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IN TIMES OF THE EUROPEAN MEDIEVAL, THE POWERFUL CONTEMPORARIES AND INFLUENCERS PROPAGATED THE GEOCENTRIC MODEL OF THE WORLD ACCORDING TO WHICH THE EARTH SHOULD HAVE BEEN LOCATED IN THE CENTRE OF THE UNIVERSE AND THE SUN AND THE PLANETS SHOULD HAVE CIRCUMNAVIGATED THE EARTH. A MODERN ANALOGUE IS THE CURRENT SUPERSTITION THAT THE HUMAN IS PROVOKING AND CAN CONTROL THE CLIMATE CHANGE BY THE ANTHROPOGENIC EMISSION OF CARBON DIOXIDE.

THIS BOOK PRESENTS EXAMPLES OF CONTINUOUS NATURAL CLIMATE CHANGES, SUCH AS THE DEVELOPMENT OF THE TEMPERATURE OF EARTH’S ATMOSPHERE, THE OCEANS’ SEA LEVELS AND THE ICE VOLUMES OF THE LAST FEW MILLIONS OF YEARS. THESE ARE EXPLAINED AND DISCUSSED, PRESENTING DATA FROM DIFFERENT SCIENTIFIC AREAS SUCH AS GEOSCIENCES, ARCHAEOLOGY AND ASTROPHYSICS.

HEREBY, WE WILL SEE THAT QUITE COMPLEX ASTROPHYSICAL AND HELIOPHYSICAL MECHANISMS CAUSE THE PERIODICALLY RECURRING LONG- AND SHORT-TERM VARIATION OF CLIMATE WHICH CANNOT BE INFLUENCED AT ALL BY ANY HUMAN BEING, ALSO NOT BY ANY INCREASED OR REDUCED EMISSION OF ANTHROPOGENIC CARBON DIOXIDE. CONTROLLED BY THE SUN’S ENERGY REACHING THE EARTH’S SURFACE, THE OCEANS ARE THE GLOBAL PLAYER INTERACTING WITH THE ATMOSPHERE AND DOMINATING ITS TEMPERATURE.

IT WAS INTENDED TO WRITE THIS BOOK IN AN UNDERSTANDABLE STYLE FOR EVERYBODY INTERESTED TO LEARN MORE ABOUT THE CONTROVERSIALLY DISCUSSED TOPIC OF CLIMATE CHANGE, OR WHO IS AFFECTED BY THE DRASTIC MEASURES OF POLICY AND WANT TO FORM THEIR OWN OPINION. ON THE OTHER HAND THIS PUBLICATION WANTS ALSO TO BE A COMPACT BASE AND REFERENCE FOR THE SCIENTIFIC YOUNG GENERATION TO INVITE THEM TO IMMERSE THEMSELVES INTO THIS VERY INTERESTING AND EXCITING FIELD OF NATURAL SCIENCES.
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INTRODUCTION

The motivation for the following discussion of climate changes is based on the current emotional, irrational, ideological, and scientifically blinkered discussion and reporting, as well as the persistent association with topics of environmental protection. Geologists understand the changing climate developments of the last 500 million years of geological history very well. This leads to a rather differentiated perspective. The causes of the constant climate changes are very complex and cannot be explained with only one parameter, such as the carbon dioxide (CO2) concentration in the atmosphere. The temperature of the atmosphere has been steadily increasing since the end of the Last Ice Age around 12,000 years ago, albeit with interruptions, combined with the continuous rise in the sea level of the world's oceans. In response to steadily rising sea levels, dyke and dam construction in the Netherlands, for example, has been enforced since the High Middle Ages. This will still have to be done today in other regions of the world until the current plateau of sea-level rise has reached its maximum and then will begin to decline slowly again as the Earth cools down in the coming centuries and millennia. During the warm climatic optimum of the Atlanticum around 8,000 years ago, atmospheric temperatures were already significantly higher than today, combined with a sea level that rose much more slowly to the present than during the first millennia after the end of the Last Ice Age. It can be assumed that the Atlanticum period was the climatic heat peak of the current Holocene interglacial period, similar to the level of the last Eemian interglacial around 120,000 years ago, when sea levels were even 6-9 metres higher than today.

Our prehistoric ancestors were impressed and frightened by the then inexplicable and sometimes life-threatening weather phenomena, such as lightning, thunder, hail, and icy cold. This fear probably also gave rise to early religions during the Palaeolithic period with the belief in higher powers, such as a thunder god, to whom homage was paid as the god Thor right up to the time of the northern European Germanic peoples and who is still remembered today in our day of the week Thursday. According to tradition, Thor, the thunder god, drove his thundering chariot drawn by goats across the sky and hurled lightning bolts at the Earth with his hammer (POHANKA 2018). Even after more than 300 years of spiritual enlightenment in Europe, there still seems to be a strong archaic fear of natural weather phenomena in our inner Neanderthal.

The presented discussion of climate changes is not intended to, nor cannot, replace the available scientific works. It rather aims to stimulate a more intensive and critical examination of the multifaceted topic of climate change. As will be shown, it is not sufficient to consider only the last 150-200 years of climate development after the cold period of the Little Ice Age, but one must look back over thousands and millions of years of geologic history. The development of solar radiation, plant growth, temperature, etc. shown in the following chapters and illustrations is based on interdisciplinary scientific investigations of trace elements, isotopes, pollen, microfossils, and many others in ice cores, in marine and lake sediments, soils, dripstones, and in tree rings, to name only the most essential sample types. Since one cannot directly determine the temperature and solar radiation of the past when considering previous climatic developments, i.e. in paleoclimatology, natural science makes use of indirect proxies. That is, determining for example, the temperature, precipitation or insolation sensitive properties of materials preserved from the geological past. This means investigating indicators of chemical, physical and biological processes that were influenced by temperature changes. Proxies for climate-relevant parameters include the composition of the isotopes 14C (for age determination), 10Be (for solar radiation), and 18O (for temperature evolution) in the above mentioned sample types. Plant pollen, varves (fine layered sediments), speleothems (dripstones), microfossils, and tree rings are sample types that are particularly useful for deciphering the climate evolution of the past dozens of millennia. The cosmic radiation reaching the Earth is stronger when there is reduced solar activity weakening the solar wind, which protects the Earth against the cosmic radiation. This results in a more abundant formation of isotopes on the Earth, which are therefore an indirect indication of the activity of the Sun. Higher concentrations of these isotopes are proxies for reduced solar activity. Note that the amount of these isotopes in woods, fossils, and ice cores is inversely proportional to the solar activity. All of these materials preserve very important climate archives. The different isotope-chemical methods will be explained in more detail in the subsequent chapters.

A temporal link, or complement, between paleoclimatology and current climatology is given by the historical climatology, which uses historical records, accounts, and documents to shed light on climatological developments over the past millennia. Archaeological findings, for example from Roman times, also show that sea levels rose more or less continuously even in pre-industrial times (before 1850). All of these extremely exciting, detailed single results and information, as well as detailed explanations of the most diverse methods of geoscientific metrology, are available in more detail in the publications cited at the end of the book. In the course of the present discussion of climate-determining factors, new highly interesting details were found repeatedly, similar to a detective story or a forensic search for clues, whereby the present work and the bibliography listing became considerably more comprehensive than planned. Many meaningful pieces of the climate puzzle emerged, based on precise multidisciplinary scientific research published by numerous authors. The challenge was to put these individually very specialised puzzle pieces together into a real and conclusive overall picture. Of great importance also was the study of scientific works of the last century, when research could still be done in an open-ended and open-minded way, without the current immense political and ideological pressure on the now highly explosive and extremely controversial topic of climate change. In the case of various sub-aspects of climate change, redundant observations or data sources are intended to underline that these are not singular isolated research findings, but rather that a very large number of renowned international researchers of natural sciences have recognised that, on the basis of well-founded scientific work, modern climate change is mainly based on natural causes. Studying especially the publications of BERNER & STREIF (2004), SIROCKO (2012), VAHRENHOLT & LÜNING (2020) was the reason to get to the bottom of better understanding the climate changes. The large listing of scientific publications at the end of this book give access to data, information, and findings in scientific journals and publications, which are not known or rarely referred to in the public arena. In the running text, only the domains are given for Internet references. The complete Internet addresses, however, are presented in the bibliography listing at the end of this book. Spatial dimensions, weights, and temperature data are presented in the European metric system and in degrees Celsius. Reported years refer to BC (before Christ), the years before Christ's birth, or AD (anno domini), the years after Christ's birth, even if current scientific publications are increasingly using the term BP (before present) or refer to years before or after CE (Common Era).

With this text it is not intended to convince, but to stimulate a critical examination of the current mainstream dialogue, according to the remarks of the Spanish philosopher José Ortega y Gasset (1883-1955) on the subject of the Essay: "… in which the teachings – even if they are scientific conviction for the author – do not demand that the reader take them in as truths. I bring here only 'modi res considerandi', possible new ways of looking at things. I call upon the reader to try out these new views to see if they are really fruitful views. Thus, the reader makes the judgment for himself alone and on the basis of his experience whether they are true or false."




1.

CLIMATE – WHAT IS IT?

On its website, the German Meteorological Service (Deutscher Wetterdienst (DWD)) defines climate, in the meteorological sense, as "the summary of weather phenomena that characterise the average state of the atmosphere at a particular location or in a more or less large area. It is represented by the overall statistical characteristics (mean values, extreme values, frequencies, persistence values, etc.) over a sufficiently long period of time. Generally, a period of 30 years is used as a basis, the so-called normal period, but shorter periods are also quite common." Weather, on the other hand, refers to physical conditions of the atmosphere at a particular time, or shorter period, and in a particular place, or limited area, and is determined by various meteorological variables, such as air temperature, air pressure, humidity, wind, solar radiation, and precipitation. Therefore, it is important to distinguish weather from climate, which describes the totality of all the weather events over a very long period of time (decades or centuries) and in a larger region, or area. Regional weather patterns (i.e. the German term Witterung) can also refer to weather conditions and characteristics in a particular region over a period of time ranging from a few days to a season, which define the particular climate over the long term (at least 30 years, by convention). So much for the meteorological definitions of climate and weather.

Based on the domination of typical temperatures, weather and climatic phenomena, and associated with them certain indigenous vegetation, the Earth is divided into different characteristic climate zones: polar, subpolar, temperate, subtropical, and tropical (from the poles to the equator). The pioneer of climate research, Vladimir Petrovich Köppen, German-Russian geographer, meteorologist, climatologist, and botanist, was born in St. Petersburg (Russia) in 1846 and died in Graz (Austria) in 1940. He defined the following main types of climate (from the poles to the equator) more than 100 years ago: "permafrost climate, tundra climate, warm summer-dry climate, warm winter-dry climate, humid-temperate climate, desert climate, steppe or dry savannah climate, savannah climate, tropical rainforest climate" (see KÖPPEN 1884 and 1936). One must remember that in his time there was relatively little knowledge about the arctic climate zones in contrast to the eternally inhabited other climate zones. That means, the expression global climate is actually not correct, because there are various differently (regionally) defined climates, but no global climate as such.

The climate can be humid or arid, and for example continental or mediterranean. However, it cannot warm up or cool down like the air or water. It changes in the sense that climate zones shift or change continuously over geologic times. In other words, it is the isotherms (lines of equal temperature, here specifically those of equal mean annual temperature) that shift towards the equator during cold periods, or towards the poles during warm periods. The expression climate warming is therefore also not correct, global climate warming not at all. What is meant are temperature fluctuations that have led to continuous changes in the climate, or shifts in the climate zones, accompanied by a change in the landscapes and the associated vegetation, as well as the fauna. The tundra, for example, is characteristic of very cold environmental conditions at the borders of the icy arctic regions, where in areas with mainly permafrost soils only mosses and lichens survive. While in transitional areas with a subarctic climate, conifers, such as spruces, firs, larches, and pines, can also grow. Boreal forests, consisting mainly of coniferous trees, such as pine, spruce, fir, etc., are typical for the higher geographic latitudes with typically very cold and short summer growing seasons. Due to the permanent climate changes, also the equilibria within the atmosphere (air), the hydrosphere (water), the lithosphere (soils), the biosphere (fauna and flora) and the cryosphere (ice) are changing, as well as the equilibrium between these respective units. If something never stays the same or static, then it's the weather or the climate. They are changing permanently.

During the ice ages, the permafrost zones extend several thousand kilometres towards the equator, while the temperate to tropical climate zones shrink in their overall extent. A few degrees Celsius of cooling are sufficient for certain heat-loving tree and shrub species to retreat many hundreds of kilometres towards lower (warmer) geographic latitudes, or in the mountains to migrate several hundred metres downhill. Through systematic pollen and spore analyses of different soil horizons and sediment sequences, in combination with absolute age determinations, the climatic history of the past can be determined very precisely (refer to Chap. 6). One consequence of these climatically induced landscape and vegetation changes was a change in game and animal migrations, which had drastic effects on Stone Age hunter-gatherers.

Incidentally, it is also scientifically incorrect to speak of a climate rescue. The climate cannot be saved or rescued, because it changes continuously in a natural way, as will be described in more detail below. In an interview reported by the German newspaper DIE WELT (05.03.2023) the famous South Tyrolean extreme mountaineer and book author Reinhold Messner stated correctly, "climate is change and climate protection does not exist". Hardly any other like him has lived and survived extreme climates, such as the icy altitudes of the Himalayan Mountains or the chilly vastness of Antarctica. We will see in the following chapters that climate changes are ultimately controlled by the Sun through its energy reaching the Earth. In the following pages when temperatures are referred to without further specification, temperatures of the near surface lower zones of the Earth's atmosphere are meant.

STRUCTURE OF THE ATMOSPHERE

The weather mainly takes place in the lower layer of the atmosphere, the troposphere (Fig. 1). At the equator, the troposphere reaches an altitude of up to 16 km, but only up to 8 km above the poles. At the Earth's surface today, atmospheric temperature averages about +15°C and decreases to as low as -60°C towards the troposphere/stratosphere transition zone. Air temperature generally decreases within the troposphere by an average of 6.5°C with each kilometre of altitude. The tropopause is the transition zone between the troposphere and the stratosphere, where air temperatures rise again slightly to just below 0°C at about 50 km altitude. Above this, the air then cools rapidly again, to as low as -80°C to -90°C at around 85 km altitude, before warming again to above 0°C, at farther altitudes (>100 km). The thermosphere, in which the International Space Station (ISS) orbits the Earth at an altitude of around 400 kilometres, extends to an altitude of 1,000 kilometres. Above that, the exosphere begins, which already belongs to interplanetary space.

In Chap. 13, when focusing on the atmospheric ozone and the stratosphere, the complexity of the thermal, chemical and radiation processes taking place there will be discussed in more detail. The different atmospheric layers are separated from each other by boundary zones, such as the tropopause or the stratopause, which can be seen in the temperature profile of Fig. 1. Note that the atmosphere does not form a closed system, unlike a garden greenhouse, but allows an internal exchange of air currents and radiative-physical interactions between the different atmospheric regions. Through feedback effects and changing atmospheric circulations, the stratosphere influences the troposphere and thus the weather development and ultimately the climate on Earth.
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Figure 1: Structure of the atmosphere open to the sky and average temperatures of the air (red curve) as a function of altitude (note: altitude scale of the y-axis is logarithmic) and the different atmospheric layers. The weather mainly takes place in the troposphere, in whose upper regions the air cools down to -60°C. Above this follows the stratosphere, which interacts with the troposphere. Above an altitude of about 100 km, air temperatures rise again to above 0°C.



Through near-surface evaporation, the lower regions of the atmosphere receive their moisture in the form of water vapour, primarily from the oceans. The gaseous water content (water vapour) of the troposphere averages 0.3-0.4% (i.e. 3,000-4,000 ppm, parts per million), and decreases sharply with altitude. In the lower regions of the troposphere, i.e. near the ground, the proportion of water vapour can reach up to 4% (40,000 ppm), and thus shows concentrations up to 100 times higher than CO2, although contents of 3-4% are mainly reached only in the extremely humid air of the tropics. The reason for this is the water vapour flux flowing from the equator to the higher geographic latitudes. Near the equator, the ocean waters are warmer due to the higher insolation rates, compared to higher latitudes. Therefore, the evaporation rates are higher leading to higher humidity. As our planet tries to balance thermal differences, the warm and humid tropical air is flowing towards higher geographical latitudes supplying the temperate climate zones with water vapour and clouds, which are bringing rain to the oceans and continents.

The polar regions, on the other hand, are extremely dry. There, especially during the polar winter, there is hardly any moisture (water vapour) or clouds that could retain heat from the Earth's surface in the atmosphere above, which can then escape into space more easily. This means that the polar regions play an important role in the Earth's heat balance and heat loss (VINÓS 2023). Due to the larger landmass of the northern hemisphere compared to the southern hemisphere, the Arctic is of great importance for the climate development. The stratosphere, especially its lower zones, also contains atmospheric water vapour, which can play a significant role in weather development. The interactions of the troposphere and stratosphere have not yet been fully explored and understood, and are therefore currently the subject of intensive research, supported by numerous satellites and space stations, such as the Russian MIR (1986-2001) in the past, and the ISS (International Space Station) since 2000.

AIR CIRCULATION IN THE ATMOSPHERE

To understand better the complex thermodynamic processes in the atmosphere, we will have to look briefly at the atmospheric air circulation. Put simply, differences in air temperature and the resulting differences in air pressure cause the air to move. The basic principle is that the Earth is constantly trying to balance out temperature differences. This creates a more or less stable dynamic system of air currents. The regions of the tropics and subtropics near the equator where the sunrays fall almost vertically all year round, receive the most solar energy, which means that they are the warmest zones on Earth. In the middle and higher geographical latitudes, on the other hand, the angle of incidence decreases continuously towards the polar regions, leading to almost total darkness during the winter months. This difference in heat balance between the equator and the poles leads to a meridional heat transport, for example, in north-south direction in the southern hemisphere and south-north direction in the northern hemisphere, by air currents parallel to the longitudes. Meridional, because the solar energy varies with the geographical latitude, also called meridian. Not only heat, but also moisture (water vapour and clouds) and natural aerosols are transported by the winds.

Due to the rotation of the Earth, counter-clockwise seen from the North Pole, the air currents also acquire a zonal component in east-west direction due to the Coriolis force. This is responsible for the deflection of the winds by the rotation of the Earth. The speed of the Earth's rotation is 1,670 km/h at the equator and decreases towards higher latitudes. The meridional air currents take their equatorial eastward momentum of the orbital velocity with them, which in the higher latitudes is larger than that of the Earth's surface below them, which they fly over. For example, at a geographical latitude of 60° (north and south, e.g. Oslo, Saint Petersburg, Anchorage, or just north of Tierra del Fuego) the orbital velocity is only half. This causes the meridional air currents to deflect to the east, where the local rotation speed lags behind the equatorial one.

In the areas near the equator, zonal easterly wind components also occur, e.g. the trade winds. In the geographical mid-latitudes, however, westerly wind components mainly occur. These include the well-known jet streams, which blow from west to east in both hemispheres at an altitude of around 10,000 metres. These winds can reach speeds of up to 500 km/h. Depending on the air pressure, small-sized low-pressure cells, usually high in water vapour, and clockwise high-pressure cells, low in water vapour, form in the lower atmosphere, especially in European mid-latitudes. In the polar regions, easterly and westerly air circulations can form, depending on the air pressure situation. The internal structure, or the formation and course of the meridional (in north-south direction) and zonal (east-west) vertical air currents, is very complex. However, this will not be discussed in more detail here. In addition, there are smaller horizontal flow cells that lead to interaction between the stratosphere and the troposphere, but also between the climate zones. This complex, self-stabilizing thermodynamic system of atmospheric air circulation shows that the atmosphere is by no means comparable to a greenhouse that is hermetically sealed on all sides. This will be discussed in more detail in Chap. 10. All this sounds quite complex. In fact, the thermodynamic convection currents of the atmosphere are very complex and not yet fully understood. The atmospheric trace gas CO2, however, is not a climatic factor of great importance, as we will see in Chaps. 10 and 11.

EARTH'S RADIATION BALANCE

The main argumentation for an influence of carbon dioxide (CO2) as a greenhouse gas in connection with a greenhouse effect and thus on a postulated change of the temperature on Earth, or the global climate, is based on the assumption that CO2, like other atmospheric gases, can absorb parts of the heat radiation returned by the Earth. Therefore, the heat does not completely escape into space but warms up the Earth. This absorption ability of different atmospheric gases is however only possible in very narrowly limited wavelength ranges of thermal radiation. It is important to introduce this here briefly, and in preparation for Chap. 10, where the topic of CO2 will be discussed in more detail. The solar radiation reaching the Earth consists of a broad band of different wavelengths (Fig. 2). The red area of the upper subgraph 2-A pictures the Sun's radiation being absorbed by the Earth's atmosphere and the solid and liquid surface. The blue area represents the thermal infrared radiation, which is emitted by the Earth's surface going back into the atmosphere, where parts of the heat are absorbed, and into space, where the rest of heat is lost. In subgraph 2-B the white areas represent the shortwave solar radiation which is absorbed by the Earth, respectively the longwave radiation re-emitted by the Earth and passing to space. The grey areas display the radiation absorbed by the atmosphere. This corresponds to the solar radiation not reaching the surface of the Earth, respectively the radiation re-emitted by the Earth, which is absorbed by the atmosphere. Subgraph 2-C displays the absorption capabilities of the different atmospheric components.

Most of the shortwave ultraviolet (UV) radiation, which is harmful to living beings, is absorbed by the ozone in the Ozone Layer of the middle stratosphere (at about 20-40 km altitude, see Fig. 1). As mentioned previously, Chap. 13 will take a closer look at the interesting topic of ozone. The longer wavelength radiation, especially the light visible to us (visible spectrum of Fig. 2-A) which is of great importance for the photosynthesis of plants, and the infrared (IR) radiation (infrared spectrum of Fig. 2-A) which is less or hardly absorbed or scattered by the atmosphere, reaches the Earth's surface and influences the temperature and climate development here. Almost half of the solar radiation (red spectrum of Fig. 2-A) that reaches the Earth consists of warming infrared radiation. In the opposite direction, the Earth's surface returns longwave thermal radiation towards space. Fortunately, the atmosphere, filled with water vapour and clouds, ensures that this heat does not completely leave the Earth again. One speaks of the atmospheric window of the Earth with regard to the distinct absorption bands in which the solar radiation or the thermal radiation of the Earth is not or only hardly absorbed or scattered by the different gases of the atmosphere allowing the Earth's thermal radiation to escape into space.
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Figure 2: Simplified representation of the radiation (A) reaching the Earth from the Sun (in red: short-wave atmospheric window, including the visible light) and that returned from the Earth's surface (in blue: long-wave atmospheric window, which is reflected from the Earth's surface). (B): total absorption and scattering in the atmosphere (incoming and outgoing radiation); (C): distinct absorption bands or wavelength ranges where different atmospheric gases can absorb radiation. [Source: www.de.wikipedia.org]



With regard to heat reflecting radiation, this is the infrared (IR) spectral range of 7-13 µm (micrometres), in which heat radiation from the Earth's surface can escape back into space (blue spectrum in subgraph 2-A). In this blue wing of the atmospheric window lies the narrower spectral range of normal land temperatures with wavelengths between 9 and 11 µm. This gap can be closed neither by any CO2 nor by methane heat absorption effects, but to a small extent by only atmospheric water vapour or by quasi-opaque cloud cover, consisting of tiny water droplets or ice crystals. Fortunately, clouds cover an average of two-thirds of the Earth's surface within the troposphere. However, when the sky is clear, up to 70-90% of the heat stored on the Earth's surface can escape unhindered into space. This will be discussed in detail in Chapter 10, especially which gases in the atmosphere can absorb which wavelength ranges of radiation and to what extent. The high-energy ionising cosmic radiation acting on the Earth and the associated secondary radiation, which also has a great influence on the temperature and weather development in the atmosphere, are not shown in Fig. 2.

THE GREEN SAHARA

As we will see in the following chapters, the climate zones and temperatures on our Planet have changed repeatedly. For example, until about 5,000 years ago, the area of the northern Sahara was not dry, as it is today, but green, due to repeated wet periods. Higher temperatures generally lead to increased evaporation over the oceans, which increases the humidity in the atmosphere. This humid air reaches the continents via sea winds where precipitations increase, which promotes the spread of vegetation in arid and semi-arid areas. If increased CO2 concentrations are joining this, plants can reduce their evaporation needs, which reduces the removal of soil moisture, not to mention that higher CO2 levels in the atmosphere stimulate plant growth as well. This is to be discussed in more detail in Chap. 10.

The last period of a green Sahara can be divided into a first wet phase 11,000-8,000 years ago and a second wet phase 7,000-5,000 years ago. Witnesses are cave paintings and engravings of typical savannah animals, such as rhinos, antelopes, hippos, giraffes, and other savannah animals. Findings of artefacts, such as pottery and stone sherds, shackle/trap stones, as well as ostrich eggshells, pollen, and seeds, which indicate a vegetation of a wetter climate, respectively that the present Sahara desert was inhabited and populated by animals, plants, and humans at that time. About 5,000 years ago, in conjunction with a significant drop in temperature, a very arid phase abruptly set in in North Africa, associated with a correspondingly rapid Saharan vegetation retreat - roughly coincident to the end of the second Atlanticum temperature maximum.

The nomads living in the green Sahara at that time moved north towards the Mediterranean coast and east towards the Nile valley at the beginning of severe aridity, where they became sedentary and could increasingly practise agriculture (HIESEL 2004). These climatic changes were probably also the reason for the later concentration of agricultural development along the fertile Nile Valley 5,000 to 3,000 years ago during the Pharaonic civilisations in Egypt, for example, since the First Empire about 5,000 years ago of the 1st-4th Dynasties with the step pyramids of Sakkara (FLOHN 1988). Similar developments occurred in the Arabic Desert areas with a concentration of settlements in Mesopotamia. There, the rivers Tigris and Euphrates provided sufficient water for irrigation, as well as for fluvial transport and communication.

The enormous fossil freshwater deposits under the Sahara, estimated at over 600,000 km3, are dating from the times just mentioned, when the Sahara was still wet and green. Apparently, precipitation in the North African Maghreb regions (Algeria, Morocco, Tunisia, and Western Sahara) has been increasing somewhat since the new millennium, influenced by the interaction between the North Atlantic Oscillation (NAO) and the Pacific El Niño Southern Oscillation (ENSO, refer to Chap. 5 and NOUACEUR & MURĂRESCU (2016)). This trend also explains the heavy rainfall in 2024 in the otherwise rain-poor areas of the Arabian Peninsula (e.g. in Dubai), where snowfall has also occurred repeatedly in desert areas in recent years, e.g. in the northwest region of Tabuk (Saudi Arabia). Supported by rising CO2 concentrations in the atmosphere (refer to Chap. 10) and increasing precipitation, the vegetation could have pushed back the Sahara desert by about 300,000 km2 during the last decades. Similar reports have been made of the Sahel zone, a belt of thorn and shrub savannahs south of the Sahara stretching from the Atlantic to the Red Sea, for example (e.g. MUELLER 2011).

Dependent on the climate zones, but not synonymous with climate, are weather patterns, which influence local weather systems by affecting temperature, precipitation, etc. Local clearly anthropogenic weather phenomena, such as special winter snowfall, also called industrial snow, for example, during frost periods near water vapour emitting factories, such as paper mills, are not due to any climate change, but local weather events. A frequent anthropogenic temperature phenomenon is observed in modern cities, especially in the geographic mid-latitudes. Cities and metropolitan areas can form urban heat islands (UHI) compared to their surrounding areas, with temperatures up to 3°C higher depending on the size of the city. This is caused by interaction of several different effects, such as strong heating during the day of concrete and asphalt surfaces and limited cooling at night. This effect is especially intensified during the heating period in winter. We come back to this phenomenon when discussing global mean surface temperatures and its development during the last centuries.

Gaining a deeper understanding of Earth's temperature trends requires a detailed examination of various weather and climate phenomena and patterns. This is especially crucial for critically assessing generalised and sensationalised media reports, particularly those about extreme weather events, as outlined in Chap. 7. The oceans cover almost 71% of the Earth's surface and have a substantial influence on the weather and climate development of the landmasses, which are at present mainly concentrated in the more continental northern hemisphere. The Earth is thus most extensively exposed to solar radiation in the region of its oceans, and their vast water masses respond correspondingly strongly to variations in solar activity. Therefore, in order to understand weather and climate changes, it is also very important to take a closer look at the Sun-Ocean-Atmosphere climate system in Chap. 5.




2.

ALTERNATING COLD AND WARM PERIODS

For millions of years there have been climate fluctuations associated with temperature changes, with cold periods (also called ice or glacial periods) and warm periods (also called interglacial periods) as extremes, whereby the duration of the cold periods in the last couple of millions of years of geologic history was significantly longer than the always relatively short warm interglacial periods. During Quaternary, the current geologic time period in which we are living, that is, during the last 2.56 million years, there have been over 20 such alternations of warm and cold periods. During the last 425,000 years, about 90% of this period was much colder than today. This means warm periods, such as we are currently enjoying, tend to be the exception in Earth's recent history (Fig. 3). Moreover, during the last 12,000 years, after the end of the Last Ice Age, there were also periods that were clearly 2-3°C warmer than today, for example, the Atlanticum period about 8,000 to 4,000 years ago (Tab. 1, see also Chap. 6). The Atlanticum Climatic Optimum, also called Holocene Thermal Maximum, was characterised in Europe by a greater spread of heat-loving plants, including mixed oak forests, the retreat of the treeless tundra in the north of the northern hemisphere, and a rise of treeline in the mountains, which was up to more than 200m higher than today. Higher temperatures also resulted in increased melting of glaciers, which led to a significant rise in sea level.

In addition, the cold periods are always subdivided by different minima and maxima of temperatures (see Figs. 3 and 5). Fig. 3 shows the CO2 and temperature fluctuations of the last 425,000 years based on scientific investigations of the Vostok ice core drilling in Antarctica and evaluation of relevant proxy isotopic index data and determination of CO2 contents in air inclusions of the ice drilling cores. The time resolution of paleo-CO2 data is often within the range of centuries and millennia, and does not show the same high resolution of modern continuous CO2 air measurements, such as presented in Tab. 4 in Chap. 6. Nevertheless, paleo-CO2 data provide a realistic and reliable insight of the development of the atmosphere's CO2 concentrations during the geological past.
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Figure 3: CO2 (green curve, left y-axis: concentrations in ppm (parts per million) and temperature variations (red curve, right y-axis: mean temperature values in °C of Antarctica!) of the last 425,000 years (x-axis: millennia) are illustrated using data from the scientific investigations of the Vostok ice core (Antarctica, see Fig. 4). The four downward temperature minima correspond to the last three large classical ice ages Mindel, Riss and Würm, whereby the Riss Ice Age actually covers two prominent cold glacial periods. Periods of maximum temperatures correspond to the warm periods of the Holocene interglacial (at present), and the former Eemian and Holstein interglacial periods. [Source: BERNER & STREIF (2004)]



In Fig. 3, the last three major warm and cold periods can be clearly distinguished, with the corresponding labels in red (warm periods) and in blue (cold periods). Using proxy representative isotopic index data, it can also be clearly seen that CO2 concentrations lag behind temperature development (see also corresponding discussion in Chap. 10). For example, in the time interval from 425,000-400,000 years ago, it is evident that the green CO2 curve always lags behind the red temperature curve. This indicates that the temperature trends shift their course during the geological history, rising or falling to reach their maxima or minima, while changes in CO2 concentrations exhibit a delay of several hundreds to thousands of years (e.g. PETIT et al. (1999), LÜDECKE (2010), KOUTSOYIANNIS (2024)). This underlines the dependence of CO2 concentration on temperature – and not vice versa!

It is striking that this lagging of the CO2 content of the atmosphere is more pronounced in times when temperatures decrease, i.e. at the beginning of a new cooling phase, than when temperatures rise during a new warm period. This can be explained by the fact that a liquid (in this case the oceans) releases the gas dissolved in it (here CO2) more quickly than when it warms up, and can absorb CO2 again only slowly when the reaction is reversed, i.e. when the oceans cool down. Fig. 3 also shows that the temperature peak differences between cold and warm periods can be as much as 10-14°C. Fortunately, we are currently living in the upper temperature range of a warm interglacial period. In this figure, it is also very obvious that temperature increase during a new global warming event takes place more dramatically, resembling a surge, in contrast to the gradual step-by-step cooling down phases of a new ice age which will be discussed in the next chapters.

The Vostok ice core borehole is extremely important for climate research of the past. It is located almost 1,300 kilometres away from the geographic South Pole, in the area of the Russian Antarctic Research Station, which is located at the Pole of Cold of Antarctica at an altitude of 3,488 metres above sea level (Fig. 4). The Russian research station has existed since Soviet Union times, was opened in 1957, and is currently undergoing extensive modernisation. The Antarctic ice reaches its greatest thickness there, which is why the Vostok ice core, which is over 3,300 metres long, made it possible to look some 425 millennia into the Earth's climatic past (PETIT et al. (1999)). The later Antarctica Dome C ice core was drilled terminating in 2004, about 560 km from the Vostok drilling. It is almost as deep as the Vostok borehole but its ice core reach further back in geological history and can therefore expand our knowledge of the Earth's climate past from 400 to 800 thousand years. The research results of these ice core drillings in Antarctica, and in Greenland, will repeatedly be cited. Thereafter the Little Dome C ice core was drilled about 30 km away from the DOME C drilling site, terminating in 2024. Its ice core is only 2,800 metres long, but is apparently covering 1.2 million years. Laboratory research work started in 2025. It will be exciting to see which new insights this drilling will reveal.
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Figure 4: Geographic situation (A) and profile (B, red line in A) of the Vostok Antarctic Research Station (blue dot), operated since Soviet Union times, where the Vostok ice core, more than 3,300 metres long, was taken, giving a fundamental insight into the climatic history of the Earth during the last 425,000 years. Red dot in (A): Dome C and Little Dome C ice-core drilling sites. [Source: ETERNAL WORLD (1978)]



In Tab. 1, the numerous events of cold and warm periods of the last 885,000 years are summarised in a simplified form. Hereinafter, the Last Glacial Period (LGP) will colloquially be called the Last Ice Age. It is named Würm in the European Alpine region, after the tributary of the Isar River (South Germany). This was because in this area an increased number of glacial sediments and landscape forms of the Last Ice Age have been found. The contemporaneous ice advance from Scandinavia to northern Germany and northern Poland is called Weichsel or Vistula after the longest river in Poland. In England, the Last Ice Age is named Devensian, and Midlandian in Ireland. On the North American continent, the Last Ice Age is called the Wisconsin Glaciation, after the U.S. state on the Great Lakes. In South America, the name Mérida Glacial Period is applied referring to the glacial witnesses of the Last Ice Age found in the Andes of Venezuela near Mérida. The glacial period before that is called the Riss Ice Age in the Alps and Pre-Alps, and the Saale Ice Age in northern Germany. The Scandinavian glaciers of the Saale glacial period advanced farther into the German lowlands (i.e. southward) than those of the younger Weichsel glacial period. Today, especially in international scientific usage, the Marine Isotope Stages (MIS, see Fig. 5) are preferred for the numerous cold and warm periods of the last one million years, instead of the regionally very different designations of the glacial and interglacial periods.




	approx. ages before Present (based on MIS)

	Marine Isotope Stages (MIS)

	classic nomenclature of cold Glacial and warm Interglacial Periods

	Sea level below (-) / above (+) today's level (in metres)






	AD 1.400 - 1.700

	 

	Little Ice Age Climatic Pessimum

	 




	AD 950 - 1.200

	 

	Medieval Climatic Optimum

	 




	AD 350 - 550

	 

	Migration Period Climatic Pessimum

	 




	50 BC - AD 250

	 

	Roman Empire Climatic Optimum

	-3-4




	8.000-4.000 before Present

	 

	Atlanticum Periods

	-5-10




	12.000 before Present

	1

	Holocene Interglacial

	 




	115.000 - 11.700

	2, 3a-c, 4, 5a-d

	Würm/Weichsel/Wisconsin Glacial

	-120-140




	126.000 - 115.000

	5e

	Eemian Interglacial

	+ 6-9




	320.000 - 126.000

	6a-e, 7a-e, 8a-c, 9a-d

	Riß/Saale Glacial

	-140-150




	335.000 - 320.000

	9e

	Holstein Interglacial

	+ 10-15




	475.000 - 335000

	10a-c, 11a-b, 12a-c

	Mindel/Elster Glacial

	-140-150




	505.000 - 475.000

	13a

	Mindel-Günz Interglacial

	+ 10-15




	885.000 - 475.000

	13-21

	Günz/Cromer Complex

	STU 2025






Table 1: Simplified overview of the alternating cold and warm periods of the last 885,000 years. The nomenclature of the different glacial periods is based on the classic nomenclature. The warm periods are highlighted reddish, the cold periods bluish. The warmer (Climatic Optima) and colder (Climatic Pessima) periods of the current Holocene interglacial period, which began approximately 12,000 years ago at the end of the Last Ice Age, are shown in a lighter shade. The different warm and cold periods are numbered in modern climate research using Marine Isotope Stages (MIS). The right hand column shows the corresponding sea level heights compared to today.

The question regarding dependencies of CO2 and temperature development is similar to the discussion, which came first – the chicken or the egg? This discussion also depends fundamentally on the approach to climate research. On the one hand, one can approach the topic of climate evolution primarily through weather developments by continuous measurements of temperature, air humidity, air pressure, etc., (refer to previous meteorological definition of climate), and on the other hand, geoscientists deal intensively with the paleoclimate, interdisciplinarily in cooperation with other scientists, and try to find out about former climate periods and regions by petrographic, isotope-chemical, geochemical, and fossil-biological climate witnesses. They approach the topic of climate and climate zones using climate-relevant parameters, as for example geographic latitude (equator or pole proximity), seasonal influences (angle and intensity of the incoming solar radiation) and also consider, among other things, the vegetation and soil formations characteristic of the different climate zones, and this over extensive geological periods of thousands and millions of years. The key to understanding the causal chain between temperature and CO2 lies in the factor of time. Only by studying the changes of the CO2 concentration and the temperature over thousands and millions of years, the reality can be observed (see also Chap. 11). At this point, we should also remember the old rule concerning the interpretation of statistical data, that correlations are not (yet) causalities. As we will see, the development of the temperature in the atmosphere depends on other much more important factors than the trace gas CO2.

The classic naming and classification of the various icy glacial and warm interglacial periods are based on systematic geological fieldwork by scientists from different disciplines, which began in the 19th century. These climate change pioneers included Johann von Charpentier (1786-1855), Karl Friedrich Schimper (1803-1867), Louis Agassiz (1807-1973) and many others. The traditional classification of individual cold glacial and warm interglacial periods has been significantly refined since the mid-20th century, and differs sometimes from the first geoscientific temporal classifications from over two hundred years ago. For instance, based on recent age determinations, LAUER & WEISS (2018) conclude that the second last glacial period, the Saale/Riss Ice Age, may have begun as early as 450,000 years ago.

MARINE ISOTOPE STAGES (MIS)

To standardise the naming of the last warm interglacial and cold glacial periods, which can vary significantly by region, scientists today increasingly use the Marine Isotope Stages (MIS), as previously mentioned (see Tab. 1 and Fig. 5). These are based on isotope data as proxies of samples from marine sediments, which can provide great information about the climatic conditions of the past. The great advantage of ocean, but also of lake sediments (e.g. Laacher See in Germany, Elk Lake in Minnesota, or Lake El Plomo in Patagonia), is that they are mostly stratigraphically undisturbed and thus their sequence of layers is mostly complete covering many millennia. Deposits on land, on the other hand, can be overlain or disturbed by subsequent ice advances and erosion processes (weathering). This is also the reason why, such as in Central Europe, hardly any glacial rock debris deposits of the earlier ice advances, i.e. of the earlier great ice ages, have been found so far. This is certainly also an explanation why the classical Riss Ice Age of the earlier field geologists extends over 2 glacial periods (see Fig. 3).
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Figure 5: Plot of 21 Marine Isotope Stages (MIS) and sub-stages over the last 830,000 years (x-axis from left to right). The inverse plot of δ18O index values (‰ versus VPDB Vienna Pee Dee Belemnite), representative (as proxies) for the evolution of temperature, indicates small δ18O index values (for higher temperatures, respectively higher sea levels) upward on the left y-axis. A certain periodicity of the individual MIS, i.e. the individual temperature peaks, or temperature maxima, is striking. The horizontal yellow line shows the minimum, and the horizontal light blue line the maximum δ18O index values for typical ice ages after the last reversal of the Earth's magnetic field (Brunhes-Matuyama magnetic reversal) about 781,000 years ago. [Source: RAILSBACK et al. (2015), see also Tab. 1, and refer as well to JOUZEL et al. (2007)]



Fig. 5 shows 21 Marine Isotope Stages (MIS) and sub-stages over the last 830,000 years before present. These climate stages and sub-stages also show cooler and warmer periods that are well documented, chronologically and climatically, for the current warm interglacial period, which means for the last 12,000 years. These are the warm climatic optima and the cold climatic pessima, which will be discussed in detail in Chap. 6. The inverse plot of the δ18O (18O/16O) isotopic index values representative as proxies for the evolution of temperature, shows small index values on the y-axis (upward) for higher temperatures, and consequently indirectly higher sea levels. These oxygen isotopes were determined on foraminifera, single-celled microscopic marine organisms, predominantly millimetre-sized, in marine sediment drilling cores. If the seawater habitat of foraminifera becomes warmer, the lighter 16O isotopes evaporate faster than the heavier 18O isotopes, which therefore accumulate in the warmer seawater of the subtropical and tropical climate zones, and less in the seawater of the higher geographical latitudes. Overall, where precipitation consists of rain and snow, 16O isotope concentrations are higher. Marine unicellular organisms, like other carbonate-containing organisms, such as corals, incorporate less of the stable oxygen isotope 16O into their shells in warmer seawater. Therefore, δ18O index values in marine sediments, ice cores, and dripstones are preferred indicators of paleo-temperatures. The oxygen isotopic index data is based on the comparison with the international reference standard VPDB (Vienna PeeDee Belemnite). The inverse plot (y-axis up) shows lower δ18O index values, which roughly range between 3 and 5, at higher temperatures. Oxygen isotopic proxy index data indicate differences in temperature, but cannot give directly absolute temperature values in °C. Based on different research methods however, we know that the presented temperature difference corresponds to a temperature range of up to 14°C (refer to Fig. 3). In Fig. 5, one can see the considerable fluctuation of temperatures over the course of the Earth's recent history, clearly showing time intervals that exhibit certain repetitions or regularities. In the displayed period of 830,000 years, there were 21 Marine Isotope Stages, or 20, if one counts the first and the last stage correctly only to the half. This means, on average, a stage lasts about 41,500 years. If we consider all the various large and small temperature peaks, we count more or less 37-39 of these, which corresponds to periods of about 22,500 years on average. We will encounter both period lengths again in the next chapter.

Fig. 6 shows a relatively more time-resolved representation of the temperature development of the last 500,000 years, corresponding to MIS 1-13. Also here, one can clearly distinguish five shorter warm periods (interglacials) and four cold periods (glaciations), whereby the two middle cold periods (320,000-126,000 years ago) are merged to the classical Riss/Saale Ice Age, respectively. The Earth's temperature evolution during the even more time-resolved section of the current interglacial warm period called the Holocene, that is, during the last 12,000 years before present, is shown in Fig. 7. It is obvious that the warmest period since the Last Ice Age was about 9,000-5,000 years ago. During the Boreal and the warm Atlantic Climatic Optimum mentioned above (see also Chap. 6), it was significantly warmer than today and it is assumed that it was the absolute warmest time within the entire current interglacial of the Holocene. The red temperature curve of Fig. 7, according to MARCOTT et al. (2013), rises vertically on the far right, at 0 = today, which is certainly reminiscent of the field hockey stick thesis (MANN et al. (1999)) based on an exaggerated data modulation, which will be discussed repeatedly later.
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Figure 6: Traditional breakdown of glacial (cold) and interglacial (warm) periods over the last 500,000 years in northern Germany and the Alpine region with representation of warmer (yellowish areas) and colder (bluish areas) periods determined by the proxy deuterium (2H) in Antarctic ice cores. The temperature evolution via δ18O proxy index data (warmer periods with lower δ18O index values) of Marine Isotope Stages (MIS) is shown at the right column. [Source: MESCHEDE (2015)]



Within a few thousand years, the Earth warmed by more than 10°C after the temperature minimum 22,000 years ago. After the end of the Preboreal Climatic Pessimum 11,000 years ago, until the beginning of the warm Boreal Climatic Optimum, about 9,000 years ago, i.e. in less than 2,000 years, the atmosphere had warmed up by about 1.5°C (according to Fig. 7). However, atmospheric CO2 concentrations decreased during this period from about 270 ppm (i.e. a value that is now assumed to be the reference value for CO2 levels in pre-industrial times) to about 250 ppm and then, over the next 9,000-8,000 years, steadily increased to the aforementioned pre-industrial value of 280 ppm (INDERMÜHLE et al. (1999)). The unit ppm (parts per million) will be discussed in detail in Chap. 10. Only in advance, for a better understanding of these trace concentrations, 1% corresponds to 10,000 ppm, or 280 ppm corresponds to 0.028%.
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Figure 7: Reconstruction of the temperature evolution (black jagged curve) of the Holocene (current interglacial warm period) starting about 12,000 years ago. On the x-axis the millennia before today are plotted and on the left y-axis the temperature deviations of the mean temperatures in °C (instrumental mean 1960-1990). Red curve (a): mean temperature trend according to MARCOTT et al. (2013). Black jagged curve (b): as above, but refined based on biological and glaciological studies and marine sediment data. Purple line (c): course of the change in inclination of the Earth's axis (ecliptic tilt, see Chap. 3) with the angle of inclination of the Earth's axis indicated on the right y-axis. [Source: VINÓS 2019]



This CO2 decrease of 20 ppm, during which the temperature of the Earth's surface had already increased by about 1.5°C, clearly shows a lag of the CO2behind the temperature development. This illustrates again a dependence of the CO2 development on the temperature development, and not vice versa. This is not surprising, because the huge water masses of the oceans, which cooled down during the Last Ice Age over a very long period of almost 100,000 years, could absorb clearly more CO2 and released this only with gradual warming of the deeper ocean zones, and with a clear delay again, into the atmosphere, while the atmosphere warmed up faster. Within the last 4 millennia one recognises in Fig. 7 the warm climatic optima of the Minoan Culture, the Roman Empire, and the Medieval, as well as the cold climatic pessima of the transition period from the Bronze to the Iron Age (also called Greek Dark Ages, around 2,500 years ago), the Migration Period (also called Dark Ages, around 1,500 years ago), and the Little Ice Age around 500 years ago. More about this in Chap. 6.

The luminosity of the Sun has remained relatively stable during the last millions of years, apart from a certain relatively short-term variability of intensity due to pulsating solar activity, which we will discuss in Chap. 4. Apparently, there must have been other longer-lasting factors that have caused the observed climate changes between warm and cold periods described above. It is remarkable that there were longer lasting glacial periods of extreme cold of about 100,000-year duration (Figs. 3 and 6) and in between shorter warmer periods (interglacials) of about 12,000-20,000-year duration. The change from warm to cold periods can occur within centuries however. The cyclic rise and fall of the temperatures on Earth, which can be observed in Fig. 5, shows periodicity patterns of about 41,000 and of about 22,000 years. How could, or can, it come to this?




3.

THE EARTH'S POSITION IN THE SOLAR SYSTEM

The radiation of the Sun reaching the Earth determines the temperature development of the Earth's surface, be it solid (land, ice), liquid (water) or gaseous (air) components of the Earth, and thus also the development of the different climate zones. The radiation budget of the Earth is primarily kept going by the solar radiation, or solar energy. This is essentially influenced by long-term cyclically changing astrophysical parameters. These control the position, respectively the distance of the Earth to the Sun depending on a more or less circular or elliptical orbit, the rotation of the Earth itself, its spherical geometry, and variation in the Earth's rotation axis inclination. The Sun itself shows relatively short-term variations in solar activity due to heliophysical parameters, which can be observed by the phenomenon of sunspots and be measured by the Total Solar Irradiance (TSI, see Chap. 4). Therefore, it is important to bring to mind first of all where we are, respectively where the Earth is located in our solar system and how narrow the tightrope walk of the human existence around the Sun is. This means how closely the existence of plant and animal life on Earth is linked to the distance from the Sun and the geometric position relative to it. In the tabular presentation of SCHOENITZER (2019) in Fig. 8, one can see that the mean surface temperatures on the planets of our solar system clearly decrease with increasing solar distance. In the case of the Earth, it is important to note that the distance to the Sun is not constant, but varies in the present by up to 5 million kilometres within a year, or up to 3% of the mean distance to the Sun.
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Figure 8: Tabular representation of the planets closest to the Sun (diameter, mass compared to Earth, surface temperatures, distance to the Sun, etc.). [Source: www.schoenitzer.de (2019)]



MILANKOVITCH CYCLES

Among other parameters, the astronomical factors of the Milankovitch cycles, named after the Serbian mathematician and geophysicist Milutin Milankovitch (1879-1958), are decisively responsible for long-term periodic changes of the solar radiation budget reaching the Earth, and thus for their influence on the development of the surface temperature on Earth. Milutin Milankovitch studied the influence on climate development of the three most important astrophysical cycles of the orbital and motion parameters of the Earth orbiting the Sun, to be described below (e.g. MILANKOVITCH 1930). It is worth mentioning that the Irish businessman and philosopher Joseph John Murphy (1827-1894), as well as the Scottish scientist James Croll (1821-1890, refer to FLEMMING 2006), already recognised the relationship between climate change and astrophysical factors almost half a century before Milutin Milankovitch. The calculation of the duration of the different astrophysical cycles goes back to John Nelson Stockwell (1832-1920) and Ludwig Pilgrim (1879-1935, see BERGER 2021).

CHANGING DISTANCE TO THE SUN

The Sun and all the planets in our solar system are located on a plane called the ecliptic, with only a few degrees of deviation. The Earth's orbit on this ecliptic plane around the Sun changes in cycles of about 100,000 years from an almost circular to a slightly more elliptical orbit, with the Sun at one of the foci of the ellipse. This Milankovitch Cycle is called eccentricity. The eccentricity is a pure numerical measure of the deviation from perfect circularity (Fig. 9-A). Fig. 10 shows the variation in the eccentricity of the Earth's orbit around the Sun between 1,000,000 years before and after today. The reason for these changes of the Earth's orbit are gravitational influences mainly from the planets Venus and Jupiter, which has the largest mass in the solar system (see Fig. 8). Also to a lesser extent from the other planets of our solar system, whose gravitational fields overlap with that of the Sun. At this point, it may be appropriate to mention that our solar system is located in a spiral galaxy (the Milky Way). Around it's centre, orbit four spiral arms of higher cosmic radiation – perhaps better to say, two pairs of spiral arms. Our solar system needs 220-240 million years (one galactic year) to orbit the centre of the spiral galaxy where it is exposed to changing higher cosmic rays. As we will discuss in the next chapter, ionised particles can stimulate the formation of condensation nuclei and thus cloud formation, which in turn affects the weather and ultimately the Earth's climate (e.g. USOSKIN (2011), SVENSMARK et al. (2021)). This is to say that nothing stays as it is in geological timescales in the Universe. Everything is in flow and changes constantly.
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Figure 9: Representation of the 3 astrophysical Milankovitch cycles; (A): change of the more or less elliptical orbit of the Earth around the Sun (eccentricity) with a cyclicity of about 100,000 years; (B): cyclic change of the tilt of the Earth's rotation axis (ecliptic skew), which varies between 22.1° and 24.5° in the course of about 41,000 years; (C): representation of the wobbling of the Earth's rotation axis (precession) in cycles of 19,000 to 23,000 years. [Source: TARBUCK et al. (2005)]



Already in ancient times, Greek philosophers, mathematicians, and astronomers described the planetary and stellar orbits. The elliptical orbit of the Earth around the Sun was recognised by Johannes Kepler (1571-1630) in the 17th century and described in his Kepler's laws. These were subsequently extended, and confirmed, by the English naturalist Isaac Newton (1642-1726) in his theoretical treatises of the laws of motion and gravitation in the 1680s. With this, he could also explain physically the scientific work of Nicolaus Copernicus (1473-1543) and Galileo Galilei (1564-1641). Thus, he also confirmed finally that the geocentric worldview of the European main stream of that time, according to which the Earth is located in the centre of the Universe, and the Sun and the planets should circumnavigate the Earth, was wrong. Based on their nature observations and scientific calculations, Nicolaus Copernicus, Giordano Bruno and Galileo Galilei advocated the heliocentric view of the world placing the Sun at the centre of the solar system. This had already been recognised, for example, by the Greek astronomer and mathematician Aristarchus of Samos about 310-230 years BC. These scientists defending the heliocentric view of the world had been accused of heresy by the Medieval Inquisition. Giordano Bruno was sentenced to death at the stake for his dissenting scientific views. The sentence was carried out in 1600.

Today, that is, in the present warm interglacial period of the Holocene, the current orbit of the Earth around the Sun is almost equal to a circular orbit. Thus its eccentricity is very small, which today has a value of 0.0167. Probably in little less than 30,000 years, the eccentricity will again reach its minimum with a value smaller than 0.005 (Fig. 10). A perfect circle has an eccentricity value of 0 and ellipses have eccentricity values greater than 0 but less than 1. Since only when the ellipse becomes a straight line, it then reaches the value of 1. Professor Georges Lemaître, Belgian climatologist and former director of the Institute of Astronomy and Geophysics at the Catholic University of Louvain (Belgium), calculated the Milankovitch cycles in the 1970s using the most modern computers available at that time. He calculated for the past million years that the eccentricity values varied between 0.00056 and 0.0535, with a mean duration of eccentricity cycles of 95,200 years. During the next million years, the eccentricity values will vary between 0.0026 and 0.0565 with a mean cycle duration of 91,400 years (BERGER 1977, refer also to the last chapter). According to André Berger's calculations, the eccentricity of the Earth's orbit will never become larger than 0.0728. The mentioned fluctuation range of the eccentricity shows that this astrophysical orbital parameter is subject to a constant change (Fig. 10). The current distance between the Earth and the Sun, at a very small numerical eccentricity of 0.0167, varies annually between a minimum of about 147.1 million kilometres, in the perihelion (from the ancient Greek: perihelios = close to the Sun) and a maximum of about 152.1 million kilometres in the aphelion (ap(o)-helios = far from the Sun). Currently, in the northern hemisphere, we are closer to the Sun in winter than in summer, which is also subject to changes in the course of geological history. More about that later.
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Figure 10: Calculated numerical eccentricity values (y-axis) of the Earth's orbit around the Sun 1,000,000 years before (-) and after (+) today (see x-axis). The current value in the present warm Holocene interglacial period is 0.0167, well below the mean value of 0.0267 (purple horizontal line). The current orbit of the Earth around the Sun is very close to a circular orbit. Cold and warm periods on Earth correlate clearly with maxima and minima of eccentricity, respectively. [Source: www.geoastro.de]



This is after all a maximum distance difference of 5 million kilometres, or more than 3% with respect to the mean distance Earth-Sun. Only to imagine the dimension of this astronomical variable, this corresponds to the 13-fold average distance Earth-Moon. With increasing eccentricity, the distance Earth-Sun in the aphelion (sun-distant) position increases. That means, the maximal distance Earth-Sun at small eccentricity (today approx. 0.0167) is clearly smaller than with large eccentricity (up to 0.06 during the last ice ages). With only a slightly more elliptical shape of the Earth's orbit around the Sun, at increasing eccentricity, the distance Earth-Sun becomes correspondingly larger in the aphelion (sun-distant) position and the radiation intensity of the Sun reaching the Earth decreases. Here, the Inverse Square Law must be taken into account, which states that the radiation intensity of a punctate source of radiation decreases in proportion to the square of the distance from the source of radiation (in this case, the Sun). This means that as the distance from the Sun increases, the intensity of radiation reaching the Earth decreases as a square function of the increasing distance. This all sounds quite complicated, but mathematically it is easy to grasp and to calculate.

At lower solar distance in the Earth's maximum position of solar distance (aphelion), as it is at the present warm Holocene interglacial period, the insolation is larger to the square of the distance than at larger solar distance in aphelion positions during the last ice ages at larger eccentricity with values of up to 0.06 (i.e. a less circular, more elliptical orbit of the Earth). A relatively greater eccentricity ultimately leads to greater temperature differences between winter and summer in both hemispheres, as 6 months elapse between Earth's minimum and maximum solar distance positions. This is particularly relevant to the higher latitudes, where the differences in solar irradiance (therefore in surface temperature) between summer and winter have a greater impact. Assuming that the mean Earth-Sun distance (149.6 million kilometres) remains the same, at an eccentricity of 0.06 the yearly sun-close distance would be about 140.6 million kilometres, and the yearly maximum solar distance (aphelion position) about 158.6 million kilometres. The difference would then be 18 million kilometres, or 12% of the mean distance, or roughly 47 times the Earth–Moon distance. As said above, for the moment this distance difference is only about 3% (of the mean distance) due to the almost circular orbit of the Earth around the Sun. The very slightly more elliptical orbit represented in Fig. 9-A is exaggerated, as at this image scale the eccentricity difference between 0.01 and 0.055 is not presentable. The eccentricity does not only change in cycles lasting about 100,000 years, as recognised by Milan Milankovitch. Recent geoscientific studies also confirm another cycle of about 405,000-413,000-year duration that can be traced back over hundreds of millions of years (e.g. KENT et al. (2018)). VINÓS (2023) sees this as the main cycle of eccentricity. According to BERGER (1977), astrophysical cycles of 1.3 and 2.3 million years were also still relevant for the evolution of the paleoclimate. In addition, there are further negative and positive impacts, respectively, on the temperature evolution of the atmosphere and oceans. These are the two overlapping Milankovitch cycles to be described below.

ECLIPTIC TILT OF THE ROTATION AXIS

The Earth's axis of rotation is inclined toward the perpendicular of the aforementioned ecliptic plane, the orbital plane of the planets around the Sun. This is called the ecliptic tilt or obliquity. In a cycle averaging 41,000 years, the angle of inclination, or tilt of the Earth's rotation axis varies between 22.1° and 24.5° (Fig. 9-B). This means that the Earth's axis of rotation is not perpendicular to the plane of the Earth's orbit around the Sun, but varies between 22.1° and 24.5° over the course of approximately 41,000 years. The angle of inclination, or the geographical position of the tropics south and north of the equator, are given in school atlases as 23.5°. Oinopides of Chios, a Greek astronomer and mathematician who lived in the second half of the 5th century BC, that is 2½ millennia ago, was probably the first to calculate the ecliptic obliquity fairly accurately at 24°, using a wooden stick as a shadow pointer (called a gnomon) to calculate astronomical quantities. At his time, the spherical shape of the Earth was already known, whose surface Parmenides of Elea (Greek philosopher, more or less contemporary of Oinopides) divided into five belts (Greek zoné) according to the different strength of insolation and climates. He spoke of frostbitten, temperate habitable, and burnt uninhabitable zones (SCHULZ 2016).

At present, the inclination angle of the Earth's rotation axis is 23.44° (23.27° according to BERGER 2021) and decreases monthly by approx. 0.00001°. According to BERGER (1977), the ecliptic obliquity varied during the past one million of years between 22.03° and 24.43°, with a mean cycle duration of 41,083 years, respectively in the next one million of years between 22.20° and 24.33°, with a mean cycle duration of the obliquity of 39,375 years. At larger ecliptic obliquity (inclination close to 24.5°), temperature differences (i.e. solar irradiance) between summer and winter in the northern or southern hemisphere, especially at higher geographic latitudes, are more extreme than at small ecliptic obliquity (inclination close to 22.1°). Compared to the southern hemisphere, this is particularly relevant for climate changes in the northern hemisphere, with a significantly larger continental surface distribution, where huge continental ice sheets can be formed during the ice ages.

During obliquity cycles, the total solar energy reaching the Earth does not change, as in the case of the eccentricity cycles, but the amount of solar energy received by the different geographical latitudes does, due to the changing incidence angle of sunrays. This is particularly noticeable in the higher geographical latitudes, overall in the polar regions north and south of the latitudes 60°N and 60°S. Our typical four seasons in the middle and higher geographical latitudes of the northern hemisphere, analogously in the southern hemisphere, are due to the inclination of the Earth's rotation axis. During the course of a year, the rotation axis of the Earth does not remain tilted in the same orientation to the Sun. Fortunately, the rotation axis of the Earth turns in the course of a year on its orbit around the Sun from an orientation inclined away from the Sun (winter on the northern hemisphere and summer in the southern hemisphere) to an orientation inclined towards the Sun (summer in the northern hemisphere and winter in the southern hemisphere). During this annual movement, the angle of inclination (= ecliptic slope), which changes from 22.
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