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Abstract
Anthropogenic climate change is causing the Arctic to warm faster than any
other region on Earth, a phenomenon also known as Arctic amplification. The
warming and its consequences induce, amongst other things, a change in clouds,
impacting their role in the Arctic climate by introducing a feedback.
Clouds play an important role in the global radiation budget. They cool the
surface by reflecting incoming shortwave radiation and warm it by absorbing
and re-emitting longwave radiation. While the cooling effect outweighs the
warming on a global mean, clouds warm the Arctic surface. The precise impact
of clouds on the Arctic climate, particularly in global climate models, remains
uncertain and is subject of ongoing research.
This thesis studies the sensitivity of the Arctic climate to local changes in
microphysical cloud properties using the Community Earth System Model 2.1.3
(CESM).
First-order impacts of cloud alterations resulting from climate change were
studied. Therefore, a simulation with clouds from a 2×CO2 environment within
a climate model set to pre-industrial CO2 levels was conducted. These changes
were only implemented concerning the radiation transfer scheme of CESM.
The results show a net warming effect in winter and a cooling effect in summer,
with the warming effects predominating.
Additionally, dedicated numerical experiments were conducted to investigate
how variations in droplet size distribution, ice crystal sizes, liquid and ice
water paths, and cloud fraction influence Arctic temperature, sea ice extent,
and radiation fluxes. These experiments aimed to evaluate the model’s accu-
racy in representing cloud microphysical parameters and their alignment with
established theoretical frameworks.
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1
Introduction
The Arctic is a unique geographical and climatic region that plays an important
role in the global climate. It is usually constrained by the 10 ◦C isotherm for
July. Hence, the Arctic is defined as the regions in the Northern hemisphere
where average temperatures in July do not exceed 10 ◦C [1, 2]. Early definitions
for the Arctic take astronomical elements into account; using the Arctic circle
at a latitude of 66 ◦33 ′N as a southern boundary [1, 3, 4].
The Arctic consists of a variety of ecological areas. As the mentioned isotherm
aligns with the northern treeline, continental parts of the Arctic are charac-
terised by treeless tundras [1, 2], permafrost (permanently frozen ground) and
the Greenland ice sheet [5]. A large part of the Arctic is the Arctic ocean that
is typically covered by sea ice [5].
Temperatures show a large spatial variability. In the central Arctic, above the
sea ice covered ocean, mean winter temperatures can be as low as −30 ◦C in
January and even colder in the terrestrial Siberia. In Iceland, on the other
hand, mean temperatures in January are around 0 ◦C [5]. Moreover, the Arctic
is a generally cloudy place; during the summer months, an average of over
80% of the Arctic sky is covered with clouds, predominantly low-level clouds.
During the winter season, the monthly mean of cloud coverage is between 40
and 60% [6].
The Arctic plays an important role in the global climate system and changes in
Arctic climate have an influence on the climate in other parts of the world, e.g.
the mid latitudes [2, 7, 8, 9].
Additionally, while the anthropogenic climate change affects every region on
Earth, it is particularly strong in the Arctic; a phenomenon also known as
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2 chapter 1 introduction

Arctic amplification [10]. There, climate change is evident in a decline in sea
ice extent [9, 11] as a result of a warming of atmosphere [10, 12] and ocean
[13, 14]. Moreover, the Greenland ice sheet is shrinking [15] and the permafrost
in Siberia is thawing [16, 17].
The melting of the Greenland ice sheet contributes to the rise of global sea
levels [18] and, more importantly, the increase of fresh water outflowing from
the ice sheet into the ocean has potential to significantly affect the Atlantic
meridional overturning circulation leading to severe consequences regarding
the global climate [19].
The thawing of the permafrost releases greenhouse gases such as methane and
carbon dioxide, further fuelling climate change [16, 17].
Furthermore, as the Arctic sea ice extent declines, the ice thickness decreases,
and more ocean area becomes ice-free, the albedo of this region decreases,
leading to even more warming and an even further decline in sea ice (ice-
albedo feedback) [2, 9, 10, 13, 20].
Clouds play a significant role in both the Arctic and global energy balance by
absorbing and re-emitting lw radiation and by reflecting sw radiation as well
as by being responsible for precipitation [21].
As the Earth warms due to climate change, a global change in clouds can
also be observed [22]. For example, clouds are expected to be found at higher
altitudes [23].
Arctic clouds are changing as well. As the sea ice extent declines, Arctic clouds
change and an increase in Arctic cloud cover (cloud-ice feedback) can be ob-
served and is associated with a surface warming [2, 24, 25, 26]. Additionally,
an increase in Arctic temperature is suggested to lead to more clouds at higher
altitudes resulting from instabilities in the lower atmosphere [8, 27]. Moreover,
an increase in precipitation has been observed in Arctic regions [28, 29] and
further increases are to be expected. Additionally, precipitation is expected to
change from snow- to rain-dominated [29].
Overall, cloud changes due to climate change introduce a positive feedback
in global climate models [30]. Hence, a local change in Arctic clouds might
influence the Arctic climate change further.

Climate modeling emerges as a crucial tool to investigate potential future
scenarios [31, 32] and is helping to understand and find connections between
different variables [10]. Climate models allow researchers to change particular
conditions and parameters in a local or global climate, thereby enabling the
study of direct and indirect climate responses and providing insights into the
dynamic interactions within the climate system [5, 31].
The first coupled climate model was developed in 1969, coupling an atmosphere
with an ocean model [31, 33]. Since then, climate models have undergone
further evolution. Not only a deeper understanding of atmospheric physics and
chemistry, but also advances in computational power helped to develop more
detailed and accurate climate models containing more climatic variables and
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interactions. Given their potential, climate models still play an essential role
in climate research [34].

As the Earth continues to warm, understanding the complex climate interac-
tions in the Arctic becomes increasingly important. An important element are
Arctic clouds, whose role in Arctic climate feedbacks is still a big uncertainty
in global climate models and subject of current research [35].

This thesis studies the sensitivity of Arctic climate to local changes of micro-
physical cloud properties in one global climate model by conducting dedicated
numerical climate model experiments with the Community Earth SystemModel
version 2.1.3 (cesm) [36]. After looking at changes of single parameters, local
changes of microphysical cloud properties due to climate change are investi-
gated as well as their effects on the Arctic climate.





2
Foundation and Theory
2.1 Types of clouds

Clouds come in various shapes and sizes and can appear at different altitudes
in the atmosphere. They can be visually classified as ten different genera that
can be further divided into species and then varieties [6, 37]. Additionally,
clouds extending to the ground can be classified as fog [6]. A brief overview of
the cloud genera and the height where their base is located above the ground
(étage) is shown in Tab 2.1.

Height of cloud base

Genus Level Polar
Regions

Temperate
Regions

Tropical
Regions

Cumulonimbus

Low up to 2 km up to 2 km up to 2 kmCumulus
Stratocumulus
Stratus
Altocumulus

Middle 2-4 km 2-7 km 2-8 kmAltostratus
Nimbostratus
Cirrocumulus

High 3-8 km 5-13 km 6-18 kmCirrostratus
Cirrus

Table 2.1: Overview over cloud types sorted by height of cloud base [6, 37].

5



6 chapter 2 foundation and theory

Low clouds often contain liquid water, but ice can also be present when the
temperatures are sufficiently low [38]. One can find two groups of clouds in
the lowest étage, cumuliform and stratiform clouds. Cumulus is the latin word
for pile [6], Cumulus and Cumulonimbus clouds can be described as towering
clouds with great thicknesses but flat bases [6, 37, 38]. Nimbus always refers to
a cloud that precipitates [6]. Cumulus and cumulonimbus clouds are formed
by fast rising air in a statically unstable atmosphere [6, 38]. Stratus, on the
other hand, is latin for flattened out [6]. Low stratiform clouds experience little
to no internal vertical air currents. Stratus clouds are usually a grey layer with
a large horizontal extent [6, 37]. Similarly to stratus clouds, stratocumulus
clouds appear as one large sheet of cloud, but with distinctive elements like
long lines or clumps [6, 37].
As the étages can overlap, nimbostratus clouds are some times defined as low-
and other times defined as middle-level clouds. They differ from stratus clouds
in that they have a greater vertical extent and that they produce significant
amounts of precipitation [6, 37, 38].
Middle clouds also mainly consist of liquid water, but ice crystals can also be
present to form mixed-phase or ice clouds [38].
Altum is height in latin [6]. Altocumulus clouds are mid-level clouds made up
of small elements of various forms (e.g. clumps, rolls or plaques). These clouds
are thin and can be similar to stratocumulus, just found at a higher altitude
[6, 37, 38]. Altostratus clouds differ from stratus clouds in the height at which
they are found. They consist of a greyish layer covering the sky wholly or just
partly. They can be thin enough so that the Sun can be seen through them and
their precipitation usually does not touch the ground [6, 37, 38].
In high clouds, ice is the predominant water phase. They are generally thin
and do not produce precipitation [6, 38].
The latin word cirrus refers to a lock of hair [6]. Cirrus clouds are white
with a fibrous structure and/or a silky sheen [37]. Cirrocumulus clouds are
high clouds consisting of small elements such as grains or ripples [37, 38].
Cirrostratus clouds appear as a transparent veil-like sheet with either a smooth
or fibrous apperance [37, 38].
The fibrous appearance of cirriform clouds is due to strong winds in the
upper troposphere and the ice particles becoming large. The ice particles then
evaporate slowly, making it possible for the wind to move them over large
distances [6].
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2.2 Formation of clouds

2.2.1 Nucleation of cloud particles

Clouds form from supersaturated air [21], i.e. when the relative humidity of the
air exceeds 100% [6]. The relative humidity 𝜑𝑟 of the air is defined as:

𝜑𝑟 =
𝜑𝑎

𝜑𝑠
=

𝑒

𝑒𝑠
, (2.1)

with the absolute and saturation humidities being 𝜑𝑎 and 𝜑𝑠 , respectively, the
vapor pressure 𝑒 and the saturation vapor pressure 𝑒𝑠 [39]. Saturation describes
the state when, over a surface of pure water, there are as many molecules
evaporating from this surface into gas as there are gas molecules condensing
back to the liquid phase. If this equilibrium is not reached yet, and more
molecules are evaporating than condensing, the air above the water surface is
unsaturated. If the rate of condensing is greater than that of evaporation, the air
is supersaturated [21, 40]. The saturation vapor pressure is highly dependent
on the temperature, and so is the relative humidity. The dependence on
temperature 𝑇 of the saturation vapor pressure 𝑒𝑠 over a liquid phase surface
can be be derived using the Clausius-Clapeyron-equation [21]:

d𝑒𝑠
d𝑇

=
𝐿

𝑇 (𝛼2 − 𝛼1)
, (2.2)

where 𝐿 is the specific latent heat of vaporising and 𝛼1 and 𝛼2 are the specific
volumes of liquid and gaseous water, respectively [21]. Since 𝛼1 ≪ 𝛼2, Eq. (2.2)
can be approximated to:

d𝑒𝑠
d𝑇

=
𝐿

𝑇𝛼2
. (2.3)

Using the ideal gas law:

𝑒𝑠𝛼2 = 𝑅𝑣𝑇, (2.4)

with the specific gas constant 𝑅𝑣 = 𝑅/𝑀 with 𝑀 being the molar mass of water
and 𝑅 being the molar gas constant, the Clausius-Clapeyron-equation can be
further modified to:

d𝑒𝑠
d𝑇

=
𝐿𝑒𝑠

𝑅𝑣𝑇
2 . (2.5)

By integration, this becomes:∫ 𝑒𝑠

𝑒0

d𝑒′𝑠
𝑒′𝑠

=

∫ 𝑇

𝑇0

𝐿

𝑅𝑣𝑇
′2d𝑇

′ (2.6)

⇔ log
(
𝑒𝑠

𝑒0

)
=

𝐿

𝑅𝑣

(
1
𝑇0

− 1
𝑇

)
. (2.7)
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Here, the temperature dependence of the latent heat is neglected as the temper-
ature ranges in the atmosphere are sufficiently small [21]. This approximation
works fine on small temperature ranges. 𝑇0 and 𝑒0 are chosen such that 𝑒0 is
the saturation vapor pressure at 𝑇0 [21].
Now, the saturation vapor pressure 𝑒𝑠 can be approximated to:

𝑒𝑠 = 𝑒0 exp
(
𝐿

𝑅𝑣

(
1
𝑇0

− 1
𝑇

))
(2.8)

and the dependence of the saturation vapor pressure on the temperature
becomes evident.
In the Earth’s atmosphere, supersaturation most often occurs when air cools
adiabatically[41]. This happens e.g. when it rises and expands [21].
Theoretically, cloud droplets can either form homogeneously when there is no
condensation nucleus, i.e. an aerosol particle, and heterogeneously when there
is some particle as condensation nucleus [6].
First, the case of homogeneous nucleation of a water droplet with radius 𝑟
is discussed. The net energy related to the formation of this droplet can be
written as:

Δ𝐸 = 4𝜋𝑟2𝜎 − 4
3
𝜋𝑟3𝑛 (`𝑣 − `𝑙 ) , (2.9)

where 𝜎 is the surface tension or surface energy, 𝑛 is the number of liquid
water molecules per unit volume in the droplet and `𝑣 and `𝑙 are the Gibbs free
energies per gaseous and liquid water molecule, respectively. Hence, the first
term on the right hand side refers to the energy required to form the surface
area, a vapor-liquid interface, of the droplet. The second term refers to the
change in energy in the system due to the phase change of the gaseous water
molecules [6, 21].
For a droplet to stably form, the energy in the system has to decrease and
Δ𝐸 < 0 [6, 21].
To make the equation clearer, the next step is to substitute the Gibbs energies
in the second term on the right hand side.
Using the definition of Gibbs free energy for a reversible process:

d𝐺 = 𝑉d𝑝 − 𝑆d𝑇, (2.10)

with volume 𝑉 , pressure 𝑝, entropy 𝑆 and temperature 𝑇 and the ideal gas
law:

𝑝𝑉 = 𝑁𝑘B𝑇, (2.11)

where 𝑁 is the number of molecules and 𝑘B the Boltzmann constant, and
assuming a constant temperature, Eq. (2.10) becomes:

d𝐺 =
𝑁𝑘B𝑇

𝑝
d𝑝. (2.12)
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Integrating between an arbitrary reference pressure value 𝑝0 and the vapor
pressure 𝑒 or the saturation vapor pressure 𝑒𝑠 over a plane surface of water at
temperature 𝑇 gives: ∫ 𝐺𝑣,𝑙

𝐺0

d𝐺 =

∫ 𝑒𝑣,𝑙

𝑝0

𝑁𝑘B𝑇

𝑝
d𝑝 (2.13)

⇔ 𝐺𝑣,𝑙 −𝐺0 = 𝑁𝑘B𝑇 log
(
𝑒𝑣,𝑙

𝑝0

)
, (2.14)

where 𝐺𝑣 and 𝐺𝑙 refer to the free Gibbs energy of gaseous and liquid water,
respectively and 𝑒𝑣 and 𝑒𝑙 are referring to the the vapor pressure 𝑒 and the
saturation vapor pressure 𝑒𝑠 , respectively. Using:

𝐺

𝑁
= `, (2.15)

Eq. 2.9 becomes [6, 21, 42]:

Δ𝐸 = 4𝜋𝑟2𝜎 − 4
3
𝜋𝑟3𝑛𝑘B𝑇 log

(
𝑒

𝑒𝑠

)
. (2.16)

When the air is not supersaturated and 𝑒 ≤ 𝑒𝑠 , log 𝑒
𝑒𝑠

becomes 0 or negative and
Δ𝐸 is always positive. Since the system favours states with less energy, droplet
formation will not occur. If the air is supersaturated and 𝑒 > 𝑒𝑠 , Δ𝐸 is either
positive or negative depending on 𝑟 . At first, Δ𝐸 increases with increasing 𝑟

until it reaches a maximum at 𝑟 = 𝑟 ∗ from where it decreases with increasing 𝑟 .
This shows that droplets with radii smaller than 𝑟 ∗ will still tend to evaporate
but droplets that have reached radii greater or equal to 𝑟 ∗ due to e.g. collision
before they could evaporate will continue to grow from condensation [6, 21].

Figure 2.1: Net energy Δ𝐸 of droplet formation as a function of the droplet radius 𝑅
for supersaturated (𝑒 > 𝑒𝑠) and non-saturated (𝑒 < 𝑒𝑠) air [21, p. 210, Fig.
6.1].
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An expression for this critical radius 𝑟 ∗ can be found by satisfying the condi-
tion:

𝜕 (Δ𝐸)
𝜕𝑟

= 0, (2.17)

which results in Kelvin’s equation [6, 21]:

𝑟 ∗ =
2𝜎

𝑛𝑘B log (𝑒/𝑒𝑠)
. (2.18)

It can be seen that 𝑟 ∗ is dependent on the degree of supersaturation ((𝑒/𝑒𝑠 − 1) ·
100%) as well as the temperature𝑇 , as 𝜎 and 𝑒𝑠 are dependent on temperature.
However, under atmospheric conditions the dependence on 𝑇 has a rather
weak influence on 𝑟 ∗ [6]. Eq. 2.18 shows that the critical radius decreases with
increasing supersaturation. For (super)saturations close to 100%, the critical
radius diverges.
For droplets to form homogeneously, supersaturations of at least 300% are
required [6]. Homogeneous nucleation is hence rather hypothetically as air
that is that strongly supersaturated hardly ever occurs. Additionally, the air in
Earth’s atmosphere is very seldom perfectly clear and free of aerosols, hence
favouring heterogeneous nucleation [6, 43].
Heterogeneous nucleation requires much lower supersaturations than homo-
geneous nucleation and thus is the predominant way of the formation of cloud
droplets in the atmosphere. Here, water collects on a wettable aerosol particle
(cloud condensation nucleus or CCN). Wettable means that the surface tension
between the water and the surface of the particle is sufficiently low for the
water to be able to cover it as a horizontal film. Eq. (2.18) still applies if the CCN
is insoluble in water. Here, the critical radius 𝑟 ∗, however, also includes the
radius of the CCN as it is the radius of the curvature of the water film. Hence, it
is greater for a droplet forming on a CCN than a homogeneous formed droplet
with the same amount of molecules. Thus, reaching the critical radius is more
likely. The larger the aerosol particle, the more likely it is for a surviving drop
to form on it [6, 21].
If the particle is water-soluble, it dissolves (partly) in the water condensing
on it and resulting in a droplet consisting of a solution. The saturation vapor
pressure of water over the solution droplet is generally lower than over a same-
sized pure water droplet. Thus, 𝑒/𝑒𝑠 is smaller and 𝑟 ∗ is greater for a solution
compared to a pure water droplet, making it easier for nucleation to take place
[6, 21].

If the temperature in a cloud is sufficiently low, water in the cloud will appear in
solid phase (ice) rather than as a liquid. Similar to the formation of liquid water
droplets, ice crystals can homogeneously be nucleated from water vapor, but
this process requires temperatures below −65 ◦C and supersaturations around
1000%. Since the latter never occurs in Earth’s atmosphere, ice particles in
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clouds are never homogeneously nucleated directly from water vapor. Instead,
they are nucleated from liquid droplets [6, 21].
Liquid water can appear in clouds even at temperatures below 0 ◦C. It is then
referred to as supercooled, an unstable state [21]. Supercooled water can
be found in clouds at temperatures as low as −38 ◦C [6]. The homogeneous
nucleation of ice fromwater droplets can be described similarly to the formation
of water droplets from vapor. Analogically, an expression for a critically radius
𝑟 ∗𝑖 can be found that is a function of temperature [6]:

𝑟 ∗𝑖 =
2𝛽𝑖𝜎𝑖

𝛼𝑖𝑛𝑖𝑘B𝑇 log (𝑒𝑠/𝑒𝑠𝑖)
, (2.19)

where 𝛼𝑖, 𝛽𝑖 are coefficients referring to the size and shape of the ice particle
(that is a polyhedron rather than a sphere like a droplet), 𝜎𝑖 is the surface
tension of an ice-liquid interface,𝑛𝑖 is the number of molecules per unit volume
of ice and 𝑒𝑠𝑖 is the saturation vapor pressure with respect to ice. Here, 𝑟 ∗𝑖 refers
to the sphere that is just contained within the ice particle [6].
Experiments show that under laboratory conditions, homogeneous nucleation
of ice particles takes place at temperatures lower than −35 ◦C and thus can
usually only occur in clouds in high altitudes [21].
The ice crystals observed in clouds at higher temperatures than ∼ −35 ◦C
hence formed through heterogeneous nucleation, again referring to nucleation
onto a foreign particle’s, the ice nucleus’, surface [6, 21]. Analogically to the
heterogeneous nucleation of liquid water droplets, the nucleus increases the
initial size of the ice particle, making it more likely to reach the critical size
(see Eq. (2.19)) [21]. Suitable nuclei are insoluble in water, have a diameter
lager than 0.1 `m and should have a lattice structure comparable to that of ice.
While these characteristics are favourable, they are in no means sufficient or
necessary for a good ice nucleus [6, 21, 44].
The nucleation process can be differentiated into different modes. If the ice
particle forms directly from water vapor onto an ice nucleus, this process is
called deposition nucleation. If a water droplet comes into contact with an ice
nucleus in the air and freezes, the nucleation process is referred to as contact
freezing [6, 21, 45]. If the cloud condensation nucleus acts as the ice nucleus, the
process is called condensation freezing. If any other ice nucleus that causes the
freezing is contained within the droplet, the process is referred to as immersion
freezing [6, 45].
Unlike spherical water droplets, ice crystals can take on different shapes [6, 21,
46, 47]. Magono and Lee, 1966 [46] identified about 80 distinct ice and snow
crystal shapes. The broadest classification of cloud ice crystals categorises them
as either plate- or column (prism)-like, with hexagonal plates and columns
with a hexagonal base area representing the simplest shapes in these categories
[6, 21, 47]. Single crystals can aggregate to form more complex shapes [21, 46].
As a frequently observed example, bullet rosettes are a form of aggregated ice
crystals made up of bullets, hexagonal columns with a pyramid-shaped top
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Figure 2.2: Illustration of the shape and dimensions of hexagonal columns, plates and
bullet rosettes [48, Fig. 1].

[46, 48]. A schematic illustration of the mentioned ice crystal shapes can be
seen in Fig. 2.2.

2.2.2 Growth of cloud particles and precipitation

Existing cloud particles can now further grow or shrink [6, 21].
Liquid water droplets grow by condensation or collision and coalescence with
other droplets. They can shrink due to evaporation [6, 21].
Condensation occurs in a saturated environment when water vapor diffuses
towards the droplet, evaporation occurs when the air around the droplet is
unsaturated [6]. The growth rate is inversely proportional to the radius of the
droplet. Hence, smaller droplets grow faster than larger droplets [21]. Liquid
cloud droplets (radius ∼ 10 `m [21, 49]) can not grow to sizes of raindrops
(radius ∼ 1000 `m [21]) just by condensation. Hence, another mechanism,
collision and coalescence, becomes important [21]. On one hand, gravitation
accelerates the droplets towards the Earth. On the hand, frictional forces slow
them down. The terminal fall describes the speed of the droplet when buoyant
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and drag forces are equal to gravity, hence the droplet does not experience
acceleration anymore [50]. Small droplets have lower terminal fall speeds than
large drops until the terminal fall speed saturates at a radius of about 3mm
[6, 21]. On their way downwards, larger drops may pass smaller droplets or
collide with them [6, 21]. The collision efficiency describes the ratio of the
effective collision cross section and the geometrical collision cross section.
Given two droplets with radii 𝑟1 and 𝑟2 and the critical distance 𝑦 between
the center points of these droplets at which they would collide grazingly, the
collision efficiency can be written as [21]:

𝐸 =
𝑦2

(𝑟1 + 𝑟2)2
. (2.20)

𝑦 is not equal to 𝑟1+𝑟2 as the smaller droplet will follow the streamlines around
the larger drop [21]. Hence, the collision efficiency is highly dependent on the
airflow around the collector drop [6]. The larger the collector drop is, the
larger is the collision efficiency if the ratio between the radii is held constant
[6, 21].
A collision, though, will not automatically lead to coalescence of two cloud
particles. Particles can also continue to exist as two separate particles after a
collision and not coalesce. The coalescence efficiency is defined as the ratio of
collisions resulting in coalescence. It is highest for large drops colliding with
small droplets, decreases as the size of the droplet increases and then increases
again as the droplets’ radii approach in size. Coalescence is dependent on the
ratio between the impact energy and the surface energy. If an electric field is
present, coalescence becomes more likely [21].
The final collection efficiency is the product of the collision and coalescence
efficiency [6, 21].

Ice crystals grow by deposition, riming or aggregation. They shrink by sublima-
tion [6, 21].
Deposition and sublimation are equivalent to condensation and evaporation
for liquid droplets [6].
Aggregation occurs when two ice crystals collide and attach to each other.
The former happens, similarly to liquid droplets, when the ice crystals have
different terminal fall speeds. The latter is highly dependent on temperature
as well as the structure of the ice crystals. It generally does not occur at tem-
peratures below −20 ◦C and becomes especially likely at temperatures above
−5 ◦C [6, 21].
Riming occurs when ice crystals collide with liquid drops which then freeze on
contact. Here, the collection efficiency depends on the size of the water droplet
as well as the size and shape of the ice particle and its terminal fall speed.
Generally, it is close to 0 for very small droplets, increases with increasing
droplet size and then again drops to almost 0 for the largest droplets [6].
Ice particles can also change phase and melt into liquid cloud droplets. For that
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to happen, they have to come in contact with water or air with temperatures
above 0 ◦C [6].

Cloud droplets and ice crystals that fall onto Earth’s surface are referred to as
precipitation. Liquid droplets fall as rain or drizzle, depending on their radius.
Ice particles can fall as snow, hail or graupel [6, 21].

2.3 Radiative effects of clouds

Clouds are an important factor regarding the global energy balance because
they interact strongly with incoming and outgoing radiation. Cloud particles
(water droplets or ice crystals) absorb and re-emit lw radiation and reflect sw
radiation. While the former induces a greenhouse effect that is warming the
climate system, the latter is an albedo effect leading to cooling [21, 51].
The interaction of spherical particles such as droplets with electromagnetic
radiation can be described using various theories, depending on the size of the
particle and the wavelength of the radiation [21, 52, 53].
First, a dimensionless size parameter 𝑥 is defined as:

𝑥 =
2𝜋𝑟
_

, (2.21)

with the particle radius 𝑟 and the wavelength _ of the incident radiation [21, 54].
When 𝑥 ≪ 1, the scattering is described using Rayleigh scattering and when
𝑥 ≳ 1, Mie scattering theory (Mie theory) is used [54]. For 𝑥 ≫ 1, geometric
optics are applied [21].
In the visible spectrum, 𝑥 is ≪ 1 for air molecules, ∼ 1 for cloud droplets and
≫ 1 for rain droplets [21]. 𝑥 as a function of particle radius 𝑟 and wavelength _
of incoming radiation is shown in Fig. 2.3 to illustrate the connection between
the different scattering regimes and different wavelengths and particle sizes.
Since Mie theory is the most relevant theory for the scattering of sw radiation
on cloud particles, its main aspects will be briefly discussed here. One of the
important aspects from Mie theory is that with increasing radius 𝑟 of the
particle, the amount of radiation scattered in a forward direction increases
[21, 55].
The optical depth of a cloud 𝜏𝑐 can be written as:

𝜏𝑐 = 𝛽𝑒𝑧𝑐, (2.22)

where 𝛽𝑒 is the extinction coefficient and 𝑧𝑐 is the thickness of the cloud [52].
The extinction parameter 𝛽𝑒 is a measure for the attentuation of radiation
when passing through a unit length of a medium, e.g. a cloud. It can be defined
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Figure 2.3: Regimes for different scattering theories dependent on wavelength _ of
incoming radiation and radius 𝑟 of the scattering particle [21, p. 123, Fig.
4.11].

as:

𝛽𝑒 =

∫
𝜎𝑒d𝑛(𝑟 ), (2.23)

with the extinction cross section 𝜎𝑒 and d𝑛(𝑟 ) = d𝑛
d𝑟 d𝑟 representing the droplet

size distribution, i.e. the number 𝑛 of particles with a respective radius 𝑟 [52].
The lwp Σ𝑙 of a cloud is the amount of liquid cloud water within a unit-area
column of atmosphere [21, 52]. The lwp of a cloud is defined as the total
amount of liquid water in a cloud in a vertical column of atmosphere per unit
area [56] and can be described as:

Σ𝑙 = 𝑧𝑐
4𝜋𝜌𝑤
3

∫
𝑟3d𝑛(𝑟 ), (2.24)

where 𝜌𝑤 is the density of water and a spherical geometry of water droplets is
assumed [52].
For the extinction cross section 𝜎𝑒 applies:

𝜎𝑒 = 𝑄𝑒𝜋𝑟
2, (2.25)

where 𝑄𝑒 is the extinction efficiency or the fraction of the incoming radiation
removed through the interaction with the spherical particle [52, 57]. For large
𝑥 , when the radius of the sphere is much greater than the wavelength of the
incoming radiation, Mie-theory suggest that𝑄𝑒 → 2. Thus, the extinction cross
section approaches 𝜎𝑒 → 2𝜋𝑟2 in the limit of large particles and sw radiation
[58] and the optical depth of a cloud 𝜏𝑐 can be written as, combining this limit
with Eqs. (2.22), (2.23) and (2.24) [52]:

𝜏𝑐 =
3Σ𝑙

∫
2𝜋𝑟2d𝑛(𝑟 )

4𝜋𝜌𝑤
∫
𝑟3d𝑛(𝑟 )

. (2.26)
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The scattering-equivalent mean droplet radius is defined as [52, 58]:

𝑟𝑒 =

∫
𝑟𝜋𝑟2d𝑛(𝑟 )∫
𝜋𝑟2d𝑛(𝑟 )

. (2.27)

Unlike a simple mean radius, this scattering-equivalent mean droplet radius
is weighted with the droplet cross section of the droplet. This is useful as the
amount of light scattered by spherical particles is proportional to their cross
sections [58].
Using Eq. (2.27), the optical depth of a cloud can be written as [52, 57]:

𝜏𝑐 =
3Σ𝑙

2𝜌𝑤𝑟𝑒
. (2.28)

The albedo is ameasure for the fraction of incoming radiation that is reflected on
a certain surface [59]. A cloud’s albedo can reach values of up to 0.9, depending
on its characteristics, i.e. the type of cloud, its thickness, and microphysical
properties [21, 59, 60], as well as the solar zenith angle [52].

Figure 2.4: Fractions of reflected (left) and absorbed (right) SWwavelengths in clouds
with different droplet sizes 𝑎𝑒 dependent on the lwp Σ𝑙 [52, p. 310, fig
9.34][61].

The single-scattering albedo �̃� is the ratio of scattering and extinction efficien-
cies 𝑄𝑠 and 𝑄𝑒 , respectively [62] and is defined as [58]:

�̃� =
𝑄𝑠

𝑄𝑒

=
𝑄𝑒 −𝑄𝑎

𝑄𝑒

= 1 − 𝑄𝑎

𝑄𝑒

, (2.29)

where 𝑄𝑎 is the absorption efficiency and 𝜎𝑎 and 𝜎𝑒 are the absorption and
extinction cross sections, respectively. Using Eq. (2.25), Eq. (2.29) can be written
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as:

�̃� = 1 − 𝜎𝑎

𝜎𝑒
. (2.30)

Further, the following is valid [58]:

𝜎𝑎 = 𝑘𝑖
4𝑟𝑒𝐺
3

, (2.31)

𝜎𝑒 � 2𝐺. (2.32)

Here, 𝑘𝑖 = 4𝜋𝑚𝑖/_ is the absorption coefficient that is dependent on the wave-
length _ of the incident radiation and the imaginary part of the refractive index
𝑚 of the absorbing medium. 𝐺 =

∫
𝜋𝑟2d𝑛(𝑟 ) is the total cross section area

[58]. Thus, the following relation for 1 − �̃� can be found [58]:

1 − �̃� �
2
3
𝑘𝑖𝑟𝑒 . (2.33)

1 − �̃� is a measure of the fraction of the radiation removed from the incident
beam by absorption [63]. As 𝑘𝑖 ∼ 1/_, Eq. (2.33) illustrates that the shorter
the wavelength of incoming radiation is, the larger is the fraction of removed
light that is absorbed rather than scattered. Fig. 2.4 (right) shows that in
the sw spectrum, with an increasing droplet radius, the absorbance of those
wavelengths increases. This is also supported by Eq. (2.33).
Furthermore, the albedo increases with the optical depth of a cloud [64, 65].
As shown in eq. 2.28, the optical depth of a cloud is proportional to its lwp.
Hence, an increase in the lwp leads to an increase in optical depth and thus
results in a higher albedo. This is also shown in fig. 2.4 (left).
Additionally, it can be seen that the smaller the water droplets are, the higher
is the albedo [66, 57]. This is also illustrated in Fig. 2.4 (left) and Eq. (2.28)
supports this too; as the mean effective radius 𝑟𝑒 decreases, the optical depth
𝜏𝑐 increases [57] and the albedo increases with the optical depth of a cloud
[64, 65]. As shown in Eq. (2.28), the optical depth of a cloud is proportional to
its lwp. Hence, an increase in the lwp leads to an increase in optical depth
and thus results in a higher albedo. This is also shown in Fig. 2.4 (left).
Also, a higher cloud droplet number concentration leads to an increase in
albedo [65].
Liquid water droplets also have a stronger effect on sw radiation compared to
ice crystals [64], i.e. liquid phase clouds are up to 4 times more reflective than
ice clouds [67].
The radiative properties of non-spherical ice crystals are more difficult to obtain
than those of spherical water droplets as Mie theory does not apply here [58].
Still, one can define the optical depth 𝜏𝑖 of an ice cloud similar to that of a
liquid phase cloud:

𝜏𝑖 = 𝛽𝑒𝑧𝑖 = 𝑧𝑖

∫
𝜎𝑒d𝑛(𝐿), (2.34)
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where 𝛽𝑒 is the extinction coefficient, 𝑧𝑖 is the thickness of the ice cloud, 𝜎𝑒 is
the extinction cross section and 𝑛(𝐿) is the distribution of the major dimension
𝐿 of the ice crystals [58].
Assuming randomly oriented hexagonal ice crystals, in the limit of geometric
optics, 𝜎𝑒 can be written as:

𝜎𝑒 =
3𝐷
2

(√
3𝐷
4

+ 𝐿

)
, (2.35)

with the minimum dimension 𝐷 of the crystal [58].
The single-scattering absorption of for such ice crystals can be derived similarly
to that of liquid droplets [58]:

1 − �̃� =
𝜎𝑎

𝜎𝑒
∼ 𝑘𝑖

√
3𝐿𝐷2

𝐷

(√
3 + 4𝐿

) , (2.36)

using again that 𝜎𝑎 is proportional to the absorption coefficient 𝑘𝑖 and the
volume𝑉 . The volume of a hexagonal ice crystal can be expressed as [58]:

𝑉 =
3
√
3

8
𝐿𝐷2. (2.37)

Interaction of lw radiation and cloud particles can be either described using
Mie theory, as previously presented, or using Rayleigh Scattering. As mentioned
earlier, this depends on the size of the cloud particle as well as the incident
wavelength (see Eq. (2.21)). Often, Mie theory is still used to describe the
interaction of cloud particles and lw radiation [58, 63]. When considering
Rayleigh scattering and spherical particles (i.e. water droplets), though, the
absorption efficiency can be approximated to:

𝑄𝑎 =
8𝜋𝑟
_

ℑ𝔪

(
𝑚2 − 1
𝑚2 + 2

)
= 4𝑥 ℑ𝔪

(
𝑚2 − 1
𝑚2 + 2

)
, (2.38)

where𝑚 is the refractive index of the sphere, 𝑟 the radius of the particle and
_ the wavelength of the incoming radiation. 𝑥 is the size parameter (see Eq.
(2.21)) [68].
The scattering efficiency can in this case is written as [68]:

𝑄𝑠 =
8
3
16𝜋4𝑟4

_4

����𝑚2 − 1
𝑚2 + 2

����2 = 8
3
𝑥4

����𝑚2 − 1
𝑚2 + 2

����2 . (2.39)

If the refractive index𝑚 is only weakly depending on _ over an interval, the
following holds for 𝑄𝑎 and 𝑄𝑠 and sufficiently small particles [68]:

𝑄𝑎 ∼ 𝑟

_
, 𝑄𝑠 ∼

𝑟4

_4
. (2.40)
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This follows from Eqs. (2.38) and (2.39). It shows that both the scattering as
well as the absorption efficiency decrease with increasing wavelength but the
absorption efficiency decreases faster. Additionally, both efficiencies increase
with increasing droplet radius 𝑟 .
Liquid water has an absorption minimum in the visual range. Several absorp-
tion bands can be found in the infrared (lw) range that are associated with
vibrations of the molecules. Absorption in the UV range is attributed to elec-
trons absorbing energy, thus becoming excited and transitioning to higher
energy orbitals [68].

The greenhouse effect is associatedwithmolecules in the atmosphere, especially
so-called greenhouse gases such as CO2 and H2O, absorbing and re-emitting
lw radiation emitted by Earth’s surface and at other levels of the atmosphere.
The emitted radiation is not solely directed away from the surface into space,
some part of it is also redirected towards the surface. Hence, more radiation
than just the incoming solar radiation is reaching Earth’s surface, causing a
larger warming compared to if no atmosphere was present. Clouds also cause
a greenhouse effect [21, 60].
Liquid phase clouds are optically thick regarding lw radiation when their lwp
Σ𝑙 exceeds about 20 g/m2. Its impact on the radiation can then be described
similarly to that of a blackbody [52]. Other observational studies of Arctic
clouds indicate lwps of 50 g/m2 [69] and 30 g/m2 [64] as the minimal water
content for blackbody behaviour.
Ice clouds, on the other hand, absorb much less lw radiation, but also behave
as a blackbody if the iwp is sufficiently large [52].
The name blackbody describes a physical body whose surface absorbs all
incoming radiation. Hence, no incoming radiation gets transmitted or reflected
[21].
A blackbody also emits radiation according to Planck’s law [21, 40, 70]:

𝜚 (a,𝑇 )da =
8𝜋ℎa3

𝑐3
1

exp (ℎa/𝑘B𝑇 ) − 1
da, (2.41)

where 𝑇 is the temperature of the blackbody, ℎ is the Planck constant, a is the
frequency of the radiation, 𝑐 the speed of light and 𝑘B the Boltzmann constant
[40]. The a derivation of Planck’s law can be found in the appendix A.
A cloud’s greenhouse effect is hence also dependent on its temperature. Clouds
at higher altitudes are usually colder than the Earth’s surface and hence absorb
the upwelling lw radiation from the surface and emit lw radiation as a colder
blackbody and thus with a different spectrum that has a maximum at a greater
wavelength [21, 53]. The greenhouse effect is thus also dependent on the cloud’s
height.
A cloud’s albedo is neither dependent on its height nor its temperature [52, 53].
The absorbance of a cloud increases with increasing droplet size and increasing
lwp (see Fig. 2.4 (right), considering Mie theory) [52].
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In a global mean, a cloud’s albedo effect outweighs its greenhouse effect, so
that clouds are usually associated with an overall cooling effect on Earth’s
surface [21, 51].
In conclusion, the radiative properties of a cloud depend on the phase of the
water (liquid or solid phase), the droplet/ice crystal size and their concentration,
the thickness of the cloud as well as its shape and temperature [51, 64, 71].

2.4 Clouds in the Arctic

Looking at a whole year, an average of about 70% of the Arctic is covered by
clouds [72, 73]. During the warmer seasons, the cloud cover is generally greater
than during the colder seasons [6, 72].
In the Arctic, liquid phase and ice clouds as well as mixed-phase clouds can be
found [74]. Additionally, liquid water is found in Arctic clouds all year round
[35, 71, 75]. Solely liquid phase clouds most often appear close to the ground.
Liquid water found in clouds at altitudes of a few kilometers is associated
with mixed-phase clouds and the highest clouds in the Arctic contain only
ice crystals [74]. Compared to mid and low latitudes, mixed-phase clouds are
found at much lower altitudes in the Arctic [76]. This has of course to do with
the lower temperatures in the Arctic compared to mid and low latitudes. In
the Arctic, ice clouds reach temperatures as low as −60◦C and liquid water can
still be found in mixed-phase clouds at −40◦C. Clouds containing only liquid
water have been observed at −24◦C [74].
From October 1997 until October 1998, the Surface Heat Budget of the Arctic
Ocean (sheba) project took place in a region north of Alaska [77].
Purely liquid phase clouds observed during sheba were mostly occurring in
summer, mixed-phase clouds in spring and autumn and solely ice clouds ap-
peared in all seasons [49].
The most frequently observed type of mixed-phase clouds during that time
were low-level stratiform clouds [78].
Arctic clouds are often low [72, 79] and optically thin with a low water content,
hence observing them, especially from space and during winter, can be chal-
lenging [75, 79, 80].
Microphysical properties of Arctic clouds can vary significantly from cloud to
cloud as well as within a single cloud [49, 80, 81]. Within a single cloud, the
largest variations can be found vertically where e.g. the mean droplet radius
and liquid water content generally increase with height above the cloud base
[49, 81, 82]. During sheba, average values for the droplet radius and lwp in
liquid clouds were observed to be 6.5 `m and 45 g/m2, respectively. In ice clouds,
ice particles are generally larger in summer than in winter with an average
diameter of 73 `m. The annual average iwp in Arctic ice clouds was observed
to be 30 g/m2 [49]. In mixed-phase clouds observed during sheba, ice particles
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were also larger in summer than in winter. Here, the average annual diameter
is 93 `m. The average iwp in mixed-phase clouds during those observations
was 42 g/m2, the average lwp was 61 g/m2 [78].
Observations during sheba found Arctic clouds in the observed region at 85%
of the times. Clouds were more frequent in summer than in winter [75]. A
similar seasonal variability in cloud coverage has been observed in other areas
of the Arctic as well. In the Eurasian Arctic, for example, the cloud coverage
is largest in autumn and smallest in spring [72]. Generally, there is a spatial
variability of cloud coverage in the Arctic with a similar seasonal variability
[83].
Low-level liquid clouds with bases below 4.3 km above ground have the highest
influence on the radiation budget in the Arctic, including both lw and sw
radiation [64].
Diamond dust or cloudless ice crystal precipitation is a crystalline condensa-
tion in the Arctic air while no clouds are present. It only occurs when the air
temperature is low enough, hence it is usually found from October to April
[84]. Earlier studies suggested a rather large impact of diamond dust on the
Arctic radiation budget [85], but it was found that it has little to no effect [84].
Intrieri and Shupe, 2004 [84] suspect that rather thin liquid clouds that had
not been observed, were the reason for the previous assumption.
Observations during sheba suggest cloud phase and cloud fraction to have
more influence on the surface radiation budget compared cloud base tempera-
ture and other microphysical properties [86].
In contrast to the global mean where clouds are associated with a general
cooling effect [21, 51], Arctic clouds generally have a warming effect on the
surface temperature except for a short time during summer when they have a
cooling effect due to the low surface albedo [80, 87, 88, 89].
Clouds do not only have an influence on the Arctic climate by interacting with
radiation [35], they are also responsible for precipitation [6]. Snow, e.g., has an
insulating effect on sea ice. Thicker snow covers in cold months lead to slower
sea ice growth unless there is so much snow on the ice that it gets flooded.
Flooding is way more frequent in the Antarctic than in the Arctic. [90].
Sea ice and clouds have an effect on each other [83, 91]. In warmer months,
for example, clouds over open ocean contain more liquid water due to inter
alia enhanced evaporation and a higher surface temperature compared to sea
ice covered areas [91].
Several studies suggest a positive cloud-ice feedback,meaning less sea ice could
lead to more clouds which then, due to an enhanced greenhouse effect, warm
the surface and promote sea ice melt [24, 25, 26].
Sea ice plays an important role in the Arctic and global climate system. Its
albedo (up to 0.85) is significantly higher than that of open ocean (ca. 0.07)
and it acts as an insulator between the cold atmosphere and warmer ocean
prohibiting turbulent heat exchanges between those two [90, 92]. The ice-
albedo feedback is an important positive climate feedback that originates in
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the large albedo difference of sea ice and open ocean. As the sea ice melts,
more radiation is absorbed by the open ocean compared to the one covered
in ice. This leads to a warming of the surface and atmosphere which then
enhances sea ice melt [52, 90, 93].
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Methods
3.1 Community Earth System Model

In this work, all experiments are performed using a slab-ocean model (som)
version of the cesm [36]. The cesm is a global climate model that is fully
coupled and developed of seven different components that interact via a coupler.
It was created by the National Center for Atmospheric Research [94]. The
component models are atmosphere, ocean, land, sea ice, land ice, river and
waves [95]. This project will mainly focus on the atmosphere component, the
Community Atmosphere Model version 6 (cam6).

In the som version of cesm, the ocean is simplified to a single, well-mixed
layer with a temperature 𝑇0 and an internal heat flux 𝑄 . 𝑄 is determined by a
control run of the model with a fully coupled ocean and is based on a linear
interpolation of the monthly mean flux of energy into the ocean. It is important
that the annual and global means of the 𝑄-flux is 0 to ensure no sources or
sinks of heat are being introduced relative to the control run [96].

3.1.1 Cloud Microphysics and Radiation scheme

The model distinguishes between three different types of clouds: ice clouds,
liquid clouds and snow clouds. In mixed-phase clouds, the liquid and ice phase
clouds are treated individually. Each cloud type 𝑖 has a respective cloud fraction
𝑐𝑖 , optical depth 𝜏𝑖 , single-scattering albedo 𝜔𝑖 and asymmetry parameter 𝑔𝑖

23



24 chapter 3 methods

[97].
The optical depth𝜏𝑖 of a cloud is a measure for the amount bywhich radiation di-
minishes as it travels vertically through a cloud layer [21]. The single-scattering
albedo 𝜔𝑖 quantifies the balance between scattering and absorption, indicating
the fraction of radiation removed from an incident beam of radiation through
extinction that removed by scattering [21, 52]. Lastly, the asymmetry parameter
𝑔𝑖 is a measure for the difference in backward and forward scattering. For
Rayleigh scattering, e.g., 𝑔𝑖 = 0 while 𝑔𝑖 > 0 for Mie scattering [52].
The variables used to calculate the interaction of a liquid cloud with lw and
sw radiation are the lwp Σ𝑙 and two parameters related to the droplet size
distribution, ` and _ (see [98, Eq. (19)], [99]).
The number 𝑛 of droplets with diameter 𝐷 is gamma distributed:

𝑛(𝐷) = _`+1

Γ (` + 1)𝐷
` exp (−_𝐷) . (3.1)

The optical properties of a liquid cloud are found in a lookup table regarding `
and 1/_ and are then used to calculate the size-integrated mass-specific extinc-
tion coefficient 𝑘ext, the single-scattering albedo 𝜔 and asymmetry parameter
𝑔 as well as the mass-specific absorption in the lw spectrum [97].

To determine the optical properties of ice clouds, the model takes into account
the in-cloud iwp Σ𝑖 , the cloud fraction of ice clouds and the effective diameter
𝑑𝑖 of the ice particles within the cloud. The effective diameter of ice particles
is calculated as follows [97]:

𝑑𝑖 =
3𝜌
_𝑖𝜌𝑖

, (3.2)

where _𝑖 is the slope parameter corresponding to the gamma distribution of ice
particle sizes, 𝜌 = 500 kg/m3 is the bulk density for cloud ice and 𝜌𝑖 = 917 kg/m3

is the bulk density of pure ice. As for the crystal shapes, the model assumes
50% quasi-spherical, 30% irregular ice particles and 20% bullet rosettes [97].
Physically, 𝑑𝑖 represents the theoretical distance a photon can travel through a
particle without experiencing internal reflections or refraction. 𝑑𝑖 is a measure
for all particles of the size distribution [100]. Ice cloud optical properties
are calculated using the modified anomalous diffraction approximation, a
simplification of Mie theory [100].

Optical properties of snow clouds are calculated similarly to those of ice clouds
using optical properties from a lookup table [97].

The combined cloud parameters used for the cloud-radiation interaction are
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then calculated as follows [97]:

𝐶 = max {𝐶𝑖}, (3.3)

𝜏 =
∑︁

𝑖∈type
𝜏𝑖
𝐶𝑖

𝐶
, (3.4)

𝜔 =
∑︁

𝑖∈type
𝜏𝑖𝜔𝑖

𝐶𝑖

𝜏𝐶
, (3.5)

𝑔 =
∑︁

𝑖∈type
𝜏𝑖𝜔𝑖𝑔𝑖

𝐶𝑖

𝜏𝜔𝐶
. (3.6)

These are then passed on to the radiative transfer model RRTMG [101].

3.2 Experiments

The cloud parameters applied in this work are the droplet size distribution in
liquid phase clouds, the size of the ice crystals in ice phase clouds, the liquid
and ice water contents of the clouds as well as the cloud fraction, namely _ and
` of the droplet size distribution in liquid phase clouds, the effective radiative
diameter of ice crystals 𝑑𝑖 in ice phase clouds,the in-cloud lwp and iwps Σ𝑙
and Σ𝑖 in liquid and ice phase clouds respectively as well as the overall cloud
fraction 𝑐 𝑓 . These are the parameters determining the radiation scheme in the
cesm.
The Arctic is defined as the region above a latitude of 70◦.
First, individual runs for each cloud parameter with pre-industrial CO2 levels
are performed with an applied forcing by modifying one microphysical parame-
ter in Arctic clouds. This way, the influence each cloud parameter on the Arctic
climate can be studied. The modifications in cloud parameters are introduced
in year 41 of each run to ensure the model is already in equilibrium before
introducing the changes. The experiments will be run for 70 years in total and
the last 20 years (51-70) of each run will be analysed, if not indicated otherwise.
For the runs with pre-industrial CO2 levels, the restart files are obtained from
a previous som run conducted by the institute to save time and memory.
All modifications made are only relevant to the radiation model and do not
interact with other components of the cesm.
Then, the changes of those cloud parameters due to climate change will be
investigated by performing two experiments with the climate model, one with
pre-industrial (1850) atmospheric CO2 content (284.7 ppm) and one with a
forcing by doubling the atmospheric CO2 content (569.4 ppm). The latter value
is chosen as an estimate for the increase in CO2 levels due to anthropogenic
climate change. It is still higher than the actual value today, but a reasonable
value for the future as CO2 levels have been constantly increasing during the
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past decades [102].
Monthly averages of the parameters in each run are considered to quantify
how they change in the Arctic due to the forcing.
In the following, the conducted experiments are briefly described, with an
overview provided in Table 3.1, detailing experiment names and modifications.
Seasonal variations are considered in certain experiments, with winter defined
as January, February, and March, and summer as July, August, and Septem-
ber. These experiments are denoted with _winter or _summer after their run
name.

Run name 𝚺𝒍 𝝁 𝚲 𝚺𝒊 𝒅𝒊 𝒄𝒇
ctrl
2CO2
+liq +0.2Σ𝑖 0.8
no_liq 0 +Σ𝑙
+ice 0.8 +0.2Σ𝑙
no_ice +Σ𝑖 0
2liq 2
+pgam 1.5
+lamc 1.5
+dei 1.5
-cld 0.5
no_cld 0
cld_force = Σ2CO2

𝑙
= `2CO2 = _2CO2 = Σ2CO2

𝑖 = 𝑑2CO2
𝑖 = 𝑐2CO2

𝑓

Table 3.1: Overview over all the conducted experiments. Numbers indicate factors by
which a certain parameter is multiplied. "+" preceding a number indicates
an amount added to the parameter, while "=" preceding a number indicates
specific values to which parameters are set. Except for 2CO2, all experiments
are run with pre-industrial CO2 levels (284.7 ppm), while 2CO2 is run with
doubled CO2 levels (569.4 ppm).

3.2.1 Control runs

The control run without any forcings will be referred to as ctrl. The experi-
ment with a forcing due to the doubling of pre-industrial CO2 levels is called
2CO2.

3.2.2 Cloud fraction

To investigate the general influence of clouds on Arctic climate, the cloud
fraction 𝑐 𝑓 is modified.
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During the experiment -cld, the cloud cover fraction is reduced by the factor
0.5, hence half of the clouds in the Arctic are removed. This is implemented
during all of the months as well as only during summer or winter in the
experiments -cld_summer and -cld_winter, respectively.
The experiment no_cloud does not consider clouds in the Arctic at all. Here,
𝑐 𝑓 in the Arctic is set to 0.

3.2.3 Liquid and ice water path

To examine the influence of cloud phase on Arctic climate, the lwp and iwp
are modified.
In the experiment +liq, an increase in liquid cloud water is implemented by
adding 20% of the in-cloud iwp Σ𝑖 to the in-cloud lwp Σ𝑙 . At the same time,
Σ𝑖 is reduced by 20% which results in a change in ratio of liquid and ice cloud
water, but leaves the total amount of water in the clouds unchanged. This is
equivalent to melting 20% of the ice crystals found in Arctic clouds.
Similarly, in the +ice experiment, 20% of Σ𝑙 is added to Σ𝑖 and the same
amount is subtracted from Σ𝑙 . Illustratively, 20% of the liquid cloud droplets
get frozen in Arctic clouds. Again, the overall water content in the Arctic clouds
stays the same.
During the experiment 2liq, a forcing is introduced by doubling Σ𝑙 . Variations
of this experiment include 2liq_summer and 2liq_winter where the doubling
of Σ𝑙 is implemented in only summer and winter, respectively.
Additionally, experiments with just liquid water and just ice clouds are con-
ducted. They are called no_ice and no_liq, respectively. During the former,
all ice in Arctic clouds is transformed into water. During the latter, all liquid
water is turned into ice crystals.

3.2.4 Size distribution parameters

To investigate the effect of droplet and ice crystal size distributions, the param-
eters regarding those are modified.
In the experiments +pgam and +lamc, ` and _ of the liquid droplet size distri-
bution are increased by the factor 1.5, respectively. The increase of ` leads to
the distribution being wider and the maximum is shifted towards the right if
_ is kept constant. An increase in _ without changing `, on the other hand,
leads to a narrower size distribution and the maximum is shifted towards the
left. This is illustrated in Fig. 3.1.
In the experiment +dei, the effective radiative diameter of ice (𝑑𝑖) is increased
by the factor 1.5, hence enlarging the ice crystals.
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Figure 3.1: Droplet size distributions for different _ and `, where _0 = 0.235 ·10−6 1/m
and `0 = 3 were chosen arbitrarily.

3.2.5 Doubling of CO2

Lastly, I use the 2CO2 and ctrl experiments to determine the changes of clouds
in an environment with double the amount of CO2 in the atmosphere. Using
30 years (years 51-80) of both experiments, I calculate the difference of the
parameters in each month averaged over those 30 years. The difference is
calculated at each grid point and each pressure level, giving a 3D mask which
is then added to all microphysical cloud parameters and the cloud fraction in
an experiment with preindustrial CO2 levels. I hereby make sure to keep all
the parameters within their limits, e.g. ensuring that 0 < 𝑐 𝑓 < 1 or Σ𝑖,𝑙 > 0.
This way, I can conduct an experiment studying the first order changes intro-
duced by clouds changing due to climate change, corresponding to a doubling
of the atmospheric CO2. The changes implemented here do not only concern a
single microphysical property but rather a combination of all of them.
This experiment is called cld_force.

3.3 Analysis

Climate variables of interest include the reference height temperature averaged
over the Arctic, sea ice extent, and lw and sw fluxes used to estimate the
clouds’ greenhouse and albedo effects. Monthly output is obtained for each
variable.
The sea ice extent is defined similarly to how the NSIDC (National Snow & Ice
Data Center) does as the area that is covered by at least 15% of sea ice [103].
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Hence, every grid cell with a sea ice fraction > 0.15 contributes to the sea ice
extent.
The control run ctrl will act as a reference for comparison.

3.3.1 Greenhouse effect

Using the lw fluxes, the clouds’ greenhouse effect 𝐺𝐶 can be calculated. The
combined greenhouse effect of clouds, atmosphere and aerosols 𝐺 can be
defined as the difference in upwelling lw flux at the surface (𝐹U,S

LW ) and at the
top of the atmosphere (𝐹U,T

LW ) [104]:

𝐺 = 𝐹
U,S
LW − 𝐹

U,T
LW . (3.7)

The CESM only outputs values for the net and downwelling LW flux at the
surface (𝐹N,S

LW and 𝐹D,S
LW , respectively), which can be combined to give 𝐹U,S

LW :

𝐹
U,S
LW = 𝐹

N,S
LW − 𝐹

D,S
LW , (3.8)

using that the net lw flux is directed upwards. Thus, 𝐺 can be calculated as
follows:

𝐺 = 𝐹
N,S
LW − 𝐹

D,S
LW − 𝐹

U,T
LW . (3.9)

To find𝐺𝐶 , the difference between the clear-sky, hence cloud-free, greenhouse
effect 𝐺𝐶𝑆 and the combined greenhouse effect 𝐺 is calculated. As the 𝐹

U,S
LW

is dependent on the surface temperature, it is identical in the clear-sky and
cloudy scenario. Then, 𝐺𝐶 can be written as:

𝐺𝐶 = 𝐹
U,T
LW − 𝐹

U,T,CS
LW . (3.10)

𝐺𝐶 can only be seen as a measure for the cloud greenhouse effect under
certain circumstances. The emissivity of a cloud changes with, e.g., temperature
[21, 53]. Hence, the same cloud would yield different𝐺𝐶 values in a, e.g., colder
environment.

3.3.2 Albedo

To find a measure for the cloud albedo effect 𝐴, the downwelling sw flux at
the surface is considered in the cloudy-sky as well as the clear-sky version of
the model output (𝐹D,S

SW and 𝐹
D,S,CS
SW , respectively). 𝐴 can then be defined as the

amount of radiation removed of the downwelling beam by the clouds:

𝐴 = 𝐹
D,S
SW − 𝐹

D,S,CS
SW . (3.11)
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3.3.3 Calculation of mean control values

The mean Arctic near-surface temperature, the mean sea ice extent as well
as the mean lw and sw fluxes for the control run are computed using a
mc simulation. To rule out natural variability and long-term patterns in the
climate, during each iteration of the mc simulation, 20 random years between
the years 41 to 80 will be picked.
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Figure 3.2: Monthly mean cloud greenhouse effect in the Arcitc with 1- and 2-𝜎 ranges
(dark grey and light grey, respectively), derived by using a mc simulation.

Each year can only be picked one time during each iteration. Then, the 20-
year-mean of each climate parameter is calculated. This step is repeated 5000
times. Lastly, the mean and standard deviation of these values is calculated.
As an example, the monthly means of the Arctic cloud greenhouse effect derived
by themc simulation are shown in Fig. 3.2. Here, the black line shows the mean
value of the mc simulation, the dark grey area corresponds to the 1-𝜎-range
and the the light grey area corresponds to the 2-𝜎-range, with 𝜎 being the
standard deviation. This means, assuming a normal distribution, that about
95.4% of the simulated 20-year means are within that range.
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Sensitivity Studies
4.1 Cloud fraction

First, the general influence of clouds in the Arctic is studied by changing the
cloud fraction in the Arctic. Removing all clouds in the Arctic by decreasing
the cloud fraction 𝑐 𝑓 to 0, does not significantly change the mean Arctic
temperature compared to the control run when considering the reference
height temperature averaged over the Arctic and the last 20 years, years 51-70,
of the simulation (no_cld, see Tab. 4.1). On first sight, this is not consistent with
literature suggesting an overall warming effects of clouds on Arctic temperature
[80, 87, 88, 89].

Run name ctrl no_cld -cld -cld_summer -cld_winter
𝑇 in ◦C −15.5 ± 0.2 −15.4 −18.7 −15.7 −16.2

Table 4.1: Mean temperature 𝑇 in ◦C in the Arctic, averaged over the years 51-70 of
each -cld experiment. The value for ctrl was derived by a mc simulation.

However, considering the monthly means of the reference height temperature
in the Arctic over the mentioned 20-year period, a significant warming can be
observed in summer and autumn, while a significant cooling can be observed
in winter and spring (see Fig. 4.1). In June and December, almost no difference
in mean Arctic reference height temperature can be found. In June, this
corresponds to the start of the sea ice melt (see Fig. 4.2).
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The largest warming can typically be observed in September and October. Here,
it is more than 3 ◦C warmer in no_cld compared to ctrl. Additionally, during
July, August and November, a warming greater than 1 ◦C is observed. During
winter and spring, the absence of clouds has a large cooling effect, yielding
a difference between the mean monthly temperatures of ctrl and no_cld
greater than 2 ◦C in March, April and May (see Fig. 4.1). These findings are
also consistent with literature, as clouds in the Arctic have a warming effect
on the surface temperature except for in summer [80, 87].
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Figure 4.1: 20-year Monthly means of the reference height temperature and difference
between these monthly means averaged over the Arctic of the no_cld
(red, over the years 51-70) experiment and ctrl (black, derived by a mc
simulation) experiment. The shaded areas show the 1- and 2-𝜎 ranges of
ctrl (dark grey and light grey, respectively)

It can also be seen that the mean Arctic temperature stays below 0 ◦C at any
time in ctrl, but is above 0 ◦C in July (1.2 ◦C) and August (1.3 ◦C) in no_cld.
Higher temperatures in summer promote sea ice melt. Hence, the sea ice
minimum in September is considerably lower in no_cld compared to ctrl.
During the winter months though, there is little to no deviation in sea ice
extent (see Fig. 4.2). Generally colder temperatures during the freezing season
can potentially compensate the loss of sea ice, at least in terms of area. The
thickness of the ice is not considered here, but one could speculate thinner and
less multi-year ice no_cld.
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Figure 4.2: Monthly means averaged over the years 51-70 of Arctic sea ice extent of
the no_cld (red) and ctrl (black) experiments.

An absence of clouds leads to incoming solar radiation not being reflected
or absorbed by them. Hence, especially in summer, more solar radiation is
reaching the surface (see Fig. 4.3). The large peak in summer can be explained
with the fact that more sunlight is generally reaching the Arctic during the
summer months. Additionally, a reduced surface albedo due to a smaller sea
ice extent leads to less sw radiation being reflected. Since the net sw flux is
directed downwards, it increases here.
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Figure 4.3: 20-year averages (years 51-70) of the monthly means of the fsns of the
no_cld (red) and ctrl (black , derived by a mc simulation) experiments.
The net sw flux is directed downwards.

When there are no clouds present, there is also no greenhouse effect induced
by them (see Fig. 4.5a). Hence, the downwelling lw flux at the surface (see Fig.
4.4a) is smaller during no_cld than during ctrl. The upwards directed net lw
flux, though, is greater during no_cld than during ctrl during all months (see
Fig. 4.4b). This can also be explained by the absence of the clouds’ greenhouse
effect not trapping the lw radiation but rather letting more of the upwelling
lw radiation escape. Additionally, during summer, when the temperature is
higher during no_cld, both the atmosphere and the surface emit more lw
radiation due to the warmer temperatures.
Even though the clouds’ greenhouse effect 𝐺𝐶 in ctrl is largest in summer,
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and hence the difference in 𝐺𝐶 is largest in summer (see Fig. 4.5b), summer
temperatures are generally warmer during no_cloud. This indicates that in
summer, when sea ice is at its lowest, the clouds’ albedo effect outweighs their
greenhouse effect.
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(a) downwelling LW flux at surface (flds) in the Arctic.
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(b) flns in the Arctic.

Figure 4.4: 20-year averages of the monthly means of the Arctic lw fluxes at the
surface of the no_cld (red, over the years 51-70) and ctrl (black, derived
by a mc simulation) experiments. The net lw flux is directed upwards,
the downwelling lw flux is directed downwards.

For further insights into the radiation fluxes and spatial resolution of reference
height temperature in the Arctic concerning the no_cld scenario, please refer
to the appendix (see Ch. B.1).



4.1 cloud fraction 35

2 4 6 8 10 12
Month

0

5

10

15

G
C
 in

 W m
2

ctrl
no_cld

(a) Monthly means

2 4 6 8 10 12
Month

15

10

5

0

G
C
 in

 W m
2

ctrl
no_cld

(b) Differences

Figure 4.5: 20-year averages of the monthly means of the Arctic cloud greenhouse
effect of the no_cld (red, over the years 51-70) and ctrl (black, derived
by a mc simulation) experiments.

Now, the -cld experiments are considered. Decreasing the Arctic cloud fraction
𝑐 𝑓 by 50% in all months leads to a decrease in mean Arctic reference height
temperature averaged over the years 51-70 of each simulation (see Tab. 4.1). The

-cld experiment yields the lowest temperature, about 3 ◦C colder than during
ctrl. The cooling observed during -cld_summer is insignificant compared to
ctrl and within its 1-𝜎 range.
When considering the monthly 20-year mean temperature (see Fig. 4.6), it
can be seen that -cld yields lower average monthly values than ctrl in all
months. The largest differences between these two experiments can be found
in autumn and early winter, with temperature deviations up to 6 ◦C. The
colder temperatures, especially in the freezing season, cause a larger sea ice
extent and the sea ice to potentially grow thicker, and colder temperatures
in the melting season lead to less melt and a larger sea ice extent during the
minimum in September (see Fig. 4.7). A larger sea ice extent and thicker sea
ice would inhibit energy fluxes between the ocean and the atmosphere, hence
cool the Arctic climate, especially during winter. Less clouds in winter would
also contribute to a colder climate, mainly due to a reduction in greenhouse
effect (see Fig. 4.9).
In summer, on the other hand, less clouds should have a warming effect on the
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Arctic which can not be observed here. The temperature differences between
-cld and ctrl are smallest in summer, but this is mostly due to sea ice melt
locking reference height temperatures at around 0 ◦C. This, the significantly
colder temperatures during winter as well as the greater sea ice extent (and
possible greater sea ice thickness) perhaps damp the warming effect the lack
of clouds should have in summer.
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(a) Monthly means of the reference height temperature averaged over
the Arctic of the -cld experiments.
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Figure 4.6: Monthly means of the reference height temperature and difference be-
tween these monthly means averaged over the Arctic and years 51-70 of
the -cld experiments. The 20-year monthly means of ctrl were derived
using a mc simulation.

Looking at the net sw flux at the surface (see Fig. 4.8a), larger net sw flux
at the surface can be found for -cld compared to ctrl. The increase can be
explained by the fact that less clouds lead to a lower albedo of the atmosphere
and thus, less reflected sw radiation. Hence, more sw radiation is reaching
the surface (see Fig. 4.8).
At the same time, a decrease in cloud greenhouse effect can be observed (see
Fig. 4.9), enhancing the cooling. When additionally considering -cld_summer,
it can be seen that the greenhouse effect attains a similar level compared
to -cld during the summer months, when the forcing is applied. The slightly
higher greenhouse effect during -cld_summer can be explainedwith the higher
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temperatures in the corresponding months (see Fig. 4.6) compared to -cld as
the greenhouse effect of clouds is temperature dependent [53]. Additionally,
the lower amount of sea ice during the summer time (see Fig. 4.7) could lead to
more clouds in the atmosphere due to the cloud-ice feedback [24, 25, 26]. The
higher net sw flux during -cld_summer in summer can be explained with a
lower surface albedo due to significantly less sea ice compared to -cld.
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Figure 4.7: 20-year averages (years 51-70) of the monthly means of Arctic sea ice extent
of the -cld experiments. The values for ctrl were derived using a mc
simulation.

During the analysed 20-year period, the average near-surface Arctic tempera-
ture decreases slightly by about 0.2 ◦C when the 𝑐 𝑓 is reduced by 50% during
the summer months. This change is within the 1-𝜎 range of ctrl. When 𝑐 𝑓 is
reduced during the winter months, on the other hand, the the average near-
surface Arctic temperature decreases by about 0.7 ◦C. The latter aligns well
with theoretical expectations, as reducing the cloud cover removes part of the
warming effect clouds have during winter (-cld_winter, see Ch. 2.4). Since
the temperature change during -cld_summer is insignificantly small, it can
be assumed that removing clouds during summer does not have an impact on
Arctic reference height temperatures.
When looking at the average monthly mean Arctic temperatures (see Fig. 4.7),
though, it can be seen that the greatest warming in -cld_summer does not
occur in summer, as one could expect [87]), but in December. On the other
hand, in September, a significant cooling can be observed. Here, temperatures
are more than 1 ◦C higher compared to ctrl. During the other months, no
significant deviation from ctrl can be observed. The colder September could
be explained with the fact that there is not as much incoming solar radiation
in September as there is e.g. in July and August (see Fig. 4.8a). Hence, one
could speculate the warming effect of Arctic clouds to be dominating during
this month. When reducing the cloud fraction, this warming effect gets smaller
and it gets colder.
When considering the greenhouse effect (see Fig. 4.9), it can be seen that
the greenhouse effect is smaller in -cld_summer during the months when the
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forcing is applied compared to ctrl. This is a consequence of the reduced
cloud cover.
During -cld_summer, there is less sea ice, mainly during summer (see Fig.
4.7). This can be explained with the reduced cloud cover in summer, letting
more sw radiation reach the surface and melt the ice. This does not become
apparent in the temperature difference as the phase transition from solid ice
to liquid water locks temperatures at around 0 ◦C.
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Figure 4.8: 20-year averages of the monthly means of the fsns, the Arctic cloud
albedo effect 𝐴 of the -cld (over the years 51-70) and ctrl (derived by a
mc simulation) experiments and the difference between the Arctic cloud
albedo effect monthly means. The net sw flux is directed downwards.
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The higher temperatures in December could be explained by thinner sea ice
allowing more heat to be exchanged between the warm ocean and cold at-
mosphere. However, this explanation does not account for the minor cooling
trends observed in November and January. Therefore, the warming trend ob-
served specifically in December may stem from alternative factors not directly
linked to cloud cover, requiring additional research for a comprehensive under-
standing.
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Figure 4.9: 20-year averages of the monthly means of the Arctic cloud greenhouse
effect of the -cld experiments (over the years 51-70) and ctrl (derived
by a mc simulation) experiments.

During -cld_winter, the maximal temperature differences occur in February
and March when it is about 2 ◦C colder than during ctrl (see Fig. 4.6b). These
colder temperatures can be explained by the reduced greenhouse effect due to
the reduced cloud cover in winter (see Fig. 4.9). During the January, February
and March, the months in which the forcing is applied, a lower greenhouse
effect can be observed (see Fig. 4.9) due to the reduction in cloud cover. Since
it is generally colder or equally warm during the other months compared to
ctrl, sea ice can grow thicker and melt slower during the melting season with
respect to extent, resulting in a greater sea ice extent during the minimum in
September (see Fig. 4.7). The larger amount of sea ice then acts as an insulator
between the ocean and the atmosphere, leading to cooler temperatures during



40 chapter 4 sensit iv ity studies

late autumn and winter.
Changing 𝑐 𝑓 during the first three months of year does not have a significant
influence on the net sw flux at the surface and the cloud albedo effect (see
Fig. 4.8). This is due to the small amount of sunlight reaching the Arctic during
that time of year.
Overall, reducing 𝑐 𝑓 in winter has a larger impact on temperatures by cooling
and a resulting positive impact on sea ice, while reducing 𝑐 𝑓 in summer has
little influence on temperatures, but a negative impact on sea ice.

4.2 Liquid and ice water path

As a next step, the amount of liquidwater in Arctic clouds is doubled. Hereby, the
total amount of Arctic cloud condensate increases as well (see Figs. B.12-B.14).
If this forcing is applied in all months, a cooling of about 2 ◦C can be observed
(see Tab. 4.2, 2liq). At a first glance, this seems to contradict literature and
the previous experiments where clouds were found to have an overall warming
effect on the Arctic, as the warming effect during spring, autumn and winter is
outweighing the cooling effect during summer [80, 87, 88, 89] and an increase
in optical depth due to increase in liquid water path (see Eq. 2.28). Thus, one
would expect an increase in cloud condensate to warm the Arctic.

Run name ctrl 2liq 2liq_summer 2liq_winter
𝑇 in ◦C −15.5 ± 0.2 −17.4 −17.1 −15.7

Table 4.2: Mean temperature 𝑇 in ◦C in the Arctic, averaged over the years 51-55 of
the 2liq experiments.

It can be seen, though, that during 2liq, the mean Arctic reference height
temperature averaged over the years 51-70 of the simulation is lower in all
months compared to ctrl (see Fig. 4.10). The largest difference to ctrl can
be found in October when it is about 4 ◦C colder.
Colder temperatures lead to a greater sea ice extent, a slower sea ice melt (see
Fig. 4.11) and is probably probably resulting in thicker sea ice. The larger sea
ice extent inhibits energy exchanges between the ocean and the atmosphere.
This has a large effect in autumn when temperatures are decreasing again
and the ice is beginning to freeze. This can explain the peak in temperature
difference between 2liq and ctrl in October.
During 2liq, the sea ice extent is on average greater in October than in all other
months during ctrl. In November and December, the sea ice extent during
ctrl has increased, less energy is going from the ocean to the atmosphere and
the difference in reference height temperature is decreasing.
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An explanation for an initial increase in sea ice during 2liq, which is then part
of a feedback loop by cooling the atmosphere, can be found when considering
the sw fluxes (see Fig. 4.12). During the months when sunlight is reaching the
Arctic, a decrease in net sw flux at the surface can be observed. This is due
to a significantly increased cloud albedo effect by increasing the lwp [64, 65]
(see Figs. 4.12b and 4.12c). Therefore, during the melting season, less sunlight
is reaching, warming and melting the ice.
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Figure 4.10: Monthly means of the reference height temperature and difference be-
tween these monthly means averaged over the Arctic and years 51-70 of
the 2liq experiments. The 20-year monthly means of ctrl were derived
using a mc simulation.

An increase in cloud condensate is also associatedwith an increased greenhouse
effect [52, 64, 69]. During 2liq, an increase in greenhouse effect is only
observed in spring and summer (see Fig. 4.13). This can be explained by, for
one, the amount of liquid water that is added. Generally, there is more liquid
water in clouds during summer compared to the winter season (see Fig. B.12).
Thus, doubling the liquid water in a given month adds a larger amount of liquid
cloud condensate in summer compared to in winter. Therefore, the increase
of greenhouse effect is larger in summer than in winter in 2liq. Additionally,
the greenhouse effect illustrated in Fig. 4.13 is only a measure of greenhouse
effect in that exact environment. Since absorption and emissivity of the cloud
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are dependent on temperature [21, 53], the greenhouse effect of 2liq winter
clouds would look different when placed, for instance, in the ctrl environment.
Colder clouds, e.g., are radiating less than warmer clouds which explains the
decrease in greenhouse effect during autumn and winter (see Fig. 4.13b).
Additionally, the increase in greenhouse effect during winter and the increase in
albedo effect during summer cannot simply be compared because the amount
of added liquid cloud condensate is not similar. One could suspect adding an
equal amount of liquid cloud condensate during winter and summer to give a
more balanced result. To support these assumptions, the same forcing is applied
only during the summer months (2liq_summer) and only during the winter
months (2liq_winter). During 2liq_summer, a decrease of the Arctic mean
reference height temperature can be found during the years 51-70. Here, the
average temperature decreases by about 1.5 ◦C (see Tab. 4.2). The reasoning
here is similar to 2liq: a higher cloud albedo in summer (see Fig. 4.12) inhibits
sea ice melt, and a greater sea ice extent (see Fig. 4.11) leads to a higher surface
albedo as well as a better insulation between the warmer ocean and the colder
atmosphere. All this leads to a general decrease in temperature. The increased
greenhouse effect in summer (see Fig. 4.13) is outweighed by the albedo effect.
The peak in temperature difference in October during 2liq_summer (see Fig.
4.10b) can also be attributed to the same underlying factors present during
2liq.
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Figure 4.11: 20-year averages (years 51-70) of the monthly means of Arctic sea ice
extent of the 2liq experiments. The values for ctrl were derived using
a mc simulation.

During 2liq_winter, a insignificant decrease of 0.2 ◦C can be observed. This
change is within the 1-𝜎 range of ctrl. It can be seen, though, that during the
months the forcing is applied, the mean Arctic reference height temperature
increases (see Fig. 4.10). This coincides with an increased greenhouse effect
during that time (see Fig. 4.13). The magnitude of the difference in temperature
is not as large as during 2liq and 2liq_summer. A reason for that is, as already
mentioned, the amount of cloud liquid added to the clouds. The absolute
difference between the modified and unmodified 2liq_winter winter cloud
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is not as large as that of a summer cloud during 2liq or 2liq_summer.
The increase of liquid cloud condensate in winter does not affect the albedo
effect of the Arctic cloud as there is little or no incoming sunlight to reflect (see
Fig. 4.12).
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Figure 4.12: 20-year averages of the monthly means of the fsns, the Arctic cloud
albedo effect 𝐴 of the 2liq (over the years 51-70) and ctrl (derived by a
mc simulation) experiments and the difference between the Arctic cloud
albedo effect monthly means. The net sw flux is directed downwards.

Still, the forcing applied in 2liq_winter seems to cause some kind of feedback,
leading to a cooling during the rest of the year (see Fig. 4.10) which then leads
to a larger sea ice extent in summer and autumn. This is most likely not cloud-



44 chapter 4 sensit iv ity studies

related, as a decrease in cloud albedo can be observed during summer and
2liq_winter (see Fig. 4.12c). The decrease in greenhouse effect (see Fig. 4.13)
can find its origin in an overall lower temperature.
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Figure 4.13: 20-year averages of the monthly means of the Arctic cloud greenhouse
effect of the 2iq experiments (over the years 51-70) and ctrl (derived
by a mc simulation) and their differences.

Next, the ratio of liquid water to ice in Arctic clouds is varied. Hereby, the total
amount of water in the clouds is not changed (see Figs. B.8 - B.11).

Run name ctrl +liq no_ice +ice no_liq
𝑇 in ◦C −15.5 ± 0.2 −15.9 −15.3 −15.8 −18.4

Table 4.3: Mean temperature 𝑇 in ◦C in the Arctic, averaged over the years 51-70 of
each experiment changing the ratio of liquid and ice water but not the total
cloud water amount. The value for ctrl was derived by a mc simulation.

When converting parts or all of Arctic cloud ice into liquid, the total amount of
liquid water in the cloud does not change significantly (see Figs. B.9 and B.10)
as liquid cloud condensate is up to two magnitudes more abundant than ice
cloud condensate.
Thus, the +liq and no_ice experiments will not be discussed here. However,
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for the sake of completeness, a short discussion of these experiments is included
in the appendix (see Ch. B.2.1).

Lastly, the amount of frozen cloud condensate is increased while the lwp is
decreased by an equal amount.
During +ice and no_liq, the 20-yearmean Arctic reference height temperature
is decreasing (see Tab. 4.3). When only 20% of the liquid water droplets are
frozen (+ice), the 20-year mean temperature decreases by about 0.3 ◦C which
is within the 2-𝜎 range of ctrl. When all liquid water is converted into ice
(no_liq), the temperature decreases significantly by about 2.9 ◦C.
Considering the monthly mean temperatures averaged over the analysed time
period (see Fig. 4.14), it can be seen that it is significantly colder in all months
during no_liq. The month with the largest deviation from ctrl is October,
when it is about 5.8 ◦C colder. In June and July, when the deviation from
ctrl is smallest, it is about 1 ◦C colder during no_liq. Because of the colder
temperatures throughout the year, sea ice can grow to a larger extent and
potentially thicker, and it melts slower (see Fig. 4.14).
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Figure 4.14: Monthly means of the reference height temperature and difference be-
tween these monthly means averaged over the Arctic and years 51-70 of
the experiments with decreased lwp and increased iwp. The 20-year
monthly means of ctrl were derived using a mc simulation.
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A greater sea ice extent leads to a higher surface albedo in the Arctic, leading
to the net surface sw flux in the Arctic being increased in late spring while
the cloud albedo effect is significantly decreased during no_liq (see Fig. 4.17).
The decrease in albedo can be attributed to liquid cloud particles being more
reflective compared to ice crystals [67].
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Figure 4.15: Monthly means averaged over the years 51-70 of Arctic sea ice extent of
the experiments with decreased lwp and increased iwp. The 20-year
monthly means of ctrl were derived using a mc simulation.
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Figure 4.16: 20-year averages of the monthly means of the Arctic cloud greenhouse
effect of the experiments with decreased lwp and increased iwp (over the
years 51-70) and ctrl (derived by amc simulation) and their differences.
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The main factor contributing to the cooling effect of ice clouds compared to
liquid and mixed phase clouds is the greenhouse effect that is significantly
decreased in the Arctic during no_liq, especially during spring, summer and
autumn (see Fig. 4.16). The decrease in greenhouse effect originates in less
cloud condensate due to colder temperatures and a larger sea ice extent (see
Fig. B.11). Additionally, ice clouds have a smaller impact on lw radiation
compared to liquid phase clouds [52, 64, 88].
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Figure 4.17: 20-year averages of the monthly means of the fsns, the Arctic cloud
albedo effect𝐴 of the ctrl (derived by amc simulation) and experiments
with decreased lwp and increased iwp (over the years 51-70) and the
difference between the Arctic cloud albedo effect monthly means. The
net sw flux is directed downwards.
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During +ice, it is only significantly colder during October (about 1.7 ◦C) and
November (about 1 ◦C) compared to ctrl when considering the 20-year mean
reference height temperatures in the Arctic. Here, no denoting change in
greenhouse effect or albedo can be observed (see Figs. 4.16 and 4.17).
Additionally, in October, a slight decrease in cloud condensate can be found,
but no significant change in combined cloud condensate is observed during the
othermonths (see Fig. B.8). This could be explainedwith the cloud-ice feedback.
Due to the slightly colder temperatures between 0 to 0.5 ◦C throughout the
year, there is a greater sea ice extent during summer and autumn (see Fig.
4.15) which could lead less cloud condensate in the atmosphere. Compared to
no_liq, this effect is not as significant mainly because the difference in sea ice
extent between this experiment and ctrl is not as substantial.

All figures regarding the liquid and ice water content of the experiments
discussed in this section can be found in the appendix (see Ch. B.2.2). To
conclude this set of experiments, it can be seen that the ratio of liquid and ice
cloud condensate does play a big role in the interaction with radiation, both lw
and sw. Especially the liquid cloud condensate is important here. An increase
in liquid cloud condensate in summer cools the Arctic and has a positive
effect on sea ice extent. When eliminating the liquid water, temperatures drop
especially in winter. When eliminating the ice, no significant changes can be
observed.

4.3 Size distribution parameters

Next, the sensitivity of the climate regarding the size distribution parameters
is investigated.

Run name ctrl +dei +pgam +lamc
𝑇 in ◦C −15.5 ± 0.2 −15.9 −14.1 −17.9

Table 4.4: Mean temperature 𝑇 in ◦C in the Arctic, averaged over the years 51-70
of each size distribution parameter experiment. The value for ctrl was
derived by a mc simulation.

When increasing the effective radiative diameter 𝑑𝑖 of the ice crystals (+dei),
no strong change in mean Arctic reference height temperature averaged over
the years 51-70 of the simulation can be observed compared to ctrl. On aver-
age, the temperature increases by 0.4 ◦C (see Tab. 4.4) which is within the 2-𝜎
range of ctrl. The lower ice water path in clouds (see Fig. 4.18), combined
with the smaller influence of ice crystals on radiation compared to liquid cloud
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condensate [88, 52, 64, 67], may explain why the liquid component of clouds
plays a more dominant role in the radiation regime and changes in 𝑑𝑖 do not
significantly impact the Arctic climate.
Looking at the mean Arctic temperatures for each month, though, some sig-
nificant deviations from ctrl can be observed (see Fig. 4.19). The monthly
mean Arctic temperature, averaged over the years 51-70 of the simulations, in
November, for example, is about 1 ◦C lower compared to ctrl.
Furthermore, it can be seen that it is generally colder in all months with an ex-
ception of February. During the summer months, there is little to no difference
between the control run and the +dei experiment, supported by a moderating
effect of sea ice melt maintaining temperatures at around 0 ◦C. The cooling
tendency of enlarged ice crystals is supported by the slightly reduced green-
house effect during +dei compared to ctrl (see Fig. 4.21). Even though all
monthly values regarding the greenhouse effect durin +dei lie within the 1-𝜎
range of ctrl, the mean values are generally lower with an exception of June.
Taking the sea ice extent into account (see Fig. 4.20), a significant deviation
from ctrl, especially during summer and autumn, can be observed. There,
more sea ice during the extent minimum in September and the surrounding
months can be observed during +dei. This corresponds a reduced greenhouse
effect.
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Figure 4.18: Monthly average values of Arctic lwp and iwps and their mean values
over the years 51-70 of +dei.

When looking at the monthly mean of the net sw flux at the surface averaged
over the years 51-70 (see Fig. 4.22a), it can be seen that it is very similar during
ctrl and +dei in all months. This suggests that the size of ice particles does
not have a large influence on shortwave radiation and thus the albedo of the
ice and mixed-phase clouds, or at least the albedo effect induced by the liquid
cloud droplets is clearly dominating here.

Now, the sensitivity of the Arctic climate regarding the droplet size distribution
parameters is investigated. As shown in Fig. 3.1, an increase in _ (+lamc) leads
to an increase in the number of smaller droplets and a decrease in the number
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of larger droplets. An increase in ` (+pgam), on the other hand, leads to a
decrease in the number of smaller droplets and an increase in the number of
larger droplets.
During the years 51-70 of +lamc, a decrease in mean Arctic temperature of
about about 2.4 ◦C compared to ctrl can be observed. During the same time
interval, the mean Arctic temperature of +pgam increased by about 1.4 ◦C (see
Tab. 4.4).
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Figure 4.19: Monthly means of the reference height temperature and difference be-
tween these monthly means averaged over the Arctic and years 51-70 of
the size distribution parameter experiments. The 20-year monthly means
of ctrl were derived using a mc simulation.

This change can also be seen when considering the averaged monthly means
of the reference height temperature during that time interval (see Fig. 4.19).
During +lamc, it is significantly colder compared to ctrl in every month except
for February. Here, it is still colder, but the deviation from ctrl is within the
2-𝜎 range.
The largest differences can be observed in the last third of the year, when it
is up to 4 ◦C colder than during ctrl. This cooling can be explained by the
increase of the clouds’ optical depth leading to an increase in albedo (see Eq.
(2.28), [52, 57], see Figs. 4.22b and c). Hence, less solar radiation is reaching
the surface (see also Fig. 4.22a). During the second half of the year, there are
also smaller average greenhouse effect induced by clouds (see Fig. 4.21).
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Figure 4.20: Monthly means averaged over the years 51-70 of Arctic sea ice extent of
the size distribution parameter and ctrl experiments.

A decrease in the greenhouse can also be explained by the smaller cloud
droplets. Additionally, a larger sea ice extent can lead to less cloud water in the
atmosphere during summer and autumn (cloud-ice feedback [24, 25, 26]). Figs.
4.23a and 4.23b illustrate this as well. Here, it can be seen that there is less
cloud water (in any phases) in the Arctic atmosphere during +lamc, especially
from August to November. Less cloud condensate within the clouds would also
lead to a reduced greenhouse effect.
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Figure 4.21: 20-year averages of the monthly means of the Arctic cloud greenhouse
effect of the size distribution parameter experiments (over the years 51-70)
and ctrl (derived by amc simulation) experiments and their differences.
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Sea ice changes significantly in +lamc compared to ctrl. Especially during
the sea ice minimum, a lot more sea ice can be found during +lamc, certainly
a consequence of the overall lower temperatures. Even though the thickness
of the ice is not considered here, one could suspect the ice to grow thicker,
too.
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Figure 4.22: 20-year averages of the monthly means of the fsns, the Arctic cloud
albedo effect 𝐴 of the size distribution parameter (over the years 51-70)
and ctrl (derived by a mc simulation) experiments and the difference
between the Arctic cloud albedo effect monthly means. The net sw flux
is directed downwards.

During the +pgam experiment, the mean Arctic temperature averaged over the
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years 51-70 is significantly warmer than during ctrl in all months (see Fig.
4.19). Here, the largest differences between +pgam and ctrl can be found in
autumn and winter, with a maximum difference of 3 ◦C in November. During
summer, this difference is the smallest, most likely due to the sea ice melt.
The general warming of the Arctic can be explained by a smaller albedo due to
larger cloud droplets (see Fig. 4.22) as well as an increased greenhouse effect
during winter. More sw radiation is reaching the surface during all months
with sun above the horizon (see Fig. 4.22a).
Furthermore, compared to ctrl, there is on average less sea ice during all
months of the years 51-70 of +pgam. An increase in temperature leads to
more sea ice melt, an earlier melt onset resulting in less ice during the winter
season.
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Figure 4.23: 20-year monthly means of lwp and iwp in the Arctic for the size distri-
bution parameter experiments (over the years 51-70) and ctrl (derived
by a mc simulation).

The ice is probably also thinner, there is less multi-year ice and more energy can
get exchanged between the atmosphere and the ocean which is additionally
supporting the warming. Less sea ice also results in more cloud condensate
(see Figs. 4.23a and b).

Overall, generally increasing the size of the liquid cloud droplets leads to an
increase in Arctic temperature with negative effects regarding the sea ice extent.
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Generally decreasing the size of the liquid cloud droplets leads to a cooling of
the Arctic with a positive effect regarding the sea ice extent. Increasing the size
of ice crystals does not have a noteworthy effect on Arctic temperatures.

4.4 Doubling of CO2

After examining the effects of individually varying cloud microphysical param-
eters in the preceding experiments, the following experiment will investigate
the effects of a combination of cloud microphysical properties.
Therefore, the amount of CO2 in the atmosphere is doubled which leads to a
general increase of mean Arctic reference height temperatures by about 12 ◦C
(see Tab. 4.5). Here, the value for 2CO2 was derived by using a mc simulation
as explained in Ch. 3.2.1.
Alongside this warming trend, changes in cloud microphysical properties occur
concurrently. Fig. 4.24 illustrates those changes by showing the mean value
of each cloud parameter and month, averaged over the all Arctic grid points
and all levels for ctrl and 2CO2. These mean values do not match the exact
alterations implemented in cld_force but should give a brief idea of general
trends. In cld_force, each grid point and level is treated individually.
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Figure 4.24: Mean values of microphysical cloud properties relevant for interaction
with radiation averaged over the Arctic, all pressure levels and the years
51-80 of ctrl and 2CO2.

It can be seen, e.g., that lwp and iwp in the Arctic seem to increase throughout
the whole year. At the same time, ice crystals seem to decrease in size during
summer as well as the two liquid cloud droplets size parameters ` and _. A
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general increase in cloud fraction can also be observed except in July.

When adding the differences between the ctrl and 2CO2 clouds to an experi-
ment with preindustrial CO2 levels, the first order impacts the climate change
induced cloud changes have on the pre-industrial climate. However, it has to be
considered that underlying feedbacks triggered by the initial implementation
of those changes might cause additional changes, leading to slightly different
clouds than during 2CO2 (see Fig. B.15).

Run name ctrl 2CO2 cld_force
𝑇 in ◦C −15.5 ± 0.2 −3.3 ± 0.2 −15.0

Table 4.5: Mean temperature 𝑇 in ◦C in the Arctic, averaged over the years 51-70 of
cld_force. The values for ctrl and 2CO2 were derived by amc simulation.

Here, the mean Arctic reference height temperature increases by about 0.5 ◦C
when considering the average temperature over the years 51-70 of the simulation
(see Tab. 4.5). The changes were again implemented in year 41.
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Figure 4.25: Monthly means of the reference height temperature and difference be-
tween these monthly means averaged over the Arctic and years 51-70 of
the cld_force experiment. The 20-year monthly means of ctrl were
derived using a mc simulation.
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The biggest differences between the monthly means of the 20-year average
reference height temperature of ctrl and cld_force can be found during
winter and early spring (see Fig. 4.25). Here, temperatures can be up to 3,◦C
warmer during cld_force. Conversely, in summer, a cooling of up to 0.5,◦C is
evident, with the most significant cooling observed in August.
Overall, a cooling trend is noticeable from May to October, while a warming
trend can be observed from November to April. The extent of warming during
these months exceeds that of the cooling period. This might also be related to
sea ice melt locking temperatures at around 0 ◦C.
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Figure 4.26: 20-year averages (years 51-70) of the monthly means of Arctic sea ice
extent of the cld_force experiment. The values for ctrl were derived
using a mc simulation.

Colder temperatures in summer are most likely related to the increased albedo
effect (see Fig. 4.27) compared to ctrl. Especially the increased water path
(see also Fig. B.16) contributes to this. A simultaneous decrease in _ and `,
as found as a general trend (see Fig. 4.24), would result in an increase in the
number of larger cloud droplets and a decrease in the number of smaller cloud
droplets which would lead to a lower albedo.The same holds true when 𝑑𝑖 is
reduced. Hence, the effect of the increased cloud condensate is dominating
regarding the clouds’ albedo effect.
A significantly increased greenhouse effect can also be observed in summer as
well as throughout the whole year (see Fig. 4.28). This is most likely also related
to the increased cloud condensate and cloud fraction. In summer though, the
albedo effect is outweighing the greenhouse effect, hence it gets colder.
The colder temperatures in summer lead to a slower sea ice melt, resulting in
a smaller sea ice minimum (see Fig. 4.26).
During winter, the absolute change in liquid cloud condensate is greatest (see
Fig. B.16). Consequently, the largest increase in greenhouse effect compared
to ctrl can be observed during the winter months (see Fig. 4.28).
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Figure 4.27: 20-year averages of the monthly means of the fsns, the Arctic cloud
albedo effect 𝐴 of cld_force (over the years 51-70) and ctrl (derived
by a mc simulation) and the difference between the Arctic cloud albedo
effect monthly means. The net sw flux is directed downwards.

Because of little to no incoming solar radiation, the albedo effect of clouds
becomes insignificant in winter (see Fig. 4.27). Now, the greenhouse effect
is dominating which explains the observed warming. An increase in ` and _

during the winter season (see Fig. 4.24) leads to an increase in the number
of small cloud droplets and a decrease in the number of larger cloud droplets.
One would expect a decrease in absorbance due to these changes [58, 68]
and a resulting decrease in greenhouse effect, but again, the general increase
of cloud condensate is probably dominating here. A potentially larger cloud
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fraction could also be contributing to an increased greenhouse effect.
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Figure 4.28: 20-year averages of the monthly means of the Arctic cloud greenhouse
effect of cld_force (over the years 51-70) and ctrl (derived by a mc
simulation) experiments.

Overall, it can be seen that the Arctic cloud changes induced by global climate
change positively influence the warming, especially in winter. In summer, they
have a negative impact on Arctic warming by cooling the climate and inhibiting
sea ice melt.



5
Discussion of Methodology
With the results of the experiments presented and discussed, it is essential to
also critically evaluate the methodologies employed, identify any limitations,
and discuss potential options for improvement.
First of all, the determination of mean values and their uncertainties in ctrl
and 2CO2 assumes a normal distribution, which may not hold true for all
variables, e.g. sea ice extent which is constrained by available area. For this
particular example, this is more important in winter when most of the Arctic
ocean is covered by sea ice. However, it is merely a minor detail.
A larger improvement of quality of the results could be achieved by prolonging
the simulation time, allowing the evaluation of 30 or more years to eliminate
long-term fluctuations. Alternatively, a similar mc approach as in ctrl and
2CO2 could be applied to all experiments.
Furthermore, this work considered the Arctic as a uniform region, applying the
same changes to clouds across the whole area. More realistic outcomes could
be attained by incorporating greater spatial variability into the implemented
changes. An attempt for achieving that has already been made in cld_force.
Additionally, during the analysis of the results, a distinction of the different re-
gions in the Arctic would have been insightful to differentiate between various
Arctic regions to assess the impacts of cloud changes over, for instance, open
ocean, sea ice, or land.
On a temporal scale, climate changes due to cloud alterations have been exam-
ined monthly and the effect of seasonal as well as all-year-round cloud changes
have been studied. Here, the choice of summer months during the _summer
experiments could be reconsidered. July, August and September were chosen
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to include months with a large amount of incoming solar radiation as well as
the sea ice minimum. Intrieri et al., 2002 [87] observed clouds to warm the
Arctic surface during all months with an exception of a short period in summer,
namely late June and July. Therefore, reconsidering the choice of summer
months to include only June and July, or, to maintain a three-month period,
June, July, and August, may offer potential merit.
Implementing experiments with non-uniform cloud changes on a temporal
scale would also account for more realistic results. Efforts in this direction have
already been made in cld_force.
More realistic results can also be attained when considering more realistic
changes. The changes implemented in this work do not necessarily represent
future changes due to climate change. 2CO2 showed how cloud parameters
change regarding a global warming resulting from a doubling of atmospheric
CO2 content (see Fig. 4.24). Here, it can be seen that, for instance, both, lwp
and iwp, increase in this scenario. The experiments conducted and discussed
in Ch. 4.2, with an exception of 2liq, only change the ratio of liquid and ice
water content in Arctic clouds.
Hence, in addition to cld_force, experiments with changes of a single micro-
physical property according to 2CO2 can give further insights on the impact
that parameter has on the Arctic climate.
All experiments could also be improved by accounting for the underlying cloud
changes. When the environment changes due to a feedback induced by the
implemented cloud changes, cloud microphysical properties respond. Thus,
before modification, they do not align exactly with those in ctrl. Moreover,
microphysical properties that are not modified can change significantly and
can have a large impact on radiation. An example of that are the +lamc and
+pgam experiments where the liquid water content of Arctic clouds changed
significantly in the last half of the year as a response to the climate changes
induced by the employed changes in liquid droplet size distribution (see Fig.
4.23).



6
Conclusion
Cloud microphysical properties play a significant role in the Arctic climate. By
conducting numerical climate model experiments using the cesm, it is shown
that the variation of single cloud parameters, i.e. cloud fraction, liquid droplet
size distribution, radiative effective diameter of ice crystals, lwp and iwp, has
an effect on Arctic climate. Additionally, the effect of Arctic clouds, modified
according to Arctic clouds in a 2×CO2 environment, on Arctic climate was
studied. An overview of the main findings follows.
It was shown that changes in Arctic clouds due to global climate change
contribute positively to the warming, particularly during winter. In contrast,
during summer, these changes negatively affect Arctic warming by cooling the
climate and hindering the melting of sea ice.
The general occurrence of clouds, as well as the cloud fraction have a strong
impact on the Arctic climate. While Arctic clouds do not warm or cool the Arctic
climate on an annual average, according to the cesm, a cooling is observed
in the first half of the year while a warming is observed in the second half.
Reducing the cloud fraction by 50% leads to a significant cooling throughout the
whole year and an increase in sea ice, especially during the sea ice minimum. If
the reduction only takes place in summer, no substantial change in temperature
is observed, but the sea ice decreases significantly during the summer season.
A reduction of cloud cover in winter has a cooling effect and a positive impact
on summer sea ice extent.
The size of liquid cloud droplets was also found to have a strong impact on
Arctic climate. Enlarged droplets caused a warming alongside with a decrease
in summer sea ice extent, shrunken droplets caused a cooling accompanied by
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a significant increase in sea ice extent.
Enlarging the size of the ice crystals caused little response. A warming in
summer leads to a decrease in sea ice extent, but the impact is not as severe
compared to when the size of the liquid cloud droplets are changed.
Doubling the liquid cloud water content in the Arctic causes a cooling of
temperature and an increase in sea ice extent. It could be shown that the
cooling effect in summer outweighs the warming effect this change has in
winter. This is due to the general higher amount of liquid cloud water in
summer compared to winter.
When keeping the overall Arctic cloud water content constant and changing
the ratio between Arctic liquid and ice water content, no significant changes
were observed when the iwp was reduced. A conversion of liquid water into
ice in Arctic clouds, on the other hand, showed a strong negative effect on
Arctic temperature and a positive effect on sea ice extent. The severity of
the mentioned effects varied with the amount of conversed liquid condensate,
getting stronger with increasing amount of conversed liquid condensate.
Several experiments showed a strong negative response in temperature in
October when the minimum sea ice extent in September was anomalously
small.
Overall, this research has provided valuable insights into the primary impacts
of cloud microphysical properties on the Arctic climate. Future studies could
further expand on this by exploring the effects of climate change-induced
changes in Arctic cloud properties across various regions of the Arctic as well as
examining both changes of individual parameters and combinations of several
modified parameters.
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A
Planck’s law
Planck’s law can only be derived considering the quantum hypothesis, especially
that energy absorbed or emitted is always a multiple of the product of the
Planck constant ℎ and the frequency of the radiation a . Considering a thermal
equilibrium, the ratio of unexcited (𝑛) and excited (𝑛∗) atoms or molecules is
Boltzmann distributed [40]:

𝑛∗

𝑛
= 𝑒−

ℎa/𝑘B𝑇 . (A.1)

Particles and radiation can exchange energy through three different processes.
For one, particles absorb radiation with the energy ℎa . The frequency of this
process is proportional to the number of unexcited particles as well as the
intensity of radiation in the required frequency range (∼ 𝐵𝜚 (a,𝑇 )𝑛). The pro-
portionality factor 𝐵 is called Einstein coefficient and describes the probability
of such an event per time and unit of radiation density [40, 105].
Secondly, spontaneous emission of radiation with energy ℎa is another possibil-
ity of energy exchange. Its frequency is proportional to the number of excited
particles (∼ 𝐴𝑛∗). 𝐴 is the proportionality factor and another Einstein coeffi-
cient. It describes the probability of spontaneous emission per time [40, 105].
Lastly, excited particles can emit radiation with energy ℎa simultaneously with
incoming radiation with the same frequency a . This process is called stimulated
emission and its frequency is proportional to the number of excited particles
and the intensity of radiation in the required frequency range (∼ 𝐵𝜚 (a,𝑇 )𝑛∗).
The same proportional constant 𝐵 as for the absorption process is used as this
is the direct reversal process to it [40, 105].
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In an equilibrium situation, there are as many absorptions as there are emis-
sions of radiation. Hence:

𝐵𝜚 (a,𝑇 )𝑛 = 𝐴𝑛∗ + 𝐵𝜚 (a,𝑇 )𝑛∗. (A.2)

The ratio of the Einstein coefficients 𝐴 and 𝐵 can be derived using Eq. (A.1).
Combining Eqs. (A.1) and (A.2) gives [105]:

𝜚 (a,𝑇 ) = 𝐴

𝐵
(
1 − 𝑒−ℎa/𝑘B𝑇

) . (A.3)

For small frequencies (ℎa ≪ 𝑘B𝑇 ), the Rayleigh-Jeans law:

𝜚 (a,𝑇 ) = 8𝜋a𝑘B𝑇
𝑐3

(A.4)

holds and 𝑒−ℎa/𝑘B𝑇 can be approximated to:

𝑒−
ℎa/𝑘B𝑇 = 1 − 𝑘B𝑇

ℎa
(A.5)

using a Taylor expansion to the first order. Combining Eqs. (A.3), (A.4) and
(A.5), the ratio of the Einstein coefficients becomes [105]:

𝐴

𝐵
=

8𝜋ℎa3

𝑐3
. (A.6)

Using this ratio and the Boltzmann distribution (Eq. (A.1)), Eq. (A.2) becomes
Planck’s law [40]:

𝜚 (a,𝑇 )da =
8𝜋ℎa3

𝑐3
1

exp (ℎa/𝑘B𝑇 ) − 1
da, (A.7)



B
Additional material
regarding the sensitivity
studies
B.1 Cloud fraction

Looking at the no_cloud experiment, Fig. B.2 shows net lw and sw fluxes at
the surface, both with clouds and with a clear sky, as well as the cloud coverage
and the cloud coverage as seen by the radiation model. The sea ice extent is
included as a white line in all figures. The data displayed in the figure is the
averaged data for August during the years 51-70.
When comparing the net fluxes on the lefthand side to the clear sky net fluxes
on the righthand side of the figure, it becomes apparent that in the Arctic
region, hence North of 70 ◦N, those fluxes are identical. This is coincides with
what was to be expected since no clouds are present in the Arctic due to the
applied forcing.
The lw fluxes are directed upwards while the sw fluxes are directed down-
wards. It can be seen that the sw flux over ice-covered areas (namely sea ice
and the Greenlandic ice sheet) is smaller than over the open ocean or land
that is not covered by ice. This is due to the higher albedo of ice and snow
covered surfaces, thus more sw radiation is getting reflected. Further, fsns is
larger in the areas that are not covered with clouds. This is due to the reflective
properties of clouds as they reflect sw radiation before it can reach the surface.
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The lw net flux is larger when no clouds are present. In this case, there is no
greenhouse effect induced by clouds and the lw radiation can escape into space
without being absorbed and re-emitted by clouds. The net lw flux is smallest
over areas covered by sea ice and parts of the Greenland ice shield.
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Figure B.1: Reference height temperature in January and August, averaged over the
years 51-70 for the no_cloud experiment. The white line indicates the sea
ice extent.

Further, the reference height temperature in August, averaged over the years
51-70 is shown in Fig. B.1b for the no_cloud experiment. Here, it can be seen
that the temperature is decreases with increasing latitude with Greenland
being the exception and the coldest area.
Considering the radiation fluxes in January (see Fig. B.3), it can be seen flns
is greatest at areas without sea ice (namely north of Norway/south of Svalbard).
Here, the ice cannot act as an insulator between the warm ocean and the cold
atmosphere. This area is also the warmest (see Fig. B.1a).
The sw flux is constant and 0 for all grid points in the Arctic in January,whether
the clear-sky or cloudy-sky flux is considered. This is due to the fact that in
January, no sun light reaches the Arctic due to the tilt of Earth’s rotational
axis.
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Figure B.2: Net radiation fluxes at surface and cloud coverage in August, averaged
over the years 51-70 for the no_cloud experiment. From upper left to lower
right: fsns, clear-sky fsns, flns, clear-sky flns, cloud coverage prior
to modification, modified cloud coverage. The white line in the figures
indicates the sea ice extent.
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Figure B.3: Net radiation fluxes at surface and cloud coverage in January, averaged
over the years 51-70 for the no_cloud experiment. From upper left to lower
right: fsns, clear-sky fsns, flns, clear-sky flns, cloud coverage prior
to modification, modified cloud coverage. The white line in the figures
indicates the sea ice extent.
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B.2 Liquid and ice water path

B.2.1 Additional experiments

During +liq, the mean Arctic reference height temperature during the years
51-70 decreases on average by about 0.4 ◦C. This is within the 2-𝜎 range of
ctrl. Converting all solid cloud condensate into liquid during no_ice leads to
a insignificant increase of this average reference height temperature by 0.2 ◦C
which is within the 1-𝜎 range of ctrl (see Tab. 4.3).
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Figure B.4: Monthly means of the reference height temperature and difference be-
tween these monthly means averaged over the Arctic and years 51-70 of
the experiments with increased lwp and decreased iwp. The 20-year
monthly means of ctrl were derived using a mc simulation.

Considering the monthly means of the average Arctic reference height tem-
perature, a general warming trend in all months except for summer can be
observed during no_ice. The warming is always within the 2-𝜎 range of ctrl
(see Fig. B.4b).
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Figure B.5: 20-year averages (years 51-70) of the monthly means of Arctic sea ice
extent of the experiments with increased lwp and decreased iwp. The
values for ctrl were derived using a mc simulation.

An exception here is November, when the temperature is just out of that range
by less than 0.1 ◦C. Additionally, in October, a cooling within the 2-𝜎 range of
ctrl can be observed.
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Figure B.6: 20-year averages of the monthly means of the Arctic cloud greenhouse
effect of the experiments with increased lwp and decreased iwp (over the
years 51-70) and ctrl (derived by a mc simulation) and their differences.

In early summer, it is slightly cooler during no_ice compared to ctrl, even
though temperatures are locked by sea ice melt. A minor increase in cloud
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albedo (see Fig. B.7) that can be explained with liquid cloud droplets being
more reflective than ice crystals (see Ch. 2.3) possibly leads to the slightly
greater sea ice minimum (see Fig. B.5).
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Figure B.7: 20-year averages of the monthly means of the fsns, the Arctic cloud
albedo effect𝐴 of the ctrl (derived by amc simulation) and experiments
with increased lwp and decreased iwp (over the years 51-70) and the
difference between the Arctic cloud albedo effect monthly means. The net
sw flux is directed downwards.

The slight drop in temperature during October could be explained by the
greater sea ice extent inhibiting the energy exchange between the ocean
and the atmosphere. This effect is suspected to be largest in October due to a
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larger deviation in sea ice extent between no_ice and ctrl as the temperature
difference between ocean and atmosphere is not as big in September compared
to October and the sea ice extent of the two experiments is about the same in
November.
Furthermore, the greenhouse effect of the clouds does not change significantly
during no_ice (see Fig. B.6).
During +liq, temperatures are lower during all months, except for February
(see Fig. B.4). The largest deviations from ctrl can be found in February,March
and October when the differences between the average Arctic temperatures are
greater than 1 ◦C. Due to the consistently lower temperatures, it is reasonable
to observe a greater sea ice extent throughout the summer and autumn seasons.
Moreover, the greater sea ice extent helps to sustain the colder temperatures
throughout the winter season by acting as an insulator between ocean and
atmosphere.
The warming in February cannot be explained by just considering cloud effects.
Even though there is a small increase in cloud condensate in February (see Fig.
B.9), the greenhouse effect is not significantly increased (see Fig. B.6).

B.2.2 Water contents

Figs. B.8 - B.14 show the Arctic lwc, iwc and combined water content for
the experiments with modified water paths. old refers to the water content
suggested by the model, mod refers to the modified parameters.
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Figure B.8: 20-year averages of the monthly means of the Arctic lwc, iwc and com-
bined water content of the +ice experiment (over the years 51-70) prior
and after the modifications and ctrl (derived by a mc simulation) exper-
iments.
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Figure B.9: 20-year averages of the monthly means of the Arctic lwc, iwc and com-
bined water content of the +liq experiment (over the years 51-70) prior
(old) and after (mod) the modifications and ctrl (derived by a mc simu-
lation) experiments.
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Figure B.10: 20-year averages of the monthly means of the Arctic lwc, iwc and
combined water content of the no_ice experiment prior (old) and after
(mod) the modifications (over the years 51-70) and ctrl (derived by a
mc simulation) experiments.



88 appendix b addit ional material regarding the sensit iv ity studies

2 4 6 8 10 12
Month

0.00

0.25

0.50

0.75

1.00

1.25

Ice
 w

at
er

 c
on

te
nt

 in
 g

1e13 no_liq, IWC
ctrl
old
mod

2 4 6 8 10 12
Month

0.0

0.5

1.0

1.5

Liq
ui

d 
wa

te
r c

on
te

nt
 in

 g

1e13 LWC
ctrl
old
mod

2 4 6 8 10 12
Month

0.25

0.50

0.75

1.00

1.25

1.50

Co
m

bi
ne

d 
wa

te
r c

on
te

nt
 in

 g 1e13 LWC + IWC
ctrl
old
mod

Figure B.11: 20-year averages of the monthly means of the Arctic lwc, iwc and
combined water content of the no_liq experiment (over the years 51-70)
before (old) and after (mod) the modifications and ctrl (derived by a
mc simulation) experiments.
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Figure B.12: 20-year averages of the monthly means of the Arctic lwc, iwc and
combined water content of the 2liq experiment (over the years 51-70)
before (old) and after (mod) the modifications and ctrl (derived by a
mc simulation) experiments.
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Figure B.13: 20-year averages of the monthly means of the Arctic lwc, iwc and
combined water content of the 2liq_summer experiment (over the years
51-70) before (old) and after (mod) the modifications and ctrl (derived
by a mc simulation) experiments.
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Figure B.14: 20-year averages of the monthly means of the Arctic lwc, iwc and
combined water content of the 2liq_winter experiment (over the years
51-70) before (old) and after (mod) the modifications and ctrl (derived
by a mc simulation) experiments.

B.3 Doubling of CO2

Fig. B.15 shows the mean values of microphysical cloud properties relevant for
interaction with radiation averaged over the Arctic and all pressure levels over
the years 51-80 of ctrl and cld_force, before and after the modifications.
Differences in cld_force (mod) and 2CO2 can result from underlying cloud
changes as well as the fact that the mean displayed in Fig. B.15 is a very broad
one, ignoring large spatial variability, vertically and horizontally.
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Figure B.15: Mean values of microphysical cloud properties relevant for interaction
with radiation averaged over the Arctic, all pressure levels and the years 51-
80 of ctrl and cld_force before (old) and after (mod) themodifications.

Fig. B.16 shows the Arctic lwc, iwc and combined water content for the
params experiment. old refers to the water content suggested by the model,
mod refers to the modified parameters.
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Figure B.16: 20-year averages of the monthly means of the Arctic lwc, iwc and
combined water content of the params experiment (over the years 51-70)
before (old) and after (mod) the modifications and ctrl (derived by a
mc simulation) experiments.
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