well as air mass origin. It should be noted that detailed measurements of
the aerosol particle composition with a single particle mass spectrometer were planned for the
HyICE-2023 campaign, but were not happening due to unforeseen circumstances. Simultaneous
WIBS measurements at the PINE container and the tower container will provide further infor-
mation on biological aerosols and their relation to the INP abundance. The data analysis and
evaluation is still on going. Another experimental improvement as part of this thesis was the
simultaneous measurement of the aerosol size distribution with high sensitivity and time reso-
lution directly in the sampling line of the PINE instrument. The data analysis and evaluation
of these new measurements are still ongoing and will allow a close and direct correlation of the
PINE INP measurements with the aerosol concentration at high time resolution and accuracy.
In future campaigns in the boreal forest, both the aerosol concentration and composition should
be measured in more detail in order to gain a better understanding and more accurate parame-
terizations for predicting the INP sources and concentrations in this unique environment close
to the polar region.
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Appendix A.

First appendix

In the following, the comparison of the data acquired during the di昀昀erent phases of heating,
cooling and constant temperature of the PINE instrument are shown in 昀椀gure A.1 for all cam-
paign measurements. Figure A.2 shows the temperature ramp, scanning temperatures between
257 K and 243 K within about 3.5 h.
As mentioned in the validation of the PINE temperature program (see section 2.1.1), the e昀昀ect
of possible residuals during the heating phase accounts to less than a 10% increase in measured
INP concentrations during these compared to cooling phases, at low temperatures, the division
between up and down ramp becomes hard, considering the cooling of the walls of the chamber
happening slightly faster than then incoming air and reaching the point where up and down
ramp change earlier.
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Appendix A. First appendix

Figure A.1.: Comparison of PINE data created during the constant, cooling (down ramp) and
heating (up ramp) phases. The graph shows a comparison of the over all PINE measurements
of the HyICE23 campaign.

Figure A.2.: Temperature program cycle for short temperature scan. Shown is the temperature
measured at the wall at middle height of the chamber. The graph shows cycles scanning the
same temperatures between 243 K and 257 K over 3.5 h.
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