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Thesis summary

The climate on Earth has continuously fluctuated throughout the world’s history under

the influence of internal and external forcing factors. A key challenge for climate science is the

understanding of the different drivers and mechanisms that define the climate of the past

and its fluctuations. Glacial climate states are of great interest in climate research as their

conditions are highly different compared to today’s climate. Climate modelling functions as a

complementary tool to further investigate the role of forcing factors such as surface conditions

in glacial climates. Global climate models are used to describe the Earth’s system; however,

they show wide disagreement when simulating the climate of the past over the continents. This

disagreement may be related to a variety of factors, including the coarse model resolution and

an incomplete representation of Earth system processes. The application of regional climate

models improves the representation of these processes due to their higher spatial resolution.

Still, the accuracy of the simulated regional climate strongly depends on the representation of

the surface conditions in the models. Even though the surface conditions become more realistic,

deviations can still be evident in the simulations, especially in precipitation. These biases may

impact the results obtained through hydrological and glacier modelling that follows next in the

modelling chain. Accordingly, the central goal of this thesis is to investigate the role of the

glacial surface conditions in the European glacial climate using the regional climate model

WRF. Two studies are carried out to achieve this central goal. An additional study presents a

method to adjust deviations in simulated precipitation at glacial times, e.g., the simulated

precipitation of the previous two studies.

The first study assesses the importance of resolution and land–atmosphere feedbacks on

the climate of Europe. To that end, a more accurate glacial land cover is generated using an

asynchronous coupled land–atmosphere modelling experiment that combines a global climate

model, a regional climate model, and a dynamic vegetation model. The regional climate and

land cover models are run at high (18 km) resolution. The asynchronous coupling shows that

the land–atmosphere coupling achieves quasi-equilibrium after four iterations. Simulated

climate and land cover agree reasonably well with independent reconstructions based on

paleoenvironmental proxies. This study determines the importance of land cover on the climate

of Europe at the Last Glacial Maximum (LGM) using a sensitivity simulation with an LGM

climate but present-day land cover. Results show that the LGM land cover leads to colder

and drier summer conditions around the Alps and warmer and drier climate in southeastern

Europe. This finding does not only demonstrate that LGM land cover plays an important role
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in regulating the regional climate, but it also indicates the need of using realistic glacial land

cover estimates to accurately simulate the regional glacial climate.

The second study investigates the sensitivity of the glacial Alpine hydro-climate to

northern hemispheric and local ice-sheet changes. Therefore, sensitivity simulations are carried

out with a 2 km horizontal resolution over the Alps for the LGM and the Marine Isotope Stage

4 (MIS4). During winter, the findings show wetter conditions in the southern part of the

Alps under LGM conditions compared to present day. This wetting can be traced back to

dynamical processes, i.e., changes in the wind speed and direction. In summer, drier conditions

are found in most of the Alpine region during LGM. These drier conditions can be attributed

to thermodynamic processes, i.e., lower temperatures. The MIS4 climate shows enhanced

winter precipitation compared to the LGM, which is explained by its warmer climate compared

to the LGM, i.e., by thermodynamics. An increase of the northern hemispheric ice-sheet

thickness leads to a significant intensification of glacial Alpine hydro-climate conditions, which

is mainly explained by dynamical processes. Changing only the Fennoscandian ice sheet is less

influential on the Alpine precipitation, whereas modifications in the local Alpine ice-sheet

topography significantly alter the Alpine precipitation. These findings demonstrate that the

northern hemispheric and local ice-sheet topography are of great importance at regulating the

Alpine hydro-climate.

The third study presents a new correction method for precipitation over complex terrain

that explicitly considers orographic characteristics. This method offers a good alternative to

the standard empirical quantile mapping (EQM) method during colder climate states, in

which the orography strongly deviates from the present-day state, e.g., at the LGM. The

new method and its performance are presented for Switzerland using regional climate model

simulations at 2 km resolution for present day and LGM conditions. In present-day conditions,

the comparison between simulations and observations shows a strong seasonality and, especially

during colder months, a height dependence of the bias in precipitation. The new method is

able to fully correct the seasonal precipitation bias induced by the global climate model. A

rigorous temporal and spatial cross-validation with independent data exhibits robust results.

The application of the new bias-correction method to the LGM demonstrates that it is a

more appropriate correction compared to the standard EQM under highly different climate

conditions as the latter imprints present-day orographic features into the LGM climate.

The last chapter of this thesis is dedicated to highlight some key results of the studies of

this thesis and to outline possible follow-up studies and potential benefits for other studies and

the scientific community.
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Chapter 1

Introduction

Changes in the climate become an interesting topic for the scientific community as they

influence the human behaviour, e.g., they force humans to adapt. Climate sciences aim at

understanding the different drivers and mechanisms that define the climate and its fluctuations

under past, present and future conditions. In climate sciences, the climate of the past plays a

key role as it provides information about the climate response to particular forcing factors.

This serves as a basis for the analysis of changes in the present day and future climate. Climate

scientists have demonstrated that the Earth’s climate has experienced a large range of climate

changes on different temporal and spatial scales throughout the world’s history. Cold and

warm periods are prominent indicators of these changes. For example in the Common Era, the

last important warm and cold periods were the Medieval Warm Period (900–1300 AD) and the

Little Ice Age (1400–1800 AD), respectively. Further back in time, there are even stronger

changes in the climate. For instance, a warm period is the Holocene Thermal Maximum

(9 to 5 ka, Wanner et al., 2008; Renssen et al., 2009) and a cold period is the Last Glacial

Maximum (LGM, 21 ka; Clark et al., 2009). Focusing on the cold periods, the Little Ice Age

was produced by a decreased solar incoming radiation and a high volcanic activity and it

affected the Northern Hemisphere continents more strongly compared to the rest of the world

(Mann et al., 2009). The LGM had a different setting of the Earth’s orbital parameters and

atmospheric composition. These orbital changes resulted in very cold conditions and thus led

to the growth of extensive continental ice sheets, especially in the Northern Hemisphere. This

produced the global sea-level drop of about 120 m compared to present day (Clark et al., 2009).

In this thesis, a regional climate model is used to increase the understanding of the

European climate at glacial times. Particularly, this thesis investigates the role of the surface

conditions in the climate response during the LGM and the Marine Isotope Stage 4 (MIS4,

65 ka). This thesis also presents a technique that adjusts deviations and thus makes the

climate information more reliable in climate states when the topography strongly changed

compared to today. Hence, this chapter provides a general introduction to the climate system,

its modes of variability, the land-atmosphere interaction, the hydrological cycle and the forcing

factors. Also, this chapter presents an overview of the different techniques to reconstruct the
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climate of the past and the major features that define the LGM and MIS4. The research

questions and the outline of this thesis are presented at the end of this chapter.

1.1 Climate System

Climate is usually defined as the average weather or the statistical description of important

quantities in terms of the mean and its variability over a certain period and a particular area.

In a broader sense, climate can also refer to the state of the entire climate system (IPCC, 2007,

2013a). The Earth’s climate system consists of five major components: the atmosphere, the

hydrosphere, the cryosphere, the land surface, and the biosphere. These components constantly

interact with each other interchanging energy, mass and momentum (IPCC, 2001, 2007, 2013a).

Hence, they build a complex coupled system, where a change in one component directly results

in adjustments of the other components. The climate system’s components are outlined in the

following subsections and summarised in Fig. 1.1.

Figure 1.1: Schematic view of the components of the climate system, their processes and interactions. Source:
FAQ 1.2, Fig. 1 from IPCC (2007).

The single major energy source of the Earth’s climate system is the incoming short-wave

radiation from the Sun. In the present-day climate system, the incoming solar radiation is

approximately 340 Wm−2, from which only 100 Wm−2 is reflected back to the space (Hartmann

et al., 2013; Wild et al., 2013). The rest of this incoming radiation is absorbed and distributed

across the globe. Around 239 Wm−2 from the incoming radiation is compensated by long-wave

(infrared) outgoing radiation (Wild et al., 2013), which gives only 0.6 Wm−2 for the Earth’s

energy budget (Fig. 1.2; Loeb et al., 2009; Hansen et al., 2011). Note that the Earth’s energy
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budget is referred to the balance between the energy that Earth receives from the Sun and

radiates back into outer space after having been distributed throughout the components of the

climate system. An equilibrium in the energy balance is never reached as various types of

variability shape and modify the radiation balance (the so-called forcing). The amount of

incoming solar radiation can change through variations in the Earth’s orbit or in solar activity.

The amount of radiation that is reflected back to the space can be also modified by changes

in clouds, atmospheric particles, ice coverage, land use and vegetation (Fig. 1.2). Outgoing,

i.e., towards the space, infrared radiation can be influenced by changes in the atmospheric

composition, i.e., different concentration of disposing and absorbing species (IPCC, 2013b).

Radiative balance over oceans can be modified by natural internal variability, i.e., alterations

in the uptake or release of heat by the ocean. Remarkable examples of climate forcing are not

only natural phenomena such as changes in the orbital parameters and volcanic eruptions,

but also anthropogenic phenomena such as the human-induced changes in the atmospheric

composition in the recent past (IPCC, 2013b; Nisbet et al., 2019).

1.1.1 Atmosphere

The atmosphere is a thin gaseous layer surrounding the Earth that mainly consists of

diatomic nitrogen (N2) with a volume mixing ratio of 78.08 %, oxygen (O2) with a volume

mixing ratio of 20.95 %, argon (Ar) with a volume mixing ratio of 0.93 %, and many other

trace gases and small particles (Wallace and Hobbs, 2006). The atmosphere is the least stable

component of the climate system; also, it experiences the most rapidly changes compared to the

other components (IPCC, 2001, 2007). The most variable element of the atmosphere is water

(H2O) in its various phases such as vapour, cloud droplets, and ice crystals. The transition

between these phases is a key role in the climate system and its variability as this transition

absorbs and releases much energy influencing air temperature and motion. A considerable

amount of water vapour exists in the atmosphere (1–4 % volume mixing ratio), which together

with some trace gases such as ozone (O3) play a crucial role in the Earth’s life as they absorb

solar radiation in several wavelengths. Especially, ozone absorbes solar radiation in wavelengths

that can be lethal for the terrestrial biosphere (less than 290 nm; fifth chapter of Wallace and

Hobbs (2006), and second chapter of Rowland (2009)). Additionally, water vapour, carbon

dioxide (CO2), methane (CH4), nitrous oxide (N2O), O3 and chlorofluorocarbons are very

important in the global energy balance as they can absorb and scatter radiation (Wallace and

Hobbs, 2006; IPCC, 2013b). In particular, water vapour and these trace gases are known as

greenhouse gases (GHGs), since they are highly effective in trapping the infrared radiation.

This trapped radiation is the result of the difference between the energy emitted back to the

space and the emitted energy by the surface (Raval and Ramanathan, 1989). The trapped

radiation results in an atmospheric temperature increase of around 33 K (Mitchell, 1989),

which is one important basement for the development of life on Earth.

Besides the gaseous elements, the atmosphere also contains small particles that are

suspended in the air, the so-called aerosols. They influence the global energy balance, since they
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can considerably absorb and scatter radiation. Aerosols from volcanic eruptions such as sulphur

dioxide (SO2) and volcanic dust reflect some of the incoming solar radiation and, thus resulting

in a negative forcing, i.e., in a decrease of the atmospheric temperature (IPCC, 2013b; Tomasi

et al., 2017). Some species such as black carbon and dust are highly effective in absorbing

radiation in different wavelengths, which is then emitted back as infrared radiation increasing

the atmospheric temperature (Tomasi et al., 2017). Dust, marine and human-produced aerosols

influence clouds properties and their formation mechanisms. This does not only affect the

precipitation processes and the hydrological cycle (e.g., Casazza et al., 2018; Dave et al.,

2019; Zhao et al., 2019), but also their capacity of absorbing and reflecting radiation (e.g.,

Rosenfeld et al., 2019; Christensen et al., 2020; Zhang et al., 2020). Consequently, any change

in the atmospheric concentration of the such as GHGs or aerosols, e.g., through natural or

anthropogenic sources, directly impacts the global radiation balance and thus alters the Earth’s

energy budget.

Figure 1.2: Schematic view of the global mean energy budget under present-day climate conditions. Numbers
state magnitudes of the individual energy fluxes in Wm−2, adjusted within their uncertainty ranges to close the
energy budgets. Numbers in parentheses attached to the energy fluxes cover the range of values in line with
observational constraints (Adapted from Wild et al., 2013). Source: Figure 2.11 from IPCC (2013b).

1.1.2 Hydrosphere

The hydrosphere comprises the total amount of liquid surface and subterranean water

and both fresh and saline water. The fresh water includes rivers, lakes and aquifers, and the

saline water oceans and seas (IPCC, 2001, 2007). Most of the water is stored in the oceans

(∼97 %) which cover around 70 % of the Earth’s surface. The oceans also store a large amount

of energy that is redistributed across the global ocean basins through its circulation. This
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circulation is rather slow, compared to the one of the atmosphere, and commonly consists of

two parts: a wind-driven circulation that governs the uppermost layer (topmost few hundred

meters), and a density-driven circulation that dominates below (the so-called thermohaline

circulation). The latter is due to density differences that are produced by thermal and salinity

gradients within the ocean (Wyrtki, 1961; Toggweiler and Key, 2001).

The oceans play an important role in regulating the atmospheric concentration of CO2 as

they are able to take up CO2 from the atmosphere, redistribute it and; inversely, they can also

release it back to the atmosphere (IPCC, 2019b). The oceans also function as regulator of the

global air temperature as they can damp strong temperature changes due to their large heat

capacity (Wallace and Hobbs, 2006) and their large overturning times (from several hundred to

thousand years; Primeau, 2005). This consequently acts as a climate regulator and as a source

of natural climate variability (IPCC, 2001).

1.1.3 Cryosphere

The cryosphere includes the frozen water part of the Earth system at and below the land

and ocean surface. This includes snow cover, glaciers, ice sheets, ice shelves, icebergs, sea

ice, lake ice, river ice, permafrost and frozen ground (IPCC, 2007, 2019b). Some parts of

the cryosphere such as snow and ice on lakes exist only during colder months, especially in

mid-latitude locations. Other parts of the cryosphere such as glaciers and ice sheets stay frozen

much longer, not only throughout the year, but also from thousands to even hundreds of

thousands of years. The largest parts of the cryosphere are the ice sheets covering around 10 %

of Earth’s land surface (e.g., the Greenland and Antarctic ice sheets).

The cryosphere influences the climate system through a variety of effects. Cryosphere’s

surface importantly contributes to the reflectivity of solar radiation (albedo effect; IPCC, 2001,

2019b). This capacity of reflecting can be modified by the deposition of some absorbing natural

and human-produced aerosols such as dust and black carbon, respectively. The cryosphere

also influences the global sea level as its large content of frozen water can melt and thus be

discharged into the oceans (IPCC, 2001; Church et al., 2013). This particularly happens in

warmer conditions as the melting becomes more important than the formation of frozen water.

Variations in the global sea level directly impact the global capacity of reflecting solar radiation.

The reason is that these changes modify the amount of global land surface coverage which has

a different albedo compared to the oceans. Thus, the global radiation balance can be affected

by a higher amount of deposited absorbing species on the cryosphere and by a global sea level

rise, which can directly alter the Earth’s energy budget (IPCC, 2019b). Additionally, the

cryosphere inhibits ocean-atmosphere exchange of heat (low thermal conductivity; Wallace and

Hobbs, 2006), momentum (large inertia) and gases (including CO2) when it covers large water

bodies such as oceans. The global ocean circulation that is mainly driven by density gradients

can be also influenced by the cryosphere, since melting and formation of frozen water can

modify these gradients. Compared to the surrounding water, melting at the border of the ice
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sheets forms fresh water that is less dense and the formation of sea ice crystals produces salty

water that is more dense (Wyrtki, 1961; Clark et al., 2002; IPCC, 2019b).

1.1.4 Land Surface

The Earth’s land surface is an active and complex place at the interface of the lithosphere,

the hydrosphere, the atmosphere, and the biosphere (Phillips, 1999). It covers about 29 %

of the Earth’s surface and its processes refer to various biogeophysical and biogeochemical

processes that also interact with atmospheric processes (Niu and Zeng, 2012). The land surface

is often considered as a static component as it changes very slowly compared to the other

components of the climate system (Gettelman and Rood, 2016).

The land surface plays a central role in controlling the amount of solar radiation that is

returned back to the atmosphere (IPCC, 2001). Part of this incoming radiation is directly

reflected back (albedo-effect), which strongly depends on the vegetation cover at the surface

and on seasonal factor such as snow or ice during wintertime (IPCC, 2019a). For instance,

desert areas reflect more radiation than forests; however, the albedo of the latter can be

increased even more than desert areas when it is covered by snow during wintertime. Some of

this solar radiation is also sent back as infrared radiation which heats the atmosphere. In

addition, the shape and the roughness of the land surface can influence the ocean and the

atmosphere, respectively. The shape determines the geometry of the oceans affecting the

patterns of their circulation (Gettelman and Rood, 2016). Roughness influences the atmosphere

dynamically as winds blow over it. This cannot only blow dust from the surface into the air, i.e.,

dust aerosols, modifying the atmospheric capacity of reflecting and dispersing radiation (IPCC,

2019a), but also influence the atmospheric circulation and thus the precipitation patterns. For

instance, an air parcel would rise when facing a orographical barrier and its water content

could condense forming clouds and producing rainfalls (orographic precipitation). The same air

parcel becomes dry when flowing down the opposite flunk resulting in dissipation of cloud or

low-precipitation (the so-called rain-shadow effect).

1.1.5 Biosphere

The biosphere is defined as the part of the Earth’s system that comprises all ecosystems

and living organisms in the atmosphere, on land (terrestrial biosphere) or in the oceans

(marine biosphere). This also includes derived dead organic matter, such as litter, soil organic

matter and oceanic detritus (Hutchinson, 1970; Gettelman and Rood, 2016; IPCC, 2007).

The biosphere influences fluxes of energy, water and aerosols between the Earth surface and

atmosphere. It is also central to the biogeochemistry of our planet (Overpeck et al., 2003).

The biosphere has a major impact on the atmosphere’s composition. It regulates the

water in the soil through uptake into plant structures and release water into the atmosphere

(e.g., through evapotranspiration). This has an effect on the atmospheric water content, which

does not only influences precipitation processes, but also the atmospheric capacity of reflecting
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and dispersing radiation (as explained in Sect. 1.1.1). The biosphere influences the uptake and

release of greenhouse gases and also plays a central role in the carbon cycle, as well as in

the budgets of many other gases such as methane and nitrous oxide (Overpeck et al., 2003).

Marine and terrestrial plants, especially forests, store significant amounts of carbon from

carbon dioxide through the photosynthetic process (Overpeck et al., 2003). This effect (carbon

storage) is particularly important as the influence of climate on the biosphere is preserved as

fossils, tree rings, pollen and other records, so that much of what is known of past climates

comes from such biotic indicators (IPCC, 2001; Wallace and Hobbs, 2006). The biosphere also

influences the surface radiation balance as its capacity of absorbing and reflecting radiation

depends on changes in vegetation cover fraction (IPCC, 2001). Consequently, any change

in the biosphere, e.g., through natural or anthropogenic causes, directly impacts the global

radiation balance and thus alters the Earth’s energy budget.

1.2 Present Climate

1.2.1 Planetary Atmospheric Circulation

The planetary atmospheric circulations describes the air movement on the Earth. The

description assumes the air to behave as a fluid. Thus, the air movement can be described

using the thermodynamical and hydrodynamical laws of fluids, i.e, the laws of conversation of

momentum, energy and mass. The atmospheric motion is triggered by the following forces:

gravity, pressure gradient, surface friction, Coriolis and centrifugal. The latter two are known

as pseudo forces as they emerge from the rotation of the Earth. Therefore, considering these

forces and other assumptions, the atmospheric motion can be formulated as follows (Holton

and Hakim, 2013):

d~v

dt
= −1

ρ
~∇p + ~g − 2~Ω× ~v + ~FR , (1.1)

A B C D E

where the left-side term A denotes the temporal change of the velocity (momentum per

mass unit) and right-side terms B, C, D and E represent the forces acting per unit mass

(i.e., accelerations). The term B describes the force driven by pressure gradients, the term

C the gravitational force, the term D the Coriolis force and the term E the force due to

friction. Note that this formulation cannot be solved analytically; thus, numerical methods are

used to calculate approximate solutions. Moreover, additional information is required to fully

describe the fluid features of the atmosphere, which encompasses the laws of mass and energy

conservation and the equation of state. In the following, the description focuses on the lower

part of the atmosphere, the so-called troposphere.
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The radiation distribution over the Earth’s surface is the first major driver of the global

atmospheric circulation. The equatorial region receives much more solar radiation compared to

the polar areas and constantly absorbs more energy than the emitted to the space throughout

the year, i.e, positive net radiation. Thus, the equatorial region presents a warming in contrast

to the high altitudes which show a cooling due to the emission of more energy to the space than

the one absorbed, i.e., negative net radiation. According to the second law of thermodynamics

(thermodynamic equilibrium), the resulting meridional gradient leads to a poleward energy

(heat) transport (Trenberth and Caron, 2001), which substantially maintains the planetary

wind fields. Air parcels rise over the tropics due to the differential heating and flow poleward

aloft due to the mass conservation. On a non-rotating Earth-like, the aloft poleward flow would

reach the Poles to sink to the Earth’s surface, where it eventually flows back to the equator

forming the structure of a single convection cell in each hemisphere (Fig. 1.3a). However, the

Earth’s rotation is the other major driver of the global atmospheric circulation determining its

shape (Lockwood, 1987). Thus, any meridional motion will end up generating a latitudinal flow

due to the influence of the Coriolis effect, which is accelerated poleward due to the conservation

of angular momentum. This results in breaking up the single convective cell into a structure of

three cells in each hemisphere: the Hadley cell, the Ferrel cell and the Polar cell (Fig. 1.3b).

a) b)

Figure 1.3: Illustration of the global atmospheric circulation. (a) represents a simple and single cell atmospheric
convection in a non-rotating Earth. ”Single cell” being either a single cell north or south of the equator. (b)
shows and idealized three cell atmospheric convection in a rotating Earth. ”Three cell” being either three cells
north or south of the equator. The deflections of the winds within each cell is caused by the Coriolis Force.
Source: Figure 7.5 in Lutgens and Tarbuck (2001).

The Hadley cell consists of the circulation that takes places from the equator to the

subtropics (∼30◦ latitude) (Hadley, 1735). This circulation is directly driven by the radiative

heating in the tropics, which produces warm air parcels that release latent heat when arising

and condensing. This produces a decrease of the surface pressure, the so-called Equatorial

Low, and eventually forms significantly thunderstorms afterwards. These air parcels then

flow poleward aloft and sink at the subtropics that are colder than the tropics, the so-called

subsidence (Fig. 1.3b). The poleward flow is deflected to the right in the North Hemisphere

(NH) and to the left in the South Hemisphere (SH), which triggers the westerly winds aloft, the

so-called westerlies (Fig. 1.3b). Note that the Hadley circulation is also referred to a thermally

direct circulation as the air parcels arise from a warm place and sink over a cold location.
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The subsidence does not only dry out the subtropical troposphere and causes the stationary

subtropical high pressure systems, but also produces the major deserts of the world at this

latitude. The air parcels return from the subtropical surface to the equator. This flow to the

equator, as the aloft flow, is deflected by Coriolis, which produces the easterly winds that

converge forming the Inter Tropical Convergence Zone (ITCZ), the so-called trade winds (Fig.

1.3b).

The Ferrel cell covers from ∼30◦ to ∼60◦ latitude (also called mid-latitude region) and is

referred to a thermally indirect circulation as air parcels arise over a relatively cold region and

thereafter sink over warmer areas. This cell is therefore considered to be driven by dynamical

processes rather than by thermal processes, whose more important drivers are the large-scale

eddies, i.e., mid-latitude cyclones and anticyclones. They are responsible for the transport of

heat, mass and momentum in the mid-latitude circulation (Schneider, 2006). The Ferrell cell

has its sinking branch at the same latitude as the Hadley cell (∼30◦), from where the air

parcels flow poleward at the surface with an eastward deflection due to Coriolis (i.e., westerly

winds; Fig. 1.3b). The air parcels then rise in higher latitudes (approximately near 60◦) and

flow to the equator at upper levels with a westward deflection (i.e., easterly winds Ferrel, 1856)

converging with the upper-level poleward branch of the Hadley cell (Fig. 1.3b). Still, the Ferrel

cell moderately represents the reality as it needs that the upper-level winds flow westward (i.e.,

easterly winds) and the reality shows relatively strong eastward winds (i.e., westerly winds

Harman, 1987) that are importantly connected to the eastward-flowing surface winds.

The Polar cell describes the circulation that takes place from ∼60◦ to the poles and

is mainly driven by convection (Fig. 1.3b). Although the air parcels at about 60◦ are cool

and dry compared to the ones in the tropics, they are still sufficiently warm and moist to

undergo convection and drive a thermally direct circulation. The air parcels rise at ∼60◦ and

flow poleward aloft with an eastward reflection. When the air parcels reach the polar areas,

they are cooled through emission of radiation to space and is considerably denser than the

underlying air; thus, they descend to the surface. This subsidence, as in the Hadley cell, dries

out the polar troposphere and causes the cold stationary polar high pressure system. Then,

the air parcels return from the polar surface to the ∼ 60 ◦ with a westward deflection, the

so-called polar easterlies, where they converge with the surface poleward branch of the Ferrel

cell (Fig. 1.3b). The cold polar air is mixed with the relatively warmer air at about 60◦, which

triggers the so-called sub-polar low and its underlying upward motion. Extratropical cyclones

develop along this mixing boundary, the so-called polar front, and become the primary source

of high precipitation amounts in the mid-latitudes.

The middle-to-upper troposphere usually have regions with maximum wind speeds

(westerly winds) inside the Hadley and Ferrel cells. These stronger winds are known as jet

streams and can be classified in two types: the subtropical thermally-driven jet stream and the

mid-latitude eddy-driven jet stream (also called polar jets). Subtropical jet streams are often

located at about 30◦ near to the sinking branch of the Hadley cell. They are mainly the result

of thermal winds and the conservation of angular momentum. Thus, the Hadley cell does not
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only show an increasing strength of the westerly winds with altitude (i.e., maximum speed

in the upper troposphere), but also drives a source and sink of westerly momentum from

the equator up to the subtropics contributing to the sharpness of the jet stream (Schneider,

2006). The mid-latitude jet streams are linked to frontogenesis and their maximum speed is

observed in low-middle troposphere. They occur in areas of high baroclinicity, i.e., areas of

substantial temperature gradients, where the transient eddies are produced (for more details

about baroclinicity see: Holton and Hakim, 2013). These eddies propagate both poleward and

to the equator and become the key of the meridional convergence of momentum that causes

the acceleration of the westerly mean flow and thus the formation of the jet stream (Hoskins

et al., 1983).

Consequently, the three-cell model explains reasonably well the surface wind distribution

in the atmosphere and is therefore considered as the mean state of the atmospheric dynamics.

However, this model can break down, especially in the lower troposphere. One reason is the

interaction with the land surface and ocean. Another reason is that the atmosphere experiences

fast changes and is influenced by many other perturbations in different spatial scales. The

focus of this thesis is mostly on mid-latitudes, which is dominated by the westerlies and, in the

zonal view, by the Ferrel cell. These phenomena control the European climate.

1.2.2 Modes of Variability

In the reality, the atmospheric circulation is influenced by the non-uniform landmass

distribution and its underlying elevation, i.e., the topography. This significantly alters the

schematic view of the general circulation (three-cell model) as it creates several land-sea

contrasts and thus a deformation of the schematic zonal mean flow. Furthermore, the climate

system presents phenomena that fluctuate on a broad variety of spatial scales. These fluctuations

are known as modes of variability and have an oscillation without an exact periodicity (also

called internal variability). Climate indexes are used to assess these modes (Viron et al.,

2013). For instance, important modes of variability are, among others, the El Niño–Southern

Oscillation (ENSO), Pacific Decadal Oscillation (PDO), North Atlantic Oscillation (NAO), and

the Madden–Julian Oscillation (MJO). The modes of variability, on the global-to-synoptic

scale, are the principal source of variability in climate elements on a regional-to-local scale (e.g.,

Keeley et al., 2008; Ault et al., 2011). Focusing on Europe, there are many studies about

climate indexes which attempt at explaining the climate elements of Europe (e.g., Bartolini

et al., 2009; Kalimeris et al., 2017; O’Reilly et al., 2017; Steirou et al., 2017; Kundzewicz et al.,

2019; Piper et al., 2019; Hernández et al., 2020). Even though there are several modes of

variability that are important to understand the European climate, I briefly describe in this

section only two well-known global-to-synoptic modes of variability, i.e., ENSO and NAO.

The reason for the selection is that ENSO and NAO represent a global and regional mode of

variability, respectively.

The El Niño-Southern Oscillation (ENSO) phenomenon is the strongest natural fluctuation

of climate on interannual time scales and is generated by ocean-atmosphere interactions over



1.2. PRESENT CLIMATE 11

the tropical Pacific (IPCC, 2001; Lin and Qian, 2019). In the long-term climatology, the sea

level pressure is higher on the eastern side than on the western side of the tropical Pacific

(pressure gradient), which is accompanied by the trade winds along the equator (Philander,

1989; Wallace and Hobbs, 2006). The atmospheric trade winds transport the warm tropical

water to the west producing a “warm pool” in the tropical western Pacific and an upward

slope of sea level along the equator of about 60 cm from east to west. According to the mass

conservation, the ocean counteracts the loss of mass in the tropical eastern pacific by vertical

and horizontal transport of water from colder oceanic regions, which produces a cold tongue

along the equator that is most pronounced about October and weakest in March (Philander,

1989; IPCC, 2001). The climatological features of the tropical Pacific usually fluctuate between

two phases that consist of an eastward (El Niño) and westward (La Niña) shift of the warm

pool. This movement is mainly caused by a weakness (El Niño) or an intensification (La Niña)

of the trade winds, which simultaneously moves the associated convective cell and influences

the oceanic thermocline depth (Fig. 1.4). This directly has a strong impact on several regions

of the globe such as changes of the precipitation patterns of Southeast Asia, Australia, North

and South America. This phenomenon also affects other parts of the world that are not directly

connected to the Pacific such as the North Atlantic Ocean and the Mediterranean region

(Kalimeris et al., 2017; Lin and Qian, 2019). ENSO produces a NAO-like pattern (for details

about NAO see following paragraph), thus affecting European region. This NAO-like pattern is

mainly driven by large-scale dynamical mechanisms in the upper troposphere (Bell et al., 2009;

Domeisen et al., 2015; Mezzina et al., 2020). Many studies found that ENSO can influence the

temperature and precipitation patterns over Europe, especially from late autumn till late

spring and sometimes delayed with respect to the Pacific anomalies (e.g., Fraedrich, 1994;

Brönnimann et al., 2007; López-Parages et al., 2016; Herceg-Bulić et al., 2017; Ivasić et al.,

2021). For instance, the El Niño (positive phase of ENSO) can produce negative and positive

temperature anomalies in northeastern Europe and Turkey, respectively, and positive and

negative precipitation anomalies around the European 45◦ N, in Norway and the southeastern

Mediterranean area, respectively (Brönnimann et al., 2007; Lin and Qian, 2019). Moreover,

ENSO influences the frequency and intensity of extreme rainfall events over Europe. This

influence is much smaller than North Atlantic Oscillation but still significant in some areas

such as southern and eastern Europe (Nobre et al., 2017).

The North Atlantic Oscillation (NAO) is an atmospheric phenomenon on monthly to

decadal time scales over the North Atlantic Ocean (IPCC, 2001; Hurrell et al., 2003; Woollings,

2010; Pinto and Raible, 2012). Although NAO is present throughout the year, the description of

NAO is here focused on wintertime as NAO has its more important manifestation during boreal

winter and it explains most of the European variability in wintertime (around 40 %, Brandimarte

et al., 2011; Pinto and Raible, 2012; Raible et al., 2014; Kalimeris et al., 2017; Steirou et al.,

2017). In the longterm, the high-pressure system over the Azores (Azores High) and the

low-pressure system over Iceland (Icelandic Low) mostly determine the atmospheric circulation

of North Atlantic region, especially the lower-to-mid tropospheric winds and their underlying

water transport towards Europe. NAO is generally represented by a north-south dipole of sea
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Figure 1.4: Schematic description of large-scale ocean-atmosphere interactions during the development of
ENSO extremes. A represents El Niño and B La Niña according to the Bjerkness feedback. Source: Fig. 3 from
Latif and Keenlyside (2009).

level surface pressure anomalies. NAO is also known as the index of the mid-latitude wind

strength into Europe and fluctuates between a positive and negative phase. The positive

(negative) NAO phase consists of an intensification (weakening) of the Azores High and the

Iceland Low (Fig. 1.5). This results in a stronger (weaker) meridional pressure gradient over

North Atlantic, which produces a stronger (weaker) zonal flow regime, especially over the

mid-latitude eastern North Atlantic (van Loon and Rogers, 1978; Marshall et al., 2001; Wanner

et al., 2001; Hurrell et al., 2003; Marshall et al., 2001; Hurrell and Deser, 2010; Woollings, 2010;

Pinto and Raible, 2012; Kalimeris et al., 2017). These fluctuations affect the entire Atlantic

Ocean and the surrounding continents. NAO does not only influence the air-sea interaction,

but it is also connected to the overturning circulation in the North Atlantic Ocean (Marshall

et al., 2001). Also, NAO regulates the intensity and the path of the mid-latitude cyclones and

their underlying extreme-weather conditions shaping the European climate (Rogers, 1990;

Steirou et al., 2017).

1.2.3 European Climate

Europe is a continent from the North Hemisphere whose area is bordered by the Atlantic

Ocean to the west, the Mediterranean Sea to the south, Asia to the east, and the Arctic Ocean

to the north. In general, the present-day European climate is determined by the predominant

west-to-east atmospheric flow and the relatively warm surface water of the North Atlantic

Ocean (Seager et al., 2002; Palter, 2015) and Mediterranean Sea (Lionello et al., 2006; Volosciuk

et al., 2016; O’Reilly et al., 2017).

Focusing on the atmospheric flow, Europe is characterised by several key dynamical

features such as the Northern Atlantic jet stream, the North Atlantic storm track and the

stationary waves (Woollings, 2010). As mentioned in Sect. 1.2.1, two jet streams affect the

extratropical regions, i.e., the subtropical and the eddy-driven jet stream (Held and Hou,

1980; Hoskins et al., 1983; Panetta and Held, 1988). Although these jet streams differ in their

formation mechanisms, they are often indistinctly separated from each other in the North
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Figure 1.5: Schematic view of the North Atlantic Oscillation (NAO) in wintertime. The typical path of the
polar-front jet stream (yellow) during negative (upper left) and positive modes (bottom right) of the North
Atlantic Oscillation. Areas in blue (red) represent cold (warmer) conditions, L and H low- and high-pressure
systems. Source: Rafferty (2019).

Hemisphere. For instance, this separation rarely happens over the North Atlantic towards

Europe, particularly during winter, when only the eddy-driven jet stream is clearly distinguished

(Boucher, 1987; Eichelberger and Hartmann, 2007; Woollings, 2010; Woollings et al., 2010; Li

and Wettstein, 2012; Harnik et al., 2014). The eddy-driven jet stream controls the genesis

of mid-latitude cyclones and anticyclones which travel preferentially over certain regions,

the so-called storm track (Schultz et al., 2019). The storm track is also a common measure

for the intensity of the cyclonic activity in the mid latitudes (Blackmon, 1976; Sickmöller

et al., 2000). The North Atlantic storm track influences the European climate by not only

shaping the precipitation and temperature pattern, but also the frequency and intensity

of weather and climate extremes (Woollings, 2010; Dee et al., 2011; Hawcroft et al., 2012;

Wernli and Schwierz, 2006; Ludwig et al., 2016; Schultz et al., 2019). This is particularly

important in winter because over-land convective processes become more important during

summer. Both eddy-driven jet stream and storm track are tilted poleward as a result of the

strong Northern Hemisphere stationary wave pattern (Woollings et al., 2010). This zonal

asymmetry is known as a stationary wave that is subset of the atmospheric Rossby waves. This

can be interpreted as response to the asymmetry in the surface forcing such as orography

and relatively warm surface water from the North Atlantic Ocean. This stationary wave

causes two important tilts that influences the European climate. The atmospheric circulation
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exhibits a southwest-northeast flow across the North Atlantic Ocean towards Europe, which

advects relatively warm maritime air to western Europe. Also, it shows north-westerlies that

advect relatively cold air to continental Europe (central-to-eastern part, Smagorinsky, 1953;

Held et al., 2002; Nigam and DeWeaver, 2003; Brayshaw et al., 2009; Kaspi and Schneider,

2013; Van Niekerk, 2017). During summer, the jet-stream and storm track are weaker and

shifted northward, which leads to drier and warmer conditions in central to southern Europe.

Consequently, Europe is usually characterised by a temperate climate. Western Europe has

moderately warm summers and cool winters with frequent overcast skies. Southern Europe

typically presents hot dry summer, mild winters, and frequent sunny skies. Central and eastern

Europe generally features warm-to-hot summers and cold winters (Boucher, 1987).

1.2.4 Alpine Climate

The European Alps are a dominant feature of the European landscape. In general, they

are defined as an arc-shaped mountain range located in the middle of the continent. They are

characterised as a region with a very complex topography: extensive lowlands, deep valleys and

mountain peaks higher than 4000 m. The European Alps influence the regional atmospheric

circulation by deflecting the flow horizontally and vertically, by altering the sensible and latent

heat, and by inducing waves into the free atmosphere on different spatial scales (Schär et al.,

1998).

Four flow conditions mostly modulate the heat and moisture transport toward the

European Alps, thus influencing the Alpine climate. Westerly flow conditions introduce the

relatively mild and moist air of the Atlantic Ocean. Northerly winds transport cold polar

air from northern Europe. Easterly flow conditions provide continental air masses that are

usually cold and dry in winter and hot in summer. Southerly winds transport warm and moist

air from the Mediterranean Sea (Frei and Schär, 1998; Sturman and Wanner, 2001; Aubrey

et al., 2020). The main sources that contributes to the Alpine moisture are the North Atlantic

Ocean (westerly winds, 39.6 %), North Sea and Baltic Sea (northerly winds, 16.6 %), the

Mediterranean Sea (southerly winds, 23.3 %), and the European land surface (transported by

all flow conditions, 20.8 %). Overall, the North Atlantic contribution dominates in winter and

the European land surface in summer (Sodemann and Zubler, 2010). These flow conditions

create particular features over the Alpine region such as preferred spatial-temporal temperature

and precipitation patterns (Schär et al., 1998). These patterns can be influenced by changes in

the stability and in the atmospheric vertical profile which are produced by flow phenomena

associated with gravity waves such as Föhn and valley winds (Frei and Schär, 1998; Schär et al.,

1998).

The valleys and lowlands are overall warmer and drier than the surrounding mountains.

Most of the valleys and lowlands on average reach temperatures below zero degree during

winter and around 25 ◦C in summer. Very stable atmospheric conditions are frequent due to

thermal inversions, especially producing fog in the valleys during autumn and winter. The

moist areas, i.e., Alpine precipitation patterns, are mainly defined by two processes: (i) The



1.3. HYDROLOGICAL CYCLE 15

orographically forced upstream flow is evident throughout the year but especially stronger in

wintertime. (ii) The topographically triggered convection dominates the summer precipitation,

especially over the mountains (Frei and Schär, 1998; Schär et al., 1998; Aubrey et al., 2020).

At high altitudes (above 1500 m), the moisture that precipitates in form of snow during

fall, winter and spring is stored and accumulates. This snow is then gradually converted into

permanent glaciers. Snow and glaciers very slowly melt throughout the year with a relatively

acceleration towards and during summertime, which in turn sustains flow streams. Thus, the

European Alps play an important role in regulating the water supply of the region that is

traversed by streams originated in the Alps such as Rhine and Rhone rivers. These and other

streams does not only serve as water supply for human being, but also for flora and fauna of

the surrounding Alpine region. The hydrological cycle and some of its important components

are in detail explained in the following section (Sect. 1.3).

1.3 Hydrological Cycle

Water is an important ingredient of the Earth’s climatic system. It is constantly changing

states between solid, liquid, and gaseous, whose processes can happen within a millisecond or

over millions of years. These three water phases can be found in all the components of the

climate system in a continuous movement that occurs on, above and below the Earth’s surface.

This is defined as the natural water cycle, also known as the hydrological cycle (Peixóto and

Oort, 1983; Hordon, 1998; IPCC, 2001; Pierrehumbert, 2002; Hack et al., 2006; Narasimhan,

2009).

The water cycle has no starting point (Hordon, 1998). But, to further describe it, I start

in the oceans as they contain the most Earth’s water and can be considered as the place where

the water cycle is mainly driven (Narasimhan, 2009). The solar radiation mainly heats the

superficial water layers of the ocean. These layers are normally in a liquid phase except in very

cold areas where it can be solid (snow or ice). The water molecules evaporate (or sublimate) as

water vapour into the atmosphere storing energy in the form of latent heat. This process

importantly happens in the tropics due to the constantly higher insolation (Hordon, 1998) and

results in relatively warmer and humid air parcels which drive the upward branch of the

atmospheric Hadley cell (Sect. 1.2.1). Water is evaporated (or sublimated) from the soil and

transpired from plants, which is known as evapotranspiration. The transpiration consists of

moving liquid water from the soil through the plants till is release as water vapour into the

atmosphere by their leaves. Additionally, volcanic eruptions also discharge water vapour into

the atmosphere.

The atmospheric water vapour is then vertically and horizontally transported. This

two-dimensional transport releases energy into the atmosphere: The water vapour incorporates

sensible heat when it cools down. Latent heat is also released when the water vapour changes

its phase to form water drops, i.e. condensation, or to form ice crystal, i.e. sublimation or

solidification. The energy release happens during the upwards motion and when the horizontal
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Figure 1.6: Schematic view of the components of the hydrological cycle, their processes and interac-
tions. Source: The water cycle from the USGS Water Science School (https://www.usgs.gov/media/images/
water-cycle-natural-water-cycle).

transport heads towards relatively colder regions. This builds one of the main modes of energy

transport in the atmosphere (Pierrehumbert, 2002; Gettelman and Rood, 2016). Clouds mainly

consist of water drops and ice crystals whose size and distribution contribute to determine

cloud’s properties. Under certain atmospheric conditions, the water drops and ice crystals fall

out and reach the surface (land and ocean surface) as liquid (rain) or solid (snow or hail)

precipitation (Wallace and Hobbs, 2006; Pruppacher and Klett, 2010). The water cycle remains

open unless the precipitation directly occurs over the oceans.

At high altitudes, a small portion of the precipitation is stored as ice (or glacier) which

very slowly melt. The other portion of precipitation with the melting water can then be

intercepted by vegetation canopy before completely reaching the ground. As soon as the

ground is reached, some of this water flows over land as surface water, also known as runoff,

towards oceans or towards sunken areas where it is stored like lakes. The rest of water is

infiltrated into the ground as soil moisture which can be percolated into deeper layers as

groundwater (Narasimhan, 2009; Gettelman and Rood, 2016). In these deep layers, some

of this water stays for hundred to thousand years as groundwater storage (Oki and Kanae,

2006) before continuing its way to the ocean. Another portion directly returns to the ocean as

groundwater flow or comes to the surface to be part of the runoff. Both groundwater and lakes

inside volcanos can return to the atmosphere as water vapour by volcanic eruptions. The water

cycle is closed when the water finally reaches the oceans. The hydrological cycle is summarised

in Fig. 1.6. This thesis focuses on two components of the water cycle, i.e., precipitation and ice

cover, which are outlined in the following sections.

https://www.usgs.gov/media/images/water-cycle-natural-water-cycle
https://www.usgs.gov/media/images/water-cycle-natural-water-cycle
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1.3.1 Precipitation

Precipitation consists of water drops and ice crystals falling out of the atmosphere on

the Earth’s surface (Houze, 2014; American Meteorological Society, 2019). The amount of

precipitation is measured by the depth of liquid water over a horizontal surface, for example:

1 mm corresponds to 1 kg water mass that dropped out on 1 m2. Physical processes that

characterise the formation and fall of these drops and crystals are known as cloud microphysics.

Some of these processes are briefly explained in the following.

Everything starts when the air becomes saturated with water vapour (reaching 100 %

relative humidity). The saturation is caused by increasing the amount of water vapour in the

atmosphere or by changes in air temperature and pressure (Wallace and Hobbs, 2006). The

saturation leads to condensing the atmospheric water vapour into very small water droplets,

the so-called cloud droplets (∼ 0.02 mm in diameter, Fig. 1.7). This usually occurs on the

surface of suspended particles called cloud condensation nuclei (CCN), whose size is much

smaller (∼ 0.2 µm in diameter, Fig.1.7). Cloud droplets are not only subject to gravitational

force that makes them fall, but also by frictional force while falling as the accelerated motion

is increasingly resisted by surrounding air. This makes cloud droplets have barely detectable

fall speeds and they rather remain suspended in the air and form part of all visible clouds

(Wang, 2013; Houze, 2014).

Figure 1.7: Typical diameters of water droplets/drops and aerosol in the atmosphere. Source: Figure 3.1 in
Houze (2014).

From cloud droplets to the the falling particles, there is a mass increase of around million

times. Some of this growth can be achieved in supersaturated environments, where cloud

droplets and aerosols function as CCNs in further condensing water vapour on their surfaces.

This growth process turn out to be neglected as soon as the condensation rate becomes less

important compared to the evaporation rate that also happens on the surface of the CCNs. This

is usually before reaching the size of raindrops and is explained by the fact that a supersaturated

environment lasts for relatively short periods in the reality. Turbulence and gravity are the key
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for the cloud droplets to become falling particles since they dominate the growth compared

to the supersaturated environment. Turbulence and gravity move the atmospheric particles

and make cloud droplets collide. The efficiency of colliding, i.e., coalescence and collisions of

droplets, is determined by many physical properties such as polarisation, velocity and droplet’s

size. High efficiency of colliding then results in an important mass increase of the droplets

and their underlying gravitational acceleration, which produces a raindrop capable of falling.

However, this growth can importantly be diminished by characteristics of the surrounding

air, e.g., relatively drier air, and other droplet-related physical properties that can break the

raindrop into smaller parts. Similar processes are also observed in the formation of ice crystals.

For an in-depth explanation of the growth mechanisms for both raindrops and crystals see

Houghton (1950), Willis and Tattelman (1989), Wallace and Hobbs (2006), Wang (2013) and

Houze (2014).

Raindrops normally loses mass on their falling path below the clouds. One reason is that

the raindrops break up after collisions with other particles or after deformation. For instance,

the bottom of the drop is affected by the air resistance and starts to flatten out with an

inward curvature in the middle while growing. Then, the bottom of the bigger drop greatly

expands to a form similar to a parachute, which leads to the large drop to split into smaller

drops. The other reason is that they can evaporate by the increase of energy due to friction

and to relatively warmer and drier surrounding air. Ice crystals can melt to become raindrops

and then experience the same mass loss (Wallace and Hobbs, 2006; Wang, 2013; Houze, 2014).

1.3.2 Glaciers

A glacier is a large mass of ice that originates on the land surface by the recrystallisation

of snow or other forms of solid precipitation (Meier, 2020). The recrystallisation process is

also known as the accumulation process of falling ice crystals (snow or other forms of solid

precipitation) to become a crystalline solid (glacier). Some other features and formation

processes are briefly explained in the following.

Glaciers cover around 10 % of Earth’s land surface (IPCC, 2019b). They can cover areas

from 0.1 km 2, e.g., the mountain glaciers, to some millions of km2. The latter are called

ice sheets due to their considerably large continent-coverage such as the Greenland and the

Antarctic ice sheet (∼1.8 million km2 and ∼13.5 million km2, respectively; Meier, 2020). For

simplicity, the terms glaciers and ice sheets are considered interchangeable in this thesis.

Usually, glaciers undergo elastic deformation as response to long-term forces such as

gravity (Meier and Ashton, 2020). This results in a constant downhill movement by sliding at

their base with a very low speed (Cuffey and Paterson, 2010) compared to speeds of other

fluids such as atmosphere (Holton and Hakim, 2013). The glacier speed is influenced by friction

forces and ice-related pressure. Friction makes glaciers move more slowly at their borders, i.e.,

at the bottom of the glacier and also at the valley’s sidewalls in Alpine glaciers. However,

the lowermost layer of a glacier is subject of high pressures that can cause ice to melt. This

produces a slippery layer that permits the rest of the ice to slide and to accelerate, the so-called



1.4. LAND COVER 19

basal sliding (Weertman, 1957; Paterson, 1994; Cuffey and Paterson, 2010) (Fig. 1.8). Friction

results in shaping the landscape by creating landforms such as cirques, moraines and fjords

(Bridge and Demicco, 2008). Friction, soil and atmospheric temperatures can lead glaciers to

melt. The melting rate is crucial as it needs to be lower than the recrystallisation process

(accumulation rate) to allow ice crystals to be stored for longer periods compared to the

temporal extent of its associated precipitation. This means that glaciers are located in places

that experience a large amount of snow and their climate is relatively cold most of the time,

e.g., Earth’s polar regions and locations at high altitude.

Figure 1.8: Schematic differences in glacial ice motion with basal sliding (left) and without basal sliding (right).
The dashed red line indicates the upper limit of plastic internal flow. Source: Figure 16.2.9 in Earle (2019).

Glaciers play an important role in the flora and fauna as they are one of the source of

fresh water (IPCC, 2019b). They are also important for human beings as source of energy

supply. For instance, mountain glaciers are key contributors to seasonal river flows. They

function as frozen water reservoirs that supply fresh-water runoff to river flow during warm and

dry periods. A scenario of constant glacier retreats has important consequences for river flows,

which directly impact water supplies, sustainability of aquatic ecosystems and hydropower

generation (e.g., Immerzeel et al., 2010; Kaser et al., 2010; Huss, 2011; IPCC, 2019b).

1.4 Land Cover

Land cover is the physical material Earth’s surface, which includes plants, asphalt, bare

ground, water, etc. This section focuses on briefly explaining vegetation and its interactions

with the atmosphere.

1.4.1 Vegetation

Vegetation is usually defined as the ground cover provided by an assemblage of plant

species, which encompasses the most abundant living element in the biosphere. Plants are

characterised as multicellular eukaryotic organisms made of cells with cellulose. These organisms

are particularly different in terms of nutrition as they use a photosynthetic process. This
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process provides energy from chemical reactions between water, minerals, carbon dioxide,

pigments and solar energy (Dickinson et al., 2020).

Figure 1.9: Examples of vegetation types. (a) represents forest, (b) grassland, (c) desert steppe and (d) desert.
Source: Figure 1 in Dugarsuren and Lin (2016).

Vegetation is also used as the term to describe main features of the plant cover in a

specific area, the so-called vegetation type (some examples in Fig. 1.9). Vegetation types can

for example define an area by using the dominant plant growth like forest vegetation, grassland

vegetation (e.g., Machar et al., 2017; Zheng et al., 2019). A description can also use colloquial

or technical descriptors and particular plant communities such as desert vegetation, arctic

vegetation (e.g., Lu et al., 2019; Bjorkman et al., 2020) and peat bog vegetation (e.g., Segal,

1966; Levy et al., 2019), respectively. Vegetation types can be determined by the interaction

with a variety of environmental factors such as predation, topography, soil characteristics

and climate. Slope orientation and inclination influence the growth of vegetation types by

determining the exposition to solar radiation and the movement of surface and soil water. This

water motion is also an important factor as it can determine the soil moisture and the nutrient

availability.

Vast diversity of animals, including humans and microorganisms, rely on vegetation in the

food chain since vegetation serves as primary energy source and wildlife habitat. Vegetation is

also the key in regulating numerous biogeochemical cycles such as water, carbon and nitrogen.

It also influences soil features, particularly the density and chemistry (e.g., Benninghoff,

1952; Metzger et al., 2017; Veldkamp et al., 2020) as result of the soil-vegetation-atmosphere

interaction (e.g., Jamalinia et al., 2019).
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