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Abstract

The complex interaction between climate variability, extreme events, and societal dynamics within
the Eastern Mediterranean (EM) and Nile River (NR) basin (EMNR) has captivated scholarly
attention for years. Despite the importance of climate's influence on societies, most of the research
primarily relied on proxy records, with limited attention to the detailed/regional/local information
provided by Regional Climate Model (RCM) simulations. The primary objective of this study is to
increase the understanding of regional and local climatic patterns within the EM and NR basin over
two millennia based on a regional climate model - COSMO-CLM. This study highlights the
necessity of bridging the gap of the coarse GCM resolution by employing RCMs, focusing on the
paleo climate simulation over EM and NR region with COSMO-CLM (COnsortium for Small-
scale MOdelling in CLimate Mode) model.

More specifically, the first part of this thesis provides a sensitivity analysis of different land cover
schemes in convective-permitting simulations within COSMO-CLM. Key among the external
forcings is land use change, which significantly alters land surface properties affecting energy,
water, and momentum exchanges between the land and atmosphere. By analyzing the simulated air
temperature, the leaf area index and the plant coverage, this study underscored the need to carefully
select appropriate Land Cover (LC) maps for regional climate modeling, as LC maps and fractions
had substantial impacts on simulated air temperature, Leaf Area Index (LAI), and plant coverage.
The study also indicated that analyzing the effects of heterogeneous land cover types on seasonal
climate, as well as assessing the role of land cover in regional climate modeling, would be crucial
for future research. Further investigations are also required to understand how regional climate

responds to varying land cover distributions.

The second part involves developing a transient paleo climate simulation for the past 2000 years
using the COSMO-CLM model with its enhanced horizontal resolution up to 50 x 50 km, which
incorporates several external forcings (solar, orbital, volcanic, greenhouse gases and land use

change) to make the paleo simulations more realistic and more independent. By implementing those



external forcings into COSMO-CLM, the study provides a dataset characterized by enhanced
spatial (50 km) and temporal (monthly to hourly depending on the output variables) resolution.
This approach can not only enable a comparative analysis between simulation outputs and proxy
data but also foster the possibility of a comprehensive understanding of historical socio-climatic

conditions.

The research further compares the mean climate condition of EMNR between the ERP (Early Rome
Period: 400-362 BCE) and PI (Pre-Industrial: 1800 -1850 CE), further, offering insights into large-
scale circulation processes and their impact on regional climate conditions between ERP and PIL
The results show that the mean climate conditions of the two selected periods are similar in terms
of annual cycle but with increased variability from ERP to PI. In addition, the relationship between
large-scale circulation features to regional temperature/precipitation patterns reveals stable large-

scale circulation influence during both ERP and PI periods.



Zusammenfassung

Die komplexe Wechselwirkung zwischen Klimaschwankungen, Extremereignissen und
gesellschaftlicher Dynamik im Ostlichen Mittelmeerraum (EM) und im Einzugsgebiet des Nils
(NR) zieht seit Jahren die Aufmerksamkeit der Wissenschaft auf sich. Trotz der Bedeutung des
Einflusses des Klimas auf die Gesellschaft stiitzten sich die meisten Forschungsarbeiten in erster
Linie auf Proxy-Datensétze und schenkten den detaillierten/regionalen/lokalen Informationen, die
von regionalen Klimamodell-Simulationen (RCM) geliefert werden, nur wenig Aufmerksamkeit.
Das Hauptziel dieser Studie ist es, das Verstindnis der regionalen und lokalen Klimamuster im
EM- und NR-Becken iiber zwei Jahrtausende auf der Grundlage eines regionalen Klimamodells -
COSMO-CLM - zu verbessern. Diese Studie unterstreicht die Notwendigkeit, die Liicke der groben
GCM-Auflosung durch den Einsatz von RCMs zu iiberbriicken, wobei der Schwerpunkt auf der
Paldoklimasimulation iiber die EM- und NR-Region mit dem Modell COSMO-CLM (COnsortium
for Small-scale MOdelling in CLimate Mode) liegt.

Genauer gesagt, bietet der erste Teil dieser Arbeit eine Sensitivititsanalyse verschiedener
Landbedeckungsschemata in konvektiven Simulationen innerhalb von COSMO-CLM. Zu den
externen Einfliissen gehort vor allem die verdnderte Landnutzung, die die Eigenschaften der
Landoberfldche erheblich verdandert und den Energie-, Wasser- und Impulsaustausch zwischen
Land und Atmosphdre beeinflusst. Durch die Analyse der simulierten Lufttemperatur, des
Blattflichenindexes und der Pflanzenbedeckung unterstrich diese Studie die Notwendigkeit,
geeignete Landnutzungskarten fiir die regionale Klimamodellierung sorgfiltig auszuwihlen, da die
Landnutzungskarten und -anteile erhebliche Auswirkungen auf die simulierte Lufttemperatur, den
Blattflichenindex (LAI) und die Pflanzenbedeckung haben. Die Studie zeigte auch, dass die
Analyse der Auswirkungen heterogener Landbedeckungsarten auf das saisonale Klima sowie die
Bewertung der Rolle der Landbedeckung bei der regionalen Klimamodellierung fiir die kiinftige
Forschung von entscheidender Bedeutung sind. Weitere Untersuchungen sind auch erforderlich,

um zu verstehen, wie das regionale Klima auf unterschiedliche Landbedeckungen reagiert.



Der zweite Teil umfasst die Entwicklung einer instationdren Paldo-Klimasimulation fiir die letzten
2000 Jahre unter Verwendung des COSMO-CLM-Modells mit seiner erhohten horizontalen
Auflésung von bis zu 50 x 50 km, das mehrere externe Einfliisse (Sonneneinstrahlung,
Orbitalstrahlung, Vulkanismus, Treibhausgase und Landnutzungsidnderungen) einbezieht, um die
Paldo-Simulationen realistischer und unabhéngiger zu machen. Durch die Implementierung dieser
externen Einfliisse in COSMO-CLM liefert die Studie einen Datensatz, der sich durch eine
verbesserte rdumliche (50 km) und zeitliche (je nach Ausgangsvariablen monatlich bis stiindlich)
Auflosung auszeichnet. Dieser Ansatz kann nicht nur eine vergleichende Analyse zwischen
Simulationsergebnissen und Proxydaten ermdglichen, sondern auch die Moglichkeit eines

umfassenden Verstdndnisses historischer sozioklimatischer Bedingungen férdern.

Die Forschung vergleicht auBerdem die mittleren Klimabedingungen des EMNR zwischen der ERP
(Early Rome Period: 400-362 v. Chr.) und der PI (Pre-Industrial: 1800-1850 n. Chr.) und bietet
Einblicke in groBrdumige Zirkulationsprozesse und ihre Auswirkungen auf die regionalen
Klimabedingungen zwischen ERP und PI. Die Ergebnisse zeigen, dass die mittleren
Klimabedingungen der beiden ausgewéhlten Zeitrdume in Bezug auf den Jahreszyklus dhnlich
sind, jedoch mit einer erhohten Variabilitdt von ERP zu PI. Dariiber hinaus zeigt die Beziehung
zwischen groflrdumigen Zirkulationsmerkmalen und regionalen Temperatur-
/Niederschlagsmustern einen stabilen Einfluss der groBrdumigen Zirkulation sowohl wahrend der

ERP- als auch der PI-Perioden.
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1. Introduction

1.1 Motivation

Over the past two millennia, the interaction between climate variability, climate extreme events,
and societies within the EMNR has gained significant attention. This timeframe has experienced
significant moments including the ascendancy of notable civilizations like the Romans, and
Byzantium, and the expansion of Islamic societies, all of which have collectively contributed to a
rich and intricate historical narrative across the region. This poses a chance of an interdisciplinary
study over the region in investigating the impacts of climate and climate change on societies

changes.

However, the influence of climate on societies is examined only from the proxy records perspective
(Garcia-Herrera et al., 2007), without the detail of the processes that are offered by RCM
simulations. While the proxy data are highly restricted to their geographical location and currently
there is only coarse resolution Global Climate Modelling (GCM)/ Earth System Modelling (ESM)
data exists in this region. Therefore, by only comparing the proxy data to the GCM/ESM data will
be lacking of regional processes and inaccurate (Giorgi and Lionello, 2008). Other than this, on
longer time scales covering the last two millennia, the climate system changes with several major
external forcings. These include orbital variations, solar activity fluctuations, and volcanic activity,
in conjunction with changes in GHG and land use (Gomez-Navarro et al., 2012). While the RCM
used in this study COSMO-CLM, currently is designed for simulations from 1850 CE, and has not
yet been modified for the paleo climate application, especially, those external forcings haven’t been
implemented into the COSMO-CLM transiently. To study the past climate and its variability at the
regional scale, regional climate models (RCM) are therefore needed which should allow a

considerably increased horizontal resolution and implementation of important external forcings.

Between those external forcings, the land use over the last two millennia of the study region has
experienced changes that cannot be neglected. Land use can have a significant impact on regional
and local climate through changes in surface properties and conditions. There are many surface

properties that can be affected by land use, such as surface albedo, surface roughness (surface
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texture), and the amount of vegetation cover. These attributes, when influenced by land use change,
in turn will affect the exchange of energy, water and momentum between the surface and the
atmosphere, which further affects regional climate (Hong et al., 2022). For example, deforestation
(the conversion of forested areas to agricultural land) can increase the albedo of the land surface,
which results in more sunlight being reflected back into the atmosphere. Therefore there is not
enough energy to heat up the land surface, and in consequence, lowers the surface temperature and
further affects the patterns of atmospheric circulation. Similarly, removal of vegetation will
correspondingly reduce evapotranspiration (the combined process of evaporation and transpiration)
from the surface, leading to a decrease in humidity and rainfall in the area (Sieber et al., 2022).
Land use changes can also have indirect effects on regional climate by altering the emissions of
greenhouse gases and aerosols from the land surface. For example, deforestation can increase the
amount of carbon dioxide in the atmosphere, which can contribute to global warming and climate
change (Jones et al., 2013). It is important to understand the impact of land use on regional climate
because it can have significant implications for human societies and ecosystems. Changes in
regional climate can affect agriculture, water resources, and human health, and can also lead to
changes in biodiversity and ecosystem services. Therefore, it is essential to account for land use in
regional climate models in order to make accurate predictions of future climate change and to

inform land use policy decisions that aim to mitigate its impact.

Other than this, volcanic eruptions have a short-term but strong impact on climate, especially the
volcanic eruptions near the equator. Explosive volcanic eruptions exert the strongest short-term
influence on the climate. Strong tropical eruptions release large amounts of sulfate aerosols into
the stratosphere causing lower tropospheric temperatures on a global scale (Robock, 2000). Over
the past 2000 years, volcanic eruptions have played a role in shaping the global climate, especially
in affecting the predominantly agricultural societies. Large tropical volcanic eruptions have the
capacity to influence the global climate over the subsequent 3-5 years, indicating significant spatial
variability. An illustrative instance is the occurrence of the cold spell during the newly identified
Late Antique Little Ice Age (LALIA), which has been observed across extensive regions in Eurasia
(Luterbacher et al., 2016). This cooling period in the LALIA era is believed to have been triggered
by a series of potent tropical volcanic eruptions towards the late 530s and early 540s (Toohey and

Sigl, 2017).
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In addition to volcanic eruptions, solar radiation is as well a critical factor in shaping Earth's climate
(Lean and Rind, 1998). Solar radiation is the major source of Earth energy, its variations in solar
activity are induced by dynamic processes within the Sun (Cubasch et al., 2006). This solar
radiation drives various processes that influence the Earth's temperature, weather patterns, and
overall climate (Budyko, 1969; Cubasch et al., 2006). Solar radiation is a fundamental driver of
Earth's climate. Its variations and interactions with the atmosphere, oceans, and land play a vital

role in shaping weather patterns, temperature distribution, and long-term climate trends.

Furthermore, the changes in the orbital parameters of the Earth related to its eccentricity, obliquity
and precession play a significant role in influencing the latitudinal and seasonal distribution of the
solar forcing on different timescales (Cubasch et al., 2006). Likewise, land use and land cover
change can also affect climate by directly altering the surface solar and longwave radiation and
indirectly changing atmospheric turbulence (Pielke Sr et al., 2011). Hence, the respective changes
in external forcings such as solar, orbital, volcanic, GHG and land use change must be implemented

in COSMO-CLM to make the RCM more realistic and consistent with its driving GCM.

Because of the significant interest of the climate impacts on historical civilizations and the
limitations of using proxy records, we strengthen the need for regional climate models (RCMs)
with external forcings such as land use, volcanic eruptions, and solar radiation. The aim of this
study is to enhance our understanding of the influence of land use on regional climate. Additionally,
the study aims at developing a transient paleoclimate simulation covering the past 2000 years.
Especially, to prepare the regional climate model COSMO-CLM in the paleo application with fully
forced external forcings, such as solar, orbital, volcanic, greenhouse gas and land use changes.
Furthermore, to gain insights into historical climatic conditions within the Eastern Mediterranean

(EM) and Nile River (NR) basin at a regional level.

Within the scope of the study, also as the first part of the whole research, a sensitivity study of
COSMO-CLM to different land cover schemes in convective permitting simulations over a large
part of Europe will be conducted. Continually, by developing the fully forced paleo climate
simulation with COSMO-CLM over 500 BCE to 1850 CE, we aspire to investigate in detail the

changes in mean climate of 2500 years ago compared to the Pre-Industrial time, together with a
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comprehensive analysis of the large-scale circulation processes and their impact on the regional

climate in EM and the Nile basin.

In the sensitivity study of investigating the impact of various land cover (LC) maps and fractions
on climate using the COSMO-CLM model, simulations are performed over a large part of Europe
at a 3 km horizontal resolution with three different LC maps (GlobCover 2009, GLC2000, and
ESACCI-LC) as lower boundary input data. With the analysis focused on air temperature, leaf area
index (LAI), and plant coverage. The results highlighted the sensitivity of COSMO-CLM to
different LC maps and fractions. The simulated air temperature closely matched observational data
for all three LC maps over most of the research area, but discrepancies were observed in the Alpine
region. The study demonstrated that temperature sensitivity to LC fractions was higher in summer
than in winter. Different LC maps also affected LAI and plant coverage, with heterogeneous
forested areas showing significant sensitivities to variations in land cover. Moreover, the study
pointed out that the COSMO-CLM output did not always mirror differences in LC fractions,

indicating the importance of considering both LC fraction and distribution discrepancies.

As the second and third parts of this thesis, a fully forced CCLM (COSMO-CLM) was introduced
for paleo region climate simulation application, including the implementation of the external
forcings such as volcanic, solar, land-use, greenhouse gas, and orbital. Simulations are performed
using this model over a region encompassing the Eastern Mediterranean and the Nile River Basin
at a spatial resolution of 0.44 degrees. The model's performance was evaluated for the present time
(1980-2018) and compared with observational (GPCC) and reanalysis (ERA-Interim) data. The
study demonstrated that the fully forced CCLM can adequately represent the climate across the
selected domain. The model showed better accuracy in simulating seasonal air temperatures
compared to seasonal precipitation. However, limitations were observed, such as the erroneous
representation of precipitation over the Nile River domain due to challenges in capturing
convective processes linked to the ITCZ. Notably, temperature patterns exhibited both

underestimations and overestimations across different latitudinal bands.

Further, in this study, the simulated climates for the Early Roman Period (ERP, 400-362 BCE) and
the Pre-Industrial period (PI, 1800-1850 CE) over the study region are compared. Despite similar

mean climate conditions between the ERP and PI periods, different variations were noted across
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the study area. The ERP appeared to be generally wetter than the PI in both summers and winters
in the EM region, with increased variability in summers. ERP summers were discovered to be
wetter and more variable than the compared PI era, but ERP winters over the Nile River (NR) area
did not show any noticeable wetter or drier conditions compared to PI winters. There were not
many statistically significant different variations in summer and winter precipitation between PI
and ERP. Temperature-wise, the ERP exhibited a colder winter by around 0.5 °C compared to the
PI period within the EMNR (Eastern Mediterranean and Nile River) region from 10 to 25 degrees
north, while differences of summer temperature between the two periods were relatively minor.
Variability in ERP temperature was found to be lower in winter but higher in summer compared to
PI. The study employed regression analysis of sea level pressure to principal components to
attribute large-scale features to regional patterns, revealing stable large-scale circulation influence

during both ERP and PI periods.

Finally, this research aims to provide valuable insights for future investigations into climate change
and foster interdisciplinary explorations of the intricate relationship between climate and society.
Another advantage of studying this region in the past two millennia on a regional scale is that we

can link the already existing proxy data with our simulation results.

1.2 Climate over EM/NR

Various patterns of atmospheric circulation impact the Eastern Mediterranean and the Nile River
Basin (Zittis et al., 2022). Mid-latitude, subtropical, and tropical weather systems have an impact
on EM (Alpert et al., 2005). These weather systems can cause a variety of extremes, such as
windstorms, hydrological extremes, and temperature extremes (Hochman et al., 2022). Located at
an atmospheric crossroad and in a transitional zone between subtropical and mid-latitude climates,
the region is directly impacted by a range of atmospheric circulation patterns and meteorological
processes on several continents (Hochman et al., 2022). For instance, the Eastern Mediterranean is
greatly influenced by the South Asian Monsoon in the summer, but the region may also be impacted
by the variability of continental circulation anomalies associated with the Siberian High-Pressure
System in the winter (Cramer et al., 2018; Paz et al., 2003). Large-scale atmospheric circulation
and its interactions with regional synoptic systems—such as Cyprus Lows, Red Sea Troughs,

Persian Troughs, and "Sharav" Lows—as well as high-pressure systems mostly control the extreme
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weather across EM. Extreme weather is also largely influenced by complex orographic features

(Hochman et al., 2022).

Multiple atmospheric circulation patterns affect the NR region and the water availability of the
huge drainage basin that crosses different hydroclimatic zones. The West African monsoon, which
is influenced by the dynamics of the Indian monsoon, is the primary cause of the precipitation
regime along the Nile basin (Ménot et al., 2020). 70% of the yearly precipitation in the Blue Nile's
source region, the central Ethiopian Highlands, occurs during the summer months of June through
September, when the region is impacted by tropical convection clusters over continental areas and
the Intertropical Convergence Zone's (ITCZ) rain belt (Conway, 2000). Monsoonal systems that
prevail near Lake Victoria and in parts of the Ethiopian highlands also have an impact on the
region's climate (Camberlin, 2009). The moisture sources that actually affect the NR Basin
originate from the Gulf of Guinea, the Indian Ocean and the flow from the north through the
Mediterranean Sea and the Red Sea (Viste and Sorteberg, 2013). According to Veste and Sorteberg
(2013), the majority of Ethiopia's rainy seasons coincide with increased moisture inflow from the
northern branches. The variability of rainfall in Eastern Africa including the source region of the
Nile River basin: Lake Victoria, is also shaped by a range of climatic phenomena, which encompass
the Indian Ocean Dipole (IOD), El Nifio—Southern Oscillation (ENSO), the Madden—Julian
Oscillation (MJO), and the Quasi-Biennial Oscillation (QBO). Although those climatic phenomena
are not discussed in this research, it is necessary to be aware the complexity of the climate over the
NR region. The IOD, characterized by disparities in sea surface temperatures between the western
and eastern Indian Ocean, has a direct impact on the short rains in Eastern Africa. A positive IOD
phase brings with it heavier precipitation, while a negative phase brings with it less short rains.
Furthermore, ENSO conditions are crucial in determining the short rains; El Nifio is generally

linked to higher short rain amounts, while La Nifia is typically associated with drier conditions.

Just as it has in the past, the Nile River continues to serve as the primary source of agricultural and
economic sustenance for multiple African nations today. Among these nations, Egypt has
historically been profoundly reliant on the flow of the Nile River, as it represents one of the ancient
world's "hydraulic civilizations" (Singh et al., 2023). Egypt offers a unique case study for

examining how societies respond to climatic fluctuations and their vulnerabilities (Manning et al.,
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2017). To illustrate, the Nile floods have exerted significant impacts on the Egyptian population,
prompting the development of various strategies to mitigate the consequences of flooding. These
strategies encompass advancements in water-lifting technology and innovations in agricultural
practices, underscoring the critical importance of effectively managing the variability of the Nile's

flow (Manning et al., 2017).
1.3 Atmospheric regional climate model COSMO-CLM (CCLM)

The COSMO-CLM (COnsortium for Small-scale MOdelling in CLimate Mode - CCLM), as
introduced by Rockel et al., (2008), stands as a widely recognized Regional Climate Model (RCM)
extensively employed for examining climate change under various influences. Specifically, the

atmospheric model CCLM operates as a non-hydrostatic RCM.

Its original design enables simulations starting from the year 1850 CE onwards (from the model
source code, but modifications have been made in this study to perform simulations over the past
2000 years). And the performance of the CCLM is notably influenced by the driving Global
Climate Model (GCM), which typically exhibits a coarser spatial resolution, as indicated by
Armstrong et al., (2019). Notably, recent studies within the framework of the CORDEX
(Coordinated Regional Climate Downscaling EXperiment) initiative have performed multiple
CCLM simulations at diverse resolutions, from 50 km up to very high convection-permitting

resolutions, reaching approximately 2.2 kilometers (Raffa et al., 2023).
1.4 External forcings in COSMO-CLM

External forcing refers to the factors that can influence the Earth's climate from outside of the Earth
system itself. These factors include orbital variations, solar radiation, volcanic activity, greenhouse
gases and land use changes. Earth system models (ESMs) use these external forcing factors to
simulate and predict the Earth's climate under different scenarios (Jungclaus et al., 2017).
Mathematical equations are used in ESM to link the interactions between these external forcing
factors and the Earth's climate system itself. By changing the values of these external forcing

parameters in the models, one can simulate different scenarios (for example, different CO2
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concentrations, different periods of the past or in the future)and further learn from the paleoclimate

and make predictions about the future climate of the Earth (Jungclaus et al., 2017).
1.4.1 Solar

Solar forcing in COSMO-CLM, is to change the solar radiation according to the sun’s activity in
order to have a more realistic set-up for the climate model. The solar forcing in this study is
implemented as the total solar irradiance according to the MPI-ESM-P “Mythos” simulation
(Jungclaus et al., 2017). Total solar irradiance is read in by COSMO-CLM in the source code on a

monthly basis.

Solar radiation, which comes from the Sun, is the primary source of energy that drives the Earth's
climate and is also a critical factor in shaping Earth's climate (Petersen et al., 2010b). Changes in
solar radiation, such as variations in the Sun's brightness or in the amount of income radiation that
reaches the Earth's surface, can affect the Earth's climate (Petersen et al., 2010d). These variations
can occur over short time periods, such as solar flares or sunspot cycles (11-year solar cycle), or
over longer time periods, such as changes in the Sun's output over millions of years (Gray et al.,

2010).

The very basic principle followed by some climate models (Energy Balance Model) is to balance
the incoming solar radiation and outgoing infrared radiation from Earth. Many factors affect the
amount of solar radiation, which is received by the earth’s surface (Lean and Rind, 1998). For
example, the tilt of the Earth's axis causes the amount of solar radiation received at different
latitudes to vary throughout the year and this is responsible for the changing of seasons. Solar
radiation differentially heats Earth's surface, creating temperature gradients. These temperature
differences drive atmospheric circulation patterns, such as the formation of high and low-pressure
systems and the development of trade winds and jet streams (Gray et al., 2010). In summary, solar
radiation is a fundamental driver of Earth's climate. Its variations and interactions with the
atmosphere, oceans, and land play a vital role in shaping weather patterns, temperature distribution,

and long-term climate trends (Budyko, 1969; Gray et al., 2010; Lean and Rind, 1998).
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1.4.2 Orbital

Orbital forcing refers to the variations in Earth's orbit around the Sun that can influence climate
over long timescales. These orbital changes are collectively known as Milankovitch cycles (Spiegel
et al., 2010), named after the Serbian scientist Milutin Milankovitch who extensively studied them.
The three main components of orbital forcing are eccentricity, axial tilt (obliquity), and axial
precession (Jungclaus et al., 2017; Petersen et al., 2010c). The orbital forcing in this study is
represented by the eccentricity, the obliquity and the longitude of perihelion (Berger, 1978;
Schmidt et al., 2014). Those parameters related to the orbital changes in the earth’s system is
implemented into the COSMO-CLM in the source code on a yearly basis, with reference to the

previous work from Ludwig et al., (2016, 2017) for the LGM (Last glacial maximum) simulation.

Earth's orbit refers to the not perfect circle but slightly elliptical in which the Earth is moving
around the Sun. Eccentricity refers to the changing shape of this elliptical orbit over thousands of
years. The elliptical level of this orbit can influence the amount of solar radiation received and
contribute to climate change. Earth's axis is tilted relative to its orbital plane, causing the change
in seasons. Obliquity refers to the angle of this tilt, which varies between about 22.1 and 24.5
degrees over a cycle of around 41,000 years An increased axial tilt can result in more pronounced
seasonal fluctuations, impacting temperature variations and the extent of snow and ice coverage.
The precession, which refers to Earth's rotational axis experiences a wobbling motion similar to
that of a spinning top, primarily due to gravitational interactions with the Moon and the Sun,
following a cycle lasting approximately 26,000 years. Precession has the ability to influence the
timing of seasons and alter the orientation of Earth's axial tilt (Milankovitch (Orbital) Cycles and

Their Role in Earth’s Climate, 2023).

The effects of these orbital variations on climate are complex and can manifest in various ways.
Changes in eccentricity, obliquity, and precession influence the distribution and amount of solar
radiation Earth receives. It's important to note that while orbital forcing sets the stage for long-term

climate changes (Cubasch et al., 2006).
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1.4.3 Volcanic

Volcanic forcing plays a significant role in shaping Earth's climate by temporarily cooling the
planet due to the release of aerosols and gases during eruptions (Robock, 2000). Understanding the
interactions between volcanic activity and climate helps scientists better model and predict the
behaviors of the Earth's climate system (Petersen et al., 2010e). The volcanic forcing in this
simulation is based on the stratospheric aerosol optical depth (AOD) at 550 nm wavelength by
Toohey and Sigl, (2017). It is read in by the source code of COSMO-CLM on a monthly basis as

well.

Volcanic forcing in the climate modelling world often refers to the impact of volcanic eruptions on
the Earth's climate. After major volcanic eruptions, large amounts of sulfur dioxide and other
particles can be injected into the atmosphere, which can reflect and absorb incoming solar radiation
(Robock, 2000). This can lead to short-term cooling of the Earth's climate. Some of the most well-
known examples of volcanic forcing include the eruption of Mount Pinatubo in 1991, which caused
a temporary cooling of global temperatures (Volcano Watch — The Pinatubo Effect: Can

geoengineering mimic volcanic processes? | U.S. Geological Survey, 2023).

Volcanic eruptions emit large amounts of sulfur dioxide (SO2) and other gases into the atmosphere.
In the stratosphere, sulfur dioxide can react with water vapor to form sulfate aerosols (Robock,
2000). These aerosols are tiny particles that reflect sunlight back into space, leading to a temporary
cooling effect on the planet's surface. The sulfate aerosols produced by volcanic eruptions can
remain in the stratosphere for months to years, depending on the size of the eruption. Especially,
the eruptions occurring in the tropics can have a more pronounced global impact as the aerosols
can be dispersed by the Brewer-Dobson circulation to high latitudes in both hemispheres (Pauling
etal., 2023). Thus, volcanic eruptions contribute to short-term climate variability, affecting weather

patterns, precipitation, and temperature.
1.4.4 Greenhouse gases

According to Ramanathan and Feng (2009), greenhouse gases, such as carbon dioxide and
methane, prevent the long wave radiation from going out from the Earth's atmosphere and, in

consequence, lead to the warming of the Earth's climate (Ramanathan and Feng, 2009). Numerous
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studies have demonstrated that since the Industrial Revolution, human activities like the burning
of fossil fuels and deforestation have significantly increased the concentrations of greenhouse gases
in the atmosphere (Meinshausen et al., 2017). This increase in greenhouse gas concentrations is
one of the primary drivers of current climate change (Causes of climate change, 2023). Greenhouse
gas 1s the major driver of climate change, which in turn leads to global warming, shifts in weather
patterns, sea level rise, and numerous ecological and societal impacts (Hennessy et al., 2022). The
changes in GHG concentrations in this study consist of CO2, CH4 and N20O (Meinshausen et al.,
2017) and it is implemented as CO2 ebullient in the COSMO-CLM on a monthly basis, see Eq.

(1):
CO, + 25 % CH, + 298 * N,0 (1)

As the global warming happens, it will trigger various feedback mechanisms that will further affect
the climate of the Earth. For example, warming can lead to ice and snow melting, and consequently,
reducing the Earth's albedo, which might cause further warming. Increased temperatures can
disrupt traditional weather patterns, leading to changes in precipitation, droughts, heatwaves, and
more intense and frequent extreme weather events (Hennessy et al., 2022; Chapter 11: Weather

and Climate Extreme Events in a Changing Climate, 2023, p.11).
1.4.5 Land use changes and land use

Land use information is an important input parameter in regional climate models COSMO-CLM,
as it can significantly influence surface energy and water balance, and hence the regional climate
(Zhang et al., 2021; Wouters et al., 2017). COSMO-CLM incorporates land use information
through the use of land surface parameters, such as albedo, roughness, soil properties, and
vegetation cover, which are derived from land use datasets (Schéttler and Blahak, 2017). In this
study, we derived the necessary parameters (maximum and minimum Leaf Area Index: LAI; plant
coverage: PLANT; fraction of deciduous forest: FOR D; fraction of everlasting forest: FOR_E)
which can indicate the land use change from the MPI-ESM-P “Mythos” simulation output (LAI
and PLCOV) and implemented into COSMO-CLM for the transient simulation from 500 BCE to
1850 CE. COSMO-CLM read in the land use change information from an external file in the
interpolation step with INT2LM.
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In more recent years, much effort has been made to incorporate dynamic land use change into
COSMO-CLM. This has involved the integration of the use of high-resolution land cover datasets
that allow for a more detailed representation of land surface properties, such as vegetation cover,
albedo, and roughness, which can significantly affect the surface energy balance and regional
climate, furthermore, helps the model better capture the spatial heterogeneity of land surface

properties (Zhang et al., 2021).
1.5 Simulations

The COSMO model version 5.0 with CLM version 15 (COSMO-CLM v5.0-clm15) was used for
the following simulations (see, Table 1). The interpolation was carried out with INT2LM in version
2.05 with CLM version 1 (INT2LM-v2.05 clm1). The time integration is the two time-level Runge—

Kutta scheme, the difference in the model time step is shown in Table 1.

Table 1.1. List of simulations performed with COSMO-CLM in this study.

Study Simulation Name Resolution | Domain 'sl'ispe
Land Use Sensitivity - EURO-CORDEX (see

Sensitivity GlobCover2009 0.0275 Figure 1a) 25s

Simulation  with e s EURO-CORDEX (see

Different Land Use Land Use Sensitivity — GLC2000 0.0275 Figure 1a) 25s

I t -

npu Land Use Sensitivity — ESACCI-LC | 0.0275 EURO-CORDEX  (see | o

Figure 1a)
Paleo  Transient | 1 ient 500 BCE — 1850 CE 0.44 MENA (see Figure 1b) | 300s
Simulation

Stockhotm

......

;@“'?j' -

5 W 0° 5°E

Longitude

(a) (b)

Figure 1.1. The simulation domains, a: sensitivity Simulation with Different Land Use Input, b: Paleo Transient
Simulation.
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1.6 Large-scale circulation

Large-scale circulation, often referred to as atmospheric or oceanic circulation, is a fundamental
and major system governing the motion of air and water on a global scale. This motion plays an
important role in shaping the Earth's climate, influencing weather patterns, and the distribution of
heat and energy across our Earth's surface, as well as our study region EM and NR. Here we will
introduce the major circulations that are affecting our study area, such as the North Atlantic
Oscillation (NAO), the South Asia Monsoon affecting the EM and the West Africa Monsoon
(WAM), the Sahara Heat Low (SHL), the India Monsoon, the ITCZ affecting the NR region. For
better organizing this part, the NAO will be discussed in section “1.6.1” and all these different
monsoon systems including the SHL will be discussed under subsection “1.6.2”, and in the end the

ITCZ in section “1.6.3”.
1.6.1 North Atlantic Oscillation

According to Quante et al. (2016) and Hurrell (2003) in “An Overview of the North Atlantic
Oscillation - Geophysical Monograph Series - Wiley Online Library, 2023, the NAO is the
dominant pattern of near-surface pressure fluctuations over the North Atlantic Ocean and Europe.

It influences a large part of the Northern Hemisphere.

During the positive phase of NAO, a stronger than usual westerly airflow results from the
enhancement of the pressure difference between the two main centers—the Subtropical High and
the Subpolar Low— is enhanced compared to the average condition (Hurrell, 1995). Consequently,
the storm track extends northeastward, resulting in an increased frequency of storms over the North
Sea and northern Europe. As a result, these regions receive more and milder precipitation than
normal, especially in the winter. On the other hand, during this phase, the Mediterranean region

typically experiences colder and drier weather.

On the other hand, the pressure differential between the Subtropical High and Subpolar Low
reduces during the NAO's negative phase. This alteration causes the storm track to adopt a more
east-west orientation, shifting southward and extending into the western Mediterranean.

Consequently, the resultant airflow is weaker than usual, as observed in studies by Xoplaki et al.,
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(2004). In the case of significantly negative NAO indices, there is a potential for the atmospheric
flow to reverse, characterized by higher pressure prevailing over Iceland compared to the Azores.
This atmospheric pattern can lead to severe winters affecting extensive regions of Europe including

the EM, as was the case in the record-breaking cold winter of 2009/2010 (Wang et al., 2010).
1.6.2 Monsoon system

The global wind system reflects latitudinal imbalances in temperature. On a regional and local
scale, wind develops in response to different temperature conditions. Winds are an example that
develops in response to variations in temperature and pressure. Many regions experience
differences in wind directions and conditions over the seasons, this is often called Monsoon.
(Petersen et al., 2010c). The term monsoon originates from the Arabic word “mausim”, meaning
season. The Arabic sailors have used this word to describe seasonal changes in wind direction
across the Arabian Sea between Arabia and India for many centuries. In meteorological
terminology, a monsoon denotes the shift of wind direction between seasons. Typically, a monsoon
manifests when moist winds from the ocean blow towards the land during the summer but then
transition to dry, cooler winds blowing seaward off the land during the winter. A characteristic of

amonsoon is the complete 180° reversal in wind direction between seasons (Petersen et al., 2010c).

The most well-known monsoon system is of southern Asia, which is normally referred to as South
Asia Monsoon (SAM). In the winter, Asia's enormous landmass creates a large high-pressure cell
from which there is a substantial air outflow because it gets considerably colder than the nearby
waters. From the Asia continent, these chilly, dry winds travel southward toward the tropical low
that is positioned over the warmer waters. Due to the air's origin in a dry continental region, the
winter monsoon is a dry season. The Asian continent is quite warm in the summer and forms a
sizable low-pressure system, which attracts warm, humid air from the oceans. This hot, humid air
rises and cools due to convective uplift or landform barriers, bringing heavy precipitation. The
summer monsoon may bring with it extremely severe rains and flooding in the foothills of the
Himalayas, in other regions of India, and in portions of Southeast Asia. The Mediterranean climate
is exposed to and affected by South Asian Monsoon (SAM) and the SAM is largely responsible for
the summertime descent and dryness over the Mediterranean (Cherchi et al., 2014). The

precipitation over the Mediterranean is a result of the interaction between westward propagating
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Rossby waves, which are generated by the diabatic heating associated with the summer monsoon

rainfall in South Asia, and the mean westerly flow north of the region (Rodwell and Hoskins, 2001).

The West African Monsoon (WAM), another monsoon system that is connected to our research
region, is a significant wind system that mostly affects West African countries but also has an
influence on the EM and NR regions (Gaetani et al., 2011). WAM is a pronounced seasonal wind
shift that is produced by thermodynamic contrasts between the land Sahara and the equatorial
Atlantic Ocean (Nicholson, 2018). It is characterized by winds that blow southwesterly in the
warmer months and northeasterly in the winter. The shallow, humid layer of surface air that makes
up the southwest winter monsoon replaces the major northeast trade wind, which originates from
the Sahara (Sahara Heat Low - SHL) as a deep stream of dry, dusty air. The rainfall over the NR
region is largely affected by WAM in combination with SAM.

1.6.3 Intertropical Convergence Zone (ITCZ)

The Intertropical Convergence Zone (ITCZ) is a fixed low-pressure area which located along the
equatorial trough, where surface trade winds carrying heat and moisture converge, leading to
enhanced convection, cloud formation, and increased precipitation (Adam et al., 2016). The study
area NR is located on the ITCZ and its climate is also influenced by the ITCZ. It also shows that
in our study, the precipitation of NR is moving northward together with ITCZ north—south
displacement “follows” the sun from winter to summer. Nevertheless, there has been many
discussions regarding the conception of ITCZ, especially regarding the equatorial Africa area,
where there are two rainy seasons (during the boreal spring and summer) (Nicholson, 2018). The
ITCZ, which accounts for 32 per cent of global precipitation, influences the climate and society in
the tropics. Climate change will have an impact on the ITCZ and the tropical regions affected by
the ITCZ. Further, due to its impact on the global radiation budget, the ITCZ is likely to influence

global temperature and precipitation and their response to climate change (Byrne et al., 2018).

In this study, when comparing the mean climate of the 2000 years apart, we found that the not only
the precipitation but also the temperature variability over the NR region is closely related to the
ITCZ. Nevertheless, currently, many studies focus on the rainfall over the equatorial region, and

very limited research addresses the characteristics of temperature and its association with ITCZ.
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Since this, we have tried to use a regression study between the large-scale circulation presented by
Sea Level Pressure (SLP) and temperature principal component to give insight into the temperature

behavior over the studied region.
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Abstract

The question of how sensitive the regional and local climates are to different land cover maps and
fractions is important, as land cover affects the atmospheric circulation via its in-fluence on heat,
moisture, and momentum transfer, as well as the chemical composition of the atmosphere. In this
study, we used three independent land cover data sets, GlobCover 2009, GLC2000 and ESACCI-
LC, as the lower boundary of the regional climate model COSMO-CLM (Consortium for Small
Scale Modeling in Climate Mode, v5.0-clm15) to perform convection-permitting regional climate
simulations over the large part of Europe covering the years 1999 and 2000 at a 0.0275° horizontal
resolution. We studied how the sensitivity of the impacts on regional and local climates is
represented by different land cover maps and fractions, especially between warm (summer) and
cold (winter) seasons. We show that the simulated regional climate is sensitive to different land
cover maps and fractions. The simulated temperature and observational data are generally in good
agreement, though with differences between the seasons. In comparison to winter, the summer
simulations are more heterogeneous across the study region. The largest deviation is found for the
alpine area (—3 to +3 °C), which might be among different reasons due to different classification
systems in land cover maps and orographical aspects in the COSMO-CLM model. The leaf area
index and plant cover also showed different responses based on various land cover types, especially
over the area with high vegetation coverage. While relating the differences of land cover fractions
and the COSMO-CLM simulation results (the leaf area index, and plant coverage) respectively, the
differences in land cover fractions did not necessarily lead to corresponding bias in the simulation
results. We finally provide a comparative analysis of how sensitive the simulation outputs
(temperature, leaf area index, plant cover) are related to different land cover maps and fractions.
The different regional representations of COSMO-CLM indicate that the soil moisture,
atmospheric circulation, evaporative demand, elevation, and snow cover schemes need to be

considered in the regional climate simulation with a high horizontal resolution.

Keywords: land cover map; land cover fraction; sensitivity; EXTPAR; COSMO-CLM
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2.1. Introduction

Land cover (LC, see Appendix A) plays an important role in regional climate via influencing the
heat, moisture, momentum transfer, and chemical composition of the atmosphere. Currently, land
cover data in regional climate modeling are static in time and provide different details depending
on the land cover data. Land cover changes are among the main human-induced activities that
significantly contribute to climate change (Wang et al., 2008; Betts et al., 2007). Long-term studies
of the land surface in regional climate simulation show that land cover affects the atmospheric
circulation (Betts et al., 2007; Wramneby et al., 2010; Arora and Montenegro, 2011). Many studies
have revealed that land cover representation plays a substantial role in climate simulations (Davin
et al., 2020). Modifications of land surface schemes in climate models result in differences in the
modeled climate (Steiner et al., 2009; Lu et al., 2001; Davin et al., 2011). The effects of land cover
on climate vary across different spatial resolutions (Pielke et al., 1998; Betts, 2007). Earlier studies
by Avissar and Pielke (Pielke et al., 1998) showed that the representation of stomatal conductance
affects the mesoscale atmospheric circulation, while the representation of stomatal conductance is
highly dependent on the vegetation coverage of land (Avissar and Pielke, 1991). Therefore, land
cover change is an important factor influencing regional and local climates (Bonan et al., 2002;
Feddema et al., 2005). By transforming agricultural land into the forest for bioenergy production
(Luca et al., 2016), convection-permitting climate model simulations have revealed lower summer
temperatures in the order of 1-2 °C over the afforested areas. Thus, changes in local conditions
with the underlying surface have the strongest impact on temperature due to the interplay between
surface albedo and soil moisture changes and evapotranspiration efficiencies. This indicates that
changes in temperature response are to be expected locally, underlying the im-portance of the
convection-permitting scale when considering land cover changes. In addition, scientific evidence
shows that land cover influences the Earth’s water and energy cycles through heat, moisture, and
momentum transfer as well as chemical composition (Pitman, 2003; Bonan et al., 2002; Brovkin
et al., 2004). Especially in regions with strong land—atmosphere interactions, the differences in land
cover types significantly affect weather and climate through atmospheric circulation. Therefore, a
convection-permitting simulation with a higher horizontal resolution on a regional scale is needed,
which al-lows us to investigate how sensitive the land—atmosphere interaction is with different land

cover types (Stéfanon et al., 2014).
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Regional climate models (RCMs) have been developed to overcome the coarse spatial resolution
of global climate models (GCMs) and provide more detailed information on the regional and local
aspects of climate (Giorgi and Mearns, 1991). RCMs allow for studying detailed land cover type
effects on climate, which cannot be studied with coarse global climate models (To6lle et al., 2014;
Luca et al., 2016; Added value of regional climate modeling over areas characterized by complex
terrain—Precipitation over the Alps - Torma - 2015 - Journal of Geophysical Research:
Atmospheres - Wiley Online Library, 2020). RCMs can realistically represent the climate in bio-
geophysical, bio-geochemical, and bio-geographical aspects, and at the same time, with a high
horizontal resolution (Alesta-lo, 1981). RCMs provide regional climate change projections and can
be used to evaluate regional climate model performance through a set of experiments aiming at
producing regional climate projections (cordex.org) (Jacob et al., 2014; Kotlarski et al., 2014). The
challenge on how to represent the fraction of land surface in the regional climate modeling
procedure is in the frame of the international initiative. The land surface scheme plays an important
role in parameterizing the physical processes on the Earth’s surface (Bonan et al., 2002). The land
cover has a significant impact on the atmosphere’s lower boundary via both bio-geochemical and
bio-geophysical processes. It can influence the heat, moisture, momentum transfer as well as the
chemical composition of the atmosphere as well as climate. Therefore, most research papers have
focused on vegetation and land surface modeling by introducing the scheme into climate models
(Diffenbaugh, 2005). Equilibrium vegetation models (EVMs) allow plants to “move” through the
model grid cells ac-cording to the simulated climate change (Foley et al., 1998). New dynamic
global vegetation models (DGVMs) have been developed to make use of the interactive plant
biogeography from EVMs and the simplified plant succession and biogeochemistry (Diffenbaugh,
2005). In current regional climate simulations, the land cover stays static through the whole
simulation period, which results in uncertainty in the model output (Yokohata et al., 2019).
Consequently, it is necessary to perform research on a regional scale at a higher spatial resolution

with different land cover data.

The role of past and future land cover changes (LUCs) forcing the occurrence of extremes on land,
is still poorly studied, especially at regional and local scales. This is be-cause of the inadequately
quantified effects of different land cover maps and fractions in regional climate models.

Furthermore, the current GCMs and RCMs have a rather coarse horizontal resolution, which cannot
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provide detailed and accurate information at smaller scales. Although the land cover has a
detectable role in changes in temperature and precipitation extremes (T6lle et al., 2016; Wilhelm
et al., 2015), convection-permitting modeling can improve the representation of the regional
climate by better resolving the regional forcing and processes (Fosser et al., 2015). Topography
and land cover are two of the rea-sons to increase the uncertainty in RCM simulations arising from
the parameterization of sub-grid scale convection (Pal et al., 2019). Meanwhile, few studies have
addressed the impacts of different land cover maps and fractions in climate modeling with a higher
horizontal resolution than 5 km on a regional scale. For example, some of the research within
EURO-CORDEX (Coordinated Downscaling Experiment - European Domain) has focused on
either the precipitation variability or temperature representation in the COS-MO-CLM model
(Meredith et al., 2021; Breil et al., 2020). Over Central Europe, the vegetation is highly diverse,
containing many different land cover types such as cropland, forest, and pasture. By performing
seasonal simulations with RCMs, sensitivity studies have explored the impact of land cover change,
seasonal vegetation and soil scheme on the cli-mate (Heck et al., 2001). It is known that the
vegetation cover in forest areas and seasonal crops play a major role in modifying the climate
(Garnaud et al., 2015). Nevertheless, cur-rent research does not provide more insights on how the

local and regional climates in Europe react to different land cover maps and fractions.

Therefore, a sensitivity study on the relationship between different land cover maps, land fractions,
and regional climate at a high horizontal resolution scale is needed. The main objective of this
study was to investigate the effects of different land cover maps on the regional climate with
convection-permitting modeling. In this contribution, we anticipated answering the following

questions:

e Do the three land cover maps in regional climate simulations reliably compare to
observational data?

e Do regional and seasonal temperatures change according to the different land cover maps
and fractions? If yes, why, where and in which season?

e How do the leaf area index (LAI) and plant coverage react or change according to the

different land cover data sets?
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e How do the different land cover fractions affect the temperature, LAI and plant coverage

in COSMO-CLM regional climate simulation?

To address these questions, we performed convection-permitting simulations with the regional
climate model COSMO-CLM (Wouters et al., n.d.) using three different land cover data sets. The
simulation with the land cover data GlobCover 2009 was the reference simulation to which the
simulations with the land cover data GLC2000 and ESACCI-LC were compared. All the LC maps
were unified into the same LC types with respect to GLC2000 (see Appendix C) so that the
differences in the results can be attributed to different land cover fractions. The simulation period

covers two years, 1999 and 2000.

The remainder of this paper is as follows: Section 2 introduces the three different land cover sets
and the data for evaluation. Then, the climate model setup, as well as the analysis methods, are
explained in Section 3. Section 4 presents the results and discussion, followed by a conclusion and

a short outlook for further research in Section 5.

2.2. Data

2.2.1. Input Land Cover Data Sets

The GlobCover 2009 (global land cover product of 2009) at 300 m spatial resolution
(GLOBCOVER-products-description-and-validation-report.pdf, 2020), which is produced from
the automated classification of satellite MERIS (MEdium Resolution Imaging Spectrometer) time
series. The GlobCover 2009 classification consists of 23 different land cover types
(Arino_et_al GlobCover2009-a.pdf, 2020) (see Appendix C). It is a high horizontal resolution land
surface product and has been used to compare the effects of different land cover types in

atmospheric circulation (Yin et al., 2020; Zhong et al., 2019).

The GLC2000 (Global Land Cover map for the year 2000) has a spatial resolution of 1 % 1 km for
its land cover data set and is compiled by the Joint Research Centre of the European Commission
(JRC; Table 1). It is produced through the Global Land Cover 2000 Project (GLC2000), which
aims to provide information to the International Conventions on Climate Change. Daily SPOT4

vegetation sensor data are the basic input data of this land cover product (GLC2000: a new
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approach to global land cover mapping from Earth observation data: International Journal of
Remote Sensing: Vol 26, No 9, 2020). GLC2000 is the former standard input land cover data in
CCLM and it contains 23 LC types.

ESACCI-LC (European Space Agency Climate Change Initiative Land Cover) global land cover
maps are available at the 300 m spatial resolution on an annual basis from 1992 to 2017 (Lamarche
et al.,, 2017) (Table 1). It is produced by the European Space Agency (ESA) Climate Change
Initiative (CCI) project. The Coordinate Reference System used for the global land cover database
is a geographic coordinate system (GCS) based on the World Geodetic System 84 (WGS84)

reference ellipsoid. It contains 37 land cover types on a regional scale.

The three land cover products are different in terms of source data, classification system, spatial
resolution, and land cover types, as presented in Table 1. Different classification systems result in
differences related to land cover fractions and distribution, even with the same source data. The
impacts of different classification systems are addressed in the discussion of Section 4 below.

Table 2.1. Characteristics of the three different land cover data sets used in this study: GlobCover 2009

(Lamarche et al., 2017), GLC2000 (Bounoua et al., 2002), and ESACCI-LC (Wouters et al., 2017), created by
author.

Characteristics/Data set ESACCI-LC GLC2000 GlobCover2009

Data Source Satellite,. SPOT4 MERIS
observation

Time Span 1992-2015 2000 2009

Temporal Resolution Yearly - -

Land Use/Cover Types 37 23 23

Spatial Resolution 300 m 1km 300 m

Classification System Unsupervised Unsupervised g::zzz;‘:‘:& : d

Data Format Tiff/netCDF ESRI/Binary Tiff

ESACCI-LC maps also offer a global scale legend, which contains 23 classes. They are produced
based on the view of as much compatibility as possible with GLC2000 and GlobCover 2009. With
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these two legends offered by ESACCI-LC maps, according to the regional and global LC
information offered by ESACCI-LC, and compared to the GlobCover 2009 LC class, we unified
the ESACCI-LC class as GlobCover 2009. For example, in the 37 LC legends, LC type 61 (tree
cover, broadleaved, deciduous, closed (>40%)) and 62 (tree cover, broadleaved, deciduous, open
(15-40%)) 1s unified as 60 (tree cover, broadleaved, deciduous, closed to open (>15%)) in the 23
LC types. Based on this, the ESACCI-LC types were unified into 23, the same as GlobCover 2009.
Although, after unifying the ESACCI-LC types, three LC maps have the same number of LC types.
However, the LC types differ in names. Therefore, we transferred the GlobCover2009 and
ESACCI-LC legends into GLC2000 (see details in Appendix C). However, there are some land
cover types in GLC2000 that do not exist in GlobCover 2009, for example, class number 10: burned
tree cover. While this land cover type shares a very low fraction in GLC2000, so in our research,

we did not consider it as a factor affecting the COSMO-CLM results.

The fraction of the land cover is shown in Figure 1 (over the whole research domain) and Figure 2
(over the six different sub-domains) after unifying these three maps into the same land cover types.
ESACCI-LC and GLC2000 share a similar fraction of land cover types for the whole of the domain,
which is different to GlobCover2009. We studied the links between the different land cover
factions and simulated output by comparing the differences in temperature, LAI, and plant

coverage.
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Figure 2.1. Land cover data sets of the fraction of three land cover maps over the whole study area based on
unified land cover types (see Appendix C).
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(a) Southern England b) Germany (c) France, Belgium, Netherlands
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Figure 2.2. Land cover data sets of the fraction of three land cover maps over six different study areas based on
unified land cover types (see Appendix C); (a) Southern England; (b) Germany; (c) France, Belgium, and
Netherlands; (d) Iberian Peninsula; (e) Switzerland/Austria (the Alpine area); and (f) Italy.

2.2.2. HYRAS Data Sets

HYRAS (HYdrological RASter data sets) is a daily gridded data set based on observations from
1951 to 2015 with a resolution of 5 x 5 km for temperature. The HYRAS data set is used for bias
correction of regionalized climate projection data and as input data for hydrological modeling. The
data set is often used for various applications in climate modeling and impact research (A Central
European precipitation climatology — Part I). Herein, we used this data set to evaluate our
simulation results. We compared the mean temperature COSMO-CLM output with HYRAS data
over Germany and the Alpine area to evaluate our simulation results for both summer and winter

(described in Section 4.1).
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2.2.3. ERA-Interim Data Sets

ERA-Interim is a global atmospheric reanalysis data set that contains re-analyzed and homogenized
observation data by the computerized weather data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) (Tiedtke, 1988), at a maximum 0.125° horizontal resolution. It is
continuously updated in real time, from 1979, and includes several surface parameters that describe
weather, ocean-wave and land surface conditions. It is commonly used as driving data in COSMO-

CLM, as well as in our simulation.
2.2.4. Model Description

COSMO-CLM (COnsortium for Small-scale MOdeling-CLimate Model) is a limited area model
and the climate version of the COSMO model (Davin et al., 2011; Rockel et al., 2008). The
COSMO model was introduced in 1998 and the model equations were formulated in rotated
geographical coordinates and a generalized terrain-following height coordinate. Since 2005,
COSMO-CLM has been the community model of the German regional climate research community
jointly further developed by CLM-Community. It has been used in many simulations at different

time scales and spatial resolutions from 1 to 50 km.

The COSMO model version 5.0 with CLM version 15 (COSMO-CLM v5.0-clm15) was used for
the following simulations. The interpolation was carried out with INT2LM in version 2.05 with
CLM version 1 (INT2LM-v2.05 clm1). The time integration is the two time-level Runge—Kutta
scheme (Bounoua et al., 2002) and the model time step was 25 s. Following convection-permitting
simulations, only shallow convection parameterization based on the Tiedtke scheme (Tiedtke,
1988) was used. COSMO-CLM includes a variety of physical processes, and the energy and water
balance are simulated at the land surface and the ground, providing the surface temperature and
humidity as the lower boundary conditions (Wouters et al., 2017; Schulz et al., 2016). The radiation
scheme of COSMO-CLM is based on the solution of the 8 two-stream version of the radiative
transfer equation, allowing for a very flexible treatment of clouds by hiring partial cloud cover and
relating the cloud optical properties to the cloud liquid water content (Ritter and Geleyn, 1992).

Furthermore, the cloud microphysical processes were considered by developing different basic
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microphysical processes, such as the nucleation of particles, particle growth by diffusion, and

growth by interparticle collection (Young, 1974).

The investigated modeling domain was chosen according to the setup of the WCRP Coordinated
Regional Downscaling Experiment (CORDEX) in its European realization (EURO-CORDEX),
excluding northern Africa, Scandinavia, eastern European countries, and Northern England. The
size of the computational domain was 760 x 600 grid cells at a horizontal resolution of 0.0275°
(approximately 3 km) in a rotated grid; the left bottom point geographical coordinates are

7.6050973 degrees east longitude and 34.4874324 degrees north latitude.

2.3. Methods

2.3.1. External Data Acquiring

Regional climate models require geographically localized data sets including the topographic
height of the Earth’s surface, the plant cover, the distribution of land and sea, and a variety of other
external parameters. These parameters are constant in COSMO-CLM. EXTPAR (Smiatek et al.,
2008, 2016) (External Parameter for Numerical Weather Prediction and Climate Application) is
used for generating appropriate external parameters such as plant coverage, LAI, and land fraction.
EXTPAR can adapt all external data into the experimentally required horizontal resolution

(Smiatek et al., 2008, 2016; Asensio and Messmer, n.d.). It contains three basic steps:

e Specify the target spatial resolution (rotated or non-rotated): In our simulations, the target
grids were rotated.

o Aggregate the different raw data sets into the target horizontal resolution.

o Check the consistency of the different external parameter sets to make sure that the
generated external data are consistent. This procedure includes a grid cell check, which
ensures that all of the external parameters are of the same grid scale, either rotated or
non-rotated. This step also checks the availability of the necessary variables for the

simulation.

According to our needs, we used the following parameters as the input of EXTPAR (see Table 2.2).
We acquired three different sets of external data with the GlobCover 2009, GLC2000, and
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ESACCI-LC maps separately. These three external data sets were the input data for the three

simulations.

Table 2.2. Input parameters for start EXTPAR software.

Parameters Input Data
Topography data GLOBE
Soil map FAO digital soil map of the world

NDVI (normalized differential vegetation index)

NDVI Climatology from NASA

Lake fraction

Global lake database (DWD, RSHU, MétéoFrance)

Albedo

MODIS albedo (NASA)

2.3.2. Regional Climate Simulation

In Section 3.1, we described how to generate external parameters with the EXTPAR software based

on the three LC maps. With the three generated external parameters, three simulations were

conducted. Each simulation covered the period January of 1999 to March 2000, including the first

three months of 1999 as spin-up. We chose this period because it is the initial year of our following

study in the project, as the project aimed to investigate the regional climate behavior in the 21st

century. All the simulations mentioned in this paper were driven by ERA-Interim reanalysis data

(The ERA-Interim reanalysis: configuration and performance of the data assimilation system - Dee

- 2011 - Quarterly Journal of the Royal Meteorological Society - Wiley Online Library, 2020). In

this paper, we performed all of the simulations based on COSMO-CLM-v5.0-clm15, with the

following initial and boundary data (Table 3).

Table 2.3. COSMO-CLM simulation set up.

Parameters

Input Setting

Interpolation

INT2LM-v2.05 clm15

Forcing

ERA-Interim

External data

GlobCover2009, GLC2000, ESACCI-LC
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Domain

Middle Europe, approximately 3 km (0.0275°), 740 x 600
grid points

Time integration

Two time-level Runge—Kutta schemes

Model time step

25s

Convection

Shallow convection based on Tiedtke scheme

Simulation period

1999.01.01 to 2000.03.31

2.3.3. Sensitivity Study

The simulated temperature was compared with the observational data from HYRAS. Furthermore,

the COSMO-CLM outputs (plant coverage and LAI) were compared separately in six different

sub-regions. The different LC fractions of these six regions are shown in Figure 2.2. To investigate

how the different land cover maps and land cover fractions affect the COSMO-CLM output, the

correlation between the temperature and the COSMO-CLM output (LAI and plant coverage) is

shown by scatter plots (Figures A2.1 and A2.2). The sensitivity study included the following three

parts:

e The temperature output from COSMO-CLM based on the three LC maps GlobCover
2009, GLC2000, and ESACCI-LC was compared with the observational data—
HYRAS. We evaluated the COSMO-CLM results by comparing the mean temperature

with the HYRAS observational data over Germany and the adjacent area: the Alpine

arca.

e Comparison of the COSMO-CLM results between three land cover sets: In this part, we

focused on the differences between the output plant coverage and LAI by setting

GlobCover 2009 as the reference simulation. The research domain was divided into six

sub-domains, and the LC fraction of each domain is shown in Figure 2.1.

e The relation between the difference in the three LC data sets (LAI and plant coverage)

and the simulated temperature are shown by scatter plots (Figures A2.1 and A2.2).

We concentrated on summer (June, July, and August) 1999 and winter (December, January, and

February) 1999/2000, investigating the impacts of different land cover maps and fractions on
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temperature, LAI, and plant cover. Furthermore, we also addressed the performance of COSMO-

CLM in the two seasons.
2.3.4. Statistically Study

The performance of the three different land cover data sets was evaluated by the statistical

significance t-test (Welch, 1947) and bias (calculated through mean bias error).

e The differences of the three land cover data sets with respect to the reference simulation
(HYRAS or GlobCover 2009) were statistically assessed with a one side t-test under the
following null hypothesis: the target simulation is not different compared to the reference.
The degrees of freedom for the t-test was calculated as n—2, where n is the grid number
for each group.

e For the evaluation of the simulated temperature, bias (see Equation (2.1)) was calculated
through the sub-domain to see the average bias towards the observational data in the
simulations. Where n indicates the total grid number, i1 indicates the specific grid box,

and x presents the value of every grid box.
Bias = ~YT,(x; — x) (2.1)
2.4. Results and Discussion

2.4.1. Evaluation of Simulated Temperature Based on the Three LC Maps

There were two main questions we sought to answer. Is the simulated temperature based on three
different land cover maps reasonably simulated compared to the observational data? How does the
temperature react to different land cover maps and fractions in the summer and winter seasons? To
evaluate the simulations and study the temperature response to different LC maps and fractions,
we first calculated the mean seasonal temperature difference between the three COSMO-CLM
outputs and the observational data HYRAS for each grid point over the summer (JJA) in 1999 and
winter (DJF) in 1999/2000 (Figures 2.3 and 2.4).

In summer, the simulated mean temperature over southern Germany is overestimated by

approximately 2 °C but underestimated in parts of the Alpine region (Figure 2.3). There are
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differences in the north of the sub-domain, where the difference in Figure 2.3a,c is not as high as
in Figure 2.3b. This is interesting because GLC2000 and ESACCI-LC share similar land cover type
fractions, as seen in Figures 2.1 and 2.2b,e. These results demonstrate that apart from the LC

fraction, it is also necessary to study the role of LC distribution in regional climate modeling.

Over the Alpine area, the simulated temperature shows differences ranging between —3 and +3 °C
compared to the observed temperature (Figure 2.3). The orographic and soil moisture settings in
the COSMO-CLM play an important role in affecting the temperature distribution. The long-term
snow cover may also affect the temperature simulation in this case. Future studies should further
investigate the relationship between the temperature and the elevation and soil moisture settings in

COSMO-CLM.
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Figure 2.3. Summer 1999 mean temperature differences between simulations and HYRAS observations: (a)
GlobCover2009, (b) GLC2000, and (c) ESACCI-LC. Numbers 1 to 6 refer to the six different sub-regions used
to conduct the statistical significance test (Table 2.4).

The statistical significance test at the 95% confidence level for the simulated temperature
difference to HYRAS and for each of the six sub-areas, as shown in Figures 2.3 and 2.4, are
presented in Table 2.4. Non-significant differences denote a good agreement between the
simulations and the observations. In total, ESACCI-LC shows a better agreement with HYRAS
compared to GlobCover 2009 and GLC2000. Over southwestern Germany (area 3, 3), ESACCI-
LC indicates non-significant differences, while the GlobCover 2009 and GLC2000 simulated

results show a noticeable difference to observations according to the significance t-test.
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Table 2.4. Statistical significance test results (t-value) of the summer temperature differences (°C) between the
simulated temperature and the HYRAS observations: Critical t-value = 1.960; results lower than the t-value
are marked with * and are in bold.

GlobCover 2009 GLC2000 ESACCI-LC
Areal 36.6 35.5 36.5
Area 2 224 25 26.9
Area 3 38.4 36.4 -18.4 *
Area 4 66.9 75.2 39.1
Area 5 26.0 255 -75.6 *
Area 6 57.2 59.5 27.7

In winter (Figure 2.4), the simulated seasonal mean temperature is in good agreement with the
observational data over most of the area, except for the Alpine area. The COSMO-CLM output
temperature based on the ESACCI-LC is similar to GlobCover 2009 compared to GLC2000.
Although the GLC2000 and ESACCI LC maps have a similar land cover fraction, the simulation
output does not support this similarity, denoting that, the land cover fraction may not be the decisive

component of the LC maps for the simulated temperature.
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Figure 2.4. Winter 1999/2000 mean temperature differences between simulations and HYRAS observations: (a)
GlobCover2009, (b) GLC2000, and (c) ESACCI-LC. Numbers 1 to 6 refer to six different sub-regions used to
conduct the statistical significance test (Table 2.5).
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Table 2.5. Statistical significance test results (t-value) of the winter temperature differences (°C) between the
simulated temperature and the HYRAS observations: Critical t-value = 1.960; results lower than the t-value
are marked with * and are in bold.

GlobCover 2009 GLC2000 ESACCI-LC
Area 1 -8.8* -7.6* -12.6 *
Area 2 15.9 15.6 13.5
Area 3 9.7 12.3 -4.42 %
Area 4 11.6 9.8 -0.6*
Area 5 30.0 31.4 -0.4*
Area 6 23.6 23.8 5.1

A much better performance is evident for all simulations with the different LC maps and all sub-
regions during the winter season (Figure 2.3 and Table 2.5). The simulated temperature with
ESACCI-LC shows more realistic results compared to HYRAS, except in areas 5 and 6. According
to Table 2.5, the GlobCover 2009 and GLC2000 results show a remarkable difference over the
whole region, especially over the south of Germany and the Alpine area. As for the summer
analysis, a relationship between the LC fraction and the regional climate simulation in terms of
seasonal temperature does not hold (Figure 2.3 and Table 2.4), which also reinforces the need to

further investigate the effects of LC distributions.

We also calculated the overall bias for the six areas, as well as the whole domain (see Table 2.6).
Table 6 indicates that the simulated temperature shows a greater difference in summer compared
to winter. In summer, the temperature was overestimated by COSMO-CLM with three different
land cover maps. In contrast, the winter temperature was mostly underestimated over Germany,

except over the areas 5 and 6.

Overall, COSMO-CLM performs better in winter compared to summer. We expect this is because
of the vegetation scheme, the parameterization of elevation change and the snow cover in COSMO-

CLM. It is necessary to conduct further studies in this area.
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Table 2.6. The bias of the simulated temperature compared to HYRAS over the six areas, as well as the whole
area, both in summer and in winter.

Summer Winter

ESACCI-LC | GIC2000 | GlobCover 2009 | ESACCI-LC | GIC2000 | GlobCover 2009
Area 1 1.25 1.18 1.24 033 | -0.14 -0.17
Area 2 0.59 0.54 0.49 -0.12 | -0.07 —0.06
Area 3 1.26 1.15 1.23 -0.03 0.37 0.32
Area 4 0.65 0.65 0.57 -0.10 | 0.003 0.02
Area 5 0.97 0.85 0.88 0.18 1.10 1.05
Area 6 0.94 0.91 0.88 —0.06 0.24 0.23
\r’\e/gi‘;'s 0.95 0.89 0.89 ~0.09 0.17 0.16

2.4.2. Impacts of Different Land Cover Types on the COSMO-CLM Output LAI

To answer the question on how the LAI (leaf area/ground area, m2/m2) react according to different
land cover data sets, we compared the summer and winter LAI based on the three land cover data

sets. The GlobCover 2009 data set has been used as the reference data.

The simulated summer and winter LAIs are shown in Figure 2.5. The simulations show an
agreement over the European study area. Differences over specific areas, such as the Alps, northern
Iberian Peninsula, smaller parts of Germany and France are more pronounced (+0.6 m2/m2) during
the summer. During the winter, the LAI differences are significantly smaller (up to +/— 0.2 m2/m2)

between the ESACCI-LC/GLC2000 and the GlobCover 2009.

The highest LAI differences are found in the summer over the Alpine area (Figure 5). These
differences may be related to the orography, snow cover, and elevation parametrization in
COSMO-CLM. The different classification systems that are used for the creation of the land cover
maps may also impact the simulations as seen by the high differences over the northern Iberian

Peninsula that is characterized by different land cover types due to the different classification
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systems used by the LC maps. In winter, the LAI distribution is more homogenous (Figure 2.5)

indicating the higher sensitivity of the COSMO-CLM model during summer.

{d) GlobCover 2009 in winter
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{e) GLC2000 in winter
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(f) ESACCI-LC in winter
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Figure 2.5. Simulated winter and summer LAI: (a) summer GlobCover2009, (b) summer ESACCI-LC, (c)
summer GLC2000, (d) winter GlobCover2009, (e) winter ESACCI-LC, and (f) winter GLC2000.
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As for the temperature assessment, the European study has been divided into six different regions
(see Figure 2.11 in Appendix B) according to the LC fraction differences in order to evaluate the
COSMO-CLM output (LAI and plant cover) via a differences statistical significance test. The six
areas: southern England, Germany, France with Belgium and the Netherlands, the Iberian
Peninsula, Switzerland/Austria, and Italy, are shown in Table 2.7 together with the t-test results for
LAIL The areas of southern England, Germany, France with Belgium, and the Netherlands show
good agreement between the two LC maps and the reference data set. Larger deviations are found
over complex topography areas as the Iberian Peninsula, the Alpine area, and Italy. Over the
complex orographically Alpine area, larger significant differences are found for both winter and
summer.

Table 2.7. Statistical significance test results (t-value) of the LAI differences between two land cover data sets
and GlobCover 2009. Results lower than the critical t-value (1.960) are marked with * and are in bold.

Summer Winter
t-value ESACCI-LC GLC2000 ESACCI-LC GLC2000
Southern England 26. —62.5 * —-38.0* —39.1%*
Germany 3.1 -17.5* -15.0 * 8.6
Fri:?&::;i':::" di"d ~9.0* 15 —51.5% 4.7
Iberian Peninsula 10.8 29.9 15.1 13.9
Switzerland/Austria 57.9 22.4 8.5 40.3
Italy 35.6 10.7 —9.3*% 56.6

In the summer, smaller differences characterize the ESACCI-LC simulations compared to
GLC2000 over the areas with lower terrain complexity (Figure 2.6). The GLC2000 summer map
shows a clear overestimation of the LAI over the Iberian Peninsula. The same map is characterized
by a significant underestimation over the northern Alpine areas, in contrast to the overestimation
of LAI over the southern rim. Most of the sub-regions show smaller LAI differences of around

+0.2 during winter with lower sensitivity to the two different land cover maps (Figure 2.6).
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Figure 2.6. Winter and summer simulated LAI deviations with respect to GlobCover 2009: (a) ESACCI-LC
summer, (b) GLC2000 summer, (¢) ESACCI-LC winter and (d) GLC2000 winter.

2.4.3. Impacts of Different land Cover Types on the COSMO-CLM Output Plant Coverage

With the aim to investigate how the plant coverage is changing with the different land cover data
sets, we compared the simulated summer and winter plant cover with three land cover data sets and
looked at their differences with respect to the reference data set GlobCover 2009. Figure 2.7
presents the mean seasonal simulated plant coverage simulated with the three different land cover
data sets (GlobCover 2009, GLC2000, and ESA-CCI-LC). It is obvious and expected that during
winter, the plant coverage is lower than during the summertime, especially over central Europe
(Germany, the Netherlands, and France). Seasonal vegetation, such as crops, which are under

agricultural rest conditions during winter over these regions, is a major feature of this difference.

In the summer, the three simulations show similar plant coverage, while differences are

concentrated over the Iberian Peninsula and the Alpine area (Figure 2.7). Lower plant coverage is
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produced over both areas with GlobCover 2009. In winter, the simulated plant coverage shows
smaller differences between the three land cover data sets. Larger differences can be seen over the
Alpine area (Figure 2.7), where the simulations show strong variation, mainly due to the high
elevation range and the forest vegetation type. The Alpine area has different LC fractions because
the land cover classification system varies among the LC maps (see Figure 2.2¢). Further work

should investigate the relationship between these.
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Figure 2.7. Seasonal simulated plant coverage: (a) GlobCover2009 in summer, (b) ESACCI-LC in summer, (c)
GLC2000 in summer, (d) GlobCover2009 in winter, (¢) ESACCI-LC in winter, and (f) GLC2000 in winter.
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The simulated plant coverage with ESACCI-LC is lower overall than the GlobCover 2009 both in
summer and winter (Figure 2.8, Table 2.8). Plant coverage differences between the two simulations
are maximized over the high plant coverage areas, compared to the lower plant coverage areas.
Differences between GlobCover 2009 and GLC2000 are less pronounced. Nevertheless, the
difference between the simulated plant coverage based on ESACCI-LC and GlobCover 2009 is not
as obvious as it is between GLC2000 and GlobCover 2009. During summer, ESACCI-LC
simulations seem to agree well with the reference map over most of the area, when compared with
GLC2000 (Figure 2.8). The ESACCI-LC map performs better for plant coverage, especially in

summer.
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Figure 2.8. Winter and summer simulated plant coverage deviations with respect to GlobCover 2009: (a)
ESACCI-LC summer, (b) GLC2000 summer, (¢) ESACCI-LC winter, and (d) GLC2000 winter.

64



Table 2.8. Statistical significance test results (t-value) of the plant cover differences between two land cover data
sets and GlobCover 2009. Results lower than the critical t-value (1.960) are marked with * and are in bold.

Summer Winter
t-value ESACCI-LC GLC2000 ESACCI-LC GLC2000
Southern England -27.7* -23.2* 4.5 -64.2 *
Germany -39* 10.2 16.1 -0.6 *
France, Belgium, and the _9.7% 2.6 _9.9* _40.839 *
Netherlands
Iberian Peninsula -1.5%* -0.2* 10.7 -14.9 *
Switzerland/Austria 13.6 41.6 38.9 -8.2%
Italy 17.4 38.8 25.6 2.3

2.4.4. Relationship between Differences in Land Cover Data Sets and Differences in the

Simulated Temperature

In this section, we address the connections between different land cover maps/fraction effects and
temperature, LAI, and plant coverage in the COSMO-CLM regional climate simulation. LAI and
plant coverage influence the evapotranspiration levels, where a higher LAI or plant coverage lead
to higher evapotranspiration and greater evaporation reduces the air temperature, evaporation
cooling, due to energy absorption. To investigate how the differences between the land cover data
sets (LAI and plant coverage) translate into the differences seen in the simulated temperature, we
prepared a scatter plot between the differences in land cover data and the simulated results in
summer (Figure 2.9 in Appendix B) and winter (Figure 2.9 in Appendix B) of ESACCI-LC vs.
GlobCover 2009 and GLC2000 vs. GlobCover 2009. We can see that the temperature is affected
more by the LAI in summer (Figure 2.9a,c) and winter (Figure 2.10a,c). In summer, the temperature
shows a negative relationship between the differences in the LAI and differences in temperature.
This means that an increase in LAI results in a temperature decrease in the COSMO-CLM output.
In winter, this relationship is not as distinct as in summer but still follows the same pattern. The
temperature does not react as much to plant coverage as to change in LAI during both seasons
(Figures 2.9b,d and 2.10b,d). A slightly negative relationship between plant coverage and

temperature is seen in the winter.
2.4.5. Impact of the Classification System and Land Cover Unifying Methodology

As mentioned earlier, the land cover maps are produced with different classification systems. These

classification systems are categorized into supervised (human-guided) and unsupervised
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(calculated by the software) (Jog and Dixit, 2016; Bernabé and Plaza, 2010). Different
classification systems result in differences in land cover maps both in terms of fraction and
distribution by using even the same source data. The sensitivity of COSMO-CLM to different land
cover maps and fractions is related also to the classification systems used to produce them.
Therefore, to study the impacts of different LC maps on regional climate simulation, we unified
the legend of the three used LC maps. By unifying the legend, we can compare the differences

without concerning the non-identical land cover type definition of three land cover maps.

Further, re-gridding the three land cover maps into the same target horizontal resolution by

EXTPAR because the different spatial resolutions could also influence the simulation results.

2.5. Conclusions

In this study, we applied three different LC maps (GlobCover 2009, GLC2000, and ESACCI-LC)
as the lower boundary input data to perform simulations with COSMO-CLM over a large part of
Europe at a 3 km horizontal resolution. The analysis of air temperature, LAI and plant coverage
showed that COSMO-CLM is sensitive to different LC maps and fractions. A comparison of the
simulated temperature output shows that all simulations with the three different LC maps provided
reliable results compared to the observational data. The analysis also showed that the LAI and plant
coverage have different feedback based on different land cover types, especially over the areas with
high diversity in LC fractions (over southern Germany, and the Alpine area) and density vegetation
coverage (e.g., over the northern Iberian Peninsula). Nevertheless, the simulated results indicate
different feedback to different LC maps and fractions in summer and winter. Generally, the model
performed better for the winter compared to the summer. The different regional representations of
COSMO-CLM also indicate that the soil moisture, atmospheric circulation, evaporative demand,
elevation, and snow cover schemes are located in the frame of land cover impacts. A
comprehensive study of all of these factors is important in terms of high accuracy in climate

modeling.

This study indicated that different LC maps and different LC fractions, as lower boundaries of
COSMO-CLM have significant impacts on the simulated air temperature, the LAI, and plant

coverage. The questions raised in the introduction can be answered as follows:
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¢ The seasonal temperature outputs of the COSMO-CLM based on these three data sets closely
resemble the observations. Over most of the research domain, according to the temperature
anomaly comparison with observational data, all three LC maps provided reliable COSMO-
CLM simulation results. While over the Alpine area, the results showed higher deviation
(differences of —3 to +3 K), further studies are needed to investigate the effects of soil moisture
and orography on temperature.

e The simulated temperature is sensitive to different land cover maps and fractions. The
temperature shows higher dependence on land cover fractions in summer compared to winter.

e Different LC maps affect the LAI, as well as the plant coverage. The regional and local
simulation results responded differently towards the land cover maps and fractions. The area
covered by forest with a heterogeneous land cover combination showed high sensitivities
related to different land cover maps.

e The COSMO-CLM output did not show a corresponding difference in the LC fraction. In our
experiments, GLC2000 and ESACCI-LC showed similar LC fractions compared to
GlobCover 2009, but the COSMO-CLM output showed greater similarity between ESACCI-
LC and GlobCover 2009. This suggests that we not only need to check the differences in LC
fraction but also the differences in LC distribution, and this will be the next step of our

research.

In future studies, we will analyze how heterogeneous land cover types and seasonal land cover

types affect climate and will also assess the role of land cover in regional climate modeling.

Furthermore, how to select the appropriate land cover maps is in the scope of the study.

Investigating how regional climate sensitively responds to different land cover distributions is

necessary.
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Appendix A. Abbreviations

LC: Land Cover

GLC2000: Global Land Cover Map for the year 2000

JRC: Joint Research Center

COSMO: Consortium for Small-scale Modeling

CCLM: COSMO model in Climate Mode

PFTs: Plant Function Types
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ESA: European Space Agency

CCI: Climate Change Initiative

EO: Earth Observation

UNFCCC: United Nations Framework Convention on Climate Change
GCS: Geographic Coordinate System

NWP: Numerical Weather Prediction

EXTPAR: External Parameter for Numerical Weather Prediction and Climate Application
WCRP: World Climate Research Programme

CORDEX: Coordinated Regional Downscaling Experiment

CDD: Consecutive Dry-Day

DKRZ: German Climate Computing Center

MBE: Mean Bias Error
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Appendix B. Figures
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Figure 2.9. (a) LAI differences between land cover ESACCI-LC and GlobCover 2009 vs. temperature
differences of ESACCI-LC and GlobCover 2009 in summer. (b) LAI differences between land cover ESACCI-
LC and GlobCover 2009 vs. temperature differences of ESACCI-LC and GlobCover 2009 in winter. (¢) LAI
differences between land cover GLC2000 and GlobCover 2009 vs. temperature differences of GLC2000 and
GlobCover 2009 in summer. (d) LAI differences between land cover GIC2000 and GlobCover 2009 vs.
temperature differences of GLC2000 and GlobCover 2009 in winter.
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Figure 2.10. (a) Plant coverage differences between land cover ESACCI-LC and GlobCover 2009 vs.
temperature differences of ESACCI-LC and GlobCover 2009 in summer. (b) Plant coverage differences
between land cover ESACCI-LC and GlobCover 2009 vs. temperature difference of ESACCI-LC and
GlobCover 2009 in winter. (c) Plant coverage differences between land cover GLC2000 and GlobCover 2009
vs. temperature difference of GLC2000 and GlobCover 2009 in summer. (d) Plant coverage differences between
land cover GLC2000 and GlobCover 2009 vs. temperature differences of GLC2000 and GlobCover 2009 in
winter.
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Figure 2.11. Six sub-domains used in the LAI and plant cover analysis.
Appendix C. Tables
Table 2.9: Landcover Transfer Table.
Value of LC
(GlobCover 2009)
Value of LC Land Cover Type of Value of LC  Land Cover Type of
Land Cover Type of ESACCI-LC GlobCover LC
(ESACCI-LC) Type/ESACCI LC GlobCover 2009 (GLC2000) GLC2000
Type
10 Cropland, rainfed ltivated and
11 Herbaceous cover 14/2 Rainfed croplands 16 cuttivated an
managed areas
12 Tree or shrub cover
20 Cropland, |rr|g’._=1ted or post- 11/1 irrigated croplands 16 cultivated and
flooding managed areas
Mosaic cropland (>50%)/natural mosaic cropland (50— mosaic
30 vegetation (tree, shrub, 20/3 70%)—vegetation (20— 17 crop/tree/natural
herbaceous cover) (<50%) 50%) vegetation
Mosaic natural vegetation (tree, mosaic vegetation (50— mosaic crop/shrub
40 shrub, herbaceous cover) 30/4 70%)—cropland (20— 18 or rais
(>50%)/cropland (<50%) 50%) g
50 Tree cover, broadleaved, 40/5 closed broadleaved 1 evergreen
evergreen, closed to open (>15%) evergreen forest broadleaf tree
60 Tree cover, broadleaved, decid
deciduous, closed to open (>15%) closed broadleaved ecidauous
50/6 ) 2 broadleaf tree
61 Tree cover, broadleaved, deciduous forest closed

deciduous, closed (>40%)
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Tree cover, broadleaved,

Open broadleaved

deciduous

62 . 60/7 . 3 broadleaf tree
deciduous, open (15-40%) / deciduous forest
open
Tree cover, needleleaved,
70 Closed (>40%)
evergreen, closed to open (>15%) evergreen
70/8 needleleaved evergreen 4
Tree cover, needleleaved, needleleaf tree
71 forest (>5 m)
evergreen, closed (>40%)
72 Tree cover, needleleaved,
evergreen, open (15-40%)
Tree cover, needleleaved,
80 . o 90/9
deciduous, closed to open (>15%) . 5
Open (15-40%) needleleaved deciduous or .
81 Tree cover, needleleaved, evergreen forest (5 m) deciduous needleleaf tree
deciduous, closed (>40%) g
82 Tree cover, needleleaved,
deciduous, open (15-40%)
Tree cover, mixed leaf type mixed broadleaved and .
90 (broadleaved and needleleaved) 100/10 needleleaved forest 6 mixed leaf tree
) Mosaic Forest/Shrubland
0,
100 Mosaic tree and shrub (>50%) / 110/11 (50-70%)/Grassland (20— 1 evergreen shrubs
herbaceous cover (<50%) 50%) closed-open
0
. Mosaic Grassland (50— mosaic tree /
0,
110 Mosa|tcr::r;b:dci<;:jl;:c(>:5eg;>)50Aa) / 120/12 70%) / Forest/Shrubland 9 other natural
B (20-50%) vegetation
120 Shrubland
o )
121 Evergreen shrubland 130/13 Closed to open (>15%) 12 deciduous shrubs
- shrubland (<5 m) closed-open
122 Deciduous shrubland
herbaceous
0,
130 Grassland 140/14 Closed to open (>15%) 13 cover closed-
grassland
open
140 Lichens and mosses
150 Sparse vegetation (tree, shrub, Sparse (>15%) vegetation sparse
herbaceous cover) (<15%) 150/15 (woody vegetation, 14 herbaceous or
152 Sparse shrub (<15%) shrubs, grassland) grass
153 Sparse herbaceous cover (<15%)
160 Tree cover, flooded, fresh or brakish 160/16 closed to open forest 7 fresh water
water regulary flooded flooded tree
closed forest or saline water
170 Tree cover, flooded, saline water 170/17 shrubland permanently 8
flooded tree
flooded
180 Shrub or herbaceous cover, flooded, 180/18 Closed to open grassland 15 flooded shrub or
fresh/saline/brackish water regularly flooded herbaceous
190 Urban areas 190/19 Artificial surfaces 22 artificial surfaces
200 Bare areas Sparse (>15%) vegetation sparse
201 Consolidated bare areas 150/15 (woody vegetation, 14 herbaceous or
202 Unconsolidated bare areas shrubs, grassland) grass
210 Water bodies 210/21 Water bodies 20 water bodies
220 Permanent snow and ice 220/22 Permanent snow and ice 21 snow and ice
230 undefined 230/23 undefined 23 undefined
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Abstract

The Nile Basin has been the focus of research on the links between climate variability, extreme
events and social events over the last 2000 years of history. Un-fortunately, we currently only have
global climate and Earth system model data with low spatial resolution for this period. To
understand how climate affects society, we must rely on proxy data, as global climate models lack
the necessary regional process detail. Our goal is to enhance our understanding of the historical
climate of the Nile Basin on a regional scale using the customized COSMO-CLM paleoclimate
model. We intend to run simulations with COSMO-CLM (forced by MPI-ESM-LR) by using the
"past2k" simulation set up with an optimized configuration for both the present (1979-2019 CE)
and paleo periods (500-2000 BCE). at resolutions of around 50 km and 12 km. In this approach,
we tried to systematically consider orbital, solar, and volcanic influences, as well as changes in
vegetation, land use, and greenhouse gas concentrations in the simulation. We found that the
temperature simulations are overall in agreement with the reanalysis data and the observational
record. However, it is worth noting that our precipitation simulations performed relatively weakly,

especially in the Nile basin.

Keywords: Paleoclimate, Nile basin, COSMO-CLM
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3.1 Introduction

Over the past 2000 years, there has been a notable interests on the climate variations, extreme
climate events, and their interactions with societal changes within the Nile River basin. The Nile
River system and thus the water availability of the massive drainage basin that crosses different
hydroclimate zones from the sources to the delta are affected by various atmospheric patterns. It is
necessary to look at the regional Nile River basin atmospheric circulation in a higher horizontal
resolution. Nevertheless, the impact of climate on societies is assessed mainly through the exist
proxy records (such as lake sediments), lacking the detailed insights provided by regional climate
model simulations with continuous temporal resolution and the specific atmospheric circulation
patterns affecting this region. Recently, the examination of the current and future climate as well
as the climate variability, within the Nile Basin is conducted within the MENA-CORDEX program,
using various regional climate models (with a resolution ranging from 25 to 50 km). However,
when it comes to studying the past climate, we are limited to global circulation model (GCM) or
earth system model (ESM) simulations characterized by coarse horizontal resolutions, typically at
a minimum of 100 kilometers spatial resolution. To study the past climate at the regional scale,
regional climate models (RCM) are therefore needed, allowing a considerably increased horizontal
resolution of up to 10 x 10 km. The MENA region has been identified as a hot spot for future
climate change (Planton et al., 2012; Cramer et al., 2018; Zittis et al., 2021). To produce useful
climate predictions and prepare adequate responses to the impact of climate change on these
vulnerable and already impacted areas (Kelley et al., 2015), a better understanding of the past
climate is of great importance. Our objective is to enhance our comprehension of the historical
climate within the Nile River basin on a regional scale, achieved by employing a modified

paleoclimate version of the COSMO-CLM.

To determine the optimal settings for the CCLM, test simulations were conducted for 2017-2018
in the study area. As indicated in Bucchignani et al. (2016), it has been found that the parameters
regarding albedo and aerosols play a major role in reasonably simulate the climate over this area

and may be the reason for significant biaes in comparison to observational data.
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3.2 Data and Methods
3.2.1. ERA-Interim data sets

ERA-Interim, a globally atmospheric reanalysis data set, which is a reanalyzed and homogenized
observation data and has been used in many different applications (such as model input, model

evaluation). This dataset offers a remarkable horizontal resolution of 0.125°.
3.2.2 Model description

The COSMO-CLM (COnsortium for Small-scale MOdeling-CLimate Mode) is a limited area
model that also has a climate version (Rockel et al., 2008). We planned several simulations, which
are shown in Table 1. In Experiment Eval 44 (0.44°) and Eval 11 nest (0.11°), we used reanalysis
data ERAlnterim as the forcing data of COSMO-CLM, it is simulated from 1979 to 2019. While
the Experiment Present 44 (0.44°) and Present 11 nest (0.11°) are forced by the “past2k™ data
generated by MPI-ESM. Further on, the fully forced MPI-ESM simulations at resolution 1.875 at
the global scale is planned for BCE500 to CE2000. With this fully forced MPI-ESM data, a
simulation at 0.44° horizontal resolution over the Nile River basin will be performed from BCE500
to CE2000. On the top of this, several simulations at 0.11° horizontal resolution will be performed
over selected special period which has major volcanic eruptions, for example from 1220-1290, and
525 to 575. All the simulations are running under the German Climate Computing Center
(Deutsches Klimarechenzentrum, DKRZ; https://www.dkrz.de/about-en/about-

us?set language=en&cl=en).

Table 3.1. Overview of the planned simulations

. . . Simulation
Experiments Description Resolution
years

Present climate—ERA Interim 1979-
Eval_44 (finished) 0.44 2019(40)

Present climate—ERA Interim 1979-2019
Eval_11 nest (finished) 0.11 (40)
Present_44 Present climate — MPI-ESM (finished) 0.44 (301)970_2000
Present_11 nest Present climate — MPI-ESM (finished) 0.11 (301)970_2000
MPI-ESM_2021 MPI-ESM fully forced 1.875 1-2000(1999)
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Transient_44 Transient — MPI-ESM 0.44 1-2000(1999)
1220-

Early LIA 11 nest Early_LIA— MPI-ESM 0.11 1290(70)

LALIA_ 11 nest LALIA— MPI-ESM 0.11 525-575(50)

3.3 Results and discussions

3.3.1 Annual cycle
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Figure 3.1. Annual cycle of (a) 2m temperature and (b) precipitation.

From Fig. 3.1, we can see that the 2-meter temperature over the Nile basin are well simulated with
COSMO-CLM both in 0.44 and 0.11° horizontal resolution, compare to the forcing data ERA-
Interim and the observational data CRU (Climatic Research Unit). However, the 2-meter
temperature shows better accordance in the 0.11° simulation, compared to the 0.44° simulation.

Contrariwise, the precipitation shows better performance in the 0.44° simulation compared to the

0.11° simulation.
3.3.2 Temperature and Precipitation difference map

A difference map indicates ‘“Model results” minus “Observation/reanalysis data”. From the
difference map (Fig. 3.2 and Fig. 3.3), we can see that both temperature and precipitation shows
better result in summer (June, July and August) and winter (December, January and February), but

higher bias in spring (March, April and May) and autumn (September, October and November)
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compare to ERA-Interim. And the difference of the simulation compared to reanalysis data is up
to +6k in the south of Nile River basin, and -6k in Ethiopia. This is accepted considering the
complex atmospheric circulation over this region. The precipitation also shows higher bias in these
region compared to other parts of the simulation area. We referenced to the MENA-CORDEX
simulation, which is performed at 0.44° with COSMO-CLM also, it concludes that the simulated
precipitation shows large range of variation in this region. In addition, when comparing the result
of temperature and precipitation in both 0.11° and 0.44° separately, it suggests that there is a less
significant added value of 0.11° simulation compared to 0.44°. Over the Ethiopia highland, the
0.11° simulation results show much higher variability compared to 0.44°. This might relate to the
orography procedure in COSMO-CLM, for example, the Ethiopian Highlands and the East African

Plateau have high elevations and have a large impact on the regional climate.

Eval 44 Vs ERA-Interim

Eval 11 Vs ERA-Interim

Temperature(°C)

Figure 3.2. Seasonal 2m temperature difference map of Eval 44 (upper panel) and Eval_11 (lower panel)
compared to ERA-Interim.
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Eval_44 Vs ERA-Interim

Eval_11 Vs ERA-Interim
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Figure 3.3. Seasonal precipitation difference map of Eval 44 (upper panel) and Eval_11 (lower panel) compare
to ERA-Interim.

3.4 Conclusions

In this study, we performed several simulations over the Nile River basin with COSMO-CLM to
identify the optimum settings for the Paleoclimate aspects. The present day simulations show that
the temperature and precipitation are reasonably simulated compared to reanalysis and
observational data in general, despite that in some region, there is high variability. This is

understandable, considering the complex atmosphere circulation over this region.

Nevertheless, further evaluation is necessary, for instance, statistical index can be calculated to in
order to deeply analysis the simulation results. Additionally, if the CCLM correctly captured
convection and cloud cover in the greater southern areas of the domain which affected by the

tropical convection is needed.
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Moreover, the local climate appears to be markedly influenced by factors such as orography and
land-sea interactions, potentially resulting in disagreements when compared to observational data.

These could be closely studied under specific spatial resolution in future research.
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Abstract

Understanding the past climate at regional scale, the impact of natural variability and sensitivity by
studying the underlying dynamics and processes, can provide a point of reference for future climate
conditions under anthropogenic forcing. The Eastern Mediterranean (EM) and Nile River basin
(NR) regions are of particular interest for the study of past climate due to their location under the
influence of major atmospheric teleconnections. We developed a high-resolution regional model
for paleoclimate applications, COSMO-CLM, by integrating all external forcings and conducted a
transient simulation from 500 BCE to 1850 CE. Principal Component Analysis (PCA) was applied
for winter/summer precipitation and temperature to validate the model set up and showed very
good agreement between simulated and observational/reanalysis data. Further, 400-362 BCE and
1800-1850 CE have been selected for the comparison of the mean climate conditions of the early
Roman period (ERP) and pre-industrial times (PI). The comparison of temperature and
precipitation suggests comparable mean climatic conditions with spatial differences in terms of
variability within the study regions. Over the Eastern Mediterranean (EM), ERP is wetter and
warmer in both winter and summer compared to PI, with higher variability in temperature and
precipitation in summer than in winter. In the Nile River basin (NR), ERP summers were wetter
and more variable compared to PI. The ERP over NR is warmer by approximately 0.5 °C in winter
and cooler by 0.5 °C in summer, with low variability in winter and high variability in summer
compared to PI. The relevant large-scale circulation of the two periods shows consistent spatial
structures with the corresponding precipitation/temperature EOF patterns, albeit with varying
amplitudes. The 2500 years transient simulation sheds light to the paleo climate conditions and
relevant atmospheric circulation as well as processes of periods of interest in complex areas with
detailed output and comprehensive forcing allowing for better representation of the regional
climate variability and change. Comparison of simulated output with proxy records,
reconstructions and detailed studies of specific events, e.g., volcanic eruptions, can help to capture
the spatiotemporal extent of these events and their impact on climate variability and change, in

addition to providing insights into their impact on societal change and human history.
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4.1 Introduction

The global climate undergoes significant changes, characterized by rising temperatures, more
intense, more frequent and more persistent extreme weather and climate events and shifting
precipitation patterns (Hennessy et al., 2022). Anthropogenic climate change poses a great threat
to ecosystems, economies, and human well-being worldwide (Portner et al., 2022). The historical
context is critical when assessing present-day climate anomalies, attributing them to forcings and
making statements regarding their frequency and severity in a long-term perspective (e.g.
Luterbacher et al., 2016). Furthermore, the availability of paleoclimatic data spanning centuries to
millennia is a vital resource for studying and characterizing climate changes, offering insights that
enhance our comprehension of climate variability, trends, extremes, and contributing essential
information for climate mitigation and adaptation strategies (Luterbacher et al., 2016; Luterbacher

and Pfister, 2015; Haldon et al., 2014, 2018).

Studying climate at regional and local scales improves our understanding of the dynamical and
physical processes involved. In order to prepare useful climate projections and adequate responses
to the impacts of climate change on vulnerable areas (Kelley et al., 2015), a better understanding
of the past climate at a high spatial resolution is of great importance. The Eastern Mediterranean
(EM) and the Nile River Basin (NR) are located in an area of great climatic and societal interest
with a very long history, with important civilizations inhabiting the area for several millennia.
Today, the EM area faces substantial societal challenges, partially connected with climate change
impacts, including migration and societal disruptions (Lange et al., 2020). The region also
represents a prominent climate change hotspot with exceptionally intense warming that exceeds
the continental and global averages, while the area experiences an increasing amount of extreme
weather events such as heatwaves, droughts, dust storms, heavy precipitation and floods (Zittis et

al., 2022).

EM is influenced by mid-latitude, subtropical and tropical weather systems (Alpert et al., 2005),
which can lead to a range of extremes, including windstorms, hydrological and temperature
extremes (Hochman et al., 2022). Situated in a transition zone between subtropical and mid-latitude
climates and located at an atmospheric crossroad, the area is directly influenced by a variety of

atmospheric circulation patterns and meteorological processes on different continents (Zittis et al.,
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2022). For example, in the summer the South Asian Monsoon has a major impact on the Eastern
Mediterranean, while in winter, the area may be affected by the variability of continental circulation
anomalies linked to the Siberian High-Pressure System (Cramer et al., 2018; Paz et al., 2003). The
extreme weather over EM, such as heavy precipitation, is mainly governed by the large-scale
atmospheric circulation and its interaction with regional synoptic systems (i.e., Cyprus Lows, Red
Sea Troughs, Persian Troughs, “Sharav” Lows) and high-pressure systems. Complex orographic
features further play an important role in the generation of extreme weather (Hochman et al., 2022).
Multiple atmospheric circulation patterns affect the NR region and the water availability of the
huge drainage basin that crosses different hydroclimatic zones. The precipitation regime along the
Nile catchment is mainly related to the West African monsoon, which itself is modulated by the
Indian monsoon dynamics (Ménot et al., 2020). Over the central Ethiopian Highlands, the source
region of the Blue Nile, 70% of the annual precipitation falls during summer (June-September)
when the region is affected by the rain belt of the Intertropical Convergence Zone (ITCZ) and
tropical convection clusters over the continental areas (Conway, 2000). The climate of the region
is also influenced by monsoon systems that prevail around Lake Victoria and sections of the
Ethiopian highlands (Camberlin, 2009). The moisture sources that actually affect the NR Basin
originate from the Gulf of Guinea, the Indian Ocean and the northern inflow from the
Mediterranean Sea and the Red Sea (Viste and Sorteberg, 2013). Most of the wet months in
Ethiopia occur in connection with enhanced moisture transport from the north (Viste and Sorteberg,

2013).

As in the past, the Nile River is also today the main agricultural and economic water resource for
multiple African countries (Singh et al., 2023). Among those, Egypt has always been heavily
dependent on the Nile River flow, as one of the Ancient World “hydraulic civilizations” (Singh et
al., 2023) and thus provides a unique laboratory to study societal vulnerability and response to
climate variability (Manning et al., 2017). For example, the Nile floods had significant impacts on
the Egyptians’ prosperity, thus various strategies have been made to mitigate, adapt to and take
advantage of the impacts of flooding, including technological advancements in water-lifting

machines and innovative agricultural practices.
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The study and better understanding of the climate of the past, its variability, the occurrence of
extremes and their interaction with societies are of great significance and scientific interest. It is
crucial for gaining insight into current and potential future environmental challenges, and
understanding societal and cultural changes (Xoplaki et al.,, 2016, 2018). The Eastern
Mediterranean and northeastern African areas offer a relatively dense network of natural archives
and documentary evidence covering the past 2,000 years and indicate the heterogeneous and
variable in time and across space climate of the past two millennia (Xoplaki et al., 2016, 2018,

2021; Zittis et al., 2022).

The Paleoclimate Modelling Intercomparison Project (PMIP) aims at understanding how the
climate system responds to various climate forcings for the documented climate conditions that
might differ between historical and current times (Kageyama et al., 2018). At its fourth phase,
PMIP4 focuses as well on the comparison between climate reconstructions (based on physical,
chemical or biological records) and climate modelling results addressing the ability of state-of-the-
art numerical models to realistically simulate climate variability and change of the past, and
whether their response to different external forcings is compatible with paleoclimatic evidence
(Kageyama et al., 2018). Paleoclimate studies in the Eastern Mediterranean and the Nile Basin
mostly rely on proxy records (Garcia-Herrera et al., 2007), climate reconstructions (Luterbacher et
al., 2016), and global paleoclimate models with a coarse spatial resolution (Giorgi and Lionello,
2008). The purpose of regional climate models (RCMs) is to refine climate data from coarse-
resolution global climate models (GCMs). By doing so, RCMs offer more detailed information at
smaller, sub-GCM-grid scales. This increased resolution is particularly valuable for studying
regional phenomena and for conducting vulnerability, impacts, and adaptation assessments (Giorgi,
2019). Various studies in the field of present-day regional climate modelling (Worku et al., 2018;
Alemseged and Tom, 2015; Bucchignani et al., 2016) demonstrated that the RCMs outperform
their global counterparts in various aspects, mostly related to small-scale meteorological
phenomena and the hydrological cycle. Armstrong et al. (2019) found that a regionally limited
version of a high spatial resolution atmospheric GCM can more accurately simulate pre-industrial
climate and enhance the representation of anomalies in certain past atmospheric processes
compared to lower resolution GCMs. By comparing GCM and RCM simulations for different

periods in the past, Gomez-Navarro et al. (2012) concluded that their regional model improves the
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skill to reproduce high-frequency climate patterns over parts of the Mediterranean for the last
millennium by better mimicking regional circulation patterns and local climate and hence reducing
the biases of the driving GCM. Studies have also highlighted the more realistic representation of
topography and the regional climate information that is valuable for paleoclimate studies (Renssen
et al., 2001). Considering that the existing proxy and observational data over the study region are
geographically restricted over specific parts of the area and the existing GCMs are too coarse,
RCMs can help to close this gap by improving the spatial resolution (Bray and Von Storch, 2016).
These facts support the need for a regional paleoclimate simulation in areas highly vulnerable to

climate variability, such as EM and NR.

Climate variations are also related to changes in external forcing parameters (e.g., orbital, solar,
volcanic, land use and greenhouse gases (GHG) (Gémez-Navarro and Zorita, 2013). The climate
system is primarily driven by solar radiation, and the variations of solar irradiance can lead to
changes at decadal to centennial time scales (Gray et al., 2010). Changes in orbital parameters such
as eccentricity, obliquity, and precession also have important effects on the latitudinal and seasonal
distribution of solar radiation at different temporal scales (Ludwig et al., 2016; Cubasch et al.,
2006). As far as the volcanic forcing is concerned, of the impact of volcanic sulfate aerosols that
are injected into the atmosphere by large tropical volcanic eruptions, leads to pronounced
stratospheric warming and surface cooling (Robock, 2000; Crowley et al., 2008). Historical studies
have matched the Nile flooding with the impact of volcanic eruptions (Manning et al., 2017).
Greenhouse gases (GHGs) trap in turn the longwave radiation that is emitted by the Earth surface
and lead to a continuous increase of energy in the climate system and effects on the global climate
(Ramanathan and Feng, 2009). Furthermore, land use and land cover changes can affect climate by
directly altering the surface solar and longwave radiation and indirectly impacting atmospheric
turbulence (Pielke Sr et al., 2011; Zhang et al., 2021). When studying palacoclimate in EM and
NR, the climate models used are mainly GCMs, and these forcings are introduced in the GCM
simulations. For example, the MPI-ESM-LR which we are using as the input data for the RCM, is
fully forced with solar, orbital, volcanic, GHG and land use change (Jungclaus et al., 2017), but
those forcings are not yet fully implemented in the RCM, especially for the paleoclimate
simulation. Studies have shown that implementing some of the forcings into RCM can have a more

accurate representation of regional climate variability (Ludwig et al., 2016, 2017b). Hence, the
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respective changes in external forcings such as solar, orbital, volcanic, GHG and land use change
must be implemented into the COSMO-CLM to make the RCM more realistic and consistent with
its driving GCM.

Thus, we have, to our knowledge, developed the first highly resolved, fully forced, transient paleo
regional climate simulation with COSMO-CLM for the period from 500 BCE to 1850 CE. The
implementation of the forcings and sensitivity experiments are described in Hartmann et al.
(submitted). A temporally and spatially highly resolved, regional simulation across the complete
study area (Eastern Mediterranean and Nile River Basin, EMNR) allows the study of regional-to-
local paleoclimate processes with higher accuracy. Further, it enables the exploration of the
association between the regional climate patterns and the large-scale atmospheric circulation
patterns from the GCM world. An asset of the simulation is its contribution to the study of the
impact of the occurrence of extreme climate conditions on societies through interdisciplinary,

collaborative research.

We present and exploit the advantages and breakthroughs of the fully forced, transient simulation
by assessing the ability of the simulation to represent the climatic conditions of the area in space
and time and the links with the large-scale circulation. The assessment is divided into two
approaches, an evaluation during the present time and a comparison of two periods, one in the first

millennium BCE and one in the pre-industrial times.

The paper is structured as follows: The section "Data and Methods" describes the RCM COSMO-
CLM, the reanalysis and observation time series and provides information on the implemented
methods. In the section "Results and Discussion", the findings of the analysis are presented and
interpreted in detail. Finally, the "Conclusions" section summarizes the main findings and their

significance and briefly discusses possible directions for future research.

4.2 Data and methods

4.2.1 Regional Climate Model Simulations

The COSMO-CLM (COnsortium for Small-scale MOdelling in CLimate Mode - CCLM) (Rockel
et al., 2008) is a widely used RCM that has been used to investigate climate change under different
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forcings, such as land use, orbital and GHG. The CCLM is originally designed to perform
simulations from 1850 CE onward and its performance largely depends on the driving GCM
(Armstrong et al., 2019). Multiple CCLM simulations have been recently performed at different
resolutions up to very high convection-permitting resolution (Raffa et al., 2023) in the frame of the
CORDEX (Coordinated Regional Climate Downscaling EXperiment, https://cordex.org/)

Initiative.

In this work, we revolutionize by implementing the CCLM in model version 5.0 with CLM version
16 to an adjusted paleoclimate version, fully forced with orbital, solar, GHG, volcanic and land-
use changes (Hartmann et al., submitted). We performed a transient simulation from 500 BCE to
1850 CE at the Deutsches Klimarechenzentrum (DKRZ), which is forced with the new MPI-ESM-
P simulation “Mythos” that is performed under the CMIP6 protocol after | AD (MPI-ESM-LR
‘past2k’) (Jungclaus et al., 2017) at ~1.875° resolution. The period 500 BCE until 1 BC is according

to the external forcings used by Bader et al., (2020) in a simulation for the entire Holocene.

The implemented forcings in COSMO-CCLM are identical to those of MPI-ESM-P “Mythos”
simulation, namely, the orbital forcing is represented by the eccentricity, the obliquity and the
longitude of perihelion (Berger, 1978) and the solar forcing by the total solar irradiance (Jungclaus
et al., 2017). The changes in GHG concentrations consist of CO2, CH4 and N20O (Meinshausen et
al., 2017), while the volcanic forcing is based on the stratospheric aerosol optical depth (AOD) at
550 nm wavelength by Toohey and Sigl, (2017).

The interpolation of the driving data to the model is done with INT2LM in version 2.05 with CLM
version 1 (INT2LM—v2.05¢cIm1) (Schittler and Blahak, 2017). The time integration is the two-step
Runge-Kutta scheme (Jameson et al., 1981) with a 300 seconds time step. The convection
parameterization based on the Tiedtke scheme (Tiedtke, 1988) is used. The representation of albedo
and aerosols are found to be the most important parameters in the studied region (see also Hartmann
et al., submitted) and are set the same as in Bucchignani et al., (2016). The land surface model is
TERRA-ML (Doms et al., 2011; Schulz et al., 2016). The simulations are carried out in a domain
including the Eastern Mediterranean, the Middle East and the Nile River Basin from Lake Victoria
to the Nile Delta (Fig. 4.1, 4° — 60° E, 5° S — 49° N). For the analysis of the precipitation, we
consider the areas of the Eastern Mediterranean (EM, Fig 4.1b) and the Nile River Basin (NR, Fig.
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4.1c) separately as the precipitation regimes are significantly different between the two regions.
While for the analysis of temperature, we have selected a region, include the Eastern Mediterranean

and Nile River basin (EMNR, Fig. 4.1a).

The following periods have been used for the assessment of the fully forced, transient CCLM
simulation: 1) present period (1980-2018) to validate the adjusted COSMO-CLM, ii) the pre-
industrial period (PI; 1800-1850 CE), and iii) the Early Roman Period (ERP; 400-362 BCE) for
the comparison of the mean climate conditions of the two periods and changes in the climate

characteristics of the study region.
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Figure 4.1. Topography of the study regions (a) EMNR: indicated with green rectangle, (b) EM: indicated with
red rectangle, (c¢) NR: indicated with blue rectangle. Area (a) is used for the analysis of temperature and the
other two areas (b, ¢) are used for the analysis of precipitation.

4.2.2 Observational Time Series and Reanalysis Data

We validate the CCLM output, with different observational and reanalysis data sets at 0.5°
resolution for the present period, 1980-2018: the monthly mean temperature and total precipitation
from CRU TS v.4.05 (Harris et al., 2020), the precipitation climatology from the Global
Precipitation Climatology Centre V.2020 (GPCC) (Schneider et al., 2022); and finally the ERA-

Interim temperature (Dee et al., 2011) as an additional comparison data set. We restrain from using
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the ERA-Interim precipitation due to its dependence on GPCC observations. The CRU TS is the

reference data set of the validation of the present CCLM simulation output.

4.2.3 Methods

4.2.3.1 Principal Component Analysis

Principal Component Analysis (PCA), also referred to as empirical orthogonal functions (EOFs),
is a frequently applied technique in climate sciences and multivariate datasets to reduce the
dimensions of the dataset and find a smaller number of independent variables conveying as much
of the original information (w.r.t. to the variance) as possible (Wilks, 2011). The technique enables
the investigation of spatial variability modes by detecting structures in the data (Gallacher et al.,

2017; Bader et al., 2020).

Eq. (4.1) shows the covariance matrix Cyy (Where XX represents the detrended seasonal anomalies

of temperature and precipitation) is decomposed according to
Cxx'ez /1'6 (41)

This decomposition includes a restructuring of the covariance matrix Cyy with the most important
patterns (eigenvectors, e) and their principal components (PCs) showing the highest amount of
spatial variance (represented by the eigenvalue A) within the full fields. The classic patterns, EOFs,
are orthogonal, hence, the eigenvectors are uncorrelated. For some applications, this is a useful
characteristic (i.e., setting up multiple regression models with predictors that are not collinear). In
meteorological applications, however, the orthogonality constraint may be disadvantageous,
because most processes in the real world are not orthogonal (Storch and Zwiers, 1984). We thus
applied the VARIMAX rotation to obtain rotated EOFs (re;, REOFs) that are physically more
consistent than the non-rotated patterns. REOFs are thus used for the validation of the model set-
up in the present period (1980 - 2018 CE), while non-rotated EOFs are implemented for the

comparison of the mean climate conditions in PI and ERP times.
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The PCs provide the temporal evolution of the (rotated) eigenvectors re; and are calculated by

projecting the original seasonal anomaly precipitation and temperature time series X onto the

(rotated) eigenvectors re; (REOFs), see Eq. (4.2):
PC; =< X|re; > (4.2)

where < | > denotes the dot product and j the index of the according principal component and

rotated eigenvector, respectively.
4.2.3.2 Validation of the Model Set-up (1980-2018)

For the comparison between observed/reanalysis and simulated temperature and precipitation in
the present time (1980-2018), we want to compare spatially homogeneous climatic regions in the
study area of the simulated and observed datasets. For this purpose, spatial correlations between
the first six REOFs of the reference dataset CRU and all REOFs of CCLM and GPCC are calculated
to identify the best matching patterns among them. A two-sided t-test was conducted to address the
correlations’ significance. The retained first six CRU REOFs account for around 75% of the total
explained variance in each season and eventually in each data set. For the regions definition, the
80th (75th) percentile of the precipitation (temperature) REOF loadings is calculated. For the
"paired" REOFs, six regions are defined by those grid points that exceed the 80th (75th) percentiles
of precipitation (temperature). Precipitation and temperature differences are then calculated with
respect to the reference CRU data set for the period 1980-2018 and each region. Taylor diagrams
(the Pearson correlation coefficient, the root-mean-square error (RMSE) error, and the standard
deviation against the reference data CRU is shown) for each region are then prepared for the

validation and skill assessment of the COSMO-CLM simulations.
4.2.3.3 Mean Climate Conditions: Pre-industrial and first millennium BCE

The mean climate conditions between the first millennium BCE and the pre-industrial times are
investigated by addressing differences in mean values and standard deviations together with their
statistical significance with a student’s t-test at each grid point at the 95% confidence level. By
examining temperature variations during these periods, we gain valuable insight into climatic

trends and changes at the beginning and end of the simulation period. In order to investigate the
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relevant atmospheric circulation in the two periods, the non-rotated temperature and precipitation
PCs were linearly regressed onto the global sea level pressure (SLP) anomalies from the MPI-
ESM-P simulation “Mythos” to estimate the local regression coefficients for the SLP field, see Eq.
(4.3):

PC() = Bo(, k) + B1(, k) * SLP(k) + £(j, k) (4.3)

The index k represents the grid-point index covering the geographical domain. PC(j) is the jth
non-rotated principal component and B;(j, k) presents the regression coefficients for the jth
component on grid point k, and SLP(k) is the SLP time series of grid point k. B, (j, k) is the
intercept of the regression and £(j, k) as the noise component of grid point k for the jth non-rotated
principal component. In our case j = 1,2,3, i.e., the leading three non-rotated PCs. Please note that

in this study, only the regression coefficients ; (j, k) are used to plot the regression map.
4.3 Results and Discussion

4.3.1 Evaluation of the CCLM output
4.3.1.1 Precipitation — EM

The spatial correlations between the seasonal CRU, CCLM and GPCC REOFs for the period 1980-
2018 are presented in Table 4.1. The two-sided t-test at the 95% confidence level showed that all
correlations are significant. CRU and CCLM REOFs seem to agree well with the highest significant
correlation of 0.94 for winter (DJF) and summer (JJA). Lower correlations, however, characterize
mainly REOFs of lower explained variance.

Table 4.1. Spatial correlation of the CCLM with CRU and GPCC precipitation REOFs for winter (DJF) and

summer (JJA) over the EM. All values are significant at the 95% significance level. Numbers in parentheses
give the corresponding REOFs of each data set.

Winter (December to February)

fcru-ccm 0.70(1&4) |0.85(2&1) [091(3&2) |0.74(4&8) |0.74(5&7) |0.88(6&D5)

fepcc-cam 0.62(1&4) |0.83(2&1) [092(3&2) |0.66(4&6) |0.85(5&5) |0.65(6&4)
Summer (June to August)

fcru-cam 094(1&1) |0.86(2&3) [067(3&2) |0.67(4&5) |0.40(5&5) |0.74(6&11)

fepcc-cam 092(1&1) |0.79(2&3) [069(3&11)|0.71(4&4) |060(5&2) |0.33(6&2)

100



The derived winter and summer precipitation regions are shown in Figure 4.2. Each map is based
on the paired REOFs of each data set with CRU, as shown in Table 4.1, and the regions are
numbered according to the CRU REOFs ranking. For example, GPCC winter region 5 corresponds
to GPCC REOFI11 as the counterpart to CRU REOFS5. The explained variance of each REOF is
presented along the regions. The three precipitation data sets show a stronger agreement during
winter over the EM. Some regions show a very good agreement between the data sets, such as the
winter precipitation region 2 of CCLM (REOF1) and CRU (REOF2) over the Balkans. Other areas,
such as the CCLM region 4 in winter do not agree well with CRU and GPCC, and the CCLM
regions agree less well in the summer with both CRU and GPCC, especially along the Aegean Sea
and the Black Sea coasts. In general, summer precipitation over the EM is mostly convective and
thus very local, leading to a lack of agreement between the observational data sets and the
simulation. The strong bias shown in Figure 4.3 might be due to an underestimation of its strength

and cloud cover (Bucchignani et al., 2016).
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Figure 4.2. Regionalization of precipitation over the EM in winter (DJF, upper panel) and summer (JJA, lower
panel) for CRU (a, d), GPCC (b, e) and CCLM (c, f). The total explained variance of the corresponding REOF
is shown in the legend.

The mean regional total precipitation differences of the six regions for GPCC and CCLM with
respect to the 1980-2018 mean total CRU winter and summer precipitation are shown in Figure
4.3. The simulated seasonal variability of precipitation agrees well with the two observational data
sets, although the systematic underestimation of CCLM in summer is noticeable. Very good
agreement is visible for winter precipitation in regions 2 and 3 around the west and south coast of

the Black Sea area. The simulated mean total precipitation differences with respect to CRU for the
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six regions show a correlation higher than 0.7 and comparable standard deviation for both seasons
and data sets, implying that the CCLM is performing well in representing the precipitation
variability in the EM region (see Figure 4.13).
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Figure 4.3. Seasonal mean total precipitation differences of EM regions with respect to the 1980-2018 mean total
CRU winter (DJF) and summer (JJA) precipitation.
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4.3.1.2 Precipitation — NR

The EM and NR are characterized by significantly different precipitation regimes, and we have
thus separated the two areas for the analysis. The spatial correlation among the REOFs of the three
data sets is calculated to determine the associated regions with respect to CRU, as presented in
Table 4.2. The correlation of REOFs for precipitation in NR is for some pairs significantly lower
compared to the correlations of EM. The CCLM does not perform as well in simulating
precipitation over NR, which may be related to the effect of the Hadley circulation, strong
convection in the ITCZ combined with subtropical advection of hot, dry air linked with the near-
surface trade winds (Adam et al., 2016). The poorer performance of CCLM over the African region
may further be connected to an inaccurate representation of cloud coverage, particularly along the
ITCZ (Serland et al., 2021). Finally, the NR station time series that enter the gridded CRU and
GPCC data sets are sparse, which may also reduce their quality (Harris et al., 2020; Schneider et
al., 2022).

Table 4.2. Spatial correlation of the CCLM with CRU and GPCC precipitation REOFs for winter (DJF) and
summer (JJA) over the NR. All values are statistically significant at the 95% significance level. Numbers in
parentheses give the corresponding REOFs of each data set.

Winter (December, January, February)

rcrucam | 0.79(1&2) | 0.71(2&1) | 0.29(3&9) | 0.50(4&5) 0.74 (5&1) 0.50 (6 & 4)
reecc-cam | 0.77(1&2) | 0.77(2&1) | 0.60(3&3) | 0.62(4&Y5) 0.52 (5 &6) 0.21 (6 & 4)
Summer (June, July, August)
rcrucam | 0.64 (1&4) | 0.56(2&1)| 0.37(3&8) | 0.63(4&4) | 0.40(5&13) | 0.26(6 & 7)
repcc-cam | 0.55(1&4) | 0.60(2&4)| 0.48(3&5) | 0.32(4&13) | 0.18(5&8) 0.41 (6 & 3)

Figure 4.4 shows the corresponding regions based on the REOFs for each of the three data sets
(CRU, GPCC, and CCLM), the explained variance of each REOFs is shown for each region.
Precipitation in NR is mainly concentrated in the southern part of the area, and south of the Sahara
desert. In addition, the regions of CCLM over NR exhibit a less homogeneous pattern compared to
the other two data sets. This may be also related to the parameterization of CCLM which is better
optimized for Europe than other areas, especially compared to complex and completely different
geographical regions such as NR (Serland et al., 2021). In the summer, the regions shift farther
north compared to winter, which is related to rainfall variability due to the seasonal shift of the

ITCZ (Nicholson, 2018) and the monsoon rain band (Dieng et al., 2016). The explained variance
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varies more between winter and summer compared to EM. For instance, the selected six leading

REOFS of CCLM explain 70 % of the variance in winter but only 50 % in summer.

L 1
e —

30 °N . - -
25°N - T B -
20 °N 1 - -
15 °N (a) CRU - (b) GPCC - - (c) CCLM
region1 26% | .~ - region1 36% | " region19%
region2 11% region2 11% region2 26%
region3 10% region3 4% i region3 3%
region4 8% region4 3% region4 6%
region5 7% region5 3% region5 26%
region6 6% region6 6% region6 7%
p e —
30 °N
25°N 1
20°N -
(d) CRU (f) GPCC (e) cCLM
15°N
10°N region1 34% . region1 28% region1 9%
- reg!on2 12% region2 16% reg!onz 21%
5°N region3 10% region3 10% region3 4%
regiond 8% regiond 3% region4 9%
e E region5 5% region5 5% region5 3%
0°s - region6 5% region6 6% region6 4%

25°E 30°E 35°E 25°E 30°E 35°E 25°E 30°E 35°E

Figure 4.4. Regionalization of precipitation over the NR in winter (DJF, upper panel) and summer (JJA, lower
panel) for CRU (a, d), GPCC (b, e) and CCLM (c, f). The total explained variance of the corresponding REOF
is shown in the legend.

The seasonal precipitation differences, with respect to CRU (1980-2018), are presented for the six
identified regions of NR (Fig. 4.5). Differences between the simulated and observed winter
precipitation are smaller than those for EM, and all wet and dry extremes are overestimated by
CCLM. In summer, there is a lack of agreement between the simulated and observed precipitation,
in most cases, while the two observational data sets fail to agree as well. This is visible in the low
correlations between the simulated and observational REOFs. As for the EM region, the Taylor
Diagram illustrates the correlation and standard deviation of the seasonal mean total precipitation

differences across the six regions in NR (Fig. 4.14). Compared to the EM region, the simulated
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precipitation in NR exhibits larger biases in terms of standard deviation compared to CRU (Fig.

4.14).
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Figure 4.5. Seasonal mean total precipitation differences of NR regions with respect to the 1980-2018 mean total
CRU winter (DJF) and summer (JJA) precipitation.
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4.3.1.3 Temperature - EMNR

The temperature analysis encompasses the Eastern Mediterranean and Nile River Basin (EMNR).
In Table 4.3 are presented the correlation coefficients between the three datasets REOFs (CRU-
CCLM, CRU-ERA). The simulated temperature is highly correlated with both CRU and ERA-
Interim data in winter and in summer, supporting the good performance of the RCM for this

variable.

Figure 4.6 shows the regions based on the temperature REOFs of the three data sets and the
explained variance of the REOFs for each region. The regions have a good agreement in space,
which indicates as well the good agreement of the temperature variance of each region. Overall,
the regions in all three data sets are spatially coherent regardless of the season. The mean regional
temperature differences of the six regions for GPCC and CCLM with respect to the 1980-2018
mean total CRU winter (DJF) and mean summer (JJA) temperature are shown in Figure 4.15. A
clear agreement between the interannual variability of the CCLM simulations and the
observations/reanalysis is observed, however, differences are found mainly in the maximum and
minimum temperatures for specific regions and seasons. In region 1, CCLM underestimates
temperature both in winter and summer. Similarly, the simulated temperature is clearly lower in
region 5 during winter and higher in region 6 during summer compared to the observational data
sets. Such deviations from observations in the simulated temperature may be connected with
differences in simulated cloud cover and other variables in the equatorial area affected by the ITCZ

(Serland et al., 2021).

An overall strong correlation between the CCLM seasonal mean temperature and the
observational/reanalysis data sets is further illustrated in the Taylor diagrams (Fig 4.16). The
over/underestimation of temperature in specific regions is observed in Figure B3, and those regions
also show lower correlation to CRU data (Figure 4.16). During winter, a better agreement is

observed between simulated and observational temperatures compared to summer.
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Figure 4.6. Regionalization of temperature over the EMNR in winter (DJF, upper panel) and summer (JJA,
lower panel) for CRU (a, d), GPCC (b, ¢) and CCLM (c, f). The total explained variance of the corresponding
REOF is shown in the legend.

4.3.2 Early Roman Period and Pre-Industrial climates: similarities and differences

In this section, we analyze the CCLM simulation for two periods in the past, namely the PI (1800-
1850 CE) and ERP (400-362 BCE) periods. The selection of the two periods is based on two
reasons: Firstly, both periods experienced a series of volcanic eruptions as reflected in the
reconstructions by Toohey and Sigl, (2017), and secondly, the two periods represent the earliest

and latest periods of our transient simulation (from 500 BCE to 1850 CE).

Figure 4.7 presents the precipitation and temperature annual cycle of the three regions (EM, NR
and EMNR) and the selected two periods. The absolute monthly mean total precipitation and
monthly mean temperature are displayed on the left y-axis, while the right y-axis represents the
differences between the ERP and PI of each month for precipitation and temperature, respectively.
Similar mean climate conditions characterize the two periods over the study area. The precipitation

and temperature annual cycles of the two periods are similar, with slight differences for
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precipitation in the NR, also reflected in EMNR. In the EM region, the largest differences in
monthly precipitation of approximately 5 mm occur in April and in May, whereas in the NR region,
the most notable differences of 15 mm occur in September. The ERP temperatures are
approximately 1 °C warmer in September compared to the PI period in the EM and up to 1 °C
cooler in May over the three study areas. Similar findings were obtained when comparing CCLM
simulations with and without orbital forcing. The orbital forcing leads to increased autumn
temperatures while causing a decrease in winter and spring temperatures (Hartmann et al.,
submitted). Nevertheless, it is important to note that Figure 4.7 represents the spatial mean of each

region, and therefore, spatial variations may be averaged out.

, EM Precipitation Annual Cycle NR Precipitation Annual Cycle 120 EMNR Precipitation Annual Cycle
207 E 1207 1 T A
dtererces wrt 1850-1850 ris

Teiee wwe- )l 15 18001850 Q 15
BLE400-362 BCEAD0-36
1001
ho
801

tota

Mean monthly total
Precipitation (mm)

o]
——lo]
lean mont}

Prec

rence

Mean Monthly
Temperature (° C)

]
L-1.0

>
& (& o & e & &

IR RN
FTEFE @Y PSS FTEF @SV PR F S

Figure 4.7. Precipitation and temperature annual cycle of the PI and ERP periods for EM, NR and EMNR.
Monthly mean total precipitation and monthly mean temperature are presented on the left y-axis. Differences
between ERP and PI (ERP minus PI) are shown on the right y-axis. Significant differences at a 95% confidence
level according to a two-sided student t-test are marked with a black circle.

To explore the spatial differences between the two selected periods (ERP and PI) and the three
regions (EM, NR, EMNR), we calculated the mean and standard deviation differences (ERP minus
PI) for precipitation and temperature, shown in Figure 4.8. The dotted areas indicate statistically

significant differences assessed with a t-test at the 95% confidence level.

There are notable differences in precipitation over the EM region (Fig. 4.8, upper panel, red
rectangle), in both winter and summer. Compared to the PI period, the ERP winters experienced
lower precipitation along the northern and eastern coasts of the Eastern Mediterranean Sea, and

increased rainfall over the Balkans and the southern coast of the Black Sea. In addition, the ERP
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winter season shows less variability over the entire Greek peninsula and more variability over the
northern Balkans and southern Black Sea. Summers during the ERP period are relatively wetter
across the entire EM region compared to the PI period, with statistically significant differences in
some parts of the Balkans. The variability is higher in most parts of the EM region during the ERP
summer period, except the eastern coast of the Black Sea. However, in both winter and summer,

the mean differences are not statistically significant at the 95% level over most of the EM area.

The blue rectangles in the upper panel of Figure 4.8 show the precipitation differences between the
two study periods for the NR region. During the winter, most of the NR region experienced drier
conditions during the ERP compared to the PI. However, significantly wetter winters (about 20
mm) are found for the southwestern part of the NR region. In summer, the difference in rainfall
between the two periods is more pronounced in the NR compared to the EM, with more areas
experiencing statistically significant wetter conditions during the ERP than in the PI, and drier
conditions over Southern Sudan and the Ethiopian Highlands. It is noteworthy that the standard
deviation in the summer shows considerable differences across the NR region reflecting the

underlying hydrological conditions and local-scale tropical convective activity.

The lower panel of Figure 4.8 shows the temperature differences for the three regions (EM, NR,
EMNR). Accordingly, the ERP winters are warmer compared to the PI period, particularly over
the EM and the northern parts of NR. Among the three studied regions, the difference in summer
temperatures between the two periods is relatively small, within 0.5 °C. On the other hand, the
standard deviation of temperature during the two periods shows distinct differences between
summer and winter. The ERP winter temperature is overall less variable compared to the PI period,
whereas the ERP summers show higher temperature variance (around 0.7 °C), especially over the

EM region and the northern NR region compared to PI.
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Figure 4.8. Seasonal differences (ERP minus PI) for winter (DJF) and summer (JJA) mean and standard
deviation (StDev) of total precipitation over EM (red rectangle), NR (blue rectangle) and 2m air temperature
over EMNR (green rectangle). Dotted areas indicate statistical significance at the 95% confidence level
according to the local student’s t-test.

4.3.3 Connection to atmospheric circulation

To establish the link between the large-scale atmospheric circulation and local climate in the ERP
and PI periods, we explore in this section the connections between SLP and seasonal precipitation
and temperature. We present results for winter precipitation over EM and summer temperature over
EMNR and we restrict from using the precipitation data over the NR region part due to the
limitations of CCLM to accurately simulate precipitation over the area. By examining the leading
non-rotated EOFs, we gain insight into the dominant patterns of variability in winter precipitation

and summer temperature within these two regions.

Figure 4.9 displays the three leading EOF patterns for the PI (a, b, ¢) and ERP (d, e, f) periods with
the corresponding explained variance. For both periods, they show similar patterns with 75%
cumulative total explained variance. EOF1 resembles the mean winter precipitation spatial
distribution with highest precipitation anomalies along the western coasts of the peninsulas,
indicating the influence of the westerly circulation and the land-sea interaction. The second EOF
displays a dipole pattern with negative precipitation anomalies over the western and positive

precipitation anomalies over the eastern part of EM, likely connected with the direct impact of the
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large-scale circulation. The higher index EOF3 is characterized by a weaker dipole with distinct
lower precipitation along the eastern coasts of the Black Sea and higher precipitation in the southern
Mediterranean coastal areas. Smaller differences are observed in the total explained variance of
each EOF of the two periods. This change in the relative amount of variance represented by the
individual EOFs may indicate changes in the spatial structure of precipitation variability between

the ERP and PI periods.
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Figure 4.9. Patterns of the first three non-rotated EOFs of winter (DJF) precipitation for PI (1800-1850 CE; a,
b, ¢) and ERP (400-362 BCE; d, e, f) and total explained variance for each EOF.

In Figure 4.10, the regression maps (i.e., the regression coefficients B_1 (j,k) according to Eq. (3))
are shown, between the three precipitation principal components (PC(j)) and the SLP fields from
the driving MPI-ESM-P “Mythos” for the same periods. All regression maps show very similar
spatial patterns, albeit with varying amplitudes between the two periods. This change in the
amplitude of the regression coefficients may indicate variations in the robustness and strength of

the underlying relationships between the precipitation PCs and the large-scale SLP fields.

The EOF1 positive winter precipitation anomalies along the western coasts of the peninsulas of
EM (Fig. 4.9a, d) are connected with lower pressure over the Mediterranean (Fig. 4.10a, d) which

is related to the higher frequency of cyclones from the Gulf of Genoa or of Atlantic origin moving
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eastward, which, together with the orographical lifting, lead to high amounts of precipitation over
these areas. The dipole structure of winter precipitation EOF2 (Fig. 4.9b, e) with drier conditions
over western EM and wetter winters over its eastern part is linked to a statistically significant SLP
dipole (or tripole for ERP, Fig. 4.10b, ¢) with stable anomalous anticyclonic conditions (SLP
positive anomalies) over the Eastern Atlantic and western Europe and an anomalous trough with
negative SLP anomalies over the east. The dry conditions over the eastern coasts of the Black Sea
in EOF3 (Fig. 4.9¢, f) are connected with the prevailing anomalous high pressure centered north of
the Caspian Sea and extended over Eurasia (Fig. 4.10c, f). The ERP and PI periods represent a
similar set of regression patterns with different intensity for winter with respect to the influence of

large-scale circulation.
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Figure 4.10. Regression maps between the PCs of the first three non-rotated winter (DJF) precipitation and
SLP from the Mythos simulation for the PI (a, b, ¢) and ERP (d, e, ) periods. Statistical significance at the 95 %
confidence level is denoted with dotted areas.

Figure 4.11 shows the leading three EOF patterns for summer 2m air temperatures over the EMNR

region during the PI (a, b, ¢) and ERP (d, e, f) periods that together represent nearly 85% of the
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total variance. Notably, the first EOF of the PI period explains nearly half of the variance, while
the ERP period exhibits a lower but still high contribution of 40%. The EOF patterns show a high
degree of similarity between the PI and ERP periods. The EOF1, as depicted in Figure 4.11 (a and
d), shows a clear temperature dipole pattern, characterized by distinctive negative temperature
anomalies over the African Sahel region (likely associated with ITCZ-related variability) and
pronounced positive temperature anomalies over EM, extending to the Middle East and Egypt.
This dipole structure indicates the presence of an apparent teleconnection between the
Mediterranean Sea /Northern Africa and the Sahel region, resembling a temperature sea-saw
pattern. The second EOF air temperature patterns (Fig. 4.11b, e) for the PI and ERP periods show
positive anomalies throughout the entire EMNR area, while an intensified positive temperature
anomalies signal is shown between 10 to 20 degrees north (Sahel). This pattern indicates similar
variations of the two periods over the entire region that are uncorrelated to the temperature sea-saw
depicted in EOF1. The EOF3 (Fig. 4.11c, f) shows weak negative temperature anomalies over the
African Sahel region shifted slightly to the north, compared to EOF1, with negative anomalies
extending over the Middle East and weak positive anomalies over the Balkans. This pattern shows

lower values in the amount of explained variance.
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Figure 4.11. Patterns of the first three non-rotated EOFs of summer (JJA) temperature for PI (1800-1850 CE;
a, b, ¢) and ERP (400-362 BCE; d, e, f) and total explained variance for each EQF.

The strong positive temperature anomalies over the northern and eastern part of the area and the
belt of negative anomalies over the subtropical region in EOF1 is reflected in the SLP regression
map (Fig. 4.12a, d). The EOF1 temperature pattern is related to negative SLP anomalies over the

northern North Atlantic and positive anomalies over the central North Atlantic, potentially

113



connected with an intensified subtropical anticyclone, as well as negative anomalies over the
extended study area, which may indicate the influence of the Persian trough extend from the Asian
Monsoon trough (Lelieveld et al., 2012). Positive SLP anomalies are located over the belt of
negative anomalies over the subtropical region. The EOF2 positive temperature anomalies over the
entire EMNR area are connected to negative SLP anomalies over the region (Fig 4.12b, ¢). The
higher temperatures over the area may be connected with an intensified Sahara heat low, which is
an area of low surface pressure as a response high low-level temperatures (Lavaysse et al., 2009;
Messager et al., 2010). The third EOF of the two periods (Fig. 4.11c, f) explains a smaller amount
of variance and thus the interpretation of the patterns and the corresponding regression maps (Fig.

4.12c, 1) is challenging and here not attempted.
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Figure 4.12. Regression maps between the PCs of the first three non-rotated summer (JJA) temperature and
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4.4 Conclusions

In this study, we presented the first fully forced CCLM adapted for paleoclimatic applications
including volcanic, solar, land-use, greenhouse gases, and orbital forcings with a spatial resolution
of 0.44° over the extended area of the Eastern Mediterranean and the Nile River Basin. We
evaluated the performance of the model in the present time (1980-2018) and compared the
simulated climate for Early Roman Period, ERP (400-362 BCE) and the pre-industrial, PI (1800-
1850 CE) period.

Our study demonstrates that the fully forced paleo CCLM can simulate reasonably the climate
within the selected region. In general, the model exhibits better performance in simulating the
seasonal air temperature compared to precipitation. Especially within the Nile River domain, the
simulated precipitation is less accurate, possibly due to the model's limitations in representing
convective processes linked to the ITCZ. Another important factor relates to the sparse network of
observational data over those areas, further complicating a proper comparison between simulated
and observed precipitation. In contrast, the model performs better in capturing precipitation
patterns over the eastern Mediterranean, which is also located in a region associated with multiple
circulations. The drying bias that occurs in the EM (especially in summer) may be related to the
model's underestimation of total cloud cover. Moreover, the model tends to underestimate
temperatures in northern Africa (around 10° - 32° N) during winter and the Sahel (10° - 20° N)
during summer. During summer, temperatures in North Africa and the EM are showing a warm

bias.

In terms of the annual cycle of precipitation and temperature, the average climatic conditions were
comparable between the two periods, but the climatic variability varied across the study area. The
ERP over the EM was generally wetter than the PI in both summer and winter, with greater
variability in summer. In the NR region, there were no statistically significant differences during
the ERP winter compared to the PI, while summers during the ERP were predominantly wetter and
reflected a larger variability compared to the PI period. However, we have found that the CCLM

has limitations in capturing a realistic rainfall pattern over the NR region.
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The links between the regional precipitation and temperature patterns and large-scale features were
investigated using a linear regression approach between the principal components of summer
temperature and winter precipitation onto the sea level pressure. The according results indicate
consistent associations between precipitation/temperature EOF patterns and corresponding SLP
anomalies during both periods. The major winter precipitation patterns over EM shown in the
principle component analysis are found to be related to the cyclones/anticyclones of the
surrounding area (such as the Eastern Atlantic, the Western Europe) together with the orographical
lifting. While, the NR region is located under the ITCZ and is subject to various circulation
mechanisms, which poses a challenge for the model to accurately simulate local climate and its

variability.

Future studies may involve adjusting physical parameters such as albedo, soil layers and aerosols
to improve the performance of COSMO-CLM in capturing precipitation patterns in the NR region.
Detailed investigations of the linkages between temperature and specific large-scale circulations in
the EMNR region are also needed to provide a comprehensive understanding of the teleconnections
in the study area. For paleoclimate research, comparing modeled data with proxy records is
essential for a comprehensive understanding of climate variability and change over the past 2500
years. Additionally, establishing connections between abrupt climate events and profound
historically documented societal developments can provide insights into the role of climate change

in the context of historical socio-economic changes.

Appendix A

Table 4.3. Spatial correlation of the CCLM and ERA with the first six CRU temperature REOFs for winter
(DJF) and summer (JJA) over the EMNR. All values are significant at the 95% significance level. Numbers in
parentheses give the corresponding REOFs of each data set.

Winter (December, January, February)

Fcru-ccLm 0.79 (1 &1) 0.78(2&2) | 0.88(3&5) |093(4&3) [0.73(5&10)|0.57(6&2)
FCRU-ERA 093(1&1) | 093(2&2) |093(3&5) [094(4&3) |0.84(5&4) |0.85(6&10)
Summer (June, July, August)

Fcru-ccLm -0.76 (1&1) | 0.69(2&1) |0.73(3&3) [0.51(4&9) | 0.86(5&6) |0.75(6&2)
FCRU-ERA -0.77(1&1) | 064(2&2) |0.78(3&3) [0.83(4&2) |090(5&6) |0.67(6&4)
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Appendix B
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Figure 4.13. Taylor diagrams of winter (DJF) and summer (JJA) precipitation differences with respect to the
CRU data set for the period 1980 — 2018 for the Eastern Mediterranean regions. The green dot indicated CRU
data set, therefore the correlations showing in the plot is 1, and the blue (red) dot indicate the correlations
between CCLM (GPCC) with CRU data sets.
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Figure 4.14. Taylor diagrams of winter (DJF) and summer (JJA) precipitation differences with respect to the
CRU data set for the period 1980 — 2018 for the Nile River Basin regions. The green dot indicated CRU data
set, therefore the correlations showing in the plot is 1, and the blue (red) dot indicate the correlations between
CCLM (GPCC) with CRU data sets.
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Figure 4.15. Seasonal mean total temperature differences of EMNR regions with respect to the 1980-2018 mean
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Figure 4.16. Taylor diagrams of winter (DJF) and summer (JJA) precipitation differences with respect to the
CRU data set for the period 1980 — 2018 for the Eastern Mediterranean/Nile River Basin regions. The green dot
indicated CRU data set, therefore the correlations showing in the plot is 1, and the blue (red) dot indicate the
correlations between CCLM (ERA-Interim) with CRU data sets.
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