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Abstract

The phase of cloud hydrometeors critically modulates the impact of clouds on
the global energy balance. In the Arctic, this phase partitioning influences
the timing of sea ice melt and freeze. Mixed-phase clouds (MPCs) consist
of both liquid and ice phases, requiring models to accurately simulate this
apportionment to represent the climate system. Yet, MPCs remain difficult
to simulate. This thesis advances the modeling of microphysical processes
that govern phase evolution in MPCs through a multi-scale approach using
large-eddy simulations (LES) and general circulation models (GCMs).

The research introduces a stochastic ice nucleation parameterization to
address the limitations of existing schemes. Applying this method to LES of
an Arctic MPC produced ice mass magnitudes consistent with observations.
However, the scheme was sensitive to model resolution; resolving this depend-
ency is a prerequisite for its application to improve ice representation across
both LES and GCM scales. Extending the investigation of ice nucleation, a
sensitivity analysis across three GCMs revealed diverging relative importance of
four microphysical processes, including ice nucleation. Even a unified secondary
ice production parameterization caused varying model responses, ranging from
negligible changes to substantial global impacts. The lack of consensus further
illustrates the challenges of modeling cloud microphysics and questions the
traditional representation of microphysics as a chain of individual processes. A
sensitivity analysis of a separate Arctic MPC showed that the concentrations
of droplet-forming aerosol particles and ice crystals dominated the liquid and
ice mass, respectively. Ice crystal shape proved less influential for the abso-
lute magnitudes of these phases, yet it dictated whether the cloud remained
mixed-phase, glaciated, or evolved into a purely liquid cloud. These findings
emphasize that models must explicitly account for ice crystal shape and that
observational campaigns should prioritize measuring both concentrations and
shape at cloud level rather than the surface.

Overall, this thesis advances the representation and understanding of mi-
crophysics by providing a new ice nucleation parameterization, challenging the
current global modeling approach of sequencing microphysical processes, and
highlighting the critical role of ice crystal shape for the cloud phase.

Keywords

Mixed-phase clouds, cloud microphysics, large-eddy simulation, general circula-
tion models, Arctic.
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Chapter 1

Clouds in the climate
system

Clouds are ubiquitous in most locations on Earth, except for regions character-
ized by persistent large-scale descending air, such as the Sahara in Northern
Africa (see Fig. 1.1). As vital components of the water cycle, they transport
moisture and energy and act as a precipitation source. Their interaction with
both the incoming shortwave (solar) radiation and outgoing longwave (ter-
restrial) radiation further impacts the global energy balance. Beyond these
effects, the surface of cloud droplets and ice crystals can catalyze chemical

Figure 1.1: Earth, picture by NASA’s Deep Space Climate Observatory
(DSCOVR) satellite.
Image credit: NASA
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4 CHAPTER 1. CLOUDS IN THE CLIMATE SYSTEM

reactions in the atmosphere that, e.g., form ozone-depleting substances in
the polar stratosphere, which caused the Antarctic ozone hole (e.g., Solomon,
1988).

Even though clouds are vital for the global climate, there are still large
uncertainties regarding how they affect and are affected by climate change
(IPCC, 2021). This is because many factors influence cloud properties, lead-
ing to different climatic effects. Indeed, cloud-related uncertainties are the
most important source of uncertainty in how future climate will respond to
anthropogenic impacts (Zelinka et al., 2020).

One important cloud property that impacts macrophysical cloud structure,
precipitation formation, and cloud radiative effect, is whether a cloud consists
of liquid droplets (liquid cloud), ice crystals (ice cloud) or a mixture of both
(mixed-phase cloud). As difficult as single-phase clouds are to model, mixed-
phase clouds pose an even larger challenge. The coexistence of liquid and
frozen water is thermodynamically unstable. Additionally, many small-scale
interactions between liquid and frozen hydrometeors1 need to be represented;
these are referred to as cloud microphysics (Chapter 4). The challenge of
modeling mixed-phase clouds, with a focus on the ice phase, has been the
primary motivation behind the research presented in this thesis.

1.1 Cloud formation and cloud types

Clouds form when air becomes saturated, typically because moist air is lifted.
The lifting can be caused by convection, large-scale vertical motions during
the passage of a frontal system, or by topography such as mountains. As an
air parcel rises, it cools dry-adiabatically by about 1 ◦C per 100m. Due to
this cooling, the saturation vapor pressure es decreases (Pruppacher and Klett,
2010). When the actual vapor pressure equals es, saturation is reached at the
so-called lifting condensation level (LCL) forming the cloud base. However,
the formation of cloud droplets requires the presence of aerosol particles to
act as cloud condensation nuclei (CCN) which allow water vapor to condense
at minimal supersaturations. The resulting phase change releases latent heat
into the rising air parcel, causing it to cool at the slower, moist-adiabatic rate
of typically 0.5-0.7 ◦C per 100m. By cooling at this reduced rate, the parcel
remains warmer and less dense than the surrounding environment, allowing
it to keep rising. Once the air parcel reaches a level with the same density as
the surrounding air—for example, due to a temperature inversion—the parcel
ceases to rise. This is the cloud top.

Different cloud types result from the interplay between the initial lifting
mechanism and the broader thermodynamic structure of the atmosphere. Con-
vective lifting causes cumulus clouds to form, which have a defined bottom
and fluffy, often well-defined outlines (Fig. 1.2a). These clouds can consist of
both liquid droplets and frozen ice crystals, yet the majority contain liquid
droplets that cause the well-defined edges. Cumulus clouds often have a short

1Literally translated from Greek as “water suspended in the air”, defined as any liquid or
frozen water in the atmosphere.
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Figure 1.2: Different cloud types: a) cumulus, b) stratus, and c) cirrus.
Image credit: Wikimedia Commons

lifetime of less than one hour (Cotton et al., 2010) and can produce rain or
snow showers.

Forced lifting by large-scale air motions or topography tends to form strati-
form clouds (Fig. 1.2b). These are much larger in the horizontal than in the
vertical dimension and often form a closed layer. Stratiform clouds can consist
of liquid droplets or frozen ice crystals, as well as a mixture of both, and
can produce light precipitation. The lifetimes of these clouds range from 6 to
12 hours (Cotton et al., 2010).

Finally, both convective and forced lifting can cause cirrus clouds to form.
They are high clouds consisting solely of ice crystals, which makes them almost
transparent to sunlight and gives them a feather-like appearance (Fig. 1.2c).
They often have blurry edges due to ice crystals slowly sedimenting out of the
cloud (Penner et al., 1999). These sedimenting ice crystals sublimate in drier
air, preventing the formation of surface precipitation. Cirrus can form in deep
convection as anvil clouds on top of thunderstorms, but in the mid-latitudes
they form due to forced lifting. They have typical lifetimes of several hours.

1.2 The role of aerosol particles

As mentioned above, aerosol particles are required for water vapor to condense
once the air has reached saturation (see Sect. 4.3 for details). In most parts
of the troposphere, enough aerosol particles are available to facilitate the
condensation of all water vapor exceeding the saturation pressure, with aerosol
concentrations ranging from 300 to 10.000 cm−3 (Spracklen et al., 2010).

Additionally, aerosol particles play an important role regarding the freezing
of cloud droplets to ice crystals. At temperatures between 0 and approximately
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Figure 1.3: Scanning electron microscopy images of different aerosol types: a)
Sahara desert dust, b) sea salt, c) pollen, d) volcanic ash, and e) soot. The white
bars in a) and b) mark 1 and 15µm, respectively, the black bars in d) and e)
illustrate 50µm and 500 nm, respectively.
Full attribution is provided in the list of figures.

-38 ◦C, specific aerosol particles, so-called ice-nucleating particles (INPs), are
necessary to cause a supercooled cloud droplet to freeze (heterogeneous ice
nucleation, see Sect. 4.4 for details). Only a small subset of atmospheric aerosol
particles can act as INPs, so their abundance can determine whether a cloud
remains liquid, develops into a mixed-phase cloud, or glaciates entirely into
an ice cloud. Whether an aerosol particle can act as an INP depends, among
other factors, on its type and size.

Many different types of aerosol particles exist: mineral dust or sea salt
particles suspended by wind, biological aerosol particles released by plants or
microorganisms, ash and dust from volcanic eruptions or wildfires, and dust,
soot, organic, and inorganic aerosol particles released by human activities like
combustion, industrial processes, or agriculture (Fig. 1.3). The size of aerosol
particles spans many orders of magnitude, from a few nanometers (10−9 m) to
several tens of micrometers (10−5 m). Aerosol size influences, together with
typical removal processes, the atmospheric lifetime, which ranges from hours
to months, but is typically a few days to weeks. The most common removal
processes are dry deposition (which includes gravitational settling for the largest
particles and turbulent transport for smaller particles) and wet deposition. Wet
deposition refers to the removal of aerosol particles falling to the surface with a
precipitating hydrometeor. This can occur either through in-cloud scavenging,
where an aerosol particle is incorporated into a cloud droplet or ice crystal
(e.g., by acting as CCN or INP) that subsequently grows into precipitation, or
through below-cloud scavenging, where falling hydrometeors collect particles
from the air beneath the cloud base.
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1.3 Clouds and the global energy balance

Clouds interact with both outgoing longwave and incoming shortwave radiation.
Figure 1.4 illustrates that their effect on radiation depends strongly on the
height and temperature of the cloud, as well as the phase of the hydrometeors.
Low clouds reside in the warmest regions of the atmosphere and therefore
primarily manifest as liquid clouds. Cloud albedo (shortwave reflectivity)
increases with the amount of liquid water and the number of liquid droplets
(Seinfeld and Pandis, 2016), which makes liquid clouds highly reflective to
incoming shortwave radiation: they can have an albedo of up to 0.9 (Hartmann,
1994). Low clouds exert only a small greenhouse effect, because the similarity
in temperature between low clouds and the surface means there is only a
minimal reduction in the longwave radiation escaping to space. For these
liquid-dominated low clouds, the net result at the top of the atmosphere is
therefore a strong cooling effect (Matus and L’Ecuyer, 2017). High cirrus
clouds are almost transparent for shortwave radiation with typical albedos
below 0.3 (Fu and Liou, 1993), since they consist of little to no liquid water
and ice crystals are much less reflective than liquid droplets. Ice clouds have
a considerable greenhouse effect, because they reside at altitudes with low
temperatures. Due to their low temperature, ice clouds emit significantly less
longwave radiation toward space than the warmer underlying surface or the
cloud-free atmosphere. This causes a strong greenhouse effect because the
trapped radiation is kept within the atmosphere. Overall, ice clouds have a net
warming effect at the top of the atmosphere (Matus and L’Ecuyer, 2017).

Another important aspect of the radiative effect of a cloud is the albedo
of the underlying surface. The lower the surface albedo is, the higher the
shortwave effect of the cloud becomes. This means that low-level clouds have

longwave
radiation

re-
emission

re-
emission

shortwave 
radiation

reflection

reflection

low
cloud

high
cloud

(cold)

(warm)

Figure 1.4: The impact of clouds on radiation.
Image credit: Luisa Ickes, incorporating images by James St. John, via Wikimedia
Commons
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a larger shortwave effect over dark surfaces like open ocean than over highly
reflective ice or snow. Indeed, low-level clouds in polar regions have a net
warming effect at the surface through most of the year due to the high surface
albedo and low solar elevation (Shupe and Intrieri, 2004).

Beyond their radiative impacts, clouds release latent heat through the
condensation and freezing of water vapor. By releasing the energy originally
absorbed during surface evaporation, these phase changes drive the transport
of heat, forming another fundamental component of the global energy balance.

1.4 Observing clouds

Accurate and comprehensive cloud observations provide the foundation for un-
derstanding cloud-climate interactions and for the development, initialization,
and evaluation of numerical models. These observations must characterize
cloud occurrence, vertical structure, and phase partitioning, as well as the
variability in hydrometeor size distributions and number concentrations. Dif-
ferent observing systems are employed to provide these measurements, ranging
from satellite- and ground-based remote sensing to in situ observations and
balloon-borne radiosondes. Satellite remote sensing offers broad spatial cov-
erage, but retrievals are indirect and are limited in spatial and, depending
on the platform, temporal resolution. Ground-based remote sensing typically
has high spatial and temporal resolution, but limited spatial coverage. In
situ measurements (e.g., from aircraft or radiosondes) offer the highest spatial
and temporal resolution but are episodic and spatially limited. Radiosondes
provide vertical profiles of temperature, humidity, and wind that characterize
the thermodynamic environment in which clouds form. They have very high
vertical resolution, but varying spatial and temporal coverage.

Remote sensing observations, from satellites and from the ground, use
either active or passive sensors. Active sensors emit pulses of electromagnetic
radiation and measure the backscattered signal from objects in the atmosphere
such as hydrometeors or aerosol particles. The time delay between transmission
and reception provides the distance of the scattering object. Thus, active
remote sensors enable cloud occurrence retrievals with high vertical resolution.
Retrieval algorithms provide information like water content, hydrometeor fall
velocities, and even hydrometeor size distributions. Polarization measurements
can further constrain the shape and phase of hydrometeors. The choice of
wavelength is likewise critical and depends on the hydrometeor size; smaller scat-
terers require shorter wavelengths. Lidars operate at short wavelengths in the
visible/near-infrared, whereas atmospheric radars use microwave wavelengths.
One example of an active remote sensing instrument is the Cloud and Aer-
osol Lidar with Orthogonal Polarization (CALIOP) onboard the CALIPSO
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) satellite.
CALIOP provides vertical profiles of aerosol particle occurrence and cloud frac-
tion, including information on cloud phase (Winker et al., 2009). We compared
a dataset based on CALIOP to output from three General Circulation Models
(GCMs) in Paper 2.
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Passive sensors measure solar radiation reflected by clouds and thermal
radiation emitted by clouds, the atmosphere, or the Earth. Cloud properties
such as cloud presence, cloud-top or cloud-base temperature, and integrated
water measures can then be inferred through radiative transfer calculations
and retrieval algorithms. For example, microwave radiometers retrieve the
vertically integrated liquid water content, Liquid Water Path (LWP), used for
model evaluation in Paper 1 and 3.

Radiosondes are balloon-borne instruments that measure profiles of pressure,
temperature, humidity, and horizontal wind from the surface to an altitude
of 10 to 30 km. These profiles describe the thermodynamic state of the atmo-
sphere and can be used to identify moist, possibly cloudy layers, and inversions
relevant for cloud formation and persistence. Applying thermodynamic rela-
tionships, radiosonde profiles can be used to estimate the LCL and to diagnose
convective potential, which is related to the likelihood of convective showers
and thunderstorms. The simulations in Paper 1 and 3 were initialized with
profiles observed by radiosondes. These directly observed profiles are crucial for
establishing baseline atmospheric conditions, but exploring how these localized
states evolve over time motivates the use of numerical models.
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Chapter 2

Atmospheric modeling
frameworks

Observations provide the essential empirical foundation for understanding cloud
behavior, yet they are inherently limited in spatial and/or temporal resolution.
To bridge these gaps, atmospheric science relies heavily on numerical models.
These frameworks combine theory with empirical data to investigate the lifecycle
of clouds and their broader atmospheric impacts. The research presented in
this thesis used models across scales to investigate cloud processes.

2.1 Overview of atmospheric numerical models

Numerical models of the Earth system are based on the fundamental con-
servation of momentum, mass, and energy. The equations describing the
conservation laws, like the equations of motion, generally have no analytical
solution. Instead, they require numerical solutions to calculate the evolution of
prognostic variables in both time and space. These numerical methods vary
between models and require a discretization of the continuous equations onto
a computational grid. A primary distinction between models is the spatial
and temporal model resolution, which spans a wide range of scales. General
Circulation Models (GCMs) or Earth System Models (ESMs) that are used for
climate projections typically use grid spacings of approximately 100 km at the
equator. In contrast, limited area models, such as Regional Climate Models
(RCMs), employ finer grid spacings of 5-50 km, while Large-eddy simulations
(LES) can have grid spacings as small as a few meters. Figure 2.1 illustrates the
resolution differences: the GCM averages cloud water over a 100 km × 100 km
grid box, effectively obscuring any fine-scale spatial variability. In contrast,
the 62.5m × 62.5m grid spacing of the LES explicitly resolves the largest
turbulent eddies, making the resulting cloud water minima and maxima clearly
distinguishable.

Due to the resolution constraints, physical processes occurring at scales
smaller than the grid spacing cannot be resolved and must be parameterized.

11
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Figure 2.1: Cloud liquid water fields at a single model time step simulated by
a) the IPSL-CM6A-MR1 GCM (Boucher et al., 2023) and b) the MIMICA LES.
The GCM data have a horizontal resolution of 100 km, whereas the LES data use
a 62.5m grid spacing.

This approach involves describing sub-grid processes using variables that are
explicitly resolved on the model grid. Parameterizations are typically grounded
in observations or theoretical considerations. For instance, the freezing of cloud
droplets occurs at scales far below the grid resolution of all aforementioned
models. Consequently, this process is often parameterized as a function of the
resolved temperature. The specific processes requiring parameterization depend
on the model grid resolution. Turbulence must be parameterized in GCMs;
in contrast, LES models are designed to resolve the largest turbulent eddies
explicitly (Fig. 2.1). However, cloud microphysics always requires parameter-
ization, as fundamental processes such as droplet activation or hydrometeor
collisions occur on scales much smaller than the spatial resolution of any current
atmospheric model.

2.2 General circulation models

This description is restricted to atmospheric general circulation models. In
this setup, as used in Paper 2, the ocean and cryosphere are not dynamically
coupled to the atmosphere, but instead represented through prescribed sea
surface temperatures and sea ice concentrations. GCMs represent fundamental
atmospheric physics, including large-scale dynamics, the interaction of solar and
terrestrial radiation with the atmosphere, and the evolution of clouds, chemistry,
and aerosol particles. A primary application of GCMs is the projection of future
climate states, although they are also widely used for process understanding and
attribution studies. Researchers frequently conduct sensitivity experiments to
evaluate GCM performance and identify the physical drivers of model behavior.
By isolating or modifying specific processes, as demonstrated in Paper 2, the
influence of individual components on the simulated climate can be assessed.

GCMs often reach a high degree of structural complexity, because they
typically are developed through extensive international collaborations and
include a multitude of physical processes. However, this complexity requires
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careful evaluation to ensure that the represented processes are necessary and
physically consistent. For instance, Paper 2 demonstrates that for one of the
investigated models, only one of the four ice-related processes exerted a relevant
impact on the cloud phase. This suggests that the remaining three mechanisms
may be computationally redundant in certain contexts. Such findings are vital
because available computational power strictly limits both model resolution
and the level of detail that can be represented.

GCMs explicitly resolve large-scale atmospheric dynamics—such as ex-
tratropical cyclones and planetary waves—by integrating the equations of
motion together with conservation laws for mass and energy. Sub-grid pro-
cesses that must be parameterized include turbulence, cloud microphysics,
aerosol processes, radiation, and chemistry. Parameterizations represent a
major source of uncertainty in GCMs, as they may only be valid for specific
temperature ranges, rely on incomplete theoretical understanding, or engage in
unexpected interactions with other model components (Goosse et al., 2008).
The structural diversity of parameterizations is a primary cause of persistent
GCM divergence and—as concluded in Paper 2—limits the capacity of any
single model to provide universal insights into the global climate system. This
model divergence is evident in the CMIP6 (Coupled model intercomparison
project phase 6) ensemble, which exhibits both an increased spread and a higher
average magnitude of climate sensitivity1 compared to the CMIP5 predecessor
(Zelinka et al., 2020). Much of this shift originates from the representation of
clouds, which is generally divided into two distinct schemes in GCMs. Strati-
form clouds are associated with large-scale ascent and humidity resolved on the
model grid; however, the phase changes and precipitation processes within these
clouds must be parameterized through a microphysics scheme. In contrast,
convective clouds occur at scales significantly smaller than the grid box and
are represented by a convection parameterization that describes vertical trans-
port and cloud formation within a sub-grid column. This artificial separation
between stratiform and convective processes has long been recognized as a
fundamental limitation in atmospheric modeling (Arakawa, 2004). Identifying
how specific processes in the stratiform cloud scheme influence the resulting
cloud phase served as a primary motivation for the process study conducted in
Paper 2.

The inherent limitations of GCMs, particularly regarding sub-grid paramet-
erizations and the artificial separation between cloud types, motivate the use
of high-resolution models to gain a more detailed understanding of the under-
lying physical processes. Large-eddy simulations (LES) use much finer grid
spacings, and thus they can explicitly resolve the largest turbulent eddies that
GCMs must approximate through parameterization (Fig. 2.1). By resolving
these motions, LES provides a more detailed representation of the coupling
between small-scale atmospheric dynamics and microphysical processes. This
capability allows for a more rigorous investigation of the mechanisms governing
cloud phase and serves as a tool to evaluate the physical assumptions and
parameterizations used in coarser models.

1The change in global mean surface temperature following a doubling of CO2
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2.3 Large-eddy simulation models

Atmospheric LES models are high-resolution frameworks typically used to
investigate clouds, convection, or turbulence within limited domains, often
spanning less than 100 km. By operating with high spatial resolutions that
reach horizontal scales of only a few meters, these models can bridge the gap
between small-scale atmospheric observations and modeling, as demonstrated in
Paper 3. The high resolution allows for the direct representation of the largest
turbulent eddies, whereas GCMs must approximate these motions through
parameterizations. Consequently, LES serves as a testbed for parameterizations
that may be implemented in larger-scale models like GCMs, as shown in Paper 1.

A primary advantage of this high resolution is that LES does not require
the artificial separation between stratiform and convective cloud schemes. The
resolution of vertical motions is sufficient to permit the application of a unified
microphysics parameterization across all cloud types. However, processes
occurring at scales smaller than the grid, such as sub-grid scale turbulence
and cloud microphysics, still require parameterization. Unlike GCMs, LES
models operate on a limited area where the boundaries must be constrained.
Large-scale flow and advection can be provided by a coarser driving model
or reanalysis data, while an alternative approach involves periodic boundary
conditions. In this setup, the total mass in the domain is conserved by allowing
air flowing out of one boundary to re-enter on the opposite side, a method
employed in Paper 1 and Paper 3.

The LES model used in this thesis is MIMICA (MISU/MIT Cloud-Aerosol
model), as described in Savre et al. (2014). It solves the anelastic, nonhydro-
static equations of motion alongside conservation equations for mass, potential
temperature, and total water content in three dimensions. MIMICA was de-
veloped primarily to investigate high-latitude mixed-phase clouds (e.g., Savre
and Ekman, 2015; Stevens et al., 2018; Sotiropoulou et al., 2020), though it
has also been applied to studies of mid-latitude marine stratocumulus (e.g.,
Bulatovic et al., 2019) and deep convective clouds (Bardakov et al., 2020).
The following description details the model version used in Paper 3. It should
be noted that Paper 1 employed a previous model version which featured
significant differences in the microphysical parameterization.

MIMICA employs a two-moment bulk microphysical scheme (Seifert and
Beheng, 2006) that prognoses the number concentration and mixing ratio
of the five hydrometeor types cloud droplets, raindrops, ice crystals, snow,
and graupel (see Chap. 4 for details). The scheme assumes cloud droplets do
not sediment until they reach a diameter of 40µm, at which point they are
classified as falling raindrops. Snow represents the aggregation of individual
ice crystals. Graupel, by contrast, is generated when liquid droplets rime
onto frozen hydrometeors. The microphysical parameterization accounts for
condensation, evaporation, sublimation, autoconversion, accretion, aggregation,
melting, and riming. Under supersaturation, condensation to cloud droplets
and deposition to ice crystals are calculated according to Pruppacher and
Klett (2010). Radiation calculations are based on a framework including both
shortwave and longwave frequencies (Fu and Liou, 1993; Fu et al., 1997; Gu
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et al., 2003). Only cloud liquid interacts with radiation. This radiative effect
is determined by the mixing ratios and effective radii of cloud droplets and
raindrops, whereas cloud ice does not affect radiation.

The recent Cold-Air Outbreaks in the Marine Boundary Layer Experiment
(COMBLE) intercomparison (Juliano et al., 2026) provides an ideal opportunity
to contextualize MIMICA alongside other prominent LES models by simulating
the evolution of an Arctic convective mixed-phase cloud. The participating LES
models include WRF (Skamarock et al., 2019), DHARMA (Stevens, 2002), SAM
(Khairoutdinov and Randall, 2003), DALES (Heus et al., 2010), ICON-LEM
(Dipankar et al., 2015), MSU-INM LES (Mortikov et al., 2019; Kadantsev et al.,
2021; Voevodin et al., 2023), CM1 (Bryan and Fritsch, 2002; Morrison and
Milbrandt, 2015), SCALE (Nishizawa et al., 2015), UCLALES-SALSA (Stevens
et al., 1999; Stevens et al., 2005; Stevens and Seifert, 2008), and MIMICA (Savre
et al., 2014) in a similar version as in Paper 3. Eight of these ten frameworks
employ two-moment bulk microphysical schemes similar to MIMICA, with the
majority using the identical parameterization by Seifert and Beheng, 2006. Six
of the models explicitly account for radiation interactions with cloud ice, in
contrast to MIMICA which restricts interactions to the liquid phase. For the
mixed-phase case in the COMBLE intercomparison, MIMICA simulated latent
and sensible heat fluxes near the median of the LES ensemble spread, but
the lowest ice water path (IWP), surface precipitation, cloud cover, and cloud
optical depth among all participating LES models. Consequently, the reduced
cloud cover and optical depth caused MIMICA to compute the highest outgoing
longwave radiation at the top of the atmosphere and lowest downward longwave
radiation at the surface (Juliano et al., 2026). Although the majority of the LES
models use the identical base microphysics parameterization, this pronounced
divergence of cloud cover and optical depth indicates that the simulated cloud
is sensitive to specific implementation choices and interactions with other
parts of the model. Understanding how these microphysical sensitivities impact
cloud evolution—particularly in Arctic mixed-phase clouds—provides a primary
motivation for the research presented in this thesis.
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Chapter 3

Arctic clouds

Although Arctic clouds are governed by the same fundamental physical mechan-
isms valid globally, the extreme and highly coupled nature of the local climate
system significantly alters their evolution. To understand why simulating these
specific mixed-phase clouds remains so challenging, it is first necessary to
examine the unique environmental conditions that define the region.

3.1 Arctic climate

Polar environments are characterized by extreme seasonal differences in solar
insolation: during polar summer, the sun never sets, while it remains below
the horizon throughout polar winter. Additionally, the poles are covered with
ice and snow, resulting in high surface reflectivities. Exceptions include open
leads, polynyas, or entirely open ocean areas, which exhibit very low albedo.

Antarctica is a continent, whereas the Arctic consists of an ocean basin
surrounded by landmasses. This geographical difference fundamentally shapes
the atmospheric circulation, environmental conditions, and the distinct char-
acter of the polar ice masses. Antarctica is covered by a continental ice sheet
surrounded by sea ice, while in the Arctic, only Greenland is covered by an
ice sheet, with the remaining ice consisting of sea ice. These polar contrasts
likely explain why the Arctic, in particular, warms at a rate far exceeding the
global average (Goosse et al., 2018; Rantanen et al., 2022), so-called Arctic
amplification. The rapid transformation of the Arctic climate system motivates
the investigation of cloud processes in this sensitive region.

The unique physical state of the polar atmosphere represents a primary
component of this susceptibility. Low surface temperatures at high latitudes
dictate a low absolute water vapor content, due to the temperature dependency
of the saturation vapor pressure. Although the absolute water vapor content
is low, relative humidity is generally high throughout the polar atmosphere
because of the low saturation vapor pressure. Apart from ice-free land or open
ocean areas, the Arctic lacks significant local aerosol sources.
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3.1.1 Arctic amplification

The Arctic is strongly affected by global climate change. Temperatures in the
Arctic have increased significantly faster than the global average (see Fig. 3.1).
Connected to this Arctic amplification, sea ice has retreated substantially in
recent decades, as shown in Fig. 3.2, which illustrates the negative trend in
annual minimum sea ice extent. Furthermore, Fig. 3.3 shows the second lowest
minimum Arctic sea ice extent observed on 15 September 2020, compared to
the median extent of 1981-2010. The sea ice covered an area equivalent to only
62% of the 1981-2010 September average. Several processes are hypothesized
to contribute to Arctic amplification (e.g., Serreze and Barry, 2011):

• Albedo feedback: With initial warming, ice and snow will melt faster or
earlier than in previous years. The exposed land or sea surface has a lower
albedo than ice or snow and absorbs more incoming shortwave radiation.
This absorption warms the surface and the lower atmosphere, enhan-

Figure 3.1: Temperature anomalies averaged globally (light beige) and across the
Arctic according to different observational datasets. Anomalies were calculated
relative to the 1981-2010 averages.
Image credit: Rantanen et al. (2022)

Figure 3.2: Time series of average September Arctic sea ice extent anomalies
relative to the 1981 to 2010 average. The linear trend indicated is -11.9% per
decade.
Image credit: National Snow and Ice Data Center (2026, modified)



3.1. ARCTIC CLIMATE 19

Figure 3.3: Arctic sea ice extent on 15 September 2020. The 2020 minimum
represents the second-lowest extent recorded since 1979.
Image credit: National Oceanic and Atmospheric Administration (NOAA) cli-
mate.gov (2020)

cing melting in surrounding areas and creating a positive (amplifying)
feedback.

• Sea ice loss: Sea ice insulates the relatively warm ocean from the cold
atmosphere. As sea ice extent decreases due to initial warming, more
heat is transferred from the ocean to the lower atmosphere, resulting
in additional warming and further melting. This results in a positive
feedback.

• Horizontal heat fluxes: Increased atmospheric heat fluxes to the Arctic
free troposphere contributed significantly to the decadal warming trend
between 1992 and 2008 (Yang et al., 2010). In the ocean, heat advection
also drives warming in the Arctic (Serreze and Barry, 2011). Both in-
creases in poleward heat flux are primarily driven by decadal variations in
atmospheric and ocean circulations rather than anthropogenic emissions,
yet they contribute to enhanced Arctic warming.

• Water vapor: Increased water vapor in the Arctic atmosphere enhances
longwave emissions toward the surface, leading to surface warming. From
1989 to 2008, water vapor content in the Arctic has increased, with much
of this change attributed to sea ice loss and subsequent evaporation from
the underlying ocean (Screen and Simmonds, 2010). General warming in
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the Arctic and the resulting increase in saturation vapor pressure also
contribute to the rising water vapor content.

• Clouds: Clouds exert a surface warming effect in the Arctic during most
of the year (e.g., Philipp et al., 2020; Arouf et al., 2024). Increasing cloud
cover, especially for low-level clouds, would therefore enhance warming.
Additionally, changes in the microphysical structure of clouds are import-
ant and increases in liquid water content enhance longwave emissions
toward the surface. A shift toward the liquid phase could be amplified by
warming, since the altitudes where cloud ice can form increase. Observa-
tional studies have reached differing conclusions regarding seasonal and
regional cloud changes (e.g., Wang and Key, 2005; Eastman and Warren,
2010; Philipp et al., 2020), and also the latest assessment report by the
IPCC (Intergovernmental Panel on Climate Change) summarizes that
the Arctic cloud feedback is only slightly more likely to be positive than
negative (IPCC, 2021). This uncertainty regarding their true radiative
effect serves as a primary motivation for investigating Arctic clouds.

3.2 Clouds in the Arctic

3.2.1 Physics of Arctic clouds

Clouds have been observed at various Arctic locations during the majority
of the year, with a minimum cloud abundance in winter and a maximum in
late summer/fall (Shupe et al., 2011). The lower the altitude, the higher their
abundance (Shupe et al., 2011).

The specific features of the Arctic climate as described in Sect. 3.1 affect the
conditions for clouds. Due to the lower temperatures, ice potentially dominates
in clouds. The typically low aerosol concentrations on the other hand limit
heterogeneous cloud ice formation between 0 and -38 ◦C. As a consequence,
entirely liquid clouds can be observed down to -24 ◦C in the Arctic (Shupe,
2011). However, ice clouds are the dominant cloud phase in the Arctic, followed
by mixed-phase clouds (Shupe, 2011).

The strong seasonality of solar radiation in polar regions and the surface
properties have large effects on the shortwave Arctic surface energy balance:
during winter, the solar part of the energy balance disappears. The lower
the solar elevation, the lower becomes the surface cooling effect of clouds by
reflecting incoming solar radiation (Shupe and Intrieri, 2004). The cooling effect
increases for decreasing surface albedo, with clouds shielding solar radiation
from being absorbed by the darker ocean surface. In the Arctic, both of
these surface cooling effects lead to a negative net cloud radiative effect only
in mid-summer when the highest solar elevation and most open ocean area
occur. The positive longwave cloud radiative effect at the surface dominates
most of the year and is mainly caused by clouds with a base below 500m
(Shupe and Intrieri, 2004). At this low altitude, the relatively warm cloud base
drives significant longwave emission. Furthermore, the frequent temperature
inversions often result in low clouds being warmer than the underlying surface



3.2. CLOUDS IN THE ARCTIC 21

(Shupe and Intrieri, 2004). The magnitude of this warming effect is highly
sensitive to the cloud water content (Shupe and Intrieri, 2004).

Due to their warming effect, Arctic clouds govern the Arctic surface energy
balance, which controls the melting and freezing of sea ice. This means that
clouds can have a substantial impact on the cycle of sea ice formation and
melting, and thus on Arctic amplification. On the other hand, changes due
to Arctic amplification impact Arctic clouds, especially due to more available
water vapor and changes in the thermodynamic vertical structure of the Arctic,
as well as changes in aerosol particles acting as CCN or INPs.

3.2.1.1 Implications of the Arctic boundary layer

The Arctic boundary layer (BL) structure varies significantly throughout the
year, yet it is predominantly characterized by the presence of temperature
inversions. This is supported by recent findings from the Multidisciplinary
drifting Observatory for the Study of Arctic Climate (MOSAiC, Shupe et
al., 2022), a year-round expedition conducted between September 2019 and
October 2020. Observations from this full annual cycle revealed that at least
one temperature inversion was present within the lowest 1 km at all times (Jozef
et al., 2024). Distinct seasonal patterns were identified: winter is dominated
by a predominantly stable BL with strong, near-surface inversions that restrict
vertical mixing. These conditions are primarily driven by long cloud-free periods
and the lack of solar radiation, which lead to sustained longwave surface cooling.
In contrast, during the summer, stronger and weaker stability cases occur with
similar frequency (Jozef et al., 2024).

Figure 3.4: Schematic of a typical summertime Arctic boundary layer topped
by stratus and its governing processes. CML: cloud mixed layer, SML: surface
mixed layer. The gray and black lines represent temperature profiles for surface
de-coupled and coupled cases, respectively. The magenta line illustrates the profile
of specific humidity.
Image credit: Brooks et al. (2017, modified)



22 CHAPTER 3. ARCTIC CLOUDS

In the summertime Arctic, the structure of the BL is fundamentally shaped
by the ubiquitous presence of mixed-phase clouds, which maintain an average
cloud fraction of 80-90% (Curry and Ebert, 1992). At lower latitudes, surface
heating typically drives vertical mixing, while in the Arctic summer BL, cloud-
top radiative cooling often is the primary source of turbulence (Tjernström
et al., 2012). This cooling generates dense, sinking air parcels that drive a top-
down mixed layer, providing a critical mechanism for the connection between
the BL and the free troposphere (Tjernström et al., 2012) and allowing for the
entrainment of moisture or aerosol particles into the BL.

The vertical structure of this system is defined by the interaction between
two distinct turbulent regimes (Brooks et al., 2017). At the surface, a shallow
well-mixed layer is maintained primarily by wind shear. Above this, the cloud
itself drives the second turbulent regime. The overall coupling state of the BL
depends not only on the depth and altitude of the cloud-driven mixed layer
(Shupe et al., 2013) but also on the stability near the surface (Fig. 3.4). If
cloud-generated turbulence reaches low enough to merge with the surface-driven
layer, a single, surface-coupled well-mixed BL is formed (Brooks et al., 2017).
However, this connection can be blocked if a temperature inversion exists
close to the surface, effectively shielding the surface from the cloud-driven
mixing. In such cases, the two mixed layers stay separated, and the cloud
deck remains decoupled from the surface (Tjernström et al., 2012; Brooks
et al., 2017). This decoupling isolates the cloud from surface moisture, making
its persistence relying on moisture from above. The relationship between
moisture and temperature gradients uniquely defines the Arctic summer BL.
Temperature inversions almost universally cap the BL across the globe, yet
the Arctic specific humidity profile exhibits a distinctly different behavior. BL
clouds at lower latitudes typically reside beneath dry air, whereas the Arctic
frequently features a moist layer extending into and even above the temperature
inversion (Solomon et al., 2011). This overlying moisture provides a critical
reservoir which can help sustain the cloud layer.

3.2.1.2 Low-level stratiform clouds

Low-level clouds are the most abundant clouds in the Arctic from mid-spring
to mid-fall (Curry and Ebert, 1992). Many of these low-level Arctic clouds
are stratiform and mixed-phase, and they can persist over several hours or
even many days (Shupe et al., 2006). This lifetime exceeds that of typical
low-latitude stratus clouds (cf. Sect. 1.1), meaning that Arctic mixed-phase
stratiform clouds (AMPS) can impact the surface energy balance over an
exceptionally long time. Sea ice melting and freeze-up coincide with the highest
occurrence of low-level clouds, and thus AMPS can play a critical role in these
transition periods.

The vertical structure of AMPS is important for their longevity. Liquid
water content often reaches its maximum at the cloud top, and ice crystals
precipitate from this liquid layer (Shupe et al., 2008). Ice water content typically
increases downwards from the cloud top and peaks near the cloud base; below
the cloud most of the ice sublimates before reaching the surface (Shupe et al.,
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2008). On average, liquid water dominates the AMPS mass, while ice water
content makes up only 15% of the mass (Shupe et al., 2008).

The dominance of liquid water at the cloud top causes radiative cooling,
acting as the main driver for the long persistence of AMPS (e.g., Curry,
1986). The radiative cooling not only causes water vapor to condense, but also
generates negatively buoyant downdrafts that sustain turbulence (Morrison
et al., 2012). Other important contributors to the longevity of AMPS include
the entrainment of aerosol particles and moisture, surface fluxes, and the
concentrations of cloud droplets and ice crystals (Morrison et al., 2012). Crucial
for the formation of cloud droplets and ice crystals are CCN and INPs. Due to
seasonal and often low local aerosol sources, aerosol concentrations can be so low
that cloud formation is limited or clouds dissolve once a replenishment of CCN
ceases. This is known as the ‘CCN-limited’ or ‘tenuous cloud’ regime (Mauritsen
et al., 2011). Modeling studies have confirmed that reduced (Stevens et al.,
2018; Bulatovic et al., 2023) or removed aerosol concentrations (Sterzinger et al.,
2022) can lead to rapid cloud dissipation. Given the scarcity of local sources,
aerosol transport from lower latitudes in the free troposphere can be crucial for
cloud formation. Year-round lidar data from the MOSAiC expedition confirm
that the free troposphere was always well-filled with both CCN and INPs
(Jimenez et al., 2025). Surface-based INP observations from MOSAiC suggest
that long-range transport is the primary source during winter and late summer
(Creamean et al., 2022), yet particles must also be transported from the free
troposphere into the BL. Vertical exchange is, at times, facilitated by low-level
AMPS reaching into the inversion topping the BL, which allows the clouds
to entrain long-range transported aerosol particles from the free troposphere
into the BL (Igel et al., 2017). The complex interplay between BL dynamics
and microphysics creates significant challenges for numerical models, which
frequently struggle to accurately represent AMPS, especially the partitioning
between liquid and frozen cloud content (e.g., Birch et al., 2012; Stevens et al.,
2018; Zhang et al., 2020; Schäfer et al., 2024). Constraining these model
uncertainties and improving phase representations requires comprehensive,
long-term observational datasets.

3.2.2 Cloud observations in the Arctic

Although the Arctic region is geographically remote, several permanent at-
mospheric observation sites provide essential long-term data. These include
stations in Ny-Ålesund (Svalbard), Utqiaġvik (Alaska), Eureka and Alert
(Canada), and Summit (Greenland). In addition to these land-based sites,
several ship-based expeditions have collected valuable datasets above the Arc-
tic Ocean, such as ARTofMELT (May-June 2023; Tjernström and Zieger,
2025), MOSAiC (September 2019-October 2020; Shupe et al., 2022), MOCCHA
(August-September 2018; Vüllers et al., 2021), ASCOS (August-September
2008; Tjernström et al., 2014), and SHEBA (October 1997-October 1998; Uttal
et al., 2002). The following discussion focuses on the expeditions that provided
the underlying data for Paper 1 (ASCOS) and Paper 3 (ARTofMELT).
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ASCOS

A primary goal of the Arctic Summer Cloud Ocean Study (ASCOS) was
to improve the representation of low-level Arctic clouds in climate models
(Tjernström et al., 2014). The campaign featured extensive aerosol observations
to characterize the local sources and transport processes of CCN and INPs into
cloud-forming regions, as well as the reciprocal impact of clouds on the aerosol
population.

Analyses of the ASCOS data drove several important advancements, includ-
ing the definition of the previously mentioned CCN-limited regime (Mauritsen
et al., 2011). Observations from the expedition revealed that low-level clouds
were predominantly decoupled from the surface (Sotiropoulou et al., 2014).
This decoupling meant that the clouds relied heavily on moisture and aerosols
entrained from above to persist (Shupe et al., 2013). The importance of en-
trainment from above was supported by a MIMICA study, which additionally
concluded that sub-cloud droplet evaporation can act as a crucial pathway for
transporting free-tropospheric aerosols into the BL (Igel et al., 2017). Finally,
surface energy balance analysis showed that clouds mostly had a warming effect
at the surface, and the decreasing solar angle combined with increasing surface
albedo led to sea ice freeze-up only once significantly fewer low-level clouds
were present (Sedlar et al., 2011).

ARTofMELT

The Atmospheric rivers and the onset of sea ice melt (ARTofMELT) campaign
aimed to collect a multidisciplinary observational dataset during the transition
into the melt season (Tjernström and Zieger, 2025). The primary objective was
to capture the interactions within the upper ocean-ice-atmosphere system that
lead to the initiation of the sea ice melt. A central hypothesis of the expedition
was that atmospheric rivers—narrow corridors of intense poleward heat and
moisture transport—provide the initial energy triggering the melting season.
To support this, a major goal was the collection of cloud and aerosol particle
data not only at the surface, but also through the entire vertical column.

An analysis of vertical observations from one ARTofMELT case study further
reinforced the importance of top-down entrainment observed during ASCOS,
confirming that the aerosol population at the surface was not sufficient to explain
observed cloud droplet concentrations (Pohorsky et al., 2026). Consequently,
we initialized the simulations in Paper 3 using a combined aerosol population
observed below and above the cloud. This ensured a realistic representation
of entraining aerosols, yet our analysis ultimately demonstrated that the
simulated cloud was remarkably resilient to aerosol concentrations, only showing
sensitivity to variations on the scale of two orders of magnitude. Beyond aerosol
availability, the cloud showed pronounced sensitivity to distinct microphysical
aspects, notably ice crystal concentration and ice habit.



Chapter 4

Parameterization of cloud
microphysics

The microphysical characteristics of hydrometeors, including their size, phase,
and shape, fundamentally determine macrophysical cloud properties such as
albedo, lifetime, and spatial extent. To represent the microphysical structure
of a cloud, the most critical variables are the number concentration and the
mass mixing ratio of the various hydrometeor species. Ideally, these variables
should be known for the entire size distribution, yet modeling and observational
constraints often necessitate the use of bulk values. In a bulk approach, the
governing equations for the hydrometeors are integrated over an assumed size
distribution, meaning only the total quantities are prognosed.

The microphysical scheme developed by Seifert and Beheng (2006) provides
the primary theoretical framework for microphysics within the LES model MI-
MICA. It separates hydrometeors into the categories cloud droplets, raindrops,
ice crystals, snow, and graupel.

4.1 Size distributions of hydrometeors

Hydrometeors within a cloud exhibit a wide range of sizes, which a numerical
model must represent. Following the framework by Seifert and Beheng (2006),
MIMICA uses mass distributions, f(m), to describe each hydrometeor popula-
tion. These populations are represented by generalized gamma distributions of
the form:

f(m) = A0m
ν exp(−λmµ), (4.1)

where A0 is the normalization factor, λ is the slope parameter, and ν and µ
determine the shape of the distribution and depend on the specific hydrometeor
category. To derive physical quantities from this distribution, its moments,
MN , are calculated, which are defined as the integrals of the distribution
weighted by the n-th power of mass. The 0th and 1st moments are of particular
importance, as they correspond to the total number concentration N and the
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Figure 4.1: Evolution of a) mass distribution f(m), b) number concentration Nc,
and c) mixing ratio Qc of cloud droplets in a cloudy grid box over time (d) of a
MIMICA simulation. The mass distribution in a) is shown for the height marked
by the dots in b) and c) and the vertical line in a) marks the peak mass at the
first time step.

mass mixing ratio Q, respectively:

M0 =

∫ ∞

0

f(m)dm = N

M1 =

∫ ∞

0

mf(m)dm = Q.

(4.2)

By substituting Eq. 4.1 into Eq. 4.2, the parameters A0 and λ can be expressed
as functions of N , Q, and the Euler gamma function Γ:

λ =



Γ
(

ν+1
µ

)

Γ
(

ν+2
µ

) Q

N



−µ

A0 =
µN

Γ
(

ν+1
µ

)λ ν+1
µ .

(4.3)

A0 and λ are updated at every model time step, since N and Q are the
prognostic variables in this two-moment bulk microphysical scheme. Thus, the
hydrometeor mass distributions are always fully determined. The evolution
of such a distribution is illustrated in Fig. 4.1, which depicts how the cloud
droplet mass distribution shifts from larger masses to smaller masses during a
MIMICA simulation due to a decrease in Qc at constant Nc.

4.2 Ice habits

In contrast to the relatively uniform spherical geometry of liquid drops, ice
crystals exhibit a vast diversity of shapes, referred to as habits (Fig. 4.2).
The specific habit of an ice crystal is determined by the local thermodynamic
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Figure 4.2: Ice crystal habits depending on temperature and ice supersaturation
(Nakaya, 1954).
Image credit: Libbrecht (2019, modified)

conditions—primarily temperature and humidity—prevailing during its forma-
tion and subsequent growth. Consequently, the observed habit of an ice crystal
provides a historical record of temperature and humidity conditions through
which it has evolved. Complex three-dimensional ice crystals exist, but most
crystals are characterized by two primary dimensions, such as length and width
for columnar crystals, or diameter and thickness for plate-like crystals. Obser-
vational data have established robust relationships between these dimensions,
leading to habit-specific mass-size relationships (Pruppacher and Klett, 2010).
In the microphysical scheme of Seifert and Beheng (2006), this relationship is
represented by a power law of the form:

D(m) = a ·mb, (4.4)

where D is the maximum diameter of the non-spherical hydrometeor, and the
coefficients a and b depend on the habit. The geometric variations of the ice
habit dictate the aerodynamic properties of the crystal, and thus the habit
determines the terminal fall velocity (see Sect. 4.5.4).

Beyond influencing growth and sedimentation, the habit fundamentally
controls how an ice crystal interacts with radiation. The non-spherical nature
and varying surface complexity of different habits affect the scattering and
absorption of light, posing a significant challenge for the remote sensing of
ice-containing clouds. For instance, the backscattering of a radar signal is highly
sensitive to the specific geometry and spatial orientation of the ice crystals. This
complexity complicates retrievals, but the habit-dependent radiative signatures
can also be exploited to identify the dominant ice habits within a cloud layer.
To facilitate such analyses, numerous databases provide precalculated scattering
properties for a wide variety of habits and size distributions (e.g., Hess and
Wiegner, 1994; Eriksson et al., 2018).
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4.3 Activation of cloud droplets

Condensation of water vapor requires the air to be supersaturated. However,
for water droplets to form through homogeneous nucleation—without the
presence of an assisting aerosol particle—supersaturations of approximately
500% would be required (Lohmann et al., 2016). This high threshold exists
because the energy gain from the phase transition is initially outweighed by
the energetic cost of creating the surface between the liquid droplet and the
surrounding air. As this surface-building cost increases for smaller radii, the
saturation vapor pressure over a curved droplet surface is significantly higher
than over a flat surface, an observation known as the Kelvin effect (dashed line
in Fig. 4.3; Thomson, 1871). Hydrophilic1 soluble aerosol particles facilitate
droplet formation by serving as CCN. These particles adsorb water molecules
and undergo hygroscopic growth below 100% relative humidity, eventually
dissolving to form a solution droplet. The presence of solute molecules lowers
the equilibrium vapor pressure over the droplet surface according to Raoult’s
law (dash-dotted lines in Fig. 4.3; Raoult, 1886).

Köhler theory combines the Kelvin effect (enhanced saturation pressure
over curved droplets) and Raoult’s law (reduced saturation pressure over water
solutions) to describe the heterogeneous formation of cloud droplets (solid lines
in Fig. 4.3; Köhler, 1936). One form of the Köhler equation is given by Seinfeld
and Pandis (2016):

ln(S) = ln

(
ew(D)

eo

)
=

A

D
− B

D3
, (4.5)

where S is the saturation ratio, ew(D) is the saturation vapor pressure over
a water droplet of diameter D, and eo the saturation vapor pressure over a
flat surface. The parameters A and B represent the Kelvin and Raoult terms,
respectively, and are defined as:

A =
4Mwσw

RTρw
, B =

6nsMw

πρw
, (4.6)

with Mw being the molecular weight of water, σw the water surface tension,
R the universal gas constant, T temperature, ρw the density of water, and ns

the number of moles of solute. For small droplets, the Raoult effect dominates,
allowing the droplet to grow even in subsaturated conditions. As the droplet
accumulates more water, the saturation vapor pressure over the solution droplet
increases until it reaches a maximum value, known as the activation saturation
ratio Sact, at the critical activation radius ract (Fig. 4.3). Once the ambient
supersaturation exceeds this critical threshold, the droplet overcomes the energy
barrier and undergoes spontaneous, rapid growth. In summary, soluble aerosol
particles act as CCN by significantly lowering the saturation ratio necessary
for water vapor to condense into liquid droplets.

1Literally translated from Greek as “water-loving”; substance that easily interacts with
water.
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Figure 4.3: Köhler and Raoult curves for three NaCl aerosol particles with different
dry radii (left to right: 0.01 µm, 0.03 µm and 0.1 µm). The Kelvin curve remains
the same for all aerosol particles. S denotes the size-dependent saturation ratio
of the solution droplet, see Eq. 4.5.
Image credit: Lohmann et al. (2016, modified). Reproduced with permission of
Cambridge University Press through PLSclear.

4.4 Ice nucleation

Spontaneous freezing of supercooled liquid droplets in the atmosphere (homo-
geneous nucleation) occurs only at temperatures below approximately -38 ◦C.
At higher temperatures, ice initiation requires the presence of ice-nucleating
particles (INPs) to facilitate the phase change through heterogeneous nucle-
ation. The various pathways through which atmospheric ice crystals form are
categorized into several distinct modes:

• Homogeneous ice nucleation: the freezing of a cloud or solution droplet
without the involvement of an INP.

• Immersion freezing: the initiation of freezing by an INP suspended within
a supercooled cloud droplet at a temperature determined by the specific
properties of the INP.

• Contact freezing: the immediate initiation of the phase change when an
INP collides with the surface of a supercooled droplet.

• Deposition ice nucleation: the direct transition of water vapor to the
solid phase on the surface of an INP.

• Condensation freezing: water vapor first condenses onto an INP at sub-
zero temperatures and freezes immediately.
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Observational studies of mixed-phase clouds consistently demonstrate that
liquid cloud droplets generally form before ice nucleation is detected (e.g.,
Ansmann et al., 2009; de Boer et al., 2011; Westbrook and Illingworth, 2011).
Consequently, immersion and contact freezing are considered the most relevant
nucleation modes for these cloud types. The contribution of contact freez-
ing is further constrained by the relatively low collision probability between
supercooled droplets and interstitial, non-activated aerosol particles.

4.4.1 Heterogeneous ice nucleation

Similar to the activation of cloud droplets (Sect. 4.3), an energy barrier must
be overcome for ice to form from supercooled liquid water. This barrier arises
from the competition between the energy required to establish an interface
between the supercooled water and the growing ice crystal, and the energetic
gain associated with the phase transition from liquid to solid. Analogous to
a CCN, an INP lowers this barrier by providing a surface that facilitates the
attachment and phase alignment of water molecules (Whale, 2018).

Unlike the activation of cloud droplets, ice nucleation exhibits a strong
dependence on temperature. However, laboratory experiments demonstrate
that under constant thermodynamic conditions, the number of frozen droplets
increases over time. These observations have led to two distinct conceptual
frameworks for heterogeneous ice nucleation: the deterministic view and the
stochastic view. The deterministic concept postulates that each individual
INP possesses specific surface features, known as active sites, which trigger
nucleation at a characteristic temperature or ice supersaturation. Under this
assumption, the freezing efficiency varies between individual particles based
on their surface characteristics. If an experiment is repeated with an identical
set of droplets and INPs, the same droplets will freeze at exactly the same
conditions as in the previous trial, implying that time has no impact on the
frozen fraction. In contrast, the stochastic view assumes an inherent randomness
to the nucleation process. In this framework, it is not possible to assign a
specific activation threshold to an individual particle; instead, the probability of
a nucleation event increases over time while temperature and saturation remain
constant. Repeating an experiment with the same population of droplets results
in a similar total frozen fraction, but the specific droplets that freeze will differ
between iterations. According to a review of laboratory data, the surface
characteristics and temperature dependence of INPs exert a much stronger
influence on immersion freezing than time (Vali, 2014). This suggests that while
the deterministic aspect of heterogeneous freezing dominates, the stochastic
time dependence remains relevant under certain conditions. Heterogeneous
freezing parameterizations adopt either of these assumptions. Deterministic
schemes predict a set number of nucleation events based on aerosol surface
area, size, or type (Phillips et al., 2008; DeMott et al., 2010; Niemand et al.,
2012). Conversely, stochastic parameterizations use classical nucleation theory
to calculate a nucleation rate based on particle characteristics (Hoose et al.,
2010; Ickes et al., 2017).
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4.4.2 Ice-nucleating particles

An aerosol particle must fulfill several physical criteria to function as an ice-
nucleating particle (INP), including specific size requirements, insolubility, and
particular crystallographic or chemical bond characteristics (Pruppacher and
Klett, 2010). Likely, not all of these requirements must be met simultaneously;
however, a solid surface appears to be a fundamental prerequisite for ice
nucleation (Murray et al., 2012). Provided a solid surface is present, the
specific efficiency of an INP depends heavily on the aerosol type; for instance,
the crystallographic structure dictates the freezing characteristics of certain
minerals, while specific surface proteins act as the critical active sites for
biological aerosols. These specialized requirements restrict the number of
potential INPs to approximately 1 in 105 aerosol particles (DeMott et al., 2010).
Different aerosol types can act as INPs (Fig. 4.4): mineral dust particles are
the most extensively investigated INPs, with laboratory reviews identifying
them as primary drivers of nucleation at temperatures below approximately
-15 ◦C (Hoose and Möhler, 2012). At higher temperatures, biological aerosol
particles—such as bacteria, pollen, or fungal spores—are the primary initiators
of ice nucleation. Additionally, the oceans serve as a significant source of INPs
through the production of biogenic marine aerosol.

Measuring ambient INP concentrations

Ambient INP concentrations (INPCs) are primarily measured using two distinct
methodologies. The first involves collecting aerosol particle samples on filters,
which are subsequently immersed in a liquid to make the growth of ice crystals
detectable (e.g., Bigg et al., 1963; Wex et al., 2019). The liquid suspension

Figure 4.4: Compilation of INP observations.
Image credit: Kanji et al. (2017) © American Meteorological Society. Used with
permission.
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is then systematically cooled, allowing the number of freezing events to be
recorded at specific temperatures. This offline method requires sampling large
air volumes to collect a statistically significant number of INPs, resulting
in a relatively coarse time resolution, often on the order of 24 h. Filter-
based measurements are typically limited to temperatures above -25 ◦C, as
unavoidable impurities in the liquid often trigger freezing below this threshold.
The INPCs used in Paper 3 were obtained via this filter method using the
Colorado State University (CSU) cold plate (e.g., Creamean et al., 2022).
Direct observation of the experimental pipeline—from the initial suspension of
particles from the filter and the subsequent dilution series to the final freezing
trials in the cold plate—provided me with valuable insight into the rigorous
laboratory work required to generate these datasets.

Alternatively, continuous flow diffusion chambers (CFDCs) allow for the
in-situ analysis of ambient INPCs (e.g., Rogers, 1988; Garimella et al., 2016).
In these instruments, a continuous air stream passes through a chamber with
ice-covered walls that are heated differentially to create a specific temperature
and supersaturation. Ice crystals that grow on the INPs within the flow are
then detected optically. To prevent the misidentification of liquid droplets as
ice, the flow enters an evaporation section maintained at ice saturation prior to
detection. Depending on the specific instrument setup, CFDCs can typically
cover a temperature range from -15 to -50 ◦C. Their sensitivity is limited by
the optical detection threshold and the inherent effectiveness of the sampled
INP population.

The characteristic distribution of INP concentrations

Fig. 4.4 shows the cumulative INP concentration depending on temperature.
Cumulative INP concentrations exhibit a clear exponential dependence on
temperature. This exponential dependence reflects the strong temperature
sensitivity of nucleation rates predicted by classical nucleation theory (Prup-
pacher and Klett, 2010).

When examining the relative distribution of ambient INPCs at a fixed
temperature, the population often follows a log-normal distribution (e.g., Isaac
and Douglas, 1971; Welti et al., 2018). Such a distribution suggests that the INP
population has undergone significant dilution during atmospheric transport,
indicating that the primary sources are likely distant from the measurement site
(Ott, 1990). The characteristic log-normal distribution of INPCs at a specific
temperature provided the physical basis for the ice nucleation parameterization
formulated in Paper 1.

4.4.3 Prescribed ice crystal number concentration

Numerical models using prognostic ice nucleation schemes frequently struggle
to simulate sufficient ice mass in MPCs, particularly at higher temperatures
where INPs are scarce. To circumvent this limitation, models often prescribe
ice crystal number concentrations (ICNC; e.g., Savre et al., 2014; Loewe et al.,
2017; Stevens et al., 2018), an approach we implemented in Paper 3. Under
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specific thermodynamic and microphysical conditions—such as falling below a
temperature threshold or exceeding a minimum cloud droplet mass—a specified
ICNC (ICNC0) is enforced by freezing as many existing cloud droplets as
necessary. For example, in Paper 3, the change in ICNC (∆ICNC) in grid cells
where T < −5 ◦C and Qc ≥ 10−7 kg kg−1 was calculated as:

∆ICNC = max [min(Nc, ICNC0)− ICNC, 0] . (4.7)

This setup decouples the ice phase from heterogeneous nucleation pathways. By
forcing the model to maintain a predefined number of ice crystals, the broader
microphysical impacts of the ice can be isolated without relying on uncertain
relationships between INPs and the final ICNC. However, the definition of a
realistic ICNC0 introduces a new uncertainty, which Paper 3 explores.

4.5 Growth and sinks of hydrometeors

Newly formed cloud droplets and ice crystals are small enough to remain suspen-
ded by in-cloud updrafts. To overcome these updrafts and fall as precipitation,
the hydrometeors must undergo significant growth. For comparison, a typical
cloud droplet has a diameter of approximately 10µm, while a typical raindrop
has a diameter of 2mm. Consequently, the mass of a cloud droplet must
increase by approximately seven orders of magnitude to become a raindrop
capable of falling toward the surface.

4.5.1 Diffusional growth, evaporation and sublimation

Once liquid droplets reach the activation radius (Sect. 4.3), they grow spon-
taneously via the diffusion and condensation of water vapor, provided the
environment remains supersaturated. The same principle applies to ice crystals,
if the ambient vapor pressure exceeds the saturation pressure with respect to
ice. Conversely, if the vapor pressure falls below the saturation pressure of the
respective phase, liquid droplets begin to evaporate and ice crystals begin to
sublimate. The change in mass of a ventilated droplet—which moves relative
to its surrounding air—due to condensation or evaporation is expressed as
(Pruppacher and Klett, 2010):

dm

dt
= 2πDDv f̄v (ρv,∞ − ρv(D)) , (4.8)

where Dv is the diffusivity of water vapor in air, f̄v is the mean ventilation
coefficient for vapor diffusion, ρv,∞ is the bulk density of water vapor, and
ρv(D) is the density of water vapor at the surface of the droplet. The change
in mass of a ventilated ice crystal due to deposition or sublimation is similarly
defined as:

dm

dt
= 2πDvCf̄v(ρv,∞ − ρv,s), (4.9)

with C the capacitance, which accounts for the specific ice crystal habit, and
ρv,s the density of water vapor at the surface of the ice crystal.
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Figure 4.5: Saturation pressures over water (ew, solid) and ice (ei, dashed).
Between the saturation pressures, the WBF process is active (shaded).

A fundamental aspect of cloud microphysics is that the saturation pressure
over water is always higher than over ice (Fig. 4.5). When liquid and frozen
hydrometeors coexist at a vapor pressure between saturation over water and
ice, the frozen hydrometeors grow at the expense of evaporating liquid droplets.
This mechanism is known as the Wegener-Bergeron-Findeisen process (WBF
process; Wegener, 1911; Bergeron, 1935; Findeisen, 1938). The efficiency of
the WBF process explains why Paper 3 identifies the ice habit as a primary
determinant of whether the simulated cloud glaciates or not.

4.5.2 Collection processes

Diffusional growth alone cannot produce precipitation-sized hydrometeors
within relevant atmospheric time spans. The collision and collection of diverse
hydrometeors provide a significantly more efficient growth pathway. These
processes reach maximum efficiency when hydrometeors exhibit substantial size
differences—leading to varying fall velocities that increase collision probability—
and when cloud turbulence introduces additional relative velocity components.

The following collection processes occur in mixed-phase clouds:

• Collision-coalescence: liquid droplets collide and merge to form a larger
liquid droplet.

• Aggregation: ice crystals collide and stick together to form an ice crystal
aggregate.

• Riming: liquid droplets collide with a frozen hydrometeor and freeze on
its surface, forming graupel or hail.

A collision between two hydrometeors does not automatically lead to the
formation of a single, larger hydrometeor. The outcome depends on the
coalescence efficiency for liquid droplets, or sticking efficiency for ice crystals;
without a sufficiently high efficiency, the hydrometeors may simply rebound
and separate.
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Mathematically, the stochastic collection equation (SCE; Berry, 1967)
describes collisions between hydrometeors with mass distribution functions
f(mx −my) and f(my):

∂f(mx)

∂t
=

1

2

∫ mx

0

f(mx −my)f(my)K(mx −my,my)dmy

−
∫ ∞

0

f(mx)f(my)K(mx,my)dmy.

(4.10)

The first term represents all collisions forming a droplet of mass mx, while
the second term accounts for the sink of droplets of mass mx due to collisions
with other droplets. The collection kernel, K, defines the encounter probability
based on geometric cross-sections, relative fall velocities, and the collision
efficiency of the interacting hydrometeors.

Over continental regions, approximately 95% of the rain originates from
clouds containing ice (Mülmenstädt et al., 2015). Given this dominance of the
ice phase, collection processes involving frozen hydrometeors—specifically rim-
ing and aggregation—act as the fundamental drivers of terrestrial precipitation,
highlighting the critical role of cloud phase.

4.5.3 Melting

When the temperature rises above 0 ◦C, ice crystals and snowflakes begin to
melt. The phase transition itself does not immediately alter the total mass
of the hydrometeor, yet it fundamentally changes other physical properties.
Specifically, the new phase dictates the interaction of the hydrometeor with
radiation and the probability of it colliding and sticking to other hydrometeors
(Sect. 4.5.2). Furthermore, it is important to note that the higher saturation
vapor pressure of water compared to ice makes evaporation more likely to occur
from liquid than from frozen hydrometeors.

The rate at which the ice mass, mi, within a spherical hydrometeor converts
to liquid water can be calculated according to Pruppacher and Klett (2010):

dmi

dt
= −2πD

Lm

(
ka(T − T0)f̄h +

DvLeMw

R

[
e

T
− er

T0

]
f̄v

)
. (4.11)

Here, Lm represents the latent heat for melting of ice, ka is the heat conductivity
of air, T0 =273.15K, f̄h is the mean ventilation coefficient for heat diffusion,
Le is the latent heat of evaporation of water, Mw is the molecular weight of
water, e is the partial pressure of water vapor in air, and eD is the partial
pressure of water vapor over a spherically curved water surface.

4.5.4 Precipitation

The most efficient sink for a cloud is the physical removal of hydrometeors
via precipitation. Hydrometeors descend toward the surface once they attain
sufficient mass for their fall velocity to overcome the cloud updrafts. If the air
below the cloud is significantly subsaturated, the hydrometeor may evaporate or
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sublimate entirely before reaching the surface, which redistributes moisture to
lower altitudes. Similarly, falling frozen hydrometeors may melt when traversing
air layers above the freezing point, often reaching the surface as rain instead of
snow.

The hydrometeor fall speed v is described by a power-law relationship with
mass (Seifert and Beheng, 2006):

v(m) = α ·mβ

(
ρ0
ρ

)γ

, (4.12)

where the coefficients α, β, and γ depend on the hydrometeor type; for ice
crystals, these values specifically depend on the ice habit. The variables ρ0 and
ρ represent the air density at the surface and at the specific altitude, respectively.
The density correction term accounts for the reduction in aerodynamic drag as
hydrometeors descend through the atmosphere.

4.6 Secondary ice processes

Observations of ice crystal number concentrations in clouds warmer than -38 ◦C
often exceed INP concentrations by several orders of magnitude (e.g., Hobbs
and Rangno, 1985; Pasquier et al., 2022). Several mechanisms have been
described that enhance the ice crystal number without requiring primary ice
nucleation, so-called secondary ice processes (SIPs). The following sections
discuss the most prominent of these processes.

Collisional breakup

This mechanism occurs when collisions between frozen hydrometeors cause
fragments to splinter from either of the colliding hydrometeors (see Fig. 4.6a;
e.g., Vardiman, 1978). Models frequently parameterize this process following
Phillips et al. (2017b), who define the number of fragments produced per

Figure 4.6: SIP processes a) collisional breakup, b) drop shattering, and c) rime
splintering. Liquid phase in magenta colors, ice phase in blue colors.
Image credit: Korolev and Leisner (2020, modified)
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collision, FBR, as:

FBR = αhA

(
1− exp

{
−
[
CAK0

αhA

]γ

r

})
. (4.13)

Here, αh is the equivalent-spherical surface area of the smaller, fracturing
hydrometeor; A is the number density of asperities susceptible to breaking and
depends on the hydrometeor type, size, rimed fraction, and the temperature;
CA is the asperity-fragility coefficient and also depends on the hydrometeor
type; γr is a function of the rimed fraction and hydrometeor type; and K0 is
the collisional kinetic energy driving the fragmentation:

K0 = 0.5
m1m2

m1 +m2
(v1 − v2)

2, (4.14)

with m1,m2 the masses of the two colliding hydrometeors, and v1, v2 their
respective fall velocities. This parameterization is valid for any frozen hydro-
meteors with diameters ranging from 0.5 to 5mm.

Drop shattering

As a supercooled droplet freezes from its outermost layer inward, internal
pressure accumulates within the droplet (e.g., Lauber et al., 2018). This
pressure buildup can lead to the shattering of the droplet and its newly formed
ice shell, which ejects small ice fragments (Fig. 4.6b). Phillips et al. (2018)
proposed two distinct modes for this process: mode 1 describes shattering
following a collision with a smaller ice crystal—where the mass of the ice
crystal is smaller than the mass of the drop—or during heterogeneous freezing,
while mode 2 characterizes shattering after a collision with a larger frozen
hydrometeor. Mode 1 produces FDS1 fragments defined as:

FDS1
= Ξ(Dr)Ω(T )

[
ζη2

(T − T0)2 + η2
+ ϕT

]
, (4.15)

where Dr is the diameter of the raindrop, the cubic interpolation functions
Ξ(Dr) and Ω(T ) limit the scheme to Dr ≥ 0.05mm and T ≤ -3 ◦C, while ζ,
η, and ϕ are additional coefficients depending on Dr. Mode 2 produces FDS2

fragments resulting from the collision of a drop with a frozen hydrometeor of
greater mass:

FDS2
= 3Φ(T ) [1− fDS2

(T )]×max(DE−DEcrit, 0). (4.16)

Here, Φ(T ) represents the empirical probability that a produced secondary
droplet contains ice, fDS2(T ) describes the fraction of droplets already frozen
initially due to supercooling, DE = K0

σwπD2
r
is the dimensionless energy with

DEcrit defining the threshold for the onset of splashing upon collision.

Rime splintering

This mechanism, frequently referred to as Hallett-Mossop process (Hallett
and Mossop, 1974) occurs during the riming of supercooled droplets onto
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larger frozen hydrometeors, such as snowflakes, graupel or large frozen drops
(Fig. 4.6c). As with drop shattering, the accumulation of internal pressure
during the freezing of the accreted liquid leads to the ejection of secondary ice
splinters. Observations indicate that this process remains active specifically
at temperatures between -8 and -3 ◦C. Reisner et al. (1998) formulated this
process mathematically as:

FRS = 3.5× 108ρ fRS(T )mrime, (4.17)

with fRS(T ) restricting the formulation to 265K ≤ T ≤ 270K, and mrime the
mass of rime accumulated on the frozen hydrometeor.

By including these secondary mechanisms, numerical models can better
bridge the gap between primary ice nucleation and the high ice crystal concen-
trations observed in natural clouds (e.g., Phillips et al., 2017a; Sullivan et al.,
2018; Sotiropoulou et al., 2020).

4.7 Net effects of microphysics

To determine the evolution of a cloud system, the individual processes described
in this chapter must be integrated over the size distributions of all hydrometeor
classes. This integration yields the net change in the bulk number concentrations
(N) and mixing ratios (Q). The resulting total changes, dN and dQ, account for
the competition between various sources and sinks. For simplicity, the following
equations define these tendencies specifically for cloud droplets (subscript c)
and ice crystals (subscript i):

dNc = dNc,act − dNc,freez − dNc,coll

dQc = dQc,act + dQc,cond − dQc,freez − dQc,evap − dQc,coll

dNi = dNi,freez + dNi,SIP − dNi,coll − dNi,melt − dNi,precip

dQi = dQi,freez + dQi,dep + dQi,SIP − dQi,subl − dQi,coll

− dQi,melt − dQi,precip.

(4.18)

Table 4.1 defines the abbreviations for each microphysical process. Note
that the freezing terms are coupled, such that dNc,freez = dNi,freez and
dQc,freez = dQi,freez, representing the direct transfer of mass and number
between the liquid and ice phases.

The microphysical representations in the version of MIMICA used in Paper 3
follow the formulations described throughout this chapter. In contrast, Paper 1
applied an earlier version of MIMICA; in that configuration, the microphysics
involving frozen hydrometeors followed the parameterizations of Wang and
Chang (1993) rather than those of Seifert and Beheng (2006). The climate
models analyzed in Paper 2 employ diverse stratiform microphysics schemes:
two of these models use two-moment schemes, while one employs a one-moment
scheme that prognoses only the mass mixing ratio of hydrometeors. Common to
all these numerical frameworks is the coupling between microphysical processes
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Table 4.1: Abbreviations for microphysical processes listed in Eq. 4.18.

Abbreviation Process
act Activation of cloud droplets
freez Freezing of cloud droplets to ice crystals
coll Collision
cond Condensation of water vapor
evap Evaporation of liquid droplets
SIP Secondary ice processes
melt Melting of ice crystals (which in MIMICA only produces

raindrops, no cloud droplets)
precip Precipitation (which does not affect cloud droplets in MI-

MICA because they are assumed to have no fall velocity)
dep Deposition of water vapor
subl Sublimation from frozen hydrometeors

and the larger-scale dynamics. Within this coupled system, hydrometeor masses
undergo advection and influence the atmospheric flow, while the exchange of
latent heat directly modifies the modeled potential temperature.
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Chapter 5

Summary of appended
papers and outlook

This thesis addresses the representation of cloud phase in mixed-phase clouds
(MPC) and aims at advancing the modeling of these clouds. To this end, three
studies were conducted using both LES (large-eddy simulation) and GCM
(general circulation model) frameworks. The first study proposes a new ice
nucleation parameterization, the second evaluates the relative importance of
four microphysical processes across three different GCMs, and the final study
investigates the sensitivity of an Arctic MPC to aerosol and microphysical
quantities.

5.1 An ice nucleation parameterization incor-
porating stochastic variability

Accurately modeling both the liquid and ice phase is essential to represent clouds
and their radiative interactions, as well as precipitation formation. A primary
driver of cloud phase is heterogeneous ice nucleation, a process occurring at
scales so small that it always must be parameterized in atmospheric models.
However, the parameterization of heterogeneous ice nucleation typically suffers
from three common drawbacks:

• Computational complexity: These schemes often require detailed input
from the driving model, such as aerosol number concentrations, type
and/or size. The availability of this input depends on the specific model
and the aerosol particle species implemented within it. This input re-
quirement creates a significant constraint, as parameterizations based
on observations of very specific aerosol types, such as fungal spores or
bacteria, are incompatible with models that lack a detailed differentiation
between aerosol particle species.

• Limited validity: These parameterizations can be restricted to specific
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ranges of temperature or vapor saturation, depending on the underlying
measurements.

• Lack of INPC (ice-nucleating particle concentration) variability: Most
schemes yield a single, fixed INPC value for a given set of conditions
(temperature, vapor saturation, aerosol concentration, aerosol particle
size and type). This static value serves as the base for the ice nucleation
parameterization. Such a static approach fails to represent the full range
and variability of observed values.

Paper 1 addresses all of these limitations by introducing a stochastic approach:
The scheme only requires temperature as input from the driving model and
remains valid across the entire temperature range of heterogeneous freezing.
By drawing INPC values randomly from a relative frequency distribution
(RFD), the parameterization returns an INPC that reflects the full range and
variability of observations. This INPC RFD is derived from the observations
that INPCs at a given temperature follow a log-normal frequency distribution.
The resulting RFD is valid for remote locations.

The Arctic is representative of such pristine conditions, and thus we tested
the new parameterization in a large-eddy simulation (LES) of a relatively
warm AMPS (Arctic mixed-phase stratiform cloud) with in-cloud temperatures
between -7 and -10 ◦C using the MIMICA model. LES modeling of AMPS
provides an ideal testbed for new microphysical parameterizations due to the
typical longevity of these clouds and their high sensitivity to cloud phase. The
ice content of the resulting simulated cloud exhibited a magnitude consistent
with observations. The results showed that cloud ice content depends linearly
on the median INPC of the RFD, and exponentially on the standard deviation of
the distribution. A sensitivity test with a fixed median INPC instead of random
drawing from the RFD resulted in almost no cloud ice. This result highlights the
importance of the stochastic approach, as the consistent application of a single
value is equivalent to standard parameterizations that yield only one INPC
value for a given set of input parameters. However, the amount of cloud ice was
also sensitive to the frequency of the random draws and the model resolution.
Essentially, a reduction in the total number of draws—resulting from either a
lower drawing frequency or coarser spatial resolution with fewer grid cells—led
to a corresponding decrease in the modeled IWP. This dependency presents
a significant challenge for the implementation of the scheme into different
models, particularly those operating with lower temporal or spatial resolution.
Nevertheless, this work demonstrates that a parameterization based on random
drawing from an INPC RFD can improve the LES of AMPS, although further
amendments are still required (see Outlook). Following these refinements, our
heterogeneous ice nucleation parameterization will allow for straightforward
implementation into global models. Once properly tuned, such an integration
has the potential to enhance the global representation of cloud phase.
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5.2 Divergent cloud phase sensitivity to mi-
crophysical processes across global climate
models

The relative importance of ice nucleation compared to three other microphysical
processes that directly affect the amount of ice in MPCs is analyzed in Paper 2.
Additionally, the spatial resolution coarsens from LES to the global scale, since
three general circulation models (GCMs) are compared. We applied a factorial
analysis to determine the impact of primary ice nucleation (PIN), secondary ice
production (SIP), sedimentation, and transport of ice crystals. The objective
was to identify whether the models agree that certain processes dominate,
which would allow for targeted recommendations on where to focus model
development. However, the three models converge only in one specific area:
PIN dominates in high northern latitudes at low mixed-phase temperatures.
In all other mixed-phase temperature ranges and regions, the models fail to
reach a consensus on the most or least important process.

We additionally implemented a unified SIP parameterization across the
three GCMs to compare one specific process in a consistent framework. Despite
this identical representation, the importance of SIP varied substantially between
the models. One model showed no response to SIP regarding the cloud phase,
while the other two exhibited varying sensitivities across temperatures and
geographical locations. This result demonstrates that fundamental differences
exist in how microphysical processes interact with the rest of each model
framework.

Together with the process analysis, the main implication of our findings is
that microphysical process studies based on single models cannot claim general
results for the global climate system. Furthermore, the divergence in the
relative importance of the four processes suggests that it is preferable to obtain
direct process rates from observations rather than relying on state variables to
tune model processes. Additionally, we conclude that microphysical processes
must be viewed as a collective, both in terms of observational constraints and
model representation. Finally, this work questions whether the traditional
approach of treating cloud microphysics as a chain of individual processes
remains appropriate, or if it is instead possible to describe microphysics as a
single net process.

5.3 Cloud-phase sensitivities to aerosol and mi-
crophysical parameters

Paper 3 shifts focus from microphysical processes to individual observables
that are input into models, analyzing which out of four parameters exert the
greatest influence on the cloud phase of a separate AMPS.

The original objective of this study was to combine vertically resolved
aerosol particle and INP observations into a closure study using the MIMICA
LES model. However, an ice nucleation parameterization based on observed
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in-cloud INP concentrations resulted in no simulated cloud ice because the INP
concentrations were too low. Consequently, it was necessary to prescribe ICNC
(ice crystal number concentration) to reproduce the observed LWP (liquid
water path) and IWP (ice water path).

We transitioned to a factorial analysis to evaluate how simulated LWP,
IWP, and downward longwave radiation at the surface (DWLW) respond to
variations in aerosol number concentration (ANC), aerosol type, ICNC, and
ice habit. Using two values per parameter, this approach revealed that ANC
had the largest impact on simulated LWP and DWLW. This high sensitivity
originates from the lower ANC value reaching the CCN-limited regime, where
concentrations are too low to provide sufficient CCN for the condensation
of all available water vapor, even at saturated conditions (Mauritsen et al.,
2011). These results suggest that ANC must be measured at cloud level
rather than the surface to remain representative, as discrepancies between
surface measurements and in-cloud droplet numbers occurred in this specific
case (Pohorsky et al., 2026). ICNC clearly dominated the variability of IWP,
and was the second-most important parameter for LWP and DWLW. This
parameter impacts the simulated cloud phase directly, as it prescribes the
minimum number of ice crystals in cloud regions where the temperature is
below -5 ◦C, and the two tested ICNC values differ by two orders of magnitude.
Ice habit consistently ranked third among the four parameters, yet it dictated
whether the cloud remained mixed-phase or transitioned into a purely liquid or
ice state. The two tested ice habits in this study are columns and plates; for a
given mass, plates exhibit a larger characteristic size in MIMICA, which leads
to enhanced deposition. In cases with high ICNC, this increased deposition
triggered total cloud glaciation via the WBF (Wegener-Bergeron-Findeisen)
process, showing that the influence of habit remains closely coupled to ICNC.
In contrast, aerosol type exerted only a negligible influence on this specific
case.

This study demonstrates that the overall phase state of AMPS can be cru-
cially determined by the ice habit, highlighting that models need to distinguish
between different ice habits. We conclude that observing ANC, ICNC (or INP
concentrations up to warm temperatures alongside secondary ice processes),
and ice habit is essential for future Arctic campaigns. To be most relevant for
modeling, these properties should be observed at cloud level rather than at the
surface. Successful integration of such observations requires models to possess
the specific capability to process this information, particularly the ice habit.

5.4 Concluding remarks and outlook

Motivated by the critical role of cloud phase in cloud-radiation interactions and
precipitation formation, this thesis aimed to advance the modeling of cloud
phase in MPCs. Drawing upon both LES and GCM frameworks, the primary
conclusions are summarized as follows:

• This work developed a new heterogeneous ice nucleation parameterization
that generates significant ice mass in a relatively warm AMPS. The
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scheme incorporates random drawing from INP concentration distribu-
tions based on observations, thereby overcoming typical limitations of
other parameterizations.

• A comparison across three GCMs demonstrated a lack of consensus
regarding the relative importance of four microphysical processes, indic-
ating that single-model studies cannot definitively characterize process
importance in the global climate system. The divergence among models
questions whether the traditional approach of representing individual
microphysical processes in isolation remains appropriate for large-scale
model frameworks.

• Large-eddy simulations of a different relatively warm AMPS revealed
that cloud phase is highly sensitive to ANC, ICNC and ice habit, whereas
aerosol type exerts negligible influence. These findings specify crucial
observational targets in future Arctic campaigns and highlight the need
for habit-sensitive microphysical parameterizations.

This research provides direct suggestions for model improvement and simultan-
eously identifies new questions for future investigations. The following sections
describe potential research projects designed to further advance the modeling
of mixed-phase clouds.

5.4.1 Refining and scaling the stochastic freezing para-
meterization in Paper 1

A primary step following Paper 1 is to further investigate the frequency of
random drawing and the impact of model resolution, as both factors likely
influence the portability of the scheme to other models. In the current imple-
mentation, a random selection occurs for each model grid cell at every time
step; consequently, the degree of randomness depends on the model resolution.
To resolve this dependency, the spatial and temporal variability of the random
drawing could be constrained independently of the model grid scale. Alternat-
ively, for coarse-resolution models, sub-stepping within each grid box could be
performed by drawing more frequently than the actual model time step.

Following the mitigation of these resolution dependencies, the next natural
step involves evaluating the parameterization within different models and across
a wider variety of cloud cases. Specifically, testing the scheme for cases with
lower temperatures is essential, as these conditions exhibit significantly higher
rates of ice nucleation. Ideally, such cases would include reliable observations
of cloud ice to enable a more quantitative evaluation of the parameterization.
Apart from varying thermodynamic conditions, diverse aerosol populations and
sources should also be investigated. The INPC distributions must be adapted
for such cases, as the current formulation assumes remote maritime aerosol
particles. This adaptation can be achieved by modifying the median and width
of the INPC RFD to the new aerosol population. Applying the scheme to
diverse cases and models would provide deeper insights into its universality.
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5.4.2 Regional GCM analysis and comparison with the
SOCRATES campaign

A follow-up study to Paper 2 is currently in progress, using GCM simulations re-
stricted to the Southern Ocean with increased temporal resolution: the analysis
in Paper 2 was based on monthly averages, while the Southern Ocean study will
be based on three-hourly values. During the simulated period, the extensive SO-
CRATES aircraft campaign (McFarquhar et al., 2021) provided comprehensive
in-situ and remote sensing observations of the vertical distributions of clouds
and aerosol particles, including CCN and INPs. The primary objective of this
study is to perform a factorial analysis to quantify process relevance on this
smaller domain while leveraging the vast observational data to evaluate model
performance of all three models. The Southern Ocean remains a region where
most GCMs exhibit their largest radiation biases; consequently, we anticipate
that the models will again lack consensus regarding the relative importance
of the four microphysical processes. However, the high-quality observations
from SOCRATES may permit process-based evaluations that can be compared
directly with the GCM simulations. By moving from monthly and large-scale
averages to a data-rich regional focus, we aim to identify whether the inter-
model divergence stems from fundamental differences in process interactions or
from the misrepresentation of specific aerosol-cloud environments.

5.4.3 Expanding the parameter space and ice habit de-
pendencies in Paper 3

Broadening the parameter space of Paper 3 would provide valuable physical
insights. One promising approach involves replacing the prescribed ICNC
with an evaluation of two different ice nucleation parameterizations. Possible
schemes to include are the one proposed in Paper 1 and the parameterization
by DeMott et al. (2010) which depends on temperature and the concentration
of large aerosol particles. The latter option is particularly feasible, as vertical
concentration measurements for large aerosols are available from the analyzed
campaign. Transitioning from a prescribed ICNC to prognostic ice nucleation
schemes would establish a more physically rigorous simulation setup. Further-
more, employing a scheme that depends on the entire aerosol size distribution
(e.g., Phillips et al., 2008) could lead to a stronger influence of ANC on IWP.

Investigating specific habit-dependent coefficients within MIMICA offers a
second logical extension. Our findings in Paper 3 indicated that the mass-size
relationship primarily influences the simulated cloud via the deposition rate.
However, other coefficients in the deposition rate equation and the mass-fall
velocity relationship also depend on the ice habit and may exert a considerable
impact. Isolating the individual contributions of these various factors would
further clarify the physical mechanisms through which ice habit governs cloud
evolution.

Expanding the factorial analysis to include turbulence and boundary condi-
tions represents a third pathway. Potential MIMICA input variables include
surface roughness lengths, the turbulent Prandtl number, surface temperature,
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geostrophic wind, or large-scale divergence. Combining some of these para-
meters with the previous aerosol and microphysical parameters could clarify
whether cloud microphysics, turbulence, or boundary conditions exert the
dominant influence on the simulated AMPS.

5.4.4 Implementing a radar simulator into MIMICA

During the investigation of the AMPS case in Paper 3, I began comparing the
MIMICA simulations against additional cloud radar observations. Specifically,
radar reflectivity and the radar-derived Doppler velocity of hydrometeors are,
in theory, relatively straightforward to calculate in MIMICA. For specific
hydrometeor sizes and shapes, the radar reflectivity is proportional to the
second moment of the mass distribution. However, the non-spherical shape
of ice crystals can cause significant discrepancies when calculations rely solely
on mass distribution. To address this, one group in our division at Chalmers
has developed an extensive database of scattering properties for various ice
habits, spanning diverse size distributions and instrument frequencies. A
logical continuation of this initiated work would be to fully incorporate habit-
dependent calculations of radar reflectivity and Doppler velocity into MIMICA.
This integration would permit a more robust comparison between simulations
and observations, moving beyond integrated bulk properties like LWP and
IWP to include more direct cloud radar measurements.

Furthermore, a co-author of Paper 3 has already initiated related work to
retrieve cloud-top ICNC from radar data. This retrieval process relies on several
assumptions regarding the ice crystal size distribution and the parameters of the
ice crystal size-fall velocity relationship. Comparing these variables—ICNC, size
distribution parameters, and size-fall velocity relationship parameters—with
MIMICA simulations will provide a critical evaluation of MIMICA simulations
and the assumptions currently used within the model.
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