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ABSTRACT

Clouds cover a large part of the Earth and are relevant for the hy-
drological cycle and the Earth’s radiative budget. Clouds are very
frequent in the Arctic, where they warm the surface most of the year
in contrast to the rest of the globe. Low-level clouds are especially
common in the Arctic and frequently contain supercooled liquid and
frozen water simultaneously. The cloud’s composition and radiative
properties depend on the aerosols available for droplet or ice particle
formation and the microphysical processes that drive the hydrome-
teor growth and interactions between the hydrometeors. Changes in
the composition of clouds due to climate change can affect the cloud’s
radiative properties. Such changes can impact the larger climate sys-
tem and amplify or dampen the warming. However, it is not fully
clear what effect the changes in cloud properties and occurrence will
have in the future. These uncertainties in models are due to several
challenges, and one of the main ones is the representation of subgrid-
scale microphysical processes in clouds. These processes, as well as
the availability of aerosols, must be parameterised. These microphys-
ical parameterisations inherit the knowledge gaps which still exist re-
lated to microphysical processes. With inaccurate parameterisations,
models cannot correctly capture the radiative properties of clouds,
and climate models can hardly quantify the impact of clouds in a
warmer climate.

To address this issue, this thesis evaluates cloud-resolving simu-
lations performed for a region of Svalbard, centred at Ny-Alesund.
Ny-Alesund offers a variety of long-term measurements which are
used as a reference. This location further provides a complex topog-
raphy to challenge the model. As the chosen model was the ICON
(ICOsahedral Nonhydrostatic) model, which was developed for Ger-
many, the first goal is to evaluate the model’s overall performance. It
is shown that the model can capture large-scale features such as the
wind flow and temperature profiles well. Compared to the observa-
tions, it also shows a similar cloud occurrence, but it is noticeable that
there is an apparent underestimation of the mixed-phase clouds. It
was further found that the liquid water path (LWP) is skewed towards
higher values, so it became clear that the model glaciated clouds ex-
cessively. This misrepresentation of the cloud phase-partitioning has
also been found in other models and was therefore further explored
in the second study. The second study gave insights into whether
the supercooled liquid representation would change using different
aerosol settings. For this, the activation and nucleation schemes of



cloud condensation nuclei and ice nucleating particles were adjusted
to fit the Arctic better, where the aerosol concentration is lower than in
the mid-latitudes. This led to a substantial decrease in water droplets
for the lower concentrations and increased raindrop concentrations.
The LWP was further found to be better captured compared to the
observations for lower LWP values. It seemed, though, that the lower
aerosol numbers caused an over-correction of the LWP with no high
LWP values for the new setup. Additionally, the change in the num-
ber of mixed-phase clouds was minor, indicating that the phase-chan-
ging microphysical processes potentially play a larger role in creating
mixed-phase regimes.

To look further into the microphysical processes, a diagnostic tool
was implemented that enables the output of the microphysical pro-
cess rates. This tool was then used to explore which processes con-
tribute most to the phase changes of hydrometeors. Here, it was
found that there were clear differences between polar night and po-
lar day, presumably to a large extent because of the temperature dif-
ferences. Further, it became clear that phase changes via the vapour
phase dominated and this also showed in the occurrence of the Wege-
ner-Bergeron-Findeisen process, which could be quantified. To sum-
marise, three main questions are addressed related to the perfor-
mance of the ICON model in the Arctic, the impact of aerosols on
supercooled liquid, and the microphysical processes contributing to
phase changes. Combining all results, the picture emerged that sub-
stantial improvements in the representation of the phase-partitioning
of clouds, especially low-level clouds, are necessary in ICON. These
improvements can only be achieved by looking at both the aerosols
and the microphysical processes. A better understanding of which
mechanisms in models play a role in determining cloud properties
has been achieved through the thorough investigation of long-term
cloud-resolving simulations and the cloud microphysical processes.
The methodological approach of using a large simulation data set,
in combination with the implementation of a diagnostic tool, can be
used in future studies and enables an increased understanding of
why models behave in certain ways.
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WHY STUDY CLOUDS IN THE ARCTIC?

1.1 awarming arctic

To begin with, focusing on the Arctic, it is necessary to explain the
relevance of Arctic atmospheric research. By now, it is undeniable
that the Earth is warming due to human-made emissions and that
this has started to show in many locations around the globe, includ-
ing the Arctic (IPCC, 2021). This rapid climate change is known to
harm Earth's nature, including humans. In the Arctic, the warming is
most visible from October to May (Figure 1, AMAP, 2021) and shows
spacial inhomogeneities. The implications of the changing Arctic cli-
mate are not limited to the Arctic. The changes are also thought to
impact the mid-latitude circulation, potentially causing an increase
in extreme weather (Francis and Vavrus, 2012; Handorf et al., 2017).
The warming of the Arctic is taking place faster than the average
warming of the globe and is referred to as Arctic Ampli cation (AA).
In several studies, the ampli cation factor was found to be around
two to three (e.g. Bekryaev, Polyakov, and Alexeev, 2010; Drucken-
miller et al., 2021; Walsh, 2014), but a recent study by Rantanen et al.
(2022) suggests the warming could even be taking place four times as
fast. The reasons for these discrepancies are mainly the difference in
the de nition of the Arctic region, the analysed period, and the data
sources evaluated in the different studies. As discussed in Rantanen
et al. (2022), current climate models tend to underestimate the Arctic
ampli cation factor compared to past observations substantially.

The question arises why the warming in the Arctic is so much
stronger than elsewhere on the globe. Here feedback mechanismmeme
into play. These mechanisms can be self-damping (negative feedback)
or self-strengthening (positive feedback) cycles. Global climate mod-
els are an essential tool to quantify these feedbacks. In the Arctic,
several feedback mechanisms are causing the ampli ed warming. An
overview of feedbacks in polar regions is given in Goosse et al. (2018).
The radiative feedbacks are the Plank, lapse rate, surface-albedo, wa-
ter vapour, and cloud feedback. Of these, the lapse-rate and surface-
albedo feedback are currently considered the dominating feedbacks
(Block et al., 2020; Pithan and Mauritsen, 2014). The total effect of
the cloud feedbacks is one of the most uncertain feedbacks, and it is
unclear whether it is positive or negative (Goosse et al., 2018). The
adapted Figure 2 from Block et al. (2020) shows the global distribu-
tion of the contribution of the total cloud feedback to the multimodel-

"It is unequivocal
that human

in uence has
warmed the
atmosphere, ocean
and land.
Widespread and
rapid changes in the
atmosphere, ocean,
cryosphere and
biosphere have
occurred.”

- IPCC (2021)
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Figure 1: "Arctic near-surface air temperature trends for the 49-year period
1971-2019 for the freeze-up season (October through May) and
‘melt season' (June through September). The trend metric is the
linear regression temporal slope multiplied by the time-span in
years." This gure and caption are from AMAP (2021), free to use
for educational purposes, and were published by the Arctic Moni-
toring and Assessment Programme (AMAP).

mean top of atmosphere (TOA) radiation feedbacks. They used sim-
ulations from the Coupled Model Intercomparison Project phase 5
(cmiIP5). The cloud feedback shows different signs depending on the
region and is marked as uncertain in almost every region. This uncer-
tainty is largely connected to unresolved processes in global climate
models (GcMs), including cloud microphysics, turbulence and con-
vection, which cause a large spread in the cloud feedback between
models (Ceppi et al., 2017). Besides the small-scale processes, large-
scale processes such as poleward moisture and energy transport are
occurring and as Jenkins and Dai (2022) formulated it, "[...] it is un-
clear what processescauseAA and what processes result from AA".
Currently, there is the ambition to improve the process understand-
ing by running global cloud-resolving (approx. < 3 km resolution, see
discussion in Satoh et al., 2019) simulations to avoid at least some of
the parameterisation problems. For this, several uni ed modelling
systems have been developed, including the iIcON (ICOsahedral Non-
hydrostatic) modelling framework, which enables climate, weather
and large-eddy simulations with the same model (Crueger et al., 2018;
Dipankar et al., 2015; Zangl et al., 2015). Being able to perform high-
resolution simulations can further add great value when studying
speci ¢ locations. This thesis uses cloud-resolving simulations and
focuses on the Svalbard region.

One reason to focus on Svalbard is the strong warming occurring
there. As previously mentioned, the warming of the Arctic is occur-
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Figure 2: Global distribution of the contribution of cloud feedbacks to the
multimodel-mean TOA radiation feedbacks (W m 2 K 1). Posi-
tive feedback effects, causing an ampli ed warming, are indicated
by positive values. Block et al. (2020) considered 13cmiP5 mod-
els in this study, and hatched areas represent "areas where less
than 12 models (92 % of data sample) agree with the sign of the
multimodel-mean and are therefore considered to be insigni cant".
This gure is the subplot b from gure 2 published in Block et al.
(2020) under the CC BY 4.0 licence.

ring at different speeds in different locations. In Figure 1, one can
see that the region East of Svalbard shows the strongest warming be-
tween October and May compared to the rest of the Arctic. Already

a decade ago, Fgrland, Benestad, et al. (2011) found an average win-
ter temperature increase of 3.5 °C at single stations in Svalbard from
1981-2010 and a 0.5-1.0 °C increase in summer. Isaksen et al. (2022) re-
inforced these ndings and discussed the impact of the pronounced
warming of the Barents Sea. The strong warming of this area is be-
lieved to be partially connected to the sea ice decrease, the in ow of
warmer Atlantic water and the advection of warm, moist air from the
lower latitudes (Dahlke and Maturilli, 2017; Lind, Ingvaldsen, and
Furevik, 2018). Therefore, there is great interest in the region concern-
ing atmospheric research.

Svalbard provides one of the few locations in the Arctic where per-
manent observations can be made. In Ny—AIesund, which is located
in the west of Svalbard (78.9 °N, 11.9 °E; close-up map in Section 4.2
Figure 5), a research base was established and is operated year-round.
Permanent measurement stations are scarce in the high Arctic. Thus,
this location has been studied extensively and provides a multitude of
different observational data sets (e.g. Ebell et al., 2020; Maturilli and
Kayser, 2017; Nomokonova et al., 2019). The rst study presented in
this thesis (Chapter 5) makes use of some of this observational data to
evaluate the performance of the atmospheric model ICON in the Arc-
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tic. Due to the distinct features of the surrounding of Ny-Alesund,
glaciers, mountains, and fjords, current research also focuses on how
representative this location is for the broader Arctic. A range of instru-
ments enables the research of clouds and humidity and are partially
used in this thesis. Why clouds are especially of interest is explained
in the following section.

1.2 arctic clouds

Globally, clouds cover roughly 70 % of the Earth when looking from

a satellite perspective (Stubenrauch et al., 2013). The Arctic is on the
cloudier side, with spatial average values around 60-70 % during the
winter and a maximum during the summer and early autumn with
around 80-100 % cloud cover (Liu and Key, 2016; Mioche et al., 2015).
These clouds play an essential role in the hydrologic cycle and im-
pact the Earth's radiative budget. The physical processes relevant to
clouds in the Arctic are the same around the globe. Nevertheless, cer-
tain types of clouds and connected dynamics are more common in
the polar regions than in comparison to the mid-latitudes or tropics.
Several factors contribute to this, possibly the most obvious being the
absence of incoming solar radiation during the polar night. Another
factor is that the surface is often covered by sea ice and snow, with
high albedo. Further, the Arctic atmospheric boundary layer ( ABL)
is often stably strati ed with frequent temperature inversions (Tjern-
strom and Graversen, 2009), and humidity inversions (Solomon et
al., 2011; Vihma et al., 2011). Maturilli and Kayser (2017) also found
these frequent inversions, especially in winter, in Ny-Alesund using
an extensive set of radiosondes. Additional differences are the lower
aerosol load in the Arctic (Chapter 3 in Lohmann, Li6nd, and Mabhrt,
2016) and dryer atmosphere compared to lower latitudes. As a con-
sequence of the lower speci ¢ humidity and less convection occur-
ring in the Arctic, Arctic clouds are thinner and contain less water
than mid-latitude clouds (Serreze and Barry, 2014). This entails po-
lar clouds having a higher relative transmittance with consequences
for the radiative budget. Due to the low temperatures in the Arctic,

a substantial amount of Arctic clouds are mixed-phase, with Mioche
et al. (2015) reporting an average occurrence of mixed-phase clouds
(Mpcs) around 30 to 50 % in the Arctic. For Svalbard, they report an
even higher average percentage between 45 and 60 %. As this thesis
focuses in parts on low-level clouds (LLCS), the next section will pro-
vide a more in-depth explanation of their occurrence, structure and
dynamics.

occurrence and composition of llc More than half of the
frequently occurring cloud types in the Arctic are low-level strati-
form clouds (Eastman and Warren, 2010). Mioche et al. (2015) further
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found that the occurrence of low-level MPCs, between 500 m and
3000 m, dominated the MPC occurrence in Svalbard. They found that
during the winter months, more than 80 % of the MPCs were low-
level. Mioche et al. (2015) used spaceborne remote sensing, which
has higher uncertainties towards the ground. Gierens et al. (2020)
and Nomokonova et al. (2019) in contrast, used ground-based remote
sensing instruments located in Ny-Alesund and con rmed the fre-
guent occurrence of low-level MPCs. The amount of liquid-containing
clouds follows a clear yearly cycle with a maximum in summer and
fall and a minimum in winter, although the surface types play a role

in this context. Clouds over the open ocean, for instance, have been
found to have a higher LWP in comparison to those over permanent
ice and land (Cesana et al., 2012; Yu, Taylor, and Cai, 2019). Another
aspect of these liquid-containing clouds is that they have been found
to be quite persistent. For many case studies, the persistency has en-
abled the analysis of the same cloud system for several hours to days
(e.g. Shupe, Daniel, et al., 2008; Shupe, Kollias, et al., 2008; Solomon
et al., 2011). Gierens et al. (2020) approached this statistically and
found that persistent low-level MPC, with minimum 1 hr lifetime,
covered 23 % of the analysed time. The persistence of Arctic LLCs
can be better understood if one looks at the structure and dynamics
in liquid-containing low-level clouds.

structure and dynamics of liquid containing clouds

Arctic liquid-containing LLCs have been well researched, and much
is known about their overall structure and the dynamics maintain-
ing them. As described by Morrison, Boer, et al. (2012) and others,
it has been observed that stratiform mixed-phase clouds have one or
more thin supercooled liquid containing layers. These layers may also
contain ice particles, which precipitate, creating a region of frozen hy-
drometeors below the liquid-containing layers. This causes a distinct
structure with the liquid at the top of the cloud and frozen hydrom-
eteors below. The supercooled liquid close to the cloud top further
causes radiative cooling and, as a consequence, turbulence, which
can also enhance the lifetime as the well-mixed cloud layer is main-
tained. Shupe, Kollias, et al. (2008) looked at low-level Arctic clouds
and studied the impact of updrafts and downdrafts, which can act
as sources and sinks for hydrometeors. They found that both the lig-
uid water path ( LwP) and the ice water path (IwP) increase when
there are upward motions. Another factor which acts as a cloud wa-
ter source is the entrainment in the upper cloud region, where an ad-
vected moisture in ux can increase the cloud lifetime. Besides these
in-cloud mechanisms, these clouds depend on the boundary layer
structure. Previous studies have found that these clouds are often
entirely or predominantly decoupled from the surface (Gierens et al.,
2020; Solomon et al., 2011), which means that the surface mixed layers

Supercooled liquid:
water in the liquid
form below 0 °C.

LWP: Integrated
liquid water in a
column over a unit
surface area.

IWP: Integrated ice
water in a column
over a unit surface
area.
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do not mix with the cloud-mixed layers. The lower tropospheric sta-
bility has also been found to control the LWP in Arctic clouds strongly.
Murray-Watson and Gryspeerdt (2022) found that an increase in LWP
is possible for high-stability conditions. They reason that stronger sta-
bility inhibits the mixing of moist and dry air, therefore maintaining
the LWP. These studies show that Arctic low-level liquid-containing
clouds depend on many factors, including meteorological features,
which must be captured in models if one wants to simulate these
clouds. Studies focused on process understanding in clouds bene t
from our increasing ability to perform cloud and partially turbulence-
resolving simulations. This enables a direct comparison with the ex-
isting long-term local measurements and campaigns.

1.3 cloud feedbacks and their relevance for the cli -
mate

the cloud -radiative effect To understand the relevance of
clouds in the climate system, it is necessary to understand the role
of clouds in Earth's radiative budget. As formulated by Ramanathan
et al. (1989), the cloud radiative effect (CRE), also referred to as cloud
radiative forcing, C is the sum of the shortwave (Csy) and longwave
(CLw) clear-sky and all-sky radiative components.

C=GCswt Cw (1)

with  Csw = S(acjear @)
and Gw = Fgear F

where S is the solar irradiation (shortwave, sw) and a,ageqr are the
albedo for all-sky and clear-sky conditions. F is the longwave (Lw)
radiation ux emitted into space for clear ( Fea) and all-sky (F) con-
ditions. While the CRE can be calculated for the surface and the
top of the atmosphere (TOA), the latter is generally used to quan-
tify cloud feedbacks. Henderson et al. (2013) found that, on average,
the net TOA CRE and the net surface CRE are negative, indicating
that clouds overall cool the Earth. There are strong differences in

the CRE at different locations depending on the incoming solar ra-

diation, predominant cloud types, and surface types. Ramanathan et

al. (1989) discusses that clouds generally have a higher albedo than
ocean or land except when there is a show or ice cover, which con-
nects to the special circumstances of Arctic clouds mentioned pre-
viously. This means while in the mid-latitudes, a cloud may have a

shortwave negative CRE (Csyy), emitting more SW radiation towards

space than clear sky, this can be the opposite in the Arctic, depending
on the surface type. Ebell et al. (2020) clearly show this difference for
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different albedo types, where the net surface CRE is positive for high
albedos and negative for low albedos. When looking at the Arctic, it
is further obvious that there is no shortwave cloud forcing during po-
lar night when there is no solar irradiation. This means that the CRE
has a net warming effect at the surface during the polar night due
to the downwelling LW radiation (Curry and Ebert, 1992; Henderson
et al., 2013). Consequently, the CRE follows a clear annual cycle in the
Arctic, where clouds warm the surface most of the year with a short
cooling period during summer (Curry and Ebert, 1992; Shupe and In-
trieri, 2004). Ebell et al. (2020) quanti ed the CRE for Ny-Alesund and
also found a positive net surface CRE during most of the year, except
in summer. Their results gave a yearly average for the surface CRE
of +11.1 W m 2, indicating that clouds, on average, warm the sur-
face in Ny-Alesund. Another interesting aspect of the Arctic is that
the combination of surface types, with clear and cloudy sky, creates
a four-mode structure of the terrestrial net irradiance, where clear
and cloudy and sea ice and ocean can be distinguished (Wendisch
et al., 2019). From a climate perspective, changes in clouds that cause
a change in the CRE are of interest as this will impact the Earth's
energy budget. Cloud feedbacks describe how the clouds will react
to the warming climate as part of the climate system to restore the
Earth's radiative balance. Therefore, it is important to quantify the
CRE and cloud feedbacks and to reduce the uncertainties related to
clouds in climate models (Ceppi et al., 2017).

Several studies have looked into the cloud properties that in uence
the CRE in the Arctic. Shupe and Intrieri (2004) and Ebell et al. (2020),
for instance, show that liquid-containing clouds have a much larger
impact on the CRE than pure ice clouds. Ebell et al. (2020) show for
Ny-Alesund that the LW surface CRE increases with increasing LWP
until it converges around 75 W m 2 for dense clouds. A study by Ben-
nartz et al. (2013) showed that low-level liquid clouds contributed to
the melting of the Greenland ice sheet during the period which they
studied. They found that thin low-level liquid clouds with a LWP
between 10 and 40 g m 2 can cause more substantial warming than
liquid-containing clouds with higher LWP. The thin liquid clouds lie
in an optical thickness range that causes downward solar radiation to
penetrate the cloud but inhibits the outward longwave radiation from
escaping, therefore causing more substantial warming of the surface
layers. Representing thin and supercooled liquid-containing clouds is
challenging for climate models as they must parameterise the micro-
physical processes and aerosols. Even in high-resolution simulations,
such cloud microphysical parameterisations must be used. Although
cloud-resolving simulations at least avoid the issue of convection pa-
rameterisations, these microphysical parameterisations still present
considerable challenges (Morrison, Lier-Walqui, et al., 2020). Addi-
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Effective climate
sensitivity: "[...]
global surface
temperature that
would restore TOA
energy balance in
response to an
instantaneous
doubling of CQ."
(Zelinka et al., 2020)

why study clouds in the arctic ?

tionally, accurate and polar covering observations of LWP are still
lacking (Kay et al., 2016). Such de ciencies are an issue because es-
timating how much Earth's climate will change requires an accurate
representation of the energy budget. If one cannot accurately model
clouds, one cannot accurately predict changes in the CRE and, conse-
qguently, how cloud feedbacks may impact the Arctic ampli cation. A
study by Zelinka et al. (2020) looked into differences between the effec-
tive climate sensitivity(Ecs) of CMIP5 and CMIP6 models and found
an increase in the ECS in the newer model versions. They attribute
this mainly to strengthened cloud feedbacks and point out that there
are still several open questions relating to clouds in models. Other
studies focusing on the Arctic have shown that it is unclear whether
cloud feedbacks are in total negative or positive due to the differ-
ent impacts they can have on the radiative budget (Block et al., 2020;
Pithan and Mauritsen, 2014). One can see that it is necessary to under-
stand the role of clouds in the Earth's energy budget to understand
why research in this eld is necessary. In many parts, this thesis looks
at clouds; the recurring theme is the phase-partitioning of clouds. To
further provide some background on the explicit interest in the phase-
partitioning of clouds, the following section gives an overview of the
cloud-phase feedback.

the cloud -phase feedback The cloud-phase feedback, as de-
scribed by Mitchell, Senior, and Ingram (1989), is very challenging to
quantify due to the dif culties and differences in how the liquid and
ice phases are parameterised in general circulation models (GCMS).
The feedback is based on the fact that the liquid part of clouds will
increase in a warmer atmosphere. Liquid clouds are optically thicker
than ice clouds as they contain more hydrometeors and scatter sun-
light more ef ciently. Further, they can live longer than ice clouds,
which have particles with higher fall velocities, causing a higher pre-
cipitation rate. Therefore, it is reasoned that if the liquid phase in-
creases in clouds, this will decrease the warming and act as negative
feedback (Storelvmo, Tan, and Korolev, 2015). The work by Komurcu
et al. (2014) showed how six GCMs, which they compared to satel-
lite data, had very different LWP and IWP values both between the
models and in comparison to the satellite data. They also found large
differences between the models in the supercooled liquid fraction of
over 70 %. Cesana et al. (2012) did a similar experiment and found
that their chosen climate model could not reproduce the liquid wa-
ter amount in Arctic clouds compared to satellite data, which caused
an incorrect net surface radiative ux. Ceppi et al. (2017) discusses
that the spread between modelled high-latitude cloud phase changes,
which contribute to a change in the optical cloud depth, are mainly
caused by different microphysical parameterisations. These examples
show how hard it is to estimate the impact of the cloud-phase feed-
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back when the models have such large discrepancies and that im-
provements in the phase partitioning are necessary.

interactions between aerosols and clouds This thesis
focuses on cloud properties in models, and therefore, aerosols also
play a role. Aerosols can act as cloud condensation nuclei (CCN) and
ice nucleating particles (INPs), enhancing the formation of droplets
and ice particles (more in Section 3.3). In large-scale models, such as
ICON, these aerosols are parameterised using CCN activation and
INP nucleation schemes. Generally, two main indirect aerosol effects
on clouds are discussed in the literature. The rst one is the Twomey
effect (Twomey, 1974, 1977), which describes the impact of aerosol
changes on the optical properties of a cloud. If more aerosols are avail-
able and at constant LWP, cloud droplets will decrease in size while
the droplet number concentration increases, causing an increase in
optical thickness. This will increase the cloud albedo and, therefore,
change the CRE, which is believed to enhance the cooling effect of
clouds on the global average. The fundamental theory behind the
Twomey effect has been well established, but it remains dif cult to
guantify the exact impact on the CRE. Quaas et al. (2020) mention
several issues making it hard to quantify the Twomey effect, as large-
scale observations of small-scale processes are currently not possible
to the extent necessary. The second indirect aerosol effect is the Al-
brecht effect as described by Albrecht (1989). The theory is that an
increase in CCN can increase cloud lifetime by suppressing precipi-
tation formation. Increasing the number of CCN affects the droplet
size distribution, causing changes in the liquid water content of the
clouds. How exactly these connections between CCN and cloud prop-
erties work is still not fully clear though (Khain and Pinsky, 2018).
Mauritsen et al. (2011) looked at both indirect aerosol effects for Arc-
tic clouds and the radiative forcing connected to these. They found
that the cloud formation was limited by CCN availability and that
small changes in CCN concentrations could have large impacts on
the CRE in these low CCN regimes. Further, they discuss the com-
petition of cooling and warming aerosol indirect effects, where sea-
sonality plays a role, and argue that the aerosol indirect effect likely
causes warming from the average climatological perspective. INPs,
which have much lower concentrations than CCN (Lohmann, Luénd,
and Mabhrt, 2016; Morrison, Boer, et al., 2012), come into play in cold
clouds. A recent review by Burrows et al. (2022) highlighted that for
INPs, there are still large challenges in bridging the gap between ob-
servations and models. On both sides, improvements are necessary
to understand and quantify the impact of aerosols as INPs on clouds.
In light of climate change, there are many Arctic-speci ¢ questions
related to how the INP and CCN sources, concentrations and compo-
sitions will change in the future (Schmale, Zieger, and Ekman, 2021).



why study clouds in the arctic ?

For instance, the impact of the retreating sea ice, changes in precipita-
tion type, and changes in natural aerosol sources are being discussed.
This paragraph just mentioned some of the main aerosol-cloud inter-
actions and considerations related to INPs and CCNs in the Arctic.
It does not cover all processes, as that would go beyond the scope
necessary in this thesis. As one can tell, though, aerosol-cloud in-
teractions have long been a topic. While many theoretical concepts
have been established in the past, the challenge nowadays is to quan-
tify these processes and their (future) impacts. Capturing these in-
teractions is another challenge in atmospheric models. Although it
is possible to expand models to include more sophisticated aerosol
emissions, transportation, chemistry and dynamics, which is done,
for instance, in ICON-ART (ICOsahedral Nonhydrostatic model with
Aerosols and Reactive Trace gases, Schroter et al., 2018), this can cause
a considerable computational slowdown. Additionally, one cannot
fully constrain such simulations as observations are often unavailable.
Therefore, it is necessary to understand how the current nucleation
and activation parameterisations in models, which do not include a
chemical transport model, in uence simulated clouds.

summary of main points Several different topics have been ad-
dressed in the motivation of this thesis, explaining why this research
was conducted and how it ts into the larger scienti ¢ picture. These
are the major points to take away:

The Arctic is undergoing rapid changes, and to understand and
predict them, the region must be studied.

Large uncertainties in climate projections can be attributed to
the inaccurate representation of cloud microphysical processes
in parameterisations as cloud properties impact the Earth's ra-
diative budget.

The phase-partitioning of mixed-phase clouds is often not cor-
rectly represented in atmospheric models.

Cloud aerosol interactions are yet to be fully understood and
currently cannot be accurately constrained in models, especially
in the Arctic.

As discussed, there are different ways to address these challenges.
In this thesis cloud-resolving simulations are used in combination
with observations to improve our understanding of how aerosols and
cloud microphysical processes impact the phase-partitioning in Arctic
clouds.



SCOPE OF THIS THESIS

2.1 objectives

This thesis focuses on three main research questions, each with a ded-
icated chapter in the results section. The studies build on each other,
and in the following section, the research questions with a summary
of the related study and its context are given.

First research question: How well does ICON-LEM perform in
a complex Arctic environment with respect to humidity and
clouds?

The rst question, addressed in Chapter 5, sets the focus on the
Arctic. As discussed in the introduction, this region is of high interest
due to the rapid changes in its climate system. This study provides a
baseline for the performance of the state-of-the-art operational model
ICON in an environment for which it was originally not speci cally
developed. Further, the focus on clouds and humidity connects to
the larger issue that models still struggle with uncertainties in this
respect. For this purpose, the data from several months of daily semi-
operational simulations was used to evaluate the performance of the
model setup in an Arctic environment. This research was done us-
ing various observations as reference, and overall one could see that
ICON-LEM performs quite well in many aspects (e.g. temperature
and wind pro les and integrated water vapour). Some limitations
were found regarding the liquid water path and precipitation. An-
other shortcoming of the model was the substantial underestimation
of liquid-containing clouds. This study is valuable for all those who
want to use ICON, which was originally tuned for the mid-latitudes
in the Arctic. The study also provides a benchmark which shows
where improvements are necessary for the ICON model in an Arc-
tic setup.

Second research question: How does a change in the INP and
CCN parameterizations impact the liquid water path and su-
percooled liquid fraction?

As pointed out in the rst study, the used ICON setup struggled
with the liquid water in clouds. Therefore, the second study (Chap-
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ter 6) explores how a change of aerosols impacts the liquid water in
clouds. To achieve this, two months of simulations with two different
aerosol schemes are compared. The rst setup uses the default set-
tings, which are based on European aerosols, while the second setup
is more oriented towards maritime clouds, which are more similar to
Arctic clouds. These results showed that the liquid water path distri-
bution was more tting for the Arctic. It did not increase the amount

of clouds containing liquid, though. Therefore, this still remained
an open issue. Additionally, observational data was used to quantify
whether improvements in the LWP could be seen in the simulations
with the maritime aerosols. Such improvements could be seen for the
distribution of lower LWP values, which occur most frequently, and
therefore this setup was kept for the last study.

Third research question: Which microphysical processes domi-
nate the phase-partitioning in low-level Arctic clouds?

The last study (Chapter 7) is focused on the microphysical pro-
cesses in low-level Arctic clouds. The goal is to improve our under-
standing of microphysical processes in Arctic clouds, as this is neces-
sary if one wants to represent them better in climate models. Connect-
ing to the previous two studies, this study addresses the underlying
problem that representing supercooled liquid remains a dif culty in
ICON-LEM. While aerosols drastically impact the amount of liquid
water in clouds, the previous study showed that microphysical pro-
cesses must also be improved to sustain liquid water in clouds. There-
fore, this study looks into microphysical processes which change the
phase-partitioning of a cloud. Here, the low-level clouds are the main
focus as these often are mixed-phase. To obtain the process rates
from previous simulations, a diagnostic tool (microphysical wrapper)
was developed and implemented and enabled the analysis of eight
months of daily simulations. The results give an idea of which pro-
cesses could potentially be modi ed to reduce the lack of liquid water.
Additionally, an overview is given of the regimes in which a process
is active. These insights can help to set the focus for future model
improvements and the diagnostic tool can be used to Il gaps in our
understanding of cloud microphysics.

Each of these studies was only possible due to two major method-
ological achievements. The rst achievement is the setup of continu-
ous cloud-resolving simulations for an Arctic environment that pro-
vide daily insights. A collection of simulations has been created, which
covers ca. 3 years. This setup is described in the method Section 4.2.
Another achievement was the implementation of a "microphysics wrap-

per", which enables the output of microphysical process rates for
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a two-moment microphysical scheme used in the ICON model. An
overview of the capabilities and implementation are given in Sec-
tion 4.3.

2.2 ethical considerations of this research as a guest
in the arctic

The Arctic is home to approximately 4 million people, of which many
belong to various different Indigenous Peoples, for whom it is dif -
cult to give an accurate estimate (Larsen and Fondahl, 2014). These
people are already directly impacted by the changing environment.
Wild res, pollution, sea ice melting, extreme events and permafrost
thawing are some of the major threats to their traditions and liveli-
hoods. An example given in the report by AMAP (2021) is that hunters
in northwest Greenland report a decrease in the period when travel
by dogsled on sea ice is possible, from 5 to 3 months. In addition to
the people living in the Arctic there are many parties with different,
in parts con icting, interests in this area. This work, for instance, is
funded by the Deutsche Forschungsgemeinschaft (German Research
Foundation, TRR 172), making it clear that in a country far from the
Arctic, such as Germany, there is also an interest in the Arctic re-
gion. It must further be noted that the funding of this project is solely
for German institutes and raises the question of how we can avoid
doing "helicopter research" . A lot of knowledge already exists in
Arctic communities and we must critically evaluate how we do our
science and how we can avoid being part of a neo-colonialist scienti ¢
culture. 1, too, am a guest in the Arctic and not exempt from the cri-
tique. | have several times in my scienti ¢ surroundings experienced
a disregard towards the Arctic wildlife, Indigenous Peoples and local
communities. Efforts, for example, from publishers (Nature, 2022), or
in the collection of data (e.g. Hauser et al., 2023) are already being
undertaken to improve the way we practice science, but the scienti c
community still has a long way to go. The creation of knowledge and
understanding continues and this thesis is just a very small piece in
an enormous puzzle. Finding and putting the puzzle pieces together
is a communal task and must include those living in the regions we
study and | sincerely hope putting the pieces together will convince
and enable us to better protect the wildlife and livelihoods many hu-
mans are currently destroying.

"“Helicopter research' occurs when researchers from high-income settings, or who
are otherwise privileged, conduct studies in lower-income settings or with groups
who are historically marginalized, with little or no involvement from those commu-
nities or local researchers in the conceptualization, design, conduct or publication of
the research." (Nature, 2022)
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CLOUDS IN ATMOSPHERIC MODELS

3.1 theicon modelling framework

Before one begins to simulate a cloud, one must have an atmospheric
model, which is, in our case, the ICOsahedral Non-hydrostatic mod-
elling framework ICON Crueger et al.,, 2018; Giorgetta et al., 2018.
That ICON is a modelling framework means that different resolu-
tions, covering several scales, can be run using the same model. For
instance, it is possible to run it as a global climate model ( Gcwm), for
numerical weather prediction (ICON- NwP; Zangl et al., 2015) and as
a large-eddy model (ICON- LEM; Dipankar et al., 2015; Heinze et al.,
2017). In all versions, the underlying physics is described by the gov-
erning equations for the conservation of mass, energy, momentum,
and the ideal gas law, but different assumptions must be made de-
pending on the version. In this thesis, two ICON versions are used,
ICON-NWP and ICON-LEM. Using this approach enables the same
subgrid-scale parameterisations where possible and the same under-
lying implementation of the dynamical part. The parameterisations
represent processes which cannot be resolved given a certain grid size.
This work uses the ICON-NWP version to force the ICON-LEM simu-
lations. This means the boundary and initial conditions for the ICON-
LEM simulations stem from the ICON-NWP simulations, as the sim-
ulations are run on limited areas. The simulations that were primar-
ily evaluated were run with ICON-LEM. To explain why mainly the
LEM version of ICON was used, the following short rhyme taken
from Richardson and Lynch (2007) provides a starting point

"Big whirls have little whirls

which feed on their velocity

and little whirls have lesser whirls,
and so on to viscosity."

- Lewis Fry Richardson.

Richardson was referring to the energy cascade of eddies with dif-
ferent sizes. As an NWP cannot resolve these eddies, which have a
characteristic length from approximately 2 mm to 2 km, one can use
Large-Eddy Models (LEM) with mesh sizes of O(10 m). How much of
the energy spectrum can be resolved is determined by the mesh size
in combination with the integral length scale (averaged eddy size)
and sets the limit below which turbulence must be parameterised.
Further, one must keep in mind that the eddy size, which can be re-
solved, is always larger than the actual mesh size.
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To explain the concept behind turbulence parameterisation choices
in more detalil, it is worth taking a step back to look at traditional
mesoscale NWP simulations, e.g. the ones used as forcing in this
thesis. There, the non-hydrostatic governing equations for a rotating
sphere are solved (see Gassmann and Herzog, 2008; Prill et al., 2020).
These equations are the continuity equation for the conservation of
mass, the rst law of thermodynamics giving conservation of energy,
the Navier-Stokes equation giving the conservation of momentum,
the equation of state of an ideal gas, and additionally the equation of
conservation of water. As mentioned above, the NWP cannot resolve
turbulence; therefore, in ICON-NWP Hesselberg averaging is used
to decompose each eld f into the density-weighted mean P and its
deviation f 99Hesselberg, 1926):

f =b+ 00 (2)

This approach is similar to using the more commonly known Reynolds
average (), except that it includes the density weighting ( £ = rf / ).
For this reason, one may also speak of a RANS model indicating
that one uses the Reynolds-averaged Navier-Stokes equations. From a
model perspective, the decomposition means that there is a resolved
component of the variable f in the form of P as well as an unresolved
(subgrid scale) component f %99 This subgrid scale component repre-
sents the turbulent diffusion that must be parameterised in the NWP
model. In ICON-NWP, there are two turbulence schemes which are
used by default, one for the free troposphere (TURBDIFF, Raschendor-
fer, 2001) and one for the surface layer (TURBTRAN, Prill et al., 2020;
Raschendorfer, 2001). If one now decreases the horizontal resolution
and begins to resolve some of the large eddies, the deviation f “%from
the mean state becomes patrtially resolved. This is where Large-Eddy
models (LEMS) or simulations (LES) come into play.

Now, the tricky question is how much of the turbulence can be re-
solved in a LEM. The underlying idea of how to approach this prob-
lem is to use low-pass ltering applied to the Navier-Stokes equations.
The low-pass lter uses a cutoff frequency (a length and time scale),
below which the small-scale turbulence is discarded. As formulated
by Davidson (2004) "The idea of LES is to compute both the mean ow
and the large, energy-containing eddies exactly". This is often advan-
tageous as the large scales mostly dominate important processes such
as mass transport. As described in Dipankar et al. (2015), ICON-LEM
uses a low-pass lter to Iter the turbulent elds as:

f=f+1f0, (3)

where f is Favre- Itered. This is not the same approach as using
the Hesselberg average in Equation 2, which was mentioned above.
While both f and b represent the resolved part, P represents just
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the mean ow while f represents the mean state and the large-scale
eddies. The difference is that in the LEM Equation 3, one assumes
one can resolve the large-scale eddies, included in f so that only
the small-scale ones must be parameterised 9. In the NWP, the
large eddies must be completely parameterised (f °%in Equation 2).
In ICON-LEM, the subgrid-scale turbulence is parameterised using a
3D-Smagorinsky scheme, with adaptations following Lilly (1962) (Di-
pankar et al., 2015).

It is necessary to mention that model resolutions can lie between
the traditional mesoscale NWP (RANS) and LEM resolutions. Such
simulations are considered to be in the turbulent "grey zone", and
Honnert et al. (2020) estimates that simulations with mesh sizes be-
tween 200 m and 2 km fall into this category. Currently, this grey
Zzone is an active area of research as the increasing computational
resources have made hectometer simulations more attractive. In this
grey zone, one is confronted with the issue that neither the assump-
tions regarding turbulence parameterisations made in NWP nor in
LES hold (Honnert et al., 2020). There is a movement towards creat-
ing grey zone or scale-aware turbulence parameterizations, although
none of these are available at this point in ICON.

Besides the subgrid-scale motion, which also includes the turbulent
diffusion of moisture, other cloud properties must be parameterised
to a certain extent. In ICON-NWP, the cell size is mostly too large to
represent single clouds. Therefore, a cloud-cover parameterisation is
used to estimate how much of the cell is covered by clouds. The diag-
nostic scheme, implemented in ICON, combines the information from
the turbulence, convection and microphysics parameterisations to de-
rive the cloud distribution (Kohler, 2020). For cloud-resolving sim-
ulations, an all-or-nothing scheme (Sommeria and Deardorff, 1977)
is used, where each grid cell is either cloudy or clear. As discussed
in Satoh et al. (2019), "No consensus has emerged as to the resolu-
tion at which a model can be considered cloud-resolving”. They fur-
ther point out though that currently, resolutions around and below
4-3 km are considered "cloud-resolving”. They mention that gener-
ally, resolutions around 1 km and ner are considered to resolve con-
vection enough to enable statistical studies of a cloud/cloud system.
Therefore, convection parameterisations used in NWP models can be
turned off at the latest at subkilometer resolutions. In ICON, there is
further the option to only use a shallow convection parameterisation
for cell sizes below 5 km. As cloud properties are de ned by pro-
cesses on multiple scales, including the microscale, the microphysical
properties of a cloud are separately parameterised. The concept of
microphysical parameterisations as well as details on the parameteri-
sation chosen in the ICON simulations performed for this work, are
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given later.

Another reason one uses hectometer simulations is that the higher
the resolution, the better the topography and surface types can be re-
solved. This is especially valuable in the Svalbard Archipelago as it is
a complex environment with mountains, glaciers, fjords, open oceans,
and decreasing sea ice. Fig. 1 in Dekhtyareva et al. (2018) demon-
strates what happens when one uses a low-resolution model. The
gure shows that in ERA-Interim, the "Ny-Alesund cell" is centred
ca. 19 km to the south of Ny-Alesund on a glacier-covered mountain.
This is obviously a disadvantage in an environment with heteroge-
neous surface types and pronounced orography. For the Arctic, the
availability of highly resolved orography is more limited in ICON in
comparison to the mid-latitudes. Currently, two different choices can
be made for the orography in the Arctic, which are the GLOBE (1 km
resolution; Hastings et al., 1999) and the recently added MERIT-DEM
(90 m resolution; Yamazaki et al., 2017) data sets (Asensio et al., 2021).

Now that the advantage of using different resolutions has been
discussed, it is worth taking a moment to understand what "resolu-
tion" means in ICON. The "icosahedral" in the name ICON already
hints towards a speciality of the grid. ICON uses a staggered C-grid,
which is based on a regular, convex icosahedron which has 20 equi-
lateral faces that are shaped as triangles (Wan et al., 2013; Zang! et
al., 2015). These faces are re ned systematically to create the grids
with the desired resolution. These grids are termed as "R nBk"-grids,
where n and k determine the degree of re nement and give the num-
ber of cells asNgeys .= 20n24% (details in Zangl et al., 2015). The term
"resolution" can describe several features of a triangular cell, and in
this work, generally, the edge length of a cell is meant. In other mod-
elling contexts, the resolution can be given as the edge length of a
square. This length is shorter than that of a triangle edge with the
same area as the square. One can easily approximate the correspond-
ing square edge length using the triangular edge length Dx as% Dx.
For any chosen resolution in ICON, one must parameterise the mi-
crophysical processes. As the results in this thesis include an analysis
of these microphysical processes, the subsequent section will give an
introduction to essential concepts in this regard.

3.2 microphysical models

There are quite a few books in which cloud microphysical processes
and their parameterisations are explained. Two of these are used in
the following sections as general references: Khain and Pinsky (2018)
and Lohmann, Luond, and Mahrt (2016). Further, in this work, the
term "cloud microphysical parameterisation" is sometimes shortened
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to "microphysical parameterisation” or "microphysical scheme".

The question of how to simulate a cloud and what to parame-
terise is addressed by various different approaches as there is one
fundamental limiting aspect: the length and size scales. Depending
on what one wants to achieve, i.e. a climate projection, a weather
forecast, or the collision of two droplets in a cloud, the answer to this
guestion will be different (Morrison, Lier-Walqui, et al., 2020, Figure
2). In this work, processes below the meso-g (<2 km) are of interest,
and the main grid resolution used in this thesis lies at around 600 m.
Therefore, microphysical processes cannot be resolved and must be
parameterised, while it is assumed that the convection parameteri-
sation can be turned off, as discussed above. Several methods ex-
ist to parameterise the cloud microphysical processes, and a short
overview is given here. More background will be provided regarding
bulk schemes as this thesis focuses on a two-moment bulk scheme.
The underlying problem which must be solved is the evolution of a
hydrometeor population with time. Following Morrison, Lier-Walqui,
et al. (2020), the most general form of this evolution can be written as

ﬂ+ urf }ﬂ(er) = ﬂf

fit rfz T i

+ P+ P+ .. Py. (4)

There, f describes the hydrometeor population distribution, u is
the wind vector, r the air density, V the particle fallspeed, and Py, P,
... Py are single microphysical processes (i.e. riming, condensation,

etc.). AL describes the diffusion in physical space. Later on, the
T gt

speci ¢ de nition of f in bulk models will be discussed.

dns and super -particles The smallest possible simulation of
cloud microphysics is a particle-by-particle direct numerical simu-
lation (DNS). These simulations must have very ne resolutions ( <
1 mm) but have the advantage that they can resolve most of the tur-
bulent ow. Hydrometeors can be simulated in these simulations as
point particles using Lagrangian dynamics (Golshan et al., 2021). An-
other method is the use of a Monte-Carlo model to simulate the evolu-
tion of so-called "super-particles” (e.g. Brdar and Seifert, 2018; Shima
et al., 2009). This approach enables an in-depth study of cloud pro-
cesses, but the simulation domains for DNS are strongly restricted
by the high computational resources needed to perform such simula-
tions.

machine learning approaches The most recent method used
to understand and improve microphysical parameterisations is ma-

chine learning (ML) methods. While some research groups aim to re-
place physical parameterisations completely, others advocate to use
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ML to tune the parameters of the physical parameterisations. One
example of the latter is a tool introduced by Couvreux et al. (2020),
which enables the "learning" of suitable parameter choices for a given
parameterisation. A study by Seifert and Rasp (2020) aimed at predict-
ing warm-rain process rates solely using neural networks, which each
represent one process. A similar approach was used by Gettelman et
al. (2021) although in contrast to Seifert and Rasp (2020), Gettelman
et al. (2021) used a bin scheme as a model to learn from and not
a super-particle model. These methods have the advantage that ML
algorithms can learn from highly resolved simulations and run on
larger scales with much lower computational times. The downside is,
though, that they can behave nonphysically, do not necessarily im-
prove our understanding of microphysical processes, and can behave
unexpectedly in regimes on which they have not been trained (e.g.
climate change scenarios).

spectral bin models Spectral bin models offer the ability to di-
rectly represent the mass distribution of different hydrometeor types
without making preset assumptions of the particle size distribution
(PsD). In this approach, Equation 4 is computed for several mass bins,
which has the advantage that fewer assumptions are made and a
more extensive range of cloud conditions can be represented. A dis-
advantage is that the higher computational cost compared to bulk
models makes it less favourable for large-scale simulations.

microphysical bulk models Microphysical bulk models are
the most commonly used schemes in current GCMs and cloud-resolving
models as they are fast and can cover different levels of complexity.
In bulk models, the computation of process rates that change either
the number concentrations and/or mass of a hydrometeor is based
on analytical equations.

When it is not possible to represent single hydrometeors, one can
instead compute the characteristics of the hydrometeors for an entire
volume. The PsDis expressed as a function of the particle massm to
achieve this, f(m). Computing the moments of the PSD gives physical
insights into a cloud volume. A moment of order k for f(m) is de ned
as:

Z Minax
MK = m*fm(m)dm (5)
Mmin
This gives the particle number concentration Ns the zero-order mo-
ment.

Z Mmax
MO= N = fm(m)dm (6)

Mmin
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And as rst-order moment the mass densities.L
Z Mmax
Mi= L= m fm(mM)dm 7)
Mmin

This explains the naming of one-moment schemes, which mostly pre-
dict the particle mass density L and two-moment schemes, which in
addition to L, also predict the number concentration N. In accordance
with Equation 4, the bulk scheme predicts the change of each moment
MK which replaces f in the mentioned function.

In this thesis, the focus lies on the Seifert and Beheng (2006) scheme
(sB09, which is a two-moment scheme that predicts both N and L, al-
though L is converted into the mass-mixing ratio in the output of
ICON. The PSD (f(m)), can be approximated by a generalized G
distribution (Chapter 2, Khain and Pinsky, 2018; Seifert and Beheng,
2006, for more details). Another important concept is that hydrom-
eteors can have very different properties (density, size, terminal fall
velocity, etc.). Therefore, it is not feasible to describe all hydrome-
teor types using a single PSD. The approach chosen in SB06 was to
de ne ve hydrometeor types: cloud droplets, raindrops, cloud ice,
snow, and graupel. Later, an additional hail type was added (Blahak,
2008). Accordingly, in the ICON two-moment scheme, six hydrom-
eteor number concentrations and mass mixing ratios are computed.
An example of an alternative way to treat the hydrometeor types is
the predicted particle properties (P3) scheme by Morrison and Mil-
brandt (2015).

There they use a single ice category but use four prognostic mix-
ing ratio variables (total ice mass, ice number, the ice mass from rime
growth, and the bulk rime volume) to describe different ice particle
regimes. There are many different processes that impact the num-
ber concentration and mass density of each hydrometeor type. In the
last study presented in this thesis, these processes are evaluated for
low-level Arctic clouds. Therefore, the following section will provide
an overview of cloud microphysical processes with reference to their
implementation in SBO6 in ICON (more details in Khain and Pinsky,
2018; Lohmann, Lu6nd, and Mahrt, 2016).

3.3 microphysical processes
3.3.1 Saturation, nucleation and activation

Two important variables in cloud microphysics are the saturation
vapour pressure e; and the saturation S. e; is de ned as the water
vapour pressure e, which is in equilibrium with a liquid or solid water
surface, i.e. the air is saturated. The dependency ofe; on the temper-
ature is described by the well-known Clausius-Clapeyron equation.
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This is also true below 273.15 K, where water can be liquid and solid.
In this regime, two different saturation vapour pressures, one for lig-
uid ey and one for solid water e;, exist. The ratio of the vapour
pressure e and the saturation vapour pressure can be used to calcu-
late the saturation S = € e of an air parcel, with respect to liquid
(Sw = € &) orice (§ = € &;). Due to the molecular structure of
ice, the saturation vapour pressure is lower with respect to ice than
with respect to liquid at the same temperature (below 273.15 K). An
air parcel is unsaturated if S < 1, saturated if S= 1, and supersatu-
rated if S> 1. In models, empirically derived equations are used to
describe the saturation vapour pressure €.

Droplets and ice particles can form in cases where S > 1. Generally,
a cloud condensation nuclei (CCN) is required for a cloud droplet to
form. The CCN must reach a certain size ("critical radius") to achieve
droplet formation, which it can only do in supersaturated air. This
critical radius depends on the aerosol properties, which can vary de-
pending on the CCN. Above this radius and given that S > 1, the
droplet can grow as long as vapour is available to condensate on the
CCN; one calls this an "activated CCN". In a model, one describes
this droplet formation using a CCN activationscheme which may or
may not include different types of aerosols.

The formation of ice can occur homogeneously or heterogeneously
and is termed as nucleationor freezing Generally, supercooled liquid
droplets spontaneously freeze below 0 °C with increasing likelihood
for colder temperatures until they are all frozen around -38 °C. Homo-
geneous freezing of droplets in the atmosphere is unlikely as no INP
is involved in this process. In SBO06, this process is implemented for
temperatures below -30 °C, and below -50 °C all droplets are instanta-
neously frozen. Homogeneous freezing may also refer to the freezing
of a liquid solution, and in SBO06, it is treated in the homogeneous and
heterogeneous nucleation routine. Deposition nucleation, immersion
freezing and contact freezing all require an ice nucleus and are dif-
ferent forms of heterogeneous nucleatioss the name indicates, depo-
sition nucleation describes the deposition of water vapour molecules
onto an INP (also ice nuclei IN). Lohmann, Lidnd, and Mahrt (2016)
and Burrows et al. (2022) mention, though, that it is currently debated
whether deposition nucleation does occur at all. Immersion and con-
tact freezing both involve cloud droplets which are frozen either be-
cause they already contain an ice nucleus (immersion freezing) or
because they come into contact with one (contact freezing). Different
aerosol types can act as CCNs and INPs, and while further aspects
related to CCNs and INPs are discussed in Chapter 6, details on this
go beyond this thesis. Different ways to parameterise the INP nucle-
ation and CCN activation are possible, and Chapter 6 will introduce
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those which are used in this thesis in greater depth. The basic idea be-
hind these parameterisations is to create functions that "activate" the
aerosols, increasing the number and mass of droplets or ice based on
thermodynamic model variables such as saturation or vertical wind.
Generally, these parameterisations are based on observational data,
laboratory experiments, aerosol models and high-resolution simula-
tions to derive, verify and tune these functions. The challenge of these
schemes is that one must combine the complexity of aerosol-cloud in-
teractions with the need to simplify in a model. A dif culty faced in
regard to heterogeneous nucleation/activation parameterisations is
the large variability and uncertainties related to CCN and INP (Bur-
rows et al., 2022; Schmale, Zieger, and Ekman, 2021).

3.3.2 Processes in liquid or ice clouds

vapour phase processes  After the creation of a droplet or an
ice particle, the hydrometeor can grow through water vapour diffu-
sion onto the hydrometeor if the air surrounding the particle is su-
persaturated. This is termed condensation for liquid and deposition
for ice particles. The availability of water vapour limits the growth
by diffusion, and in unsaturated air, evaporation or sublimation will
set in and act as a sink to the liquid or frozen mass, respectively. Pre-
cipitation is another sink of moisture, but for a hydrometeor to reach
the size at which it will precipitate, further growth processes must
set in. The ICON model aims to maintain an equilibrium between
water in the different phases. To achieve this, a saturation adjustment
is used to either condense or evaporate onto/from water droplets
in saturated or unsaturated grid boxes. Rain evaporation is treated
separately as part of the microphysics scheme, not the saturation ad-
justment. This saturation adjustment is not part of the microphysical
scheme but is implemented separately. The growth and decrease of
frozen particles by deposition and sublimation are implemented as
part of the microphysical scheme.

liquid collisions Liquid particles can grow further by collid-
ing and coalescing with other liquid particles, termed as collision-
coalescencd@he collisions can cause drop breakup, which limits the
liquid particle growth. In the ICON two-moment SB06 scheme, a dif-
ferentiation is made between the collision of cloud droplets (c) and
raindrops (r). There exits self-collection (c+ c! ¢, r+r ! r), auto-
conversion (c+ ¢! r), accretion (r+ c! r),and breakup (r+r! r).
Only by growing via mechanisms that do not involve the vapour
phase can a large raindrop develop out of a cloud droplet. Conse-
qguently, these processes are important for the creation of warm rain.
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frozen collisions Same as for liquid particles, frozen particles
may collide with each other due to different terminal velocities or
turbulence. This process is termed aggregation, and in SB06 in ICON,
this is implemented for all frozen hydrometeors. How likely it is that
two particles will stick together depends on their sticking ef ciency.
Frozen collisions can further act as secondary ice production mecha-
nisms. Secondary ice production is understood as the process of ice
multiplication, which does not form through aerosol-mediated nu-
cleation. This ice multiplication is relevant as it has been found that
the number of ice particles can be much larger than the number of
INPs. In cases where frozen patrticles collide, the particles can frac-
ture, causing the production of small ice fragments, which can act
as new INPs. A study by Sotiropoulou et al. (2020) found that im-
plementing break-up due to ice-ice collisions was crucial to get the
ice number concentrations into a more realistic range. As secondary
ice production mechanisms are still relatively unclear, they have only
partially been included in large-scale models.

sedimentation To model surface precipitation, it is necessary
for sedimentation to be parameterised, and it is called after the mi-
crophysics in SB06 in ICON. Generally speaking, hydrometeors of
different sizes, shapes and densities have different fall velocities. To
deal with these differences, the mean fall velocity of each hydrome-
teor type is computed separately. As cloud droplets are assumed to
have a neglectable mean fall velocity, no sedimentation is computed
for them.

3.3.3 Processes in mixed-phase clouds

Mixed-phase clouds add another level of complexity to the discus-
sion. As discussed in Korolev et al. (2017), further research in all di-
rections, laboratory, remote sensing, in-situ, theory, and modelling,
is still required to fully understand the mechanisms and accurately
describe the microphysical processes in MPCs. In the previous para-
graphs, the processes which occur in pure ice or liquid clouds were
described. Therefore, they are not repeated, and only interactions be-
tween liquid and ice hydrometeors are introduced.

riming In areas where liquid and frozen hydrometeors are present,
riming can occur. This is the case when liquid and frozen hydromete-
ors collide, causing the liquid to freeze and the frozen patrticle to grow.
In SBO6 in ICON, riming includes the Hallet-Mossop secondary ice
production (rime splintering, Hallett and Mossop, 1974). Therefore,
the ice number concentration can increase due to rime splintering.
It also includes enhanced melting if the temperature is above 0 °C,
which causes the decrease of the rimed particle mass and the increase
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of rain mass. Additionally, ice and snow may be converted to graupel
due to the riming.

freezing and melting Previously, it has been discussed that
freezing of cloud droplets can occur in different ways. In the case of
raindrops, only heterogeneous freezing plays a role as the raindrops
freeze before reaching the temperature regime where homogeneous
freezing occurs. In SB06, the frozen hydrometeors classes are sepa-
rated by size, so the size of the frozen raindrop will decide if the
amount of ice, graupel or hail will increase. Such freezing processes
may produce secondary ice particles due to the mechanical stress
which the newly formed ice surface undergoes (Lauber et al., 2018).
In cases where frozen hydrometeors exist and the surrounding air
temperature increases, melting can occur. As this will not directly
convert the frozen hydrometeor into liquid, a characteristic time for
melting is used. Further, evaporation may occur above the now liquid
surface, which is also parameterised.

wegener -bergeron -findeisen process The Wegener-Berge-
ron-Findeisen process (WBF; Bergeron, 1935; Findeisen, 1938; Wegener,
1911) is not a separate microphysical process but describes the in-
teraction of evaporation and deposition in mixed-phase regions. As
mentioned before, the saturation vapour pressure with respect to ice
& Is lower than the saturation vapour pressure with respect to wa-
ter esw. This means an air parcel may be supersaturated with respect
to ice § > 1 while it is unsaturated with respect to water S, < 1.
This can cause deposition to occur simultaneously with evaporation
in MPCs. The deposition of water vapour causes a further decrease in
the saturation, causing even more evaporation from surrounding wa-
ter droplets. The water vapour formed by the evaporation can now
be deposited on the ice particles, which have grown further while
the droplets have decreased in size. This phenomenon is dif cult to
capture correctly in large-scale models, as the homogeneous distribu-
tion of ice and supercooled liquid in a single grid box can quickly
cause the full glaciation of the clouds in that grid box (Huang et
al., 2021; Storelvmo, Tan, and Korolev, 2015). In reality, though, the
supercooled liquid in an inhomogeneously mixed cloud can be spa-
tially separated from the ice (Korolev et al., 2017). For example, in the
form of liquid layers in Arctic low-level stratiform clouds. Based on
theoretical calculations Korolev (2008) describes two vertical velocity
regions in which the WBF causes the growth of ice at the cost of lig-
uid droplets. Generally, the WBF process does not occur for upward
and strong downward velocities. Additionally, the air must be satu-
rated with respect to ice but not to water, which is another limiting
factor.






DATA AND IMPLEMENTED TOOLS

This chapter describes the data and implemented tools which were
used to produce the results presented in the chapters 5, 6 and 7. First,
the observational data sets are presented. Secondly, a description of
the daily work ow of the ICON simulations, which was set up for this
thesis, is provided. In the third section, the microphysical wrapper,
used to acquire the microphysical process rates, is described, and
some test results are shown.

4.1 observational data and derived data products

In this dissertation, observational data is used to evaluate the model
data. The instruments providing this data are located in Ny-Alesund.
They are maintained by the German-French AWIPEV research base
that is operated jointly by the Alfred Wegener Institute Helmholtz
Centre for Polar and Marine Research (AWI) and the French Polar In-
stitute Paul Emile Victor (IPEV). AWIPEV is part of the Ny-Alesund
Research Station and is operated year-round. The instruments and
derived products which were used here are the radiosondes, the mi-
crowave radiometer (MWR) HATPRO, Cloudnet and the rain gauge Plu-
vio.

the microwave radiometer hatpro (humidity and tem -
perature profiler ) is a passive instrument (Rose et al., 2005).
It measures the brightness temperature Ty, from which the tempera-
ture and humidity pro le, the integrated water vapour (  IwV), and the
liquid water path ( LwP) can be derived. It measures on 14 channels in
two bands, 22-31 and 51-58 GHz, with a measurement frequency of
1 to 2 seconds. The retrieval for the IWV and LWP are based on Léh-
nert and Crewell (2003) and were adjusted based on Nomokonova
et al. (2019) for Ny-Alesund. For higher values, the accuracy of the
measured IWV decreases when compared to radiosonde data, also
for the location-adjusted version (Kiszler, Ebell, and Schemann, 2023).
Cases where there is rain or when the radome is wet are unreliable
and therefore agged and excluded from the analysis. In cases where
the data from HATPRO is compared to simulation data, the agging
of the data is mimicked by setting a rain threshold above which sim-
ulation data will not be used. This is mentioned accordingly in each
study where this is done. With an accuracy of 20 25gm 2 for the
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Figure 3: Cloudnet classi cation for Ny-Alesund showing the 10 classi -
cation categories based on the combination of observational and
weather prediction model data in the upper panel. The bottom
panel shows the data availability. Case: 12.08.2023, SourceUniver-
sity of Cologne Quickloo#\ccessed: 10.10.2023).

LWP (Rose et al., 2005), thin liquid clouds or cloud layers are hard to
detect and make a comparison to the model slightly challenging.

cloudnet The Cloudnet product introduced by lllingworth et al.
(2007) was developed to simplify the comparison of observation and
model data. It provides a target classi cation based on a combination
of remote sensing instruments and a numerical weather prediction
model to achieve this. The Cloudnet data in this work was created
using a combination of the AWI Ceilometer CL51 and the Univer-
sity of Cologne 94 GHz cloud radar JOYRAD-94, as well as ICON-
NWP (temperature, humidity, and pressure). The target classi cation
includes 10 different categories. These are aerosols, aerosols & insects,
insects, droplets, ice, drizzle or rain, melting & droplets, melting ice,
drizzle & droplets, and ice & droplets (Example in Figure 3). A model
version of Cloudnet was produced to compare this data with ICON.
For this, the categories have been reduced to ve categories and only
include hydrometeors. These categories are cloud droplets, drizzle
or rain, drizzle/rain & droplets, ice & snow & graupel, and ice &
droplets. The categories are based on a threshold of 10 kg kg ? for
the mass mixing ratio and are de ned as logical conditions. An exam-
ple of how the output looks is shown in Figure 3 and Figure 4 for a
single day at AWIPEV.

radiosondes The radiosondes used in this dissertation are Vaisala
RS41 radiosondes launched daily at 1200 UTC. The radiosondes be-
long to the GRUAN network (Global Climate Observing System Ref-
erence Upper-Air Network) and measure the temperature, relative
humidity, wind speed and direction, and pressure. A more in-depth
background of the radiosonde data is given in Maturilli and Kayser
(2017).
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Figure 4: Cloudnet classi cation for Ny-Alesund showing the ve categories
based on the ICON-LEM data. Case: 12.08.2023, Available online:
University of Cologne Quickloo#\ccessed: 10.10.2023).

rain gauge pluvio The University of Cologne's Pluvio precipi-
tation gauge is used to measure the precipitation. This instrument is
produced by the company OTT and is constructed as a cylinder in
which the precipitation should fall and where the amount is weighed
and given as accumulated precipitation for each minute. The mea-
surement threshold is given as 0.1 mm within a minute or 0.05 mm
within an hour. One problem with such precipitation gauges is that
they can miss precipitation which does not fall into the cylinder, for
instance, due to turbulence. Strong winds can further cause massive
differences in what is measured compared to what actually fell, es-
pecially when it comes to snow (Fgrland and Hanssen-Bauer, 2000).
As snow is common in Ny-Alesund, corrections are available to ac-
count for the wind-induced loss. These include those by Farland
and Hanssen-Bauer (2000), Wolff et al. (2015), and Kochendorfer et
al. (2017).

4.2 a semi-operational simulation setup

A crucial piece of this thesis is the simulation data which is used for
the analysis. A large proportion relies on data from a semi-operational
ICON simulation work ow (Figure 5), which was set up early on
as part of this work. These 24 hr simulations ran automatically on
a daily basis and are centered around Ny-Alesund. They consist of
two limited area simulations, one with 2.4 km and one with 624 m
resolution. The forcing data needed for these limited area simula-
tions is taken from the operational global ICON-NWP forecast with
13 km resolution. Each day a subset of the global forecast covering
the Fram Strait and Svalbard is provided by the German weather
service (Deutscher Wetterdienst, DWD). In the rst step of the work-
ow, this 13 km data is remapped to a smaller grid with a cell size
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of 2.4 km (Figure 5 step 1). ICON is then run for the 2.4 km reso-
lution domain in the ICON-NWP mode starting at 00:00 UTC. After
this has succeeded, the data of the 2.4 km simulation is remapped to
a simulation domain with 624 m resolution (Figure 5 step 2). The sec-
ond simulation is then run on the 624 m domain in the LEM mode,
also starting at 00:00 UTC (Figure 5 step 3). As shown in Figure 5
step 4, the ICON-LEM output is further processed and visualizations
for certain variables are created automatically. For the topography,
the GLOBE dataset with around 1 km resolution is used, although, in
the future, one could consider a switch to the more nely resolved
MERIT-DEM dataset, which has become available recently in ICON. In
Section 3.1, it is discussed that the effective resolution of ICON-LEM
has been shown to be around eight times the cell size (Heinze et al.,
2017; Zangl et al., 2015). It was further mentioned that the triangu-
lar edge length (resolution) can be approximated as 2/3 Dx in square
edge length. The given triangular edge length of 624 m corresponds
to a square edge length 416 m. Therefore, the chosen resolution
lies in an area which is very nely resolved for a NWP model but
not enough for an LEM and is in the "grey zone" of resolved turbu-
lence (Honnert et al., 2020). Because no grey zone parameterisation
is currently available in ICON for turbulence, one has to decide be-
tween ICON-LEM or ICON-NWP. This is not the rst time, though,
that studies have been confronted with this issue in ICON, and sev-
eral studies have provided good results using ICON-LEM in the grey
zone (e.g. Heinze et al., 2017; Ori et al., 2020; Schemann, Ebell, et al.,
2020). Indeed, comparing ICON-LEM simulations with around 600 m
resolution to ner resolved ICON-LEM simulations showed that the
general cloud structure could already be well captured with 600 m
resolution (Schemann and Ebell, 2020; Schemann, Ebell, et al., 2020).
These ndings of previous studies encouraged running the simula-
tions with around 600 m resolution. This allowed for the performance
of daily simulations, which would not have been the case for higher
resolutions where the computational cost increases signi cantly. Fur-
ther details regarding the simulation setup are explained in the pub-
lication included in chapter 5.

One setting which is worth mentioning is a switch of the nucleation
and activation schemes in the simulations. This switching of the INP
nucleation and CCN activation, undertaken in May 2021, strongly
impacted the cloud hydrometeor composition (see Chapter 6). For
several months two ICON-LEM setups were running in parallel, one
with the default activation settings and the second with the changed
activation setting. In the default version, continental aerosols are used
as described by Hande et al. (2016, CCN) and Hande et al. (2015, INP).
In the newer version, the CCN activation by Segal and Khain (2006)
and the INP nucleation by Phillips, DeMott, and Andronache (2008)
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Figure 5: Schematic of the daily ICON simulation work ow demonstrating
the individual steps. Only an excerpt of the ICON-NWP 13 km
global simulation is shown in the top gure. The colourbar for
the topography is identical for all maps. The lowest gure is an
example of a PAMTRA forward simulation taken from the  University
of Cologne Quicklook#ccessed: 10.10.2023).
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were used. Three aerosol types were available for the nucleation, but
only initial dust was included in these simulations. In Chapter 6, an
overview of the impacts of these changes is presented.

The results of this thesis build on the accumulated set of simu-
lations, and substantial effort was invested to provide these simula-
tions as continuously as possible. Several changes to the output set-
tings were made to adapt the setup to the needs of other researchers
during certain periods. Publicly available plots showing the WYV,
LWP, IWP, Cloudnet classi cation, and forward simulations using
the Passive and Active Microwave TRAnsfer model ( PAMTRA ; Mech
et al., 2020) can be found online University of Cologne QuicklookAc-
cessed: 10.10.2023, Time period beginning 01.08.2020). These simula-
tions have also bene ted others and have been, for instance, used by
Chellini et al. (2023) to support an observational data set.

4.3 extracting microphysical process rates

The second tool, which was developed and implemented, is a For-
tran wrapper enabling users to run the two-moment microphysics
scheme by Seifert and Beheng (2006) (see Section 3.2) independently
of the ICON model to output the process rates of all microphysical
processes. In the context of the before mentioned general kinetic mi-
crophysics Equation 4, this means the interest here lies in the rates
of the microphysical processes P, P, ...Py. The advection and sedi-
mentation of the hydrometeor are not considered in this approach.
The wrapper functions as an interface to use the microphysical pa-
rameterisation in a diagnostic manner. The schematic in Figure 6
demonstrates the concept. There are several reasons why this is ad-
vantageous in comparison to directly outputting the microphysical
tendencies from the model:

1. It is extremely fast to run single columns or timesteps, and it
saves the time used to write the full output during the simula-
tion as well as reprocessing time.

2. It reduces the output data amount massively, as one can re ne
for which cell/column/area, timesteps and processes the out-
put should be created.

3. Changes in the microphysical parameterisation can undergo a
quick check to see how they might impact the full ICON simu-
lations.

Obviously, this also entails some limitations:

1. The computed hydrometeor mass will not be the same as in the
model, as the transportation between cells is not included.
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Figure 6: Simpli ed schematic of the two-moment microphysics parameter-
isation wrapper demonstrating the underlying concept. The pur-
ple box shows the adapted SB06 code taken from the ICON model.
Green boxes show parts of the code which only belong to the wrap-
per.

2. It cannot show the full impact of a change to the microphysical
code, as each timestep relies solely on the original simulation
output and is not informed by the previous steps.

The following section provides an overview of the implementation of
the wrapper, and a short evaluation of the impact of advection and
sedimentation is given.

4.3.1 Implementation

The wrapper, which is implemented in FORTRAN with additional
post-processing scripts in Bash and Python? is built in a way that it
mimics the interface where the two-moments microphysics are called.
To achieve this, one must provide the same input as done in the model
(see Appendix Table 2). Therefore, one of the rst steps is to read the
provided ICON output les and store the thermodynamic and hy-
drometeor variables. The input le paths are provided by namelists,
in which one can also de ne whether the data is either 3D or 2D in-
put. This makes a difference in the way the data is allocated. 3D data
will further be split into slices if it is larger than the threshold given
in the namelist variable max_ncells . This is necessary if one wants to

The code is available on the German climate computing centre (DKRZ) Gitlab, but
currently can only be accessed by those who have an ICON-licence. This is due to
the fact that ICON code is incorporated, which is not open-source.
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run the wrapper using 3D input data while constraining the compu-
tational burden and required memory.

After setting all variables, the two-moment microphysics scheme is
initialized. Then, the saturation adjustment and microphysics scheme
are called. This is done using the pressure, density, temperature, and
vertical wind from the current timestep and the hydrometeor values
from the previous timestep. Different timesteps must be chosen be-
cause the system would be in equilibrium otherwise, as the output of
the model is used, which is the equilibrium state at a current timestep.
The saturation adjustment is called once before and once after the
two-moment microphysics scheme in ICON. Therefore, the same is
done in the wrapper.

For each timestep, the process rates are added to the output. The
process rates are given as the differences between each hydrometeor
mixing ratio before and after a process is called. Technically, they
are rst computed as the difference of the hydrometeor mass densi-
ties, but they are converted into the difference in mass mixing ratios
to match the hydrometeor mass mixing ratios. A summary of the
main steps is given in Figure 6. The output contains the updated
hydrometeor masses and their tendencies (Appendix Table 3). For
each process, at least two hydrometeor types must be affected as the
mass must be conserved. For some, several hydrometeor types are
impacted, and sometimes the mass change can be either positive or
negative, for instance, for evaporation and condensation.

4.3.2 Microphysical processes vs. transportation

This section shows some results of the tests conducted to see how
much mass changes are captured by the wrapper approach. This
gives an estimate of how much of the mass change is due to the
microphysics and how much is due to advection and sedimentation.
It is expected that there should be differences in the wrapper mass
output in comparison to the original output as the wrapper only
runs the microphysical parameterisation and saturation adjustment
in each step. To achieve an estimate, the difference in the hydrome-
teor masses between the wrapper and the actual simulation output
was evaluated. The case used here consists of the rst three hours
of 04.10.2022, which cover a mixed-phase cloud that contains all hy-
drometeors except hail. This simulation was run with a Meteogram
output frequency and model timestep of 3 seconds. The analysis was
then limited to the cloudy pixels (mass > 10 8 kg kg 1), for which
one can see that the relative difference does not depend on the ac-
tual mass. This can be seen in Figure 7, which shows the absolute
difference against the original mass and the colour-coded relative dif-
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ference. In Figure 7, one can further see that the majority of the points
lie below a relative difference of 10%. The maximum difference was
found for the cloud droplet mass and lies at 7 10 © kg kg . It fur-
ther makes sense that the precipitating hydrometeors (Figure 7 a, c,
e) have slightly higher relative differences in comparison to cloud ice
and cloud droplets (Figure 7 b, d). This is because one can expect
sublimation to play a larger role for the larger hydrometeor types.
The small relative difference shows that a large fraction of the mass
change can be explained by purely evaluating the microphysical pro-
cess rates in cases where no strong transportation is expected.

To reduce the amount of data, the model output used throughout
this dissertation was downscaled to every 9 seconds while the time
integration still had a timestep of 3 seconds. For the 9-second output,
it was also found that the microphysical processes strongly dominate
the hydrometeor mass changes. Another consideration was whether
the use of the thermodynamical variables from 3 timesteps back in-
stead of 1 would be an issue. The case used to perform the tests
did not show a large difference, though, and the number of cases
remained in the same range. Therefore, the 9-second output in the
meteogram is suf cient to study the microphysical processes.
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Figure 7: Absolute difference of the wrapper and original simulation plotted
against the original mass simulated by ICON-LEM. The hydrom-
eteors are a) graupel, b) cloud droplets, c) rain, d) cloud ice and
e) snow. The data includes 3 hours with a timestep of 3 seconds
on 150 levels. The number of occurrences per bin is colour-coded,
but as the ranges are different, the subplots use different colour-
bar ranges. The red dashed lines indicate the relative differences
of 10% and 1%.
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A PERFORMANCE BASELINE FOR THE
REPRESENTATION OF CLOUDS AND HUMIDITY IN
CLOUD-RESOLVING ICON-LEM SIMULATIONS IN
THE ARCTIC

The rst study addresses the question of to what extent the ICON
model can capture the thermodynamical and macro-scale cloud pro-
cesses in the Arctic. For this purpose, the focus lies on Ny-Alesund,
which presents a complex environment whilst providing a wealth of
observational instruments. This study has been published, reference
below, and is therefore included in the journal layout.
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