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Introduction



Water and carbon are essential to life on Earth and processes that link the atmosphere, land and sea. Recent reforms of the A-level curriculum reinforced the importance of physical geography by requiring study of the water and carbon cycles. This book supports and encourages learning about these biogeochemical cycles. The need to develop a thorough knowledge of the water and carbon cycles is made urgent by the challenges posed by global warming. An understanding of these cycles is central to appreciating how anthropogenic impacts are affecting the planet, both now and in the future, and in finding solutions to the problems caused by climate change.


The A-level Geography Topic Master series


The books in this series are designed to support learners who aspire to reach the highest grades. To do so requires more than learning-by-rote. Only around one-third of available marks in an A-level Geography examination are allocated to the recall of knowledge (assessment objective 1, or AO1). A greater proportion is reserved for higher-order cognitive tasks, including the analysis, interpretation and evaluation of geographic ideas and information (assessment objective 2, or AO2). Therefore, the material in this book has been purposely written and presented in ways which encourage active reading, reflection and critical thinking. The overarching aim is to help you develop the analytical and evaluative ‘geo-capabilities’ needed for examination success. Opportunities to practise and develop data manipulation skills are also embedded throughout the text (supporting assessment objective 3, or AO3).


All Geography Topic Master books prompt students constantly to ‘think geographically’. In practice this can mean learning how to seamlessly integrate geographic concepts – including place, scale, interdependency, causality and inequality – into the way we think, argue and write. The books also take every opportunity to establish synoptic links (this means making ‘bridging’ connections between themes and topics). Frequent page-referencing is used to create links between different chapters and sub-topics. Additionally, numerous connections have been highlighted between Water and carbon cycles and other geography topics, such as Coastal landscapes, Changing places, or Global systems.


Using this book


The book may be read from cover to cover since there is a logical progression between chapters (each of which is divided into four sections). On the other hand, a chapter may be read independently whenever required as part of your school’s scheme of work for this topic. A common set of features are used in each chapter:





•  Aims establish the four main points (and sections) of each chapter



•  Key concepts are important ideas relating either to the discipline of Geography as a whole or more specifically to the study of coastal landscapes



•  Contemporary case studies apply geographical ideas, theories and concepts to real-world local contexts such as the response of the Amazonian rainforest to increased incidence of drought, and issues involved in managing the water and carbon-based resources at a time of climate change (e.g. the role of non-governmental and corporate organizations in tackling carbon emissions in the USA)



•  Analysis and interpretation features help you develop the geographic skills and capabilities needed for the application of knowledge and understanding (AO2) and data manipulation (AO3)



•  Evaluating the issue completes each chapter by discussing a key issue concerning water and carbon cycles (involving competing perspectives and views) e.g. water supply issues in the UAE and Yemen.



•  Also included at the end of each chapter are the Chapter summary, Refresher questions, Discussion activities, Fieldwork focus (supporting the independent investigation) and selected Further reading.









CHAPTER 1 Systems and feedback
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The systems approach is a way of studying complex issues in a simplified form. It helps geographers to understand the functioning of real-world interrelationships, equilibria and feedback loops such as those associated with the water and carbon cycles. This chapter:





•  explores how the systems approach is applied across a range of physical geography topics, including the water cycle, carbon cycle and studies of landscapes and rivers



•  investigates the key concepts of equilibrium and feedback in a systems context



•  assesses the extent to which systems change over time or always return to their equilibrium state.
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KEY CONCEPTS


System An assemblage of parts and the relationships between them, which together constitute an entity or whole. The systems approach helps us visualise complex sets of interactions.


Model A simplified structuring of reality which represents supposedly significant features or relationships in a generalised form.


Feedback Ways in which changes in an environment may be accelerated or modified by the processes operating in a system.


Threshold (or tipping point) A critical level beyond which change in a system becomes potentially irreversible.


Equilibrium A state of balance between system inputs and outputs. A steady state equilibrium means that there is balance in the long term, although there may be short-term changes and fluctuations.
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1 The systems approach
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•  What are the main characteristics of the systems approach?
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A system refers to any set of inter-related components or objects which are connected to form a working unit. A systems analysis simplifies the complexity of the natural world, and makes it more understandable. Ultimately, our entire natural environment operates as a single entity, in which each component has connections with all the other components (an idea that underpins James Lovelock’s famous Gaia hypothesis). It is impossible to build a functioning model which takes into account all of the Earth systems shown in Table 1.1. This is why geographers identify particular environmental subsystems as units of study, within each of which there are plenty of clear and direct system connections that can be analysed. The drainage basin (and river landscape system within it) is one such subsystem. Chapter 2 explores how it is difficult to study the global hydrological system comprehensively, while, in contrast, studies of particular local-scale drainage basin hydrological systems can be relatively all-encompassing (with the caveat that it is of course far easier to model the behaviour of very small drainage basins than enormous continental basins such as the Amazon and Nile).
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KEY TERM


Gaia hypothesis The Gaia hypothesis says that the Earth is a global control system of surface temperature, atmospheric composition and oceanic salinity. It proposes that Earth’s elements (water, soil, rock, atmosphere and the living components called the biosphere) are closely integrated and form a complex interacting system that maintains the climate and biogeochemical conditions on Earth in balance (homeostasis) that best provides the conditions for life on Earth.
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KEY TERMS


Subsystem A smaller part of a larger system, e.g. the basin hydrological cycle is a subsystem within the larger Earth-ocean-atmosphere system.


Drainage basin The area drained by a single river.
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Systems can be represented as diagrams. In these system diagrams, stores are usually represented as rectangular boxes, and flows as arrows indicating the direction of the flow (Figure 1.1). There are several different types of system – morphological systems, cascading systems, process-response systems, open and closed systems – each of which is now explored in turn.


Morphological systems
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Figure 1.1 A systems diagram showing a stream channel as an open system





Morphological systems are the simplest form of system, in which some of the component parts or elements are identified, and the links between them are shown (Figure 1.1). Figure 1.1 is very much a simplification as it does not take into account either climate inputs, water inputs or human activities, for example. However, this morphological system allows geographers to investigate the functioning of certain elements within a drainage basin, and the interrelationships within it, albeit in a simplified form.
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ANALYSIS AND INTERPRETATION
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Figure 1.2 The drainage basin as a morphological system





Study Figure 1.2, which is one way of representing a drainage basin as a system.





(a)  Identify the system element that has no direct influence on vegetation.
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GUIDANCE


As you can see, geological structure is the only system element that does not directly link with vegetation. Instead, it is indirectly linked via the soil and valley-side slopes.
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(b)  Using Figure 1.2 and your own knowledge, suggest ways in which valley-side slopes and river channels are interrelated parts of a morphological system.
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GUIDANCE


Interrelated things exert influence over one another:


Firstly, valley slopes may have a direct and indirect influence on river channels. For example, on steep slopes, rates of overland flow may be high, and so more water and sediment will be transferred from the valley slopes to the river channel. In contrast, rates of mass movement may be much lower on low angle slopes. Valley slopes may indirectly influence river channels through their influence on soil and vegetation characteristics. Steeper slopes are more likely to have thinner soils, which in turn will influence the type of vegetation able to survive. This will influence interception, rain splash erosion, overland runoff and the volume of water and sediment reaching the river channel.


Secondly, the river channel may affect valley side slopes by either steepening them through vertical or lateral erosion, or it may reduce the slope angle by depositing material at the base of the slope. In some cases, rivers may repeatedly flood onto valley slopes and begin the formation of a small floodplain, thereby burying irregularities in the valley-side slopes.
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Cascading systems


A cascading system is characterised by the way energy or matter flow through it. The water cycle (Figure 1.3; see also page 26) and carbon cycle (see Chapter 4) – which are the main themes of this book – are both cascading systems that consist of stores and flows. Stores are where matter or energy are kept, and flows are the movements which provide inputs and outputs of energy and matter. The flows also involve processes that may be either transfers (a change in location) or transformations (a change in the chemical nature, a change in state or a change in energy).
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KEY TERM


Stores The locations where matter or energy is held in a system.
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KEY TERMS


Process An action or series of actions that achieve a particular result.


Transfers These refer to a change in location in a system, whereas transformations are the changes in the state of the components of a system or a change of energy.
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Figure 1.3 The water cycle visualised as a cascading system






Process-response systems



A process-response system integrates some of the characteristics of both morphological and cascading systems. It is used to analyse interactions between movements of energy or matter and changing environmental components. The internal dynamics of a process-response system include the operation of positive and negative feedback (see pages 12–13).


A good example of a process-response system is the drainage basin hydrological cycle, which shows inputs, stores and outputs (Figure 1.4).




[image: ]

Figure 1.4 The drainage basin hydrological cycle
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Figure 1.5 The effects of dam construction on hydrology





As Figure 1.5 shows, the hydrological and fluvio-geomorphological effects of dam construction are both intentional and unintentional. While dams may be built primarily for irrigation or flood control, there are systematic impacts resulting from the way physical processes respond to the change that has occurred, including the following:





•  Increased evaporation losses due to the large reservoir contained behind the dam. For example, evaporation losses from Lake Nasser behind the Aswan Dam increased by 30 per cent following the dam’s construction (it was completed in 1970).



•  Thermal stratification takes place in the lake, with cold water occurring at depth and warm water at the surface. This can affect water chemistry with changes in pH levels and the amount of dissolved oxygen present.



•  There may be increased water loss through seepage into the groundwater zone. The quality of the water may decline due to increased sedimentation, from vegetation dying and rotting in the lake.



•  Seismic stress. For example, an earthquake in November 1981 is believed to have been caused by the Aswan Dam (as water levels in the dam decrease, so too does seismic activity).



•  Deposition and sediment infilling within the lake (at a rate of about 100 million tons each year). For example, the subsequent erosion of the Nile Delta following the construction of the Aswan Dam: the Delta is shrinking at a rate of about 2.5 cm each year on account of decreased transport of new sediments.
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Figure 1.6 Half-submerged trees at Batang Ai, Sarawak, Malaysia





Some of the responses listed above – notably seismic stress – involve the operation of other physical geography systems. This demonstrates the way geographers can use system theory (and process-response systems in particular) to help establish synoptic links between different interlinked geographical themes and topics. Can you think of ways in which carbon cycle flows (see pages 101–25) might also have been affected by the construction of the dam as part of a broader series of process responses?



Using the systems approach in physical geography


You will encounter many examples of system thinking while studying physical geography at A-level. Several are shown in Table 1.1.








	Physical system


	Possible study topics







	The water cycle and hydrological systems

	




•  Drainage basin land-use changes and their direct and indirect effects on the hydrological cycle and water flow (see page 26)



•  How human modification of rivers, including dam building, impacts on rivers, flooding and hydrological flows and stores (see page 30)



•  The impact of urbanisation on storm hydrographs (see page 49)












	The carbon cycle (including soils and ecosystem studies)

	




•  How land-use changes, including deforestation, are influencing water and carbon cycles (see page 192)



•  How climate change is causing carbon cycling to change (see page 122)



•  The impact of fire on carbon cycling in rainforests, savannas and forest systems (see page 195)



•  How human impact can alter succession in ecosystems












	Climate systems

	




•  Greenhouse gases and climate change (see page 20)



•  How El Niño, La Niña and the North Atlantic Oscillation are responsible for many short-term changes in weather (see page 16)



•  Changing urban microclimates (as more people live in urban areas)



•  Extreme weather events, including hurricane frequency and magnitude












	Coastal landscape systems

	




•  How coastal landscape systems operate



•  Coastal management schemes and their intentional and unintentional systematic impacts












	Dryland landscape systems

	




•  How dryland landscape systems operate



•  Desertification and soil degradation issues












	Glacial and periglacial landscape systems

	




•  How glacial landscape systems operate



•  Rising temperatures and systematic permafrost degradation and methane release (see page 206)



•  Rising temperatures, the melting of mountain glaciers and changing water cycle flows (page 207)












	Geological and tectonic systems

	




•  Over a long-term geological timescale, how continents move and mountains are formed or eroded



•  How variations in shear strength and shear resistance can trigger mass movements and landform system changes



•  How all drainage basins maintain a mass balance of sediments based on denudation, transport and deposition













Table 1.1 Examples of systems in physical geography
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KEY TERMS


Water cycle The continuous movement of water between land, atmosphere and sea.


Deforestation The removal of trees and subsequent conversion of once forested land to non-forest use.


Carbon cycle The biogeochemical cycle by which carbon moves from one part of the global system to another. At the global scale, it is a closed system made up of linked inputs, outputs, flows and stores. At the local scale, it is an open system.


Permafrost Ground (soil or rock and included ice) that remains at or below 0°C for at least two consecutive years. The thickness of permafrost varies from less than 1 metre to more than 1.5 kilometres.
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ANALYSIS AND INTERPRETATION
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Figure 1.7a A morphological system and b a cascading system





Study Figures 1.7a and 1.7b, which show two different types of system. Figure 1.7a is a morphological system (showing the relationship between slope angles and stream characteristics in a drainage basin). Figure 1.7b shows elements of the water cycle (a cascading system). The squares represent stores and the triangles transfers (flows) between stores.





(a)  Analyse the relationships between the different system elements in Figure 1.7a.
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GUIDANCE


When answering a question like this, remember that the question only asks for a descriptive analysis, so no explanations are required here (your analytical skills are being tested instead). Figure 1.7a shows how complicated rivers and drainage basins can be. Although it only covers four aspects of a drainage basin, there are six links between them. For example, there are positive relationships between maximum slope angle and stream gradient, mean slope angle and stream gradient and maximum slope angle and mean slope angle. In contrast, there are negative relations between drainage basin area upstream and mean slope angle, drainage basin area upstream and maximum slope angle, and between drainage basin area upstream and stream gradient.
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(b)  Assess the value of Figure 1.7b as a way of representing water cycle stores and flows.
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GUIDANCE


Figure 1.7b shows that moisture in the atmosphere is transferred through precipitation on the Earth’s surface. Some of this then enters into the soil (infiltration) to become soil moisture. The command word ‘assess’ requires you to look at the strengths and weaknesses of this system representation. On the positive side, it clearly distinguishes between stores and flows and shows the ‘cascading’ nature of the system. On the negative side, there are no relative sizes shown for the stores and flows.
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(c)  Compare and contrast the main features of the morphological system and the cascading system.
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GUIDANCE


Both diagrams show connections between the elements of a physical system. The morphological system shows how elements interact with one another, and whether they are related in a positive or negative way. In contrast, the cascading system suggests links between some of the parts. However, it does not suggest whether the links are positive or negative. Moreover, the cascading system suggests a one-way movement of water, but not a circular movement.
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Contrasting open and closed systems



Systems are normally divided into two types – open and closed. These are shown in Figures 1.8a and 1.8b (where Store A could represent moisture in the atmosphere, Store B moisture in soil/bedrock and Store C moisture in rivers/oceans).
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KEY TERMS


Atmosphere The layer of gases surrounding the Earth.


Closed system A system in which there is no transfer of matter or energy across the external borders of the system.


Open system A system in which there are flows of energy and matter across the boundaries of the system.
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•  In a closed system, there is no transfer of energy or matter across the external boundaries of the system (Figure 1.8a). The global hydrological cycle is often considered to be a closed system, as there is a fixed supply of water always remaining within the Earth’s physical system as a whole. In reality, however, the hydrological cycle is driven by solar energy, so there is a movement of energy (if not matter) across the boundary of the Earth.



•  In contrast, in a truly open system, there are also flows of matter across the boundaries of the system (Figure 1.8b). In the drainage basin hydrological cycle, precipitation arrives from outside the area (for example, when a weather front arrives), and there are also movements of sediments, wind-blown material and people that all represent external inputs into the drainage basin.
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Figure 1.8a Closed and b open systems
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ANALYSIS AND INTERPRETATION


Study Figures 1.8a and 1.8b.





(a)  Using the diagrams and your own knowledge, suggest why the Earth’s global water and carbon cycles are usually classed as closed systems, whereas local water and carbon cycles are open systems.
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GUIDANCE


Apart from the Universe, no natural system is truly closed. Only in laboratory conditions (which are not natural) do closed systems exist on Earth. The planet is an open system with regard to energy. Energy flows from the Sun to Earth, and some is re-radiated back into space. In contrast, the Earth can be considered a closed system with regard to matter. Although in the geological past there was some input of water and materials from meteorites, the Earth generally contains all of the matter that it will ever have. Some of this, such as water, is recycled through the atmosphere and through rocks, for example. Therefore, the Earth can be considered a closed system in relation to water and carbon, for example (although both cycles are driven by solar activity, and might still be viewed as open systems with respect to incoming solar radiation).


In contrast, a drainage basin or local forest ecosystem receives energy and matter from the Sun, precipitation and higher elevations. These inputs pass through the system, performing functions such as erosion and deposition, to produce outputs of heat, water and sediment. Similarly, carbon sequestration processes taking place in a local ecosystem are balanced by carbon losses from the area (e.g. the removal of timber to other places).
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2 Equilibria and feedback
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•  Why are the concepts of equilibrium and feedback important for the study of systems?
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The key concept of equilibrium


Equilibrium refers to a state of balance between inputs and outputs. A steady state equilibrium means that there is balance in the long term, although there may be short-term changes. The precise nature of any equilibrium depends on the timescale involved.
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KEY TERMS


Carbon sequestration The natural capture and storage of carbon dioxide (CO2) from the atmosphere by physical or biological processes such as photosynthesis.


Steady state equilibrium A long-term balance is maintained, although there may be short-term changes in the system’s state.


Static equilibrium A system in which there is no change over time.


Dynamic equilibrium A system in which there are short-term fluctuations occurring over a changing long-term mean or baseline.


Anthropogenic Relating to human activity.
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•  Over a short timescale, it may be possible to identify a static equilibrium (there is essentially no change over time) or a steady state equilibrium (there are short-term variations – such as periods of drought or flooding affecting local water cycles – over a long-term steady state).



•  However, over a longer timescale the equilibrium may be dynamic (Figure 1.8), meaning that short-term fluctuations are additionally occurring around a changing long-term mean (linked, for example, with progressive natural or anthropogenic climate change).
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Figure 1.9 Timescales and equilibria: a dynamic equilibrium b steady state equilibrium and c static equilibrium





Over a short-term period, for example weeks or months, no change may be visible, and equilibrium could be said to be static. A steady state equilibrium is said to exist when there are minor changes to a system, but it always returns to its original form (possible because negative feedback occurs, as page 12 explains). Over a longer term, change may be visible, and dynamic equilibrium is said to occur; i.e. the whole system is very gradually changing due to changes in the wider environment, such as long-term tectonic plate movement affecting a location’s altitude and/or climatic characteristics. A good example of this is the continued gradual isostatic uplift of Scottish beaches and the gradual sinking of the south-east of England following the last major glacial advance over 110,000 to 11,700 years ago. Because of these processes, UK coastal landscape systems are in a state of dynamic equilibrium when viewed over millennia.


The different kinds of equilibria shown in Figure 1.9 can also be illustrated using changes in stream discharge.





•  Mean river flow generally stays the same for a period of days (Figure 1.9c). However, following a storm, stream flow (discharge) may increase over the short term. After a few days or longer – depending on the extent of the storm and size of river basin – stream flow returns to ‘normal’. There may also be seasonal variations in discharge in some climatic zones: the year-on-year pattern generally remains the same: i.e. there is still a steady state equilibrium.



•  Longer-term cyclical variations lasting for years and decades may occur; these might be associated with El Niño events (see page 16) or longer-lasting climatic oscillations. But even these changes will usually be reversed, allowing conditions to return to ‘normal’ after some years (Figure 1.9b).



•  However, over a long-term timescale of millennia, climates can permanently alter, along with stream flows (Figure 1.9a). For example, many streams in southern England had much higher flows during the most recent periglacial climatic phase around 9,000 years ago – with discharges up to 50 times greater than today during periods of spring snowmelt from retreating ice sheets (Figure 1.10). Subsequent changes leading to the climate we experience in the UK today are part of this long-term dynamic trend.
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Figure 1.10 At the end of the last ice age, glaciers in the UK melted gradually over many centuries: this introduced an additional element of long-term change, or dynamic equilibrium, to the seasonal flow variations experienced by rivers





Short-term misconceptions about long-term changes


Humans have only been measuring natural phenomena for a relatively short period of the Earth’s history and this can make it difficult to identify long-term trends and the equilibria states (or otherwise) of different systems. Reliable long-term data are required to identify long-term trends and to differentiate them from short-term fluctuations. However, long-term data may not always be available and so trends or patterns may not be correctly identified i.e. different trends occur over different time scales/sampling frequencies.





•  For example, Figure 1.11a suggests that a researcher measuring an environmental change (such as atmospheric carbon) from period t1 to t2 would most likely conclude that the level was falling; whereas there is, in fact, a steady state when the system is viewed over a longer time period.



•  In Figure 1.11b, a researcher studying the period lasting from t1 to t2 might conclude the system was in a steady state; but if he or she had access to data over a longer time period it would become apparent that the system is actually in a state of dynamic equilibrium.
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Figure 1.11 Short-term misconceptions (in relation to long-term trends)





As many processes that operate in physical geography do so over a very long period of time, it is important, but sometimes not possible, to have access to quantitative data over long periods of time. Unfortunately, some processes, such as glacial erosion, may remove the evidence from earlier periods, making it difficult to build up a clear picture of landscape development.



Dynamic metastable equilibrium



Finally, some geographers have noted that there may be episodes of landscape stability followed by periods of landscape change – this is known as ‘episodic erosion’. Stanley Schumm (1976) showed that some valley floors are lowered episodically rather than continuously. This could occur due to the accumulation of sediments from the upper part of a basin covering, and protecting, the bedrock on the valley floor. Similarly, the build-up of carbon (locked in frozen soil) in periglacial areas over centuries could be removed following warming conditions and the occurrence of fires, thereby releasing vast amounts of carbon and methane into the atmosphere.
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KEY TERM


Dynamic metastable equilibrium A system in which there is periodic/irregular activity leading to a change in the system. After the period of change, the system returns to a steady state for some time.





This situation has been described as dynamic metastable equilibrium (Figure 1.12), which differs from dynamic equilibrium in that the landscape is lowered discontinuously rather than progressively. Under dynamic metastable equilibrium, phases of steady state equilibrium are altered when an environmental threshold has been exceeded.
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Figure 1.12 Episodic erosion and dynamic metastable equilibrium





Feedback in systems


One important characteristic of systems is the way they sometimes self-adjust in response to throughputs of energy and matter. This change is brought about by a self-regulation mechanism called feedback. As one of the components in a system changes, an imbalance may result. As a result, the whole system begins to change in ways which accommodate the changed component. The time-lag between external change and internal adjustment is known as the relaxation time of the system.


Negative feedback


The most common type of feedback relationship is called negative feedback. This occurs when a change factor leads to a number of other linked changes, but eventually the whole system stabilises again, and a steady state equilibrium is restored.
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KEY TERM


Negative feedback The process by which a system acts to decrease the effects of the original change to the system (self-regulation).





For example, an increase in rainfall may lead to an increase in stream velocity, which causes greater erosion and an increase in stream width. However, this now results in an increased wetted perimeter and proportionately greater friction between water and the river bed. Stream velocity therefore falls back to its original value. This kind of negative feedback is very common in physical geography. Note, however, that multiple events and responses – occurring over a long geological time period – may also result in the dynamic metastable equilibrium sequence shown in Figure 1.12.


Figure 1.13 shows an example of negative feedback or self-regulation in a landscape system. The initial trigger for change might be tectonic movement, causing uplift of rocks, or faulting, which results in some rocks being raised relative to others. If uplift across a river bed should cause an increase in channel gradient, the resulting increase in stream velocity will most likely cause an increase in erosion and vertical down-cutting into the bedrock. In time, however, this could lead to a reduction in the stream’s gradient again: equilibrium has been restored.
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Figure 1.13 Negative feedback can help regulate water cycle flows and processes in a river channel
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KEY TERMS


Positive feedback A change in a system which leads to an increasing deviation from the original (also known as vicious circle, snowball effect).


Threshold (or tipping point) A stage in a system’s development when it irreversibly departs from a previously established steady state equilibrium.
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Positive feedback


In contrast, positive feedback, which leads to a greater, permanent deviation from the original condition, is rarer. Initial changes are amplified (rather than being cancelled out) by internal system processes.





•  Positive feedback involves the crossing of a threshold that can lead to a system abandoning its old steady state equilibrium altogether. For example, increased temperature through global warming melts more of the ice in polar ice caps, glaciers and sea ice, leading to a decrease in the Earth’s reflectivity (albedo); thus the Earth absorbs more of the Sun’s energy, which makes the temperature increase even more, melting more ice.



•  How long it takes for a new (but different) steady state equilibrium to be achieved (if ever) depends very much on the context involved. IPCC scientists are alarmed by some climate change scenarios precisely because they appear to suggest ever-accelerating change.





(Positive feedback and climate change are explored in greater depth on page 146.)


Figure 1.14 shows an example of positive feedback occurring in a local water cycle context. In this case, rainfall and runoff from a severe storm has eroded the uppermost layer of a drainage basin’s soil. This layer is generally more permeable than the lower layers of the soil. As the exposed lower layers cannot soak up the rain collecting on its surface, the amount of water flowing over the land increases, and so too does soil erosion. This may continue until all of the erodible sub-soil has been removed and the underlying bedrock has been exposed. The drainage basin’s soil – an important water and carbon store (see pages 40–1 and 115–16) – has been permanently destroyed, with lasting implications for local water and carbon cycling.
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Figure 1.14 Positive feedback in the water cycle following a storm event





Positive feedback in the natural environment usually operates in short episodes of destructive activity but, in the longer term, negative feedback and self-regulation tend to prevail.



Using models in physical geography


System definition is a key part of model design, and helps us boil systems down to their component parts (simplifying the complexity), and is a core part of the scientific method. A model is a simplified version of reality which is used to improve our understanding of how systems work and can help predict how they will respond to change. Computer models use current and past data to generate future predictions. All models have strengths and limitations and inevitably involve some simplification and loss of accuracy. Some models are complex, such as the computer models that predict the effect of climate change (see page 15). Diagrammatic models (such as the water cycle on page 4 and the carbon cycle on page 101) can help an audience visualise the flows, stores and linkages that make up complex systems.
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KEY TERMS


Climate change A change in global or regional climate patterns, caused largely by increased levels of atmospheric carbon dioxide produced by the use of fossil fuels.


Flow A movement (or transfer or flux) between stores in a system.


Input A flow entering a store.


Output A flow leaving a store.
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There are many advantages of using models. They help scientists make predictions of what will happen if there are changes to system inputs, outputs or storages. Moreover, models allow inputs to be changed and outcomes examined without having to wait a long time (as we would have to if studying real events). In addition, they allow results to be shown to other scientists and to the public, and can be easier to understand than detailed information about the whole system. Building physically based computer models is the established scientific method for studying global circulation and underpins most change science.


However, models have limitations too. For example, environmental factors can be very complex with many interrelated components; it may be therefore impossible to take all variables fully into account. Unfortunately, if models are used to provide an overly simplified representation of reality then they may become less accurate as predictive tools. For example, there are a great many complex factors involved in the operation of atmospheric systems and carbon cycle fluxes (see page 102). As a result, some climate change sceptics have criticised the models used by the Intergovernmental Panel on Climate Change (IPCC) on the grounds of validity (their argument being that the processes and issues are so complex that any attempt at modelling is likely to result in potentially oversimplified and therefore flawed findings).


Different models may show varying effects and outcomes despite using the same input data. For example, competing models used to predict the effect of climate change can provide contrasting results, and levels of uncertainty tend to increase the further into the future we look. Moreover, any model is only as good as the data inputs used, and some information may not be reliable in the first place. Models also rely on the expertise and impartiality of the people making them. Different people may interpret models in varying ways, however, and so come to different conclusions. People who would gain from the results of particular models or predictions may exhibit bias by using them to their own advantage. For this reason it is very important that the workings of a model are understood and assessed. Scientific consensus is developed through the process of peer review whereby independent scientists assess the validity of other groups’ work.


Figure 1.1 shows long-term climatic scenarios described by the IPCC. The two climate change predictions portrayed here are worst-case RCP8.5 and best-case RCP2.6. The globes in Figure 1.1 show the likely ranges for regional warming by 2100. The models agree on large-scale warming at the surface, and that the land is warming faster than the ocean and that the Arctic will warm faster than the Tropics. Overall, however, they differ greatly in what they show, and the further into the future they look, the greater they diverge.
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Figure 1.15 Long-term climatic uncertainties





Moreover, there are two levels of uncertainty shown here: in addition to the two competing high-emissions and low-emissions scenarios produced by climate change modellers, there is further uncertainty surrounding exactly how much warming will occur for both scenarios. This is because the climate system and global economic systems responsible for carbon emissions are both so complex. For example, climate change will depend, in part, on the emissions of greenhouse gases from emerging economies and developed countries. Even if the exact volume of future greenhouse gases could be calculated reliably by climate change modellers, there may still be unknown feedback mechanisms and tipping points (see page 12) that will affect outcomes in unanticipated ways.
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KEY TERM


Greenhouse gas Atmospheric gases, such as carbon dioxide, allow short-wave radiation from the Sun to pass through them, but they trap outgoing long-wave radiation, thereby raising the temperature of the lower atmosphere.
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Trying to predict human behaviour accurately in advance over the next 80 years or so is in any case clearly impossible. Future climate change will be affected by economic development processes, population growth trends, technological advances (such as the ‘green’ technologies analysed on pages 156–86), political decisions (to develop either renewable or non-renewable energy sources) and the varying ability of some countries to pay for whatever changes are required. With all these factors in mind (and there are many more), the IPCC develops different predictions to take into account changes that may influence climate change. They produce a set of alternative models to take account of the range of possibilities.


Finally, it is worth noting that Figure 1.15 shows larger-scale average changes, such as mean global temperature changes and broad regional patterns of warming. Far more detailed models are needed to show, for example, local precipitation changes for particular towns or cities.





3 Evaluating the issue
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•  To what extent do different physical systems change over time in permanent ways?
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Possible contexts for systems change


The Earth-atmosphere-ocean system has many subsystems operating at a variety of scales. For example, some lithospheric and tectonic systems operate very slowly and may appear unchanged for millennia. The current distribution of continents is a good example (albeit with very small movements measured in just centimetres per year). Similarly, ice stored on Antarctica – which is several kilometres thick in places – is thought to have been present for at least 2 million years. Some scientists believe it could be up to 40 million years old.


In contrast, the state of the atmosphere is constantly changing. It varies day by day, season by season, and over a period of decades, centuries and millennia. These different timescales for change are all operating simultaneously. For example:





•  in some mountainous areas, there may be frequent diurnal changes in surface water, soil water and some small streams from ice to water; as a result there are daily cycles of change in local hydrological and landscape systems that can be studied



•  some ecosystems show clear seasonal changes in vegetation cover and productivity – temperate deciduous woodland and savannas are good examples, whereas tropical rainforests and coral reefs show little seasonal variation



•  even where there is marked seasonal ecosystem (and thus carbon cycling) change, however, a steady state equilibrium is most likely maintained for the entire year as a whole. Any debate over whether change is occurring or not therefore becomes a matter of temporal perspective!





Evaluating the view that some systems do not change over time in permanent ways


Certain regions of the Earth and its surface features have remained essentially the same for very long periods of time. Antarctica and the tropical rainforest have already been mentioned, but some of the world’s great mountain landform systems, such as the Himalayas, have also existed in broadly their current state for many millennia. Very dry conditions persist throughout the world’s deserts, and despite occasional rains accompanied by brief flurries of vegetative growth, they return shortly afterwards to being dry, bare surfaces. This can be viewed as another example of very long-term steady state equilibrium. Other processes may be more frequent, and longer lasting, but return, nevertheless, to a steady state equilibrium (for example, ecosystem regeneration following the impact of a hurricane or a volcanic eruption).


The El Niño Southern Oscillation (ENSO) provides one further example of equilibrium being broadly maintained over time – despite the regular occurrence of shorter-term climatic fluctuations associated with this atmospheric phenomenon. ENSO is a reversal of the normal air and ocean circulation pattern for low latitudes. During El Niño years, a periodic warming of the eastern Pacific occurs, lasting for two years and occurring at intervals between two and ten years.


The normal east–west circulation that El Niño interrupts is called the Walker loop or Walker circulation (Figure 1.16). Near South America, under normal conditions winds blow offshore, causing upwelling of the cold, rich waters. By contrast, warm surface water is pushed into the western Pacific. Normally sea surface temperatures (SSTs) in the western Pacific are over 28°C, creating an area of low pressure and producing high rainfall. By contrast, over coastal South America, SSTs are lower, high pressure exists and conditions are dry.
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Figure 1.16 Normal conditions in the South Pacific Ocean are shown in (a), El Niño conditions are shown in (b) and La Niña conditions are shown in (c)
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(a)


A normal year


Warm, moist air rises, cools and condenses, forming rain clouds


Walker loop – normal air circulation


Rainforests


Australia


Trade winds


Thermocline


Upwelling


Deserts


The air pushes the warm water westwards


In a non-El Niñoyear, the trade winds blow from east to west along the Equator


(1) The trade winds blow Equator-wise and westwards across the tropical Pacific


(2) The winds blow towards the warm water of the western Pacific


(3) Convectional uplift occurs as the water heats the atmosphere


(4) The trade winds push the warm air westwards. Along the east coast of Peru, the shallow position of the thermocline allows winds to pull up water from below


(5) This causes upwelling of nutrient-rich cold water, leading to optimum fishing conditions


(6) The pressure of the trade winds results in sea levels in Australasia being 50 cm higher than Peru and sea temperatures being 8°C higher


(7) The Walker loop returns air to the eastern tropical Pacific


(b)


An El Niño year


Air circulation loop reversed


Disrupted trade winds


The trade winds pattern is disrupted – it may slacken or even reverse and this has a knock-on effect on the ocean currents


Disrupted trade winds


(1) The trade winds in the western Pacific weaken and die


(2) There may even be a reverse direction of flow


(3) The piled-up water in the west moves back east, leading to a 30 cm rise in sea level in Peru


(4) The region of rising air moves east with the associated convectional uplift. Upper air disturbances distort the path of jet steams, which can lead to teleconnections all around the world


(5) The eastern Pacific Ocean becomes 6-8°C warmer. The El Niño effect overrides the cold northbound Humboldt Current, thus breaking the food chain. Lack of phytoplankton results in a reduction in fish numbers, which in turn affects fish-eating birds on the Galapagos Islands


(6) Conditions are calmer across the whole Pacific


(c)


A La Niña year


Very strong Walker loop


This an exaggerated version of a normal year, with a strong Walker loop.


(1) Extremely strong trade winds


(2) The trade winds push warm water westwards, giving a sea level up to 1 m higher in Indonesia and the Philippines


(3) Low pressure develops with very strong convectional uplift as very warm water heats the atmosphere. This leads to heavy rain in south East Asia


(4) Increase in the equatorial undercurrent and very strong upwelling of cold water off Peru results in strong high pressure and extreme drought. This can be a major problem in the already semi-arid areas of northern Chile and Peru
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During El Niño episodes, this pattern is reversed. Water temperatures in the eastern Pacific rise as warm water from the western Pacific flows eastwards. Low pressure develops over the eastern Pacific as water temperature rises, while high pressure takes hold over the western Pacific. Consequently, heavy rainfall occurs over coastal South America; in contrast, Indonesia and the western Pacific are now warm and dry. Not all El Niño events are the same. There are stronger and weaker events, which may be linked to climate change.


In some other years, a phenomenon called La Niña occurs instead. This is an intensification of the normal Walker circulation whereby strong easterly winds push cold upwelling water off the coast of South America into the western Pacific. Its impact extends beyond the Pacific and has been linked with unusual rainfall patterns in the Sahel (just to the south of the Sahara desert) and in India, and with colder and wetter condition in western Canada.


A view can therefore be formed that the climate system in the southern Pacific region is essentially stable and unchanging when a longer-term analysis of air and ocean circulation is made. Periodic El Niño and La Niña reversals in circulation are part of the system’s normal steady state. Moreover, local water cycles in those parts of South America most affected by ENSO cycles enjoy a steady state in the longer term, despite alternating years or longer periods of very low and very high rainfall: water stores that are exhausted during La Niña years are replenished during El Niño years (see also page 122).


Evaluating the view that some systems do change in permanent ways over time


When we study physical systems over a longer timescale of millennia, or even millions of years, there is much greater evidence for significant and permanent changes taking place. There have been many ice ages during the Earth’s geological history:





•  The earliest ice age was some 2.3 billion years ago and the current ice age is in a warm interglacial phase with ice largely occurring in high latitudes and altitudes. However, much of this ice currently shows signs of receding. Currently, about 10 per cent of the Earth’s surface is covered by ice, but as recently as 18,000 years ago, the figure was 30 per cent.



•  Geologists also believe that the Earth may have become a giant ‘snowball’ during two distinct Cryogenian ice ages which occurred around 650 to 750 million years ago.





There are a number of interrelated factors that may cause ice ages and glacial phases. These include, firstly, the ‘stretch’ in the Earth’s orbit around the Sun, the ‘tilt’ of the Earth and the ‘wobble’ of the Earth’s axis (Figure 1.17). Secondly, the distribution of land and sea has changed radically over time in response to tectonic activity. Antarctica’s arrival at the South Pole led to the formation of the Antarctic ice sheet; this brought about permanent and fundamental changes in the Earth’s climate system and global water cycle.


Also, the collision of tectonic plates has resulted in mountain-building processes. The Himalayas are still rising today, part of an uplift initiated over 30 million years ago. The formation of the Himalayas was important for the development of the monsoon system; the new mountains’ great mass forced air to rise, condense and produce rainfall (in contrast, where there is a lack of high ground, such as in western Pakistan and the Thar Desert, the monsoon has little effect). Such a major change in South Asia’s relief had major influences on water cycle system operations. Without the Himalayas, northern India would most likely be a cold desert today; but because of the Himalayas, rainfall is increased and cold winds from Siberia are checked. This change also triggered a cascade of changes for the carbon cycle: a great thickness of uplifted sedimentary rocks, such as limestone, has been eroded over time by monsoon rains, leading to an increase in the volume of carbon transferred in solution into the sedimentary reservoir (ocean sediments).
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Figure 1.17 The Earth’s stretch, tilt and wobble
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The 100,000-year stretch


The Earth’s orbit changes from being relatively circular to having an elliptical shape and back again in a cycle that takes 100,000 years. Glacials occur when the orbit is relatively circular, and interglacials when it has a more elliptical shape.


Earth – elliptical orbit


Earth – more circular orbit


The 42,000-year tilt


Although the Tropics of Cancer and Capricorn are currently located at 23.5°N and S respectively, the earth’s axis varies between 21.5° and 24.5°. When the tilt increases, summers become hotter and winters colder, leading to conditions that favour interglacials.


Solar radiation


Position of Equator alters


a = 21.5°


b = 24.5°


The 21,000-year wobble


The Earth slowly wobbles in space over a 21,000-year period. At present, the wobble places the Earth closest to the Sun in the northern hemisphere’s winter and furthest away during the northern hemisphere’s summer. This tends to make winters mild and summers cool. These are ideal conditions for glacials to develop. The position was in reverse 12,000 years ago, and this contributed to the warm interglacial.


Axis describes a circle every 21,000 years


Today


Summer


Earth’s winter


Winter


Summer
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Projected permanent changes in Arctic sea ice coverage


Sea ice is part of the hydrological cycle in the Arctic Ocean. However, in recent decades the extent and thickness of the ice has been reduced, and this has been linked with changes in the system caused by human activities, notably the increase in greenhouse gases, and their impact on the cryosphere. Sea ice is generally thinner than terrestrial ice, and so is more vulnerable to melting.


Arctic sea ice has declined dramatically since about 1975 (Figure 1.18). The main reason is believed to be global warming, although this is not the only reason. The sea ice recorded on 3 February 2016 was the lowest volume on record. The Arctic is believed to now be at its warmest for 40,000 years, and the length of the melting season has increased by nearly three weeks since 1979.
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Figure 1.18 The extent of Arctic sea ice, 1979–2014





The Arctic sea ice minimum is generally reached during September and the maximum during March. However, the overall volume, thickness and extent have been declining for decades. In addition, the time the ice remains is changing. For example, in 1988, ice that was more than four years old accounted for over one-quarter of the Arctic sea ice, but by 2013 it was less than one-twelfth.


As the ice has receded, the potential for wave formation has increased. In 2012, five-metre waves were recorded in the Beaufort Sea. These waves helped break up the sea ice, thus establishing a positive feedback loop of disappearing sea ice and wave formation. Under ‘normal’ conditions, sea ice prevents the formation of waves.


Scientists have debated when (not if) the Arctic will become ice-free during summer. Predictions range from 2016 to 2040. This is viewed as a very long-term change that will soon occur in the absence of substantial climate change mitigation measures (see also pages 156–86).


The Anthropocene: a new epoch of changing systems?


The Quaternary, which existed for about 2 million years, was distinguished by regular shifts into and out of glacial and interglacial phases. The most recent geological epoch – the Holocene – has been a relatively stable part of the Quaternary period. However, scientists believe that we have entered a new epoch, and have called it the Anthropocene. They believe that this is a permanent change from the Holocene system, and that this new system is dominated by human activities.





•  One of the main ways in which humans have affected the planet is through the burning of fossil fuels. In the last 200 years, people have released quantities of fossil carbon that the planet took hundreds of millions of years to store away. This has led to major changes in the Earth’s carbon cycle. Although the natural fluxes of carbon dioxide into and out of the atmosphere are still more than ten times larger than the amount that humans put in every year, the human addition matters disproportionately because it unbalances those natural flows.



•  The result of putting more carbon into the atmosphere is a warmer climate, a melting Arctic, higher sea levels, an increase of evaporation and precipitation and new ocean chemistry (see page 108). Some climate scientists argue that the goal of the twenty-first century should be not just to stop the amount of carbon in the atmosphere increasing, but to start actively decreasing it. This might be done in part by growing forests, but it might also need more high-tech geoengineering, such as burning newly grown plant matter in power stations and pumping the resulting carbon dioxide into aquifers.





Another characteristic of the Anthropocene is changes in most ecosystems on the planet that reflect the presence of people. Farmland covers about 50 per cent of the world’s surface, up from about 5 per cent in 1750. Almost 90 per cent of the world’s plant activity is believed to be found in ecosystems in which humans play a significant role. Humans have not just spread over the planet, they have changed the way it works, including the functioning of the climate system, global and local water and carbon cycles and some landform systems, including managed coastlines, retreating glaciers (on account of a warming atmosphere) and river sediment movements.


The ‘planetary boundaries’ view of system change


Planetary boundaries are the limits for the processes that determine the Earth’s capacity for self-regulation. Recent evidence suggests the planetary system as a whole is approaching its boundary limit and that harmful changes now occurring may be permanent. Atmospheric concentrations of carbon dioxide are now in excess of 400 ppmv (parts per million by volume). The loss of summer polar sea ice is almost irreversible and will have a number of feedback mechanisms that will make the Earth even warmer and the sea level higher than at present. The consequences of human modification of water bodies include global-scale river-flow changes and land-use changes, causing changes in evaporation and runoff. This is likely to lead to permanent changes in the water cycle, and the carbon cycle, with unknown consequences.
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Figure 1.19 The planetary boundaries theory suggests humanity has pushed the Earth’s physical systems beyond a threshold of permanent and harmful changes (Steffen et al; 2015)





Climate change and biosphere integrity are called ‘core boundaries’. Altering these – as we are doing – is driving the Earth system into a new, less hospitable system state.


Alternative viewpoints on the permanency of physical systems changes


There are, however, some scientists who reject the view that the world has irreversibly entered a new negative era dominated by human activity. They say that solar energy remains the driving force for many of the Earth’s systems, such as climate and weather. They point out that human activity has had very little, if any, effect on tectonic systems.


An extreme version of this strand of thought is represented by climate change sceptics, who continue to deny that changes in the climate are anything other than part of the natural cycle, meaning that temperatures could fall again in time (especially, it is argued, if a new glacial period begins).





•  The Sceptical Environmentalist was written by the Danish environmentalist Bjørn Lomborg. In this book, he argues that many system changes such as global warming, biodiversity loss and water shortages are unsupported by statistical analysis.



•  The Great Global Warming Swindle by Martin Durkin is a documentary that argues against the consensus scientific view that changes in atmospheric systems are likely to be due to an increase in anthropogenic emissions of greenhouse gases. Durkin thinks that increased sunspot activity could be responsible for increases in temperature.





These views are rejected by the overwhelming majority of the scientific community.


Arriving at an evidenced conclusion


There is no doubting that the Earth’s many physical systems, including the global water and carbon cycles, are constantly changing. Some changes occur daily, others are seasonal or decadal; others may be operating over hundreds of millions of years. To what extent the changes we analyse are actually fluctuations occurring naturally within a long-term steady state equilibrium – or point instead to a longer-term dynamic (changing) equilibrium, or dynamic metastable equilibrium – can often become a moot point on account of data limitations or competing interpretations of the same data.


There are certain reasons to suggest that, even if the Earth’s physical systems have been stable for the last few hundreds of thousands of years, the planet is now experiencing accelerating and possibly irreversible change. A new geological epoch, the Anthropocene, has been proposed (in which, increasingly, the footprint of human activity appears in all systems). The world’s population is larger than it has ever been, and the demands we make on the environment are increasing rapidly. There are few parts of the Earth’s surface that have not been affected by human impact, either directly or indirectly. And, as more people reach a higher standard of living, there could be changes to lifestyles that have an even greater impact on physical systems, especially the water and carbon cycles. Some scientists have even gone so far as to establish planetary boundaries, beyond which they say there may be irreversible changes occurring in multiple systems.


Nevertheless, it may be possible that some time in the future, humanity develops ‘technological fixes’, such as a commercially affordable alternative to fossil fuels, in vitro farming (using stem cells to produce meat) or widespread desalination of water. These and other developments could slow down the human impact on the planet’s physical systems. But they have not become widespread yet.
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KEY TERMS


Lithospheric system The inputs of energy and matter into the lithosphere (crust and uppermost part of the mantle), the processes operating there, including plate tectonics, denudation, transport and the outputs of energy and matter.


Ecosystem A community and the physical environment with which it interacts.


Glacial phase Cold phases during an ice age, when ice masses increase in volume.


Interglacial phase Warm phases during an ice age when ice masses decrease in volume/size.


Cryosphere Those areas of the Earth where water is frozen into snow or ice, including ice sheets, ice caps, alpine glaciers, sea ice and permafrost.


Fossil fuel Non-renewable carbon resources, including oil, coal, natural gas and shale gas.


Biosphere The areas of the Earth that contain life.
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Walker loop.

(1) Extremely strong trade winds

(2) The trade winds push warm water westwards, giving a sea
level up to 1 m higher in Indonesia and the Philippines

(3) Low pressure develops with very strong convectional uplift
as very warm water heats the atmosphere. This leads to
heavy rain in south East Asia

(@) Increase in the equatorial undercurrent and very strong
upwelling of cold water off Peru results in strong high
pressure and extreme drought. This can be a major problem
in the already semi-arid areas of northern Chile and Peru
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The 100,000-year stretch

The Earth's orbit changes from being
relatively circular to having an elliptical
shape and back again in a cycle that
takes 100,000 years. Glacials occur
when the orbit is relatively circular,
and interglacials when it has @ more
ellptical shape.
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The 42,000-year tilt

Although the Tropics of Cancer and
Capricom are currently located at
23.5°N and S respectively, the earth's
axis varies between 21.5° and 24.5°
When the tilt increases, summers
become hotter and winters colder,
leading to conditions that favour
interglacials
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The 21,000-year wobble

The Earth slowly wobbles in space
over a 21,000-year period. At presert,
the wobble places the Earth closest to
the Sun in the northern hemisphere’s
winter and furthest away during the
northern hemisphere’s summer. This
tends to make winters mild and
summers cool. These are ideal
conditions for glacials to develop. The
position was in reverse 12,000 years
ago, and this contributed to the warm
interglacial
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