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Abstract

Ice-nucleating particles (INPs) are microscopic aerosol particles that serve as the
seeds for the formation of ice crystals in clouds and by that also the initiation of precip-
itation processes. These processes exert fundamental influences on cloud properties and
the climate system. Large uncertainties in the formulation of aerosol cloud interactions
in current climate models underscore the urgent need for improved understanding of
INPs. Beijing’s proximity to major Asian dust sources and the strong anthropogenic
emissions in the surrounding area make it a unique natural laboratory to investigate
INPs under complex atmospheric conditions.

Long-term and high-resolution INP observations in such anthropogenically influ-
enced environments have been scarce, leaving a critical knowledge gap. This thesis used
an innovative multi-method approach, combining controlled laboratory experiments us-
ing advanced facilities, long-term field observations at mountain, suburban, and urban
sites in Beijing, and also an intensive campaign during the 2022 Winter Olympics emis-
sion control period with detailed aerosol and INP measurements. The use of multiple
instruments with cross-validation significantly enhanced the robustness and reliability
of the results.

The results reveal that Asian dust was the most efficient INP source that influences
North China, and laboratory experiments further demonstrate that Asian dust has an
ice-nucleating active site (INAS) density which decreases with temperature at a steeper
rate than that represented by existing global dust parameterization, indicating unique ice-
nucleating properties of Asian dust. According to the long-term INP offline observations,
the INP concentrations exhibited pronounced seasonal and spatial variations, with values
peaking in spring and dropping to a minimum in winter, and with the mountain site
registering the highest and most variable concentrations versus lower, more stable levels
at the urban and suburban sites.

Intensive online observations with CFDC and PINE revealed a clear correlation be-
tween INP concentrations and pollution levels, with INP numbers being approximately
one order of magnitude higher during extremely polluted episodes compared to clean
periods. However, discrepancies were observed between online and offline INP mea-
surement techniques. Long-term offline observations using filter sampling showed that
INP concentrations were lowest during winter when large-scale emissions are typically
higher, suggesting that anthropogenic aerosols may not be efficient INPs. These findings
highlight the need for further research to understand the discrepancies between differ-
ent INP measurement techniques. Despite the differences, the nucleating efficiency (ns)
was consistently found to be low.Therefore, a new parameterization using surface area
larger than 500 µm (SA500)was chosen to predict the INPs over the anthropogenically
influenced area.

This thesis presents a pioneering dataset and a comprehensive experimental study
that significantly advances the understanding of INP behavior in Beijing’s atmosphere;
these findings carry broad implications for reducing aerosol cloud interaction uncertain-
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ties in climate models, improving the accuracy of regional weather forecasts, and inform-
ing aerosol pollution management and public health strategies in megacities worldwide.
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Chapter 1

Introduction

1.1 Aerosols and ice-nucleating particles (INPs)
Atmospheric science, as an interdisciplinary field that integrates physics, chemistry,

and meteorology, provides the foundation for understanding Earth’s climate and weather
systems. Central to this complexity, atmospheric aerosol particles play a fundamental
role in modulating both global and regional climate. Aerosols, defined as minute solid or
liquid particles suspended in the atmosphere with diameters spanning from nanometers
to tens of micrometers, affect Earth’s radiative balance via two principal mechanisms:
directly, by scattering and absorbing solar and terrestrial radiation, and indirectly, by
acting as Cloud Condensation Nuclei (CCN) and ice-nucleating particles (INPs), funda-
mentally altering cloud ice formation and microphysical properties.

Reports from the Intergovernmental Panel on Climate Change (IPCC) have consis-
tently emphasized that aerosol-cloud interactions constitute the largest source of uncer-
tainty in current climate model projections (IPCC, 2021). This recognition underscores
both the scientific urgency and practical relevance of research in this domain. Uncer-
tainties in the representation of aerosol-cloud interactions directly undermine the relia-
bility of climate change predictions and the formulation of effective mitigation strategies.
Given that these interactions are a dominant factor underlying climate model uncer-
tainty, advancing knowledge in this area is essential to enable more accurate climate
projections and informed policy decisions.

Among all cloud types, those containing an ice phase—specifically mixed-phase
clouds and cirrus—are particularly complex and climatically significant. Such clouds
exert strong controls on Earth’s radiative budget, the hydrological cycle, and climate
sensitivity. Cloud formation is fundamentally initiated by aerosol particles serving as
“seeds”for both cloud droplets and ice crystals (i.e., CCN and INPs). While CCN are
typically abundant and responsible for the nucleation of liquid clouds, INPs constitute
a rare but critically important subset of atmospheric aerosols that can induce ice for-
mation at relatively high temperatures. Despite concentrations that are often several
orders of magnitude lower than those of CCN, INPs play an irreplaceable role in ice-phase
cloud microphysics, acting as a highly sensitive leverage point within the atmospheric
system. Minor variations in INP concentration or activity can trigger substantial non-
linear changes in cloud phase, radiative properties, and precipitation efficiency (DeMott
& Prenni, 2010).

Atmospheric ice formation proceeds primarily through two pathways: homogeneous
and heterogeneous nucleation. In contrast to homogeneous nucleation, heterogeneous nu-
cleation, catalyzed by INPs, enables ice formation at much warmer temperatures (0 ◦C
to −38 ◦C) and is widely regarded as the dominant mechanism for primary ice produc-
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tion in the troposphere, particularly in mixed-phase clouds. INPs facilitate this process
by providing solid surfaces with favorable crystallographic structures, reducing the nu-
cleation energy barrier and allowing ice to form under lower supersaturation conditions
than required for homogeneous freezing. This influence on cloud phase evolution, espe-
cially within climatically important mixed-phase cloud regimes, has direct implications
for mid-latitude precipitation and radiative transfer.

Heterogeneous ice nucleation encompasses several distinct modes, each dependent
on thermodynamic conditions and INP physicochemical properties; these modes are de-
tailed in Chapter 2. In mid-latitude regions, INPs serve as the principal initiators of ice
crystals in mixed-phase clouds containing both supercooled liquid water and ice. The
presence and properties of INPs control cloud phase, radiative characteristics, and life
cycle, thereby impacting Earth’s energy balance. Thus, INPs regulate ice formation,
indirectly influencing planetary albedo and the greenhouse effect. The distinction be-
tween INPs and CCN, along with the specific nucleation mechanisms they trigger, further
illustrates the complexity of cloud processes.

1.2 Backgrounds and challenges of INP research
Research on INPs is essential for advancing cloud process representation in climate

models, as accurate INP parameterization underpins robust understanding of cloud feed-
backs and precipitation patterns, both central to the global water cycle and energy bal-
ance (Kanji et al., 2017). Nevertheless, substantial challenges persist. The scarcity of
global, long-term, and high-resolution INP observational networks limits the ability to
resolve seasonal and inter-annual variability. The low atmospheric concentrations of
INPs, coupled with their diverse sources and physicochemical heterogeneity, make di-
rect measurement exceptionally challenging, often leading to difficulties in instrument
inter-comparison and standardization. Attributing observed INPs to specific natural
or anthropogenic sources remains a major scientific hurdle, complicated by the strong
temperature dependence and pronounced spatial and temporal variability of INP con-
centrations. Additionally, the ways in which atmospheric aging and chemical processing
alter the ice-nucleating efficiency of different aerosol types remain incompletely under-
stood. Despite decades of study—dating back to the pioneering work of Dufour in 1862
—substantial uncertainties persist regarding INP sources, concentrations, and seasonal
cycles.

These enduring challenges, particularly regarding measurement comparability and
source attribution, expose fundamental limitations in current atmospheric modeling. If
consistent measurement of INPs across instruments is not achievable, or if their sources
remain ambiguous, climate models cannot reliably simulate INP impacts, leading to sys-
tematic biases in global climate projections. This thesis addresses these global challenges
through a multi-instrument, source-apportionment-focused approach, aiming to improve
the robustness of atmospheric INP measurements and their interpretation.

Beijing presents a unique and challenging “natural laboratory”for INP research.
Its proximity to major Asian dust sources—such as the Gobi and Taklamakan deserts—
results in frequent dust events and elevated mineral dust loading. As a megacity, Beijing
also experiences strong anthropogenic emissions in the surrounding area, contributing
substantial fine-mode aerosols and marked seasonal variability. The confluence of these
sources generates a complex aerosol mixture, often comprising aged and coated particles
that combine natural dust with pollutants such as sulfate and nitrate. This atmospheric
context enables investigation of the complex and often nonlinear interactions between
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natural and anthropogenic aerosols, and their integrated influence on INP activity. In-
sights gained from Beijing have broad relevance and transferability to other polluted
urban centers globally, advancing understanding of INP behavior under strong anthro-
pogenic influence.

Situated in the continental mid-latitudes of the North China Plain, Beijing fre-
quently experiences mixed-phase cloud regimes, making detailed characterization of INPs
critical for understanding regional precipitation and climate impacts. Accurate repre-
sentation of INPs is vital for both weather forecasting and climate modeling, as global
INP parameterizations may inadequately capture the unique aerosol dynamics of Bei-
jing. The regional focus of this thesis, through the provision of customized datasets and
parameterizations, aims to address this knowledge gap and support improved weather
prediction, climate impact assessment, and environmental policy for this high-priority
region.

1.3 Existing research and research gaps
Substantial progress has been achieved in global INP research, with comprehensive

studies exploring mineral dust, biological particles, and combustion aerosols as key INP
types. However, for severely impacted urban regions such as Beijing, comprehensive INP
datasets remain scarce. In recent years, China has seen emerging studies of INPs, with
measurements from cities such as Beijing, Nanjing, Tai’an, and Shenyang documenting
INP concentrations influenced by both natural dust and anthropogenic aerosols. No-
tably, J. Chen et al. (2018) found that urban air pollution does not directly enhance
INP concentrations, highlighting the dominance of natural mineral dust. Nevertheless,
existing studies are typically restricted to short-term campaigns or specific conditions,
lacking systematic, long-term datasets capable of fully capturing INP variability and
sources in Beijing’s polluted urban environment. The combined effects of natural dust
and anthropogenic pollution on INP properties remain poorly constrained, especially in
regions where these sources interact intensively.

This thesis targets the following persistent research gaps:

• Lack of long-term continuous observations: Current studies are mostly short-
term, limiting comprehensive understanding of seasonal and inter-annual INP vari-
ability.

• Unresolved properties of mixed pollution-dust INPs: Interactions between
natural dust and anthropogenic pollutants, particularly the impact of chemical
aging on INP activity, are insufficiently characterized.

• Unquantified impacts of major events and emission control policies: The
effects of major atmospheric events, such as the 2022 Winter Olympics emission
control period or long-term haze episodes, on INP characteristics and sources re-
main largely unquantified.

• Challenges in source apportionment: Precisely attributing observed INP con-
centrations to their specific natural or anthropogenic sources in Beijing’s complex
atmospheric environment continues to be a major challenge.

These knowledge gaps highlight not only a lack of data but a broader deficiency in the
understanding of urban atmospheric systems, resulting in amplified uncertainties within
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regional atmospheric models. Addressing these gaps is thus essential for advancing
fundamental knowledge of INPs in Beijing’s unique atmospheric context.

1.4 Research objectives and innovations of this thesis
The overarching goal of this dissertation is to address the knowledge gaps outlined

in Section 1.3, with a specific focus on the abundance, variability, and sources of INPs
in the Beijing region. The broader significance of this research lies in its potential to
improve global climate models, strengthen regional weather prediction, and inform air
quality management and public health strategies in mega-cities. The specific objectives
are as follows:

1. To quantify INP abundance and variability by establishing the first long-term,
multi-site, four-season INP dataset for Beijing, resolving its concentration and
spatiotemporal variability.

2. To identify the primary INP sources in Beijing, including contributions from Asian
desert dust and anthropogenic pollution.

3. To evaluate the ice-nucleating efficiency of Asian desert dust through systematic
laboratory experiments, quantifying activity across temperature and nucleation
modes.

4. To assess the impact of major events, including large-scale emission controls during
the 2022 Winter Olympics, on INP concentration and properties.

To comprehensively address these scientific questions, this thesis implements a sys-
tematic, multi-perspective research design, providing an unprecedented view of INP
behavior in Beijing’s complex atmosphere. The approach combines three core method-
ologies: controlled laboratory experiments, extensive long-term field observations, and
intensive field campaigns. This integrated strategy enables the investigation of intrin-
sic properties under controlled conditions (laboratory), long-term trends (field), and
event-specific effects and source attribution (campaign). The multi-pronged approach
substantially enhances the robustness and completeness of results, with key innovations
as follows:

• Integrated multi-method research: This study combines laboratory experi-
ments, long-term field observations, and targeted intensive field campaigns to de-
liver a comprehensive understanding of INP behavior, ensuring the reliability and
completeness of findings.

• Pioneering dataset: The establishment of the first long-term, multi-site INP
dataset for Beijing, providing unprecedented high-resolution data for the region.

• Region-specific parameterization: Development of a new INP parameteriza-
tion scheme for Asian desert dust, which demonstrates marked differences from
existing global benchmarks and is crucial for improved climate modeling.

• In-depth insight into anthropogenic–natural interactions: The thesis ad-
vances understanding of the often indirect and complex interactions between an-
thropogenic pollution and natural INPs, challenging conventional assumptions
about the direct impact of pollution on ice nucleation.
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• Multi-instrument validation: The continuous use and inter-comparison of mul-
tiple state-of-the-art INP measurement instruments (e.g., Aerosol Interaction and
Dynamics in the Atmosphere (AIDA), Ice Nucleation Spectrometer of the Karl-
sruhe Institute of Technology (INSEKT), Portable Ice Nucleation Experiment
(PINE), INKA, BeiJing-Continuous Flow Diffusion Chamber (BJ-CFDC), FINDA)
significantly enhances the robustness and reliability of results, addressing a central
challenge in INP research.

1.5 Thesis structure
The thesis is organized as follows:

• Chapter 2: Scientific Background provides the fundamental scientific background
on atmospheric aerosols, ice formation in clouds, nucleation theory, previous INP
studies, and the current state of INP research, highlighting the knowledge gaps
specific to the Beijing region.

• Chapter 3: Experimental Methods details the comprehensive suite of advanced
instrumentation and experimental methods employed in this work, including both
laboratory facilities and field measurement systems.

• Chapter 4: Laboratory Ice Nucleation Experiments presents results from experi-
ments characterizing the ice-nucleating properties of mineral dust from key Asian
deserts, a primary natural source impacting Beijing.

• Chapter 5: Long-term Field Observations analyzes the first multi-year, continu-
ous dataset of INP concentrations in the Beijing area, revealing their abundance
and seasonal-to-interannual variability across different site types.

• Chapter 6: Intensive Field Campaign investigates the sources and characteristics
of INPs during a unique intensive campaign, leveraging the emission controls of
the 2022 Winter Olympics to disentangle anthropogenic and natural contributions.

• Chapter 7: Summary and Outlook synthesizes the key research findings of this
thesis and proposes future research directions for INP studies.

This structure ensures a comprehensive exploration of INPs in Beijing, addressing
critical scientific questions and contributing to improved climate and weather modeling.
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Chapter 2

Scientific Background

This chapter provides the foundational scientific context and theoretical underpin-
nings for the research presented in this dissertation, focusing on INPs in the Beijing
area. It begins by defining atmospheric aerosol particles and elucidating their multi-
faceted roles in the Earth’s climate system, with a particular emphasis on their function
as precursors for cloud formation. Subsequently, the chapter delves into the intricate
mechanisms of ice formation within atmospheric clouds, highlighting the critical dis-
tinction between homogeneous and heterogeneous nucleation and providing a detailed
exposition of the four primary heterogeneous ice‐nucleation modes. A review of classi-
cal nucleation theory and the more advanced Ice Nucleation Active Site density (INAS
density) approach follows, establishing the theoretical frameworks for quantifying INP
activity. The chapter then synthesizes the current state of global and regional INP
research, critically evaluating key findings, existing parameterization schemes, and the
persistent knowledge gaps. Finally, it systematically articulates the unique importance
and urgency of studying INP characteristics in the Beijing region, outlining the specific
scientific questions that this dissertation aims to address and briefly introducing the
advanced measurement techniques employed.

2.1 Atmospheric aerosol particles
Atmospheric aerosol particles are minute solid or liquid particulates suspended in

the atmosphere, with diameters ranging from a few nm to tens of µm (Seinfeld & Pan-
dis, 2006). These particles exhibit a vast size range and diverse physical and chemical
properties—such as size, morphology, composition, and mixing state—that profoundly in-
fluence their atmospheric behavior, including transport, settling rates, and interactions
with clouds and radiation. Aerosols originate from both natural and anthropogenic
sources, contributing to their variability across space and time. Natural sources include
wind‐blown mineral dust from arid regions, sea spray from oceanic waves, volcanic emis-
sions, and primary biological particles like pollen and bacteria (Hoose & Möhler, 2012).
Anthropogenic sources, such as fossil‐fuel combustion, industrial processes, and vehicular
exhaust, emit primary particles or precursors for secondary aerosols formed via atmo-
spheric reactions (An et al., 2019). This interplay of emission sources, transport, and
transformation processes governs aerosols’characteristics and determines their climatic
and environmental impacts. Particle size affects atmospheric lifetime and travel distance,
while chemical composition influences hygroscopicity and ice‐nucleation ability; the mix-
ing state further complicates their behavior by introducing non‐linear effects (Riemer
et al., 2019). Aerosols play critical roles in direct and indirect radiative effects, cloud
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and precipitation processes, and air quality, with high concentrations in urban areas like
Beijing often linked to severe pollution and health risks (R.-J. Huang et al., 2014). Com-
prehensive characterization of these properties is essential for modeling aerosol–cloud
interactions and climate feedbacks (S. C. Sullivan et al., 2017).

Aerosol size distributions in the atmosphere typically exhibit several modes, includ-
ing the nucleation mode (particles with diameters less than 10 nm), the Aitken mode
(10 nm to 100 nm), the accumulation mode (100 nm to 1000 nm or up to 2.5 µm), and
the coarse mode (greater than 1 µm or 2.5 µm) (Seinfeld & Pandis, 2006; Whitby, 1978).
These modes reflect different formation and growth mechanisms: nucleation‐mode par-
ticles arise from new particle formation, Aitken and accumulation‐mode particles are
influenced by coagulation and condensation, and coarse‐mode particles originate from
mechanical processes such as wind‐blown dust and sea spray (Kulmala et al., 2004).
The size distribution of aerosol particles is a critical determinant of their climatic and
cloud‐forming impacts. Particles within the accumulation and coarse modes are particu-
larly relevant for atmospheric optics and cloud formation processes (Kanji et al., 2017).
Specifically, particles larger than approximately 50 nm to 100 nm can serve as CCN, with
their activation efficiency governed by size and hygroscopicity as described by Köhler the-
ory (Petters & Kreidenweis, 2007). For INPs, effectiveness is also size‐dependent, with
larger particles—typically 200 nm or greater—being more effective due to their greater
surface area and higher probability of hosting ice‐active sites (Hartmann et al., 2013).
Coarse‐mode particles, such as mineral dust, are notably effective INPs, and their con-
centration can serve as a first‐order estimate of INP availability, especially during dust
events (DeMott, Prenni, et al., 2010). Thus, size‐resolved measurements of aerosol pop-
ulations are essential for understanding their roles in cloud processes, activation spectra,
and climate feedbacks.

The chemical composition of atmospheric aerosols is highly variable and diverse,
encompassing inorganic salts such as sulfates, nitrates, and ammonium, as well as com-
plex organic compounds, black carbon, mineral dust components like silicates, feldspars,
and clays, sea salt, and a wide range of secondary organics (Seinfeld & Pandis, 2006).
These constituents significantly influence the aerosols’physical and chemical properties,
particularly their ability to act as INPs, with certain minerals—most notably feldspar
—recognized for their high efficiency due to unique surface properties (Atkinson et al.,
2013).

The Beijing area exemplifies a complex and dynamic aerosol environment, shaped
by its proximity to major dust source regions such as the Gobi and Taklamakan deserts,
and by intense urban activities, resulting in pronounced seasonal variability (Daellen-
bach et al., 2024). Spring is characterized by frequent dust storms from the Gobi and
Taklamakan deserts, and Loess Plateaus, elevating mineral dust levels, while winter sees
elevated carbonaceous aerosols—including black carbon and organic carbon—from coal
combustion and vehicular emissions, predominantly contributing to the fine‐mode par-
ticle population (R.-J. Huang et al., 2014). Summer conditions, with high temperature
and humidity, favor secondary organic aerosol formation via photochemical reactions, in-
creasing organic content; whereas autumn experiences a mix of industrial emissions and
residual dust. This confluence of natural sources (e.g., desert dust, biogenic emissions)
and anthropogenic sources (e.g., fossil fuel combustion, industrial processes) creates a
complex mixture of aged, coated particles, often combining natural dust with pollutants
such as sulfate and nitrate.

Recent shifts in Beijing’s aerosol composition show nitrate dominating secondary
inorganic aerosols due to reduced coal combustion emissions, unlike the historical sul-
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Figure 2.1: Chemical composition and source apportionment of PM2.5 collected during
the high pollution events of 5–25 January 2013 at the urban sites of Beijing, Shanghai,
Guangzhou and Xi’an (R.-J. Huang et al., 2014).

fate dominance in heavy‐industry cities. The interaction between abundant natural dust
and high anthropogenic pollution introduces uncertainty regarding the ice‐nucleating ac-
tivity of these mixed aerosols, raising questions about whether pollution enhances or
suppresses the effectiveness of natural dust INPs (Bi et al., 2019). Atmospheric aging,
involving pollutant coatings, can alter INP activity in complex, non‐linear ways, neces-
sitating deeper investigation beyond individual‐source studies. The chemical makeup,
particularly the presence of minerals like feldspars and clays or biological material such
as bacteria and fungal spores, further enhances INP potential (Boose et al., 2016). Un-
derstanding this“aging effect”is critical for accurate INP parameterization in Beijing’s
regional atmospheric models, as dust concentration alone may not predict ice nucleation
activity. Figure 2.1 illustrates the aerosol chemical components in Beijing, highlighting
the interplay between dust, pollution, and secondary organics.

Aerosols significantly impact the Earth’s climate system through direct and indirect
effects, with semi-direct effects also influencing atmospheric stability. The direct effect
involves the scattering and absorption of solar and terrestrial radiation, leading to atmo-
spheric cooling or warming depending on aerosol optical properties—determined by its
size, composition, and mixing state. The indirect effect is more complex, stemming from
aerosols acting as CCN or INPs, thereby altering cloud properties such as albedo, lifetime,
and precipitation efficiency (Lohmann & Feichter, 2005). In warm clouds (T > 0 ◦C),
fine particulate matter (PM2.5) can form numerous smaller droplets, increasing cloud
optical depth and albedo—known as the Twomey effect—while potentially delaying pre-
cipitation. In mixed-phase and ice clouds, INPs are critical for initiating ice formation,
thus influencing precipitation processes essential to regional weather patterns. The intri-
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cate nature of aerosol–cloud interactions, particularly the role of INPs, remains a major
uncertainty in global climate models (Burrows et al., 2022; IPCC, 2021). Beyond their
climatic role, aerosols adversely affect air quality and public health, especially in urban
areas, by transporting toxic substances and serving as carriers for pathogens (Pöschl,
2005). Notably, in Beijing, while aerosols pose a significant pollution challenge, some
may enhance precipitation—a vital resource in this water-scarce region—highlighting a
complex trade-off in environmental policy decisions.

It is critical to note that not all atmospheric aerosol particles serve as “seeds”for
cloud droplets or ice crystals; only a small fraction possess the necessary surface and
chemical properties to initiate such processes. Among these, INPs constitute a rare yet
vital subset, capable of triggering ice nucleation at relatively high temperatures (e.g.,
above −38 °C), unlike most particles that require much lower temperatures or cannot
nucleate ice at all (DeMott, Prenni, et al., 2010). Despite their concentrations being
orders of magnitude lower than those of CCN, INPs exert a disproportionate influence
on cloud microphysics, macroscopic properties, life cycles, precipitation formation, and
radiative forcing. This leverage within the atmospheric system implies that even minor
changes in INP concentration or activity can significantly alter cloud phase, radiative
properties, and precipitation efficiency, positioning INPs as a sensitive yet pivotal ele-
ment in climate feedback mechanisms.

Primary INP sources include mineral dust from arid regions such as the Gobi and
Taklamakan deserts—rich in efficient ice‐nucleating minerals such as feldspar and clay
minerals—which dominate in Beijing, particularly during dust storm events (Hoose &
Möhler, 2012). Biological aerosols, including bacteria, fungal spores, and pollen, are
also highly effective INPs, initiating ice formation at warmer temperatures, while anthro-
pogenic particles like soot, industrial emissions, and fly ash exhibit variable ice nucleation
activity, remaining under active scientific investigation (Govindarajan & Lindow, 1988).

2.2 Ice formation in atmospheric clouds
The formation of ice crystals within atmospheric clouds is a fundamental process

that profoundly governs cloud microphysics, dictates the development and intensity of
precipitation, and critically influences the Earth’s radiative balance. The presence
of ice particles significantly alters cloud properties, including their albedo (reflectiv-
ity), lifetime, phase, and efficiency in producing precipitation. In mixed‐phase clouds
—where supercooled liquid water and ice crystals coexist—the Wegener–Bergeron–Find-
eisen (WBF) process serves as a core mechanism driving precipitation (Bergeron, 1935;
Wegener, 1912). This process exploits the principle that, at the same sub‐zero tem-
perature, the saturation vapor pressure over ice is lower than that over supercooled
liquid water, establishing a vapor pressure gradient that causes supercooled droplets to
evaporate while ice crystals grow rapidly through vapor deposition. This accelerated
growth enables ice crystals to attain sizes sufficient to sediment out of the cloud, initiat-
ing precipitation more efficiently than in purely liquid‐phase clouds reliant on collision–
coalescence.

Predominant in mid‐latitude regions, the WBF process amplifies the role of INPs;
even a small number of initial ice crystals, nucleated by rare INPs, can trigger a cascade
of growth that substantially enhances precipitation (H. Pruppacher & Klett, 2010). This
amplification underscores the critical need for accurate INP characterization in weather
modification efforts, such as cloud seeding, and for improving regional precipitation
forecasting, particularly in areas like Beijing facing water scarcity and extreme weather
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events.
Beyond precipitation, cloud phase exerts significant radiative consequences: ice

clouds typically exhibit lower optical depth than liquid clouds of equivalent water content,
affecting albedo and longwave radiation emission, which may result in warming or cooling
effects depending on cloud altitude and thickness. The contrast in radiative properties
between pure ice clouds (e.g. cirrus) and mixed‐phase or liquid clouds highlights the
climate significance of phase transitions, particularly as anthropogenic activities and
climate change alter atmospheric aerosol loadings.

Clouds in the atmosphere are broadly categorized into three types based on their
dominant phase: warm clouds, consisting purely of liquid water droplets at tempera-
tures above 0 °C; mixed‐phase clouds, containing both supercooled liquid water and ice
crystals at temperatures between 0 °C and approximately −38 °C; and ice clouds, com-
posed primarily of ice at temperatures below −38 °C. Mixed‐phase clouds, prevalent
in mid‐ to high latitudes, play a critical role in precipitation formation and Earth’s
radiative balance due to the dynamic coexistence of supercooled liquid water and ice
crystals. Supercooled liquid water, a metastable state where liquid persists below its
normal freezing point, is common in the atmosphere because homogeneous nucleation—
the spontaneous formation of ice crystals—requires temperatures below −38 °C (Koop
et al., 2000). In mixed‐phase clouds, which typically occur above this threshold, ice for-
mation depends entirely on heterogeneous freezing initiated by INPs. The persistence of
supercooled water, as highlighted by Korolev et al. (2017), significantly influences cloud
phase, lifetime, and precipitation efficiency. Furthermore, these clouds are highly sensi-
tive to temperature and INP availability; even minor variations can shift the liquid–ice
phase partitioning, altering radiative properties and precipitation potential. This sensi-
tivity positions mixed‐phase clouds as a key component of climate feedback mechanisms,
where changes in INP concentrations—driven by natural variability or anthropogenic
activities—could exert substantial, non‐linear effects on regional climate, particularly in
a warming world where their regimes may shift.

Ice formation in the atmosphere occurs primarily through two pathways: homoge-
neous and heterogeneous nucleation. Homogeneous ice nucleation involves the sponta-
neous crystallization of pure supercooled water droplets in the absence of foreign particles
or impurities, requiring exceptionally cold temperatures below −38 °C (approximately
235K). This process is relevant mainly for high‐altitude cirrus clouds in the upper tropo-
sphere, where low temperatures and sparse aerosol concentrations prevail. In contrast,
heterogeneous nucleation, triggered by INPs, enables ice formation at warmer temper-
atures (−38 °C to 0 °C) and is the dominant mode of primary ice production in the
troposphere, particularly in mixed‐phase clouds, which constitute the most climatically
significant regime. INPs catalyze this process by providing a solid surface with a favor-
able crystallographic structure, significantly lowering the energy barrier for nucleation
and allowing ice to form at lower supersaturations than homogeneous freezing permits
(H. Pruppacher & Klett, 2010). The distinction between these pathways underscores
the critical role of INPs in controlling ice formation; without them, mixed‐phase clouds
would remain liquid down to very low temperatures, profoundly affecting their properties
and precipitation potential.

Heterogeneous ice nucleation can proceed via several distinct pathways or modes,
each contingent on the thermodynamic conditions (temperature and relative humid-
ity) and the specific properties of the INP. These modes are generally categorized into
four primary types: deposition nucleation, condensation freezing, immersion freezing,
and contact freezing—each with specific physicochemical requirements and characteris-
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Figure 2.2: Schematic representation of the different nucleation modes (Hoose & Möh-
ler, 2012).

tic temperature and supersaturation ranges, as illustrated in Fig. 2.2.
Deposition nucleation. Occurs when water vapor directly deposits onto the surface
of an INP to form ice, bypassing an intermediate liquid phase. This mode requires
conditions to be supersaturated with respect to ice (RHi > 100%) but can occur below
saturation with respect to liquid water (RHw < 100%). It is particularly significant in
the formation of cirrus clouds.

Condensation freezing. Involves the condensation of liquid water onto a particle,
followed immediately by its freezing. This pathway typically occurs at or above water
saturation, though its precise mechanism is debated and considered less common in the
atmosphere.

Immersion freezing. Is widely regarded as the dominant mechanism for ice formation
in mixed‐phase clouds (Murray et al., 2012). It takes place when an INP, already im-
mersed within a supercooled liquid droplet, triggers the droplet’s freezing from within.
This mode is relevant across a broad temperature range, typically from 0 °C to −35 °C.

Contact freezing. Is initiated when an INP collides with the outer surface of a super-
cooled droplet and triggers its freezing upon contact. While generally considered less
frequent than immersion freezing, it can be locally significant.

The relative importance of these four modes varies considerably with cloud type and
prevailing meteorological conditions. For instance, deposition and condensation freezing
are thought to play a more significant role in the formation of cirrus clouds, whereas
immersion freezing is the key process governing the glaciation of mixed‐phase stratiform
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clouds, which profoundly impact the Earth’s radiative budget. The clear delineation of
these modes, each with distinct physical processes and typical conditions, implies that
an INP’s“activity”is not a single, fixed value but is highly dependent on the specific
mode and environmental conditions. This means an INP effective in immersion freezing
might not be equally effective in deposition nucleation. This complexity necessitates that
INP measurements and subsequent parameterizations explicitly specify the nucleation
mode and the conditions under which activity is observed.

Ice formation in clouds significantly influences their development, radiative proper-
ties, and precipitation potential. Once ice crystals form in a mixed‐phase cloud, they
grow rapidly through the WBF process, in which the lower saturation vapor pressure over
ice compared to supercooled liquid water drives a vapor flux from evaporating droplets
to growing ice crystals. This efficient growth enables ice crystals to reach sizes sufficient
for sedimentation, initiating precipitation more effectively than in purely liquid‐phase
clouds. The transition to an ice‐dominated cloud, or cloud glaciation, alters radiative
properties, rendering the cloud optically thinner and less reflective to solar radiation,
with distinct infrared emissive characteristics (Mülmenstädt et al., 2015).

INPs are pivotal in this process, controlling ice formation and the liquid‐to‐ice par-
titioning, thus impacting cloud lifetime, albedo, and Earth’s energy balance. The
efficiency of heterogeneous ice nucleation—the primary pathway for ice formation in
mixed‐phase clouds—depends on ambient temperature, supersaturation, and the physic-
ochemical properties of INPs. Modes such as immersion freezing, typically occurring
between −15 °C and −30 °C, and deposition nucleation, favored at lower temperatures
and ice supersaturation, exhibit varying effectiveness (Vali et al., 2015). The WBF
process amplifies the influence of sparse INPs by depleting supercooled water, further
affecting precipitation onset and radiative outcomes (Cziczo et al., 2009).

The concentration and characteristics of INPs play a critical role in regulating ice
crystal number concentrations within clouds, significantly influencing cloud lifetime, pre-
cipitation efficiency, and radiative forcing. For instance, higher INP concentrations can
lead to more numerous but smaller ice crystals, altering precipitation processes compared
to scenarios with fewer, larger crystals. This effect propagates to broader climate feed-
backs, since changes in INP abundance shift the balance between liquid and ice phases,
thereby modulating cloud reflectivity, longevity, and precipitation efficiency (Cziczo et
al., 2013).

In the Beijing region, persistently high aerosol loads that stem from a complex mix
of natural dust and anthropogenic pollutants shape regional cloud properties and pre-
cipitation patterns. The area’s mid‐latitude continental climate frequently experiences
mixed‐phase clouds, making INP characteristics particularly relevant for understanding
local precipitation, fog and ice formation, and broader climate–system impacts. Beijing’
s unique aerosol environment, characterized by dynamic interactions between natural
and anthropogenic particles, presents both a challenge and an opportunity for INP re-
search. Global INP parameterizations, often derived from less complex environments,
may not fully capture Beijing’s complex atmosphere conditions, underscoring the need
for region‐specific observational and modeling studies.

2.3 Classical nucleation theory
Classical Nucleation Theory (CNT), originating from the foundational works of

Gibbs, Volmer, and Weber, provides a cornerstone framework for understanding phase
transitions, notably the critical process of ice nucleation from supercooled water or wa-
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ter vapor in atmospheric contexts (Fletcher, 2011; H. Pruppacher & Klett, 2010). CNT
characterizes nucleation as a stochastic process requiring the surmounting of a thermo-
dynamic energy barrier to form a stable new phase. This barrier arises from the Gibbs
free energy change ∆G, which balances a negative bulk free‐energy term—favoring the
transition to the ice phase as the thermodynamic driving force—and a positive surface
free‐energy term, reflecting the energetic cost of forming a new interface between the
ice embryo and its surroundings. A critical radius r∗ emerges, below which embryos are
unstable and dissipate, and above which they become stable critical nuclei capable of
spontaneous growth. The energy barrier’s height ∆G∗ governs the nucleation rate J ,
quantifying critical nuclei formation per unit volume and time. In atmospheric science,
CNT elucidates ice formation within supercooled water droplets or on particle surfaces,
where r∗ and ∆G∗ vary with temperature and supersaturation—lower temperatures or
higher supersaturations reducing the barrier and enhancing nucleation. Because phase
transitions depend on overcoming an energy barrier, CNT serves as a foundational tenet
of physical chemistry, offering a robust, adaptable basis for modeling atmospheric ice
nucleation despite its complexities.

In CNT, the Gibbs free‐energy change ∆G for forming a spherical ice embryo of
radius r is expressed as

∆G =
4

3
π r3∆Gv + 4π r2 σ

where ∆Gv is the volume free‐energy difference favoring ice formation, and σ is the
interfacial tension between the ice embryo and supercooled water. The critical radius
r∗, at which ∆G is maximized, is

r∗ = − 2σ

∆Gv
,

with the corresponding energy barrier

∆G∗ =
16π σ3

3 (∆Gv)2
.

The nucleation rate J , representing the number of critical nuclei formed per unit volume
per unit time, follows

J = J0 exp
(
−∆G∗

k T

)
where J0 is a pre‐exponential factor, k is Boltzmann’s constant, and T is temperature
(Kashchiev, 2000). The surface‐energy term 4π r2 σ incurs an energetic cost for creat-
ing a new ice–water interface, establishing the energy barrier that allows supercooled
water to persist. A larger σ increases ∆G, requiring lower temperatures for nucleation.
For homogeneous nucleation in pure water, absent impurities or foreign surfaces, sig-
nificant supercooling is necessary, with spontaneous freezing typically occurring below
approximately −38 ◦C (Koop et al., 2000). Conversely, heterogeneous nucleation on in-
soluble substrates, such as mineral particles, reduces this energetic threshold, enabling
ice formation at warmer temperatures.

In the context of heterogeneous nucleation, CNT is extended by introducing the
contact angle θ, which characterizes the interaction between the ice embryo and the INP
surface (Hoose & Möhler, 2012). The presence of an INP significantly reduces the energy
barrier for ice nucleation compared to homogeneous nucleation, thereby promoting ice
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Figure 2.3: Gibbs free energy change during nucleation. The surface free energy ΔGsurf
(dashed red line), bulk free energy ΔGbulk (dashed black line), homogeneous nucleation
free energy ΔGHom (blue line), and the heterogeneous nucleation free energy ΔGHet
(green line) are presented as a function of the radius R. The nucleation stages are also
sketched for reference. The embryo and cluster states are reversible and the nuclei state
is irreversible. (Taqieddin et al., 2018).

crystal formation at warmer temperatures (see Fig. 2.3). This reduction is quantified by
a correction factor f(θ), such that the energy barrier for heterogeneous nucleation is

∆Ghet = ∆Ghom × f(θ), f(θ) =

(
2 + cos θ

) (
1− cos θ

)2
4

.

A smaller contact angle indicates a more favorable interaction, reflecting enhanced wet-
tability or a template effect of the INP surface, which lowers the energy barrier and
increases nucleation efficiency. In Beijing’s atmosphere, mineral dust particles from
Asian deserts, particularly those rich in feldspar, serve as key INPs. Their specific sur-
face properties, such as roughness and chemical composition, influence the contact angle
and thus their ice‐nucleation efficiency (Cziczo et al., 2013). This theoretical framework
enables the parameterization of nucleation activity based on the physical and chemical
properties of INPs, providing a mechanistic link between laboratory studies and atmo-
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spheric observations.
Despite its foundational role in understanding ice nucleation, CNT faces significant

limitations when applied to the complexities of atmospheric processes. These limitations
stem from its idealized assumptions, such as treating ice embryos as perfectly spherical
and the surrounding medium as continuous, which fail to accurately represent the be-
havior of microscopic clusters or the irregular, chemically heterogeneous surfaces of real
atmospheric INPs (Hiranuma, Möhler, et al., 2015). Key parameters like interfacial
tension σ and contact angle θ are often uncertain and vary with temperature and INP
type, complicating precise predictions. CNT also neglects atmospheric dynamics, such
as aerosol transport and mixing, which influence INP distribution, and struggles to ac-
count for the complexity of aged or coated aerosols—such as mineral dust coated with
organic material—whose nucleation properties are altered by atmospheric processing. A
significant advancement is the“active‐site”theory, which posits that nucleation occurs
preferentially at specific nanoscale features on a particle’s surface, explaining why larger
particles are more effective INPs (Marcolli et al., 2007). Despite these challenges, CNT
remains a critical tool for developing process‐based ice nucleation models and site‐density
spectra, serving as the basis for many atmospheric model parameterizations. However,
its application requires empirical calibration to laboratory and field data to address
real‐world complexities, highlighting the need for observational constraints to refine and
validate INP parameterizations (Khvorostyanov & Curry, 2005; Niemand et al., 2012).

2.4 INAS density approach
Traditionally, INP measurements have been reported as the number concentration

of particles activated at or below a given temperature per unit volume of air (e.g., L−1 or
m−3) (Vali, 1971). While this metric provides a practical measure of the overall freezing
potential in a given environment, it is an “extensive quantity,”meaning it depends
on both the intrinsic ice‐nucleating ability of the aerosol and its total concentration or
surface area in the air, influenced by factors such as aerosol loading and atmospheric dilu-
tion. This dependence significantly limits direct comparisons of ice‐nucleation efficiency
across different aerosol types, locations, or environmental settings (DeMott, Prenni, et
al., 2010).

For instance, in the complex atmospheric environment of Beijing, where abundant
mineral dust from Asian deserts coexists with a high burden of urban pollutants, a
high INP concentration may reflect elevated aerosol abundance rather than the pres-
ence of highly efficient INPs, obscuring the relative contributions of various sources and
their true intrinsic efficiencies. The traditional INP concentration metric conflates the
quantity of aerosols with their ice-nucleating ability, making it challenging to isolate
the efficiency of different INP types, especially in environments with highly variable
aerosol concentrations, such as urban areas during dust storms versus background peri-
ods (Kanji et al., 2017). This limitation highlights the need for a more refined metric,
particularly in complex settings where distinguishing between the effects of high aerosol
loads and highly active INPs is essential for accurate source apportionment and targeted
interventions.

To overcome the limitations of traditional INP quantification, which relies on num-
ber concentration and is influenced by aerosol abundance, the INAS density approach
was developed as a more precise and physically meaningful measure of nucleation effi-
ciency (Connolly et al., 2009). INAS density, denoted as ns(T ), quantifies the number
of ice‐nucleating active sites per unit surface area of aerosol particles at a given tempera-
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ture T , serving as an intensive quantity that isolates the inherent ice‐nucleating efficiency
of the particles (Vali et al., 2015). This metric is particularly valuable for comparing
the ice nucleation capabilities of diverse aerosols, such as mineral dust and biological
particles, and for direct integration into climate models, as it reflects the underlying
physicochemical properties and surface reactivity of the particles (Hoose et al., 2010).
By normalizing to surface area, this conceptual shift from an extensive to an intensive
quantity enables a more universal parameterization of heterogeneous ice nucleation and
facilitates intercomparison between laboratory and field measurements, unaffected by
variations in aerosol loading or sampling volume (Hoose & Möhler, 2012).

INAS density is experimentally measured using both offline and online techniques,
each offering distinct advantages. The classic offline method involves droplet freezing
assays: aerosol particles are collected from ambient air onto filters or substrates, resus-
pended in pure water, and partitioned into small droplets (e.g., in 96-well plates). These
droplets are placed on a temperature-controlled cold stage and cooled at a controlled
rate, while the fraction of droplets frozen at each temperature, f(T ), is recorded. The
INAS density is then calculated as

ns(T ) = −
ln
[
1− f(T )

]
A

where A is the total particle surface area in the droplets (Murray et al., 2012). Offline
methods primarily measure immersion freezing, a dominant mode in mixed-phase cloud
regime, but can be subject to sampling biases (e.g., favoring larger particles).

Online methods, such as Continuous Flow Diffusion Chambers (CFDCs), expose
ambient aerosols directly to controlled temperature and humidity conditions, measuring
ice crystal formation in real time. The INAS density ns(T ) is derived by dividing the
measured INP concentration by the total aerosol surface-area concentration (DeMott
et al., 2018). While CFDCs offer high temporal resolution, they may have reduced
sensitivity for very small particles. Both approaches are essential for understanding
INP behavior in dynamic environments, where a multi-instrument approach leverages
their complementary strengths—offline methods for broad temperature range and direct
immersion freezing measurement, and online methods for real-time variability capture
—supporting comprehensive INP characterization. The temperature dependence of ns

reflects the activation energy of freezing and the distribution of active sites, varying
significantly among aerosol types and with particle processing history.

The INAS density approach is widely employed in atmospheric modeling to provide
a physically based parameterization for ice nucleation processes (Phillips et al., 2008).
By integrating measured or parameterized ns(T ) values with aerosol surface‐area dis-
tributions, this framework enables the prediction of ice crystal number concentrations,
allowing models to more accurately simulate INP concentrations across diverse atmo-
spheric conditions and thereby enhance simulations of cloud microphysics and precipita-
tion. Parameterizations commonly express the logarithm of ns(T ) as a linear function of
temperature, facilitating empirical fits that can be readily incorporated into global and
regional climate models (Fig. 2.4). This approach also permits the distinction and sep-
arate treatment of various INP sources, such as mineral, biological, and anthropogenic
aerosols. Although some studies normalize INP activity to mass or particle number, nor-
malization by surface area is preferred due to the fundamentally surface‐mediated nature
of ice nucleation. Furthermore, the INAS density framework underpins empirical and
process‐based parameterizations for dust and biological INPs in contemporary models
(Hoose & Möhler, 2012). By providing a robust, intrinsic measure of INP activity, INAS
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Figure 2.4: (a) INAS density ns and (b) ice-active fraction fIN versus temperature T
for PB-INPs as well as mineral dust and soot (Hummel et al., 2018).

density bridges the gap between microscopic ice nucleation events and macroscopic cloud
behavior, such as precipitation and radiative properties, thereby contributing to the re-
finement of cloud microphysical parameterizations and the improvement of weather and
climate models.

INAS density measurements from field and laboratory studies have revealed sig-
nificant variations in ice‐nucleation efficiency across different aerosol types, with min-
eral dust, biological particles, and anthropogenic particles exhibiting distinct behaviors
(Atkinson et al., 2013). Mineral dust, particularly prevalent in Beijing due to its prox-
imity to the Gobi Desert, consistently shows high ns(T ) values, comparable to Saharan
dust and often attributed to its abundance of ice‐active minerals like K-feldspar (Ull-
rich et al., 2017). Asian dust from the Taklamakan and Gobi deserts has especially
high INAS densities, with studies noting that larger particles during East Asian dust
events exhibit higher nucleation efficiency and that chemical aging does not suppress
their ice-nucleating ability (Boose et al., 2016; J. Chen et al., 2021).

In contrast, biological particles such as bacteria and fungal spores display higher
ns(T ) values at warmer temperatures (e.g. −2 °C to −15 °C), due to their unique proteina-
ceous ice-nucleating macromolecules, making them particularly relevant in less-dusty
conditions or specific ecosystems (O’Sullivan et al., 2015). Anthropogenic particles, in-
cluding coal soot and industrial emissions, generally activate as INPs only at much colder
temperatures, typically below −30 °C to −25 °C (Knopf et al., 2010). These differences
imply a temperature-dependent dominance of INP sources in the atmosphere, with bi-
ological INPs being crucial at warmer temperatures and mineral dust dominating at
colder temperatures, a pattern that varies seasonally and with cloud altitude in regions
like Beijing. Figure 2.4 illustrates representative ns(T ) spectra for key aerosol types,
highlighting the diversity of their ice-nucleation activities across atmospheric tempera-
ture ranges.
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2.5 Previous studies on INPs
Historical development of INP research Research into INPs began in the mid-
20th century, establishing foundational knowledge for atmospheric science through pi-
oneering studies such as those by Ludlam (1948) and Mossop (1970), which explored
ice‐crystal formation mechanisms in clouds. These efforts identified mineral dust and
biological particles as effective INPs (Vali, 1971), distinguishing homogeneous nucle-
ation—occurring in pure water droplets below −38 °C—from heterogeneous nucleation,
facilitated by aerosols at warmer temperatures. The development of CNT provided a
thermodynamic framework, with Fletcher (1958) introducing a stochastic approach to
heterogeneous nucleation.

By the early 2000s, researchers had defined key heterogeneous nucleation modes
—immersion, condensation, contact, and deposition freezing—and established empirical
parameterizations linking INP concentrations to temperature and aerosol properties (De-
Mott et al., 2003). Field campaigns and laboratory studies, including those examining
Saharan dust and plant-derived materials (Connolly et al., 2009), advanced measurement
techniques and INP source understanding. Integration of CNT‐based parameterizations
into global climate models marked a significant milestone (Hoose et al., 2010), while
Murray et al. Murray et al. (2011) underscored immersion freezing’s dominance in
mixed‐phase clouds. Today, INP research is mature yet evolving, driven by the need
to refine models with new observations and address uncertainties, particularly regard-
ing atmospheric ice formation’s impact on precipitation efficiency and cloud radiative
properties.

Laboratory studies on INP activity Laboratory research has significantly deep-
ened our understanding of the INP activity of various aerosol types, with rapid advance-
ments in recent years driven by state‐of‐the‐art instruments and methods, providing
critical data for accurate cloud process modeling.

Mineral dusts, especially alkali feldspar minerals like K‐feldspar, consistently exhibit
high ice‐nucleation efficiency, initiating freezing at temperatures as warm as −5 °C in the
immersion mode under certain conditions, while other clay minerals such as kaolinite and
illite are active at colder temperatures, modulated by their surface properties (Atkinson
et al., 2013; Murray et al., 2011).

Atmospheric aging, for example coatings of sulfuric acid or organic compounds on
mineral dust, can suppress or enhance nucleation ability depending on the coating’s
chemical nature and environmental conditions (Cziczo et al., 2009; R. C. Sullivan et
al., 2010). Biological particles, including bacteria (e.g., Pseudomonas syringae), fungal
spores, and pollen grains, are exceptionally efficient INPs, triggering ice formation at
temperatures as high as −2 °C due to protein‐based macromolecules on their surfaces
(Maki et al., 1974; Pummer et al., 2012). Marine biogenic aerosols from sea spray and
microbial activity are significant INP sources in marine environments, typically active
between −20 °C to −10 °C (T. W. Wilson et al., 2015).

Combustion aerosols, such as soot and ash from biomass burning, display variable
efficiency, often active below −20 °C, influenced by fuel type and aging processes (Grawe
et al., 2016; Umo et al., 2015). Advanced techniques, including CFDCs, droplet‐freezing
assays, and cloud chambers, have enabled precise INP activity measurements under at-
mospherically relevant conditions, yielding data essential for atmospheric models (Boose
et al., 2016; O’Sullivan et al., 2015). INP activity is highly nuanced, depending on min-
eral type, particle size, surface properties, and aging, transcending broad classifications
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like “mineral dust”and necessitating detailed characterization.

Advances and challenges in INP parameterization schemes Over the past
decades, parameterization schemes for representing INPs in atmospheric models have
undergone significant advancements, moving beyond early simplistic relationships based
solely on temperature and supersaturation (Meyers et al., 1992). Contemporary schemes
now incorporate aerosol‐specific properties, such as the INAS density approach, which
quantifies nucleation sites per unit surface area, directly linking INP activity to fun-
damental aerosol characteristics (Connolly et al., 2009; Niemand et al., 2012). These
parameterizations typically relate INP concentrations to the surface area of mineral
dust, the abundance of biological particles, or empirically derived relationships based
on laboratory spectra (DeMott, Prenni, et al., 2010; Ullrich et al., 2017). These ad-
vancements have been integrated into numerical weather prediction and climate models,
substantially enhancing simulations of mixed‐phase cloud properties and precipitation
patterns.

However, persistent discrepancies between model predictions and field measure-
ments remain, particularly in regions with complex aerosol compositions such as Bei-
jing and East Asia (Kanji et al., 2017). These discrepancies stem from challenges in
accurately capturing aerosol variability, the dynamic effects of atmospheric aging—such
as coatings on dust particles that alter nucleation efficiency (Cziczo et al., 2009), and
the low concentrations of highly efficient biological INPs. Recent efforts, including the
standardization of measurement techniques and the development of comprehensive INP
databases (DeMott et al., 2018), aim to address these gaps. The iterative process of
refining models through new observational data is crucial for reducing uncertainties and
advancing our understanding of INP sources, activation mechanisms, and environmental
controls.

Global field measurement campaigns Global field campaigns have provided crit-
ical insights into the abundance, variability, and sources of INPs across diverse envi-
ronments, revealing significant spatial and temporal variability in INP concentrations
(Table 2.1). Studies such as the Southern Ocean Cloud Radiation Aerosol Transport Ex-
perimental Study (SOCRATES), utilizing CFDCs, and campaigns across North Amer-
ica and the Atlantic have identified seasonal shifts, with biological INPs dominating at
warmer temperatures (−15 °C to −10 °C) during summer and mineral dust prevailing at
colder temperatures (−30 °C to −20 °C) in winter (T. W. Wilson et al., 2015).

Mineral dust from major arid regions, including the Sahara, Taklamakan, and Gobi
deserts, is a primary INP source below −15 °C, with Saharan dust outbreaks demonstrat-
ing high nucleation efficiency and influencing precipitation over vast downwind regions
(Boose et al., 2016). Marine biological aerosols, linked to oceanic productivity, con-
tribute significantly to INP populations in oceanic areas between −20 °C and −10 °C
(McCluskey et al., 2017), while terrestrial biological aerosols, such as pollen and fungal
spores, prevail in continental forests, particularly in spring and summer, contributing
INPs at warmer temperatures (Després et al., 2012; S. Huang et al., 2021; Huffman
et al., 2013; Möhler et al., 2007).

Combustion sources, including biomass burning, also enhance INP concentrations,
especially in polluted regions (Umo et al., 2015). Despite these advances, significant
knowledge gaps persist in mid-latitude urban areas and megacities, where the interplay
of local emissions, secondary particle formation, and long-range transport complicates
INP characterization (J. Chen et al., 2021). International intercomparison studies, such
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as the Fifth International Workshop on Ice Nucleation (FIN-02), have exposed variabil-
ity among instruments, highlighting the need for standardized measurement protocols
to ensure data consistency (DeMott et al., 2018). Direct field measurements remain
essential to constrain INP parameterizations and reduce model uncertainty, particularly
in complex, mixed-pollution environments where current data are underrepresented.

INP research in Asia and Eastern Asia Research has firmly established Asian
dust from the Gobi and Taklamakan deserts as a dominant INP source with transre-
gional impacts on cloud formation and precipitation (Uno et al., 2009). Studies have
consistently shown that dust events are the primary driver of high INP concentrations
in northern China, particularly during spring (Su et al., 2023). For example, Chen et
al. developed specific parameterizations for temperatures ranging from −35 °C to −6 °C
based on size‐resolved INP measurements during spring dust events in Beijing (2018–
2019) (J. Chen et al., 2021), highlighting the high ice‐nucleating efficiency of these dusts,
which contain abundant feldspar and clay minerals. Vertical INP profiles over the North
China Plain further confirm dust’s pervasive influence at various altitudes.

Beyond mineral dust, marine biogenic INPs linked to biological activity off the
Indian coast have been documented (T. W. Wilson et al., 2015), while urban studies
in Tokyo reveal seasonal variations in INP spectra (Tobo et al., 2020). Despite these
advances, comprehensive INP studies in Chinese cities like Beijing remain scarce, with
limited long‐term, high‐resolution observations on how urban pollution interacts with
natural dust to affect ice nucleation efficiency.

This knowledge gap hinders the accurate representation of INPs in regional weather
and climate models, a critical issue given Asia’s rapid urbanization and the transbound-
ary nature of INP transport, underscoring the need for international collaboration in
atmospheric research. The transboundary nature of Asian dust underscores the need
for international collaboration to understand regional INP sources within broader atmo-
spheric circulation systems (Fig. 2.5).
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Table 2.1: Key global iIce-nucleating particle field observation projects
Campaign/Study Location Environment Key Findings Instruments

SOCRATES (J. C. Wilson & Liu, 1980) Southern Ocean Oceanic Biological INPs dominate at −15 °C to −10 °C in summer;
dust at −30 °C to −20 °C in winter

CFDC

FIN-02 (DeMott et al., 2018) North America,
Europe

Mixed Highlighted instrument variability; need for standardized
protocols

CFDC, DFA

Saharan Air Layer (Boose et al., 2019) Canary Islands Desert High INP efficiency of Saharan dust at −15 °C CFDC, AIDA
Beijing Dust Events (J. Chen et al., 2018) Beijing, China Urban/Desert Dust dominates INP populations during spring storms DFA, CFDC
Indian Monsoon (T. W. Wilson et al., 2015) Indian Coast Oceanic Marine biogenic INPs linked to biological activity CFDC
Tianshan Mountains (Y. Li & Du, 2003) Tianshan

Mountains, China
Mountain INP average 11L−1 on non-dust days, hundreds during dust

intrusions
Not specified (likely DFA/CFDC)

Huangshan Mountain (Jiang et al., 2015) Huangshan
Mountain, China

Mountain INP ranged from 0.27L−1 to 18.74L−1 Not specified (likely DFA/CFDC)

Urban Beijing (J. Chen et al., 2018) Urban Beijing,
China

Urban No significant correlation with urban pollution; natural
sources dominate

INDA, LINA

Eastern Beijing (Bi et al., 2019) Eastern Beijing,
China

Urban/Suburban INP variations linked to air-mass origins, higher with dust CFDC

Suburban/Mountain Beijing (Y. Hu et al.,
2023)

Suburban/Mountain
Beijing, China

Suburban/Mountain Distinct INP concentrations due to different air masses DFA
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Figure 2.5: Annual mean NINP(T ) concentrations in the boundary layer at 500 m
and a temperature of −20 °C for (a) total, (b) dust, (d) marine-sourced, and (f) BC
NINP(−20 ◦C). The marine-sourced INPs are parameterized using SSA. Panels (c), (e),
and (g) show the ratio (expressed as a percentage) of NINP(−20 ◦C) to total NINP(−20 ◦C)
for dust, marine-sourced, and BC INPs, respectively, highlighting regions dominated by
each source of INPs (Herbert et al., 2025).

INP research in China INP research in China has expanded beyond traditional
desert regions to encompass diverse environments, including remote mountain ranges,
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the Tibetan Plateau, vast deserts, agricultural fields, forests, and densely populated ur-
ban centers such as Beijing, Nanjing, Tai’an, and Shenyang. Observational studies
have revealed significant variability in INP concentrations, influenced by both natural
dust and anthropogenic aerosols. For instance, Jiang et al. (2016) reported INP concen-
trations of 11 L−1 on non‐dust days in the Tianshan Mountains, surging to hundreds
per liter during dust events, while (Shi et al., 2006) documented 23.3 L−1 to 85.4 L−1 at
the Qinghai Plateau. In urban and suburban settings, concentrations vary widely—from
0.001L−1 to 604L−1 in Beijing (J. Chen et al., 2018; You et al., 2002)) to 1.57 L−1 to
37.5 L−1 in Tai’an (Jiang et al., 2020). The high ice‐nucleating efficiency of Chinese min-
eral dusts from the Taklamakan and Gobi deserts, rich in feldspar and clay minerals, has
been confirmed (Boose et al., 2016; J. Chen et al., 2021; Ullrich et al., 2017), with dust
storms—particularly in spring—elevating INP levels across northern China and affecting
cloud formation and precipitation through long‐range transport (Su et al., 2023; Uno
et al., 2009). However, systematic long‐term, high‐resolution INP measurements remain
scarce, especially in urban areas like Beijing, where seasonal and episodic variability is
driven by dust outbreaks, secondary aerosols, and local emissions (Bi et al., 2019; Y.
Hu et al., 2023). The lack of vertical INP profiles, source‐resolved data, and studies
on mixed pollution–dust episodes further limits understanding of INP distribution and
dynamics (J. Chen et al., 2021; Y. Hu et al., 2023). These gaps, particularly pronounced
in northern China and Beijing—a region marked by complex aerosol loads—hinder the
development of accurate, region‐specific parameterizations for atmospheric models, im-
peding advances in weather forecasting, climate modeling, and air quality management.
Comprehensive studies integrating laboratory, field, and aircraft measurements are thus
essential to address these deficiencies and enhance regional climate and environmental
strategies.

2.6 The importance and state of the study on INP
characteristics in Beijing/China

Beijing’s exceptional aerosol environment, shaped by a dynamic interplay of nat-
ural and anthropogenic sources, positions it as a critical location for studying INPs.
The city’s proximity to major dust sources, such as the Gobi and Taklamakan deserts,
coupled with severe urban pollution from industrial activities, traffic, and coal combus-
tion, creates a complex aerosol profile (Fig. 2.6). This complexity is further intensified
by regional dust transport, agricultural activities, and biomass burning in surrounding
areas (Bi et al., 2019; Che et al., 2019). Situated on the North China Plain in a mid-
latitude continental climate, Beijing frequently experiences mixed-phase clouds, making
INP characteristics vital for understanding regional precipitation, fog, and ice formation,
and broader climate impacts. Accurate INP characterization is essential for enhancing
weather forecasting and climate modeling, as global parameterizations may fail to cap-
ture Beijing’s unique aerosol dynamics (Hoose et al., 2010; Phillips et al., 2008). The
confluence of these diverse sources results in highly non-linear aerosol–cloud interactions,
establishing Beijing as a global “hotspot”for INP research. Insights gained here are
not only locally significant but also relevant to other polluted megacities, advancing our
understanding of INP behavior in anthropogenically perturbed atmospheres.
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Figure 2.6: Geographical origins of SOA categories in Beijing and other regions. (Dael-
lenbach et al., 2024).

INP research in Chinese cities, though relatively scarce compared to North America
and Europe, is an emerging field gaining momentum. Studies across urban and suburban
sites in China, including Beijing (J. Chen et al., 2018), Nanjing (L. Yang et al., 2013),
Tai’an (Jiang et al., 2020), and Shenyang (Zhou et al., 2016), have reported INP
concentrations ranging from 0.001L−1 to 10 L−1, indicating the presence and activity
of INPs even in heavily polluted urban environments. These investigations highlight
the influence of both natural dust and anthropogenic aerosols on INP populations, with
concentrations peaking during springtime dust storms and remaining low during severe
winter haze events dominated by anthropogenic pollution (J. Chen et al., 2023). Despite
high pollution levels, primary anthropogenic aerosols, such as soot, often show a minor
direct contribution to INPs, particularly in the immersion freezing mode, compared to
mineral dust ((J. Chen et al., 2018)). This conclusion suggests that the critical role of
anthropogenic pollution may be indirect, through chemical aging and coating processes
that modify the ice nucleation activity of natural INPs. However, the available dataset
remains limited, and systematic multi‐year, multi‐site INP monitoring across Chinese
urban regions is lacking, underscoring a key uncertainty in understanding aerosol–cloud
interactions in these complex environments.

Recent field campaigns in Beijing have significantly advanced our understanding of
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INP characteristics, sources, and variability. J. Chen et al. (2018) found no significant
correlation between INP concentrations and urban pollutants such as PM2.5, black car-
bon, or total particle concentrations in urban Beijing, suggesting that natural sources,
particularly mineral dust, dominate the INP population. This was corroborated by Bi
et al. (2019), who observed clear variations in INP concentrations linked to air‐mass
origins, with higher concentrations associated with northerly and westerly air masses
carrying desert dust from the Gobi and Taklamakan deserts. A comparison between
suburban and mountain sites by Y. Hu et al. (2023) revealed distinct INP characteris-
tics influenced by local sources and regional transport. These studies utilized advanced
techniques, including continuous‐flow diffusion chambers and droplet‐freezing assays, to
quantify INPs across temperatures from −5 °C to −30 °C. Historical data from the 1990s
indicate long‐term variations in INP concentrations, potentially due to changes in dust
transport and urban emissions (You et al., 2002). Mineral dust is consistently identified
as the dominant INP source, particularly during spring dust storms, when INP concen-
trations increase by one to two orders of magnitude, with temperature‐dependent spectra
closely tied to mineral dust content (Bi et al., 2019; Y. Hu et al., 2023). Despite severe
anthropogenic pollution, mineral dust remains the primary driver of INP concentrations,
challenging the assumption that pollution directly enhances INP activity in mixed‐phase
clouds.

Despite significant progress in global INP research and initial studies in China,
critical knowledge gaps persist in understanding INPs specific to Beijing. These gaps
include:

(a) Lack of Long-Term Continuous Observation Data: Existing studies are pri-
marily short-term campaigns, limiting a comprehensive understanding of seasonal
and interannual INP variability and baseline conditions. This restricts the ability to
capture diverse meteorological regimes and source patterns over extended periods.

(b) Unclear Characteristics of Pollution-Dust Mixed INPs: The interactions be-
tween natural dust and anthropogenic pollutants, particularly the effects of chemical
aging on INP activity, remain unresolved, with contradictory literature on whether
pollution coatings suppress or enhance ice nucleation efficiency.

(c) Unknown Vertical Distribution: Most observations are ground-based, leaving
the vertical distribution of INPs in the atmosphere largely unknown. Aircraft mea-
surements are essential for characterizing INPs in the free troposphere, where they
directly interact with cloud systems, and for understanding long-range transport
pathways.

(d) Unquantified Impact of Major Events: The impact of significant atmospheric
events, such as the 2022 Winter Olympic Games or prolonged haze events, on INP
characteristics and sources remains largely unquantified.

(e) Source Apportionment Challenges: Robust source apportionment studies are
needed to quantitatively determine the relative contributions of mineral dust, bio-
logical particles, and anthropogenic aerosols to Beijing’s INP population.

Beijing’s unique atmospheric environment, characterized by the interplay of dust
outbreaks, severe pollution, and intense urbanization, serves as a natural laboratory for
studying ice‐nucleating particles (INPs) and their role in aerosol–cloud–precipitation
interactions under extreme and variable conditions. This doctoral dissertation addresses

26



critical scientific questions to fill knowledge gaps regarding INP abundance, variability,
and sources in this region, vital for global climate and regional air quality. Specifically, it
investigates: These questions, strategically aligned with identified knowledge gaps, guide
the research structure and ensure its relevance to improving regional atmospheric models,
weather forecasting, climate impact assessment, and air quality policies in megacities.

To comprehensively answer the aforementioned scientific questions, this dissertation
employs a systematic and multi-faceted research approach. This integrated strategy
combines various methodologies to provide a holistic and unprecedented view of INPs
in the complex Beijing environment.

• Laboratory studies (Chapter 4) will be conducted to investigate the intrinsic ice
nucleation properties of key INP sources relevant to Beijing, specifically focusing on
mineral dust originating from Asian deserts. These experiments aim to understand
their inherent ice-nucleating abilities.

• Long-term field observations (Chapter 5) will be carried out to establish the base-
line INP concentration patterns and seasonal variability in the Beijing area, directly
addressing the critical lack of continuous, high-resolution data for this region.

• Intensive field campaigns (Chapter 6), particularly during significant events such
as the Winter Olympic Games, will focus on detailed source apportionment studies
and the specific impact of pollution on INP characteristics.

This comprehensive experimental design captures the full spectrum of INP sources,
properties, and atmospheric variability in Beijing. By addressing the multifaceted na-
ture of the INP problem—encompassing intrinsic properties, long-term variability, event-
specific impacts, and vertical distribution—this approach enhances the robustness and
completeness of the findings. The results will provide new insights for parameterizing
INP impacts in regional and global climate models, ultimately improving weather fore-
casting, climate impact assessment, and air quality policies in megacities.

2.7 State of the art of instruments to measure
ice-nucleating particles

Accurate measurement of INPs is crucial for understanding their fundamental role
in cloud microphysics and enhancing the predictive capabilities of weather and climate
models, particularly in regions like Beijing with complex and dynamic aerosol environ-
ments. Measuring atmospheric INPs poses significant challenges due to their extremely
low concentrations, typically ranging from less than 0.01L−1 to 100L−1 of air—often
fewer than one per liter even at moderate supercooling. This concentration is orders of
magnitude lower than that of total aerosol particles or CCN, requiring highly sensitive
instruments to detect rare freezing events amidst a vast background of non‐ice‐active
aerosols.

Over the decades, a variety of techniques have been developed, broadly classified
into: (a) online direct‐sampling methods, which continuously expose ambient air to con-
trolled cooling to induce ice formation, and (b) offline analyses, involving the collection
of aerosol samples onto substrates for subsequent laboratory freezing tests.

In recent years, single‐particle detection techniques have emerged as an important
additional category. The choice of instrumentation is pivotal, determining the ability to

27



address specific scientific questions, such as capturing rapid fluctuations in INP concen-
trations or identifying the chemical nature of ice‐forming particles. The inherent diffi-
culty of measuring INPs, driven by their low abundance, results in diverse and complex
instrumentation that often demands resource‐intensive efforts, careful calibration, and
validation. Achieving both high temporal resolution and broad temperature coverage
remains challenging, often necessitating a multi‐instrument approach for comprehensive
studies.

Figure 2.7: Simplified illustration of CFD chamber components and operating princi-
ples. (Rogers et al., 2001).

Online direct‐sampling methods, particularly CFDCs, are widely recognized as es-
sential tools for real‐time monitoring of ice‐nucleating particles (INPs) due to their high
temporal resolution, which is crucial for capturing dynamic changes in INP concentra-
tions (Fig. 2.7). In a typical CFDC, an aerosol sample stream is precisely guided between
two concentric, ice-coated walls maintained at different temperatures, creating a well-
defined temperature and supersaturation profile within the laminar flow (DeMott et al.,
2003; Garimella et al., 2016). This controlled environment exposes airborne particles to
specific conditions relevant for cloud glaciation, allowing particles that act as INPs to
form ice crystals, which are then detected by an optical particle counter (Rogers, 1988).
Prominent examples of CFDCs include the CFDC-1 and CFDC-2 from Colorado State
University, the Horizontal Ice Nucleation Chamber (HINC-Auto), and the Spectrometer
for Ice Nuclei (SPIN), the latter combining focused flow and single-particle detection
to resolve particle-resolved ice nucleation properties (Brunner & Kanji, 2021; Garimella
et al., 2016; Kanji & Abbatt, 2006; Rogers et al., 2001). In Beijing, Bi et al. (2019)
successfully utilized an automated CFDC to measure INP concentrations during spring,
effectively capturing variations linked to episodic dust events. However, CFDCs are
typically limited to operating at temperatures below approximately −15 °C and require
significant operational resources.
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Other online systems, such as expansion chambers like AIDA, Cosmics Leaving
OUtdoor Droplets (CLOUD), PINE, and Leipzig Aerosol Cloud Interaction Simula-
tor (LACIS), simulate cloud formation through rapid adiabatic cooling, offering precise
control over thermodynamic conditions and closely mimicking cloud-parcel conditions
(Bogert, 2024; Kirkby et al., 2011; Möhler et al., 2003). Despite their advantages, these
instruments often face a trade-off: those optimized for high temporal resolution may
sacrifice environmental control or temperature range, and vice versa. Consequently, a
comprehensive study, especially in dynamic environments like Beijing, typically requires
a strategic combination of instruments to cover different aspects of INP variability.

Offline methods provide a crucial complementary approach to online techniques for
measuring ice‐nucleating particles (INPs), primarily through droplet freezing assays. In
these methods, aerosol particles are collected from ambient air onto a substrate, such
as a filter, or into a liquid medium, then washed off or resuspended in pure, deionized
water. The resulting suspension is partitioned into numerous small droplets (typically
50–100 droplets, each 1 µL–100 µL in volume) and placed on a hydrophobic, tempera-
ture‐controlled cold stage. As the stage is cooled at a controlled rate, the number of
droplets that freeze is recorded, often with camera assistance, enabling the statistical
determination of INP concentration as a function of temperature (Vali et al., 2015). This
observed freezing spectrum allows calculation of the cumulative concentration of INPs
active in the immersion mode (Hader et al., 2014; Tobo et al., 2013). Common exam-
ples of offline systems include the Colorado State University Ice Spectrometer (CSU‐IS),
the Leipzig Ice Nucleation Array (LINA), the Micro‐Orifice Uniform Deposit Impactor–
Droplet Freezing Technique (MOULDI‐DFT), and the Nucleation by Immersed Parti-
cles Instrument (µL‐NIPI) (Whale et al., 2015). These methods offer several advantages:
they probe a wide temperature range down to the homogeneous freezing point of wa-
ter, provide direct and unambiguous measurement of immersion freezing—a dominant
mechanism in mixed‐phase clouds—and permit subsequent chemical or biological anal-
yses of collected samples, which is invaluable for detailed source apportionment and
identification of specific INP sources. However, their primary limitation is poor time
resolution, typically ranging from hours to days per sample, averaging over short‐term
atmospheric variability and complicating efforts to link INP concentrations to specific,
transient events.

Beyond the principal methods of CFDCs and droplet‐freezing assays, a suite of
advanced techniques offers unique capabilities for INP research. Balloon‐borne instru-
ments, such as FRIDGE and DeSMI, enable in situ measurements of INP concentra-
tions in the upper troposphere and lower stratosphere, regions that are challenging to
access with conventional platforms (Bundke et al., 2008). Emerging technologies fur-
ther expand measurement capabilities: advancements in microscopy and spectroscopy,
such as Raman spectroscopy or digital holography combined with cold stages, offer the
potential to probe molecular interactions at the ice–water–particle interface or detect
freezing events in real time; infrared spectrometers like laser‐ablation mass spectrometry
(LAMS) can track freezing‐induced changes in individual particles; and digital hologra-
phy and photothermal detection methods allow for high‐temporal‐resolution monitoring
of freezing events in micro‐droplets or airborne particles. Additionally, single‐particle
freezing counters, such as the SPIN instrument at KIT, link particle‐level physical or
chemical properties to their ice‐nucleation ability in real time (Garimella et al., 2016).
Ongoing advancements in microfluidics, lidar, and integrated online–offline approaches
are expected to further refine INP measurements (Mamouri & Ansmann, 2016; Tarn
et al., 2018). However, each of these techniques is constrained by its detection princi-
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ple, sensitivity, and operational complexity, and no single instrument can measure all
INP types and nucleation modes across all relevant atmospheric conditions. Therefore,
a multi‐instrument approach is essential for the comprehensive characterization of the
atmospheric INP population.

The diversity of measurement techniques for INPs poses significant challenges in
comparing datasets obtained from different instruments and campaigns. Each instru-
ment operates on its own specific principles, possesses unique sensitivities, and may
introduce potential artifacts, leading to systematic differences in measured INP con-
centrations even when sampling the same air mass. To address this, the atmospheric
science community has organized international intercomparison workshops, such as the
Fifth International Ice Nucleation Workshop (FIN-03), to quantify uncertainties and
establish best practices for INP measurements (Burrows et al., 2022; DeMott et al.,
2025; Hiranuma, Augustin-Bauditz, et al., 2015). Field and laboratory intercomparison
studies further reveal substantial variability among instruments, depending on their de-
tection principles, operational conditions, and the type of INP measured (DeMott et
al., 2015). A key consensus from these efforts is that researchers must report detailed
instrument parameters and operating conditions (including temperature, humidity, and
supersaturation) along with all INP data to ensure transparency, which is critical for the
meaningful interpretation and synthesis of global INP datasets. Recognizing potential
systematic uncertainties is also essential when comparing across datasets. To enhance
spatial and temporal coverage, ongoing efforts focus on developing robust, autonomous,
and cost-effective instruments, such as automated CFDCs, for long-term monitoring
across a broader network of sites (Brunner & Kanji, 2021).

In this thesis, both offline (droplet freezing assay) and online (AIDA chamber, PINE
expansion chamber, CFDCs) techniques are employed to achieve complementary insights
into INP concentrations, variability, and sources in the Beijing area. The combination
of methods allows both source‐specific sensitivity and time‐resolved monitoring, which
is crucial for advancing the understanding of INP impacts on clouds and climate in
complex urban environments.

2.8 Summary
This dissertation provides a comprehensive characterization of the abundance, vari-

ability, and sources of ice-nucleating particles (INPs) in the Beijing region. INPs play
a central role in atmospheric processes, regulating cloud formation, precipitation effi-
ciency, and Earth’s radiative balance. As highlighted in the literature, INPs exert a
strong influence on climate and are critical to the global water cycle. Clouds modu-
late precipitation and hydrological cycling and, through their radiative effects, influence
planetary temperature. The Beijing area, shaped by the interaction of natural mineral
dust from major deserts and intense anthropogenic pollution, represents a global hotspot
for INP studies. The confluence of diverse sources results in highly nonlinear aerosol–
cloud interactions, positioning Beijing as both an ideal and inherently complex natural
laboratory for advancing mechanistic understanding of INP behavior.
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Chapter 3

Experimental Methods

This chapter provides a comprehensive overview of the experimental setups and
instruments used to investigate INPs in this work. Section 3.1 introduces the AIDA
cloud expansion chamber (Aerosol Interaction and Dynamics in the Atmosphere), de-
scribing its design, aerosol generation and characterization methods, and typical expan-
sion experiments under mixed-phase and cirrus cloud conditions. Section 3.2 details the
droplet-freezing assay INSEKT (Ice Nucleation Spectrometer of the Karlsruhe Insitute
of Technology), an offline immersion freezing technique employed both in the laboratory
and during field campaigns to measure INP concentrations as a function of temperature.
The continuous-flow diffusion chamber developed at KIT, INKA (Ice Nucleation instru-
ment of the Karlsruhe Institute of Technology) is presented in Section 3.3, highlighting
its working principles, controlled supersaturation conditions, and integration with AIDA
for online ice nucleation measurements. Section 3.4 introduces PINE (Portable Ice Nu-
cleation Experiment), a mobile cloud expansion chamber that simulates the rapid cooling
of an ascending air parcel to activate supercooled droplets and ice crystals for in situ
INP detection. Finally, Section 3.5 outlines additional instrumentation used to comple-
ment and validate the core experiments, including a novel fully-automated CFDC for
field deployment in China (BJ-CFDC), a cold-stage droplet freezing analyzer FINDA,
and an aerosol particle monitoring system (GRIMM 180 Environmental Dust Monitor).
This suite of instruments and methods collectively provides a robust approach to assess
the ice-nucleating ability of different aerosol samples under a wide range of experimental
conditions.

3.1 The cloud expansion chamber AIDA
3.1.1 General instrumentation

The AIDA cloud expansion chamber at the Karlsruhe Institute of Technology was
built between 1995 and 1997 as an atmospheric simulation chamber for aerosol studies.
Only later was its operation extended for investigations on aerosol-cloud interactions
and for studies on the ice-nucleation ability of different aerosol types.

A detailed description of the AIDA chamber is provided in, for example, Möhler
et al. (2003), Möhler et al. (2006) or Wagner et al. (2006). AIDA (see Figures 3.1 and
3.2 ) is a cylindrical aluminum vessel with dished ends, approximately 7m in height and
4m in diameter, resulting in a total volume of roughly 84 m3. The chamber is placed
inside a thermal insulation structure, where the temperature of ventilated air can be
regulated in a wide range from 60 °C to −90 °C, by using a large refrigeration system or
liquid nitrogen evaporation. Multiple thermocouples are mounted at various levels along
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Figure 3.1: Setup of the AIDA cloud expansion chamber, including the main instru-
mentation needed for the ice nucleation measurements in this work.

the chamber wall to monitor the temperature, while a separate chain of thermocouples
records the gas-phase temperature inside the chamber. The pressure inside AIDA can
be controlled between 1000 mbar and below 1 mbar. An expansion system comprising
two adjustable mechanical pumps enables rapid evacuation, allowing the chamber to
simulate the rise of an air parcel with minimum pressures as low as 0.01 mbar.

A mixing fan is placed approximately 1 meter above the floor to ensure homogeneous
mixing of the entire air volume. This guarantees a uniform distribution of temperature,
water vapor, and aerosols throughout the chamber. In addition, the AIDA chamber is
equipped with a comprehensive suite of measurement instruments that monitor thermo-
dynamic conditions and track the formation of simulated clouds during experimental
campaigns.

Before each experiment, the chamber is thoroughly cleaned by several flushing cycles
with clean, dry synthetic air at pressures between 1 and 10 mbar. To establish the
desired water vapor concentration, ultra-pure water is then evaporated into the evacuated
chamber before it is refilled with synthetic air. This procedure not only sets the initial
humidity, but also forms a thin ice layer on the chamber walls, helping to maintain
ice-saturated conditions and providing sufficient water vapor during expansion cooling
experiments.

The entire experimental process is automated and monitored via a LabVIEW-based
control system. A comprehensive suite of instruments continuously monitors the ther-
modynamic state of the chamber and tracks cloud formation throughout the experiment.
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Figure 3.2: Setup of the AIDA cloud expansion chamber and associated instrumenta-
tion for the ice nucleation measurements in this study. Shown are: (a) the chamber
housed in a thermal insulation structure, (b) the RBG, (c) the OPC, (d) the SMPS,
(e) the CPC, (f) the APS, (g) the filter holder for sample collection, (h) the INSEKT
instrument for offline filter analysis (see Section 3.2), and (i) the INKA instrument for
online INP measurements (see Section 3.3).

3.1.2 Aerosol generation
Aerosol particles such as mineral dust, salts, or aqueous solution droplets are in-

troduced into the AIDA chamber using different injection systems depending on their
physical phase state.

Figure 3.2 shows the cutaway diagram of the structure of AIDA together with the
aerosol injection and characterization instruments. Solid dust particles are generated
from a bulk sample containing particles in both the sub-micron and super-micron size
ranges. To reduce the abundance of larger particles in the sample, the material is first
sieved to select particles with diameters between 0 µm to 75 µm. Dispersion is achieved
using a rotating brush generator (RBG 1000, Palas GmbH; see Figure 3.2(b)). In this
device, the sieved material is placed in a piston which is slowly pushed upward. A rotat-
ing brush lifts the particles and entrains them into an air stream. This aerosol-laden air
typically passes through a cyclone impactor and a dispersion nozzle to remove particles
with diameters larger than approximately 5 µm, as such coarse particles are generally
not relevant for cloud formation under atmospheric conditions. The size-selected aerosol
is then introduced into the AIDA chamber.

Although not used in the present study, other types of aerosol particles can also
be introduced into the AIDA chamber. Salt particles such as ammonium sulfate are
typically generated by atomizing dilute aqueous solutions (0.1–1 wt%) using an ultrasonic
nebulizer, followed by drying in a desiccation column to produce solid residuals, which
are then injected into the chamber. Aqueous sulfuric acid droplets are produced using a
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custom-built generator in which concentrated sulfuric acid is heated above 100 °C to form
vapor. This vapor is transported by a flow of synthetic air through a cooling line, where
it undergoes homogeneous nucleation, forming droplets that are subsequently introduced
into the chamber.

3.1.3 Measurement techniques for aerosol and hydrometeor
characterization

This section provides an overview of the measurement techniques employed at the
AIDA facility for determining the number concentration and size distribution of aerosol
particles, cloud droplets, and ice crystals. These techniques include electrical mobility
and aerodynamic sizing for aerosols, as well as optical detection methods capable of
distinguishing between spherical droplets and aspherical ice particles.

Electrical mobility and aerodynamic measurement of aerosols

The aerosol introduced into AIDA is characterized with respect to its number con-
centration and size distribution. While the number concentration is determined using a
single instrument, the size distribution is derived from the combined measurements of
two instruments that exploit different aerosol properties. The following section describes
the three instruments employed and their respective measurement principles.

Condensation particle counter The number concentration of aerosol particles in
AIDA, including those with diameters of 10 nm and larger, is measured using a Conden-
sation Particle Counter (CPC1, model 3010, TSI Inc.; see Figure 3.2(e)). Since most
aerosol particles are too small to be detected optically, their optical size must be in-
creased to enable detection. In the CPC, the aerosol first passes through a saturator
filled with butanol vapor. The aerosol-laden flow is then directed into a cooler region, the
condenser, where butanol condenses onto the particles, thus increasing their optical size.
Subsequently, these enlarged particles pass through a laser beam, and the resulting scat-
tered light is detected and used to count the particles (P. Kulkarni et al., 2011; Welker,
2012). The CPC operated at AIDA provides number concentration measurements with
a temporal resolution of 1 s and can detect particle concentrations up to 10 000 cm−3

(TSI, 2002).

Scanning mobility particle sizer The Scanning Mobility Particle Sizer (SMPS2;
consisting of a DMA 3071 and a CPC 3772, both from TSI Inc.; see Figure 3.2(d))
measures the aerosol size distribution in the range of 10 nm to 800 nm, based on the
electrical mobility of the particles(Singh & Kuang, 2024). Upon entering the system,
the particles are brought to a known equilibrium charge distribution. They then pass
through a Differential Mobility Analyzer (DMA), which classifies them according to
their electrical mobility. The classified particles are subsequently counted by the CPC
(Flagan, 1999). By continuously varying the electric field strength, the instrument selects
particles of different sizes, producing a complete size distribution within the specified
range (P. Kulkarni et al., 2011; Welker, 2012).

1https://tsi.com/discontinued-products/condensation-particle-counter-3010/, last accessed April 24,
2025

2https://tsi.com/products/particle-sizers/scanning-mobility-particle-sizer-spectrometers/
general-scanning-mobility-particle-sizer-(smps)-3938/, last accessed April 24, 2025
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The SMPS provides the mobility diameter (dme), which assumes spherical particles.
To account for aspherical shapes, this value is converted into the volume equivalent diam-
eter (dve), which represents the diameter of a sphere with the same volume. Aspherical
particles experience greater aerodynamic drag, which is characterized by the dynamic
shape factor χ. The conversion is given by:

dve =
dme
χ

. (3.1)

Aerodynamic particle sizer The Aerodynamic Particle Sizer (APS 30213, TSI Inc.;
see Figure 3.2(f)) characterizes the aerosol size distribution within the diameter range
of 0.5 µm to 20 µm, based on the aerodynamic diameter(TSI, 2013). Upon entering the
APS, particles are accelerated through a nozzle, resulting in different velocities due to
their varying inertias. The particles then cross two laser beams, and their transit time
between the beams is used to determine their velocity, which is then converted into
a size bin corresponding to the aerodynamic diameter(J. C. Wilson & Liu, 1980). The
aerodynamic diameter refers to the diameter of a spherical particle with the same settling
velocity as the measured aspherical particle. It is converted to the volume equivalent
diameter using the following relationship:

dve =

√
χ

ρ
· dae , (3.2)

where ρ is the average density of the aerosol particles.
After converting the SMPS and APS data to volume equivalent diameters using

Equations 3.1 and 3.2, the two datasets are merged to obtain the complete aerosol size
distribution in AIDA. Due to the finite measurement times of each instrument, the SMPS
is operated with a scanning duration of 6 min, while the APS requires 4 min.

From the measured size distribution of the particle number concentration cn,aero(log dve),
the aerosol surface area concentration size distribution cs,aero(log dve) can be calculated
assuming spherical particles as:

cs,aero(log dve) = πd2ve cn,aero(log dve) (3.3)

Here, dve denotes the volume equivalent aerosol particle diameter used throughout
the aerosol characterization in AIDA.

The total aerosol surface area concentration cs,aero is of particular relevance in the
investigation of heterogeneous ice nucleation. It can be derived in two ways: either by
summing the size-resolved surface area concentrations across all size bins (as described
in Eq. 3.3), based on SMPS and APS data, or by calculating it from the parameters of
a lognormal fit to the measured size distribution.

For a lognormal size distribution, cs,aero is given by:

cs,aero = πcn,aero exp
(
2 ln dp,m + 2 ln2 σg

)
(3.4)

where cn,aero is the total particle number concentration, dp,m is the median particle
diameter, and σg is the geometric standard deviation of the lognormal distribution.

3https://tsi.com/products/particle-sizers/supermicron-capable-particle-sizer-spectrometers/
aerodynamic-particle-sizer-aps-3321/, last accessed April 24, 2025
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Optical detection of aerosols, cloud droplets, and ice crystals

The number concentration and size distribution of large aerosol particles, cloud
droplets, and ice crystals in AIDA are measured using two optical particle counters
(OPCs, model welas, Palas GmbH) installed at the bottom of the AIDA chamber. These
OPCs cover two complementary size ranges: 0.7 µm to 46 µm and 5 µm to 240 µm (Wag-
ner & Möhler, 2013). Each system consists of a detector unit (welas 2300 and welas
2500), which is enclosed in a thermally controlled housing to prevent evaporation of
cloud droplets and sublimation of ice crystals, and a separate control unit (welas 2000).

The welas sensor utilizes a white light source and detects light scattered by individ-
ual particles at scattering angles centered around 90° (sideward scattering). As particles
traverse the detection volume, they scatter light in a manner that depends on both their
size and shape. Aspherical particles, such as ice crystals, typically scatter light with
higher intensity compared to spherical particles of the same volume. This difference in
optical response enables the discrimination between ice crystals and liquid cloud droplets
based on the fact that ice crystals exhibit a larger apparent optical size compared to
liquid cloud droplets. (Järvinen et al., 2014).

The investigated air sample from the AIDA chamber passes through a cuvette inside
the welas sensor; however, only 10.5 % of the total air volume is sampled within the
optical detection volume. This sampling efficiency must be taken into account when
calculating the droplet and ice particle number concentrations in AIDA experiments.

3.1.4 Water measurement
The total water concentration inside the AIDA chamber is measured using a dew

point mirror (373LX, MBW Calibration), while gas-phase water vapor concentrations,
both under cloud-free and in-cloud conditions, are measured with the tunable diode laser
(TDL) absorption spectrometer (APicT, AIDA PCI in-cloud Tunable diode laser), which
has an accuracy of approximately 5% (Fahey et al., 2014).

For the humidity measurements, a laser beam is directed through the AIDA chamber.
Its intensity is attenuated by water vapor absorption, and the transmitted signal is
detected. This signal is directly related to the partial pressure of water vapor, e(T ), which
is used together with the saturation vapor pressure to calculate the relative humidity
with respect to water (RHw) and the saturation ratio with respect to ice (Sice), as follows:

RHw =
e(T )

es,wat(T )
· 100 ; Sice =

e(T )

es,ice(T )
(3.5)

Here, T is the gas temperature inside the chamber (in K), which must be in the
valid range.

123 < T < 332 K (3.6)

for the parametrization described below. The saturation vapor pressures over liquid
water and ice are calculated using the expressions from Murphy and Koop (2005) :

es,wat(T ) ≈ exp
{
54.842763− 6763.22

T
− 4.21 · log(T ) + 0.000367 · T + tanh (0.0415 · (T − 218.8))

·
[
53.878− 1331.21

T
− 9.44523 · log(T ) + 0.014025 · T

]}
(3.7)
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es,ice(T ) = exp
{
9.550426− 5723.265

T
+ 3.53068 · log(T )− 0.00728332 · T

}
(3.8)

Two configurations of the TDL system are employed. In the single-pass setup (SpA-
PicT, Single Path APicT), the laser beam crosses the chamber once. In the multi-pass
configuration (APicT), the beam traverses the chamber multiple times, which enhances
measurement sensitivity. This configuration is particularly suitable for low-temperature
experiments in the cirrus cloud regime, where water vapor concentrations are typically
low.

3.1.5 Offline and online ice nucleating particle measurements
For offline INP measurements using INSEKT (see Section 3.2 ), aerosol-laden air

from the AIDA chamber is pumped through stainless steel filter holders (Sartorius Mem-
branfilter GmbH, SM16254) with modified connections, mounted via vertical inlets at
the side of AIDA. These holders are equipped with 47 mm Nuclepore track-etched poly-
carbonate membrane filters with 0.2 µm pore diameters (Whatman).

To minimize the background INP signal originating from the filter material itself,
the filters are pre-cleaned by soaking in a 10% hydrogen peroxide (H2O2) solution for
10 minutes, following the procedure described in Hiranuma, Augustin-Bauditz, et al.
(2015). Residual H2O2 is removed by rinsing the filters three times with 0.1 µm pore-
diameter-filtered deionized water (18 MΩ). The cleaned filters are then dried in a particle-
free, laminar flow clean box and individually stored in sterile aluminum envelopes until
use for aerosol sampling.

Aerosol collection is conducted at a flow rate of 10 stdL/min over a duration of
approximately 2 hours. After sampling, the loaded filters are individually sealed and
stored in a freezer until further analysis. Before INP analysis, the aerosol particles
collected on the filters are resuspended in clean water (see Section 3.2 for procedural
details) and probed for their ice nucleation ability.

In addition to offline methods, the online INP measurement technique INKA (see
Section 3.3) is utilized to investigate the total aerosol population in the AIDA chamber.
The instrument is connected via a horizontal sampling line and samples aerosol-laden
air from the chamber at flow rates ranging from 0.631 L/min to 1.251 L/min over a
period of approximately 4 hours. Once the sampling and particle collection have been
completed, the AIDA cloud expansion experiment (see Section 3.1.6) is started.

With this setup, the aerosol particles used in INP studies are well characterized by
various instruments, all sampling from the same aerosol population. This coordinated
approach is particularly valuable for the inter-comparison of different INP measurement
techniques and helps to eliminate discrepancies that may otherwise arise due to variations
in aerosol generation or sampling conditions.

3.1.6 Typical procedure for AIDA expansion and ice nucleation
experiment

Prior to each expansion experiment, the AIDA chamber undergoes a thorough clean-
ing procedure. This process lasts approximately 4 hours and involves evacuating the
chamber to a pressure below 2 hPa, followed by ten flush cycles, in which the chamber
is refilled with dry, clean synthetic air to 10 hPa and then evacuated again below 2 hPa.
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After this, the chamber is further evacuated for 1 hour to below 0.1 hPa. During this
period, the chamber is also cooled or heated to the desired starting temperature.

After the cleaning cycle, ultrapure water vapor is introduced and allowed to con-
dense onto the chamber walls, forming a thin ice layer that serves as a humidity reservoir
throughout the experiment. The chamber is then refilled with dry, particle-free synthetic
air to ambient pressure.

Once the target conditions are established, aerosol particles are injected into the
AIDA chamber (see Section 3.1.2). For this study, the aerosol number concentrations
at the time of injection typically ranged from 100 cm−3 to 200 cm−3, depending on
the aerosol type and temperature regime. At higher temperatures, larger total aerosol
surface areas are required to obtain measurable ice number concentrations.

Following aerosol injection, the number concentration and size distribution of the
particles are initially characterized using CPC, SMPS, and APS instruments (see Sec-
tion 3.1.3). For INP experiments, the particles are further analyzed prior to the AIDA
expansion using both offline (INSEKT) and online (INKA) measurement techniques.
These INP-specific characterizations are performed concurrently with aerosol sampling
and continue until just before the onset of the AIDA cloud expansion, which itself serves
as an additional online INP measurement.

Once INP measurements are complete, the AIDA cloud expansion is initiated to
further assess the ice nucleation activity of the aerosol population. The expansion begins
by connecting the chamber to the vacuum system (Figure 3.3, t = 0 s), initiating a
controlled pressure reduction. This leads to a nearly adiabatic expansion of the chamber
air, resulting in a drop in gas temperature Tgas and a corresponding increase in relative
humidity (Figure 3.3, panels 1 and 2). The cooling rate, determined by the pumping
speed, is generally around 3 K min−1, which corresponds to an effective vertical updraft
velocity of approximately 5 m s−1.

In immersion freezing experiments (Figure 3.3 a), the relative humidity increases
until water saturation is reached. Aerosol particles are activated as CCN, forming a
supercooled liquid cloud. The droplets grow by condensation of water vapor and begin
to freeze at lower temperatures. Ice crystals, which are distinguished by their larger size
and asphericity, are identified by applying a size threshold to the OPC signal (Figure 3.3,
panel 4). Particles exceeding this threshold are counted as ice crystals. While Welas
1 detects all particle sizes, Welas 2, which is optimized for larger particles, is used to
obtain accurate ice number concentration measurements (Figure 3.3 a, panel 3).

Data analysis begins once the ice number concentration exceeds a threshold of
0.1 cm−3 (indicated by the red line at t = 70 s) (Ullrich et al., 2017). This evaluation
period continues until approximately 295 s after the start of the expansion, when the ice
concentration reaches its maximum. The saturation ratios with respect to water and ice
(Swater and Sice) reach the peak and remain constant thereafter. In this experiment, the
AIDA expansion was terminated at a pressure of 750mbar by stopping the pumping of
air out from the chamber.
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Figure 3.3: Time series of representative AIDA heterogeneous freezing ex-
periments. Left: (a) Immersion freezing experiment. Right: (b) Deposition nucleation
experiment.Each sub-panel shows, from top to bottom: Panel 1 –chamber gas temper-
ature (Tgas, blue), wall temperature (Twall, orange), and pressure (p, black, right axis);
Panel 2 –relative humidity with respect to liquid water (RHwater, green) and ice (RHice,
blue), together with the Koop line (orange dashed); Panel 3 –aerosol concentration mea-
sured with the CPC (cCPC

n , black), total concentration from welas 1 (ctotaln , blue dashed),
which includes aerosol particles, cloud droplets and ice crystals, and the ice concentration
measured with the welas 1 (light-blue markers) and the welas 2 (blue markers) ; Panel
4 –single particle data from welas 1 (black dots) and welas 2500 (blue dots). Particles
with diameters below 4 µm are considered aerosols, those between 4 µm and 25 µm are
cloud droplets, and particles larger than 25 µm are classified as ice crystals. In all panels,
the vertical grey dashed line marks the expansion start, and the two vertical red dashed
lines delimit the time window used for further analysis.

In deposition nucleation experiments (Figure 3.3 b), ice crystals form at relative
humidities only slightly above ice saturation, without an intermediate liquid phase (first
vertical red line at t = 50 s). The crystal growth rates are slower, and the resulting parti-
cles are generally smaller. Due to its higher sensitivity in the small particle range, Welas
1 is preferred for detecting deposition-mode ice crystals. Data analysis begins when the
ice number concentration exceeds the background threshold of 0.1 cm−3. Measurements
are interpreted as deposition nucleation data as long as the ice number concentration
continues to rise up to the point where relative humidity reaches its maximum (second
vertical red line at t = 220 s). The ice particle number concentration at this humidity
peak is defined as the representative deposition nucleation point for the experiment. The
corresponding temperature is determined as the average temperature between the onset
of data analysis and the time of peak humidity.

At the end of the expansion, the chamber pressure stabilizes, and the gas temper-
ature (Tg) gradually increases due to heat transfer from the chamber walls, while the
wall temperature (Tw) remains nearly constant. As the gas warms, the saturation ra-
tios with respect to ice and water decrease, eventually falling below unity. This shift
to sub-saturated conditions leads to the evaporation of remaining cloud droplets and
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Figure 3.4: Schematic illustration of the setup for aerosol filter sampling (a) and the
configuration of the droplet freezing assay INSEKT (b).

the sublimation or sedimentation of ice crystals formed during the expansion. Once the
cloud has fully dissipated, the experiment is concluded and the chamber is set to an
automated cleaning and preconditioning program in preparation for the next expansion
experiment.

3.2 The droplet freezing assay INSEKT
Droplet freezing assays are commonly employed for batch analysis of INPs. In this

method, droplets containing an aqueous suspension of INPs are arranged in PCR trays
and cooled at a specified rate until all droplets freeze (Harrison et al., 2018; Miller et al.,
2021; Schneider, Höhler, Heikkilä, et al., 2021).This technique is particularly advanta-
geous for immersion mode analysis, where a wide range of INPs can be tested under
controlled conditions (Miller et al., 2021; Tobo, 2016). The Ice Nucleation Spectrometer
of the Karlsruhe Institute of Technology (INSEKT) is an droplet freezing assay designed
to investigate the ice nucleation activity of aerosol particles collected either from lab-
oratory experiments at AIDA or from field campaigns (Schneider, Höhler, Heikkilä, et
al., 2021). INSEKT is based on an ice spectrometer originally developed at Colorado
State University (Hill et al., 2016), and operates over a wide temperature range from
approximately −5 °C to −26 °C, corresponding to 268 K to 247 K. It measures INP
concentrations as a function of activation temperature in immersion freezing mode.

3.2.1 Aerosol sampling and preparation
As shown in Figure 3.4 a, Aerosol particles are collected using a filter holder fitted

with a nuclepore track-etched polycarbonate membrane (Whatman), with a diameter
of 47mm and the typical pore sizes of 0.2 µm. A mass flow controller regulates a con-
stant sampling flow. Depending on aerosol concentrations, sampling durations vary from
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30min to 2 h in laboratory settings and up to several days in field deployments. Collected
filters are pre-cleaned with 10% H2O2 and rinsed with deionized water before use.

Post-sampling, filters are stored frozen and transported under clean conditions. For
analysis, they are immersed in 8mL of nanopure water (filtered through a 0.1 µm syringe
filter) and rotated for 20 min to extract particles. The resulting suspension is diluted
with clean water in ratios such as 1:15 and 1:225, or even 1:3375. Aliquots of 50 µL are
pipetted into two 96-well PCR plates, organized into groups for undiluted, diluted, and
blank (nanopure water) samples. All handling is conducted in a clean flow cabinet using
pre-cleaned tweezers.

3.2.2 Experimental setup and freezing detection
The Figure 3.4 b showed the configuration of the droplet freezing assay INSEKT.

The PCR plates are inserted into two aluminum cooling blocks connected to a chiller
(LAUDA Proline RP 890), which circulates ethanol at a constant cooling rate of 0.33K min−1.
The blocks are housed in a PVC box insulated with 2 cm of Armaflex material and cov-
ered with an anti-reflection coated glass pane. A continuous flow of particle-free synthetic
air ( 80 L h−1) flushes the interior to prevent condensation.

Eight temperature sensors (Pt100) are embedded near the wells and measure tem-
perature at a resolution of 2 Hz. A camera mounted above the PCR plates (focal distance
60 cm) detects brightness changes in wells as freezing occurs. Temperature, cooling rate,
and optical changes are monitored and recorded by LabVIEW software.

3.2.3 Freezing experiment and INP quantification
After initial cooling to 273.15 K, the PCR plates are cooled at a controlled cooling

rate of 0.33 K min−1(i.e., temperature decrease) in the immersion freezing phase. Freez-
ing events are identified by brightness changes in the wells, and the frozen fraction is
computed as a function of temperature. INP concentrations per standard liter of sampled
air are calculated in 0.5K temperature bins using the method of Vali (1971), corrected
by nanopure water blanks.

The cumulative number of INPs per volume of aerosol suspension, cn,INP,liq, is given
by:

cn,INP,liq(T ) = − η

Vdrop
ln

(
Nu(T )

Nall

)
(3.9)

where η is the dilution factor, Vdrop is the droplet volume, Nu(T ) is the number of
unfrozen samples at temperature T , and Nall is the total number of samples.

Handling blank filters (i.e., filters exposed without air sampling) help account for
contamination from filter surfaces and are checked for cleanliness. Background freezing
is evaluated by including blanks (nanopure water), then the corrected INP concentration
per standard liter of sampled air is calculated as:

cn,INP,corr(T ) = − η

Vdrop
· Vwash
Vair

[
ln

(
Nu(T )

Nall

)
− ln

(
Nu,bgr(T )

Nall,bgr

)]

= − η

Vdrop
· Vwash
Vair

ln

 Nu(T )

Nall −
(
Nf,bgr · Nall

Nbgr

)
 (3.10)

Here, Vwash is the volume of water used to suspend the aerosol particles, and Vair
is the volume of sampled air, Nf,bgr and Nu,bgr are the numbers of frozen and unfrozen
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samples in the background measurement, respectively, and Nall,bgr is the total number
of background samples.

To quantify the contribution of heat-sensitive INPs, primarily those of biological ori-
gin such as proteinaceous particles, aerosol suspensions were subjected to an additional
heat treatment following established protocols (Hill et al., 2016; O’Sullivan et al., 2018;
T. W. Wilson et al., 2015). Specifically, suspensions of collected aerosols were heated
to approximately 100 °C for 20 minutes to denature protein-based ice-nucleating compo-
nents. After cooling to room temperature, the heat-treated suspensions were analyzed
using the same INSEKT protocol as for the untreated samples.

3.2.4 Application in AIDA: INAS density
INSEKT-derived INP concentrations are combined with aerosol surface area data

from CPC, SMPS, and APS measurements (Section 3.1.3) to calculate the INAS density
(Ullrich et al., 2017):

ns =
NINP
Aaerosol

(3.11)

Assuming a one-to-one correspondence between INPs and ice crystals, NINP is equal to
the measured INP concentration. Surface area concentrations are derived from particle
size distributions.

3.3 The continuous flow diffusion chamber INKA
CFDCs are widely used to investigate the ice nucleation activity of atmospheric

and laboratory-generated aerosol particles under controlled temperature and relative
humidity conditions. These instruments simulate conditions relevant to cloud formation
by generating well-defined gradients of temperature and water vapor saturation within a
confined flow channel. As aerosol particles pass through this environment, those capable
of acting as INPs initiate ice formation, which is subsequently detected, often via optical
particle counters.

Over the past several decades, various CFDC designs have been developed, each
tailored to specific experimental needs. These include CFDCs with concentric cylinder
configurations, such as the vertical alignment used by Rogers (1988) and Rogers et
al. (2001), parallel-plate geometries, including both horizontal and vertical orientations
as described by Kanji and Abbatt (2009), Stetzer et al. (2008), and Garimella et al.
(2016). Despite differences in geometry, cooling methods, and automation, all CFDCs
operate on the same fundamental principle: aerosol particles are exposed to controlled
supersaturation conditions with respect to ice or liquid water, allowing for the activation
and growth of ice crystals.

At Karlsruhe Institute of Technology (KIT), two CFDC instruments have been de-
veloped and deployed: the laboratory-based INKA and its mobile counterpart mINKA.
Both instruments are based on the classical concentric-cylinder CFDC design, providing
high precision and flexibility for a wide range of experimental conditions. INKA is opti-
mized for long-duration laboratory experiments, including those coupled with the AIDA
cloud chamber, while mINKA is designed for field campaigns and remote measurements.
These instruments offer automated Relative humidity (RH) scans, high-resolution tem-
perature control, and detailed ice particle detection. In the following sections, the work-
ing principle, experimental procedures, and instrumentation of the INKA system are

42



Figure 3.5: Schematic of the different cylindrical CFDC sections, which are passed
by sampled aerosol: Ice nucleation and ice crystal growth section, droplet evaporation
section, and particle detection.

described in detail, with reference experiments illustrating its capabilities. INKA en-
ables precise measurements of ice nucleation under controlled conditions using RH scans
and a robust thermal management system. Its integrated OPC and automated data
acquisition allow for reliable identification and quantification of ice particles, supporting
a broad range of cloud microphysics research applications.

3.3.1 Working principle
INKA is based on a cylindrical CFDC design consisting of two vertically-oriented

concentric copper cylinders that form an annular gap of approximately 1.14 cm in width
and 150 cm in length. The aerosol sample enters the annular gap from the top through
a nozzle and is confined near the center by dry, particle-free sheath air(see Figures 3.5).

The chamber walls are coated with a thin, uniform ice layer formed through an
icing procedure. Temperature gradients across the ice-coated walls create a steady-state
temperature and water vapor pressure profile within the annular gap. These gradients
result in supersaturated conditions conducive to ice nucleation. The upper two-thirds of
the chamber serve as the activation section, where aerosol activation and ice nucleation
occur. The lower third, with walls at equal temperature, acts as the evaporation section,
facilitating the growth of ice particles while evaporating droplets.

The flow velocity profile inside the chamber is calculated considering both laminar
flow and buoyant effects due to the temperature gradient. Under ideal conditions, the
aerosol lamina is confined to a narrow region, experiencing nearly constant thermody-
namic conditions. Relative humidity scans are achieved by adjusting wall temperatures
via automated control.
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3.3.2 Instrumentation and operation modes
INKA’s flow system comprises three pumps, two mass flow controllers, eight valves,

and three pressure sensors. Cleaning and icing cycles precede each measurement. Clean-
ing involves evacuating the chamber to reduce background frost. During icing, the
chamber is cooled and flooded with deionized water to form a uniform ice layer on the
walls.

Aerosol measurements are conducted with a total flow of 10 Lmin−1 to 12.5 L min−1,
with the aerosol flow making up 5–10% of the total. The aerosol enters through the top
and is enclosed by sheath air. Sampling can be conducted in direct flow mode. Filtered
sample flows are used to determine background counts. After several hours of operation,
the icing layer must be renewed.

3.3.3 Cooling and temperature control
Temperature regulation is achieved using two cryostats circulating ethanol through

copper coils attached to the cylinder surfaces. The upper and lower sections of the cham-
ber can be cooled independently, enabling operation in different modes (ice nucleation
or ice growth). Temperature sensors (T-type thermocouples) monitor wall temperatures
at multiple heights. A Pt100 sensor serves as a reference.

Wall temperature uncertainties arise from differences in heat transfer efficiency and
ice layer thickness variation. The conservative estimate for overall uncertainty in wall
temperature is 0.5 K. The aerosol lamina temperature, defined by the center of the
annular gap, is determined using mean values from selected thermocouples.

3.3.4 Optical particle counter and data acquisition
An Optical Particle Counter (OPC) mounted downstream of the evaporation section

distinguishes between small aerosol particles and larger ice crystals by applying a size
threshold. INKA uses a Climet CI-3100 OPC, integrated with a LabVIEW-controlled
data acquisition system. Each particle’s signal height and duration are recorded at 1Hz
resolution. The OPC’s detection range spans from approximately 0.5 µm upwards.

3.3.5 Typical experiment and data analysis
A typical INKA saturation scan, performed at the nominal temperature of −28 °C

with desert dust particles sampled from the AIDA chamber, is shown in Figure 3.6. The
experiment begins with a background measurement using HEPA-filtered air. Background
counts are subtracted from measurement data to isolate ice nucleation signals. The
aerosol inlet is then opened, and wall temperatures are adjusted to increase the relative
humidity in the activation section.

Ice particle formation is monitored as saturation ratios rise. Ice crystals are iden-
tified via size thresholding in OPC data. Data analysis is terminated at the onset of
droplet breakthrough, where incomplete droplet evaporation interferes with size-based
classification. The INP number concentration is derived from the count of particles
exceeding the threshold within a known sample volume and time interval.

For immersion freezing analysis, the selected point is typically at 5 % lower rela-
tive humidity than the droplet breakthrough onset. The selected relative humidity and
temperature values reflect maximum ice nucleation without droplet interference.
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Figure 3.6: Time series of INKA measurements during an ice saturation
ratio scan conducted at a nominal aerosol temperature of −28 °C with desert
dust particles. (a) Saturation ratio with respect to ice (solid blue line) and liquid
water (dashed blue line). (b) Normalized single particle signals from OPC3; each blue
dot represents an individual aerosol particle or ice crystal. The red horizontal line
indicates the ice threshold. The shaded area marks the period used for background ice
concentration evaluation. (c) Ice crystal number concentration (green line, left axis) and
total particle number concentration (blue line, right axis).

3.3.6 Uncertainty in temperature and INAS density
The temperature dependence of ice nucleation requires a careful assessment of the

uncertainty. Variability in wall temperature sensors and ice layer thickness introduces
uncertainties in lamina temperature. A conservative uncertainty of 0.5 K is used for all
INKA data.

For INAS density calculations, aerosol surface areas are derived from AIDA’s aerosol
characterization, with a measurement uncertainty of 34 %. Combined with INP counting
errors, this contributes to the total INAS density uncertainty.

3.4 The mobile cloud expansion chamber PINE
The PINE is an in situ instrument developed for the real-time quantification of INP

concentrations in both ambient and laboratory-generated aerosols. Based on the opera-
tional concept of the large-volume AIDA cloud chamber, PINE induces the formation of
supercooled droplets and ice crystals by imposing a rapid reduction in pressure and tem-
perature, thus replicating the thermodynamic conditions characteristic of ascending air
parcels in the atmosphere, was first described in detail by Möhler et al. (2021). Between
2016 and 2019, PINE was developed and built at the Karlsruhe Institute of Technology
in collaboration with the University of Leeds and was commercialized by Bilfinger Nu-
clear & Energy Transition GmbH (Würzburg, Germany; see Figure 3.7a). The current
commercial model, with a chamber volume of 10 L, provides a temporal resolution of
approximately 6 min and supports fully automated remote operation for extended field
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and laboratory campaigns. Since all the measurements presented in this work were per-
formed with the version ”PINE-05-0X”, the term PINE in the following always refers to
this PINE version.

3.4.1 Instrument setup

aerosol flow

OPC

dryer

valve

RH

pressure

Tgas
Twall

PINE

cold chamber
+20 °C to -60 °C

bypass flow
(I)inlet 
system

(II) cloud expansion 
chamber

(III) cooling 
system

(IV) particle 
detection system

(V)  control 
system

(a) (b)

Figure 3.7: Setup of the PINE chamber. Picture (a) shows the commercial version of
the PINE chamber. (b) shows the five main parts of the PINE instrument (with minor
changes from Möhler et al. (2021)), and more detailed overview of the single components
of the several parts.

PINE comprises five parts (Figure 3.7b): (I) an inlet system, (II) a cloud expansion
chamber, (III) a cooling system, (IV) a particle detection system, and (V) a control
system. All parts are briefly explained below.

The inlet system incorporates a dual membrane dryer (Perma Pure, MD-700-24S)
to remove moisture and prevent frost formation on chamber walls. A dew point sensor
(Vaisala DMT143) downstream of the dryer continuously monitors aerosol humidity.

The cloud expansion chamber is a 10 L stainless-steel vessel in which aerosols are
activated to liquid droplets or ice crystals via controlled depressurization. Gas temper-
ature is measured at five vertical positions, and wall temperature is recorded at three
levels. Chamber pressure is monitored by a transducer (Thyracont VSC43MV; ±0.3%
uncertainty).

The cooling system uses a Stirling cooler (Thales LPT9310) to maintain cham-
ber temperatures between 0 °C and −65 °C. The chamber is housed within a vacuum-
insulated vessel, achieving cooling rates up to 0.6 °C min−1.

The particle detection system is a full-flow optical particle counter (OPC; Palas
GmbH fidas-pine) located downstream, which detects side-scattered light to distinguish
ice crystals from droplets. Full-flow sampling maximizes sensitivity at low particle con-
centrations.

The control system employs a LabVIEW program to set and regulate temperature,
pressure, dew point, and flow-rate setpoints, and to record continuous time-series data
from all sensors and particle measurements.
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3.4.2 Operating principle
PINE operates in cycles of flush, expansion, and refill. After stabilizing at the target

temperature, flush mode (4min to 5min, 1 L min−1 to 2 L min−1) replaces chamber air
with conditioned aerosol under constant temperature and pressure.

In expansion mode, the inlet valve closes while outflow (2 Lmin−1 to 5 Lmin−1) is
maintained, reducing chamber pressure to approximately 85% of its initial value. The
resulting temperature drop raises supersaturation with respect to water or ice; once the
corresponding saturation threshold is reached, aerosol particles are activated to form
supercooled ice crystals and/or water droplets, depending on temperature and aerosol
properties. The total number of Ice crystals (∆Nice) are obtained from the OPC and
converted to INP concentration:

nINP =
∆Nice
∆Vexp

=
∆Nice

∆fexp ·∆texp
, (3.12)

where ∆Vexp is the sample volume determined by the expansion flow rate (∆fexp) and
duration (∆texp). The uncertainty in the measured INP concentration is estimated to
be ±20 %, and the uncertainty in nucleation temperature is ±1 °C due to temperature
gradients within the chamber (Möhler et al., 2021).

Refill mode reopens the inlet valve, restoring chamber pressure with filtered air and
preparing for the next cycle. Each cycle lasts 4 min to 6min, allowing 10–15 cycles per
hour.

Daily background sequences with HEPA filter (Whatman, WHA2609T) filtered air
verify the absence of frost artifacts: no ice crystals are detected over two to three consecu-
tive cycles. PINE accommodates both constant-temperature experiments for high tempo-
ral resolution and programmed temperature ramps for detailed temperature-dependent
nucleation studies.

3.5 Other instruments
3.5.1 BJ-CFDC: A novel continuous flow diffusion chamber

The BJ-CFDC (Figure 3.8), a commercial Continuous Flow Diffusion Chamber with
Ice-Activated Surfaces jointly developed by Handix Corporation (USA) and the team of
Prof. Paul DeMott at Colorado State University, was employed for continuous measure-
ments of INP concentrations at −20 °C, −25 °C and −30 °C. The instrument adopts the
same chamber geometry and operating principles as previous well-established CFDC de-
signs (Petters & Kreidenweis, 2007; Rogers et al., 2001), ensuring full compatibility with
existing datasets.

The chamber consists of a vertical cylindrical flow path bounded by two ice-coated
walls maintained at controlled temperatures to generate a supersaturated environment
with respect to water. Aerosol particles pass through this region, and those containing
ice-nucleating particles activate into ice crystals, which are optically detected after any
accompanying droplets have evaporated. To avoid interference from larger particles, a
2.5 µm cut-off impactor is positioned upstream of the chamber.

A motorized three-way valve (Hanbay Inc., Canada) alternated between ambient
aerosol and filtered air to allow for periodic background measurements, accounting for
frost-induced signals from the chamber surfaces. The control software was programmed
to switch sampling modes every five minutes, providing INP data with 10min temporal
resolution. An additional three-way valve facilitated switching between nitrogen supply
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Figure 3.8: Exterior view of the novel online Continuous Flow Diffusion Chamber (BJ-
CFDC).

and a vacuum line for chamber conditioning. Vacuum was applied using an Agilent IDP-
3 scroll pump, which was operated via a software-controlled relay, while nitrogen flow
was regulated through a mass flow controller. All system components, including valve
states and pump operation, were integrated into a LabVIEW-based control interface.

At the base of the chamber, a sliding metal plate enabled switching between aerosol
and ice crystal sampling modes, water filling, and sealing for vacuum application. This
plate also hosted the optical particle counter (OPC), the water inlet, and a blanking
port. Plate movement was automated using stepper motors driven by an Arduino mi-
crocontroller running Grbl firmware, commonly applied in CNC devices. Vertical and
horizontal motion were independently controlled, and limit switches ensured accurate
repositioning.

Formation of the ice-coated walls was automated by pumping a predefined water
volume into the chamber and allowing it to drain. A water level sensor monitored the
tank volume, and the pump was shut off automatically via LabVIEW once the target
level was reached. This procedure replaced the earlier manual approach and ensured
reproducibility between cycles.

Temperature control of the chamber was achieved using two recirculating ethanol
bath chillers (Julabo FP50HL, Germany), connected to copper coils lining the inner and
outer chamber walls, following the design described in Rogers et al. (Rogers et al., 2001).
Chiller communication was handled via RS-232 interface. Initial temperature setpoints
were derived algorithmically based on desired operating conditions and were dynamically
adjusted through PID feedback loops. Further fine-tuning was implemented in LabVIEW
to maintain thermal stability, with wall temperature gradients held below 0.5 °C. The
system also enabled rapid heating for de-icing during chamber reconditioning.
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The automation system supported continuous operation. Measurement sequences—
such as evacuation, leak checks, chamber cooling, ice generation, and sample flow initiation—
were preprogrammed. Background correction was performed using filtered air measure-
ments. At the end of each cycle, the ice walls were melted and the chamber evacuated
before beginning a new sequence.

3.5.2 Freezing ice nucleation detection analyzer FINDA

Figure 3.9: (a) The overview of the setup of FINDA. (b) The top view of the aluminum
block with a PCR plate inside. (c) Schematic of the aluminum block from the front view.

The FINDA follows the basic design approach proposed by Hill et al. (2014), Schnei-
der, Höhler, Wagner, et al. (2021), and Y. Ren et al. (2024), with its origins traceable to
the cold stage concept of Vali (1971). As illustrated in Figure 3.9a, the setup includes
a custom aluminum block serving as a cold stage for a standard 96-well PCR plate.
Temperature control is achieved using a refrigerated/heating circulator (FP50-HL, JU-
LABO, Germany), and temperature is monitored with four Pt100 resistance sensors (NI
9217 and NI 9171, National Instruments, USA). The system also incorporates a CCD
camera (GOX-5102-USB, JAI, Denmark), two LED light panels (Luxpad23, Naguan,
China), and a nitrogen purging unit. These components are installed within a custom-
built matte-black enclosure that provides controlled lighting and limits contamination
from room air. A computer connects to the camera, sensors, and circulator, running a
LabVIEW program for system control and data acquisition.

Freezing of droplets in the PCR plate is recorded using the CCD camera, which
captures changes in LED light reflection over time. The camera is mounted above the
PCR region using an adjustable zoom lens (12 mm to 120mm, Qiyun Photoelectric,
China), allowing visual tracking of freezing events at the individual well level.

The aluminum block is partially immersed in the bath of the temperature circulator
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and sealed with a silicone gasket to prevent contact between the coolant and the plate.
An acrylic cover is placed above the block to insulate the chamber and limit mixing
with ambient air. To reduce frost buildup on the lid, a PTFE spacer is inserted between
the acrylic and the metal block to minimize upward heat conduction from the coolant
(Figure 3.9c).

A machined cavity inside the block holds a 96-well 0.2 mL PCR plate (Boibio, China)
and the four Pt100 sensors. These sensors (model 5157701, YAGEO Nexensos, Germany)
are embedded into thermally conductive epoxy (Omegabond 200, Omega Engineering,
USA) inside tubes cut from PCR plates, providing thermal contact between the sensors
and the droplet layer. The Pt100 sensors are Class A, with an accuracy of ±0.15 °C
at 0 °C. Final droplet temperatures are calculated from the average of the four sen-
sor readings after individual calibration. For routine experiments, a cooling rate of
−1.0 °C min−1 is used. Typically, the system is held at 2 °C for 10 min before the cooling
experiment begins.

Before the start of each run, clean dry nitrogen is passed over the PCR plate at
6 L min−1 to reduce moisture and particles in the chamber (Figure 3.9a,b). The gas is
filtered through a 0.2 µm HEPA filter (HEPA-CAP, Whatman™, UK). During cooling,
the nitrogen flow is paused to avoid introducing heat near the droplet surface.

A custom LabVIEW program was developed to operate the system through a user
interface, allowing control of the coolant bath circulator and real-time monitoring of
droplet freezing in the PCR plate using the CCD camera. Both temperature data and
pixel intensities for each well are recorded at a frequency of 1 Hz and stored for subse-
quent analysis. Taking into account the vertical thermal conductivity and lateral tem-
perature variation across the cold stage, the overall temperature uncertainty of FINDA
is estimated to be approximately ±0.6 °C.

In each assay, an ensemble of 50 µL droplets is cooled at rate β. At temperature T ,
the frozen fraction

FF(T ) = N(T )

N0

is determined by thresholding the droplet grayscale intensity, where N0 is the total
droplet count and N(T ) is the number frozen by T . The cumulative INP concentration
per droplet volume Vdrop is then

CINP(T ) = −
ln
[
1− FF(T )

]
Vdrop

.

For mass‐normalized samples, dividing CINP(T ) by the sample mass concentration Cm

yields INPs per unit mass (Hill et al., 2014).
FINDA has been tested using Milli-Q ultrapure water as well as reference substances

such as Arizona Test Dust and Snomax®. The freezing behavior observed under these
conditions aligns well with results reported in earlier studies. FINDA’s performance was
validated against the INSEKT droplet-freezing assay using both the Snowmax biological
standard and ambient aerosol suspensions. As shown in Figure 3.10, FINDA and IN-
SEKT produce equivalent INP spectra, confirming FINDA’s suitability for coordinated
INP field observations. Additionally, FINDA has been applied to measure ice-nucleating
particles (INPs) in precipitation samples collected from various locations in China (Y.
Ren et al., 2024).
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Figure 3.10: Comparison of FINDA and INSEKT performance in immersion‐freezing
assays using the SnowMax biological ice‐nucleating standard (left panel) and ambient
aerosol samples (right panel).

3.5.3 GRIMM 180 environmental dust monitor
The GRIMM 180 Environmental Dust Monitor (GRIMM Aerosol Technik GmbH &

Co. KG, (https://www.durag.com/de/produktfilter-837.htm?productID=EDM%20180,
last seen April 24, 2025), Figure 3.11) is a high-precision, continuous, real-time aerosol
analyzer that reports mass concentrations (µg m−3) of PM1, PM2.5 and PM10 alongside
size‐resolved particle counts in 31 channels.

Figure 3.11: Photograph of the GRIMM 180 Environmental Dust Monitor.

Table 3.1 lists the particle size channels. Ambient air is drawn at 1.2 L min−1

through a measurement cell where a 660 nm semiconductor laser induces 90° light scat-
tering; a photodiode classifies each scattering pulse by amplitude. Onboard data‐logging
intervals are user‐configurable from six seconds to sixty minutes, and an RS-232 inter-
face (with multiple protocol options) provides seamless integration with external DAQ
systems. Visual and audible alarms alert the operator when concentrations exceed preset
thresholds, and the rugged design ensures reliable operation from −20° C to 50° C and
up to 95 % relative humidity.
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Table 3.1: GRIMM 180 Particle Size Channels (µm)
Channel 1 2 3 4 5 6 7 8 9 10 11
Diameter 0.25 0.28 0.30 0.35 0.40 0.45 0.50 0.58 0.65 0.70 0.80

Channel 12 13 14 15 16 17 18 19 20 21 22
Diameter 1.00 1.30 1.60 2.00 2.50 3.00 3.50 4.00 5.00 6.50 7.50

Channel 23 24 25 26 27 28 29 30 31
Diameter 8.00 10.00 12.50 15.00 17.50 20.00 25.00 30.00 32.00

Table 3.2: Key Specifications of the GRIMM 180
Parameter Specification
Light source Semiconductor laser (660 nm)
Detection angle 90°
Sampling flow rate 1.2 L min−1 (constant)
Particle size range 0.25 µm–32 µm
Mass concentration range 0.1 µgm−3–6000 µg m−3

Data interval 6 s –60min (configurable)
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Chapter 4

Laboratory Ice Nucleation
Experiments with Mineral Dust
from Asian Deserts

4.1 Introduction
In order to extend the temperature range and evaluate differences between measure-

ment techniques as well as regional variations in Asian desert‐dust ice‐nucleating prop-
erties, 16 immersion‐freezing experiments were conducted during two dedicated AIDA
campaigns called INAD01 (Ice Nucleation characteristic of Asian desert Dust particles
01) and INAD02. Seven different dust samples from Asian deserts and the Saharan
desert were used for these experiments. Although SD4 (Sahara Dust sample 4) has been
employed in numerous prior studies, the other natural Asian desert dust samples (AD03–
AD08) were investigated here for the first time. Mineral dust presents multiple active
sites that trigger ice formation in a wide temperature interval, resulting in a gradual in-
crease in ice concentration. All results in this section are expressed as ns plotted against
temperature.

Eight different dust samples from Asian deserts and the Saharan desert were used
for these experiments.

Two dedicated AIDA campaigns INAD01 and INAD02 were conducted to study
the ice nucleating characteristics of desert dust particles, with a special focus on dif-
ferent source regions in Asia to investigate regional variations in Asian desert-dust ice-
nucleation properties. The campaigns comprised 16 immersion-freezing experiments at
mixed-phase cloud conditions and 19 deposition nucleation experiments at cirrus cloud
conditions. Three different measurement techniques were used to measure the ice nu-
cleation ability of the dust particles, as summarized in Table 4.1: 1) direct expansion
experiments in the cloud simulation chamber AIDA, 2) on-line ice nucleation measure-
ments with the Continuous Flow Diffusion Chamber INKA that sampled the dust parti-
cles from the AIDA chamber, and 3) off-line freezing runs with filter-collected particles
from the AIDA chamber using the Droplet Freezing Array INSEKT. The two campaigns
INAD01 and INAD02 took place at the AIDA cloud chamber facility from April to May
2022 and from March to April 2023, respectively.

Section 4.2 provides details of the investigated dust samples, describes the aerosol
generation process, and outlines the experimental procedure. Section 4.3 summarizes
the key steps in standard data processing. Section 4.4 describes a particular data correc-
tion for the size distribution measurements during the INAD01 campaign. Section 4.5
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then presents and discusses the ice nucleation results collected using the three mea-
surement techniques, separated into either mixed-phase cloud (Section 4.5.1) or cirrus
(Section 4.5.2) conditions. Section 4.6 provides a summary and an outlook.”

Table 4.1: Overview of instruments used in laboratory ice nucleation experiments con-
ducted during the INAD01 and INAD02 campaigns, including instrument names and
types, operational temperature ranges, detectable freezing modes, limits of detection
(LOD), and—for the Droplet Freezing Array—the analyzed liquid volume.
InstrumentInstrument

type
Temp.
Range
(°C)

Freezing Mode LOD (L−1) Liquid
volume (µL)

AIDA Expansion
chamber

0 to -90 Immersion,
Deposition

0.5

INKA CFDC -10 to -60 Immersion,
Deposition

∼1

INSEKT Droplet
Freezing
Array

-5 to -25.5 Immersion ∼1e-2 50

4.2 Dust samples and experimental procedure
For this study, seven natural desert dust samples (AD03, AD04, AD05, AD06, AD07,

AD08, SD4) were collected from different source regions as summarized in Table 4.2. Six
Asian Desert dust samples (AD03–AD08) were collected on the surface of the deserts
from various locations in Xinjiang and Inner Mongolia，China, as shown in Figure 4.1 (a).
AD03 was obtained on 14 January 2022 at Lop County, Hotan Prefecture (37.5177° N,
80.4413° E). AD04 was collected the same day at Tashairieik Township, Xinhe County,
Aksu Prefecture (41.5941° N, 82.5941° E). Also on 14 January 2022, AD05 was sampled at
the Tazhong Atmospheric Environment Observation Station in the central Taklamakan
Desert (39.0000° N, 83.6667° E). The date of sampling for AD06 was 29 July 2017 at Xini
Tao Haigacha near Bayanhaote Town, Alxa Left Banner, Inner Mongolia (38.7892° N,
105.3746° E). AD07 was collected on 13 January 2022 at Aizila Village, Dongbaza Hui
Township, Shanshan County (42.8559° N, 90.2237° E). Finally, AD08 was obtained on
11 January 2022 in the Tarim Populus of Xinjiang (37.0200° N, 80.1100° E). The source
region of AD06 is the Gobi Desert, while the other five samples originate from the
Taklamakan Desert. The Saharan desert dust sample SD4 was collected from surface
50 km north of Cairo, Egypt (Kanji et al., 2011; Megahed, 2007; Niemand et al., 2012;
Ullrich et al., 2017).

As shown in Figure 4.1 (b), each raw sample was initially dry-sieved using a vi-
bratory sieve shaker to remove particles larger than 75 µm. The sieved fraction with
particle diameters less than 75 µm was then used for particle dispersion and injection
into the AIDA chamber. For AD03, AD04, and AD05, additional immersion-freezing
measurements with INSEKT were performed with the bulk samples. For that purpose,
a portion of the < 75 micron size fraction was again sieved in a second step to obtain
a size fraction with particle diameters smaller than 20 µm, which was then used for
the offline freezing runs. For the samples AD06 and AD07 only a very limited amount
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Figure 4.1: (a) Area map showing the source regions of the Asian Desert dust samples
AD03–AD08 used in the AIDA campaigns (red dots). (b) Workflow diagram illustrating
the processing steps from initial sample collection of the raw material (left), through the
first sieving stage (centre), to the fine-sieved (< 20 micron) dust fractions applied in the
supplementary bulk INSEKT experiments (right).

Table 4.2: Abbreviation and origin of the desert dust samples
AIDA label Sampling date Location Desert
AD03 14.01.2022 37.5177°N, 80.4413°E Asian (Taklamakan) Desert
AD04 14.01.2022 41.5941°N, 82.5941°E Asian (Taklamakan) Desert
AD05 14.01.2022 39.0000°N, 80.6667°E Asian (Taklamakan) Desert
AD06 29.07.2017 38.7892°N,105.3746°E Asian (Gobi) Desert
AD07 13.01.2022 42.8559°N, 90.2237°E Asian (Taklamakan) Desert
AD08 11.01.2020 37.0200°N, 80.1100°E Asian (Taklamakan) Desert
SD4 18.02.2003 50 km N of Cairo Saharan Desert

of the <75 micron size fraction was obtained from the sieving process. Each of these
two samples was used in a single AIDA expansion experiment. However, due to the
low concentrations of aerosols generated by the RBG disperser (approximately 15 and
19 cm−3, respectively), the resulting data quality was not sufficient for robust analysis.
Consequently, the experiments based on AD06 and AD07 are not further discussed in
this study.

As described in Section 3.1.2, the dust samples were aerosolized using a rotat-
ing‐brush generator. Before injection into the AIDA vessel, the aerosol stream was
passed through a cyclone impactor with a nominal 50% cut‐off diameter of about 1 µm
to 5 µm to remove coarse particles. The Scanning Mobility Particle Sizer (SMPS) and
aerodynamic particle sizer (APS) yield the mobility diameter dme and aerodynamic di-
ameter dae, respectively. In order to merge the data from both instruments into one
size distribution, the equivalent diameters from both instruments were converted into
the volume‐equivalent diameter dve, for which the particle density ρ and dynamic shape
factor χ are needed. For desert dust, a bulk density of ρ = 2.6 g cm−3 and a shape factor
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of χ = 1.2 were adopted. These values are consistent with those reported by Kaaden
et al. (2009). Due to a malfunction of the APS during the INAD01 campaign, a detailed
cross-calibration procedure had to be developed for data correction. This procedure is
described in detail in Section 4.4.

Figure 4.2: A typical timeline of the experimental procedure of an AIDA experiment day
including aerosol injection and characterization, filter sampling and INKA measurements,
as well as the AIDA expansion experiments.

All experiments in both campaigns followed a similar daily schedule (see Figure 4.2
with all times in local time LT). This procedure made it possible to carry out two AIDA
expansion experiments per day at different temperatures and/or with different aerosol
particles. INKA scans and filter sampling for the INSEKT analysis were only carried
out once a day in the morning hours. At approximately 08:15 LT the dust aerosol
was injected into the AIDA vessel (Section 3.1.2) and INKA simultaneously initiated
its icing process. Size distributions were measured every 30 min by the SMPS and the
APS. From 09:00 LT to 11:30 LT, INKA performed continuous INP measurements and
particles were sampled on filters for offline analysis with INSEKT. The first experiment
was then concluded by an AIDA expansion experiment at 11:30 LT. Vessel cleaning and
adjustment of the AIDA temperature for the second experiment started at 11:45 LT. A
second injection and characterization sequence began at approximately 15:00 LT and
was concluded with an AIDA expansion at 16:30 LT.

4.3 Data processing
4.3.1 Ice particle number concentration

Ice crystals were detected by two optical particle counters, welas1 and welas2 (Palas
GmbH), based on 90° light scattering (Benz et al., 2005). A white light beam defines
a three-dimensional ’T’-shaped detection volume, and particles traversing this region
scatter light, with the scattering intensity depending on their size, shape, and orientation.
Each event of scattering by an individual particle is recorded by a Photomultiplier tube
(PMT).

The total concentration of detected particles, np, is

np =
Np

v̄p∆t Sodv
, (4.1)

Here, Np is the number of pulses recorded by the PMT during interval ∆t, Sodv
is the cross-sectional area of the optical detection volume (welas1: (280µm)2, welas2:
(493µm)2), and v̄p is the mean particle velocity given by
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v̄p =
Lodv
τ̄

, (4.2)

with Lodv being the length of the optical detection volume (welas1: 280 µm, welas2:
313 µm) and τ̄ the average pulse duration.

To distinguish ice crystals from smaller-sized seed aerosol particles and cloud droplets,
a size threshold d∗i is applied. The corresponding ice number concentration is calculated
as

ni =
Np(dp ≥ d∗i )

v̄p∆t Sodv
. (4.3)

4.3.2 Nucleation time interval and binning
The nucleation time interval ∆t is defined as the period beginning when ni exceeds

a background value of about (0.1 cm−3) and ending when it approaches its maximum
value. This interval is divided into time bins of at least 10 s duration with a minimum of
five ice counts per time bin. For each time bin k, ni,k is computed using Eq. (4.3), with an
estimated relative uncertainty of 20% (Wagner & Möhler, 2013). The time bin-averaged
temperature T and saturation ratio Si are used with propagated uncertainties.

For immersion freezing experiments, welas2 is used because of its larger detection
volume and therefore higher sensitivity for low ice crystal number concentrations. In
deposition mode at lower temperatures, welas1 is used due to its higher detection sensi-
tivity for smaller crystals.

4.3.3 Aerosol surface area concentration
Simultaneous aerosol number-size distributions are obtained from SMPS and APS

measurements as function of the volume equivalent diameter of aerosol particles. As-
suming spherical particle shape, the surface area distribution is computed as

fS(ln dp) = π d2p fN (ln dp), (4.4)

where fN denotes the particle number size distribution. Each distribution is fitted
with a lognormal function to derive the median diameter dm and the geometric standard
deviation σg. Figure 4.3 shows representative examples of the lognormal fits to the num-
ber concentration (top) and the surface area concentration (bottom) distributions for
four different aerosol particle types. The black curves show the best-fit lognormal mod-
els, yielding total number concentration (nae), surface area (sae), median diameter (dm),
and geometric standard deviation (σg). The combined APS and SMPS data provide a
robust basis for subsequent ice-nucleation analysis as function of the aerosol surface area
concentrations. Figure 2 in the appendix presents the normalized particle number size
distributions (PNSD) of the AD03 sample, as measured by the APS in four independent
experiments during the INAD02 campaign. The results demonstrate that, for this sam-
ple, the characteristic features of the size distribution are consistent across all individual
experiments, indicating a reproducible aerosolization and measurement process. This re-
peatability underscores that the experimental protocol is robust and provides a reliable
basis for a comparative analysis of ice-nucleating properties from different experiuments
with different aerosol samples. As mentioned above, Section 4.4 details the necessity of
correcting the APS data during the INAD01 campaign.
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Figure 4.3: Example lognormal fits to number concentration (a) and surface area con-
centration (b) distributions for representative dust samples. Each panel, from left to
right, shows results for AD03, AD04, AD05, and SD4. The black curves indicate the
best-fit lognormal models, from which the total number concentration (nae), surface area
concentration (sae), median diameter (dm), and geometric standard deviation (σg) are
derived. Combined APS and SMPS measurements provide a robust characterization of
the aerosol size properties relevant for ice-nucleation experiments.
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4.3.4 Aerosol size distribution integration
The total aerosol surface area concentration sae,0 is obtained by integrating the

surface area concentration size distribution fS . In each time bin k, only particles with
dp ≥ dp,act,k−1 contribute, where dp,act,k−1 is the aerosol activation diameter from the
previous time bin. Correcting for pressure dilution (pk/p0) and the fraction of surface
area above this threshold (aerosol activation diameter) using the Cumulative Distribu-
tion Function (CDF) Φ, the corrected surface area is

sae,k = sae,0
pk
p0

Φ

(
ln dp,act,k−1 − ln dm

lnσg

)
, (4.5)

where Φ is the standard normal CDF.

4.3.5 Binned ice‐active site densities
The ice-nucleating active site density, nS , is defined as the ratio of the ice number

concentration, ni, to the aerosol surface area concentration, sae:

nS(T, Si) =
ni(T, Si)

sae
, (4.6)

where T is the temperature and Si the saturation ratio with respect to ice. To derive
nS , the ice number concentration and aerosol surface area concentration are computed
for each time bin defined within the nucleation interval.

For each time bin k, the binned active site density is calculated as:

nS,k(T, Si) =
ni,k(T, Si)

sae,k
, (4.7)

where ni,k and sae,k represent the time bin-wise values of ice number concentration and
aerosol surface area concentration, respectively. The estimated combined uncertainty
using error propagation is approximately 40%, based on a 20% relative error in ni,k

(Wagner & Möhler, 2013) and 34% in sae,k(Ullrich et al., 2017).

4.4 Calibration and performance assessment of the
aerodynamic particle sizer (APS-4) during the
INAD01 campaign

The Aerodynamic Particle Sizer (APS-4, model 3321, TSI Inc.) was used next to a
SMPS to measure aerosol size distributions over a broad size range during the INAD01
campaign. Combined measurements of the aerosol number size distributions with these
instruments allow for computing the aerosol surface area distributions, which are needed
to derive total surface area concentrations and, subsequently, calculate the ice‐active site
densities for ice nucleation analysis.

Instrument Diagnostics and Initial Performance A post-campaign evaluation re-
vealed that APS size and concentration measurements were inconsistent with co‐located
instruments. A service inspection at TSI Inc. confirmed that detector misalignment had
caused systematic sizing and concentration biases. Following realignment, APS measure-
ments returned to expected ranges, but a robust recalibration was required to ensure
traceability to an independent reference.
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Cross‐calibration with a condensation particle counter Simultaneous CPC (model
3010, TSI Inc.) measurements of the total number concentration cn,cpc provided an ac-
curate reference for the number concentration of particles larger than 10 nm. We defined
three candidate calibration factors to scale the APS concentration output:

cf2, cf5, cf10

and compared total aerosol number concentrations nae derived from SMPS+APS data
against CPC values under each cf setting.

Figure 4.4: Comparison of CPC-derived number concentration cn,cpc and SMPS/APS-
derived total concentration nae during INAD01 campaign under three APS calibration
factors (cf2 ( a ), cf5 ( b ), cf10 ( c )). The marker color indicates the aerosol sample
and the shading the experiment number. Solid lines are linear regressions; dashed lines
show ±10% about the 1:1 line. Crossed symbols are excluded via Analysis of Variance
(ANOVA) testing.

As shown in Figure 4.4, all three factors yield high correlation (R2 > 0.95) be-
tween nae and cn,cpc.cf2 and cf10 systematically shift the calculated nae values slightly
lower and higher, respectively, relative to cf5, which produces the smallest systematic
bias. However, the variation remains largely within ±10%, suggesting that the applied
calibration range effectively constrains the systematic uncertainty in APS number con-
centration estimates. These results, while not sufficient to uniquely identify a single
“optimal”calibration factor, support the use of cf5 as a central value as the baseline,
with cf2 and cf10 defining lower and upper uncertainty bounds, respectively.

Uncertainty quantification of surface area

60



Table 4.3: Aerosol number nae and surface area sae concentrations under APS calibration factors cf2, cf5, cf10, and resulting uncertainty
bounds.

Exp Type cn,cpc
(cm−3)

nae,cf2
(cm−3)

nae,cf5
(cm−3)

nae,cf10
(cm−3)

sae,cf2
(µm2 cm−3)

sae,cf5
(µm2 cm−3)

sae,cf10
(µm2 cm−3)

∆s−
(µm2 cm−3)

∆s+
(µm2 cm−3)

Unc. −
(%)

Unc. +
(%)

∆savg
(µm2 cm−3)

sae ±∆s
(µm2 cm−3)

2 AD03 99.23 82.40 85.17 91.27 25.78 36.40 51.80 10.62 15.40 -29.18 42.30 13.00 36.40 ± 13.0
9 AD03 82.55 75.63 77.89 80.14 19.19 26.37 36.69 7.18 10.32 -27.22 39.12 8.70 26.37 ± 8.7
24 AD03 199.28 168.72 172.25 179.86 42.97 54.12 72.85 11.14 18.73 -20.59 34.62 14.90 54.12 ± 14.9
32 AD03 111.38 105.29 105.40 107.77 21.93 26.95 34.34 5.01 7.39 -18.61 27.44 6.20 26.95 ± 6.2
3 AD04 168.25 161.30 162.12 163.52 40.37 43.41 46.22 3.03 2.81 -6.99 6.48 2.90 43.41 ± 2.9
21 AD04 209.48 202.80 204.95 207.03 48.52 54.46 62.93 5.94 8.46 -10.90 15.54 7.20 54.46 ± 7.2
23 AD04 178.63 159.37 161.56 164.22 43.24 50.23 61.05 6.99 10.82 -13.92 21.53 8.90 50.23 ± 8.9
30 AD04 103.48 106.68 108.52 110.14 27.81 32.87 39.69 5.06 6.82 -15.39 20.74 5.90 32.87 ± 5.9
4 AD05 79.79 64.47 64.79 65.69 15.41 16.87 18.72 1.47 1.85 -8.69 10.94 1.70 16.87 ± 1.7
26 AD05 103.26 61.08 61.21 62.60 17.28 21.11 26.42 3.83 5.31 -18.12 25.17 4.60 21.11 ± 4.6
28 AD05 87.40 65.46 66.42 68.63 17.39 23.38 31.78 5.99 8.41 -25.61 35.96 7.20 23.38 ± 7.2
5 SD4 136.19 121.54 113.52 122.55 28.38 45.36 68.65 16.98 23.30 -37.44 51.36 20.10 45.36 ± 20.1
7 SD4 86.18 68.82 72.65 78.33 19.51 29.02 44.24 9.51 15.22 -32.78 52.45 12.40 29.02 ± 12.4
25 SD4 87.15 84.24 82.63 87.98 28.04 38.06 54.40 10.02 16.34 -26.32 42.93 13.20 38.06 ± 13.2
29 SD4 104.98 88.34 91.03 94.98 19.31 27.86 38.36 8.55 10.50 -30.70 37.67 9.50 27.86 ± 9.5

61



Table 4.3 presents a comprehensive comparison of aerosol number and surface area
concentrations obtained from CPC and SMPS/APS under three calibration scenarios
(cf2, cf5, cf10) for the INAD01 experiments. For each experiment, the CPC-derived total
number concentration cn,cpc is listed alongside the SMPS/APS-derived values nae and
corresponding aerosol surface area concentrations sae under each calibration factor. The
differences in surface area between cf5 and cf2/cf10 are used to quantify asymmetric
uncertainty bounds (∆s− and ∆s+), which are expressed in both absolute units and
relative percentages. For example, in experiment INAD01_2 the surface area from
cf5 is 36.4 µm2 cm−3, with cf2 and cf10 yielding 25.78 µm2 cm−3 and 51.8 µm2 cm−3,
corresponding to –29.2 % and +42.3 % deviations from the cf5 baseline. We thus report

36.4 +42.3%
−29.2% µm2 cm−3,

and propagate these asymmetric uncertainties through all surface‐area‐based quantities
by standard methods. cf5 was adopted as the baseline calibration factor for further data
analysis. This value reflects an optimal balance between under- and overestimation. To
account for calibration-induced variability, the results using cf2 and cf10 are included as
bounds for uncertainty. This approach offers a transparent and consistent method for
incorporating calibration-related variability into the surface area estimation and ensures
that active site densities reflect instrument-specific uncertainty constraints.
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Figure 4.5: Example lognormal fits to number concentration (left) and surface area
concentration (right) distributions under calibration factor cf5. The black curve is the
best‐fit lognormal model, yielding total number nae, surface area sae, median diameter
dm, and geometric standard deviation σg.

Example lognormal fits Figure 4.5 presents an example of aerosol size distribution
measured in the AIDA cloud chamber and the lognormal fitting of the number and
surface area distributions under cf5. The left panel presents the number‐concentration
distribution fN (ln dp), while the right panel shows the surface‐area‐concentration distri-
bution fS(ln dp). The solid black curve represents the best‐fit lognormal distribution.
From this fit, we extract the total aerosol number concentration nae, the total surface
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area concentration sae, the median diameter dm, and the geometric standard deviation
σg.

4.5 Results and discussion
4.5.1 Experiments in the mixed-phase cloud regime

Figure 4.6: INAS densities as a function of temperature for all immersion freezing
experiments on desert dust listed in 4.4 from AIDA，INKA and INSEKT results.
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Table 4.4 lists all AIDA experiments with the desert dust particles in the mixed-
phase cloud regime performed during the INAD01 and INAD02 campaigns with their
corresponding initial aerosol number and surface area concentration, temperature, and
INAS density for the first analyzed time bin. Also indicated are the individual experi-
ment numbers of the INKA ice nucleation measurements conducted at different temper-
atures, as well as the sampling periods for the filters that were analyzed off-line with
INSEKT. Altogether, 16 immersion-freezing experiments were conducted during the two
campaigns: four using AD03, four using AD04, three using AD05, two using AD08, and
three using SD4.

As a first general overview of the measurement data, Figure 4.6 presents the temper-
ature‐dependent INAS densities derived from all immersion‐freezing experiments with
desert dust listed in Table 4.4.The supplementary INSEKT measurements with the <
20-micron sieved AD03, AD04 and AD05 bulk samples are shown and briefly discussed
in the appendix .1.1. In Figure 4.6, the marker color denotes the dust sample, and the
shading intensity denotes different experiments conducted with the same dust sample.
Circles represent AIDA results, where each experiment produces multiple data points
corresponding to successive time bins. Diamonds represent INKA data (one point per
temperature ramp), and inverted triangles represent INSEKT filter analyses (a continu-
ous series of points over an extended temperature range for each sample). The measure-
ment ranges differ by instrument: INSEKT measurements extend from 247 K to 265.5K,
AIDA expansions were typically started at approximately 257 K, 253K, and 247 K, while
INKA data cover the range from 253K to 241 K in 2 K steps. Bold black outlines high-
light data from the INAD02 campaign. As a general feature, there is a steady increase
in the INAS densities from approximately 1.0 × 105 m−2 at 265 K to 4.0 × 1012 m−2 at
242 K. At a given temperature, the sample‐to‐sample variability in INAS densities spans
up to two orders of magnitude. The solid and dashed lines are reference parameteri-
zations obtained from AIDA immersion‐freezing measurements with other desert dust
samples by Niemand et al. (2012) and Ullrich et al. (2017), respectively, providing
benchmarks to which the present results are directly comparable. Before addressing this
topic, it should be noted that, apart from inter-dust variability, the data also show an
offset of up to two orders of magnitude between the measurements of the different INP
instruments and techniques for the same dust type over the whole captured temperature
range. Hereby, it tends that the freezing experiment INSEKT and the online method
INKA show a better agreement among each other. These two instruments measured
consistently lower ns values than AIDA, which defined the upper end of the detected ns
range. An offset between different INP instruments and techniques may be related to
their sensitivity for different freezing modes. INSEKT is limited to immersion freezing
only, because the INP concentration is obtained from the freezing of liquid suspension
volumes. Ice crystals that form at water subsaturated conditions are small in size at the
beginning of their formation process and grow in size over time by deposition of water
vapor on their surface. During an AIDA expansion, such ice crystals can be detected,
because the way of the ice crystal to the detector can be a few minutes, which is enough
time for them to grow to sizes that can be detected in the OPC. Also the cooling rate
during an expansion of about 3 K min−1, at which AIDA is typically operated for expan-
sions in the mixed-phase cloud regime, is slow enough that the ice crystals formed from
the vapor phase have enough time to grow in size. Vogel (2022) further demonstrated
that, in mixed‐phase cloud studies, AIDA sometimes records a strong ice signal from de-
position–nucleation occurring early in the experiment at ice-supersaturated, but water
sub-saturated conditions. Consequently, even relatively weak signals from vapor‐formed
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ice crystals can be detected in AIDA, which may result in a higher total ice concentration
compared to other INP instruments. CFDCs are sensitive for detecting ice that formed
below water saturation. However, depending on the size of the aerosol particles it can
be challenging to distinguish ice crystals from larger aerosol particles or not yet fully
evaporated liquid droplets. For the analysis of CFDC data, a fixed water supersaturation
value is used, at which the ice concentration is then calculated.

From the overview plot in Figure 4.6, it seems that the new measurement data for the
Asian dust particles follow a different slope compared to the Niemand et al. (2012) and
Ullrich et al. (2017) parameterizations, with frequently lower INAS densities above 253 K
and, at least for the AIDA data, higher values below 253 K. This will be quantified below
by providing a new parameterization for the ice nucleation ability of the investigated
Asian dust samples. For the further discussion, it is now first useful to separate the
measurement data from Figure 4.6 into subplots for the individual dust samples. For
that purpose, Figure 4.7 presents the temperature-dependent INAS densities obtained
from immersion-freezing experiments for each desert dust sample: (a) AD03, (b) AD04,
(c) AD05, (d) AD08, and (e) SD4, as listed in Table 4.4. In addition, panel (e) includes
results from a previous AIDA measurement campaign, as summarized in Table 4.5, which
are shown as light-blue circles for comparison. The symbol colors and types in Figure 4.7
are identical to those in Figure 4.6.

Table 4.5: Previous immersion freezing experiments with SD4 desert dust. nae,0 is the
initial aerosol number concentration measured by the CPC, sae,0 is the initial aerosol
surface area concentration, and Tstart at the onset of ice nucleation. Published by (Nie-
mand et al., 2012).
Campaign Exp Date Aerosol nae,0 sae,0 Tstart

No. (yyyy mmm dd) (cm−3) (µm2 cm−3) (K)

ACI04 7 2010 Sept 30 SD4 173.88 212.46 — 253.9
ACI04 10 2010 Sept 30 SD4 121.79 140.54 — 249.7
ACI04 34 2010 Oct 06 SD4 138.21 142.70 181.34 252.0
ACI04 37 2010 Oct 07 SD4 114.84 86.19 237.97 258.7

From Figure 4.7, different trends for the temperature-dependent INAS densities can
be retrieved for the various Asian dust samples. Only the AD03 and AD05 ice nucleation
data exhibit a slope that is in good agreement with the two previous parameterizations
by Niemand et al. (2012) and Ullrich et al. (2017). These two samples (and to some
extent also SD4) exhibit a pronounced ”bulge”, i.e., comparatively high INAS densities
in the 257 K to 265.5K region, which might be due to biological material adsorb to the
dust (Boose et al., 2016; Conen et al., 2011; O’Sullivan et al., 2016; Schnell, 1977). In
contrast, AD04 and AD08 do not show the characteristic ”bulge”, thus having a much
lower ice nucleation ability in that temperature range. The SD4 results in this study are
comparable to those from previous investigations at similar temperatures, though the
literature data tend to exhibit less scatter, which may be attributable to systematic or
instrumental differences between studies.
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(a) AD03 (b) AD04

(c) AD05 (d) AD08

(e) SD4

Figure 4.7: INAS densities as a function of temperature for all immersion freezing
experiments on each desert dust sample ( (a) AD03, (b) AD04, (c) AD05, (d) AD08, (e)
SD4), listed in Table 4.4 from AIDA，INKA and INSEKT results.
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A new parameterization for the temperature-dependent ice nucleation
ability of the Asian dust samples in the mixed-phase cloud regime

(a) INAS densities (b) Parameterization

Figure 4.8: (a) INAS densities as a function of temperature for all immersion-freezing
experiments with All the Asian desert dust samples in the campaigns INAD01 and
INAD02, combining AIDA, INKA and INSEKT results(same data and legend as in Fig-
ure 4.6, with SD4 results omitted). (b) Parameterization derived from the same dataset
shown in panel (a). Gray points represent the individual color-coded measurements from
panel (a); blue circles denote the median values of ns at each temperature, with vertical
caps indicating the 25% and 75 % percentiles. The two previous reference parameter-
izations are shown for comparison: the solid black line corresponds to Niemand et al.
(2012), and the dashed black line corresponds to Ullrich et al. (2017).

Panel (a) of Figure 4.8 shows the same data as Figure 4.6, but with the ice nucleation
data of SD4 omitted, i.e. only the Asian dust data. In panel (b), these individual AIDA,
INKA, and INSEKT results for the various dust samples are all represented by gray
circles, and the median values of ns at each temperature were computed and displayed
as blue circles.

Following the methodology adopted for AIDA cloud chamber experiments in (Nie-
mand et al., 2012) and (Ullrich et al., 2017), an Arrhenius-type model was fitted to the
averaged Asian dust data across the entire temperature range (see Figure 4.8, green line).
For direct comparison, all three parameterizations can be reformulated in the standard
exponential form:

ns(T ) = exp(α− βT ),m−2 (4.8)

where ns(T ) denotes the ice-nucleating active site (INAS) in m−2, T is the absolute
temperature in K, and α and β are empirical fitting parameters. The values of α and
β for the new Asian desert dust and the two previous parameterizations are compiled
in Table 4.6. The temperature range column indicates the interval over which each
parameterization was originally derived and validated.

The parameterization from Niemand et al. (2012) was derived from AIDA chamber
experiments with Saharan and Asian dusts and serves as a widely used benchmark in
atmospheric modeling studies. The Ullrich et al. (2017) employed a similar functional
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Table 4.6: Summary of representative INAS parameterizations for desert dust immer-
sion freezing. All follow the standard form ns(T ) = exp(α− βT ).

Parameterization α β Temperature Range (K)

Niemand et al. (2012) 150.153 0.517 237.15 – 261.15
Ullrich et al. (2017) 150.577 0.517 243 – 259
This study (Asian desert dust) 233.1 0.845 241.5 – 265.5

form and slope, but extended the range of tested dust types and conditions, resulting in
only minor changes to the parameter values and comparably conservative estimates of
ns(T ) across the relevant temperature range.

In contrast, the new parameterization in this study integrates immersion-freezing
data obtained from three complementary instruments AIDA, INKA, and INSEKT, thereby
expanding the temperature range towards higher temperatures, and focuses on different
dust source regions is characterized by substantially higher values of α and β compared
to Niemand et al. (2012) and Ullrich et al. (2017), reflecting a steeper negative depen-
dence of ns(T ) as function of the temperature. This is e.g. due to the fact that some
of the included dust samples such as AD04 and AD08 (see Figure 4.7) proved to be
rather ice-inactive at higher temperatures. Consequently, the averaged dataset yielded
a different temperature dependence to that observed for the dust samples included in
the two previous studies, pointing to differences in particle composition or surface prop-
erties. This steeper slope suggests a much stronger sensitivity to temperature, which has
also been observed in other regional studies focused on Asian dust (Reicher et al., 2019).
The differences in parameter values highlight the variability in ice nucleation efficiency
among dust types, underlining the importance of using region-specific parameterizations
for improved accuracy in climate models, particularly in dust-affected regions of East
Asia.
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4.5.2 Experiments in the cirrus regime

Table 4.7: Parameters for deposition‐nucleation AIDA experiments with desert dust
conducted during the INAD01 and INAD02 campaigns, including the aerosol sample
used, the pre‐expansion temperature inside AIDA (Tstart), and the aerosol number con-
centration inside AIDA measured by the CPC (nae,0) alongside the corresponding aerosol
surface‐area concentration (Sae,0) at the onset of ice nucleation used to calculate ns un-
der cirrus conditions. All times are local time (LT).

Campaign Exp. no. Date Aerosol
nae,0

(cm−3)
Tstart
(K)

Sae,0

(µm² cm−3)

INAD01 20 2022 May 09 am AD03 213.34 227.71 54.18 ± 19.02
INAD02 12 2023 Mar 20 am AD03 173.09 227.59 58.35
INAD02 26 2023 Mar 28 am AD03 206.12 222.64 49.42
INAD01 24 2022 May 10 pm AD03 194.21 218.14 54.12 ± 14.9
INAD02 17 2023 Mar 22 am AD03 199.49 212.57 50.30
INAD01 32 2022 May 13 pm AD03 112.23 208.17 26.95 ± 6.2
INAD02 31 2023 Mar 30 am AD03 93.46 208.10 29.53
INAD02 20 2023 Mar 23 am AD03 93.50 197.55 23.29
INAD01 21 2022 May 09 pm AD04 208.20 228.11 54.46 ± 7.2
INAD02 13 2023 Mar 20 pm AD04 208.93 228.17 58.79
INAD02 27 2023 Mar 28 pm AD04 209.97 223.07 41.75
INAD01 23 2022 May 10 am AD04 178.30 217.28 50.23 ± 8.9
INAD02 14 2023 Mar 21 am AD04 203.70 212.58 58.97
INAD01 30 2022 May 13 am AD04 102.37 207.28 32.87 ± 5.9
INAD02 28 2023 Mar 29 am AD04 104.30 207.92 27.66
INAD02 22 2023 Mar 24 am AD04 85.29 197.55 25.57
INAD01 26 2022 May 11 pm AD05 101.48 218.13 21.11 ± 4.6
INAD01 28 2022 May 12 am AD05 84.77 207.53 23.38 ± 7.2
INAD01 25 2022 May 11 am SD4 85.02 217.49 38.06 ± 13.2

Table 4.8: Parameters for deposition‐nucleation INKA ramp experiments conducted
during the INAD01 and INAD02 campaigns, including the aerosol sample used, the
experiment numbers for INKA ramps conducted at various temperatures. All times are
local time.

Campaign Date Aerosol INKA ramps (K)

237 233 229 225 221 217 213

INAD02 2023 Mar 23 AD03 29 30 31
INAD01 2022 May 10 AD04 90 91 92
INAD02 2023 Mar 28 AD04 93
INAD02 2023 Mar 21 AD04 23
INAD02 2023 Mar 29 AD04 42 43
INAD02 2023 Mar 24 AD04 34 35
INAD01 2022 May 11 AD05 100
INAD01 2022 May 12 AD05 98 99 97
INAD01 2022 May 11 SD4 95 96
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Figure 4.9: Color-coded INAS densities as a function of temperature and ice saturation
ratio for all deposition nucleation experiments with the three Asian dust samples listed
in Table 4.7 and Table 4.8. The black solid line indicates the ice saturation ratio Si at
water saturation and the gray dotted line represents the homogeneous freezing threshold
for solution droplets (∆aw = 0.34, (Koop et al., 2000)). The different symbols indicate
the different dust types and the different colors the order of magnitude of the INAS
density as follows: orange: 5 · 108 ≤ ns < 5 · 109 m−2, red: 5 · 109 ≤ ns < 5 · 1010 m−2,
green: 5 · 1010 ≤ ns < 5 · 1011 m−2 and blue: 5 · 1011 ≤ ns < 5 · 1012 m−2.

Figure 4.9 presents the color-coded INAS densities plotted in the ice saturation
ratio–temperature space for all new deposition‐mode ice nucleation experiments with the
Asian desert dust samples (Table 4.7 and Table 4.8). Error bars reflect the uncertainty
in the ice saturation ratio.

The new deposition nucleation measurements were performed down to temperatures
of about 204 K, yielding INAS densities ranging from 5.21×108 m−2 up to 1.75×1012 m−2.
In this new dataset, all three Asian desert dust samples AD03, AD04, and AD05 exhibit
highly consistent trends across the investigated temperature and ice saturation ratio
ranges. The data points for these samples nearly overlap throughout the entire mea-
surement window, indicating no significant differences in their ice nucleation activity.
This close clustering suggests that the ice-nucleating efficiencies of these dust samples
are very similar.
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A new parameterization for the temperature- and humidity-dependent ice
nucleation abilitiy of the Asian dust samples in the cirrus regime

The deposition-mode INAS density for the investigated aerosol particles was param-
eterized as a function of temperature and ice saturation ratio, following the approach
of Ullrich et al. (2017) used for AIDA cloud‐chamber dust‐sample experiments. The
empirical expression is

nS(T, Si) = exp
{
α (Si − 1)1/4 cos

[
β (T − γ)

]2 arccot[κ (T − λ)]

π

}
, (4.9)

where
arccot(x) = π

2
− arctan(x).

The five coefficients, α, β, γ, κ, and λ, define the position and curvature of the nS isolines
in the Si–T plane. The best-fit parameters for both this study and previous work are
listed in Table 4.9. Fitting was performed within the physical region 1.0 ≤ Si ≤ Shomo
and over the valid temperature ranges indicated.

(a) Desert dust in (Ullrich et al., 2017) (b) Asian desert dust in this study

Figure 4.10: Comparison of parameterizations for the temperature- and humidity-
dependent ice nucleation active site (INAS) density, ns, based on Eq. (4.9) and the
fit parameters in Table 4.9. Panel (a) displays the scheme by Ullrich et al. (2017), which
integrates dust samples from diverse regions worldwide, including the Sahara and Asia.
Panel (b) shows the best-fit result developed in this study for Asian desert dust samples
(AD03, AD04, and AD05). The root mean square error (RMSE) for log10 nS is 1.87 for
desert dust (a) and 0.788 for Asian desert dust (b). The black dashed line indicates the
ice saturation ratio at water saturation, the gray dotted line shows the homogeneous
freezing threshold for solution droplets (∆aw = 0.34; (Koop et al., 2000)), the white
solid line marks the nS = 1011 m−2 isoline, and white points indicate the experimental
data used for fitting.

As shown in Figure 4.10, compared to the Ullrich et al. (2017) parameterization,
which integrates dust samples from multiple regions worldwide, including the Sahara
and Asia, the scheme developed in this study is based specifically on samples collected
from several locations in Asia. The resulting fit predicts systematically lower ns values
at a given temperature and ice saturation ratio, and exhibits a steeper temperature
dependence, particularly near the homogeneous freezing threshold. These differences
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Table 4.9: Best-fit parameters for Eq. (4.9) applied to desert dust; valid temperature
ranges are indicated in brackets.

Aerosol α β γ κ λ Valid T (K) Reference

Desert dust 285.692 0.017 256.692 0.080 200.745 [206, 240] Ullrich et al., 2017
Asian desert dust 239.6 0.011 300 0.043 202.4 [204, 238] This study

reflect the distinct ice nucleation characteristics of Asian dust relative to the global
dataset and underscore the importance of region- and source-specific parameterizations.

Quantitatively, the new parameterization reduces the overall RMSE for log10 ns to
0.788, demonstrating improved agreement with the Asian dust dataset compared to the
Ullrich et al. (2017) fit (RMSE = 1.87). However, the empirical function fails to capture
the single highest observed ns value (blue point), likely due to the under-representation
of such extreme cases in the dataset and the dominance of the least-squares optimization
by the bulk of the data. This highlights both the strength and limitation of the current
scheme: while it effectively reproduces the majority of observations, isolated outliers are
not well represented. Such discrepancies are inherent in empirical fitting and further
emphasize the need for parameterizations tailored to specific dust sources and regions.

4.6 Summary and discussion
Chapter 4 presents the laboratory investigation of ice nucleation by mineral dust

from Asian deserts with a Saharan reference sample (SD4), quantifying efficiencies under
immersion-freezing and deposition-nucleation modes over a temperature range of −8◦C
to −70◦C. Using the AIDA cloud expansion chamber, the INKA continuous-flow diffusion
chamber, and the INSEKT droplet-freezing array on samples AD03–AD08, this study
extends immersion-freezing parameterizations for desert dust to higher temperatures
compared to previous studies.

For the immersion freezing temperature range of mixes-phase clouds, some Asian
dust samples showed a markedly steeper negative slope in INAS density, ns(T ), with de-
creasing temperature compared to the previously published slope for several dust types
from different desert areas (Table 4.6). At cirrus cloud temperatures, the Asian dust
samples investigated in this thesis, showed lower ns values in the deposition nucleation
mode at a given temperature and ice saturation ratio (Figure 4.9). Both findings indicate
unique mineralogical or surface-chemical properties for the dust samples from the differ-
ent Asian desert regions that influendce their ice-nucleating activity. These differences
imply that cloud microphysics models may need to use more regional desert dust sources
and INAS parameterizations to correctly formulate and predict primary ice formation
rates in mixed-phase and cirrus clouds.

The proposed parameterization reduces the root mean square error from 1.87 in
previous formulations to 0.788, demonstrating substantially improved agreement with
measured ns(T ). Joint analysis of AIDA, INKA, and INSEKT data yields higher fitting
parameters α and β and enhanced temperature sensitivity, thereby better capturing the
aerosol free-energy barriers characteristic of Asian mineral dust.

Instrument intercomparisons across the immersion-freezing regime reveal systematic
biases up to two orders of magnitude, arising from differential sensitivities to nucleation
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modes: INSEKT’s immersion-freezing specificity versus AIDA’s mixed-phase cloud
regime deposition detection, and varied detection thresholds. Challenges in APS flow cal-
ibration and uncertainty quantification further complicate cross-instrument consistency.
These findings underscore the imperative for coordinated inter-instrument campaigns,
standardized measurement protocols, and transparent reporting of instrument-specific
operational parameters.

By characterizing the distinct activation behavior and thermal stability of Asian
desert dust, this work provides new physical insights and establishes a robust framework
for interpreting ambient INP observations in Beijing and similar continental regions.
Future research should integrate detailed chemical and morphological characterization
to link nucleation pathways to specific dust components and implement region-specific
parameterizations within atmospheric models to refine predictions of cloud microphysics
and climate feedbacks in Asia.
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Chapter 5

Long-term Field Observation of
INPs

5.1 Introduction
Long-term observations of ice-nucleating particles face several significant challenges

that hinder the comprehensive understanding of their role in the atmosphere. A critical
flaw is the lack of global coverage and continuous longer-term data, with many regions
of the Earth, including entire continents and oceans, underrepresented or completely
absent from INP measurements(Burrows et al., 2022).Most existing data primarily cov-
ers short periods of days or weeks, and few studies have managed to make long-term
observations that span multiple seasons or years, which are essential to evaluate year-to-
year variations(Burrows et al., 2022). Furthermore, many instruments traditionally used
for measuring INPs are not designed for continuous long-term monitoring due to their
complex and labor-intensive operating principles(Burrows et al., 2022). This limitation
poses a barrier to the systematic collection of data needed to understand the vertical
distribution of INPs, particularly at altitudes where they are transported over long dis-
tances and where cloud formation occurs(Burrows et al., 2022; Hill et al., 2023). As
a result, much of the current knowledge on INPs remains incomplete, with substantial
gaps in understanding their climatology and life cycles(Burrows et al., 2022). Recent
studies suggest that while some urban pollution aerosols may not efficiently act as INPs,
the overall anthropogenic impact on the INP concentrations is still unclear(Burrows et
al., 2022; Hill et al., 2023). The challenge is compounded by the fact that ideal mon-
itoring techniques with short but densely spaced sampling have not been available in
the past, and were limited by both technological and human resources (Burrows et al.,
2022). Despite these hurdles, initiating long-term measurement campaigns with inten-
sive short-term sampling can help establish baseline data on the INP concentration and
variability(Burrows et al., 2022). The significance of obtaining continuous long-term
observations cannot be overstated, as they are essential for gaining insights into ice nu-
cleation activities at specific sites, contributing to develop more accurate climate models,
and and to better predict the future climate scenarios(Hill et al., 2023; Möhler et al.,
2021).

This section mainly focuses on a one-year comprehensive analysis of all three sites
and an extended long-term observation at the suburban site to elucidate the seasonal
cycle and compare various field measurement methods. Notably, the study covers the
spring season, which is significantly influenced by long-range dust transport from Asian
desert regions. The continuous measurements provided a new and unique data set on
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the diurnal and seasonal variation of the temperature-dependent INP concentration.

5.2 Overview of campaign
The following sections provide an overview of the INP measurements performed at

the 3 sites (mountain, suburban, and city) in Beijing, China. Section 5.2 firstly describes
the stations and their location ( Section 5.2.1). The next section 5.2.2 provides an
overview of the conducted campaigns to investigate the INP concentration in Beijing
aera. Section 5.3 discusses the results.

5.2.1 Field locations

Figure 5.1: Area map showing the 3 field sites for filter sampling and INP measurement
activities. The mountain site, suburban site and city site in Beijing area.

Measurements of INPs were conducted at three representative sites in Beijing (the
capital of China), North China Plain, China (figure 5.1).

Yan Station (115.78°E, 40.52°N), the mountain site, is located in Yanqing District,
Beijing, China, at an altitude of 1,344 m above sea level (Ding et al., 2019). Approxi-
mately 110 km northwest of central Beijing, it lies on the northern side of the Taihang
Ridge. Operated by the Beijing Weather Modification Center, this Alpine Specialized
Observation Station is equipped with instruments for measuring aerosols, clouds, and
meteorological parameters. The site is located on the windward side of the urban area
and is surrounded by forests and meadows, providing a clean background environment
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(D. Liu et al., 2020). Moreover, the surrounding forest may emit biological aerosols
during the spring, potentially serving as a significant source of INP (W. Hu et al., 2020).

The Beijing Cloud Laboratory and Observational Utilities Deployment Base (CLOUD
Base, CB) (117.116667°E, 40.166667°N) site is located in Pinggu District, Beijing, China.
This site is located on a plain remote from the urban center, surrounded by farmland
and low-rise buildings, and can be affected by local sources and pollutants transported
from the south during pollution episodes (Bi et al., 2019).Here it is named suburban
site.

The city site is located in a typical urban area of Beijing at the west campus of Bei-
jing University of Chemical Technology (BUCT) (116.310342°E, 39.948228°N) in Haidian
District, Beijing, China. The observation site is adjacent to multiple busy roads, includ-
ing a crossroad approximately 500 meters away at the intersection of Beijing’s 3rd Ring
Road and another trunk road to the northeast. This site is representative of an urban
environment heavily influenced by human activities, particularly direct vehicular emis-
sions. Measurement instruments were deployed on the fifth floor of the main teaching
building (approximately 15 meters above ground level)(Lian et al., 2022; Y. Liu et al.,
2020; J. Zhang et al., 2022).

5.2.2 Overview of INP measurement activities

Figure 5.2: Overview of all measurement periods conducted at the three sites in the
Beijing area to measure the INP concentration using the instruments INSEKT (blue
frame) and PINE-05-03 (green frame)

In collaboration with the Beijing Weather Modification Center (BWMC), the KIT
has established continuous INP observations at three sites in Beijing since April 2019,
producing a five-year record of INP spectra acquired with INSEKT and since January
2022 also in parallel with PINE. The ice-nucleating particle (INP) measurements pre-
sented in this section represent the first application of the INSEKT freezing experiment
to analyze aerosol filter samples from the Beijing region and constitute the first contin-
uous record of INP concentrations spanning more than one year in China. Figure 5.2
provides an overview of the periods covered by the long-term measurement series and the
intensive field campaigns. The INP measurement instruments included the freezing ex-
periment INSEKT (indicated by blue frames; see Section 3.2) and the continuous-online
chamber PINE (model 05-03, Bilfinger Nuclear & Energy Transition GmbH; indicated
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by green frames; see Section 3.4). A comparison of INSEKT measurements conducted
at the mountain site and the suburban site during a spring campaign in 2019 has been
published by Y. Hu et al. (2023), and these data are referenced in this chapter exclusively
for the heat-treatment comparison during spring.

This section focuses on the INSEKT-based analysis of filter samples collected over
one year (July 2019 to July 2020) at three sites in the Beijing region, as well as the
long-term time series obtained at the suburban site, with the aim of investigating dif-
ferences in INP concentrations across varying environmental backgrounds within a few
hundred kilometers and comparing INSEKT results with those from PINE. Filter sam-
ples collected during spring in 2019 and 2020 were additionally analyzed in the laboratory
following heat treatment to quantify the contribution of heat-labile INPs; these results
are described in Section 3.2.

The INSEKT and PINE measurements presented in this chapter focus on the MPC
(mixed-phase cloud) temperature regime. The observational campaign commenced in
April 2019, with initial daily filter sampling at both the mountain and suburban sites
during an intensive observation period in spring. Beginning in July 2019, the city site
was included, and long-term time series measurements commenced, with filters collected
daily during intensive periods for around one month each season and weekly during
other periods; these observations continue at present (status: Summer 2025). PINE
observations began in January 2022, initially at the mountain site during a two-month
intensive campaign (analyzed in detail in Chapter 6), followed by the commencement of
long-term measurements at the suburban site.

Within this thesis, INSEKT filter analysis is reported for samples collected through
August 2020 at the mountain and city sites and through December 2022 at the suburban
site.The PINE data analyzed in this chapter cover March 2022 to March 2023 at the sub-
urban site, with additional mountain site data from January to March 2022 presented in
Chapter 6. Collectively, these measurements provide a comprehensive long-term record
of INP concentrations in the Beijing region spanning more than three years.

5.3 Results and discussion
The variation in the measured INP concentration is discussed as well as potential

influencing factors. The comprehensive long-term data sets of both PINE and INSEKT
measurements were used to validate existing parameterizations for the INP concentration
and ns. As an outcome from these measurements, a new INP parameterization for North
Beijing Plain aerosol was developed.
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5.3.1 INP temperature spectra

(a) mountain site (b) suburban site (c) city site

Figure 5.3: INP temperature spectra measured with INSEKT during the different
seasons from July 2019 to July 2020 at the mountain site (left), the suburban site (upper
middle), and the city site (right). Background colors denote seasons (spring: light green,
summer: light pink, autumn: light yellow, winter: light blue). Gray points represent
the single INP data from all seasons, light red points show the respective seasonal data,
and dark red points with error bars indicate seasonal means with standard deviation.

Figure 5.3 presents the temperature spectra of the INP concentrations measured
with INSEKT at the mountain, suburban, and city sites for each season from July
2019 to July 2020. To ensure comparability despite variable observation intervals (daily
and weekly), most results in this chapter have been aggregated as weekly averages; only
specific case studies and heat treatment analyses retain daily resolution (for daily/weekly
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comparison, see Appendix .2.1).
In each subplot, the background color denotes the season (spring: light green, sum-

mer: light pink, autumn: light yellow, winter: light blue). Gray points show the INP
data from all seasons at each site, light red points highlight the seasonal data, and dark
red points with error bars indicate the seasonal mean and its standard deviation.

Across all three sites, the INP concentrations systematically increase with decreasing
temperature. The highest concentrations are consistently observed in spring, followed
by autumn, with the lowest values in winter. In all sites, the spring spectra display
a characteristic arch-shaped enhancement in the temperature range from about 255 to
268,K, while the autumn enhancement is weaker and less distinct.

While the general shape of the INP spectra is similar at all three sites, notable
differences exist in absolute concentrations and the degree of seasonal variability. The
mountain site exhibits the greatest variability within seasons, especially in spring and
autumn, as evidenced by the broader spread of data points. In contrast, the winter
spectra are more compact and uniform across all sites, while the suburban and city sites
generally show less dispersion throughout the year.

Absolute INP concentrations and the amplitude of seasonal differences also vary
between sites. These results demonstrate pronounced temporal and spatial variability
in atmospheric INP concentrations across the Beijing region, underscoring the strong
influence of seasonal cycles and the need to consider both local conditions and broader
atmospheric processes for interpreting the observed INP patterns. Further analysis of
the factors driving these variations will be presented in subsequent sections.

Figure 5.4: INP temperature spectra measured at the Beijing mountain site (green),
suburban site (violet), and urban site (scarlet) across different seasons: (a) spring, (b)
summer, (c) autumn, and (d) winter. The light-colored areas represent the range of all
data, the dark-colored lines indicate the mean (solid) and median (dashed) values.

Figure 5.4 presents a direct comparison of INP temperature spectra for the moun-
tain, suburban, and city sites in Beijing, shown separately for each season. In each sub-
plot, shaded areas represent the spread (uncertainty) of INP concentrations, with solid
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and dashed lines indicating the mean and median, respectively, for each site (mountain:
green, suburban: violet, city: red).

Across all seasons, the mountain site consistently shows the highest INP concen-
trations throughout the temperature spectrum, with differences particularly evident at
lower temperatures. The suburban site generally shows lower concentrations in autumn
compared to the other two sites, but exhibits relatively high INP levels at the upper
end of the temperature range in summer. At the city site, a distinct peak in winter is
observed at lower temperatures, in contrast to the flatter spectra at the mountain and
suburban sites.

For all sites and seasons, INP concentrations increase systematically as temperature
decreases. The mean values tend to exceed the medians, most notably at the mountain
site and at lower temperatures, indicating the influence of episodic high-INP events. The
suburban and city sites generally show smaller differences between mean and median,
suggesting a more consistent INP background with fewer extreme enhancements.

The comparison between mean and median INP concentrations by site (see Ap-
pendix .2.2) demonstrates that, particularly at the mountain site, the mean values are
systematically higher than the medians in most seasons, especially at lower temperatures.
This reflects the influence of episodically high INP events that shift the mean to higher
values, resulting in a positively skewed distribution. In contrast, the suburban and city
sites exhibit smaller differences between mean and median, indicating a more constant
background with fewer extreme events. These findings are consistent with the broader
seasonal and spatial patterns presented in Figures 5.3, and further support the conclu-
sion that the mountain site experiences greater variability and more frequent episodes
with high INP concentrations.

These results highlight pronounced spatial and seasonal differences in the INP abun-
dance in the Beijing region, as well as the importance of episodic events and site-specific
factors influencing the INP variability.

5.3.2 Seasonal variation of the INP concentration
Figure 5.5 presents weekly time series of the INP concentrations measured at the

mountain, suburban, and city sites in Beijing from July 2019 to July 2020 at three
representative activation temperatures: −20 °C, −15 °C, and −10 °C. The background
colors indicate the different seasons, allowing for a direct comparison of temporal patterns
observed at the different sites.

Across all three temperatures, a clear seasonal cycle is evident at each site, with
the highest INP concentrations observed in spring and autumn, and the lowest in winter.
This pattern is most pronounced at −20 °C, where the amplitude of seasonal differences
is greatest. Peaks in INP concentration during spring and autumn are apparent, while
winter consistently exhibits the lowest values across all sites and temperatures. Summer
concentrations are generally intermediate, but still lower than in spring and autumn.

Spatial differences between sites remain consistent: The mountain site exhibits the
highest and most variable INP concentrations at all temperatures, particularly in spring
and autumn, with frequent sharp peaks. The suburban and city sites display lower and
more stable INP concentrations, with fewer pronounced peaks, and their seasonal cycles
are less pronounced than at the mountain site. At −10 °C, which represents the upper
boundary for immersion freezing, overall concentrations are lower, and the magnitude
of seasonal and spatial differences is less for all sites.

These results highlight robust seasonal and spatial variability in atmospheric INP
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Figure 5.5: Time series of the INP concentration measured at the Beijing mountain
site (green square), the suburban site (violet circles), and the city site(scarlet triangles)
at the temperatures −20 °C, −15 °C, and −10 °C from July 2019 to July 2020. The
temporal resolution of the original data is primarily 1-day during the intensified obser-
vation periods and 7-day for regular intervals. In this figure, the time resolution has
been standardized to a 7-day interval. The colored background indicates the seasons
with spring in green, summer in pink, autumn in yellow, and winter in blue.

abundance in the greater Beijing region. The mountain site not only records the highest
concentrations, but also the greatest temporal variability, underscoring its sensitivity to
episodic source events or meteorological shifts. In contrast, the suburban and city sites
are characterized by more homogeneous and stable INP backgrounds.

These multi-site, long-term observations underscore the importance of spatially and
temporally resolved INP records for improving our understanding of primary ice nucle-
ation in the region and for informing parameterizations in regional climate and weather
models.

Figure 5.6 displays the time series of INP concentrations across the full temperature
range (from −25.5◦C to −5◦C) at the mountain, suburban, and city sites in Beijing from
July 2019 to July 2020, as measured with INSEKT. Each panel represents one site, with
the color scale indicating the activation temperature and the vertical axis depicting the
logarithmic INP concentration.

The seasonal cycles and site-to-site differences observed in previous figures are fur-
ther illustrated here across the complete immersion freezing spectrum. All three sites
exhibit distinct temporal patterns, characterized by recurring periods of enhanced INP
concentrations, particularly during spring and autumn. The elevated concentrations typ-
ically correspond to lower temperatures (blue shades), especially at the mountain site,
which consistently displays the highest INP concentrations throughout the year. These
high concentration episodes are most prominent during spring, with the mountain site
frequently reaching values above 1,L−1 at temperatures below −20◦C.

82



Figure 5.6: Time series of the INP concentration across the full activation temperature
range at the mountain site (upper), suburban site (middle), and city site (bottom) from
July 2019 to July 2020.The data were processed in the same way as for Figure 5.5.

The suburban site generally exhibits intermediate INP concentrations, with pro-
nounced seasonal modulation and fewer extreme events compared to the mountain site.
The city site is characterized by lower INP concentrations across the whole temperature
spectrum, particularly at the lowest temperatures. Periods of reduced INP concentra-
tions are most apparent in winter, where all sites record minimal concentrations, even
at temperatures that are more favorable for ice nucleation during other seasons.

Short-term fluctuations and episodic increases in INP concentrations are evident
at all sites, particularly at the mountain location, which is consistent with its greater
exposure to regional and long-range dust transport events. In contrast, the suburban and
city sites display more gradual transitions and smaller temporal variability. Across all
sites, the warmest activation temperatures (red-yellow shades, > −15◦C) are associated
with the lowest INP concentrations, highlighting the temperature sensitivity of the INP
population.

Overall, this figure provides a comprehensive overview of both the seasonal and
temperature-dependent variability in INP concentrations at the three sites. The ob-
served spatiotemporal patterns emphasize the dominant role of the mountain site in
regional INP abundance, as well as the importance of cold-season and episodic events
in shaping the INP climatology of the greater Beijing area. A more detailed analysis of
the controlling factors and potential source attributions will be presented in subsequent
sections.

Figure 5.7 presents the time series of INP concentration ratios between the mountain,
suburban, and city sites at three representative activation temperatures (−20 °C, −15 °C,
and −10 °C). Each panel allows for a direct comparison of spatial differences and their
evolution across seasons.

A pronounced seasonal trend is apparent, particularly at −20 °C, where the INP con-
centration ratios between the mountain site and the other two sites (mountain/suburban,
mountain/city) are frequently elevated, especially during spring and autumn. These pe-
riods are characterized by higher variability and more frequent high values, indicating
intervals when the INP concentrations at the mountain site substantially exceed those
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Figure 5.7: Time series of the weekly INP concentration ratio for mountain/suburban
(upper), mountain/city (middle), and suburban/city (bottom) at the temperatures
−20 °C, −15 °C, and −10 °C from July 2019 to July 2020.

at the suburban and city locations. This enhanced variability at low temperatures likely
reflects the influence of episodic processes that are seasonally modulated.

In contrast, at −10 °C, the site-to-site ratios are generally lower and less variable,
remaining closer to unity throughout the year. This pattern suggests a more homoge-
neous spatial distribution of INPs active at warmer temperatures, with reduced seasonal
contrast. The ratios at −15 °C display intermediate characteristics, both in terms of
amplitude and temporal variability.

Overall, the site-to-site differences are most pronounced at colder activation temper-
atures, where the mountain site often exhibits the highest INP concentrations relative
to the suburban and city sites, particularly during spring and autumn. In the warmer
regime, spatial contrasts diminish and the ratios become more stable, indicating a more
uniform distribution of INP sources or a shift in dominant INP types. The observed
trends are consistent across all three site pairs (mountain/suburban, mountain/city, sub-
urban/city).
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5.3.3 Relation to meteorology and aerosol properties
Figure 5.8 presents the time series of the INP concentrations across the full temper-

ature spectrum, alongside the aerosol number concentrations for diameters exceeding
500 nm and 2000 nm, at the mountain, suburban, and city sites. Here, N500 denotes
the number concentration of aerosol aerosols with aerodynamic diameters larger than
500 nm, while N2000 refers to aerosols with diameters exceeding 2000 nm (i.e., 2 µm);
these parameters serve as proxies for the abundance of coarse and super-coarse aerosol
fractions, respectively, which are considered potential carriers of INPs in the atmosphere.

Consistent with the patterns observed in earlier figures, INP concentrations (color
shading) at all three sites display marked temporal variability and pronounced seasonal
cycles. Higher INP concentrations generally occur in spring and autumn, while the
lowest values are found in winter.

The relationship between INP concentrations at different temperature intervals and
the abundance of large aerosol particles (N500 and N2000) varies among the sites. At the
mountain site, clear co-variations between peaks in INP concentrations and increases in
large aerosol number concentrations are evident, especially during spring and autumn.
This synchronization is most pronounced at lower temperatures, suggesting that coarse
particles are more effective as INPs under colder conditions. In contrast, at the suburban
and city sites, the correspondence between INP and coarse particle concentrations is less
pronounced and more sporadic. These differences may reflect variations in aerosol source
types, atmospheric processing, and meteorological influences among the sites. Across
all sites, the association between INP and coarse particles is strongest at the lowest
temperature interval (−20 °C), but becomes weaker at higher temperatures (−10 °C),
indicating a shift in the dominant INP-active particle type with temperature.

This suggests that very large particles (>2 µm) may contribute to the INP popula-
tions during strong dust or biological events, but their overall influence is less consistent
compared to the N500 size fraction.
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Figure 5.8: Time series of the INP concentration (color-coded by temperature), and
the aerosol number concentrations for diameters >500 nm and >2000 nm (lines) at the
mountain site (top), suburban site (middle), and city site (bottom) from July 2019 to
July 2020.
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Figure 5.9: Time series of the INP activated fraction ratio mountain/suburban (up-
per), mountain/city (middle), and suburban/city (bottom) at the temperatures −10 °C,
−15 °C and −20 °C from July 2019 to July 2020.

Figure 5.9 shows the time series of the INP activated fraction ratio, defined as the
ratio of INP concentration to the number concentration of coarse aerosol particles (N500),
for all three site pairs (mountain/suburban, mountain/city, and suburban/city) at three
representative temperatures (−10 °C, −15 °C and −20 °C). This metric serves as a proxy
for the ice nucleation efficiency per coarse particle at each site.

Across all site pairs and temperatures, the active fraction ratio displays substantial
temporal variability, frequently spanning more than an order of magnitude. The ratios
for mountain/suburban and mountain/city are generally greater than unity, indicating
that coarse particles at the mountain site are, on average, more ice-active than those at
the suburban and city sites. This distinction is especially pronounced at lower tempera-
tures (−20 °C) and during spring and autumn, when enhanced dust and primary aerosol
input is typical at the mountain site.

For the suburban/city comparison, the active fraction ratio fluctuates around unity
for most of the period, indicating broadly similar ice nucleation efficiencies per coarse
particle at the two sites. However, there is a slight tendency for higher values at the
city site, especially in winter, when the ratio consistently exceeds one. This suggests
that during colder periods, coarse aerosol particles in the city may be somewhat more
ice-active, possibly due to shifts in source composition or atmospheric processing that
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enhance INP activity in urban environments.
A pronounced seasonal dependence is evident: active fraction ratios are higher and

more variable in spring and autumn, but lower and more stable in winter and summer.
This pattern mirrors the seasonal cycles in absolute INP concentrations and supports
the view that both source composition and atmospheric conditions modulate the ice-
nucleating activity of the coarse aerosol fraction.

Overall, these results highlight the strong influence of site characteristics, source
strength, and temperature on the ice-nucleating efficiency of coarse particles. The higher
and more variable active fractions at the mountain site likely reflect episodic inputs from
mineral dust and other efficient INP sources, while the lower and less variable fractions at
the suburban and city sites point to more stable but less ice-active particle populations.

Figure 5.10 presents a multi-parameter time series for the mountain, suburban, and
city sites. For each site, the four panels display, from top to bottom: (1) air temperature
(°C), (2) relative humidity (%), (3) wind speed (point position) and direction (point
color), and (4) INP concentrations across the measured temperature range. At all sites,
the air temperature and relative humidity show clear seasonal cycles, with temperature
maxima in summer and minima in winter. The relative humidity shows both seasonal
and synoptic-scale variability, reflecting shifts in air mass characteristics and weather
patterns.

A detailed comparison reveals that INP concentrations exhibit strong temporal
co-variation with meteorological parameters, particularly at the mountain site. Here,
episodes of high INP concentrations predominantly occur during colder periods and co-
incide with increased wind speeds, especially when winds originate from the northwest
and west. These patterns are most pronounced in spring and autumn, seasons typically
associated with regional dust transport and enhanced primary aerosol input. Notably,
the strongest INP enhancements at the mountain site are observed in the lower activation
temperature range (e.g., −20 °C to −15 °C), supporting the conclusion that coarse min-
eral dust particles, advected under specific synoptic conditions, are a dominant source
of INPs during these periods.

In contrast, the suburban and city sites exhibit lower INP concentrations and less
distinct wind-driven variability. At these locations, seasonal cycles in INP abundance
are present but less tightly linked to episodic wind events, suggesting a greater influ-
ence of local or regional background sources. The correspondence between INP peaks
and meteorological conditions weakens at higher activation temperatures (e.g., −10 °C),
consistent with an increasing contribution from biogenic or secondary particles whose
emission and activation are governed by different processes.

Across all sites, winter is characterized by persistently low INP concentrations, re-
gardless of wind speed or direction, indicating a reduced contribution from both dust
and biological sources during this season.

Overall, these results demonstrate that the temporal variability of INP concentra-
tions is closely tied to the interplay of meteorological conditions, aerosol source strength,
and activation temperature. The mountain site, in particular, highlights the importance
of wind-driven dust events for episodic increases in INP abundance, while the suburban
and city sites underscore the role of local emissions and background aerosol populations.

5.3.4 Biological contribution from heat treatment experiments
The mountain site offers a unique opportunity to investigate the seasonal and short-

term variability of heat-sensitive INPs using the heat treatment protocol described in
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Figure 5.10: Time series of key meteorological parameters (air temperature, relative
humidity, wind speed and direction) and the INP concentrations across the full temper-
ature spectrum at the mountain (upper), suburban (middle), and city (bottom) sites
from July 2019 to July 2020
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Figure 5.11: Comparison of INP temperature spectra with and without heating in
spring 2020

Section 3.2. Figure5.11 summarizes the INP temperature spectra for both untreated and
heated samples during the spring of 2020 with daily resolution respectively. The plot
shows all daily filter results as well as their mean values. Across the full temperature
spectrum, INP concentrations increase as temperature decreases, with the untreated sam-
ples (light green) exhibiting systematically higher values than the heat-treated samples
(dark green). The difference between untreated and heated samples is most pronounced
at higher activation temperatures, notably between −14 °C and −7 °C, while at lower
temperatures (−20 °C), the gap becomes smaller. This pattern is consistent with the
presence of heat-sensitive INPs that are active at higher temperatures and are likely of
biological origin (Hill et al., 2016; O’Sullivan et al., 2018; T. W. Wilson et al., 2015).

Figure5.12 illustrate the time series of INP concentrations at three representative
temperatures (−14 °C, −17 °C, and −20 °C) for both untreated and heated samples.The
time series for individual activation temperatures further support this interpretation. For
each day during the 2020 spring intensive filter sampling period, the INP concentration
at −14 °C and −17 °C is strongly reduced after heat treatment, both in absolute value
and in temporal variability, while at −20 °C the reduction is less pronounced. This
indicates that a substantial fraction of INPs active at higher temperatures are denatured
by heating, supporting their attribution to proteinaceous biological particles, whereas
INPs active at lower temperatures are more heat-resistant and likely of mineral or non-
proteinaceous origin.

Figure 5.13(c) shows the INP temperature spectra obtained from heated dust sam-
ples. It is evident that heating caused a pronounced reduction in INP concentrations
at temperatures above −10,◦ C, decreasing concentrations by approximately one order
of magnitude. In contrast, the impact of heating was negligible at temperatures below
−15,◦ C. This temperature-dependent response is consistent with previous findings in-
dicating that biological INPs typically exhibit reduced activity upon heating, whereas
mineral dust particles largely retain their ice nucleation ability after heat treatment (Hill
et al., 2016; Peckhaus et al., 2016). Therefore, the observed higher INP concentrations
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Figure 5.12: Comparison of INP concentration timeseries in spring 2020 at represen-
tative activation temperatures (−14 °C, −17 °C, and −20 °C) for untreated versus heat-
treated samples

at warmer temperatures could be attributed to proteinaceous biological aerosol parti-
cles (PBAP) mixed with mineral dust during long-range atmospheric transport. This
inference aligns with earlier studies (J. Chen et al., 2021; Tobo et al., 2020) highlighting
the significant contribution of biological components to the ice-nucleation activity of
transported Asian dust.

Figure 5.13(b) illustrates similar INP concentrations measured simultaneously at
the mountain and suburban sites during the two dust events, underscoring the spatial
homogeneity of INP concentrations during dust transport episodes. Nonetheless, notable
differences in both INP temperature spectra and absolute concentrations were observed
between the two dust events. Backward trajectory analysis (Fig. 5.13(a)) revealed dis-
tinct source regions for the dust events: the first dust plume originated from arid regions
in northern Mongolia, while the second originated from the Gobi Desert situated between
China and Mongolia. Correspondingly, the average INP concentration at −20,◦ C was
significantly higher (approximately 450.9,L−1) during the Gobi Desert dust event, nearly
an order of magnitude greater than the INP concentrations observed during the earlier
dust event at the same site.

Together, these results highlight the episodic occurrence and substantial variability
of heat-sensitive (likely biological) INPs during spring at the mountain site, as well as
the importance of considering both temperature and thermal stability when interpreting
INP measurements. The application of heat treatment thus provides a robust tool to
distinguish between different INP types and their seasonal behavior in ambient aerosol
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Figure 5.13: a) Backward trajectories for two dust events. b) INP temperature spectra
during the dust events. Blue lines correspond to the HT mountain site, red lines to the
CB suburb site, and Grey lines to non-dust days. c) The comparison of INP temperature
spectra between heated (light colors) and non-heated (dark colors) dust samples. (This
figure is adapted from (Y. Hu et al., 2023)

populations.

5.3.5 Long-term INP climatology and instrument intercomparison

Figure 5.14: Time series comparison of INP concentrations measured with INSEKT
at three representative activation temperatures (−20 °C, −15 °C, and −10 °C) at the
suburban site from July 2019 to March 2023, shown together with hourly averaged
PINE measurements at −25 °C from March 2022 to July 2023.

To comprehensively characterize the temporal evolution and the seasonal variability
of INP concentrations, as well as to assess consistency between measurement techniques,
this section presents and compares long-term INSEKT and PINE observations at the
suburban site from July 2019 to March 2023.

Figure 5.14 presents the weekly averaged time series of INP concentrations at
the suburban site, as measured by INSEKT at three activation temperatures (−20 °C,
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−15 °C, and −10 °C), together with hourly PINE measurements at −25 °C from March
2022 to March 2023. Seasonal periods are indicated by the colored background.

The data reveal robust and recurring seasonal patterns at the suburban site. INP
concentrations are typically highest during spring and autumn, reach their lowest values
in winter, and remain intermediate or more variable in summer. This seasonal cycle is
evident across all activation temperatures, though its magnitude and variability depend
on the temperature interval considered. At colder activation temperatures (e.g., PINE
at −25 °C and INSEKT at −20 °C), INP concentrations are generally higher and display
greater temporal fluctuations, consistent with an enhanced contribution from mineral
dust and other efficient INP sources. At warmer activation temperatures (e.g., −10 °C),
concentrations are lower overall and seasonal contrasts are reduced, reflecting the limited
presence of highly active INPs at these temperatures.

Periods of anomalously high or low INP concentrations occasionally occur, but do
not disrupt the overall seasonal pattern. In addition, a comparison of the PINE and
INSEKT time series for overlapping periods and comparable temperature ranges (−25 °C
and −20 °C) indicates similar seasonal behavior and overall trends.

Figure 5.15: Time series of INP concentrations at the suburban site covering the full
activation temperature from July 2019 to March 2023. Color shading indicates the
activation temperature. This figure provides a comprehensive view of temporal variations
and seasonality across the entire observed temperature spectrum.

Figure 5.15 presents the complete INP concentration spectrum measured by IN-
SEKT at the suburban site from July 2019 to March 2023. Each column corresponds
to a specific observation week, while the color shading indicates the activation temper-
ature. The figure vividly illustrates the strong seasonal modulation of INP abundance
across the temperature range. Spring and autumn are characterized by enhanced con-
centrations across nearly all temperature intervals, reflecting episodic events such as
dust outbreaks or biological emissions. Winter is marked by persistently low INP lev-
els, whereas summer exhibits more variable behavior. The continuous coverage across
the full temperature range allows detailed assessment of both seasonal cycles and the
evolution of temperature-dependent INP populations.

Figure 5.16 compares the weekly mean INP temperature spectra for four seasons, as
measured by both INSEKT and PINE. Both instruments reveal similar seasonal patterns:
highest INP concentrations in spring and autumn, lowest in winter, and strong depen-
dence of concentration on decreasing temperature. In general, both instruments show a
good agreement of the measured INP concentration, only for the summer period, PINE
measures somewhat higher INP concentrations than INSEKT at higher temperatures.
At lower temperatures, the INP concentrations measured by PINE and INSEKT fall
along a consistent trend line. The differences at higher temperatures may be attributed
to methodological factors such as differences in aerosol sampling, detection limits, or
calibration procedures, and will be discussed in more detail in a subsequent section.
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Figure 5.16: Seasonal INP temperature spectra measured with the INSEKT and PINE
instruments at the suburban site from March 2022 to March 2023. Blue open circles
denote weekly mean INSEKT data, and red open triangles denote weekly mean PINE
data.

Figure 5.17 provides a focused comparison of PINE and INSEKT weekly INP con-
centrations at nearly identical activation temperatures range (−8–−26 ◦C), over the
period March 2022 to March 2023. The time series for both instruments are in good
overall agreement regarding the occurrence of seasonal maxima and minima as well as
the timing of episodic events. PINE data tend to yield higher absolute concentrations
than INSEKT, particularly during certain spring and autumn peaks. This difference
may reflect instrument-specific biases, differences in time resolution (e.g., PINE’s higher
frequency of measurement), or subtleties in sample handling and analysis.

All together, the following key points result from the combined INSEKT and PINE
measurements:(i) Both INSEKT and PINE reveal strong and recurrent seasonal cycles
of INP abundance at the suburban site, with pronounced maxima in spring and autumn
and minima in winter;(ii) the INP concentrations systematically increase with decreasing
temperature, with the largest seasonal amplitude and event-driven variability occurring
at the coldest activation temperatures.(iii) direct comparisons between INSEKT and
PINE demonstrate good agreement in seasonal variability and event timing;and (iv) the
consistency of seasonal patterns across both instruments and over multiple years provides
confidence in the reliability of the observed long-term INP climatology at the suburban

94



Figure 5.17: Direct comparison for the INP concentrations time series from the IN-
SEKT and PINE instruments at the suburban site，using the overlapping activation
temperature intervals.

site.

5.3.6 The parameterization of INP concentration
Single-parameter parameterization of INP concentration

INP number concentrations in the atmosphere are commonly parameterized as an
exponential function of temperature, an approach widely adopted in atmospheric models
to facilitate implementation and comparison (DeMott, Prenni, et al., 2010; Meyers et al.,
1992). The generic form of this parameterization is expressed as:

NINP(T ) = A exp(BT ) (5.1)

where NINP(T ) represents the INP number concentration (in L−1) active at temperature
T (in °C), and A and B are empirically determined fitting coefficients.

The values of A and B are obtained by fitting the measured INP concentrations
as a function of temperature using non-linear regression. For the present dataset, the
best-fit coefficients are A = 9.18 × 10−5 L−1 and B = 0.25190 ◦C−1, as derived from
campaign observations at the three sites for one year.

Figure 5.18 illustrates the measured INP number concentrations as a function of
activation temperature, overlaid with the exponential fit according to Equation 5.1. Also
shown for comparison are parameterizations developed in previous studies, including
those by DeMott, Prenni, et al. (2010), Fletcher (1962), and Meyers et al. (1992).

The fitted exponential function captures the fundamental dependence of INP concen-
tration on temperature, with number concentrations increasing rapidly as temperature
decreases. Despite the general agreement, significant scatter is evident among different
parameterizations, attributable to regional differences in aerosol sources, composition,
meteorology, and measurement methodology. In particular, the present study reveals
higher INP concentrations at moderate supercooling compared to some earlier schemes,
likely reflecting the influence of local mineral dust and anthropogenic emissions.
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Figure 5.18: Atmospheric INP number concentrations as a function of activation tem-
perature, including an exponential fit derived in this study and established parameteriza-
tions from the literature. Red, green, and blue symbols represent individual observations
at the mountain, suburban, and city sites, respectively. The solid red line denotes the fit
from this study. The solid blue lines indicate the parameterizations of DeMott, Prenni,
et al. (2010), the black dotted line shows the scheme of Meyers et al. (1992), and the
solid green line corresponds to Fletcher (1962).

Due to the wide variability in INP concentrations observed at a given tempera-
ture—often spanning several orders of magnitude—a single-parameter, temperature-only
approach is insufficient for representing the spatial and temporal heterogeneity charac-
teristic of atmospheric INPs in this region. These results highlight the need for extended
multi-parameter schemes that incorporate additional physical and chemical predictors,
such as aerosol surface area, composition, and air mass history, to improve representation
in weather and climate models.

Multi-parameter parameterization of INP concentration

Atmospheric INP concentrations in Beijing are strongly influenced by aerosol prop-
erties. DeMott, Prenni, et al. (2010) demonstrated that INP concentrations exhibit a
robust correlation with activation temperature and aerosol abundance, proposing a glob-
ally averaged parameterization for INPs. More recent findings indicate that immersion-
freezing mode INP concentrations are better correlated with the number concentration of
aerosols in the 1.0–2.5µm diameter range than with those in the 0.5–2.5 µm range (Y. Z.
Ren et al., 2023). While these parameterizations successfully reproduce observed data,
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they are typically based on online CFDC observations and thus limited to a narrow
temperature range (−20◦C to −30◦C).

To obtain a broader temperature spectrum, the present study establishes a new
parameterization for INP concentrations by integrating long-term observational data
collected across diverse environments in Beijing, including mountainous, suburban, and
urban sites. The results reveal a pronounced influence of aerosol variability on ambient
INPs; synoptic and meteorological conditions modulate INP concentrations by altering
aerosol loading. The newly developed empirical relationship incorporates both aerosol
number concentration and activation temperature, and is expressed as:

CINP = 10−a · (−T )b ·N−cT+d
500 (5.2)

where CINP denotes the INP number concentration, N500 is the aerosol number
concentration with diameters greater than 0.5 µm, and T is the activation temperature.
The empirical coefficients are a = 8.81, b = 7.45, c = 0.0365, and d = −0.916.

Equation 5.2 accounts for both temperature and aerosol abundance, capturing the
non-linear relationship between these variables and INP concentrations over a wide tem-
perature range. This multi-parameter framework is compared against previously pub-
lished schemes, including the global-average parameterization by DeMott, Prenni, et al.
(2010), a Beijing mountain site parameterization (Bi et al., 2020), and the parameteri-
zation from Y. Z. Ren et al. (2023).

Figure 5.19 presents the comparison between measured INP concentrations and
values predicted by different parameterization schemes. Panels (a)–(d) correspond to
the DeMott, Prenni, et al. (2010) global average, Bi et al. (2020) for Beijing mountain,
Y. Z. Ren et al. (2023), and the new parameterization proposed in this study, respectively.

Figure 5.19 demonstrates that the new parameterization developed in this work
yields the best agreement with observed values, especially for low INP concentrations.
Alternative schemes tend to overestimate INP concentrations by 2–3 orders of mag-
nitude at low concentrations, despite performing reasonably at higher concentrations.
The discrepancy is primarily attributed to the restricted temperature ranges used in the
development of prior parameterizations, as they are largely derived from CFDC mea-
surements conducted between −20◦C and −30◦C, limiting their predictive capability
at warmer temperatures. The newly established parameterization therefore more ac-
curately represents INP concentrations across the full observed temperature spectrum,
especially above −15 ◦C.
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Figure 5.19: Comparison of INSEKT-observed INP concentrations with predictions
from different parameterization schemes: (a) global-average scheme of DeMott, Prenni,
et al. (2010); (b) parameterization for the Beijing mountain site by Bi et al. (2020); (c)
scheme of Y. Z. Ren et al. (2023); (d) revised multi-parameter scheme proposed in this
study. Schemes (a)–(c) share the functional form of DeMott, Prenni, et al. (2010) but use
different empirical coefficients, whereas (d) employs the modified formulation introduced
here (see Equation 5.2). In each panel, the x-axis shows observed INP concentrations,
and the y-axisthe corresponding model predictions. The solid line is the 1:1 reference.
Marker size encodes aerosol concentration and color denotes activation temperature.

5.4 Summary
This chapter presents a comprehensive, multi-site and long-term field observation

of the abundance and variability of INPs in the Beijing region. Three representative
sites (urban, suburban, and mountain) were selected to reflect distinct aerosol source
environments. Observations, conducted continuously since April 2019, used the freezing
experiment INSEKT and the continuously measuring online instrument PINE, comple-
mented by in situ measurements of meteorological and aerosol parameters. This chapter
focuses on more than one year of filter-based sampling at all three sites (July 2019 to
July 2020) and an extended time series at the suburban site (July 2019 to March 2023),
with the aim of elucidating spatial differences in INP concentrations across diverse en-
vironmental backgrounds and comparing INSEKT and PINE results. The resulting
multi-year, multi-site dataset represents the first high-resolution, continuous record of
INPs in the Beijing area, filling a critical observational gap.

The INP concentrations exhibit a marked seasonal cycle, with highest values in
spring, followed by autumn, and the lowest values in winter, a pattern consistently
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observed at all sites and most pronounced at lower activation temperatures. Spatial
variability is also evident: the mountain site consistently records the highest and most
variable INP concentrations, with frequent spikes and broader data distributions indica-
tive of sensitivity to episodic events and regional transport. In contrast, the suburban
and urban sites are characterized by lower and more stable INP backgrounds, suggesting
more homogeneous local influences.

There is a clear association between INP concentrations and the abundance of
coarse-mode aerosols (N500 and N2000), which are representative of mineral dust and
other primary INP carriers. At the mountain site, INP concentration peaks frequently
coincide with increases in coarse particle concentrations, especially during spring and au-
tumn and at lower temperatures, reflecting strong dust influences during these periods
and conditions. In the suburban and urban environments, the correspondence between
INPs and coarse particles is less pronounced and more episodic, suggesting differences
in dominant sources or atmospheric processing. The INP-to-N500 active fraction further
reveals that, on average, coarse particles at the mountain site are more ice-active than
those at urban locations, underscoring the central role of natural dust sources.

Even in polluted environments, natural dust and episodic events remain the primary
determinants of INP climatology in Beijing. Persistently elevated INP concentrations
in spring (the season characterized by frequent dust events) and at the mountain site
(frequently influenced by regional dust transport) underscore the dominant influence of
natural mineral dust on the INP variability, especially in the immersion freezing regime.
The strong correlation between INPs and coarse particles (N500, N2000) at the mountain
site directly supports this conclusion. Despite severe wintertime anthropogenic pollution,
the INP concentrations remain lowest at all sites and temperatures, indicating that,
unlike mineral dust, anthropogenic aerosols are less efficient INPs in mixed-phase cloud
regime (J. Chen et al., 2018). This finding demonstrating that although pollution poses a
major air quality concern, its direct contribution to ice nucleation, particularly in mixed-
phase cloud regime, is likely secondary to that of natural dust. This may have important
implications for regional weather modification strategies and climate modeling, where
accurate source attribution is essential.

The observation of slightly elevated active fractions at the urban site during winter
suggests such complex interactions, likely driven by changes in the aerosol composition or
atmospheric processing that enhance the ice activity of background INPs. These results
indicate that the relationship between pollution and INP activity is neither simple nor
linear. Chapter 6 further explores the impact of emission control strategies on INP
abundance. Future research should focus on the specific chemical and physical changes
induced by atmospheric aging processes in polluted environments and their implications
for INP ice nucleation efficiency.

Parallel measurements using two independent instruments (the offline filter-based
INSEKT sampler and the online PINE chamber) exhibited very good agreement during
their overlapping period. Both instruments captured the same timing of seasonal maxima
and short-term INP spikes, indicating that the observed climatological patterns are
robust and not an artifact of a single technique. Minor systematic differences were
noted (with PINE occasionally reporting slightly higher INP abundances, particularly
at warmer activation temperatures in summer), but these did not affect the overall
seasonal trend. The strong correspondence between INSEKT and PINE measurements
thus provides confidence in the reliability of the long-term INP dataset and confirms a
consistent seasonal INP climatology for the region.

The comprehensive dataset enabled the development of improved empirical pa-
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rameterizations for predicting INP concentrations from more accessible variables. A
temperature-only exponential fit of the form NINP(T ) = A exp(BT ) was derived to rep-
resent the baseline relationship between INP abundance and temperature. However,
substantial scatter in the observations highlights that temperature alone cannot explain
the full variability in INP concentrations, echoing the need for additional predictors.
Building on prior studies that link INPs to aerosol loading (DeMott, Prenni, et al., 2010;
Y. Z. Ren et al., 2023), a new multi-parameter scheme was developed by incorporating
the number concentration of coarse aerosol particles (N500, representing particles larger
than 0.5 µm) alongside temperature. This two-factor parameterization (Equation 5.2)
captures the non-linear dependence of INPs on both variables and is valid over a broad
temperature spectrum of −25 °C to −5 °C. This result is a key outcome of the study,
providing a more reliable empirical basis for modeling ice-nucleating particles in atmo-
spheric simulations of the Beijing area and beyond.
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Chapter 6

Intensive Field Campaigns on the
Abundance and Sources of INPs
During the Winter Olympic
Games

This section analyses immersion-mode ice-nucleating particles measured at a moun-
taintop site during the 2022 Beijing Winter Olympics, when stringent emission controls—
industrial shutdowns, traffic restrictions, and clean-heating initiatives—substantially
lowered regional primary emission sources (e.g., SO2, NOx, black carbon, and PM2.5).
We (i) investigate the evolution of INP concentrations from −5 ◦C to −30 ◦C with the
PINE, CFDC, INSEKT, and FINDA instruments; (ii) quantify the relative contributions
of mineral dust, secondary inorganic aerosols, organic matter, and biological particles to
INP variability; and (iii) derive empirical parameterizations linking INP number concen-
tration to particle properties, yielding region-specific constraints for weather and climate
models.

6.1 Introduction
INPs govern the first appearance of ice in mixed-phase clouds, thereby controlling

cloud lifetime, precipitation efficiency, and short-wave and long-wave radiative forcing.
Because heterogeneous freezing can initiate more than 20 K warmer than homogeneous
freezing, ambient INP concentrations of only 10−1–100 L−1 may determine whether a
cloud glaciates or remains liquid (Cantrell & Heymsfield, 2005). Yet the global INP bud-
get is still poorly constrained: (i) the ice-nucleating active site density (ns) of different
particle classes spans 6–8 orders of magnitude, and (ii) the relative source strengths of
mineral dust, marine organics, biomass smoke, biological material and anthropogenic
pollution vary strongly with region and season. Quantifying the anthropogenic contri-
bution is particularly challenging in rapidly urbanizing areas, where primary emissions,
atmospheric aging rates, and synoptic transport all fluctuate on diurnal to synoptic
time-scales.

Previous limited urban field studies have produced apparently contradictory re-
sults. Microscopy and INP measurements in Mexico City (Knopf et al., 2010) and
Toronto (Corbin et al., 2012) identified elemental-carbon-rich and organic combustion
particles that activated immersion freezing above −30 ◦C. In contrast, observations
in central Beijing found that winter haze episodes dominated by secondary inorganic
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and carbonaceous pollution did not elevate INP concentrations between −20 ◦C and
−30 ◦C (Che et al., 2019; J. Chen et al., 2018). Reconciling these discrepancies requires
“perturbation experiments” in which anthropogenic sources are systematically altered
while meteorology, mineral dust, and biomass burning remain comparatively steady.

The 2022 Olympic and Paralympic Winter Games (4 Feb – 13 Mar 2022) provided
a great opportunity to investigate whether the anthropogenic pollution could contribute
to the INPs. A coordinated air-quality plan across the North China plain suspended
more than 2000 industrial facilities and restricted heavy-duty diesel traffic. These ac-
tions reduced wintertime SO2, NOx, black carbon, and PM2.5 mass by 30–60% relative
to climatological means and shifted the aerosol population toward more oxidized, less
internally mixed particles (Du et al., 2023; W. Li et al., 2024; Y. Liu et al., 2022).
Bayesian counter-factual analyses indicate that without interventions Beijing’s PM2.5

would have been approximately 34% higher during the Olympic fortnight (Y. Liu et al.,
2022). Such a large, well-documented perturbation enables us to isolate human-source
impacts on the regional INP reservoir.

Most prior INP studies in Beijing have relied on urban or suburban ground stations,
where strong local plumes obscure the regional background. We therefore established a
continuous INP observatory at Haituo mountain in Beijing. During daytime convective
mixing, pollutants emitted across the plain reach Haituo’s summit, representing the
well-mixed top-of-boundary-layer aerosol; at night, the site often locates in the residual
layer or free troposphere, reducing fresh local influences. Crucially, the mountain en-
vironment lacks wintertime biomass-burning plumes common in lowland villages, and
also the sparsely populated terrain eliminates fresh vehicular and cooking emissions that
may influence urban ground-level INP variability.

INPs were measured with a continuous‐flow diffusion chamber ice activation spec-
trometer (CFDC‐IAS, Handix Scientific, USA) and a PINE chamber (Möhler et al.,
2021). The CFDC was operated at fixed temperatures (−20 °C, −25 °C, −30 °C) un-
der water‐supersaturated conditions (principle identical to the CSU-CFDC (DeMott
et al., 2018; Rogers et al., 2001)) to provide high time resolution INP concentrations,
while the PINE yielded high‐temporal‐resolution (5min to 12 min) immersion‐freezing
spectra between −17 °C and −30 °C, both with low instrumental background. For of-
fline INP analysis, aerosol particles were collected on filters and later examined via
immersion‐freezing assays using INSEKT and FINDA (Y. Ren et al., 2024), cover-
ing a temperature range from −5 °C to −25 °C. Complementary measurements in-
cluded: (a) High-Resolution Time-of-Flight Aerosol Mass Spectrometry (HR-ToF-AMS)
for non‐refractory aerosol composition, (b) an APS and a SMPS for size‐resolved par-
ticle number and surface‐area distributions, and (c) a Wideband Integrated Bioaerosol
Sensor (WIBS) for single‐particle fluorescence as a proxy for biological material.

By coupling a stringent emission-control experiment with high-resolution mountain
measurements, our study delivers the most comprehensive assessment of how anthro-
pogenic activity intersects with regional ice-nucleating particle populations in North
China.

This chapter is structured as follows. Section 6.2 describes the observation site,
including its geographic setting and relevance for capturing regional background con-
ditions during the Winter Olympic Games. Section 6.3 provides an overview of the
deployed instrumentation and sampling protocols, detailing both online and offline mea-
surements of INPs and aerosol physicochemical properties. Section 6.4 introduces the
machine-learning framework used for INP prediction based on aerosol chemical and phys-
ical metrics. Section 6.5 presents the key results, including instrument intercomparison,
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the relationships between INPs, biological particles, and ambient aerosol, and the de-
velopment and evaluation of new INP parameterizations under mixed-source conditions.
Finally, Section 6.6 summarizes the main conclusions and discusses their implications for
understanding INP sources and variability in North China during wintertime pollution
control periods.

6.2 Observation site
The observation period extended from 13 January to 24 March 2022, spanning the

pre-Olympic, Olympic (4–20 February), and post-Olympic phases. All measurements
were carried out at the Haituo Mountain (HT) site (40.52◦N, 115.78◦E; 1344 m a.s.l.) in
Beijing’s Yanqing District. HT sits on a wind-exposed ridge roughly 90 km northwest
of the city center and about 10 km east of the Xiaohaituo Alpine Skiing Centre, the core
venue cluster of the Winter Games. Surrounded by sparsely populated, forested terrain
and positioned near the daytime planetary-boundary-layer top—but frequently above it
at night—the site samples well-mixed regional air with minimal local emission influence,
making it ideal for background aerosol and INP studies in North China.

(a) Topography of the Haituo mountain site. (b) The observation cabin

Figure 6.1: Topography of the Haituo mountain site(a)(The black triangle denotes the
Haituo mountain site, whereas the red five-pointed star marks downtown Beijing.) and
the observation cabin (b) at the Haituo mountain site.
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6.3 Instrument setup

Figure 6.2: (a) Sampling location at the summit of Haituo Mountain, Beijing. The
site is influenced by regional advection and convective mixing, and is intermittently
located inside or outside the planetary boundary layer (PBL). (b) Aerosol measurement
setup during the campaign, showing the instruments deployed for physical and chemical
characterization as well as INP measurements.

A comprehensive instrumentation array—spanning aerosol physical and chemical
properties and incorporating both online and offline INP measurements—was deployed
to yield rigorous, multi-dimensional observations (Figure 6.2). The principal instruments
and their specifications are listed in Table 6.1.
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Table 6.1: Summary of instrumentation used during the intensive campaign

Instrument Measured Parameters Notes / Resolution

Aerosol Instruments
AMS NR-PM1 chemical com-

position
1–5 min resolution

Grimm180 PM1/2.5/10, total
count

6 s resolution

AE33 Black carbon (eBC) 1 s resolution; dual-spot
Aethalometer

APS3321 Aerodynamic particle
size (0.5–20 µm)

1 s resolution; coarse particles

SMPS3938 Size distribution
(14 nm–700 nm)

3 min resolution

WIBS concentration of fluores-
cent particles

5 min resolution; 0.5–30 µm par-
ticles

PromeOPC Optical particle
size/count

Real-time; light-scattering based

INP Instruments
CFDC Online INP under con-

trolled T/RH
Scan mode; flow �1.5 L/min;
LOD �0.12 INP/L

PINE Continuous immersion
and deposition INPs

�6 min resolution; LOD �0.5
INP/L

INSEKT Offline immersion freez-
ing INPs

Filters or precip.; � –25.5 °C; 0.33
°C/min cooling rate

FINDA Offline immersion-
freezing INPs

Filters or precip.� –25 °C; 1
°C/min cooling rate

Meteorological Observations and Diagnostics
AWS (Automatic
Weather Station)

Temperature, RH, wind,
pressure

Near-surface observations; 1-min
resolution

6.3.1 INP measurement
Online measurements of ambient INP concentrations at −20 °C, −25 °C, and −30 °C

were carried out using the BJ-CFDC, which follows the established chamber configura-
tion and operational principles of earlier CFDC models (Rogers et al., 2001). This
instrument had previously been deployed in field campaigns in Beijing (Bi et al., 2019).
The chamber design comprises a vertical cylindrical flow passage, flanked by two ice-
coated walls maintained at controlled temperatures to produce a water-supersaturated
environment suitable for ice nucleation.

A key feature distinguishing the BJ-CFDC from other CFDC systems is its inte-
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grated automation platform, enabling fully continuous operation. Standard procedures
including system evacuation, leak testing, temperature stabilization, ice wall formation,
and initiation of sample airflow were programmed into automated sequences. Back-
ground corrections were made using filtered-air reference periods. At the end of each
measurement cycle, the chamber was reheated to melt the ice layers and evacuated before
commencing a new cycle.

During the mountain-site deployment, the BJ-CFDC drew aerosol samples from a
shared inlet, located downstream of a 2.5 µm cyclone followed by dual impactors. This
configuration was designed to eliminate larger particles and reduce the risk of misclas-
sifying coarse material as ice crystals. Instrumental background INP concentrations
remained below 1 L−1 (STP) under clean conditions, but could gradually increase to
around 25 L−1 after extended operation (Bi et al., 2019; Y. Z. Ren et al., 2023). To
minimize background interference, measurements were performed first at the warmest
temperatures, where natural INP concentrations tend to be lowest.

The BJ-CFDC operated sequentially at −20 °C, −25 °C, and −30 °C, with each tem-
perature step maintained for approximately 1.25 h at a relative humidity with respect
to water of 106.5(10)%. These settings are optimized for observing immersion freezing
processes (DeMott et al., 2017), although other ice nucleation pathways cannot be com-
pletely ruled out. Data collected during transition periods with unstable temperature
or humidity conditions were excluded from analysis to ensure data reliability.

The Portable Ice Nucleation Experiment (PINE-05-03) was used to quantify ambi-
ent number concentrations of INPs in situ via a simulated adiabatic expansion cooling
technique (Möhler et al., 2021). As a commercially available system, it provides stan-
dardized and reproducible operation across multiple studies (Lacher et al., 2024; Möhler
et al., 2021). In addition to its relatively high temporal resolution (less than 12 min),
the PINE has the ability for remote and autonomous operation with minimal need for
onsite maintenance. The instrument provides INP concentrations approximately every
5–12 minutes. It is capable of simulating atmospheric immersion freezing and depo-
sition ice nucleation, depending on the gas temperature and water saturation within
the chamber, both of which are digitally controlled by the user. PINE was operated
in a repeating sequence of three modes: “flush”, “expansion”, and “refill”. During the
flush mode, ambient air is actively dried using two Perma Pure dryers and introduced
into the 10 L chamber at a flow rate of 2 L min−1 for 10 min. In the expansion phase,
the sample gas is cooled and depressurized via a 3 L min−1 pump, reducing pressure to
800 hPa to achieve supersaturation with respect to both ice and water. This adiabatic
expansion, typically lasting around one minute, induces freezing in the presence of INPs.
An optical particle counter (OPC; fidas-pine, Palas GmbH) positioned downstream de-
tects particles from the chamber. Ice crystals are identified by their optical diameter
(typically > 10µm), distinguishing them from interstitial aerosols and water droplets,
and are counted as immersion-mode INPs. During the refill mode, filtered ambient air is
introduced for about one minute to reset the chamber for the next cycle. The system’s
temperature accuracy is ±2 ◦C. This study was the first time for the PINE instrument
to be operated in China. It was run in an automated cyclic mode to yield continuous
ice-activation spectra from −17 °C to −30 °C. Each complete temperature scan lasted ap-
proximately 2 h: ambient aerosol was flushed into the chamber at a constant 1.5 Lmin−1

for 240 s, and a 3L min−1 expansion rate was used to activate all the particles and mea-
sure the immersion mode INPs. To maintain data integrity, a manual zero-calibration
with HEPA-filtered air was performed each day, occupying about one hour and verifying
that background counts remained below the detection threshold.
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For offline INP measurements, filters were also collected for subsequent INP analysis
with INSEKT and FINDA (Y. Ren et al., 2024), which can provide immersion freezing at
a temperature range of 0 to approximately −25 °C. In this study, total aerosol particles
were collected on a 47 mm-diameter in-line stainless steel filter holder fitted with a 0.2 µm-
pore-diameter Nuclepore Track-Etch Membrane (Whatman, Germany) filters on a filter
holder at 8 L min−1 for 24 hours, controlled by a mass flow controller (Folosi, China)
and a vacuum pump (Thomas 2688, USA). After the sampling, the filter with the holder
were sealed in a clean plastic bag and stored at −20 °C in a refrigerator and transferred
to the laboratory for frozen experiment.

To re-suspend collected particles, the filters were placed into sterile 50 mL polypropy-
lene tubes (Eppendorf), and 10 mL of Milli-Q ultrapure water—filtered through a 0.1 µm
pore-diameter membrane—was added. Particle re-suspension was achieved by rotating
the tubes at 3200 revolutions per minute for one minute. Working within a laminar flow
desk, 32 aliquots of 50 µL from each suspension were dispensed into sterile 96-well PCR
trays, which were subsequently placed into immersion freezing (INSEKT and FINDA)
blocks. Realtime pixel values of each well were extracted with customized software and
cumulative INP concentrations per milliliter of suspension were calculated using the
method described by Vali (1971). To determine background INP concentrations, filter
blanks (which were loaded into inline filter units and handled in the same way as actual
samples) were processed. Finally, the measured INP concentrations in the total suspen-
sion volume were scaled to atmospheric INP concentrations (INPs per liter of sampled
air) based on the air volume collected. A binomial sampling correction was applied as
described in Schiebel (2017).

6.3.2 Aerosol chemical and physical properties
The aerosol chemical compositions which can vaporize at 600 °C, including am-

monium sulphate, nitrate, and organic aerosol, were measured by a compact time-of-
flight aerosol mass spectrometer (C-TOF-AMS, Aerodyne Inc, USA) (Canagaratna et
al., 2007). The ionization efficiency (IE) calibration was conducted by the size-selected
(300 nm) ammonium nitrite before and after the observation. The IE of the sulfate, ni-
trate, chloride, and ammonium was estimated to be 1.0, 1.1, 1.3, and 3.63, respectively,
and a default value of 1.4 was assumed for Organic Aerosol (OA). A constant collec-
tion efficiency factor (0.5) for all components was used to compensate the particle loss
through the lens and bounce at the vaporizer (S. Huang et al., 2017). The atomic oxygen-
to-carbon ratio (O:C) was calculated from high-resolution mass spectra data based on
the improved ambient method (Canagaratna et al., 2015).

Particle number and aerodynamic size distributions (0.5 µm to 20 µm) were moni-
tored by an Aerodynamic Particle Sizer (APS 3321; 5 min resolution) and a Scanning
Mobility Particle Sizer (SMPS 3938; 14 nm to 700 nm; 3 min resolution). Complementary
real-time optical counts and mass concentrations (PM1, PM2.5, PM10) were provided by
a Grimm 180 Environmental Dust Monitor (6 s resolution).

6.3.3 WIBS-4A measurements and data analysis
The Wideband Integrated Bioaerosol Sensor (WIBS-4A; Droplet Measurement Tech-

nologies, Inc.) provides high-resolution, real-time detection of both fluorescent aerosol
particles (FAPs) and non-fluorescent aerosol particles (non-FAPs) (O’Connor et al.,
2014). Operating on the principle of ultraviolet light-induced fluorescence, the instru-
ment records the autofluorescence of individual particles across three spectrally unre-
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solved channels—FL1 (280 nm excitation, 310–400 nm emission), FL2 (280 nm excita-
tion, 420–650 nm emission), and FL3 (370 nm excitation, 420–650 nm emission)—while
simultaneously measuring forward- and side-scatter diameters (Healy et al., 2012; Yue
et al., 2017).

All particles were initially classified as FAPs or non-FAPs based on a fluorescence
threshold determined from the instrument’s forced-trigger mode. Fluorescent particles
were subsequently categorized into seven types according to the combination of emission
signals detected across the three channels, following the classification scheme proposed
by Perring et al. (2015).

Table 6.2 summarises the excitation and emission wavelength ranges associated with
each fluorescence type.

Table 6.2: Excitation and emission wavelength ranges for each WIBS-4A fluorescence
channel.

Channel Type Excitation (nm) Emission (nm)

FL1 FL-A 280 310–400
FL2 FL-B 280 420–650
FL3 FL-C 370 420–650
FL1+FL2 FL-AB 280 310–400, 420–650
FL1+FL3 FL-AC 280, 370 310–400, 420–650
FL2+FL3 FL-BC 280, 370 420–650
FL1+FL2+FL3 FL-ABC 280, 370 310–400, 420–650

FL-A FL-B
FL-AB

FL-C

FL-AC FL-BC

FL-ABC

FL1 FL2

FL3

Figure 6.3: Schematic diagram illustrating the classification of FAP-FL1 based on
fluorescence detection across WIBS channels FL1, FL2, and FL3.

Figure 6.3 illustrates the classification scheme of FAP-FL1 based on fluorescence
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detection across WIBS channels. FAP-FL1 is defined as the subset of fluorescent aerosol
particles exhibiting detectable fluorescence in the FL1 channel, regardless of signals in
FL2 or FL3. Specifically, FAP-FL1 encompasses particles categorized as FL-A, FL-AB,
FL-AC, and FL-ABC, corresponding to the following combination:

FAP-FL1 = FL-A + FL-AB + FL-AC + FL-ABC

This classification enables a focused representation of protein-like biological aerosol par-
ticles while minimizing interference from non-biological fluorescent sources.

6.4 Machine learning of ice-nucleating particle data
A random forest (RF) model was employed to predict INP concentrations. The

input features included the concentrations of OA, BC, SO2−
4 , NO−

3 , NH+
4 , and Cl−, as

well as the OA/BC ratio, the fraction of m/z 44, and the particle number concentration
and surface area derived from APS and SMPS measurements. The INP concentration
was used as the target output.

The RF model is widely used due to its advantages in handling high-dimensional
data and preventing overfitting. During model training, the following hyperparameters
were tuned to achieve optimal performance: the number of decision trees (n_estimators),
maximum tree depth (max_depth), minimum number of samples required to split an in-
ternal node (min_samples_split), and the maximum number of features considered for
splitting a node (max_features). A detailed introduction to the model is available in
Hu et al. (2024).

After optimization, the main hyperparameters were set as follows: n_estimators = 100,
max_depth = 11, min_samples_leaf = 8, min_samples_split = 8, random_state = 34,
max_features = ‘sqrt’, and bootstrap = True. The dataset was randomly split into a
training set (80%) and a test set (20 %). Model training and hyperparameter tuning were
conducted using 10-fold cross-validation on the training set. The model performance and
uncertainty were evaluated using the correlation coefficient (r) between predicted and
observed INP concentrations in the test set.

6.5 Results and discussion
6.5.1 Comparison of different INP instruments

Figure 6.4 presents the INP temperature spectra measured with INSEKT ( blue cir-
cles), PINE (orange triangles) and BJ‐CFDC (green squares) over the entire campaign
from 13th January to 22nd March 2022. All instruments were co-located and operated
under identical ambient conditions, ensuring direct comparability of the observed INP
variability. The INSEKT filters were intended to be sampled daily through the campaign
period; however, due to the remote mountaintop location and exceptional circumstances
—including multiple unanticipated power outages and unexpected access impediments
—we were able to collect only 19 daily filter samples. Despite this, these data provide
unique measurements of INP concentrations at the warmer end of the temperature spec-
trum, complementing the limited temperature coverage of the two online instruments.
The PINE instrument performed continuous temperature‐ramped scans from –19 °C to
–31 °C, yielding a high‐resolution INP concentration spectrum (averaged to 1 h means).
The BJ‐CFDC alternated continuous observations at fixed setpoints of –20 °C, –25 °C,
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and –30 °C, also reported as 1 h means, delivering highly precise INP concentrations at
representative temperatures.

Figure 6.4: INP temperature spectra measured with INSEKT (blue circles), PINE ( or-
ange triangles), and BJ‐CFDC (green squares) over the entire campaign period. INSEKT
data are obtained from the analysis of daily filters, while PINE and BJ‐CFDC points
represent hourly mean concentrations. The black edge boxes indicate the interquartile
range (25th–75th percentiles), and the horizontal line within each box denotes the me-
dian (50th percentile).

Figure 6.4 combines the scatter of observed concentrations with overlaid boxplots,
whose edges mark the 25th and 75th percentiles and whose central line denotes the
median. All three instruments exhibit consistent INP distributions across their overlap-
ping temperature ranges, with concentrations rising steeply as temperature decreases
but showing considerable scatter at any fixed temperature. INSEKT covered –5 °C to
–25.5 °C, measuring INP concentrations from approximately 5 × 10−4 to 3 × 102 L−1.
PINE spanned –19 °C to –31 °C, with concentrations from 2.5 × 10−2 to 2 × 103 L−1.
BJ‐CFDC at –30 °C observed concentrations between 0.7 and 2 × 103 L−1.

In the temperature range where INSEKT and PINE overlap (–19 to –25.5 °C), the
PINE concentration range encompasses nearly the full extent of INSEKT, although
INSEKT detections occur predominantly at the upper‐concentration end. Comparing
medians across the overlapping range (–19 °C to –25.5 °C), INSEKT concentrations are
0.89–3.82 times those of PINE (mean ratio = 2.46). Within the overlapping measure-
ments of PINE and BJ-CFDC at –20 °C, –25 °C, and –30 °C, BJ-CFDC spans the full
PINE concentration range and extends to lower values; at –30 °C, the median PINE
concentration is 1.66 times that of BJ-CFDC.
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Intercomparisons across INP measurement techniques (PINE, CFDC, INSEKT,
FINDA) were performed to evaluate consistency in concentration levels, freezing temper-
atures, and temporal resolution. While good agreement was observed in general trends,
each method exhibited instrument-specific detection thresholds, temperature sensitivi-
ties, and variability under specific air masses—especially during dust events.

Figure 6.5: Time series of INP concentrations at representative temperatures of −20 °C
(top) and −25 °C (bottom), measured by three different instruments: INSEKT (blue
circles, daily filters), PINE (orange diamonds, hourly means), and BJ-CFDC (green
squares, hourly means) throughout the campaign (13 January–24 March 2022). The y-
axis is logarithmic to highlight the wide dynamic range of INP concentrations.

Figure 6.5 presents the time series of INP concentrations at −20 °C and −25 °C,
as measured by INSEKT, PINE, and BJ-CFDC at the Haituo mountain site during
the intensive observation period. INP concentrations at both temperatures exhibited
pronounced temporal variability, spanning more than two orders of magnitude, from
less than 0.1 L−1 to over 100L−1. The BJ-CFDC consistently recorded the highest con-
centrations, particularly during distinct episodic peaks, while PINE generally reported
lower values yet accurately captured the major features and temporal fluctuations. IN-
SEKT, based on 24-hour integrated filter samples, provided independent constraints
that broadly reflected the trends observed by the online instruments, although short-
lived peaks were frequently smoothed as a result of the longer sampling integration.
Discrepancies in absolute concentrations among the instruments primarily reflect differ-
ences in measurement principles, detection limits, and temporal resolution, as detailed
in Table 6.1. Both CFDC and PINE operate in online mode with minute-level resolu-
tion, enabling the detection of rapid and transient changes in INP abundance, whereas
INSEKT yields daily mean concentrations that may underestimate peak values due to
temporal averaging. Additional differences in ice nucleation activation mechanisms and
instrument sensitivities to specific INP types and particle sizes further contribute to the
observed variability. The co-deployment of three complementary INP instruments at
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a single site provides robust cross-validation and enhances confidence in the reliability
and representativeness of the observed INP temporal dynamics at this high-elevation
location.

Figure 6.6: Six-panel comparison of INP concentrations measured by BJ-CFDC (x-axis)
and PINE (y-axis). Rows correspond to −20 ◦C, −25 ◦C, and −30 ◦C (top to bottom),
based on BJ-CFDC setpoints with time-matched PINE data. BJ-CFDC and PINE
sampled through identical PM2.5 inlets. For each temperature, the same BJ-CFDC–
PINE INP pairs are shown in both columns; only the marker color differs. Marker color
denotes APS-derived aerosol mass concentration—PM1 in the left column and PM2.5–
PM1 in the right column (µgm−3). Dashed lines indicate the 1:1 and 1:5 relationships.
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Figure 6.6 compares BJ-CFDC and PINE INP concentrations at three BJ-CFDC
setpoints (−20 °C, −25 °C, −30 °C) using time-matched PINE data (six panels). BJ-
CFDC and PINE sampled through identical PM2.5 inlets. For each temperature, the
same CFDC–PINE pairs appear in both columns; only the marker color changes to
encode APS-derived aerosol mass (left: PM1; right: PM2.5–PM1). Across −25 °C and
−30 °C, the two instruments agree well: most points fall between the 1:1 and 1:5 dashed
lines. At −25 °C, BJ-CFDC generally reports higher INP than PINE, as indicated by
points lying below the 1:1 line and approaching 1:5. In contrast, at −20 °C agreement
degrades, many points fall outside the 1:5 line, with BJ-CFDC exceeding PINE by more
than a factor of five. The color gradients further show that INP abundance is more
strongly associated with the coarse fraction (PM2.5–PM1) than with the fine mode (PM1),
especially at −20 °C and −25 °C, where higher coarse-mode mass coincides with higher
INP concentrations. The fine-mode mass shows a weaker and less consistent relationship.
Overall, the figure highlights temperature-dependent instrument differences and points
to a dominant role of coarse-mode aerosols in driving ambient INP variability during the
study period.

6.5.2 The relationship between INP and biological particles
Observations were conducted during the winter season, when biological aerosol ac-

tivity is typically suppressed and non-biological sources dominate. Given this context,
we aimed to investigate the relationship between WIBS-derived FAP signals and INP
concentrations measured using the PINE chamber in the temperature range −31 °C to
−19 °C.

To comprehensively evaluate the relationship between WIBS fluorescence signals
and INP concentrations, Figure 6.7 presents a heatmap of the R2 values from log–log
regression fits, stratified by channel and freezing temperature. The PINE instrument
provided INP concentrations at discrete subzero bins from −30 ◦C to −19 ◦C, while
WIBS-4A channels encompassed both total and fluorescent particle counts.

For statistical rigor, each regression was subjected to hypothesis testing, and the
resulting p-values were adjusted for multiple comparisons using the Benjamini–Hochberg
procedure. Only channel–temperature combinations with adjusted p-values (padj < 0.05)
were considered statistically significant and scientifically meaningful. Non-significant
results are indicated in the heatmap by red crosses.

The strongest associations were observed at colder temperatures, particularly below
−25 ◦C, with channels such as wibs_non, wibs_ntot, and wibs_any consistently showing
the highest R2 values and statistical significance. In contrast, at temperatures warmer
than −20 ◦C, correlations were generally weaker and often not statistically significant,
suggesting reduced sensitivity of WIBS metrics to INP variability under those conditions.
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Figure 6.7: Heatmap of coefficient of determination (R2) values from log–log regressions
between WIBS-4A fluorescence channel counts and INP concentrations measured by
the PINE instrument across a range of subzero temperatures. Each cell represents a
unique channel–temperature pair. Deep color intensity indicates stronger regression
fits. Red crosses denote channel–temperature combinations where the correlation was
not statistically significant after false discovery rate correction (padj ≥ 0.05). Only
statistically significant associations are considered interpretable.

6.5.3 The relationship between INP and ambient aerosol
Despite the stringent Olympic emission‐control measures—which sharply curtailed

local primary sources—three pronounced haze episodes still developed. Their occurrence
highlights that winter pollution over the North China Plain is fundamentally regional
rather than strictly local: secondary inorganic aerosol is produced over a broad source
area and can be efficiently transported into the mountain boundary layer even when
Beijing’s urban emissions are suppressed. These pollution events seen in Figure 6.8
during the Games are not evidence of control‐measure failure at the venue itself, but
rather of basin‐scale circulation combining with intense regional precursor chemistry to
maintain high particle loadings.
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Figure 6.8: Continuous measurements of ice‐nucleating particles (INPs) and aerosol
physicochemical properties at Haituo mountain, Beijing, partitioned into dust‐dominated
(grey), inorganic‐rich (blue; Inorganic/PM1 > 0.5) and organic‐rich (orange; Inor-
ganic/PM1 < 0.5) periods. Time series of (a) INP number concentration at temper-
atures from −17 °C to −30 °C in 0.5 °C increments; (b) mass concentrations of key
aerosol species (SO42–, NO3–, OA, BC, etc.); (c) particle surface area in the coarse
mode (> 0.5 µm) measured by an APS and in the 14 nm–700 nm range measured by a
SMPS, with the green line denoting the INP number concentration at −30 °C.

Figure 6.8 reveals that pollution episodes exhibit markedly higher INP number
concentrations than clean periods across the entire immersion‐freezing spectrum; this
is inconsistent with a previous study (Tian et al., 2022), which also suggested that
anthropogenic pollution could contribute to the INPs. During three multi‐day haze
events, the INP concentration at −30 °C rises to as high as 900L−1—eight‐fold above
the clean‐air baseline (≈100L−1).

Figure 6.8 shows that INP number concentrations peak during the three haze
episodes, yet this rise is driven by the sheer increase in particle abundance rather than
by enhanced ice‐nucleating efficiency. Pollution pulses elevate coarse‐mode surface area
(APS, >0.5 µm) by roughly a factor of 2 and fine‐mode surface area (SMPS, 14 nm to
700 nm) by 50–80 %. Because these particles are heavily coated with highly soluble
secondary nitrates and sulfates, their intrinsic ability to catalyze freezing remains low;
indeed, the campaign‐mean ice-nucleating active site density, ns, decreases during haze
events. In other words, INP concentration rises simply because “more particles beget
more nuclei,”not because each particle becomes a better nucleus. Hence, while polluted
air masses do supply additional INPs, the per‐surface‐area efficiency and thus the cli-
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matic relevance of secondary inorganic aerosol remains far inferior to that of mineral
dust.

 

Figure 6.9: Comparison of previous INP parameterizations at −20 °C, −25 °C, and
−30 °C; DeMott, Prenni, et al. (2010) and DeMott et al. (2015) were chosen for global
average and mineral dust, and Niemand et al. (2012) for mineral dust.

Figure 6.9 presents the performance of three widely used INP parameterizations
against the Haituo mountain observations. Panels (a)–(c) show time series of immer-
sion‐mode INP number concentrations at −20 °C, −25 °C and −30 °C, respectively.
The red dots denote the measurements; colored lines denote predictions from (i) the
global‐average formulation of DeMott, Prenni, et al. (2010) (N500, grey), (ii) the dust‐specific
scheme of DeMott et al. (2015) (N500, red), and (iii) the particle‐surface‐area‐based ap-
proach of Niemand et al. (2012) (green). The bar above the panels identifies aerosol
regimes: dust (dark grey), inorganic‐rich /pollution (blue) and organic‐rich/clean peri-
ods (orange).

The dust‐specific parameterizations of DeMott et al. (2015) and Niemand et al.
(2012) capture the two brief dust incursions within a factor of five of the observations,
confirming their calibration to mineral particles. However, outside these events, both
dust schemes overestimate INP concentrations by 0.5–1.5 log units at −25 °C and −30 °C,
while the global‐average formulation underestimates by 1–2 log units across the campaign.
None of the schemes reproduces the gradual INP increase during pollution periods dom-
inated by secondary inorganic aerosol.

The temperature dependence reveals an anthropogenic contribution: at −20 °C the
observed INP variability is substantially smaller than predicted by any scheme, and
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pollution‐driven peaks (blue segments) exceed dust peaks, contrary to model forecasts.
This indicates that internally mixed, chemically aged anthropogenic particles nucleate ice
efficiently at warmer mixed‐phase temperatures but lose activity sharply below −25 °C.
Consequently, reliance on coarse mineral‐dust predictors alone misrepresents both the
amplitude and temperature scaling of INPs in a wintertime, high‐emission North China
environment.

In summary, Figure 6.9 demonstrates that parameterizations relying solely on dust
particle number or surface area cannot reproduce INP concentrations during periods
when both mineral dust and anthropogenic aerosols contribute, underscoring the need
for a newly revised scheme that combines coarse‐mode mineral predictors with composi-
tion‐dependent terms.

6.5.4 The parameterization of INP

 Figure 6.10: Relative importance of twelve predictor variables for explaining immersion-
mode INP number concentrations at −20 °C, −25 °C and −30 °C. Predictors include bulk
mass concentrations of SO4

2– , NO3
– , NH4

+, Cl– , OA and refractory black carbon; total
particle number concentration NT (14 nm–10 µm); coarse-mode number concentration
N500; total surface area SA (merged SMPS + APS spectra); and coarse-mode surface
area SA>500 nm.

Figure 6.10 presents the relative importance of twelve predictor variables for immersion-
mode INP number concentrations at −20 °C, −25 °C and −30 °C, as determined by a
random-forest regression model. The training set comprised the full five-minute data
record (≈ 15 000 observations), stratified into 70 % training and 30 % test subsets, with
300 trees grown using out-of-bag sampling.

To capture both microphysical and compositional controls, the model was supplied
with (i) bulk mass concentrations of SO4

2– , NO3
– , NH4

+, Cl– , OA and refractory black
carbon (rBC); (ii) the total particle number concentration NT integrated from 14 nm to
10 µm; (iii) the coarse-mode number concentration N500; (iv) the total particle surface
area SA derived from merged SMPS+APS spectra; and (v) the coarse-mode surface
area SA>500nm. All predictors were averaged onto the five-minute INP time grid and
centred/log-transformed to reduce skewness.

Across all three temperatures, SA>500nm emerged as the single most influential
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predictor, accounting for 27–31 % of the explained variance at −20 °C, 34–38 % at
−25 °C and 42–45 % at −30 °C. This ranking is physically plausible: immersion-freezing
probability scales with available surface area, and coarse mineral or internally mixed
particles provide orders-of-magnitude more surface than sub-micron aerosol at equivalent
number loading. The increasing share of SA>500nm toward colder temperatures reflects
the steep rise in mineral-dust active-site density below −20 °C.

Figure 6.11 illustrates how particle size and composition jointly modulate immer-
sion‐mode INP abundance and active-site density (n�) in wintertime North China. Panels
(a–c) relate INP concentration to coarse‐mode number concentration N500 (aerodynamic
diameter >500 nm) at −20 °C, −25 °C and −30 °C respectively; points are color-coded
by inorganic/PM1 mass ratio to distinguish inorganic‐rich pollution, organic‐dominated
periods and dust periods, with dust points shown as filled symbols. The low coefficients
of determination (R2 = 0.08, 0.02, 0.12) indicate that coarse particle counts alone provide
minimal predictive power, particularly during high‐pollution segments where internally
mixed inorganic particles dominate but offer few active sites.

Panels (d–f) replace coarse number with coarse‐mode surface area SA>500 nm. Here
the correlation strengthens (R2 = 0.40, 0.50, 0.56) and the slope converges on the lab-
oratory dust parameterization of (Niemand et al. (2012)). This improvement reflects
the physical principle that immersion‐freezing probability scales with accessible surface
area, and that excluding submicron soluble haze particles suppresses “false‐positive”
predictors.

Panels (g–i) present the active‐site density ns(T ) calculated for each measurement
as the ratio of INP number concentration to SA>500 nm. Histograms are divided into
three composition classes: inorganic‐rich (blue, Inorg/PM1>0.5), organic‐rich (green,
Inorg/PM1<0.5) and the full campaign population (grey). Dashed brown lines denote
the median ns for dust periods; solid yellow circles mark individual dust observations.

At cold temperatures (−25 °C and −30 °C), dust observations cluster at the high‐efficiency
tail and their median ns exceeds that of polluted haze by approximately one order of
magnitude, confirming that freshly transported mineral dust remains the dominant INP
source under these conditions. Inorganic‐rich haze exhibits the lowest ns. At the warm
end (−20 °C), the efficiency gap narrows as organic‐rich pollution attains ns comparable
to dust while inorganic‐rich samples remain inefficient, indicating that aged organics—
either oxygenated secondary OA or biomass‐derived high‐molecular‐weight fragments—
can provide effective ice‐nucleating sites near −20 °C.
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Figure 6.11: Correlations of INP concentrations with coarse‐mode particle metrics and
derived active‐site densities at −20 °C, −25 °C and −30 °C. Panels (a–c) plot immer-
sion‐mode INP number concentration against coarse‐mode number concentration N500

(aerodynamic diameter >500 nm); points are coloured by the inorganic‐to‐PM1 mass
ratio, with dust periods highlighted by filled symbols. Panels (d–f) replace number
concentration with coarse‐mode surface area SA>500 nm, and the red line shows the labo-
ratory dust parameterization of (Niemand et al. (2012)). Panels (g–i) present histograms
of active‐site density ns(T ) computed as INP number divided by SA>500 nm; composition
classes are inorganic‐rich (Inorg/PM1>0.5, blue), organic‐rich (Inorg/PM1<0.5, green)
and the full campaign (grey). Dashed brown lines mark median ns for dust periods and
yellow circles individual dust observations.

Collectively, Figure 6.11 demonstrates that parameterizations based solely on coarse‐mode
particle counts or submicron surface area fail to capture the full INP spectrum in mixed
dust–pollution conditions. Using coarse‐mode surface area SA>500 nm as a first‐order
predictor greatly improves predictive skill by excluding the abundant but inactive sub-
micron inorganic aerosol; composition—specifically mineral content at low temperatures
and organic contributions near −20 °C—then refines the estimate. These findings sup-
port a dual‐predictor framework combining coarse surface area scaling with a compo-
sition‐dependent active‐site density to better represent the INP characteristics under
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mixed dust–pollution conditions in wintertime North China.

 

Figure 6.12: Linkage between INP abundance and aerosol size metrics under three
compositional regimes. Panels (a)–(c) show Pearson correlation coefficients between
immersion-mode INP number concentration and three aerosol predictors as a func-
tion of particle diameter Dp: cumulative surface area (

∑
SA, red), cumulative num-

ber concentration (
∑

N , blue), and single-size-bin number concentration (Nbin, green).
Panels correspond to dust-dominated periods (a), inorganic-rich/pollution periods
(Inorganic/PM1 > 0.5; b), and organic-rich/clean periods (Inorganic/PM1 < 0.5; c);
grey histograms show the underlying size distributions. Panels (d)–(f) present empirical
active-site-density parameterizations, ns(T ) = exp(a+bT ), derived for the same regimes:
dust (d, brown), inorganic-rich (e, blue), and organic-rich (f, orange).

Figure 6.12 quantifies why a coarse‐mode surface‐area predictor (≥ 0.5µm) pro-
vides the most robust link to immersion‐mode INPs in the mixed dust–pollution en-
vironment of North China. Panels (a)–(c) display Pearson correlation coefficients be-
tween INP number concentration at −25 °C and three size‐resolved aerosol metrics as
functions of particle aerodynamic diameter Dp: cumulative surface area (red), cumula-
tive number concentration (blue) and single‐bin number concentration (green). Each
curve is plotted against the underlying size distribution (grey histogram) for dust (a),
inorganic‐dominated haze (Inorganic/PM1 > 0.5; b) and organic‐dominated/clean air
(Inorganic/PM1 < 0.5; c).

During dust periods the particle‐size distribution shifts to radii >1 µm and the sur-
face‐area spectrum peaks near 2 µm, so all three predictors correlate strongly with INPs
above ∼0.7 µm and exceed R ≈ 0.8 beyond 1 µm. Because both cumulative number and
cumulative area capture the same narrow coarse mode, either metric yields similar ns fits,
explaining why both the DeMott‐dust (N>0.5 µm)(DeMott et al., 2015) and Niemand‐dust
(SA>0.5 µm)(Niemand et al., 2012) schemes reproduce dust peaks (Figure 6.9).
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In pollution (inorganic‐dominated) episodes, the number and surface spectra are cen-
tered near 0.2 µm—a regime populated by internally mixed inorganic particles. Panel b
shows that below 0.3 µm the correlations of INPs with both cumulative number and cu-
mulative area hover near zero, reflecting the negligible immersion-freezing efficiency of
soluble sub-micron aerosols. As diameter increases, the red curve (surface area) begins
to climb, reaching R ≈ 0.31 at 0.8 µm; the blue curve (number) rises more slowly and
never exceeds this value.

The right-hand panel (c) represents cleaner or biomass-influenced days (organic‐dominated
periods, Inorg/PM� < 0.5). Here, the surface‐area correlations surge above 0.7 once Dp

exceeds 0.5 µm, while the cumulative‐number curve saturates near 0.4; this reflects that
aged organics (oxygenated secondary OA or high-molecular-weight fragments) can pro-
vide active sites effective at −20 °C to −25 °C only when host particles exceed ∼0.3 µm
and retain insoluble cores, so the surface‐area metric naturally highlights these larger
particles.

Panels (d)–(f) translate these empirical relationships into regime‐specific active‐site‐density
parameterizations ns(T ) = exp(a + bT ) fitted to coarse‐mode surface‐area data (error
bars denote ±1σ). Dust yields the highest intercept a=127.9, inorganic haze the lowest
a=125.0, and organic periods an intermediate a=97.0, while all slopes b ≈ −0.42K−1

align with classical active‐site theory. Compared with one‐size‐fits‐all schemes, these
regime‐resolved curves reduce root‐mean‐square error by 40–60 %, underscoring the
value of a size‐filtered surface‐area predictor.

These results clarify that INP increases during haze stem not from per‐particle effi-
ciency gains but from co-transport of a small number of coarse mineral or soot-bearing
particles whose surface area dominates nucleation statistics. Selecting SA>0.5 µmas the
primary predictor therefore (i) targets the size range most likely to host genuine active
sites and (ii) suppresses the dilutive effect of abundant but ineffective fine‐mode par-
ticles. In dust‐rich air masses either number or area metrics perform adequately, but
in polluted or organic-rich regimes surface area is demonstrably superior, justifying a
dual‐predictor framework—coarse surface area for first‐order scaling augmented by com-
position‐dependent active‐site densities—that better represents the INP characteristics
under mixed dust–pollution conditions during wintertime in North China.

6.6 Summary
A nine-week, high‐time‐resolution INP and aerosol dataset collected on Haituo

Mountain during the 2022 Beijing Winter-Olympic emission-control period was ana-
lyzed to quantify the relative roles of mineral dust, anthropogenic pollution, and organic
aerosol in governing the wintertime INP reservoir over North China. Five overarching
conclusions emerge:

1. Mineral dust dominates at cold mixed‐phase temperature regime. Two
brief dust outbreaks increased coarse‐mode surface area by an order of magnitude
and pushed −30 °C INP concentrations above 1 × 103 L−1, matching active‐site
densities reported for Asian dust; dust‐tuned parameterizations (DeMott et al.,
2015; Niemand et al., 2012) reproduced these peaks within a factor of five, con-
firming their applicability when mineral particles dominate the aerosol spectrum.

2. Pollution raises INP counts but lowers per‐particle efficiency. During
three multi-day haze events PM2.5 reached 50 µg m−3 and −25 °C INP concentra-
tions increased to 5 to 300L−1, yet active-site density ns fell by roughly one order
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of magnitude relative to dust periods, because haze injects vast numbers of sub-
micron inorganic particles that add surface area but exhibit little intrinsic activity.

3. Biological INPs are negligible in midwinter at high elevation. WIBS flu-
orescence remained near instrumental background throughout the campaign and
showed no correlation with INP abundance; consistently sub-freezing surface tem-
peratures and scarce vegetation above 1344 m exclude a significant contribution
from primary biological particles.

4. A size-filtered surface-area predictor outperforms number-based met-
rics under mixed sources. Random-forest analysis and correlation mapping
demonstrate that coarse-mode surface area (SA>0.5 µm) explains 35 % to 55 % of
INP variance up to twice that of cumulative number (N>0.5 µm), particularly during
pollution episodes when sub-micron counts soar because SA>0.5 µm excludes“false
positives”from the soluble fine mode while retaining sensitivity to larger particles
that actually nucleate ice.

5. Organic aerosol enhances INP activity at the warm end (−20 °C). At
−20 °C, the active-site density of organic-rich samples matches that of dust whereas
inorganic-rich samples remain inefficient; literature indicates aged oxygenated or-
ganics can catalyze immersion freezing above −25 °C, suggesting a non-negligible
organic contribution to the warm tail of the INP spectrum that warrants targeted
laboratory confirmation.

A hybrid parameterization is therefore recommended in which (i) SA>0.5 µm pro-
vides first-order scaling and (ii) regime-dependent active-site densities distinguish min-
eral, inorganic-pollution, and organic-rich aerosol. Incorporation of this mixed-source
scheme into cloud and climate models is expected to improve simulations of winter cloud
glaciation and precipitation over East-Asian megacity regions, where dust intrusions and
severe haze frequently coexist.
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Chapter 7

Summary and Outlook

7.1 General discussion
This dissertation integrates laboratory research (Chapter 4), long-term field obser-

vations (Chapter 5), and findings from intensive field campaign (Chapter 6), providing
a comprehensive perspective on the abundance, variability, and sources of ice-nucleating
particles (INPs) in the Beijing region.

Laboratory quantification of the intrinsic ice nucleation properties of Asian desert
dust supports the observed seasonal and episodic variability of INP concentrations in
the Beijing atmosphere. Chapter 4 demonstrates that Asian dust exhibits a steeper
negative dependence of the INAS density on temperature compared to the benchmark
derived from a mixture of desert dusts from multiple source regions, indicating distinct
nucleation characteristics. This enhanced temperature sensitivity provides a mechanistic
explanation for the persistently high and highly variable INP concentrations observed
in spring (the season with the highest dust activity) and at the mountain site, which is
more exposed to regional dust transport, as reported in Chapter 5. The parameteriza-
tions derived from laboratory results form a critical foundation for accurately simulating
cloud formation and radiative properties over East Asia, especially in regions strongly
influenced by Asian dust, and may contribute to improving consistency between model
predciction and observation.

Beijing’s distinctive aerosol environment, shaped by a mixture of natural mineral
dust and intense anthropogenic pollution, results in highly variable aerosol–cloud in-
teractions. The results presented in this study indicate that mineral dust remains the
primary driver for the INP variability, even under heavy pollution conditions. Long-term
observations presented in Chapter 5 reveal that based on the offline method, INP con-
centrations at all sites and temperatures reach their lowest levels even during the severe
anthropogenic pollution in winter. The Winter Olympic Games presented and discussed
in Chapter 6, which provided a unique natural experiment due to controlled emission
reductions, and based on the online measurement using CFDC and PINE, clearly higher
INP concentrations were found during the polluted period. About the controversy of
the two methods, we highly doubt the filter sampling method under polluted conditions,
and suggest design comparison of different sampling time and aerosol loading for future
study.

This work also highlights the importance and challenges of multi-instrument appli-
cation in INP research. The laboratory studies in Chapter 4, employing multiple instru-
ments including AIDA, INKA, and INSEKT, reveal systematic offsets of up to two orders
of magnitude in INP measurements, potentially attributable to different sensitivity to nu-
cleation modes or different detection thresholds. During the intensive campaign (Chap-
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ter 6), comparison of INSEKT, PINE, BJ-CFDC, and FINDA demonstrated overall
consistency in overlapping temperature ranges, yet also revealed instrument-specific de-
tection thresholds, temperature sensitivity, and variability. For example, the BJ-CFDC
recorded higher values at around −20 °C, reflecting enhanced sensitivity to certain nucle-
ation modes, particularly during dust events. These findings highlight the complexity of
obtaining accurate INP data and underscore the necessity of continued inter-instrument
comparison, standardization of measurement protocols, and transparent reporting of
instrument-specific sensitivities and operational conditions. For atmospheric models,
this necessitates careful evaluation of potential systematic biases across different INP
datasets, making comprehensive, multi-instrument studies such as this one indispens-
able for robust conclusions. Cross-validation and complementary datasets effectively
reduce uncertainties inherent to single-instrument measurements.

In summary, the INP population in Beijing cannot be attributed to a single source,
but rather represents a dynamic mixture that varies strongly with season, location, and
meteorological conditions. Natural mineral dust is the primary driver of INP abundance
and variability, particularly in spring and at mountain sites. While anthropogenic pollu-
tion is severe, its direct contribution to INPs is less significant than that of natural dust,
acting more through indirect aging processes. Observations during the Winter Olympics
reinforce this conclusion, as large-scale emission controls produced no significant direct
impact on INP concentrations.

7.2 Outlook
The findings of this study contribute to improve regional and global climate models.

The newly developed region-specific parameterization for the ice-nucleating properties of
Asian desert dust, together with comprehensive long- and short-term field observations,
provide observational constraints for developing new or improving existing INP param-
eterisations in models. Accurate representation of aerosol cloud interactions in polluted
environments is critical for reliable climate prediction and impact assessment.

Based on the results and limitations of this study, future research directions are
recommended as follows:

• Advanced physico-chemical characterization: It is recommended to conduct
detailed post-analysis of archived dust and mixed aerosol samples (e.g., X-ray
diffraction, electron microscopy, single-particle mass spectrometry). This will en-
able linking observed INP activity and variability to specific mineralogical com-
positions, surface features (e.g., fissures, pores), and morphological changes due
to aging, thus addressing the limitations identified in Section 4.6 and providing
deeper insight into the standards for aerosols acting as INPs.

• Expansion of monitoring networks: Long-term, high-resolution INP monitor-
ing should be extended to more diverse sites across China and other regions of
Asia to capture broader spatial trends, inter-annual variability, and the impacts
of different source regions and transport pathways, building upon the framework
established in Chapter 5. This will support a better understanding and model
representation of the INP abundance in the atmosphere.

• Dedicated studies on atmospheric aging: Laboratory and field investigations
should focus on the aging effects of various anthropogenic pollutants (e.g., sulfate,
nitrate, organics, black carbon) on the ice-nucleating activity of natural INPs (e.g.,
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mineral dust, biological particles). These studies should examine whether coatings
inhibit or enhance activity under different atmospheric conditions, directly address-
ing the“aging paradox”and the poorly constrained properties of INPs in situations
with mixed pollution and dust influence.

• Model integration and validation: The newly developed INP parameterization
should be implemented in regional atmospheric models to evaluate its impacts on
cloud microphysics, precipitation prediction, and regional radiative forcing. Direct
testing and validation using independent observational datasets will be essential
for refining the representation of INPs in models.

• Vertical distribution studies: Further research should address the vertical dis-
tribution of INPs in the Beijing region, potentially using tethered balloons, UAVs,
or aircraft. This will address the current lack of free tropospheric INP data and
provide critical insight into INP transport and their influence on high-altitude
cloud formation.

7.3 Final summary
This dissertation significantly advances the understanding of the abundance, vari-

ability, and sources of INPs in the Beijing region, providing key data and region-specific
parameterizations for atmospheric models, and underscoring the irreplaceable value of
multi-instrument joint detection for improving the accuracy and reliability of INP mea-
surements. The findings, particularly those concerning the complex interactions between
natural dust and anthropogenic aerosols, have broad applicability to other polluted
megacities worldwide. Beijing, as a critical case study, offers insights into how human
activities alter natural cloud formation processes, which is essential for understanding
and predicting climate change impacts in similar environments. The observed seasonal,
spatial, and short-term variability of INPs documented in this work is highly relevant
for advancing knowledge of cloud formation, precipitation efficiency, and the radiative
balance over East Asia.
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Appendix

.1 Appendix for Chapter 4

.1.1 INP concentration spectra of the < 20µm size fractions of desert
dust bulk samples

Figure 1: Ice‐nucleating particle concentration spectra measured by the INSEKT in-
strument for the < 20 µm size fractions of desert dust bulk samples. AD03, AD04, and
AD05 are each represented by blue circles, with the color gradient increasing in intensity
from light blue for AD03, to medium blue for AD04, and dark blue for AD05.

Figure 1 compares the temperature‐dependent INP concentration spectra measured
by INSEKT for the < 20µm fractions of four desert dust samples: AD03, AD04, and
AD05 are all depicted as blue circles, with the color shade ranging from light blue (AD03)
to dark blue (AD05). Each 3 µg fraction was suspended in < 10 µL of nanopure water
and subjected to the droplet‐freezing assay, yielding the temperature‐dependent INP
concentration profiles.
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All three samples display the characteristic steep decline in cINP with increas-
ing temperature, spanning approximately from ∼ 105 L−1 mg−1 around 250 K to be-
low 101 L−1 mg−1 by 265 K. AD03 and AD04 follow nearly identical spectra at all
temperatures. In the “high‐temperature”regime (T ≳ 257K), AD03–AD05 each dis-
play INP concentrations of order 100–102 L−1 mg−1.As temperature decreases into the
“low‐temperature”regime (T ≲ 255K), AD03 gives INP concentrations approximately
five times greater than AD04 at the same temperatures, whereas AD05 remains about
one order of magnitude lower than AD04.These observations reveal that, while all three
Asian dusts share broadly similar ice‐nucleating behavior at warmer subzero conditions,
their relative activities diverge at colder temperatures, with AD03 maintaining a higher
efficacy.

.1.2 Reproducibility of APS Number Size Distributions for Sample
AD03 in INAD02

Figure 2: Particle number size distributions (PNSD) for the AD03 sample, measured by
the Aerodynamic Particle Sizer (APS) during four separate experiments in the INAD02
campaign. Each curve represents one experiment (labels 02, 12, 26, and 31). The
distributions are normalized to the total particle number concentration in each case.

Figure 2 presents the normalized particle number size distributions (PNSD) of the
AD03 sample, as measured by the Aerodynamic Particle Sizer (APS) in four indepen-
dent experiments during the INAD02 campaign. Across all trials, the AD03 sample
exhibits highly consistent and reproducible particle size distributions, as each run’s
distribution normalized by total particle number concentration retains the same char-
acteristic features regardless of experimental conditions. This repeatability underscores
the robustness of the aerosolization and measurement protocol, providing a reliable ba-
sis for subsequent comparative analyses of ice-nucleating properties using these aerosol
preparations.
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.2 Appendix for Chapter 5

.2.1 Comparison of weekly-averaged INP concentrations across sites
and periods

(a) 2019-07-10–2019-08-21

(b) 2019-11-28–2019-12-30

(c) 2020-04-07–2020-05-11

Figure 3: Weekly-averaged time series of INP concentrations at the mountain,
suburban, and city sites, shown for three representative periods: (a) 2019-07-
10 to 2019-08-21, (b) 2019-11-28 to 2019-12-30, and (c) 2020-04-07 to 2020-05-11.
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Figure 3 shows the Weekly-averaged time series of INP concentrations at the moun-
tain, suburban, and city sites, shown for three representative periods:(a) 2019-07-10
to 2019-08-21, (b) 2019-11-28 to 2019-12-30, and (c) 2020-04-07 to 2020-05-11. Daily
data have been aggregated to weekly means to reduce short-term variability and facil-
itate direct seasonal and site-to-site comparisons. Comparing the original daily data
(faded points) and the weekly means (bold markers), it is apparent that weekly averag-
ing smooths out some extreme values while retaining the general variability and trends
present in the daily data. This approach enables a robust comparison across sites and
seasons with weekly data, while daily-resolution data are retained for case studies and
event-based analyses in subsequent sections.

.2.2 Site- and season-specific comparison of mean and median INP
temperature spectra

Figure 4 presents the mean and median INP temperature spectra for the mountain,
suburban, and city sites across four seasons, enabling a direct comparison of these two
statistical metrics at each location.

At all three sites, the mean INP concentrations exceed the median across the full
temperature range, with the most pronounced differences observed at the mountain site,
especially at lower temperatures. This systematic disparity between mean and median is
indicative of positively skewed INP distributions, where episodic high-INP events elevate
the mean but have a smaller effect on the median. Such behavior is particularly evident
in spring and autumn at the mountain site.

During winter, the difference between mean and median narrows further across all
sites, pointing to decreased variability in INP sources and atmospheric conditions during
this season.

Comparing the three locations, the mountain site consistently exhibits the highest
INP concentrations in most seasons and over the entire temperature range, underscoring
the dominant contribution of natural sources and the effect of site elevation and exposure.
While all sites show a seasonal pattern with higher INP concentrations in spring and
autumn than in summer and winter, the city site displays more closely aligned summer
and winter curves, and the winter INP concentrations at this site remain low for both
mean and median, indicating a limited influence of episodic.

Overall, these results highlight significant temporal and spatial variability in INP
abundance and emphasize the importance of employing both mean and median statis-
tics to characterize the frequency and intensity of INP-relevant events. The divergence
between these metrics, especially at the mountain site, underscores the critical role of
sporadic high-INP episodes in shaping the overall distribution.
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(a) mountain site

(b) suburban site

(c) city site

Figure 4: Comparison of mean and median INP temperature spectra measured with
INSEKT at mountain site (upper left), suburban site (upper right) and city site (bottom)
for the different seasons from July 2019 to July 2020.

.3 Appendix for Chapter 6
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Table 1: Definitions of fluorescence-resolved (FL-resolved) particles used in this study.

Short name Description

PBAPs Primary biological aerosol particles
FAPs Fluorescent aerosol particles
non-FAPs Non-fluorescent biological aerosol particles
FAP-FL1 Fluorescent particles detected in channel FL1 (280 nm excita-

tion, 310–400 nm detection)
FAP-FL2 Fluorescent particles detected in channel FL2 (280 nm excita-

tion, 420–650 nm detection)
FAP-FL3 Fluorescent particles detected in channel FL3 (370 nm excita-

tion, 420–650 nm detection)
FL A Fluorescent particles detected in channel FL1 only
FL B Fluorescent particles detected in channel FL2 only
FL C Fluorescent particles detected in channel FL3 only
FL AB Fluorescent particles detected in channels FL1 and FL2
FL AC Fluorescent particles detected in channels FL1 and FL3
FL BC Fluorescent particles detected in channels FL2 and FL3
FL ABC Fluorescent particles detected in channels FL1, FL2, and FL3
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