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Introduction





This textbook covers the subject content for AQA A-level Geography, as it is laid out in the specification document. This new edition brings the content up to date in order to keep pace with the changing world and to ensure it is even more in tune with students’ and teachers’ needs.


In response to teacher and student feedback:




	
•  the content has been reviewed for quality and accuracy and updated accordingly


	
•  case studies and examples have been updated and, where appropriate, replaced with more contemporary ones to reflect the dynamic nature of the subject


	
•  shorter, more regular review questions have been included to prompt a check on learning


	
•  practice questions have been added to reflect the style and structure of those set in A-level exams


	
•  links between different topics have been identified


	
•  suggestions for further reading have been updated to include new titles and articles.





The AQA A-level Geography curriculum encourages students to explore the interactions between the physical environment and human activities. Within this, you can investigate important contemporary issues at local, national and global scales in contexts specific to different parts of the world. The book forms the backbone for studies of AQA Geography, but it should also be supplemented with reference to current sources of information, including newspapers, television, periodicals aimed at post-16 geography students and, of course, the internet.


The following key features of the fourth edition have been retained:




	
•  Concepts are clearly explained and related issues are explored and analysed.


	
•  A variety of stimulus material is provided, including maps, graphs, diagrams and photographs.


	
•  Key terms for each topic are placed in text boxes within the relevant chapter and are to be found in bold type within the text.


	
•  Opportunities for fieldwork are suggested.


	
•  The geographical skills required in the specification are covered in Chapter 12. In the other chapters, there will also be a focus on using particular skills in the context of the topic material.


	
•  Review questions help reinforce your understanding of the information covered in the preceding section.







Understanding and preparing for assessment


Knowing and understanding the content of the core and your selected option topics is essential for the final assessment, and all the information that you need for the topics is covered in this textbook. In addition to knowing and understanding the content, to be truly successful in your final assessment, you need to know how to approach the examinations.


This introduction will help you understand and familiarise yourself with the structure of the exams, the types of questions that you will be asked and what examiners are seeking from your responses. If you are more aware of the scheme of assessment, assessment objectives, command words and how links between topics are used, it will improve your performance, as you will be able to apply your knowledge, understanding and skills more appropriately.





Scheme of assessment



The A-level course is designed to be studied over two years. The components of the assessment are as follows:








	
Component 1 (Physical geography)



	
•  Written examination paper of 2 hours and 30 minutes


	
•  Three sections:










	
Section A – Water and carbon cycles – core topic

All questions are compulsory. (36 marks)








	
Section B – either Hot desert systems and landscapes or Coastal systems and landscapes or Glacial systems and landscapes

You will have to answer questions on one of these topics. (36 marks)








	
Section C – either Hazards or Ecosystems under stress

You will have to answer questions on one of these topics. (48 marks)

















	
Component 2 (Human geography)



	
•  Written examination paper of 2 hours and 30 minutes


	
•  Three sections:










	
Section A – Global systems and global governance – core topic

All questions are compulsory. (36 marks)








	
Section B – Changing places – core topic

All questions are compulsory. (36 marks)








	
Section C – either Contemporary urban environments or Population and the environment or Resource security

You will have to answer questions on one of these topics. (48 marks)











In the three sections of Components 1 and 2, question types will consist of some lower mark questions and some with a higher tariff requiring answers with more depth. Total marks for each paper are 120.








	
Component 3 - Geography fieldwork investigation

This is a non-examination assessment








	



	
•  You must complete an individual investigation, which must include data collected in the field. The investigation must be based on a question or issue defined and developed by you and must relate to any part of the specification content.


	
•  Your final report should be between 3,000 and 4,000 words in length and will be marked by your teachers; your whole centre will then be moderated by AQA.


	
•  This component carries 60 marks in total.


















Assessment objectives


The three assessment objectives (AOs) for A-level Geography are shown below. These AOs determine how your knowledge, understanding and skills (and application of these) are assessed for each question on the exam paper.


To get a clearer idea of how the AOs are allocated on the exam papers, see the typical assessment structure on page xi and also check mark schemes for past papers on the AQA website at www.aqa.org.uk. Here is a summary of each AO in practice.




Assessment Objective 1




	
•  AO1 shows knowledge and understanding.


	
•  You should learn concepts, theories, processes and case studies in detail to be able to reach higher AO1 marks.


	
•  On lower mark (for example, 4-mark) questions, prefixed with command words such as ‘explain’ or ‘outline’, all of the marks are likely to be assessing AO1 knowledge and understanding, and your ability to recall concepts.


	
•  There is no AO1 credit in the non-examination assessed fieldwork investigation.










Assessment Objective 2




	
•  AO2 requires application of knowledge and understanding and is the key to achieving higher marks on most of the higher mark exam questions, prefixed with command words such as ‘assess’ or ‘evaluate’.


	
•  To access more AO2 marks, you are expected to apply your knowledge and respond to links identified by the question.


	
•  You therefore need to consider a range of potential connections within and between different topics to be able to achieve the AO2 marks in higher mark questions. (This is covered in more detail in the ‘Making connections and following links’ section of this introduction on pages viii–x.)
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Student advice on AO1 and AO2


For higher mark questions, the marks will usually be divided between AO1 and AO2. This means that the question is not only asking you to recall your knowledge and understanding but also to apply this to a new or ‘novel’ context posed by the question. It is important, therefore, to realise that on higher mark questions, you may only achieve around half the available marks for recalling learned material (AO1). To achieve the remaining marks, you must apply this recalled material to the question (AO2).


The use of case studies further illustrates the distinction between AO1 and AO2 marks. When answering higher mark questions, particularly those of 20 marks, recalling information based on your knowledge of a case study will only give AO1 credit. To gain AO2 marks you need to use case studies to support your answer in the context of the question. This is applying your knowledge and understanding and will gain AO2 marks.
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Assessment Objective 3




	
•  AO3 assesses your use of skills and is primarily used when assessing your fieldwork enquiry.


	
•  You should gain competence in the full range of geographical skills listed on the checklist in the specification.


	
•  AO3 marks are also available in Papers 1 and 2 where a question is linked to stimulus material, such as data, maps or graphs, to assess your statistical, cartographic or graphical skills.


	
•  On Papers 1 and 2, usually one six-mark question for each topic will be devoted to a given stimulus resource and all the credit will be covered by AO3. In these questions, knowledge, understanding and application will not be credited as you will only be assessed on interpreting and analysing the resources.













Command words used in the examinations


One of the major challenges in any examination is interpreting the demands of the questions. Thorough revision is essential, but an awareness of what is expected from you is also required. Too often candidates attempt to answer the question which they think is there, rather than the one that has actually been set.


Correct interpretation of the command words is therefore vital to your success. In A-level Geography exam papers, a variety of command words are used. Some commands are more demanding than others; some require a relatively simple task to be performed; others are more complex, requiring greater thought and a more in-depth response. The information below offers advice on the command words used in the examinations:




Analyse …


This is a commonly used command. It requires you to break down the given information on a topic or issue into its constituent elements, in order to provide an in-depth account and convey an understanding of it. You should look for connections in the information provided and causes and/or effects related to these connections. This command is often used for the 6-mark AO3 question in each topic where you are required to analyse resource material, such as data.







Annotate …


You are required to add to a diagram, image or graphic material a number of words that describe and/or explain features, rather than just identify them (which is labelling).







Assess … (see also Evaluate)


This is commonly used. It requires you to consider several options or arguments and weigh them up, in order to come to a conclusion about their effectiveness or validity. The additional commands of ‘assess the extent’ or ‘assess the relative importance’ require a similar judgement as to the merit or validity of a statement or view. All of these associated commands can often be used in questions that require you to make connections within or between topics and they usually require you to write extended prose.







Critically (assess or evaluate) …


Sometimes occurs before ‘assess’ or ‘evaluate’. It invites you to examine an issue from the point of view of a critic, with a particular focus on the strengths and weaknesses of the point of view being expressed. You should question not only the evidence presented but also its source and how it was collected.








Define …



You have to state the precise meaning of an idea or concept. There is usually a low mark allocation for these questions, which mainly require a relatively short answer.







Describe …


You are required to give a written account of something, which may be an entity, an event, a feature, a pattern, a distribution or a process. Explanations are not required.







Discuss …


You are expected to set out both sides of an argument (for and against), making good use of evidence and appropriate examples, expressing an opinion on the merits of each side and finally coming to a conclusion. There should be some evidence of balance, though not necessarily of equal weighting. The command can be used in a variety of contexts such as: ‘Discuss the extent to which…’ where a judgement about the validity of the evidence is required (see ‘To what extent…’).







Evaluate …


A similar command word to ‘assess’, it is used in questions with higher marks. To evaluate requires you to consider several options or arguments about an issue and to give an overall statement of value in your conclusion. As with ‘assess’ it can be used as ‘Evaluate the extent…’ or ‘Evaluate the importance…’ or ‘Critically evaluate…’.







Examine …


You must consider carefully and provide a detailed account of the indicated topic. Similar to ‘describe’ and will usually be used on lower mark questions.







Explain … /Why … /Suggest reasons for …


You are required to set out the causes of something and/or the factors which influence its form/nature. This usually requires an understanding of processes and as such, it will usually be assessing AO1 only and it will typically be found in the 4-mark questions.







Interpret …


You are required to ascribe a meaning to something presented in the question. Usually you are required to show an understanding of the meaning of a set of data or other stimulus material.







Justify …


You need to give reasons for the validity of a view or idea or state why some action should be undertaken. This will involve discussing and discounting alternative views or actions. Each of the views or optional actions will have positive and negative aspects. For the chosen outcome, the overall positives should outweigh the negatives.







Outline … /Summarise …


You are required to provide a brief account of relevant information. This command word will require a relatively short answer and will usually only be found in the 4-mark questions.







To what extent … /How far do you agree …


As with ‘Assess’ and ‘Evaluate’, you are required to use your judgement. It is sometimes used in conjunction with other command words, for example, ‘Assess the extent….’. The command is asking you to examine the available evidence, and/or different sides of an argument, and then form and express an opinion as to the merit or validity of a viewpoint or statement. ‘To what extent’ therefore often follows a given statement in the stem of the question as shown in this example:


‘Strategies used to increase energy supply are more important for sustainability than those used to conserve energy consumption.’


To what extent do you agree with this view?










Making connections and following links


The specification states clearly that the A-level exams will include questions that: ‘draw together skills, knowledge and understanding from the full course of study’. When you are studying one aspect of geography (for example, the water cycle), it is important that you recognise that it has connections to other aspects of geography. You will be expected to demonstrate your knowledge and understanding of these connections and you will be assessed on your ability to do so by answering questions that have links identified within them. These links are not signposted in the specification, but we have helped you to identify some in this textbook through the ‘links’ feature box. You are expected to apply your knowledge and understanding to the link within the question. Linking questions, that assess your ability to make connections, are associated with AO2.


Links may be assessed in the following ways:




	
•  Stimulus material, such as a map, photograph or data. You are required to apply your knowledge and understanding to answer the question about the stimulus material. Recalling your knowledge and understanding only gains AO1 credit. To gain AO2 marks you need to apply your knowledge and understanding to the given situation.


	
•  Questions that make links within specification topics. For example, in the core topic ‘Water and carbon cycles’, questions about concepts or theories relating to the water cycle can be linked to climate change (Figure 0.1) or applied to the specified case study of a tropical rainforest within the same topic. For example: ‘Evaluate the extent to which feedback systems in the water cycle will be affected by climate change.’


	
•  Questions that make links across specification topics. For example, in the option topic ‘Hazards’, questions about specific hazards, such as storm events, volcanic eruptions or wildfires, might be linked to an understanding of ideas, theories and concepts in the ‘Water and carbon cycle’ or to ideas in other core topics, such as ‘Changing places’ and ‘Global systems and governance’ (Figure 0.1). For example: ‘Assess the importance of factors in globalisation in supporting the response to major seismic hazards.’







[image: ]



Figure 0.1 Venn diagram showing examples of links a) within the topic ‘Water and carbon cycles’ and b) between the option topic ‘Hazards’ and other core topics in the specification








Figure 0.2 shows the potential links between core and option topics. While this might look complex, linking questions will only ask you to make links across topics that all students have studied.




	
•  Questions within core topics on the exam paper may be linked to other core topics but will not be linked to option topics.


	
•  Questions within option topics will not expect you to make links to other option topics but may require you to make a connection back to one of the core topics (Figure 0.2).
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Figure 0.2 The possible links that could be assessed across core and option topics








Developing the ability, skills and confidence to address linking questions will come with practice and by taking a step-by-step approach. You can start to build the necessary skills by completing short exercises to identify links between different parts of a topic or across two different topics. For example, a good starting point is using the specification to draw your own mind map of all the different aspects within a topic. From this, you can then construct useful tools, such as Venn diagrams, (Figure 0.1, page ix), or a matrix (Table 0.1), to identify links both within a topic and across different topics.


For example, within the option topic ‘Population and the environment’ consider the links between ‘natural population change’ and ‘improvements in healthcare’. They can both be linked to:




	
•  economic and social development


	
•  better food security


	
•  demographic transition and epidemiological transition


	
•  impacts on mortality, fertility and population structure.





Making connections between your chosen option topics and core topics may appear more difficult, but you can practise identifying these using a matrix, as shown in Table 0.1.


The partially completed matrix shows some links that can be made between the option topics ‘Coastal systems and landscapes’ and ‘Contemporary urban environments’ and each of the core study topics. You can construct a similar matrix to show links between your three selected option topics and the core topics. Remember that it is possible for connections to be made across two different core topics as well. An obvious example would be flows of people or flows of investment into an area (‘Global systems’), both of which would be exogenous factors that would impact on a place (‘Changing places’).


Once you have more confidence in understanding links, start looking at past exam questions that require you to make connections and plan possible responses. For example, a question appears in the specimen assessment materials on the AQA website (www.aqa.org.uk) that links the destruction of ecosystems with globalisation. Look at the mark scheme for this question to understand more clearly how they are linked.


Questions in the Question practice sections of this textbook which require you to make connections are identified by this symbol: [image: ] This symbol also appears on the Links boxes throughout the text.


Essentially, making connections between different areas of your study, whether physical or human geography, requires you to ‘think like a geographer’.






[image: ]


Key term


Exogenous – External factors that affect the demographic, socio-economic and cultural characteristics of a place.
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Table 0.1 A matrix to assist in making connections from option to core topics








	
Option/Core


	Water and carbon cycles

	Global systems and global governance

	Changing places






	Hot desert systems and landscapes

	 

	 

	 






	Coastal systems and landscapes

	Climate change > sea level change > impacts on coastal landforms > coastal management

	Increased international trade > development of deep sea ports > impacts on coastal systems

	Coastal landscape = endogenous factor

Coastal management > built environment








	Glacial systems and landscapes

	 

	 

	 






	Hazards

	 

	 

	 






	Ecosystems under stress

	 

	 

	 






	Contemporary urban environments

	Urban climate, heat islands etc. Urban run-off, drainage (SuDS) etc. River restoration and conservation. Flooding

	Urbanisation as part of economic development. World cities and role in global economy. Flows of people and investment

	Urban forms, pattern of land use etc. Social segregation, cultural diversity, gentrification, other urban processes






	Population and the environment

	 

	 

	 






	Resource security
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[image: ] Review questions




	
1  Select one of the core topics (for example, Water and carbon cycle) and draw a mind map showing all the sub-topics that are included within it.


	
2  With reference to the mind map, draw a Venn diagram with one of the sub-topics (for example, The carbon cycle) as a central circle and overlap the other sub-topics, identifying links where they overlap.


	
3  Using Table 0.1 (page x), draw a matrix with your three option topics cross referenced with your three core topics. Complete the matrix by identifying links in each of the boxes. (Develop or use different links if you are using Coastal systems and/or Urban environments).
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Specific concepts


In addition to the connections explained so far, you need to have a clear understanding of other specific concepts that are relevant to the core, and the non-core content of your studies, such as: causality, systems, equilibrium, feedback, inequality, representation, identity, globalisation, interdependence, mitigation, adaptation, sustainability, risk, resilience and thresholds.


Other assessment aims are listed in Section 4.1 of the specification document, which can be found online.







Assessment structure


Understanding all the elements of the assessment and their interrelationship should give you a clearer picture of what to expect and how to approach your examinations. The box below gives you an overview of how the exam papers are typically structured in terms of mark allocation, command words and assessment objectives.


Please note: this is an example for general guidance. While it represents a typical structure, it will vary from year to year in terms of the use of command words and where the links appear.








	PAPER 1

	PAPER 2






	Marks

	Command word/type of question

	AO(s)

	Marks

	Command word/type of question

	AO(s)






	Section A – Water and carbon cycles

	Section A – Global systems and governance






	4 marks

	Explain …

	AO1

	4 marks

	Explain …

	AO1






	6 marks

	Analyse …

Resource to analyse



	AO3

	6 marks

	Analyse …

Resource to analyse



	AO3






	6 marks

	Assess …

Stimulus resource



	AO1/

AO2



	6 marks

	To what extent …

Stimulus resource



	AO1/

AO2








	20 marks

	To what extent …

(link within topic)



	AO1/

AO2



	20 marks

	Assess the relative importance …

(link within topic)



	AO1/

AO2








	Section B – Landscape options

	Section B – Changing places






	4 marks

	Outline …

	AO1

	4 marks

	Explain …

	AO1






	6 marks

	Analyse …

Resource to analyse



	AO3

	6 marks

	Analyse …

Resource to analyse



	AO3






	6 marks

	Assess …

Stimulus resource



	AO1/

AO2



	6 marks

	Suggest how …

Stimulus resource



	AO1/

AO2








	20 marks

	To what extent …

	AO1/

AO2



	20 marks

	Critically assess …

	AO1/

AO2








	Section C – Hazards or Ecosystem options

	Section C – Human options






	4 marks

	Summarise …

	AO1

	4 marks

	Outline …

	AO1






	6 marks

	Analyse …

Resource to analyse



	AO3

	6 marks

	Analyse …

Resource to analyse



	AO3






	9 marks

	Assess …

Stimulus resource



	AO1/

AO2



	9 marks

	Evaluate …

Stimulus resource



	AO1/

AO2








	9 marks

	To what extent …

(link within topic)



	AO1/

AO2



	9 marks

	Assess the extent …

(link across topics)



	AO1/

AO2








	20 marks

	Assess the view …

	AO1/

AO2



	20 marks

	To what extent do you agree …

	AO1/

AO2




















Essay writing – producing extended prose



For many students, this represents the most challenging part of any examination, but it is an opportunity to demonstrate your strengths and gain marks. Before you start to write an essay, you must have a plan of what you will write, either in your mind or on paper. All essays must have a beginning (introduction), a middle section (arguments) and an ending (conclusion).


A written essay plan should be brief, taking only two or three minutes to write. The plan should outline a structure to your response, addressing the command word and key words within the question. Be logical and only write an outline plan. Make sure that you adhere to the plan. Keep the examples you have studied in mind to use at the most appropriate point in your answer.




The introduction


This does not have to be lengthy; a few sentences should be sufficient. It may define the terms set out in the question, set the context for the argument to follow and demonstrate any links that are to be made – initiating these at an early stage. It can also provide a brief statement of the idea or viewpoint to be developed in the main part of the answer.







The main part of the answer – arguments and judgements


Essay style questions will instruct you to ‘assess’ or ‘evaluate’, in some cases ‘critically …’ and in other cases ‘to what extent …’. All these commands require you to consider options and/or arguments and to make judgements about whether they are valid, or the extent to which you agree or disagree with them.


The main section should consist of a series of paragraphs, each developing an argument or considering an option. Each argument that you make should be supported by evidence, from a case study or other example. Develop your answer by explaining how or why the evidence you have provided supports your argument. Remember to follow on logically by linking to the next point and/or back to the theme of the question. If your points can be pulled together and integrated clearly, it demonstrates a more sophisticated response that will gain more credit, particularly if the question requires you to make links.


The use of case studies is important and essential in those questions that require a case study prescribed by the specification. Make good use of exemplar material, naming real places and giving accurate details specific to those locations. Remember that using facts and information from your case study will achieve AO1 marks but using the information and facts as evidence to support your argument will gain AO2 marks.


Avoid paragraphs that just list information without expansion and avoid reciting all you know about a particular case study or topic without any link to the question. You should aim to demonstrate good, and often critical, knowledge and understanding of concepts.







The conclusion


You should reach a clear and definite conclusion or point of view that draws together your arguments and provides an overall statement. Be sure to address the command word/s given in the question, such as ‘assess’, or ‘evaluate’. Reiterate the key points, evidence and facts provided in your essay to support this statement. The conclusion should contain concise detail rather than just a basic statement of agreement/disagreement with the question.







Other important points to consider:




	
•  Always keep an eye on the time.


	
•  Make sure that you write clearly and concisely.


	
•  Avoid giving confused answers, producing endlessly long sentences or pages of prose with no paragraphs.


	
•  Above all, read the question carefully and answer the question that has been asked.
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Chapter 1 Water and carbon cycles
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The cycling of water has obvious and significant implications for the health and prosperity of society. The availability and quantity of water is vital to life on Earth and helps to tie together the Earth’s lands, oceans and atmosphere into an integrated physical system. Added to this is the fact that water vapour is the most important greenhouse gas and is a major driving factor in determining climate. The global water cycle is driven by many complex processes and interactions at a variety of scales; these are often poorly understood and badly represented in model predictions.


Carbon is everywhere: in the oceans, in rocks and soils, in all forms of life and in our atmosphere. Without carbon, life would not exist as we know it. The well-being and functioning of our planet depends on carbon and how it cycles through the Earth’s system. The carbon cycle plays a key role in regulating the Earth’s global temperature and climate by controlling the amount of another greenhouse gas, carbon dioxide, in the atmosphere.


Both the water and carbon cycles (and other aspects of geography) can be studied by considering them as systems.


In this chapter you will study:




	
•  systems frameworks and their application


	
•  the water cycle


	
•  the carbon cycle


	
•  water, carbon, climate and life on Earth
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1.1 Systems framework and their application
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Energy – The ability to do work. In physical geography, much of this energy ultimately comes from the Sun.


Flow/transfer – A form of linkage between one store/component and another that involves movement of energy or mass.


Input – The addition of matter and/or energy into a system.


Output – The results of the processes within a system.


Store/component – A part of the system where energy/mass is stored or transformed.


System – A set of interrelated components working together towards some kind of process.
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Because the Earth is highly complex, geographers have attempted to simplify aspects of it so that relationships between components can be better understood. These simplifications are called models (for example, the water cycle or the demographic transition model). One type of model that is widely used, particularly in physical geography, is the system.


A system is an assemblage of interrelated parts that work together by way of some driving process. They are a series of stores or components that have flows or connections between them. There are three types of property:




	
•  elements: things that make up the system of interest


	
•  attributes: the perceived characteristics of the elements


	
•  relationships: descriptions of how the various elements (and their attributes) work together to carry out some kind of process.





Most systems:




	
•  have a structure that lies within a boundary.


	
•  are generalisations of reality, removing incidental detail that obscures fundamental relationships.


	
•  function by having inputs and outputs of material (energy and/or matter) that is processed within the components causing it to change in some way.


	
•  involve the flow of material between components.





Systems can be classified as:




	
•  Isolated systems: these have no interactions with anything outside the system boundary. There is no input or output of energy or matter. Many controlled laboratory experiments are this type of system and they are rare in nature.


	
•  Closed systems: these have transfers of energy both into and beyond the system boundary but not transfer of matter (Figure 1.1).


	
•  Open systems: these are where matter and energy can be transferred from the system across the boundary into the surrounding environment. Most ecosystems are examples of open systems (Figure 1.2).
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Figure 1.1 A closed system
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Figure 1.2 An open system (e.g. an ecosystem)








When there is a balance between the inputs and outputs then the system is said to be in a state of dynamic equilibrium. This means that the stores stay the same. If, however, one of the elements of the system changes, for example, one of the inputs increases without any corresponding change in the outputs, then the stores change and the equilibrium is upset. This is called feedback. There are two types of feedback:




	
•  positive feedback where the effects of an action (for example, an increase in carbon dioxide) are amplified or multiplied by subsequent knock-on or secondary effects (Figure 1.3)


	
•  negative feedback where the effects of an action (for example, the increased use of fossil fuels) are nullified by its subsequent knock-on effects (Figure 1.4).





The Earth can be studied using a systems approach; indeed the Earth as a whole could be considered a closed system. Energy comes into the system in the form of solar energy. This is balanced by radiant energy lost by the Earth. It could be related to the concept of ‘spaceship Earth’ which is a term usually expressing concern over the use of limited resources available on Earth and encouraging everyone on it to act as a harmonious crew working towards the greater good.
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Figure 1.3 Example of positive feedback in a system
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More CO2 to act as a greenhouse gas


Global temperature rise


More CO2 in the atmosphere


CO2 back into the atmosphere


Dissolved CO2 released by warmer oceans


Warm water less able to dissolve gas


Increased oceanic temperatures


Warms the oceans
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Figure 1.4 Example of negative feedback in a system
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Start:


Increased use of fossil fuels


Increase in atmospheric CO2


Reduced CO2 has a


‘dampening’ effect and reduces global temperatures


Global temperature increase


Reduces atmospheric CO2


Increased take up of CO2


More plant growth
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At the global level the Earth has four major subsystems, including the atmosphere, lithosphere, hydrosphere and biosphere. Each of these can be considered to be an open system that forms part of a chain: a cascading system.


Interlocking relationships among the atmosphere, lithosphere, hydrosphere and biosphere have a profound effect on the Earth’s climate and climate change.
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1  Give two examples of:



	
•  physical geography systems


	
•  human geography systems.








	
2  For each example, consider the nature of any feedback that may apply to that system.
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1.2 The water cycle
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Atmospheric water – Water found in the atmosphere; mainly water vapour with some liquid water (cloud and rain droplets) and ice crystals.


Cryospheric water – The water locked up on the Earth’s surface as ice.


Discharge – The amount of water in a river flowing past a particular point expressed as m3s−1 (cumecs).


Greenhouse gas – Any gaseous compound in the atmosphere that allows short wave ultraviolet radiation from the Sun to pass through the atmosphere, but then prevents outgoing terrestrial infrared radiation from escaping to space.


Hydrosphere – A discontinuous layer of water at or near the Earth’s surface. It includes all liquid and frozen surface waters, groundwater held in soil and rock and atmospheric water vapour.


Oceanic water – The water contained in the Earth’s oceans and seas but not including such inland seas as the Caspian Sea.


Terrestrial water – This consists of groundwater, soil moisture, lakes, wetlands and rivers.
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‘Water is life’s matter, mother and medium.’


Albert Szent-Gyorgyi, 1937 Nobel Prize acceptance speech
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The major stores of water


Water on or close to the Earth’s surface is called the hydrosphere. Scientists have attempted many times to estimate the total amount of water in the hydrosphere. There is general agreement that it amounts to some 1.338 × 109 km3. It is thought that approximately 97 per cent of this is oceanic water (Figure 1.5). Fresh water, which makes up the remaining 3 per cent, is locked up in land ice, glaciers and permafrost (cryospheric water), groundwater, lakes, soil, wetland, rivers, biomass (terrestrial water) and atmospheric water.


12,900 km3 of water vapour are found in the atmosphere. This amounts to a global average of 26 kg/m2 of water for each column of air on the surface of the Earth. There are large variations in this, however. Although atmospheric water only makes up 0.4 per cent of all water, it has a profound effect on our lives at present.
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Figure 1.5 The distribution of the world’s water








The amount of water in these stores is in a state of dynamic equilibrium with changes at a range of timescales from diurnal to geological. Changing amounts of atmospheric water in the future could be a major cause and/or important effect of climate change.




Oceanic water


The oceans dominate the amount of available water. Its exact amount is unknown with figures varying from 1,320,000,000 to 1,370,000,000 km³ with an average depth of 3,682 m. That difference is greater than the sum of all the rest of the water put together. They cover approximately 72 per cent of the planet’s surface (3.6 × 108 km2). They are customarily divided into several principal oceans and smaller seas. Although the ocean contains 97 per cent of the Earth’s water, oceanographers have stated that only 5 per cent has been explored.


Oceanic water tastes salty because it contains dissolved salts. These salts allow it to stay as liquid water below 0°C. They are alkaline with an average pH of about 8.14. The pH has fallen from about 8.25 in the last 250 years and it seems destined to continue falling. This change in the pH is linked to the increase in atmospheric carbon and may have a profound influence on marine ecosystems.








The cryosphere



The cryosphere is those portions of the Earth’s surface where water is in solid form. Figure 1.6 shows the five locations of cryospheric water.
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Figure 1.6 The locations of cryospheric water
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Cryospheric water


Sea ice e.g. the Ross Ice Shelf


Ice caps e.g. the Iceland ice cap


Ice sheets e.g. the Greenland ice sheet


Alpine glaciers e.g. Mer de Glace, France


Permafrost e.g. the Alaska North Slope
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Sea ice


Much of the Arctic Ocean is frozen; the amount of which grows in winter and shrinks in summer. The same is true of the waters surrounding Antarctica. Sea ice forms when water in the oceans is cooled to temperatures below freezing. Sea ice does not raise sea level when it melts, because it forms from ocean water. It is closely linked with our planet’s climate, so scientists are concerned about its recent decline.
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Figure 1.7 Chunks of broken sea ice in Yelverton Bay, Ellesmere Island, Canada








Ice shelves are platforms of ice that form where ice sheets and glaciers move out into the oceans. Ice shelves exist mostly in Antarctica and Greenland, as well as in the Arctic near Canada and Alaska. Icebergs are chunks of ice that break off glaciers and ice shelves and drift in the oceans. They raise sea level only when they first leave land and push into the water, but not when they melt in the water.







Ice sheets


An ice sheet is a mass of glacial land ice extending more than 50,000 km2. The two major ice sheets on Earth today cover most of Greenland and Antarctica. During the last ice advance, ice sheets also covered much of North America, northern Europe and Argentina.




[image: ]



Figure 1.8 Mountains rising out of part of the Greenland ice sheet








Together, the Antarctic and Greenland ice sheets contain more than 99 per cent of the freshwater ice on Earth. The Antarctic Ice Sheet extends almost 14 million km², roughly the area of the United States and Mexico combined. It contains 30 million km³ of ice. The Greenland Ice Sheet extends about 1.7 million km², covering most of the island of Greenland.


Ice sheets form in areas where snow that falls in winter does not melt entirely over the summer. Over thousands of years, the layers of snow pile up into thick masses of ice, growing thicker and denser as the weight of new snow and ice layers compresses the older layers. Ice sheets are constantly in motion, slowly flowing downhill under their own weight. Near the coast, most of the ice moves through relatively fast-moving outlets called ice streams. This type of glacier is significant in the Antarctic where they can be up to 50 km wide, 2 km thick and hundreds of kilometres long. As long as an ice sheet accumulates the same mass of snow as it loses to the sea, it remains stable.


Ice sheets contain enormous quantities of frozen water. If the Greenland Ice Sheet melted, scientists estimate that sea level would rise about six metres. If the Antarctic Ice Sheet melted, sea level would rise by about 60 m.







Ice caps


Ice caps are thick layers of ice on land that are smaller than 50,000 km². They are usually found in mountainous areas. Ice caps tend to be dome-shaped and are centred over the highest point of an upland area. They flow outwards, covering almost everything in their path and becoming the major source for many glaciers.


Ice caps occur all over the world, from the polar regions to mountainous areas such as the Himalayas, the Rockies, the Andes and the Southern Alps of New Zealand. The Furtwangler Glacier on Kilimanjaro, at 60,000 m², is Africa’s only remaining ice cap. It is melting rapidly and may soon disappear.
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Figure 1.9 The Furtwangler ice cap. The last ice cap in Africa













Alpine glaciers


Alpine glaciers are thick masses of ice found in deep valleys or in upland hollows. Most valley glaciers are fed by ice from ice caps or smaller corrie glaciers. These glaciers are particularly important in the Himalayas where about 15,000 Himalayan glaciers form a unique reservoir which supports perennial rivers such as the Indus, Ganges and Brahmaputra which, in turn, are the lifeline of millions of people in South Asian countries (Pakistan, Nepal, Bhutan, India and Bangladesh).







Permafrost


Permafrost is defined as ground (soil or rock and included ice or organic material) that remains at or below 0°C for at least two consecutive years. The thickness of permafrost varies from less than one metre to more than 1,500 m. Most of the permafrost existing today formed during cold glacial periods and has persisted through warmer interglacial periods, including the Holocene (the last 10,000 years). Some relatively shallow permafrost (30 to 70 m) formed during the second part of the Holocene (the last 6,000 years) and some during the Little Ice Age (from 400 to 150 years ago). Subsea permafrost occurs at close to 0°C over large areas of the Arctic continental shelf, where it formed during the last glacial period on the exposed shelf landscapes when sea levels were lower. Permafrost is found beneath the ice-free regions of the Antarctic continent and also occurs beneath areas in which the ice sheet is frozen to its bed.


The permafrost has begun to melt as climate warms. This melting is releasing large amounts of carbon dioxide and methane, potentially affecting global climates.










Terrestrial water


Terrestrial water falls into four broad classes:




	
•  surface water


	
•  groundwater


	
•  soil water


	
•  biological water.







Surface water


Surface water is the free-flowing water of rivers as well as the water of ponds and lakes.




	
•  Rivers act as both a store and a transfer of water; they are streams of water within a defined channel. They transfer water from the ground, from soils and from the atmosphere to a store. That store may be wetlands, lakes or the oceans. Rivers make up only a small percentage (0.0002 per cent) of all water, covering just 1,000,000 km² with a volume of 2,120 km³. One river alone, the Amazon in South America, is the largest river in the world by discharge of water, averaging a discharge of about 209,000 m3/s, greater than the next seven largest independent rivers combined. It drains an area of about 7,050,000 km² and accounts for approximately one-fifth of the world’s total river flow. The portion of the river’s drainage basin in Brazil alone is larger than any other river’s basin. The Amazon enters Brazil with only one-fifth of the flow it finally discharges into the Atlantic Ocean, yet already has a greater flow at this point than the discharge of any other river.


	
•  Lakes are collections of fresh water found in hollows on the land surface. They are generally deemed a lake if they are greater than two hectares in area. Any standing body of water smaller than this is termed a pond.

The majority of lakes on Earth are freshwater, and most lie in the Northern Hemisphere at higher latitudes. Canada has an estimated 31,752 lakes larger than 3 km² and an estimated total number of at least 2 million. Finland has 187,888 lakes 500 m² or larger, of which 56,000 are large (10,000 m²).


The largest lake is the Caspian Sea at 78,200 km³. It is a remnant of an ancient ocean and is about 5.5 million years old. It is generally fresh water, though becomes more saline in the south where there are few rivers flowing into it. The deepest lake in the world is Lake Baikal in Siberia with a mean depth of 749 m and a deepest point at 1,637 m.




	
•  Wetlands: The Ramsar Convention defines wetlands as ‘areas of marsh, fen, peatland or water, whether natural or artificial, permanent or temporary, with water that is static or flowing where there is a dominance by vegetation’.

They are areas where water covers the soil, or is present either at or near the surface of the soil all year or for varying periods of time during the year, including during the growing season. Water saturation determines how the soil develops and the types of plant and animal communities living in and on the soil. Wetlands may support both aquatic and terrestrial species. The prolonged presence of water creates conditions that favour the growth of specially adapted plants and promotes the development of characteristic wetland soils.


Wetlands vary widely because of regional and local differences in soils, topography, climate, hydrology, water chemistry, vegetation and other factors, including human disturbance. They are found from the polar regions to the tropics and on every continent except Antarctica.
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The Pantanal wetlands


The Pantanal of South America is often referred to as the world’s largest freshwater wetland system. It extends through millions of hectares of central western Brazil, eastern Bolivia and eastern Paraguay (Figure 1.10).


It is a complex system of marshlands, flood plains, lagoons and interconnected drainage lines. It also provides economic benefits by being a huge area for water purification and groundwater discharge and recharge, climate stabilisation, water supply, flood abatement, and an extensive, transport system, among numerous other important functions.
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Figure 1.10 The location of the Pantanal wetlands (shown in dark green)
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Wetlands are the main ecosystem in the Arctic. These peatlands, rivers, lakes, and shallow bays cover nearly 60 per cent of the total surface area. Arctic wetlands store enormous amounts of greenhouse gases and are critical for global biodiversity.













Groundwater (lithosphere)


Groundwater is water that collects underground in the pore spaces of rock (Figure 1.11, page 8). Scientists have set a lower level for groundwater at a depth of 4,000 m but it is known that there are large quantities of water below that. A very deep borehole in the Kola Peninsula in Northern Russia found huge quantities of hot mineralised water at a depth of 13 km.
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Figure 1.11 Groundwater








The depth at which soil pore spaces or fractures and voids in rock become completely saturated with water is called the water table. Groundwater is recharged from, and eventually flows to, the surface. Natural discharge often occurs at springs and seeps, and can form oases or wetlands. The amount of groundwater is reducing rapidly due to extensive extraction for use in irrigating agricultural land in dry areas.




Soil water


Soil water is that which is held, together with air, in unsaturated upper weathered layers of the Earth. It is of fundamental importance to many hydrological, biological and biogeochemical processes. It affects weather and climate, run-off potential and flood control, soil erosion and slope failure, reservoir management, geotechnical engineering and water quality. Soil moisture is a key variable in controlling the exchange of water and heat energy between the land surface and the atmosphere through evaporation and plant transpiration. As a result, soil moisture plays an important role in the development of weather patterns and the production of precipitation.







Biological water


Biological water constitutes the water stored in all the biomass. It varies widely around the globe depending on the vegetation cover and type. Areas of dense rainforest store much more water than deserts. The role of animals as a water store is minimal.


Trees take in water via their roots. This is either transported or stored in the trunk and branches of the tree. The water is lost by the process of transpiration through stomata in the leaves. This storage provides a reservoir of water that helps maintain some climatic environments. If the vegetation is destroyed, this store is lost to the atmosphere and the climate can become more desert-like. Many plants are adapted to store water in large quantities. Cacti are able to gather water via their extensive root system and then use it very slowly until the next rainstorm. The baobab tree stores water, but it is thought that this is to strengthen the structure of the tree rather than to be used in tree growth.










The atmosphere


Atmospheric water exists in three states. The most common atmospheric water exists as a gas: water vapour. This is clear, colourless and odourless and so we take its presence for granted. This atmospheric water vapour is important as it absorbs, reflects and scatters incoming solar radiation, keeping the atmosphere at a temperature that can maintain life. The amount of water vapour that can be held by air depends upon its temperature. Cold air cannot hold as much water vapour as warm air. This results in air over the poles being quite dry, whereas air over the tropics is very humid.


A small increase in water vapour will lead to an increase in atmospheric temperatures. This becomes positive feedback as a small increase in global temperature would lead to a rise in global water vapour levels, thus further enhancing the atmospheric warming.


Cloud is a visible mass of water droplets or ice crystals suspended in the atmosphere. Cloud formation is the result of air in the lower layers of Earth’s atmosphere becoming saturated due to either or both of two processes: cooling of the air and an increase in water vapour. When the cloud droplets grow they can eventually fall as rain.










Factors driving the change in magnitude of water stores


Water exists on Earth in three forms: liquid water, solid ice and gaseous water vapour. Figure 1.12 shows the processes that occur as water changes from one state to another. Energy, in the form of latent heat, is either absorbed or released depending on the process. This is particularly important in atmospheric processes such as cloud or precipitation formation.
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Figure 1.12 The phases of water and the phase changes










Evaporation


Evaporation occurs when energy from solar radiation hits the surface of water or land and causes liquid water to change state from a liquid to a gas (water vapour). The rate of evaporation depends upon:




	
•  the amount of solar energy


	
•  the availability of water (for example, there is more evaporation from a pond than from a grassy field).


	
•  the humidity of the air; the closer the air is to saturation point, the slower the rate of evaporation


	
•  the temperature of the air; warmer air can hold more water vapour than cold air.





Linked to this is the fact that all terrestrial plants lose water through transpiration. This is where water is transported from the roots of a plant to its leaves and then lost through pores on the leaf surface. Leaves also intercept rain as it falls, and this water can be evaporated before it reaches the soil.


As water evaporates it uses energy in the form of latent heat and so cools its surroundings.







Condensation


As air cools it is able to hold less water vapour. This means that if it is cooled sufficiently then it will get to a temperature at which it becomes saturated. This is known as the dew point temperature. Excess water in the air will then be converted to liquid water in the process of condensation. The water molecules need something to condense on. These can be tiny particles (smoke, salt, dust, etc.) that are collectively called condensation nuclei, or surfaces (leaves, grass stems, windows, etc.) that are below the dew point temperature. If the surface is below freezing point then water vapour sublimates, changing directly from gas to solid in the form of hoar frost.


Condensation is the direct cause of all forms of precipitation.




	
•  It takes place when the temperature of air is reduced to dew point but its volume remains constant. This occurs when:



	–  warm moist air passes over a cold surface


	–  on a clear winter’s night heat is radiated out to space and the ground gets colder, cooling the air directly in contact with it.








	
•  It also occurs when the volume of air increases but there is no addition of heat (adiabatic cooling). This happens when air rises and expands in the lower pressure of the upper atmosphere. This can occur when:



	–  air is forced to rise over hills (relief or orographic effect)


	–  masses of air of different temperatures and densities meet. The less dense warm air rises over the denser cold air (frontal effect)


	–  localised warm surfaces heat the air above. This expands, becomes less dense and rises (convectional effect).
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3  Rain, drizzle, snow, sleet and hail are all forms of precipitation. What are the key differences in their formation?


	
4  What are the similarities and differences in the formation of dew and hoar frost?
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Cryospheric processes


Chapter 4 discusses in detail the two main cryospheric processes of accumulation and ablation (melting) on page 145, and slope processes on page 160.


It is thought that there have been five major glacial periods in Earth’s history. The most recent started 2.58 million years ago and continues today; it is called the Quaternary glaciation. During this time there were:




	
•  glacial periods when, due to the volume of ice on land, sea level was approximately 120 m lower than present and continental glaciers covered large parts of Europe, North America, and Siberia. This represents an interruption in the global hydrological cycle


	
•  interglacial periods when global ablation exceeds accumulation and the hydrological cycle as we know it today returns.





Over the past 740,000 years there have been eight such glacial cycles.


Permafrost is formed when air temperatures are so low that they freeze any soil and groundwater present. It rarely occurs under ice because the temperatures are not low enough.










Drainage basin systems
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Condensation – The process by which water vapour changes to liquid water.


Cryospheric processes – Those processes that affect the total mass of ice at any scale from local patches of frozen ground to global ice amounts. They include accumulation (the build-up of ice mass) and ablation (the loss of ice mass).


Drainage basin – This is an area of land drained by a river and its tributaries. It includes water found on the surface, in the soil and in near-surface geology.


Evaporation – The process by which liquid water changes to a gas. This requires energy, which is provided by the Sun and aided by wind.


Evapotranspiration – The total output of water from the drainage basin directly back into the atmosphere.


Groundwater flow – The slow movement of water through underlying rocks.


Infiltration – The downward movement of water from the surface into soil.


Interception store – The precipitation that falls on the vegetation surfaces (canopy) or human-made cover and is temporarily stored on these surfaces. Intercepted water either can be evaporated directly to the atmosphere, absorbed by the canopy surfaces or ultimately transmitted to the ground surface.


Overland flow – The tendency of water to flow horizontally across land surfaces when rainfall has exceeded the infiltration capacity of the soil and all surface stores are full to overflowing.


Percolation – The downward movement of water within the rock under the soil surface. Rates vary depending on the nature of the rock.


Run-off – All the water that enters a river channel and eventually flows out of the drainage basin.


Saturated – This applies to any water store that has reached its maximum capacity.


Stemflow – The portion of precipitation intercepted by the canopy that reaches the ground by flowing down stems, stalks or tree boles.


Storm and rainfall event – An individual storm is defined as a rainfall period separated by dry intervals of at least 24 hours and an individual rainfall event is defined as a rainfall period separated by dry intervals of at least 4 hours (Hamilton and Rowe, 1949).


Throughfall – The portion of the precipitation that reaches the ground directly through gaps in the vegetation canopy and drips from leaves, twigs and stems. This occurs when the canopy-surface rainwater storage exceeds its storage capacity.


Throughflow – The movement of water downslope through the subsoil under the influence of gravity. It is particularly effective when underlying permeable rock prevents further downward movement.


Transpiration – The loss of water from vegetation through pores (stomata) on their surfaces.


Water balance – The balance between inputs (precipitation) and outputs (run-off, evapotranspiration, soil and groundwater storage) in a drainage basin.
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Drainage basins


A drainage basin (or catchment area) is the area that supplies a river with its supply of water (see Figure 1.13). This includes water found below the water table as well as soil water and any surface flow. Drainage basins are separated from one another by high land called a watershed.


A useful way of looking at drainage basins is to consider them as cascading systems. They are a series of open systems that link together so that the output of one is the input of the next.


Table 1.1 shows the inputs, stores, transfers and outputs of a drainage basin system.
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Figure 1.13 The drainage basin hydrological cycle








Table 1.1 Inputs, stores, transfers and outputs of a drainage basin system








	Inputs

	Stores

	Transfers

	Outputs










	Precipitation onto land

	Lakes and surface water

	Overland flow

	Evaporation and transpiration from vegetation






	Precipitation onto the sea

	River channels

	Channel flow

	Evaporation from water surfaces






	 

	Interception from plants

	Throughflow

Stemflow



	Run-off from rivers






	 

	Soil water

	Infiltration

	Evaporation from the sea






	 

	Ground water

	Percolation

	 






	 

	 

	Throughflow

	 






	 

	 

	Ground water flow

	 









The input to the system is precipitation. The nature, intensity and longevity of precipitation have a direct bearing on what happens when the water hits the ground. In general, however, on a hill slope the following happens:




	
•  Precipitation lands on the bare surface or, more likely, vegetation cover. This vegetation provides a store: interception store. This occurs on the leaves/branches of vegetation. Some vegetation is a better interception store than others. The density of the vegetation cover also plays a part. Studies show that forests made up of needle-leaf trees captured 22 per cent of the rainfall, while broad-leaf deciduous forests intercepted 19 per cent. This difference may be due to the density of the vegetation cover rather than the structure of the leaves. Some tropical rainforests intercept as much as 58 per cent of the rainfall.


	
•  A lot of the water captured by vegetation surfaces is evaporated back into the atmosphere.


	
•  Water making its way from the leaves of trees to the ground drips or falls by the process of throughfall from one interception store to another until it eventually reaches the ground. Water also flows down the stems of grasses, etc., and in very heavy storms it can flow straight down the trunks of trees. This is called stemflow.


	
•  On reaching the ground, water soaks into the soil by the process of infiltration. The rate of this movement is called the infiltration rate. This movement of water into the soil is controlled by gravity, capillary action and soil porosity. Of these factors soil porosity is most important. A soil’s porosity is controlled by its texture, structure and organic content. Coarse textured soils have larger pores and fissures than fine-grained soils and therefore allow for more water flow. Pores and fissures found in soils can be made larger through a number of factors that enhance internal soil structure. For example, the burrowing of worms and other organisms and penetration of plant roots can increase the size and number of macro- and micro-channels within the soil.
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There is an opportunity here for an investigation based on the infiltration rates of different surfaces.
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	•   The rate of infiltration normally declines rapidly during the early part of a rainstorm event and reaches a constant value after several hours of rainfall. A number of factors are responsible for this phenomenon:



	–  The filling of small pores on the soil surface with water reduces the ability of capillary forces to actively move water into the soil.


	–  As the soil moistens, the clay particles absorb water causing them to expand. This expansion reduces the size of soil pores.


	–  Raindrop impact breaks large soil clumps into smaller particles. These particles then clog soil surface pores reducing the movement of water into the soil.













	
•  Soil storage is the amount of water stored in the soil. Soils consist of solid particles with pore spaces between them. Those pore spaces can be filled with air but also with water. The amount of pores in a soil is different for different types of soil. The pores in a clay soil account for 40 to 60 per cent of the volume. In fine sand this can be 20 to 45 per cent.


	
•  Vegetation requires water to survive. Most plants remove water from the soil and store it in the structure of the plant. This is called vegetation storage. Plants lose water back to the atmosphere through stomata on their leaves. This is called transpiration.


	
•  If rainfall intensity is greater than the infiltration rate then the soil has reached infiltration capacity and the soil will be saturated. Water will build up on the surface as surface storage which is usually in the form of puddles. While common in a man-made environment their natural occurrence is quite rare. Water usually disappears into the ground at a greater rate than it rains (that is, the infiltration rate is greater than the rate of precipitation). Water can only build up on the surface after a long period of rain, an intense rainstorm or on an impermeable surface (either man-made, for example, an impacted footpath; or natural, for example, a bare rock or frozen surface).


	
•  Much of this surface storage then evaporates back into the atmosphere and is lost to the drainage basin. It is difficult to separate evaporation from transpiration and so the total amount outputted from the system in this way is referred to as evapotranspiration. When the surface stores are full then overland flow or sheet flow will begin on slopes. This is very fast flow, rapidly reaching the nearest channel.


	
•  Any lateral movement of soil water downslope is called throughflow and eventually reaches the nearest channel. This tends to be much slower than overland flow. Generally speaking, the more vegetated an area, the faster the rate of throughflow because it is aided by root channels in the soil.


	
•  Following infiltration, water moves vertically down through the soil and unsaturated rock by the process of percolation. This can then be held in pore spaces in the rocks as groundwater. It then passes slowly into the zone of saturated rock where it can move vertically and laterally by the process of groundwater flow. This is very slow movement. It can feed rivers through long periods of drought. Some rocks are able to store a lot of water, especially if they are porous. These are called aquifers.





The sum of all these movements and stores adds up to form the drainage basin hydrological cycle. All of these flows lead water to the nearest river (or deep groundwater store). The river then transfers water by channel flow. The amount of water that leaves the drainage basin in this way is called run-off.


The rate of movement of all this water varies as shown in Figure 1.14. The fastest movement of water is along the surface. There are relatively few obstacles slowing it down. Urban surfaces have especially fast water movement because they are often designed to move the water quickly by having strategically placed slopes and very smooth surfaces. Water moves through soil at a slower rate. Again this varies greatly. Under woodland there are many channels created by roots, as well as burrowing animals and these allow relatively free movement. Clay soils retain water, hindering any movement. They can dry out from the surface down before they allow horizontal transfer.
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Figure 1.14 The hill slope drainage system








Once in the rocks below the soil the rate of transfer slows considerably. Groundwater can be held for millennia.
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Figure 1.15 The varying timescales of water movements










Flows within the global water cycle


There is a net transport of 40 units from ocean to land with about the same amount returning by the rivers to the ocean (Figure 1.16, page 14). However, the amount of precipitation over the continents is almost three times as high as the net transport, indicating a considerable recirculation of water over land. This recirculation has a marked annual cycle as well as having large variations between continents. The recirculation is larger during the summer and for tropical land areas.


The hydrological cycle of the world’s oceans interacts differently with that of the continents.




	
•  Most of the water from the Pacific Ocean recirculates between different parts of the Pacific itself and there is little net transport towards land.


	
•  The pattern of water exchange between ocean and land is different in the Atlantic and Indian Oceans.


	
•  Two-thirds of the total net transport of water towards the continents comes from the Atlantic Ocean, with the rest from the Indian Ocean.


	
•  Most of the continental water for North and South America, Europe and Africa emanates from the Atlantic and is also returned to the Atlantic by rivers.
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Figure 1.16 The varying amounts of water cycle movements (in thousand km3/year for exchanges and thousand km3 for storage)
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Figure 1.17 How water reaches a river



















Water balance


Within a drainage basin, the balance between inputs (precipitation) and outputs (run-off, evapotranspiration, soil and groundwater storage) is known as the water balance or budget. Rivers only occur if the stores are able to release water, there is direct precipitation or there is overland flow into the river. As they move downstream, larger rivers are also fed by their tributary streams (Figure 1.17).


Discharge levels rise and fall, often showing an annual pattern (called the river’s regime). They also vary in the short term following heavy rainfall. The water balance can be shown using the following formula:
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The two most important parts of this relationship are precipitation and ‘potential’ evapotranspiration. Evapotranspiration is closely related to the prevailing temperature. The warmer it is, the higher the evapotranspiration. It often happens that the temperature, and so the atmosphere’s ability to hold water vapour, is greater than the amount of water available. Potential evapotranspiration is the amount of water that could be evaporated or transpired (or both) from an area if there was sufficient water available. The soil moisture graph (Figure 1.18) shows the relationship between precipitation and potential evapotranspiration over a year for an area of eastern England.
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Figure 1.18 Soil water budget graph for eastern England
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The soil moisture store is now all used up. Any precipitation is likely to go straight into the soil rather than travel to the river channel. River levels will fall. Some rivers dry up completely.


As it warms up potential evapotranspiration exceeds precipitation. The water store is being used by plants (utilisation).


There is a deficit of soil water. Plants either wilt or have adaptations to survive dry conditions.


Precipitation is greater than potential evapotranspiration. All space in the soil has been filled and so it is in surplus. Groundwater gets recharged. Overland flow can occur leading to floods.


The soil water store is fully recharged.


Precipitation is greater than potential evapotranspiration. The soil water store will start to fill again, recharge.
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Soil moisture graphs vary considerably depending on the climate. Figure 1.19 shows the soil moisture budget for an equatorial area. In this case, the rainfall has two marked maxima. Because the temperatures vary very little throughout the year the potential evapotranspiration stays relatively constant. The high rainfall fills the soil stores rapidly. In the short times between the rainfall maxima, soil water does not go into deficit and so rivers and plants have a source of water all year round. There is a high potential for flooding between February and June and again in August to November.
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Figure 1.19 Soil moisture budget for Yaoundé, Cameroon
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Figure 1.20 Soil moisture budget for Navrongo, northern Ghana (11°N)
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[image: ] Skills focus


Compare the soil moisture budgets for Yaoundé and Navrongo.
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Figure 1.20, however, is for a tropical wet/dry climate. During the rainy season (July to October) the soils are recharged until there is surplus. This surplus does not last long when the rains stop. There is a short period of utilisation but from December to July the soil is dry. River levels fall with many drying up altogether. Vegetation has adapted to this seasonal water supply by evolving characteristics that enable it to survive drought. Humans have adapted traditionally by following migrating herds of animals that have themselves migrated following the rains north and south.
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[image: ] Review question




	
5  The Mediterranean area has hot dry summers and mild wet winters. Create a soil moisture budget graph for southern France.
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Run-off variation


River flow is studied by measuring the discharge of a river. This is defined as the volume of water passing a measuring point in a given time. It is calculated by multiplying the cross-sectional area of the river by its velocity at the measuring point. It is measured in m3/sec, or cumecs.
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[image: ] Key terms


Bankfull – the maximum discharge that a river channel is capable of carrying without flooding.


Base flow – This represents the normal day-to-day discharge of the river and is the consequence of slow moving soil throughflow and groundwater seeping into the river channel.


Lag time – the time between the peak rainfall and peak discharge.


Peak discharge – the point on a flood hydrograph when river discharge is at its greatest.


Storm flow – discharge resulting from storm precipitation involving both overland flow, throughflow and groundwater flow.


Storm hydrograph – A graph of discharge of a river over the time period when the normal flow of the river is affected by a storm event.
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Discharge is the combined result of the many climatological and geographical factors which interact within a drainage basin. This means knowledge of discharge is very important in the assessment and management of water resources (including irrigation provision), the design of water-related structures (reservoirs, bridges, flood banks, urban drainage schemes, sewage treatment works, etc.) and flood warning and alleviation schemes. The information can also help in developing hydroelectric power and protecting both the ecological health of watercourses and wetlands and their amenity and recreational value.


With climate change expected to impact very unevenly on river discharge patterns, keeping records of river flows is the key to identifying, quantifying and interpreting hydrological trends. This will help in the development of more effective ways of dealing with future flood and drought episodes.


The UK has a dense gauging station network of around 1,500 measuring stations supported by secondary and temporary monitoring sites (Figure 1.21). Such a large number is needed because the UK contains a multiplicity of mostly small river basins and is diverse in terms of its climate, topography, geology, land use and patterns of water usage.
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Figure 1.21 The UK gaug ing station network


Source: Shoothill








There are many ways to measure the discharge of a river. Figure 1.22 shows a weir of known shape. The amount of water flowing over the weir is proportional to the depth of water at the weir. The depth of the water flowing over the weir can be converted into discharge using a simple equation.
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Figure 1.22 Brant Broughton Gauging Station on the River Brant in Lincolnshire, England










River regimes


A river regime can be defined as ‘the variability in its discharge throughout the course of a year in response to precipitation, temperature, evapotranspiration and drainage basin characteristics.’


There are almost 1,500 river systems within the UK and they vary greatly, being extremely sensitive to climatic variation, land use changes and water abstraction. They are also greatly influenced by the landscapes through which they flow. UK rivers range from mountain torrents draining areas receiving up to five metres of rain a year, to much more placid groundwater-fed streams supported by much lower rainfall in parts of southeast England.


UK rainfall is fairly evenly distributed throughout the year with a slight autumn/winter maximum, particularly in the west. However, seasonal variations in temperature and sunshine amounts mean that evapotranspiration losses are heavily concentrated in the summer. This means that UK rivers have a marked seasonality in their discharge with a late summer/early autumn minimum (See Figure 1.23).


In other parts of the world river regimes differ widely. The Mohawk River flows out of the mountains of upper New York State. Here the extremely snowy, cold and long winters and drier, hot summers lead to a different pattern of river discharge (Figure 1.24).
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Figure 1.23 Sketch of the regime of the River Avon, Bath 1999
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Highest discharge in winter. Slightly higher rainfall, much less evapotranspiration


Flow rises in the autumn as leaves are lost and temperatures fall. Often an increase in wind as well


Discharge falls through spring and early summer as plants take up more water and leaves grow; evapotranspiration increases


Late summer minimum. Highest temperatures and plants in full leaf increase evapotranspiration
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Figure 1.24 Sketch of the regime of the Mohawk River (New York State) USA
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Spring maximum discharge caused by snow melting in the Adirondak and Catskill mountains


Increasing rainfall from extra-tropical cyclones moving up from Gulf of Mexico increase discharge


Very low temperatures and long winters lead to moderately low discharge because much of the precipitation remains on the ground as snow. Sometimes the river freezes


Summer temperatures averaging 26.5°C lead to high evapotranspiration rates
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[image: ] Skills focus


Research secondary data to find the regime of a river in your own locality. Explain the pattern you have discovered.
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The geological characteristics of individual catchments have a major influence on flow patterns. Figure 1.25 shows daily flows for neighbouring catchments in the Thames basin. Although they experience almost identical climatic conditions, the flow regime for the Lambourn, which is supplied by springs from the underlying chalk, is much less variable than that for the Ock which drains an impermeable clay catchment.
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Figure 1.25 The variation in run-off for two rivers with the same rainfall pattern but different underlying geology


Source: Centre for Ecology & Hydrology
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[image: ] Skills focus


You should be able to describe trends from graphs. What is the general pattern of flow for the River Lambourn?
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Rainfall events mean that the pattern of river flow is not smooth. This is illustrated by the hydrograph for the River Ock in Figure 1.25. Each time it rains the River Ock responds quickly, giving the hydrograph a jagged appearance. Each sudden rise and then subsequent fall in discharge can be closely studied using a storm (or flood) hydrograph. Storm hydrographs are graphs of discharge over the time period when the normal flow of a river is affected by a storm event.







The storm (flood) hydrograph


We have already seen that a hydrograph is a graph of river discharge against time. A storm hydrograph is the graph of the discharge of a river leading up to and following a storm or rainfall event (storm flow) (Figure 1.26). They are important because they can predict how a river might respond to a rainstorm. This can help in managing the river.
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Figure 1.26 A storm hydrograph
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The time taken from the peak rainfall to the peak discharge


Bankfull discharge. It is at this point a river will begin to overflow


The amount of water in cubic metres that passes a point in the river in one second


Amount of flood water


The rising limb indicates how quickly a river responds to a ‘storm’


Storm flow


Baseflow is the amount of water that would be in the river without the addition of the storm water
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•  The storm hydrograph starts with the base flow. The river is fed by throughflow of soil water and groundwater. The slow movement of this water means that the changes in discharge are small.


	
•  As storm water enters the drainage basin the river begins to be fed by much more fast-moving water. The discharge rises, as shown by the rising limb of the storm hydrograph.


	
•  It eventually reaches a peak discharge, the highest flow in the channel for that event. The time taken from the peak rainfall to the peak discharge is called the lag time.


	
•  The discharge begins to fall as shown by the receding limb of the graph.


	
•  When all the storm water has passed through, the river returns to its base flow.





Although all storm hydrographs have the same common elements, they are not all the same shape. Hydrographs that have a short lag time, high peak discharge, steep rising and falling limbs are described as being ‘flashy’. Others are a lot more subdued with gentle rising and falling limbs, long lag times and low peak discharge. This shape is determined by both physical and human factors.




Physical factors




	
•  Drainage basins that are more circular in shape (Figure 1.27) lead to more flashy hydrographs than those that are long and thin because each point in the drainage basin is roughly equidistant from the measuring point on a river.
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Figure 1.27 The influence of drainage basin shape on storm hydrographs: Water takes less time to reach the river in a round drainage basin than an elongated one










	
•  Drainage basins with steep sides tend to have flashier hydrographs than gently sloped river basins. This is because water flows more quickly on the steep slopes, whether as throughflow or overland flow and so gets to the river more quickly (Figure 1.28).
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Figure 1.28 The influence of steepness on storm hydrographs: In steep sided drainage basins (or the upper reaches of a river) water gets to the river more quickly than in an area of gentle slopes










	
•  Basins that have a high drainage density (that is, they have a lot of surface streams acting as tributaries to the main river) have flashy hydrographs (Figure 1.29). All the water arrives at the measuring station at the same time.
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Figure 1.29 The influence of drainage density on flood hydrographs: Drainage basins with high drainage density have flashier river flows










	
•  If the drainage basin is already saturated by antecedent rainfall then overland flow increases because infiltration capacity has been reached. Since overland flow is the fastest of the transfers the lag time is reduced. Again, peak discharge is higher resulting in a flashy hydrograph.


	
•  If the soil or rock type within the river basin is impermeable (for example, clay soils or shale rocks) overland flow will be higher. Throughflow and infiltration will also be reduced, meaning a flashy hydrograph. The same can be said of surfaces baked hard by the Sun during a long period of dry weather or frozen surfaces resulting from cold weather.

On the other hand, drainage basins underlain by sandstones have a subdued hydrograph because the water soaks into this porous rock.




	
•  Thick vegetation cover in drainage basins will have a significant effect on a storm hydrograph. Vegetation intercepts the precipitation, holding the water on its leaves; this slows the movement of rainwater to the ground and so to river channels. Water is also lost due to evaporation and transpiration from vegetation surfaces reducing how much gets to the river. This subdues the storm hydrograph, increasing lag time and reducing peak discharge.


	
•  The amount and intensity of precipitation can affect storm hydrographs. Heavy storms with a lot of water entering the drainage basin over a short time result in higher discharge. The type of precipitation can also have an impact. The lag time is likely to be greater if the precipitation is snow rather than rain. This is because snow takes time to melt before the water enters the river channel. When there is rapid melting of snow the peak discharge could be high.


	
•  Large drainage basins catch more precipitation and so have a higher peak discharge compared to smaller basins. Smaller basins generally have shorter lag times because precipitation does not have as far to travel.










Human factors




	
•  Deforestation reduces interception rates allowing rainwater to hit the surface directly. The lack of vegetation roots reduces the infiltration rate into the soil. These both result in rapid overland flow and flashy hydrographs. Deforestation also exposes the soil to greater rates of erosion, which leads to sedimentation of the channel. This reduces the bankfull capacity of a river and leads to a greater chance of flooding.


	
•  Afforestation has the opposite effect making it a useful flood prevention measure.


	
•  Agriculture has a variety of effects, among which are:



	–  Ploughing breaks up the topsoil and allows greater infiltration, subduing hydrographs. This can be enhanced by contour ploughing where furrows are created that run directly down slope, then they can act as small stream channels and lead to flashier hydrographs. Ploughing wet soils can cause impermeable smears in the subsoil called plough pans. These inhibit percolation producing greater surface flows.


	–  Terracing on hillsides stops movement of water downhill and subdues hydrographs.


	–  Grass crops increase infiltration and lead to subdued hydrographs.


	–  Large numbers of animals on small areas can impact soils leading to overland flows.








	
•  Growth of urban areas and other large impermeable surfaces such as roads produce flashy rivers (Figure 1.30) (see Chapter 9). This is exacerbated by the very fact that settlements have been built on floodplains. This urban growth leads to the expansion of built-up, impermeable surfaces such as roads, car parks, shopping centres, etc. Most settlements are designed to transfer water as quickly as possible away from human activity to the nearest river. This is achieved through road camber, building design and drainage systems. In many cities in the UK there has been a continued loss of front gardens in favour of paved drives. According to a Royal Horticultural Society report in 2016, London had half of all its front gardens paved over, an increase of 36 per cent over ten years.
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Figure 1.30 The influence of land use change on flood hydrographs: Impermeable surfaces shaped to get rid of water quickly, combined with a dense network of smooth drains, means that water gets to the river very quickly. The river itself can also be altered, for example, to move the water rapidly away from the urban area
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[image: ] Skills focus


You need to be able to draw storm hydrographs accurately and be able to label them with reasons for their pattern.
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•  Some soft engineering flood management schemes attempt to reduce flashiness in a river’s hydrograph. Afforestation increases interception and infiltration. This slows down the progress of water to the river channel and subdues any changes in discharge.


	
•  Water abstraction reduces the base flow and so more water must reach the channel before it reaches bankfull capacity.
















Examples of how land use changes can affect the water cycle




Deforestation


Tropical South America contains the world’s largest continuous tropical forest and savanna ecosystems. This region is environmentally important not only because of traditional ecological measures, such as its high biodiversity, but also because it generates more than a quarter of the world’s river discharge. It has undergone explosive development and deforestation in the last 50 years as national and international demand for cattle feed (mostly soy), beef and sugar cane for ethanol has increased. Already over 10 per cent of the rainforest in this large region has been converted to cattle pasture and agriculture.


Deforestation and forest degradation result in a complex set of changes to streams of all sizes. When forests are removed, the new vegetation generally has fewer leaves and shallower roots. This means it uses less water than the forest it replaces. The result is that less water evaporates from the land surface to be returned to the atmosphere; more water runs off the land and stream flow is increased. The amount of change that occurs depends on local conditions including the amount of rainfall, how much of a watershed is deforested (Figure 1.31), topography, soils and the land use after deforestation. Studies have shown that there is little effect with less than 20 per cent of a basin deforested but a large increase with 50 to 100 per cent of a basin deforested. These changes occur at the local scale, but rivers of all sizes are affected when deforestation is extensive.
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Figure 1.31 The effects of deforestation on the water cycle – localised deforestation


Before deforestation (A) much of the high precipitation (P) is returned to the atmosphere by evapotranspiration (ET). Overland flow is minimal. Most of the water that reaches the forest floor infiltrates into the soil and travels slowly to the river by throughflow, maintaining a steady flow in the river.


After deforestation (B), although the precipitation stays the same, the evapotranspiration is lower because the replacement vegetation has smaller leaves and roots and is less dense. Overland flow and throughflow occur because of the lack of vegetation. This leads to increased discharge and flashiness. This can cause localised flooding








This suggests several important points about the climate, land surface and water cycle:




	
•  If deforestation does not cause decreased rainfall via atmospheric feedbacks, discharge will likely be significantly increased throughout the entire southern Amazon (Figure 1.31).


	
•  If rainfall does decrease via atmospheric feedbacks, the resulting decrease in river discharge may be greater than the changes without feedbacks (Figure 1.32).


	
•  Changes in water resources caused by atmospheric feedbacks will not be limited to those catchment areas where deforestation has occurred but will be spread unevenly throughout the whole Amazon basin by atmospheric circulation.










Soil drainage


Subsurface drainage removes excess water from the soil profile. It is carried out usually through a network of perforated tubes installed 60–120 cm below the soil surface (Figure 1.33). These tubes are commonly called ‘tiles’ because they were originally made from short lengths of clay pipes known as tiles. Water would seep into the small spaces between the tiles and drain away.




[image: ]



Figure 1.32 The effects of deforestation on the water cycle – extensive deforestation


Where deforestation is extensive, positive feedback can occur in the basin hydrological system. In A, because evapotranspiration is low, much of the water leaves the area in the river channel rather than being recycled continuously between the forest and the atmosphere.


Once the water has left the area (B), there is less water vapour available in the atmosphere for precipitation and so precipitation levels fall. Less water gets to the river channel and the flow is reduced








The most common type of ‘tile’ now is corrugated plastic tubing with small perforations to allow water entry. When the water table in the soil is higher than the tile, water flows into the tubing, either through holes in the plastic tube or through the small cracks between adjacent tiles. This lowers the water table to the depth of the tile over the course of several days. Drain tiles allow excess water to leave the field, but once the water table has been lowered to the elevation of the tiles, no more water flows through them. In most years in the UK, drain tiles have no flow between June and October.
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Figure 1.33 A typical tile drainage set-up


Source: Queen’s Printer for Ontario








Although costly, agricultural drainage is very good for moderately to poorly drained soils. It increases the productivity of the field and helps to improve the efficiency of growers. A study by Ohio State University demonstrated that for every dollar spent on drainage the grower got back between $1.20 and $1.90 when growing corn and soybeans.




Advantages of soil drainage




	
•  The build-up of an improved soil structure makes it more friable and easier to work. It also makes it easier to achieve greater root penetration, enabling roots to travel faster and further.


	
•  Improved aeration makes conditions more favourable for microorganisms to thrive. This increases the rate at which organic matter is broken down into humus and plant nutrients are mineralised into an available form. It also provides the necessary supply of air for root cell respiration.


	
•  The increased aeration increases the ease with which the soil can be warmed. This can make possible earlier sowing of seeds, with greater likelihood of improved germination.


	
•  Heavy machinery can work on the land without danger of compaction (and so leading to increased overland flow).


	
•  Larger numbers of animals can be allowed to graze the land, once again without compacting the soil.










Disadvantages of soil drainage




	
•  The insertion of drains artificially increases the speed of throughflow in the soil. Much more water reaches watercourses more quickly than before drainage. This can increase the likelihood of flooding and increase the range of flows in rivers. It is interesting to note that before the drainage of many floodplains in the UK from the eighteenth century onwards, rivers were more navigable than today; the annual flow regime was much more even.


	
•  The dry topsoil can be subject to wind erosion if not properly protected. Soil loss by wind erosion has mainly been documented for sandy and peaty soils in the eastern and middle counties of England, especially arable fields in the East Midlands and East Anglia. Generally the area of England and Wales subject to wind erosion is small, although those fields that are affected are more severely eroded than by water erosion. The proportion of a field subject to wind erosion is likely to be greater than that subject to water erosion. Available estimates suggest that the mean wind erosion rate is of the order of 0.1 to 2 tonnes/ha/year, although maximum values for fields can be one or two orders of magnitude higher.


	
•  Another major concern with regard to land drainage is nitrate loss. It can lead to eutrophication. Water draining from fields finds its way into local watercourses. There it enriches ponds, etc., with nitrogen or phosphorus. It causes algae and higher forms of plant life to grow too fast. This disturbs the balance of organisms present in the water and the quality of the water concerned.





One way to overcome some of these problems is to use controlled drainage. This keeps the water table high during the off-season when crops are not growing. The high water table increases the rate of denitrification (a process that converts nitrate to harmless nitrogen gas (N2) as soon as the saturated soil warms up in the spring) and reduces nitrate loss to the environment.










Water abstraction


Problems can occur when the demand for water exceeds the amount available during a certain period. They happen frequently in areas with low rainfall and high population density, and/or in areas with intensive agricultural or industrial activity.


In many areas of Europe, groundwater is the dominant source of fresh water. In a number of places water is being pumped from beneath the ground faster than it is being replenished through rainfall. The result is sinking water tables, empty wells, higher pumping costs and, in coastal areas, the intrusion of saltwater from the sea which degrades the groundwater (Figure 1.34 page 22). This saline intrusion is widespread along the Mediterranean coastlines of Italy, Spain and Turkey, where the demands of tourist resorts are the major cause of over-abstraction. In Malta, most groundwater can no longer be used for domestic consumption or irrigation because of saline intrusion, and the country has resorted to expensive desalination plants.
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Figure 1.34 Salt water intrusion in Europe


Source: European Environment Agency








Sinking water tables can also make rivers less reliable, since many river flows are maintained in the dry season by springs that dry up when water tables fall. Groundwater also helps sustain surface reservoirs of water such as lakes and wetlands that are often highly productive ecosystems and resources for tourism as well as leisure activities. These, too, are threatened by over-abstraction of groundwater.


Irrigation is the main cause of groundwater overexploitation in agricultural areas. Examples include the Greek Argolid plain of eastern Peloponnesus where it is common to find boreholes 400 m deep contaminated by seawater intrusion. In Italy, overexploitation of the Po River in the region of the Milan aquifer has led to a 25−40 m decrease in groundwater levels over the last 80 years. In Spain, more than half of the abstracted groundwater volume is obtained from areas facing overexploitation problems.




Water abstraction from the chalk of southern England


The water within the chalk aquifer of southern England is replenished by rainfall that lands on the exposed chalk hills of the North and South Downs and the Chilterns. Normally recharge takes place during the winter months when potential evapotranspiration is low and soil moisture deficits are negligible. Groundwater amounts vary seasonally, with levels rising from autumn through winter into spring. During the summer months, potential evapotranspiration generally exceeds rainfall, soil moisture deficits build up, and little, if any, percolation takes place.


In the summer, water still leaves the chalk from springs as well as by abstraction from boreholes. This pattern is not constant, since rainfall varies both over time and location. Rivers fed by groundwater from chalk aquifers can have intermittent sections. These streams, often referred to as ‘bournes’, are a natural characteristic of chalk downlands. The positions of the springs feeding these rivers differ throughout the year, being at a greater altitude in winter and spring. If there are one or more dry winters when the effective rainfall available for recharge is low then these rivers can dry up altogether.


Some of the most acute problems with over-abstraction have been found in chalk stream systems, where up to 95 per cent of the flow is derived from underground aquifers. The catchments of chalk streams provide underground reservoirs of generally high quality groundwater which can be abstracted for public supply. This abstraction has dramatically reduced the flow in many chalk streams and, in some cases, completely dried up sections of these important rivers, particularly during dry summers when public demand is at its highest. This also has an economic impact on local communities, resulting from the inability to fish, enjoy river views due to encroaching vegetation or undergo other recreational activities.







Water abstraction in the London Basin


Figure 1.35 (page 24) shows the subsurface geology of the London Basin. The chalk layers form a syncline beneath the London area with the uplands of the Chilterns to the NW and the North Downs to the SE. Precipitation on these exposed chalk hills soaks into the porous chalk where it is stored and released naturally at springs where it is in contact with either Greensand or Palaeogene rocks.


Throughout history, in London water has been abstracted from wells and boreholes that penetrate down to the chalk. During the nineteenth century and first part of the twentieth century, the chalk-basal sands aquifer had been increasingly exploited, as a result of increased industrialisation and the associated development of groundwater sources. At the peak of abstraction in the 1960s, groundwater levels beneath central London had dropped to 88 m below sea level, creating a large depression in the water table. A smaller cone of depression also developed to the east beneath the River Roding in Essex.


Since the mid-1960s, industries, such as brewing, in central London relocated or were closed down. Economic activity turned more to service industries and commerce than heavy industry. The subsequent reduction in abstraction resulted in groundwater levels recovering by as much as 3 m/year in places by the early 1990s, leading to a gradual rebound of the water table. This then has posed the threat of rising groundwater to structures in the London Basin such as London Underground and building foundations. This led to the implementation of the General Aquifer Research, Development and Investigation Team (GARDIT) strategy to control water levels. As a result of careful management of both abstraction and artificial recharge, the rise in groundwater that the GARDIT strategy was designed to arrest had largely been achieved by 2000, so this year provides a useful baseline year for comparisons.
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Figure 1.35 Cross section showing the confined chalk aquifer of the London Basin (BGS, 1996)


Source: British Geological Society








According to the Environment Agency, the differences in groundwater levels for January 2000 and January 2018 are:




	
•  Groundwater levels have risen in the order of 8–15 m across north London, due to limited abstraction. They have levelled off in recent years.


	
•  In east London, groundwater levels have fallen in the order of 10 m as a result of increased abstraction.


	
•  In south-west and south-central London, groundwater levels have fallen in the order of 2–5 m, also as a result of increased abstraction.


	
•  In east London, where there are chalk outcrops around the River Thames from Greenwich to Woolwich, there is a risk of saline intrusion. When groundwater levels near the river are lower than the water level in the River Thames, saline river water can enter the chalk aquifer.
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6  Outline the benefits and problems caused by water abstraction in an environment that contrasts with that of south-east England.
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1.3 The carbon cycle


Carbon (C) (from the Latin carbo meaning coal) is one of the most chemically versatile of all the elements. Carbon forms more compounds than any other element and scientists predict that there are more than ten million different carbon compounds in existence today on Earth. Carbon is found in all life forms in addition to sedimentary rocks, diamonds, graphite, coal and petroleum (oil and natural gas).


Carbon follows a certain route on Earth, called the carbon cycle. It is the complex processes carbon undergoes as it is transformed from organic carbon (the form found in living organisms such as plants and trees) to inorganic carbon and back again. Through following the carbon cycle we can also study energy flows on Earth, because most of the chemical energy needed for life is stored in organic compounds as bonds between carbon atoms and other atoms.


Carbon atoms move through the carbon cycle in many different forms. Some important examples of carbon compounds include:




	
•  carbon dioxide (CO2), a gas found in the atmosphere, soils and oceans


	
•  methane (CH4), a gas found in the atmosphere, soils and oceans and sedimentary rocks


	
•  calcium carbonate (CaCO3), a solid compound found in calcareous rocks, oceans and in the skeletons and shells of ocean creatures


	
•  hydrocarbons – solids, liquids or gases usually found in sedimentary rocks


	
•  bio-molecules – complex carbon compounds produced in living things. Proteins, carbohydrates, fats and oils, and DNA are examples of bio-molecules.





Of all these forms of carbon, we study CO2 in most detail because it is thought that this has a profound effect on climate. It is also difficult to separate a natural carbon cycle from one that is affected by human activity. Human activity and associated emissions of carbon dioxide (anthropogenic CO2) fundamentally affect the carbon cycle and so affect climate.




Origins of carbon on Earth


The primary source of carbon/CO2 is the Earth’s interior. It was stored in the mantle when the Earth formed. It escapes from the mantle at constructive and destructive plate boundaries as well as hot-spot volcanoes. Much of the CO2 released at destructive margins is derived from the metamorphism of carbonate rocks subducting with the ocean crust. Some of the carbon remains as CO2 in the atmosphere, some is dissolved in the oceans, some carbon is held as biomass in living or dead and decaying organisms, and some is bound in carbonate rocks. Carbon is removed into long-term storage by burial of sedimentary rock layers, especially coal and black shales (these store organic carbon from undecayed biomass) and carbonate rocks like limestone (calcium carbonate).







The major stores of carbon


The Intergovernmental Panel on Climate Change (IPCC) uses gigatonne of carbon equivalent (GtC) and gigatonne of carbon equivalent per year (GtCy-1) to measure the storage and transfer of global carbon. Estimates of both these amounts vary considerably. Those given in this chapter are the ones used by the IPCC.
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Anthropogenic CO2 – Carbon dioxide generated by human activity.


Carbon sequestration – The capture of carbon dioxide (CO2) from the atmosphere or capturing anthropogenic (human) CO2 from large-scale stationary sources like power plants before it is released to the atmosphere. Once captured, the CO2 gas (or the carbon portion of the CO2) is put into long-term storage.


Carbon sink – A store of carbon that absorbs more carbon than it releases.


Weathering – The breakdown of rocks in situ by a combination of weather, plants and animals.
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The lithosphere


The Earth’s lithosphere includes the crust and the uppermost mantle; this constitutes the hard and rigid outer layer of the Earth. Carbon is stored in the lithosphere in both inorganic and organic forms:




	
•  Inorganic deposits of carbon in the lithosphere include fossil fuels like coal, oil, and natural gas, oil shale (kerogens) and carbonate-based sedimentary deposits like limestone.


	
•  Organic forms of carbon in the lithosphere include litter, organic matter and humic substances found in soils.





Carbon in the lithosphere is stored as:




	
•  marine sediments and sedimentary rocks contain up to 100 million GtC


	
•  soil organic matter contains between 1,500 and 1,600 GtC


	
•  fossil fuel deposits of coal, oil and gas contain approximately 4,100 GtC


	
•  peat, which is dead but undecayed organic matter found in boggy areas contains approximately 250 GtC.










The hydrosphere


The ocean plays an important part in the carbon cycle. Attempts to collate measurements of the amount of carbon in the oceans have been made by the Global Ocean Data Analysis project (GLODAP) using data from research ships, commercial ships and buoys. The measurements come from deep and shallow waters from all the oceans. There is some variation in the results and figures can only be an approximation.


The oceanic stores can be divided into three:




	
•  the surface layer (euphotic zone), where sunlight penetrates so that photosynthesis can take place, contains approximately 900 GtC


	
•  the intermediate (twilight zone) and the deep layer of water contain approximately 37,100 GtC


	
•  living organic matter (fish, plankton, bacteria, etc.) amounts to approximately 30 GtC and dissolved organic matter 700 GtC.





This gives a total for oceanic carbon of between 37,000 GtC to 40,000 GtC.


When organisms die, their dead cells, shells and other parts sink into deep water. Decay releases carbon dioxide into this deep water. Some material sinks right to the bottom, where it forms layers of carbon-rich sediments. Over millions of years, chemical and physical processes may turn these sediments into rocks. This part of the carbon cycle can lock up carbon for millions of years. It is estimated that this sedimentary layer could store up to 100 million GtC.







The biosphere


This is defined as the total sum of all living matter. For our purposes we are going to consider the terrestrial biosphere as being separate from the oceanic biosphere. The total amount of carbon stored in the terrestrial biosphere has been estimated to be 3,170 GtC. The distribution of this carbon depends upon the ecosystem as shown in Figure 1.36.
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Figure 1.36 Terrestrial carbon stores by ecosystem








The main stores of carbon in the terrestrial biosphere are as follows:




	
•  Living vegetation: at the global level, 19 per cent of the carbon in the Earth’s biosphere is stored in plants. Unlike the oceans, much of this carbon is stored directly in the tissues of the plants. Although the exposed part of the plant is the most visible, the below-ground biomass (the root system) must also be considered. The amount of carbon in the biomass varies from between 35 and 65 per cent of the dry weight. The amount varies depending on the location and the vegetation type. It is estimated that half of the carbon in forests occurs in high-latitude forests, and a little more than one-third occurs in low-latitude forests. The two largest forest reservoirs of carbon are the vast expanses of boreal forest in Russia, which hold roughly 25 per cent of the world’s forest carbon, and the Amazon basin, which contains about 20 per cent.


	
•  Plant litter: this is defined as fresh, undecomposed, and easily recognisable (by species and type) plant debris. This can be anything from leaves, cones, needles, twigs, bark, seeds/nuts, etc. The type of litter is directly affected by the type of ecosystem. Leaf tissues account for about 70 per cent of litter in forests, but woody litter tends to increase with forest age. In grasslands there is very little above ground perennial tissue so the annual fall of litter is very low.


	
•  Soil humus: this originates from litter decomposition. Humus is a thick brown or black substance that remains after most of the organic litter has decomposed. It gets dispersed throughout the soil by soil organisms such as earthworms. In all forests, tropical, temperate and boreal together, approximately 31 per cent of the carbon is stored in the biomass and 69 per cent in the soil. In tropical forests, approximately 50 per cent of the carbon is stored in the biomass and 50 per cent in the soil. Altogether the world’s soils hold more carbon (2,500 GtC) than the vegetation. Soil carbon can be either organic (1,550 GtC) or inorganic carbon (950 GtC). The inorganic carbon component consists of carbon itself as well as carbonate materials such as calcite, dolomite and gypsum. The amount of carbon found in living plants and animals is comparatively smaller than that found in soil (560 GtC). The soil carbon pool is approximately 3.1 times larger than the atmospheric pool of 800 GtC. Only the ocean has a larger carbon store.


	
•  Peat: this is an accumulation of partially decayed vegetation or organic matter that is unique to natural areas called peatlands or mires. Peat forms in wetland conditions, where almost permanent water saturation obstructs flows of oxygen from the atmosphere into the ground. This creates low oxygen anaerobic conditions that slow down rates of plant litter decomposition. Peatlands cover over four million km² or three per cent of the land and freshwater surface of the planet; they occur on all continents, from the tropical to boreal and Arctic zones and from sea level to high alpine conditions. It is estimated that peat stores more than 250 GtC worldwide.


	
•  Animals: these play a small role in the storage of carbon. They are, however, very important in the generation of movement of carbon through the carbon cycle.










The atmosphere


Carbon has been in the atmosphere from early in the Earth’s history. Atmospheric carbon dioxide levels have reached very high values in the deep past, possibly topping over 7,000 ppm (parts per million) in the Cambrian period around 500 million years ago. Its lowest concentration has probably been over the last two million years during the Quaternary glaciation when it sank to about 180 ppm.


Today, carbon dioxide is a trace gas in the Earth’s atmosphere. Estimates of the overall amount of carbon stored in the atmosphere vary from 720 GtC to 800 GtC. It makes up about 0.04 per cent (400 ppm) of the atmosphere; this low concentration belies its importance to the planet and all life on it. Due to human activities, the present concentration of CO2 in the Earth’s atmosphere is higher than it has been for at least 800,000 years, and, in all likelihood, the highest in the past 20 million years. Despite its relatively small concentration, CO2 is a potent greenhouse gas and plays a vital role in regulating the Earth’s surface temperature. The recent phenomenon of global warming has been attributed primarily to increasing industrial CO2 emissions into the Earth’s atmosphere.


Atmospheric carbon has been measured at the Mauna Loa Observatory (MLO) on Hawaii since 1958. The undisturbed air, remote location and minimal influences of vegetation and human activity at MLO are ideal for monitoring atmospheric constituents. The observatory is part of the American National Oceanic and Atmospheric Administration (NOAA). The measurements show that the global annual mean concentration of CO2 in the atmosphere has increased markedly since the Industrial Revolution, from 280 ppm to 317.7 ppm in March 1958 to 416.2 ppm as of May 2020. This increase is largely attributed to human derived (anthropogenic) sources, particularly the burning of fossil fuels and deforestation.
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Figure 1.37 The NOAA atmospheric observatory station, Mauna Loa, Hawaii








A graph of this change has been named after the scientist who first started this research; it is called the Keeling Curve (Figure 1.38, page 28).


Keeling was one of the first scientists to gather evidence that linked fossil fuel emissions to rising levels of carbon dioxide. Keeling’s research has been backed up by other readings from around the world; for example, the CO2 trapped in ice cores from Antarctica and Greenland can be used to give a ‘proxy’ measure of the CO2 in the atmosphere at the time that snow was laid down.
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Figure 1.38 The Keeling curve of the changing concentration of atmospheric CO2


Source: NOAA








The daily average at Mauna Loa first exceeded 400 ppm on 10 May 2013. It is currently rising at a rate of approximately 2 ppm/year and accelerating.










Movement of carbon


Carbon moves from one store to another in a continuous cycle (see Figure 1.39).


This cycle consists of several carbon stores as described above. The processes by which the carbon moves between these stores are known as transfers or fluxes. If more carbon enters a store than leaves it, that store is considered a net carbon sink. If more carbon leaves a store than enters it, that store is considered a net carbon source.




The geological component


The geological component of the carbon cycle is where it interacts with the rock cycle in the processes of weathering, burial, subduction and volcanic eruptions.


In the atmosphere, carbon dioxide is removed from the atmosphere by dissolving in water and forming carbonic acid:
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As this weakly acidic water reaches the surface as rain, it reacts with minerals at the Earth’s surface, slowly dissolving them into their component ions through the process of chemical weathering. These component ions are carried in surface waters like streams and rivers, eventually to the ocean, where they settle out as minerals like calcite, a form of calcium carbonate (CaCO3).
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Figure 1.39 The carbon cycle








Calcium carbonate is also precipitated from calcium and bicarbonate ions in seawater by marine organisms like foraminifera, coccoliths or molluscs. When these creatures die, their skeletons sink to the bottom of the oceans where they collect as sediment. Burial by overlying layers of sediment can eventually turn these sediments into sedimentary limestone. Coral also extracts CaCO3 from seawater. These creatures live and eventually die in the same location. Dead coral is built upon by later generations of live coral and so it too becomes buried. The carbon is now stored below the sea floor in layers of limestone. Tectonic uplift can then expose this buried limestone. One example of this occurs in the Himalayas where some of the world’s highest peaks are formed of material that was once at the bottom of the ocean.


Tectonic forces cause plate movement to push the sea floor under continental margins in the process of subduction. The carbonaceous sea-floor deposits are pushed deep into the Earth where they heat up, eventually melt, and can rise back up to the surface through volcanic eruptions or in seeps, vents and CO2-rich hot springs. In this way CO2 returns to the atmosphere. Weathering, burial, subduction and volcanism control atmospheric carbon dioxide concentrations over time periods of hundreds of millions of years.








Photosynthesis



Tiny marine plants (phytoplankton) in the sunlit surface waters (the euphotic zone) of the oceans, as well as all terrestrial plants, photosynthetic algae and bacteria, turn the carbon into organic matter by the process of photosynthesis. They use energy from sunlight to combine carbon dioxide from the atmosphere with water to form carbohydrates. These carbohydrates store energy. Oxygen is a by-product that is released into the atmosphere.
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Respiration


Plants (and photosynthetic algae and bacteria) then use some of the stored carbohydrates as an energy source to carry out their life functions by the process of respiration. Some of the carbohydrates remain as biomass (the bulk of the plant, etc.). Consumers such as animals and bacteria get their energy from this excess biomass. Oxygen from the atmosphere is combined with carbohydrates to liberate the stored energy. Water and carbon dioxide are by-products.
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Note: Photosynthesis and respiration are essentially the opposite of one another. Photosynthesis removes CO2 from the atmosphere and replaces it with O2. Respiration takes O2 from the atmosphere and replaces it with CO2. However, these processes are not in balance. Not all organic matter is oxidised. Some is buried in sedimentary rocks. The result is that over geologic time, there has been more oxygen put into the atmosphere and carbon dioxide removed by photosynthesis than the reverse.







Decomposition


Decomposition is more difficult to define than photosynthesis. In broad terms, decomposition includes physical, chemical and biological mechanisms that transform organic matter into increasingly stable forms. This broad definition includes physical break-up of organic material by wet-dry, shrink-swell, hot-cold and other cycles.




	
•  Physical mechanisms: Animals, wind and even other plants can also cause this fragmentation. Leaching and transport in water is another important physical mechanism.


	
•  Chemical mechanisms: These include oxidation and condensation. Biological mechanisms involve feeding and digestion aided by the catalytic effect of enzymes.





The decomposition process is carried out by decomposers whose special role is to break down the cells and tissues in dead organisms into large biomolecules and then break those biomolecules down into smaller molecules and individual atoms.


Decomposition ensures that the important elements of life – carbon, hydrogen, oxygen, nitrogen, phosphorus, sulphur, magnesium – can be continually recycled into the soil and made available for life. For example, a plant cannot make its DNA molecules unless it has a supply of nitrogen, phosphorus and sulphur atoms from the soil in addition to the carbon, hydrogen and oxygen atoms it obtains through photosynthesis. For this reason, plant growth is limited by the availability of nitrogen, phosphorus, magnesium and sulphur atoms in addition to the availability of carbon dioxide, water and light energy.







Oceanic carbon pumps


Water is able to dissolve CO2. There is a negative correlation between the temperature of the water and the amount of CO2 that can be dissolved. This leads to vertical deep mixing, a term used to describe the most important movement of CO2 in the oceans. It occurs when warm water in oceanic surface currents is carried from the warm tropics to the cold polar regions. Here the water is cooled, making it dense enough to sink below the surface layer, sometimes all the way to the ocean bed. When cold water returns to the surface and warms up again, it loses carbon dioxide to the atmosphere (Figure 1.40, page 30). In this fashion, vertical circulation ensures that carbon dioxide is constantly being exchanged between the ocean and the atmosphere. This vertical circulation also acts as an enormous carbon pump, giving the ocean a lot more carbon than it would have if this surface water was not being constantly replenished (Figure 1.41, page 30).
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Figure 1.40 The oceanic carbon pump: The concept of vertical deep mixing, where carbon dioxide is transported from the ocean surface to the ocean depths by sinking cold water in the high latitudes. If brought to the surface (for instance, by upwelling) the cold water will warm up and release some of its carbon dioxide to the atmosphere








Living things in the ocean move carbon from the atmosphere into surface waters then down into the deeper ocean and eventually into rocks. This action of organisms moving carbon in one direction is often called a biological pump. Carbon gets incorporated into marine organisms as organic matter or structural calcium carbonate. When organisms die, their dead cells, shells and other parts sink into deep water. Decay releases carbon dioxide into this deep water. Some material sinks right to the bottom, where it forms layers of carbon-rich sediments. Over millions of years, chemical and physical processes may turn these sediments into rocks. This part of the carbon cycle can lock up carbon for millions of years.
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Figure 1.41 The biological carbon pump













Combustion


Combustion occurs when any organic material is reacted (burned) in the presence of oxygen to give off the products of carbon dioxide, water and energy. The organic material can be any vegetation or fossil fuel such as natural gas (methane), oil or coal. Organic materials contain at least carbon and hydrogen and may include oxygen. If other elements are present they also ultimately combine with oxygen to form a variety of pollutant molecules such as sulphur oxides and nitrogen oxides.




Biomass combustion


This is the burning of living and dead vegetation. It includes human-induced burning as well as naturally occurring fires (Figure 1.42). It happens most in:




	
•  the boreal (northern) forests in Alaska, Canada, Russia, China and Scandinavia


	
•  savanna grasslands and forests in Africa, Brazil and northern Australia


	
•  tropical forests in Brazil, Indonesia, Colombia, Ivory Coast, Thailand, Laos, Nigeria, Philippines, Myanmar and Peru


	
•  temperate forests in the US, western Europe and southern Australia


	
•  agricultural waste after harvests in the US and western Europe.
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Figure 1.42 The Moderate Resolution Imaging Spectroradiometer (MODIS) on NASA’s Terra satellite shows fires around the world


Source: NASA








The relationship between forests and carbon dioxide emissions is complex. Forests have a life cycle: trees die after severe fire, setting the stage for new growth to begin. If a forest fully replaces itself, there will be no net carbon change over that life cycle. The fire consumes only about 10 to 20 per cent of the carbon and immediately emits it into the atmosphere. It kills trees but doesn’t consume them. So, new trees grow (storing carbon), old trees decompose (emitting carbon) and the organic layer of the soil accumulates (storing carbon). This balance between simultaneous production and decomposition determines whether the forest is a net source or sink. Left alone, terrestrial and atmospheric carbon stays more or less in balance. However, increasingly large and/or more frequent fires, possibly made worse by warming temperatures and changing precipitation levels, can change that carbon balance.


Every year, fires burn 3 to 4 million km2 of the Earth’s land surface area, and release more than a billion tonnes of carbon into the atmosphere in the form of carbon dioxide. However, massive old-growth northern latitude forests are also considered a carbon ‘sink’ because older trees are repositories of decades or centuries of carbon; their heavy canopy blocks sunlight from reaching the forest floor, slowing decomposition of the forest litter.










Volcanic activity


According to the United States Geological Survey (USGS) ‘the carbon dioxide released in recent volcanic eruptions has never caused detectable global warming of the atmosphere.’ This is probably because:




	
•  the warming effect of emitted CO2 is counterbalanced by the large amount of sulphur dioxide that is given out – conversion of this sulphur dioxide to sulphuric acid, which forms fine droplets, increases the reflection of radiation from the Sun back into space, cooling the Earth’s lower atmosphere


	
•  the amounts of carbon dioxide released have not been enough to produce detectable global warming. For example, all studies to date of global volcanic CO2 emissions indicate that present-day sub-aerial and submarine volcanoes have released less than 1 per cent of the CO2 released currently by human activities. It has been proposed that intense volcanic release of carbon dioxide in the deep geologic past did cause a large enough increase in atmospheric CO2 to cause a rise in atmospheric temperatures and possibly some mass extinctions, though this is a topic of scientific debate.










Hydrocarbon extraction and burning – cement manufacture


Dead plants or animals turn into fossil fuels following burial. The pressure from multiple layers of sediment leads to an anoxic (oxygen free) environment that allows for decomposition to take place without oxygen. When this is combined with heat from the Earth, the carbon in organic molecules is rearranged to form other compounds. The type of material that is buried helps to determine what the final product will be. Animal remains tend to form petroleum (crude oil) while plant matter is more likely to form coal and natural gas. When these fossil fuels are extracted from the ground and then burnt, carbon dioxide and water are released into the atmosphere.


Cement manufacture contributes CO2 to the atmosphere when calcium carbonate is heated, producing lime and carbon dioxide. CO2 is also produced by burning the fossil fuels that provide the heat for the cement manufacture process.


It is estimated that the cement industry produces around 5 per cent of global anthropogenic CO2 emissions, of which 50 per cent is produced from the chemical process itself, and 40 per cent from burning fuel to power that process. The amount of CO2 emitted by the cement industry is more than 900 kg of CO2 for every 1,000 kg of cement produced.


Figure 1.43 (page 32) shows the acceleration in the growth of CO2 emissions over the last 260 years. Between 2017 and 2018, global energy-related CO2 emissions rose by 1.7 per cent to a historic high of 33.1 GtC. Emissions from all fossil fuel burning increased, with electricity generation accounting for just over 60 per cent of this growth. Coal burning (mainly in China, India and the USA) accounted for 10 GtC of CO2 and 85 per cent of the net increase in emissions. There was a decline in Germany, Japan, Mexico, France and the United Kingdom as a result of increased use of renewable energy.







Farming practices


When soil is ploughed, the soil layers invert, air mixes in, and soil microbial activity dramatically increases. It results in soil organic matter being broken down much more rapidly, and carbon being lost from the soil into the atmosphere. In addition to the effect on soil from ploughing, emissions from the farm tractors increases carbon dioxide levels in the atmosphere.


According to a 2019 report from the United Nations Food and Agriculture Organization (FAO):




	
•  agriculture and forestry cause almost one-quarter of all human greenhouse gas emissions


	
•  a third of all soils are degraded, releasing 78 GtC into the atmosphere


	
•  the largest source of carbon emissions is enteric fermentation – where methane (CH4) is released by livestock following digestion


	
•  livestock account for 14.5 per cent of all anthropogenic emissions


	
•  greenhouse gases from rice paddies make up ten per cent of total agricultural emissions, while the burning of tropical grasslands accounts for five per cent.





The FAO also reported that 44 per cent of agriculture-related greenhouse gas outputs occurred in Asia, followed by the Americas (25 per cent), Africa (15 per cent), Europe (12 per cent) and Oceania (4 per cent). This regional distribution has been constant over the last decade.







Land use change


CO2 emissions that result from land use change (mainly deforestation) account for up to 30 per cent of anthropogenic CO2 emissions.




Deforestation


Most deforestation is driven by the need for extra agricultural land. Often subsistence farmers will clear a few hectares to feed their families by cutting down trees and burning them in a process known as ‘slash and burn’ agriculture.


Logging operations also remove forest. Loggers, some of them acting illegally, also build roads to access more and more remote forests, which in turn leads to further deforestation. Forests are also cut as a result of growing urban sprawl. Not all deforestation is intentional. Some is caused by a combination of human and natural factors like wildfires and subsequent overgrazing, which may prevent the re-establishment of young trees.


According to Global Forest Watch, there was a total of 361 Mha of tree cover lost globally between 2001 and 2018 (roughly one and a half times the size of the UK). This has released an estimated 98.7 GtC of CO2 emissions.


At the same time, planting of trees has resulted in forests being established or extended. One study by NASA and the University of Maryland in 2018, using modern satellite imagery, shows that tree cover is increasing. The loss caused by deforestation in the tropics is being more than compensated for by reforestation in temperate areas, particularly agricultural regions in Asia. The long-term outcome could be a complete loss of rainforest but an increase in temperate forest on former natural grasslands (Figure 1.44).
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Figure 1.43 Global CO2 emissions from fossil fuel combustion and industrial processes, 1758 to 2018


Source: Statista
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Figure 1.44 Countries with large net changes in forest area, 1990–2015


Source: FAO
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You should be able to read and interpret atlas maps. Think about how you might describe the contrast in the distribution of those areas with a net gain in forest and those with a net loss.
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When forests are cleared for conversion to agriculture or pasture, a large proportion of the above-ground biomass may be burned, rapidly releasing most of its carbon into the atmosphere. Some of the wood may be used as wood products and so preserved for a longer time. Forest clearing also accelerates the decay of dead wood, litter and below-ground organic carbon.


Figure 1.45 (page 34) shows how deforestation changes the carbon cycle but it is not the only way it affects climate.
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There are clear links between deforestation and how this affects both the water cycle and the carbon cycle.
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Urban growth


For the first time in human history, over half the world’s population now lives in urban areas. As a proportion of global population, the urban population is expected to reach 60 per cent by 2030, with urban areas growing at a rate of 1.3 million people every week. As cities grow, the land use changes from either natural vegetation or agriculture to one which is built up. The CO2 emissions resulting from energy consumption for transport, industry and domestic use, added to the CO2 emitted in the cement manufacture required for all the buildings and infrastructure, have increased.


In 2019, according to the United Nations Community Programme, urban areas were estimated to be responsible for around 75 per cent of global carbon emissions. If something does not change this will rise with increasing city populations.


The distribution of emissions is highly concentrated: with the 20 highest emitting cities contributing a large proportion of global energy-related carbon emissions (Figure 1.46, page 34). This concentration is likely to increase in the future.
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Figure 1.45 The effects of deforestation on the carbon cycle


Source: GRIDA
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Undisturbed tropical forest


Carbon sink


Total C absorption (by photosynthesis)


30.4


24.5


Total C emission (by respiration)


C stored in above-ground biomass


180


C stored in below-ground biomass


64


C stored below-ground (soil and biomass)


226


10 years after deforestation


Total C emission


25.1


Respiration


6.8


Burning, decay of slash and soil erosion


18.3


Total C absorption (by photosynthesis)


12.3


C stored in above-ground biomass


43


Carbon fluxes and stocks


(Tonnes of C per ha per year for fluxes, tonnes of C per ha for stocks)


C stored in below-ground biomass


12


C stored below-ground (soil and biomass)


150


Note: flux values are reported as a 10 year average.
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Carbon sequestration


The process of carbon sequestration involves capturing CO2 from the atmosphere and putting it into long-term storage. There are two primary types of sequestration – geologic and terrestrial or biologic.




Geologic sequestration


CO2 is captured at its source (for example, power plants or industrial processes) and then injected in liquid form into stores underground. These could be depleted oil and gas reservoirs, thin, uneconomic coal seams, deep salt formations and the deep ocean (Figure 1.47). This is still at the experimental stage.
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Figure 1.46 The top 20 urban areas with the largest carbon footprint (million tonnes carbon equivalent)


Source: Environment Research Letters, IOPscience
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Figure 1.47 Geologic carbon sequestration
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Carbon dioxide can be absorbed in coal beds, allowing storage to be effective at shallower depths; also can enhance methane recovery


Injected into salt formations or depleted oil and gas reserves at depths below 800m


Captured and transported to carbon capture and carbon storage locations from major emission sources


Caprock formations create a seal, preventing gasses from migrating to the surface


Dissolved into ocean water below 1,000m through a fixed pipeline or ship


Released via offshore platform to form a ‘lake’ on the ocean floor
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The ocean is very capable of absorbing much more additional carbon than terrestrial systems simply because of its sheer size. An advantage of ocean carbon sequestration is that the carbon sequestered is quite literally ‘sunk’ within weeks or months of being captured from the air/water. Once in the deep ocean it is in a circulation system commonly measured in thousands of years. By the time this carbon reaches the seabed it has entered the Earth’s geological cycle.







Terrestrial sequestration


This involves the use of plants to capture CO2 from the atmosphere and then to store it as carbon in the stems and roots of the plants as well as in the soil (Figure 1.48 page 36). The aim is to develop a set of land management practices that maximises the amount of carbon that remains stored in the soil and in plant material for the long term. Most authorities also believe that the enrichment of plant ecosystems is a positive environmental action with many associated benefits, including the enrichment of wildlife.


There are disadvantages to terrestrial sequestration:




	
•  For instance, a forest planted to capture carbon might lose that carbon back to the air in a catastrophic forest fire or if the forest suffers disease or infestation.


	
•  Land-based sequestration plantations are slow growing and require active monitoring and management for the lifetime of the plantation, usually many decades.


	
•  The carbon within those systems is never removed permanently from the atmospheric system.
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7  What are the differences between changes to the carbon cycle brought about by natural variation and those brought about by human activity?
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Effects of the changing carbon budget


It is clear that CO2 levels have varied through time. It is certain that 100 million years ago carbon dioxide values were many times higher than now though the exact value is in doubt. Five hundred million years ago atmospheric CO2 was some 20 times higher than present values. It dropped, then rose again 200 million years ago to a maximum of four to five times present levels. It then followed a slow decline until recent pre-industrial time.


The only way to calculate the effects of the changing levels of carbon is to build a computer model. A number of such models have been built over the years. They can have between 50 and 100 interacting equations describing all the different processes of the carbon cycle. The result of this is that models only predict possibilities, not probabilities.




Impact on the land


The impact of increasing atmospheric CO2 on the land has been subject to intense research. Unfortunately the results are unclear because the study has, so far, been over a relatively short time period. This is coupled with the fact that there are so many other variables that could have an impact on the land and the atmosphere. These are both human and physical variables. Some of the impacts are summed up in Figure 1.49.
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Figure 1.48 Biologic or terrestrial carbon sequestration












[image: ]


Atmospheric carbon is fixed by trees and other vegetation through photosynthesis


Carbon is lost back into the atmosphere through respiration and decompositon of organic matter


Above-ground carbon:




	•  stem


	•  branches


	•  foliage





Some carbon is internally transferred from above-ground to below-ground carbon soils


Fallen leaves and branches add carbon to soils


Carbon is lost to the atmosphere through soil respiration


Below-ground carbon:




	•  roots


	•  litter





Some carbon is transferred from below-ground carbon (for example, root mortality) to the soils


Soil carbon:




	•  organic


	•  inorganic
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Note: The National Ocean and Atmospheric Administration (NOAA) estimates that permafrost in the Northern Hemisphere holds between 1,460 and 1,600 GtC. If just 10 per cent of this permafrost were to thaw, it could release enough extra carbon dioxide to the atmosphere to raise temperatures an additional 0.7 °C by 2100.







Impact on the oceans


Many of the observed physical and chemical changes in the ocean are consistent with increasing atmospheric CO2 and a warming climate. Unfortunately, because of the complex nature of the chemistry and biochemistry of the oceans and its inhabitants, many of the causative links to climate change are still not well understood. It is difficult to predict the precise rate, magnitude and direction of change of CO2 uptake and how that affects acidity, salinity, storminess and nutrient enrichment. It is even more difficult to map these effects at a local scale.




Ocean acidification


About 30 per cent of the CO2 that has been released into the atmosphere has diffused into the ocean through direct chemical exchange. Dissolving carbon dioxide in the ocean creates carbonic acid. This makes the slightly alkaline ocean become a little less alkaline. Since 1750, the pH of the ocean’s surface has dropped by 0.1, a 30 per cent change in acidity.


The impact of ocean acidification on ecosystems is largely unknown, with the exception of coral reefs. It affects marine organisms in two ways:




	
•  Carbonic acid reacts with carbonate ions in the water to form bicarbonate. However, those same carbonate ions are what animals like coral and many planktonic species need to create their calcium carbonate shells.


	
•  With less carbonate available, the animals need to expend more energy to build their shells. As a result, the shells end up being thinner and more fragile.





Coral reefs provide food and livelihood security for some 500 million people worldwide. Significant reef loss, due to loss of carbonate ions, and the consequent fall in marine biodiversity threatens the survival of coastal communities through reduced food availability and a reduced capacity of coastlines to buffer the impact of sea level rise, including increased storm surges.


Polar and sub-polar marine ecosystems are projected to become so low in carbonate ions within this century that waters may actually become corrosive to unprotected shells and skeletons of organisms currently living there.
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Figure 1.49 The effects of changes in the carbon cycle on the land.
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Carbon dioxide taken up by plants has increased since 1960. 25 per cent of emissions removed by plants

More wildfires are being extinguished. Leads to build-up of woody material that stores carbon. Fires and deforestation elsewhere have led to increased atmospheric CO2


Agriculture has become more intensive. More crops from less land increases CO2 take-up


Land use decisions


Farmland in mid-latitudes abandoned in the early twentieth century. Farmland replaced by trees which store much more carbon than crops


Increased temperatures have warmed up the land. In Tundra areas warming of the land increases the rate of decay of accumulated dead organic matter leading to the release of CO2, methane etc.


More CO2 available in atmosphere results in more photosynthesis and plant growth. This is called ‘carbon fertilisation’. Growth limits reached when available water and nutrient (nitrogen) limits are reached


Increased temperatures have led to an increase in the length of the growing season. More plant growth and higher evapotranspiration rates require more water. Growth limited by water availability
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In 2007, farmed oyster larvae off the coast of Oregon and Washington in the USA began dying by the millions. It was found that these losses were directly linked to ocean acidification. The rise in acidity and subsequent oyster crash took a significant toll on coastal communities – from 2005 to 2009 lost production cost millions of dollars in lost sales. Further research showed evidence of acidic seawater rising up from the ocean depths and that the water rising from the deep ocean today holds CO2 that was absorbed approximately 30 to 50 years ago. Benoit Eudeline, chief hatchery scientist for Taylor Shellfish Farms, the largest US producer of farmed shellfish, likened the current situation to ‘sitting on a ticking time bomb’.


A more optimistic viewpoint is that the more acidic seawater is, the better it dissolves calcium carbonate rocks (chalk and limestone). Over time this reaction will allow the ocean to soak up excess CO2 because the more acidic water will dissolve more rock, release more carbonate ions and increase the ocean’s capacity to absorb CO2.







Ocean warming


Warmer oceans, a product of climate change, could decrease the abundance of phytoplankton, which grow better in cool, nutrient-rich waters. This could limit the ocean’s ability to take carbon from the atmosphere through the biological carbon pump and lessen the effectiveness of the oceans as a carbon sink. On the other hand, CO2 is essential for plant and phytoplankton growth. An increase in CO2 could increase their growth by fertilising those few species of phytoplankton and ocean plants (like sea grasses) that take carbon dioxide directly from the water.


Ocean warming also kills off the symbiotic algae which coral needs in order to grow, leading to bleaching and eventual death of reefs.
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Figure 1.50 A systematic view of the oceanic carbon cycle showing the positive feedback effects of oceanic warming
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Melting sea ice


In the last 35 years satellites monitoring sea ice in the Arctic have measured its retreat at 12.8 per cent per decade. When sea ice melts, it is not just an indicator of a warming climate but also part of a feedback mechanism because the highly reflective ice is replaced by more heat absorbent water. When it starts to melt the ocean is able to absorb more sunlight, which in turn amplifies the warming that caused it to melt in the first place (Figure 1.50).


Sea ice also provides a unique habitat for algae that appear in more concentrated forms and with more fat content in the ice. The loss of those ice-bound algae affects marine life all the way up the food chain, from krill and fish to seals, walruses and polar bears. Added to this is the fact that animals like the polar bear, that rely on sea ice to get to their main food source of seals, can no longer travel upon it.
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Figure 1.51 A polar bear standing on an ice floe













Ocean salinity


A decrease in salinity in the deep North Atlantic has been observed. This is probably caused by higher levels of precipitation and higher temperatures, the result of increased atmospheric carbon. The precipitation leads to higher river run-offs that eventually reach the sea. These higher temperatures are also causing melting of the Greenland ice sheet and many alpine glaciers. This too will lead to an increase in fresh water reaching the oceans. These changes have been linked to a possible slowing down of the large-scale oceanic circulation in the North-East Atlantic (Figure 1.52). This in turn will have an effect on the climate of North West Europe.
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Figure 1.52 The effect of changing ocean salinity on the Atlantic Ocean currents













Sea level rise


Although global sea levels have been more or less constant for the last 5,000 years they are subject to change. Studies of coastal landforms show that they have been much lower in the past than they are today. The last glacial retreat led to a worldwide rise in sea levels about 10,000 years ago. This increase was caused by the melting of land-locked freshwater ice.


Research now indicates that sea levels worldwide have been rising at a rate of 3.1 mm/year since the early 1990s. Once again, higher atmospheric CO2 and the resultant increase in atmospheric temperatures have led to:




	
•  Melting of terrestrial ice: there has been an increased rate of summer melting as well as a drop in snowfall in the shorter winters. This imbalance results in a significant net gain in water entering the oceans from rivers against evaporation from the ocean. Added to this is the fact that the massive ice sheets of Antarctica and Greenland are moving more quickly towards the oceans due to the increased amount of meltwater lubricating their bases.


	
•  Thermal expansion: when water heats up, it expands. About half of the past century’s rise in sea level is thought to be attributable to warmer oceans having a greater volume and so occupying more space. Accurate measurements of this phenomenon have not yet been possible.





If the Earth continues to warm up then we can expect the oceans to rise between 0.6 and 2.5 m by 2100. This is not an exact science and Figure 1.53 (page 40) shows a range of predictions for rising sea levels.










Impact on the atmosphere
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[image: ] Key terms


Enhanced greenhouse effect – The impact on the climate from the additional heat retained due to the increased amounts of carbon dioxide and other greenhouse gases that humans have released into the Earth’s atmosphere since the industrial revolution.


Geo-sequestration – The technology of capturing greenhouse gas emissions from power stations and pumping them into underground reservoirs.


Radiative forcing – The difference between the incoming solar energy absorbed by the Earth and energy radiated back to space.


Soil organic carbon (SOC) – The organic constituents in the soil: tissues from dead plants and animals, products produced as these decompose and the soil microbial biomass.
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Figure 1.53 Observed and predicted sea level change between 1800 and 2100 – predictions based on different greenhouse gas pathways


Source: NOAA








Although the land and oceans will take up most of the extra CO2, as much as 20 per cent may remain in the atmosphere for many thousands of years. This is significant because CO2 is the most important gas for controlling the Earth’s temperature. Carbon dioxide, methane and halocarbons are greenhouse gases that absorb a wide range of energy – including infrared energy (heat) emitted by the Earth – and then re-emit it. The re-emitted energy travels out in all directions but some returns to Earth where it heats the surface. Without greenhouse gases, the Earth would be a frozen −180°C. With too many greenhouse gases, the Earth would be like Venus, where the greenhouse atmosphere keeps temperatures around 400°C.


Clearly, the fact that there is a greenhouse effect at all is good for life on Earth. The problem that is facing us is that of an enhanced greenhouse effect (Figure 1.54). This is where the extra CO2 and other greenhouse gases in the atmosphere are causing something called radiative forcing.


The concept of radiative forcing is that energy is constantly flowing into the atmosphere in the form of sunlight that always shines on half of the Earth’s surface. Some of this sunlight (about 30 per cent) is reflected back to space and the rest is absorbed by the planet. Some of this absorbed energy is radiated back into the much colder surrounding space as infrared energy. If the balance between the incoming and the outgoing energy is anything other than zero there has to be some warming (or cooling, if the number is negative) going on. The amount that the Earth’s energy budget is out of balance is called the radiative forcing and is a measure of recent human activities. It is measured in watts/m² of the Earth’s surface.
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Figure 1.54 The greenhouse effect
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Atmosphere


Some solar radiation is reflected by the atmosphere and Earth’s surface Outgoing solar radiation: 103 watt/m2


Some of the infrared radiation passes through the atmosphere and is lost in space


Net incoming solar radiation: 240 watt/m2


Net outgoing infrared radiation: 240 watt/m2


Greenhouse gases


Solar radiation passes through the clear atmosphere. Incoming solar radiation: 343 watt/m2


Some of the infrared radiation is absorbed and re-emitted by the greenhouse gas molecules.The direct effect is the warming of the Earth’s surface and the troposphere.


Surface gains more heat and infrared radiation is emitted again


Solar energy is absorbed by the Earth’s surface and warms it… 168 watt/m2


… and is converted into heat causing the emission of longwave (infrared) radiation back to the atmosphere


Earth
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Studies have shown that prior to 1750 radiative forcing was negligible. Since then it has increased, not only because of increased greenhouse gas emissions but also changing albedos because of land use changes. Measurement of the actual amount of radiative forcing is difficult because of many complicating factors including natural changes in solar radiation and the effects of aerosols such as carbon particles from diesel exhausts (which lead to warming).


The current level of radiative forcing, according to the IPCC AR5, is 2.8 watts/m2 (with a range of uncertainty from 2.5 to 3.1). If CO2 levels continue to rise at projected rates, experts predict that the Earth will become much hotter, possibly hot enough to melt much of the existing ice cover. Figure 1.55 depicts projected surface temperature changes up to 2060 as estimated by NASA’s Global Climate Model.
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Figure 1.55 Predicted increases in surface air temperature 1960 to 2060 according to NASA’s Global Climate Model
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[image: ] Review questions




	
8  What are the likely effects of the predicted sea level rises on coastal communities?


	
9  How might the response of those communities depend on their level of development?
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1.4 Water, carbon, climate and life on Earth


Carbon forms the key component for all known life on Earth. It bonds with other elements such as oxygen, hydrogen and nitrogen to form complex molecules. Water too makes life as we know it possible. Every drop cycles continuously through air, land and sea to be used by someone (or something) else in the cycle. Although there is a lot of water on Earth, only a fraction of one per cent supports all life on land. Climate change and growing populations are increasing the pressures on that reserve.




Water and carbon cycles and the atmosphere


As stated above, the increased emission of CO2 is warming the atmosphere. This increased temperature results in higher evaporation rates and a wetter atmosphere, which leads to a positive feedback situation of further warming. Carbon dioxide causes about 20 per cent of the Earth’s greenhouse effect, water vapour accounts for about 50 per cent and clouds 25 per cent. The rest is caused by small particles (aerosols) and minor greenhouse gases like methane.


When carbon dioxide concentrations rise, air temperatures go up. The oceans warm up and more water vapour evaporates into the atmosphere, which then amplifies greenhouse heating. Although CO2 contributes less to the overall greenhouse effect than water vapour, scientists have found that it is CO2 that sets the temperature. It controls the amount of water vapour in the atmosphere and therefore the size of the enhanced greenhouse effect. This is summarised in Figure 1.56 (page 42).


This rise in temperature is not all the warming that we will see based on current CO2 concentrations. There is a time lag between the increase in CO2 and increased warming because the ocean soaks up heat. This means that the Earth’s temperature will increase at least another 0.6 °C because of carbon dioxide already in the atmosphere.







Climate change mitigation


The various means of mitigation (efforts to reduce or prevent greenhouse gases) are summarised in Figure 1.57 (page 42).
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Figure 1.56 A system diagram for the impact of water and carbon on climate change showing positive feedback
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Figure 1.57 Management of climate change
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Carbon capture and sequestration (CCS) technologies



Carbon capture and storage (CCS) is a technology that can capture up to 90 per cent of CO2 emissions produced from the use of fossil fuels in electricity generation and industrial processes, preventing the carbon dioxide from entering the atmosphere.


The CCS chain consists of three parts (see Figure 1.58):




	
•  Capturing the CO2: Capture technologies allow the separation of CO2 from gases produced in electricity generation and industrial processes by one of three methods: pre-combustion capture, post-combustion capture and oxy-fuel combustion.
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Figure 1.58 Possible CCS systems


Source: IPCC
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Boundary Dam CCS plant


An example of CCS in action is at the 110-megawatt coal power and CCS plant in Saskatchewan, called Boundary Dam, built by the provincial utility SaskPower. It is a coal-fired power station complex that has been retrofitted to capture 90 per cent of its CO2 output (approximately 1 million tonnes per year).


The CO2 will eventually be piped 66 km to the Weyburn Oil Unit and injected into an oil-bearing formation at 1,500 m depth. This will add pressure to the oil-bearing rock and so help push more oil out of the ground, a process called enhanced oil recovery (EOR). Until that is ready it will be injected into local salt formations. The capture process was started in October 2014 and CO2 injection started in April 2015.
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Figure 1.59 Carbon capture and storage at Boundary Dam power station, Canada


Source: SaskPower
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CCS imposes big costs and energy penalties: the Boundary Dam plant’s CCS unit cost $800 million to build and consumes 21 per cent of the coal plant’s power output in order to scrub out the carbon dioxide and compress it into a liquid for burial. It is hoped that this extra cost will be offset by the extra oil recovered from the Weyburn oil field.
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•  Transporting the CO2 by pipeline or by ship to the storage location: Millions of tonnes of CO2 are already transported annually for commercial purposes by road tanker, ship and pipelines.


	
•  Storing the carbon dioxide emissions securely underground in depleted oil and gas fields, and deep saline aquifer formations several kilometres below the surface or the deep ocean.





CCS systems could be used to extract a greater percentage of oil and gas out of existing reservoirs by the CO2 being injected under such pressure as to force the oil or gas out. Although this would partly pay for the CCS technology, it would also enhance the original problem by producing more fossil fuel for burning. When CO2 is stored in deep geological formations it is known as geo-sequestration (see Figure 1.60. CO2 is converted into a high pressure liquid-like form known as ‘supercritical CO2’ which behaves like a runny liquid. This supercritical CO2 is injected directly into sedimentary rocks. The rocks may be in old oil fields, gas fields, saline formations or thin coal seams. Various physical (for example, impermeable ‘cap rock’) and geochemical trapping mechanisms prevent the CO2 from escaping to the surface.


Captured CO2 could also be stored in the ocean by a variety of means, as shown in Figure 1.61. This method has the main disadvantage of the CO2 causing acidification of the oceans and all the problems that arise from that.
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Figure 1.60 Methods for storing CO2 in deep underground geological formations


Source: IPCC













Changing rural land use


Carbon stores can be improved by ensuring that carbon inputs to the soil are greater than carbon losses from it. There are a variety of different strategies depending on land use, soil properties, climate and land area.




Grasslands


These offer a global greenhouse gas mitigation potential of 810 million tonnes of CO2 (in the period up to 2030), almost all of which would be sequestered in the soil. Soil carbon storage in grasslands can be improved by:




	
•  avoidance of overstocking of grazing animals


	
•  adding manures and fertilisers that have a direct impact on soil organic carbon (SOC) levels through the added organic material. There are also the indirect benefits of increasing plant productivity and stimulating soil biodiversity (for example, with earthworms that help degrade and mix the organic material)


	
•  revegetation, especially using improved pasture species and legumes, can increase productivity, resulting in more plant litter and underground biomass, which can add to the SOC stock


	
•  irrigation and water management can improve plant productivity and the production of SOM.










Croplands


Techniques for increasing SOC include the following:




	
•  mulching, which can add organic matter. If crop residues are used, mulching also prevents carbon losses from the system







[image: ]



Figure 1.61 Methods of ocean storage


Source: IPCC










	
•  reduced or no tillage (ploughing and harrowing) avoids the accelerated decomposition of organic matter and depletion of soil carbon that can otherwise occur. Reduced tillage also prevents the break-up of soil aggregates that protect carbon


	
•  some use of animal manure or chemical fertilisers, which can increase plant productivity and thus SOC


	
•  rotations of cash crops with pasture or the use of cover crops and green manures, which have the potential to increase biomass returned to the soil


	
•  using improved crop varieties to increase productivity above and below ground, as well as increasing crop residues, thereby enhancing SOC.










Forests and tree crops


Forests are able to reduce CO2 emissions to the atmosphere by storing large stocks of carbon both above and below ground.




	
•  Protection of existing forests will preserve current soil carbon stocks.


	
•  Reforesting degraded lands and increasing tree density in degraded forests increase biomass density and therefore carbon density, above and below ground.


	
•  Trees in croplands (silviculture) and orchards can store carbon above and below ground. CO2 emissions can be reduced if they are grown as a renewable source of fuel.





It is important to note that many of these mitigation schemes have different and unwanted side effects.










Improved aviation practices


According to the Air Transport Action Group, in 2019 the global aviation industry carried 4.5 billion passengers, producing 915 million tonnes of CO2. Although the industry has made major strides in reducing its production of CO2 (for example, the Airbus A380 and the Boeing 787 both use less than three litres of fuel per 100 passenger km), the EU Directorate General for Climate Action state that in 2020 the global emissions of CO2 will be 70 per cent more than in 2005 and could be a further 300 per cent more by 2050.


The ways in which the aviation industry could reduce their emissions are shown in Figure 1.62. These must be treated with caution because many of them are still at the aspirational or theoretical stage.
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Figure 1.62 CO2 mitigation within the aviation industry
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[image: ] Review questions




	
10  Summarise the attempts to mitigate the impacts of climate change.


	
11  How successful have these attempts been?
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[image: ] Case study of a tropical rainforest setting: Water and carbon in the Amazon


The Amazon Basin (Figure 1.63), at 670 million hectares, is the world’s largest rainforest and one of the most biodiverse. Its 300 billion trees and 15,000 species store one-fifth of all the carbon in the planet’s biomass. Tropical forests have been present in South America for millions of years and were at one point spread over most of the continent. In the past the forest has shrunk back and then advanced again as ice ages came and went. Today’s Amazon rainforest is spread across nine countries and is home to 34 million people who depend on the resources it provides.
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Figure 1.63 The location of the Amazon rainforest
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Figure 1.64 Key themes shown in this study








Carbon


There is little consensus amongst the scientific community regarding the actual amounts of carbon stored, emitted and captured by tropical forests. The Helmholtz Centre for Environmental Research (UFZ) estimated that the Amazon stored 76 billion tons of carbon in 2019. Along with other tropical rainforests, it forms a carbon sink of 1–3 GtC/year. Studies have shown that these forests have been increasing in above-ground biomass by 0.3–0.5 per cent per year and that the rising productivity of tropical forests is due to increasing CO2 concentrations in the atmosphere (see Figure 1.64). The resulting negative feedback seems to offset any rising atmospheric levels of CO2.


UFZ have also estimated that in 2019 the Amazon forest was a carbon sink, absorbing around 600 million tonnes per year; this is much less than its estimated peak of two billion tonnes of CO2 each year in the 1990s.


It appears that an increase in atmospheric CO2 led to a growth spurt for the Amazon basin’s trees; in time, however, the growth stimulation feeds through the system, causing trees to live faster and die younger. This has led to a surge in the rate of trees that are dying across the Amazon.


Water


The average discharge of water into the Atlantic Ocean by the Amazon is approximately 175,000 m3/s, or around 15 per cent of the fresh water entering the oceans each day.


The Rio Negro, a tributary of the Amazon, is the second largest river in the world in terms of water flow, and is 100 m deep and 14 km wide near its mouth at Manaus, Brazil.


Average rainfall across the whole Amazon basin is approximately 2,300 mm annually. In some areas of the north-western portion of the Amazon basin, it can exceed 6,000 mm. Up to half of this rainfall may never reach the ground. It is intercepted by the forest canopy and re-evaporated into the atmosphere. Additional water evaporates from the ground and rivers or is released into the atmosphere by transpiration from plant leaves. Of the rainfall that is evapotranspired back into the atmosphere, about 48 per cent falls again as rain. Only about 30 per cent of the rainfall actually reaches the sea. The rest is caught up in this constant closed system loop.


Drivers of change




	
•  Between 2000 and 2007, the Brazilian Amazon was deforested at a rate of 19,368 km² per year. During this time, an area of forest larger than Greece was destroyed.


	
•  Brazil is the world’s fourth largest climate polluter, with 75 per cent of its greenhouse gas emissions attributed to deforestation and land use change; 59 per cent of this is from loss of forest and burning in the Amazon.


	
•  The removal of forest was done using slash and burn techniques which:



	–  reduces the retention of humidity in the soil’s top layer down to a depth of one metre


	–  facilitates sudden evaporation of water previously retained in the forest canopy


	–  increases albedo (reflectiveness) and temperature


	–  reduces porosity of soil, causing faster rainfall drainage, erosion and silting of rivers and lakes.








	
•  Any moisture that evaporates from deforested areas forms shallow cumulous clouds which usually do not produce rain.


	
•  Forests emit salts and organic fibres along with water when they transpire. These act as condensation nuclei and assist in cloud and rain formation. Their loss inhibits the formation of cloud and reduces rainfall.


	
•  If destroyed, the vast carbon store will be released into the atmosphere.


	
•  There are a number of differences between tropical rainforest and the pasture land it is generally replaced with.



	–  Forests absorb approximately 11 per cent more solar radiation.


	–  The average temperature in the rainforest is approximately 24.1°C; in pastures it is 33°C.


	–  The daily temperature variation of Amazon forest soils at 20 cm did not exceed 2.8°C, though under pastures it was 8°C.


	–  The moisture content in the upper one metre of pasture soil is about 15 per cent less than under nearby forest.


	–  Deeper forest roots can pump more soil moisture to the surface, producing 20–30 per cent more air humidity and consequently 5–20 per cent more precipitation than pastures.











Climate changes


Studies investigating all tropical rainforest regions found a mean temperature increase of 0.26°C ± 0.05° every ten years since the mid-1970s and predict that by the year 2050, temperatures in the Amazon will increase by 2–3°C. There has also been evidence of more frequent and increased extremes in temperature.


Amazonia experienced falling amounts of rainfall between the 1920s and the 1970s but since then it appears there has been no significant change.


Vegetation changes


There has been a massive net loss of forests in the Amazon Basin. WWF estimates that 20 per cent of the Amazon forest has already been lost and that will rise to 27 per cent by 2030 if the current rate of deforestation continues. Although most of this has been caused by deliberate deforestation, a significant amount has been as a result of climate change. Some species are limited by their tolerance to temperature change, drought and seasonality. Climate change can affect species sustainability by directly altering the conditions needed to grow and survive. Droughts and unusually high temperatures in the Amazon in recent years may also be playing a role in killing millions of trees although the tree mortality increases began well before an intense drought in 2005.


A 2009 study concluded that a 2°C temperature rise above pre-industrial levels would see 20–40 per cent of the Amazon die off within 100 years. A 3°C rise would see 75 per cent of the forest destroyed by drought over the following century, while a 4°C rise would kill 85 per cent.


Soil changes


Amazonian soils contain from 4 to 9 kg of carbon in the upper 50 cm of the soil layer, while pasturelands contain only about 1 kg/m2. When forests are cleared and burned, 30–60 per cent of the carbon is lost to the atmosphere; unburned vegetation decays and is lost within ten years. The soil fungi and bacteria that used to recycle the dead vegetation die off.


When forest clearance first occurs, the soils are exposed to the heavy tropical rainfall. This rapidly washes away the topsoil and attacks the deep weathered layer below. Most of the soil is washed into rivers before the forest clearance has caused a reduction in the rainfall.


River changes


Changes in total precipitation, extreme rainfall events and seasonality may:




	
•  lead to an overall reduction in river discharge


	
•  cause an increase in silt washed into the rivers, which could disrupt river transport routes


	
•  lead to flash flooding


	
•  destroy freshwater ecosystems; this could remove a source of protein and income to local inhabitants


	
•  destroy water supply which fulfils the needs of Amazonian peoples.





Warming water temperatures may:




	
•  kill off temperature-dependent species


	
•  change the biodiversity of the river system by introducing new species and killing others


	
•  reduce water-dissolved oxygen concentrations, which could destroy eggs and larvae, which rely on dissolved oxygen for survival.





Mitigation


Figure 1.65 describes some of the strategies to reduce the effects of environmental change in Amazonia.
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Figure 1.65 Strategies to reduce the effects of environmental change in Amazonia
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The Latin American Technical Cooperation Network on Watershed Management (REDLACH)


The TARAPOTO process to help achieve harmonious forest development


National and international agreements


Mitigation


The creation of national parks and forest reserves. E.g. the Tumucumaque National Park (3.84 million hectares) and the Pará Rainforest reserve (15 million hectares)


Forest biofuel production could compete with ethanol production from sugar cane by 2030


Reforestation: much of Brazil’s industrial (roundwood) timber comes from planted forests which make up only 2 percent of the forest area


Enrichment of degraded forests using native species


Amazon Cooperation Treaty Organisation (ACTO) to promote harmonious development
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[image: ] Links


There are links between what is happening in the Amazon basin and external forces operating at different scales (government policies or the decisions of transnational corporations or the impacts of international or global institutions).
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[image: ] Case study of a river catchment at a local scale: River Brock, Lancashire


The River Brock (Figure 1.66) drains an entirely rural catchment. It is 17.8 km long, rising in the hills of the Forest of Bowland. The headwaters drain steep millstone grit hills in the north and carboniferous limestone in the south. There is peat on the high moors while the lower catchment is overlain by boulder clay. The flow is almost completely natural. Myerscough Agricultural College have a licence to abstract a maximum of 45.46 m³ daily with an annual maximum of 16,592.9 m³. At present this is being withheld.


The regime of the River Brock


This depends upon the pattern of rainfall, which can be highly variable. Table 1.2 indicates that in 1995 rainfall for the Brock catchment was relatively low. Figure 1.67 shows a lower than average flow all year with a late winter maximum and low flow in the summer. On the other hand, 2012 was a particularly wet year as shown by Table 1.3. See figures on page 50.
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Figure 1.66 OS map extract showing the location of the River Brock (Map is reproduced at half of OS Landranger map scale of 1 : 50,000. Each grid square is 1 km2). © Crown copyright and database rights, 2021, Hodder Education, under licence to Ordnance Survey. Licence number 100036470
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Figure 1.67 Flow data of the River Brock at Brock, 1995


Source: Centre for Ecology & Hydrology








Table 1.2 Monthly rainfall totals for Chipping, Lancashire, 1995








	Month


	Rainfall











	Jan


	    45







	Feb


	  107







	Mar


	    50







	Apr


	    97







	May


	    77







	Jun


	    63







	July


	    92







	Aug


	  110







	Sep


	    67







	Oct


	  147







	Nov


	  154







	Dec


	     68







	Total


	1077












[image: ]



Figure 1.68 Flow data of the River Brock at Brock, 2012


Source: Centre for Ecology & Hydrology








Table 1.3 Monthly rainfall totals for Chipping, Lancashire, 2012








	Month


	Rainfall











	Jan


	  188







	Feb


	  124







	Mar


	    31







	Apr


	    98







	May


	    79







	Jun


	  213







	July


	  166







	Aug


	  159







	Sep


	  313







	Oct


	  195







	Nov


	  190







	Dec


	  225







	Total


	1981
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[image: ] Skills focus


You should be able to interpret the logarithmic scale used for discharge.


What statistical technique could you use to investigate the relationship between monthly rainfall and maximum (or minimum) discharge. Why use that technique?
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Downstream changes in the discharge


The River Brock is short enough to be studied almost from source to mouth. Measurements of discharge variations downstream could be compared to other drainage basin characteristics.


Flooding


The most serious flooding to affect the village of St Michael’s on Wyre was in October 1980 when there was a combination of intense and prolonged rainfall. As a result comprehensive flood protection was put in place:




	
•  In the area of St Michael’s to the north of the River Wyre the Environment Agency constructed a flood storage basin at Catterall for a one-in-fifty-years flood. It has a capacity to store 1.7 million m³ of floodwater.


	
•  Embankments were raised and strengthened in the lowland area close to the River Wyre.


	
•  Warnings are issued for one-in-five-years floods and sandbags given out by the local council, which maintains a store of 2,000.


	
•  In the area of St Michael’s to the south of the River Wyre there is a 1 in 100 years probability of flooding with warnings and sandbag distribution.





The River Brock contributes to the flooding of the River Wyre.
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Figure 1.69 The discharge profile of the River Brock at 4.30 on 26/05/2015








Looking at Figure 1.69 we can see that the river level at or near the confluence with the River Wyre at 04.30 on the 26/05/2015 was 0.29 m. The typical river level range for this location is between 0.12 m and 0.93 m. It has reached a highest recorded level of 4.29 m on the 21/01/2008.


The steep sided nature of the Brock Valley means that flooding is not a problem until the river approaches the confluence with the River Wyre. Here the land is much flatter, the result of it being a former glacial outwash plain. Although the river is embanked before reaching St Michael’s on Wyre, the agricultural nature of the land use makes it low priority for the Environment Agency.
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[image: ] Review questions




	
12  The source area of the River Brock is on west facing slopes. How will this influence the amount of rainfall (input) that enters the drainage basin?


	
13  The source area is peat moorland and rough grazing. How might this affect the transfer of water following precipitation?


	
14  How might the reintroduction of the Myerscough Agricultural College licence to abstract water affect:



	
•  the discharge of the river


	
•  the ability of the river to support a wide biodiversity?








	
15  How does the annual flow of the River Brock for 2012 vary from that of 1995?


	
16  Account for the differences in the two patterns of flow.


	
17  How might the discharge of the river be affected by the following potential climatic changes?



	
•  An increase in summer temperatures with a reduction in precipitation.


	
•  An increase in the intensity of rainfall events in winter.








	
18  The greatest discharge does not coincide with the worst floods. Why might this be the case?
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[image: ] Fieldwork opportunities


There are a variety of research questions that could be asked on this topic which would provide a sound basis for fieldwork. These include:




	
•  How do infiltration rate and infiltration capacity vary with slope, steepness, soil texture, geology and/or land use?


	
•  How do rainfall and evaporation affect the level of water, velocity and discharge of a river?


	
•  How do different sections of a river respond to a period of rain?


	
•  How does the amount of interception vary with vegetation type and rainfall intensity?


	
•  How do different land uses affect the amount of carbon stored in the vegetation and soils?
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[image: ] Further reading


The monthly ‘Hydrological Summary of the UK’ published by the National Hydrological Monitoring Programme (NHMP) https://nrfa.ceh.ac.uk/monthly-hydrological-summary-uk


Typical snapshots of UK hydrology. A series of reports that could be used for research into changes in the water balance.


An up-to-date example of carbon capture and storage can be found at https://ccsnorway.com


This is a general overview of the state of the carbon capture industry in the UK. It looks at the economic argument for carbon capture as well as its possible future in the UK.


‘Soil organic carbon; the hidden potential’ published by UN FAO www.fao.org/3/a-i6937e.pdf


Provides an overview of current knowledge and knowledge gaps on soil organic carbon.


Air Transport Action Group (ATAG) www.atag.org/our-publications/latest-publications.html


Information on air transport, environment and infrastructure studies.


Global Environment Outlook GEO6: Environment for the Future We Want, United Nations Environment Programme, first published in 2019, www.unep.org/resources/global-environment-outlook-6


GEO-6 outlines the current state of the environment, illustrates possible future environmental trends and analyses the effectiveness of policies.
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Question practice


A-level questions ________________________




	
1  Outline the ways in which feedback processes affect the carbon cycle.

[4 marks]




	
2  Figure 1.70 shows the changing amounts of carbon dioxide production by source. Using the figure, analyse the changes shown.

[6 marks]




	
3  Study Figure 1.55 (page 41), which shows the predicted increases in surface air temperature between 1960 and 2060. Using the figure and your own knowledge, assess the impact of these temperature changes on life on Earth.

[6 marks]
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4  With reference to an area of rainforest you have studied, assess the extent to which the water and carbon cycles in that area may be related to attempts at global governance.

[20 marks]
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Figure 1.70 World carbon dioxide production by source


Source: US Department of Energy
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Chapter 2 Hot desert systems and landscapes
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Drylands are found at all latitudes around the globe, but most hot desert environments are arid regions of the world located at mid and low latitudes on or around the tropics. These areas are arid, receiving little or no rainfall, with sparse or no vegetation. Due to their extreme climate hot desert environments are sparsely populated.


In this chapter you will study:




	
•  the global distribution of mid- and low-latitude deserts and their margins


	
•  the climate, soil and vegetation characteristics of hot deserts and their margins


	
•  the processes leading to aridity in hot deserts and their margins


	
•  the systems and processes leading to the development of hot desert landscapes


	
•  desertification – its causes, consequences and alternative futures for local populations.
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2.1 Introduction to hot deserts and their margins




Deserts as natural systems


The introduction to Chapter 1: Water and carbon cycles outlined how many aspects of physical geography can be studied using a systems approach and you should read that section carefully before reading further here. This chapter explores the landscapes of hot desert environments and their margins and we will see that they are open systems with a range of inputs, stores/components, flows/transfers and outputs that combine to create one of the most distinctive types of landscapes on Earth. When there is a balance between the inputs and outputs then the system is said to be in a state of dynamic equilibrium. If one of the elements of the system changes, for example, there is increased sediment blown into the desert but there is no corresponding change in the amount of sediment being removed from the desert, then some desert landforms may change and the equilibrium is upset. This is called feedback. Figures 2.1a and 2.1b illustrate the open system of a desert landscape and how desertification can be viewed as an example of a positive feedback system. They highlight many of the ideas that are explored in detail in the rest of the chapter.
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Figure 2.1a A hot desert landscape as an open system
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Inputs




	-  Energy from the Sun


	-  Precipitation


	-  Wind





Erosional processes


Components


Erosional landforms and landscapes


Wind and water transport


Components


Depositional landforms and landscapes


Wind and water transport


Outputs




	-  Water and wind remove sediment from the desert


	-  Clear skies allow large amounts of energy to re-radiate back to space
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Figure 2.1b Positive feedback in a hot desert environment – desertification
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Desertification


Decreased agricultural and livestock yields


Local populations increase livestock numbers and extend and intensify cultivation


Deforestation and overgrazing occur


Soil quality is degraded and reduced vegetation leaves soil exposed to erosion by water and wind
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Figure 2.2 The location of major hot desert environments








Like all physical environments, the combination of erosional and depositional landforms that combine to produce characteristic hot desert landscapes are constantly changing elements (or components) of the geomorphological systems of which they are a part. As the system tends towards dynamic equilibrium, driven by the input of energy, the geomorphological processes present in hot deserts continually shape the desert landforms, creating their distinctive landscape features.







Global distribution


Deserts cover over one-fifth of the surface of the Earth, however hot desert environments and their margins generally run in parallel belts north and south of the Equator in hot arid and semi-arid mid and low-latitude locations.


Almost all hot desert landscapes in the northern hemisphere are located towards the west of continents. The major hot desert areas of the northern hemisphere (Figure 2.2) include:




	
•  the Mojave, Sonoran, Great Basin and Chihuahuan deserts in North America


	
•  the Sahara in North Africa and Somali-Ethiopian deserts in the Horn of Africa


	
•  the Arabian, Iranian and Thar deserts stretching from the Red Sea through the Middle East to Pakistan and India in Asia.





In the southern hemisphere hot desert areas include:




	
•  the Atacama desert in South America


	
•  the Namib, Kalahari and Karoo deserts in southern Africa


	
•  the Great Sandy (Western), Great Victoria and Simpson deserts, and others, in Australia.
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[image: ] Key terms


Arid – The climate of an area that receives less than 250 mm of precipitation per year.


Aridity index – The ratio between precipitation (P) and potential evapotranspiration (PET).


Continentality – The impact of increasing distance from the coast on the climate of an area.


Desert – An arid environment receiving very low levels of rainfall.


Semi-arid – The climate of an area that receives between 250 and 500 mm of precipitation per year.


Water balance – The relationship between the annual precipitation received and the amount of water lost to potential evapotranspiration.


[image: ]














Water and aridity index and the climate, soil and vegetation characteristics of hot deserts





Aridity index


A desert is most simply defined as an arid environment receiving very low levels of rainfall. Typically hot deserts are categorised as arid receiving less than 250 mm precipitation per year and semi-arid receiving 250–500 mm precipitation per year. However, this is very simplistic and the categorisation of deserts is varied and complex. Deserts are classified as hot and cold, sandy and rocky, foggy and sunny, and barren, and are found at both high and low extremes of altitude and in both coastal and continental interiors. Almost all definitions are linked to the lack of water, and the water balance, which compares the mean annual precipitation (P) received with the mean annual potential evapotranspiration (PET). PET is the amount of water that could be lost from the soil by plant transpiration and direct evaporation from the ground. The ratio of P and PET is known as the aridity index.


Hot deserts and their margins are considered to be areas described as hyper-arid to arid, and semi-arid on the aridity index as illustrated in Figure 2.3.
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Figure 2.3 The aridity index








Places with greater P than PET will have an aridity index of greater than 1.0, while those with PET greater than P will have an aridity index of less than 1.0. Of the hot deserts in Figure 2.2 (page 54), the Sahara has the highest aridity, followed by those in Arabia, East Africa, Australia and those of South Africa, with lower levels in the Thar and the deserts of North America.







Climate


Although hot deserts are warm throughout the year with very hot summer temperatures, they have climates characterised by extremes:




	
•  Temperatures vary wildly both annually (between the hottest and coldest months) and diurnally (between daytime and night-time temperatures).


	
•  With very low humidity levels in hot deserts, especially those in subtropical latitudes, cloud levels are extremely low. Clear skies allow significant amounts of insolation to reach the surface, almost twice that at more humid latitudes closer to the Equator or at higher latitudes.


	
•  Daytime temperatures can commonly rise to over 30ºC, with highs of 45–55ºC in many locations. One claim for the highest temperature ever recorded, 57.7ºC, was at Al Aziziyah in Libya in 1922.


	
•  The cloudless skies explain the high diurnal range, as temperatures drop very rapidly at night, with hot deserts losing twice as much heat at night as the more humid latitudes.


	
•  Night-time temperatures can often drop below 0ºC, with records of around −18ºC not being rare. Therefore, the diurnal range can be over 30ºC, with extreme ranges of over 40ºC in places (Figure 2.4).
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Figure 2.4 The diurnal temperature range in a hot desert








Semi-arid regions are also warm all year, with hot dry summers, average temperatures of around 21–27ºC, temperatures rarely going above 38ºC, and night-time temperatures being cool, around 10ºC. As distance from the tropics increases so does the annual temperature range in hot deserts due to the increased seasonality of the climate. This means that desert margins have huge variations in temperatures, with those on the poleward side of arid areas being significantly colder than those on the equatorial side.


The reality is that there is huge variety in the temperature patterns experienced in hot desert areas around the globe due to differences in their geographical situation. For example, those closer to the sea, like the Atacama, have a cooler, less extreme temperature range than those in continental interiors.
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Figure 2.5 Climate graphs for two desert areas








The amount of rainfall is usually extremely low, or occurs in rarer, short downpours following long dry periods (Figure 2.5). These cloudbursts can often deliver the total annual rainfall in a number of hours. The rate of evaporation often exceeds the rate of rainfall. Hot deserts are classified as receiving less than 250 mm of rainfall, but rates vary greatly around the world. Places like Iquique in the Atacama Desert in Chile receive almost no rain and are the driest, averaging less than 15 mm a year, with the central Sahara receiving a similar amount. American deserts receive slightly higher amounts at around 280 mm. Desert margins or semi-arid areas are often classified as receiving 250–500 mm a year, but like hot deserts they are generally dry and rainfall events are unpredictable and can occur as sudden downpours. Due to the slightly lower temperatures less moisture is lost due to evapotranspiration, and in areas with low night-time temperatures the condensation of dew can equal or exceed the amount of rainfall received in some areas.
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[image: ] Skills focus


You can easily find annual rainfall and temperature data for a hot desert area and could use this to construct and interpret a climate graph.
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Soil


Around 17 per cent of the Earth’s surface has desert soils. The extent of desert soils varies in different continents: Australia has about 44 per cent, Africa 37 per cent and Eurasia only 15 per cent.


When soils do develop in deserts they are often infertile with a thin soil profile and tend to be alkaline and quite saline. Rates of soil development are extremely slow in hot deserts due to:




	
•  lack of moisture


	
•  extremely high temperatures and high rates of evaporation


	
•  sparse vegetation and limited organic material.





Desert soils are often characterised by a thick accumulation of basic mineral salts (often calcium or sodium compounds) at or near the surface. This occurs due to the process of capillary movement where any moisture in the soil or subsoil moves upwards through the tiny spaces between soil particles (capillaries). This capillary action is most effective when evaporation exceeds precipitation, hence its prevalence in arid environments.


The main zonal soil type for hot deserts and their margins is the soil order of aridisols. This is an order of soils including infertile alkaline and saline soils of desert areas characterised by accumulations of mineral salts at or near the surface (Figure 2.6). These aridisols fall into two main categories sierozems (in semi-arid areas) and raw mineral soils (in arid environments), although there are many other groups and sub-groups of soils also known as aridisols.
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Figure 2.6 Soil profile of a typical aridisol








Aridisols range from reddish-yellow to grey-brown in colour depending on the nature of the parent material and are generally very thin (usually less than 100 cm deep).


The raw mineral soils of arid areas have a coarse texture and are often rocky or gravelly due to physical weathering. Chemical weathering also occurs and where water exists in the subsoil, capillary action leads to an accumulation of calcium and sodium salts near the surface. With a lack of moisture there is little downward movement of minerals (leaching), and arid soils tend to have limited variation between horizons. These soils tend to be slightly alkaline and are often unproductive rather than infertile, as minerals and nutrients are available but extremes of temperature and a lack of water are the main limiting factors for vegetation. If concentrations of salts are high enough hard salt crusts can form at the surface.


In arid to semi-arid areas receiving around 250 mm of rainfall, grey desert soils or sierozems can form. The darker colour suggests the presence of some organic material as they often develop below ‘desert-shrub’ vegetation. These soils are often used for cultivation and with continued irrigation calcium-rich B horizons can develop beneath the thin A horizon, with rich accumulations of calcium carbonate or gypsum giving a lighter colour.







Vegetation


Hot desert environments often look barren, desolate and lifeless, however other than the sand sea areas that are constantly mobile, arid and semi-arid areas have a remarkable diversity of plants. Plants are usually ground-hugging shrubs or short woody trees (Figure 2.7). However, even in the least hospitable, arid environments, vegetation cover remains sparse, and depending on the temperature and rainfall, net primary productivity values can range from near 0 to 120 g/m2/year.
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Figure 2.7 Low-growing desert-shrub vegetation








The limited availability of water, extreme temperatures (in terms of heat and range) and the intense constant sunlight during the day, mean that plants have developed a range of physical and behavioural adaptations in order to:




	
•  maximise use of, and limit the loss of moisture


	
•  store moisture in their stem or leaves


	
•  procure water with extensive and/or deep root systems


	
•  respond rapidly to sporadic rainfall followed by rapid life cycles.
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Figure 2.8 Saguaro cactus with adaptations for surviving in arid environments








Most plants in desert areas are xerophytes. Plants in desert areas have a number of features to help them survive the dry conditions (Table 2.1, page 58).


Table 2.1 Desert plant characteristics and adaptations








	Feature

	Description of adaptation










	Succulence

	


	•  Succulent plants, or xerophytes, contain compounds or cells in fleshy leaves, stems or roots where they can store water, for example, all cacti and non-cacti like aloes











	Procuring water after brief rainstorms

	



	•  Water does not penetrate deep into the soil or remain wet for very long so succulents have the ability to rapidly absorb huge amounts of water as plant roots can only take up water when the soil is more moist than the interior of the roots


	•  Succulents have shallow (less than 10 cm) and very wide extensive root systems. For example:



	•  the roots of the 12–18 m-tall saguaro cactus (Figure 2.8, page 57) can extend horizontally to the same distance as the height of the plant


	•  the cholla cactus is 60 cm tall and has roots that extend up to nine metres


	•  agaves are the exception to this adaptation as they have a limited root system, but have a leaf rosette that channels rain water directly to the base of the plant














	Conserving water

	

	•  Thick waxy cuticles and closed stomates, making the leaf surface waterproof


	•  Small, spiky or waxy (or no) leaves to reduce surface area to limit transpiration









	Protection from thirsty animals

	

	•  Being spiny, bitter or toxic


	•  Living in inaccessible locations









	Drought tolerance

	

	•  Some plants are phreatophytes with very deep root systems reaching water deep underground


	•  Many plants are ephemerals with adaptations including:



	•  becoming dormant or losing their leaves during droughts


	•  appearing ‘dead’ or dormant for months or even years













	Drought avoidance

	



	•  A number of plants, including some ephemerals, have extremely short life cycles


	•  They come into bloom rapidly after rainfall


	•  They channel all their life energy into producing seeds


	•  Their seeds lay dormant until a future rainfall event










	Salt tolerance

	



	•  Due to high rates of evaporation, desert plants, such as the saltbush, need to be halophytes with cells that have adapted to deal with high levels of elements, such as sodium and chlorine


	•  Plant tissue adapts to survive in a saline environment
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[image: ] Fieldwork opportunities


The northern Sahara Desert is close to the town of Erfoud to the east of Marrakesh in Morocco. During a field visit it would be quite simple to collect basic information about the characteristics of this hot desert environment without requiring large amounts of equipment. Field observations could be made on the following:




	
•  climate


	
•  soils


	
•  vegetation.
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The causes of aridity in hot deserts


There are a number of factors that contribute to the arid nature of these regions:




	
•  the general pattern of atmospheric circulation


	
•  distance from oceans or continentality



	
•  relief


	
•  cold ocean currents


	
•  wind (page 62).







Global atmospheric circulation


Figure 2.9 illustrates how the latitudes where hot deserts tend to be located, between about 20–30º north and south of the Equator, are generally dominated by high pressure throughout the year.


At the Equator there is a net gain in energy as large amounts of incoming solar radiation, insolation, is received because the Sun is directly overhead with a high angle of incidence. Air in contact with the Earth is heated and begins to rise, cooling, causing the water vapour within it to condense, form clouds and lead to precipitation. The rising air is replaced by air rushing in from the north and south creating an area of low pressure known as the inter-tropical convergence zone (ITCZ). The rising air begins to cool and track polewards. At around 20–30º north and south this now cool denser air descends. As it does, it warms and expands, meaning little cloud formation occurs, giving the clear skies responsible for the heat and aridity of these latitudes. These two circulation cells are known as the Hadley cells. Figure 2.9 also shows that the mid-latitude cells (Ferrel cells) have air descending at these mid-latitudes; the combination of the sinking air from both cells is what creates the high pressure at the surface.
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Figure 2.9 The tri-cellular model of atmospheric circulation













Distance from the sea


Continentality has an effect on both the rainfall and temperature received by maritime areas and continental interiors.


As Figure 2.10 illustrates, coastal locations have a more moderate climate with little annual variation in temperature and receive higher levels of rainfall. With distance from the sea, temperatures are far more extreme, can exhibit higher extremes and are generally much drier as there is little moisture available for cloud formation. For example, parts of the Sahara in the centre of North Africa are over 2,000 km from the sea.







Relief


Around mid-latitude areas there are a number of extremely dry regions on the leeward side of mountain ranges that experience what is known as the rain shadow effect, for example, Arabia to the west of the Himalayas and central Australia to the west of the Eastern Ranges. Figure 2.11 (page 60) illustrates the effect of the southeast trade winds from the southern Atlantic meeting the Andes and the effect on the Atacama desert in the west of South America.


If moist air brought inland by prevailing winds meets a range of mountains, it is forced to rise, leading to cooling, condensation, cloud formation and relief rainfall on the windward side. Once over the summit the air descends on the leeward side of the range. This sinking air warms leading to a drop in relative humidity and clear skies with little, or no, rainfall.
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Figure 2.10 The effect of continentality
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Inland no clouds to block insolation – extreme high daytime temperatures, but large diurnal range


Insolation


With a low specific heat capacity land heats up more quickly and to a higher temperature, but then cools rapidly at night


Land


Coastal areas receive higher amounts of precipitation


High levels of evaporation – water vapour and latent heat taken into the atmosphere


Sea


Insolation


Water heats up more slowly and to a cooler temperature than land with its high specific heat capacity and heat is transferred at depth
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Figure 2.11 Rain shadow effect in South America













Cold ocean currents


The Atacama Desert in the sub-tropical latitudes of western South America illustrates the effect of cold ocean currents. There are a number of such currents that form part of the global oceanic circulation (Figure 2.12).


Any wind moving over these cold waters is cooled, which causes the relative humidity to increase and eventually moisture is condensed to create fog and mist offshore. As the land heats up quicker than the sea, this may generate gentle onshore breezes that will take the fog and mist inland. However, the intense heating from the Sun directly overhead soon burns this away. As the air is cool, it cannot hold much moisture so cloud formation is unlikely, and precipitation is very rare. Some vegetation has even developed adaptations to take advantage of the moisture condensing on it as dew, such as in northern Chile where this may be the only moisture it receives for years at a time (Figure 2.13).
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Figure 2.12 Oceanic circulation
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Figure 2.13 The influence of the Peruvian current
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[image: ] Review questions




	
1  Outline examples of feedback in hot desert landscapes.


	
2  What reasons can you suggest for the distribution of hot deserts?


	
3  What are the causes of aridity in hot deserts?


	
4  Why do hot deserts have such a large diurnal temperature range?


	
5  Why are soil profiles in hot deserts different to those in wetter environments such as the UK?





[image: ]




















2.2 Systems and processes in hot deserts



This book highlights how most aspects of physical geography can be thought of as natural systems with inputs, stores/components, flows/transfers and outputs; with geomorphological processes, driven by the input of energy, constantly changing the elements of these systems as they tend towards dynamic equilibrium. Hot deserts are no different and before exploring the detail of the processes that shape the landforms that combine to create their characteristic landscapes, a simple summary of the open system in hot deserts is included below.




	
•  Inputs: energy from insolation; water and wind; sediment (mostly sand-sized particles).


	
•  Components: characteristic erosional and depositional desert landforms.


	
•  Outputs: water and wind remove sediment and clear skies allow large amounts of energy to be re-radiated back to space.





You should also read the relevant material at the beginning of Chapter 1 under the heading ‘Systems frameworks and their application’ (page 2).
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[image: ] Key terms


Abrasion – Where material carried by moving wind or water hits exposed rock surfaces, thus wearing them away. Often referred to as a sandblasting or sandpapering effect.


Aeolian – Relating to the action of the wind.


Chemical weathering – The processes leading to the decomposition or breaking down of rocks due to chemical reactions. This most often requires the presence of water, and/or exposure to the air.


Deflation – Where wind removes dry, unconsolidated (loose) sand, silt and clay particles from the surface and transports them away.


Deposition – Occurs when the velocity of the wind decreases until it can no longer transport the grains it is carrying.


Endoreic streams – Where rivers occupy drainage basins that are closed and do not flow out to the sea or other rivers, but instead end inland in lakes or swamps.


Ephemeral streams – Streams that flow intermittently in hot desert areas following heavy thunderstorms.


Erosion – The wearing away of the Earth’s surface by the mechanical action of processes of glaciers, wind, rivers, marine waves and wind.


Exfoliation – A process of mechanical weathering that results in the breaking, splitting or peeling-off of the outer rock layers. Also commonly known as ‘onion skin weathering’.


Exogenous streams – Rivers that originate external to the desert in adjacent highlands and more humid environments, flow from outside of the desert and pass through it.


Insolation – The incoming solar radiation that reaches the Earth’s surface.


Mass movement – The movement of material downhill under the influence of gravity, but may also be assisted by rainfall.


Saltation – A process where sand-sized particles are transported by bouncing and hopping along the surface.


Sediment – Any naturally occurring material that has been broken down by the processes of erosion and weathering and has then been transported and subsequently deposited by the action of ice, wind or water.


Sediment budget – The balance between the input and output of sediment in hot deserts.


Surface creep – Where saltating particles return to the surface and hit larger particles that are too heavy to hop; they slowly creep (slide or roll) along the surface from a combination of the push of the saltating grain and the movement of the wind.


Suspension – Transportation by wind where the smallest particles, generally less than 0.2 millimetres, are held in the air.


Thermal fracture – The weathering of rock resulting from its rapid and repeated heating and cooling.


Transportation – The processes that move material from the site where erosion took place to the site of deposition.


Weathering – The breakdown and/or decay of rock at or near the Earth’s surface creating regolith that remains in situ until it is moved by later erosional processes. Weathering can be mechanical, biological/organic or chemical.
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Sources of energy in hot deserts



Many of the landform features of hot deserts are created by the action of water and wind. To fully explain how these processes work it is important to understand where the energy comes from to drive the various weathering and erosion processes. Insolation, wind and run-off provide the energy to drive hot desert geomorphological systems. Together with sediment (mostly sand-sized particles), these are the main inputs in desert systems.




Insolation


Many processes that occur in hot deserts result from changes or differences in temperature. Therefore energy from the Sun is a vital input in desert systems. We have already explored why hot deserts are arid, but why are they hot? In the low- to mid-latitude hot desert environments the Sun is almost directly overhead during the day throughout the year – meaning there are 12 hours of daylight. Also, as the Sun is high in the sky in these latitudes, the angle of incidence of the insolation is very high (Figure 2.14) meaning that any given amount of radiation is concentrated on, and so warms, a smaller area of Earth than at higher latitudes.


In more moist environments the Sun’s energy is used to evaporate water on and under the surface, taking heat energy up into the atmosphere as latent heat, so keeping the ground cooler than it otherwise might be (Figure 1.12, page 9). In more arid areas the lack of moisture means the ground becomes excessively warm, making more energy available to heat the air in contact with the ground.
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Figure 2.14 The height of the Sun in the sky – angle of incidence













Winds


Wind is also an important input in hot deserts as it is a source of energy and driver of processes in desert systems as they tend towards dynamic equilibrium. With their mid-latitude location along the sub-tropical high-pressure belt, many large hot desert areas are subject to localised winds blowing outwards towards the edge of the desert. These winds then act as an agent of erosion and transport. Examples of these local winds include:




	
•  the kharif in the Somali-Chalbi desert in the Horn of Africa, blowing June to September


	
•  the irifi easterly winds that blow in the Western Sahara around March


	
•  famously, the harmattan in the Sahara blowing in winter months from November to March


	
•  the shamal over the Arabian Gulf from late May to early July


	
•  there are also more localised winds generated in the Sudanese Sahara known as haboobs.





Other hot desert areas have their own local winds. Although winds in desert areas are on average generally no stronger than elsewhere, it is their effects that are most notable, as we will see later in the chapter.







Run-off


Rainfall in deserts is often described as ‘spotty’, in that it is often very localised and spatially and temporally unpredictable. Despite arid hot desert areas being defined as having less than 250 mm of rainfall annually, and some hyper-arid areas recording almost none, rare intense storms can produce huge amounts of rainfall in very localised areas (Table 2.2).


Together with the baked ground and limited vegetation cover, rapid overland flow (run-off) can be a significant agent of erosion and transportation of sediment.










Sediment sources, cells and budgets in hot deserts


Hot desert landscapes are often dominated by loose sediment. Deserts are a store of this sediment and much of it is transported and deposited within the desert boundary itself, forming a sediment cell. There are a variety of origins, or inputs, of sediment into hot deserts:




	
•  Sediment may simply be derived from the weathering of the underlying parent material.


	
•  Sediment may be fluvial in origin; rivers may bring the sediment into deserts.



	–  If they are ephemeral, or dry up, then sediments may be left behind in dry riverbeds.


	–  Or, as rainfall is episodic and often heavy, desert rivers may flood and deposit material on the desert surface.








	
•  Other sediments originating beyond desert margins may be aeolian and be transported in and deposited by wind as loess.





Table 2.2 Extremes of precipitation in deserts








	Location

	Mean annual precipitation (mm)

	Highest precipitation in a single storm (mm)

	Storm date










	Chicama (Peru)

	     4.0


	394.0


	March 1925







	Luderitz (Namibia)

	  16.7


	102.0


	16–22 April 2006







	Masirah Island (Oman)

	  70.0


	430.6


	13 June 1977







	Diego Aracena (Chile)

	    1.3


	    9.1


	6 July 1992







	El Djem (Tunisia)

	275.0


	319.0


	25–27 Sept 1969







	Ziyaratgah (Iran)

	  28.0


	  30.0


	6 March 1997







	Oodnadatta (Australia)

	173.4


	200.0


	9 February 1976







	El Cajoncito (Mexico)

	220.7


	237.5


	29 Sept 1982










Source: Middleton, N. 2009, OUP: Deserts: A Very Short Introduction, p.17


Hot deserts have a range of landscapes and landforms depending on the combination of processes operating there.




	
•  Areas dominated by erosion are a source of sediment and the system has a net sediment loss.


	
•  In those dominated by the transportation and deposition of sediment, the system has a net sediment gain.


	
•  The balance between the input and output of sediment in hot deserts is the sediment budget.





Large deserts can be significant sources of sediment themselves on a global scale. In fact satellite imagery often shows large clouds of dust being blown five thousand miles across the Atlantic to the Americas (Figure 2.15). Also the large loess deposits of central Asia and northern China, although not formed in hot deserts, were certainly transported in from adjacent deserts.
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Figure 2.15 Saharan sediment being blown across the Atlantic













Geomorphological processes


As hot desert geomorphological systems develop over time and tend towards dynamic equilibrium, a variety of processes take place. Driven by the input of energy, these are what change the characteristics of the components of the hot desert landscape.




Weathering


Weathering is the breaking down or decaying of material where it is (in situ). Unlike erosion it does not involve the transporting away of the broken down material, but instead produces material known as regolith. Weathering can be subdivided into a number of types:




	
•  mechanical weathering


	
•  chemical weathering



	
•  organic (or biological) weathering.










Mass movement


Mass movement is the movement of material downhill under the influence of gravity, but may also be assisted by rainfall. However, because of the low levels of moisture and little vegetation there is limited soil in hot desert environments. Therefore where mass movement occurs it is dominated by:




	
•  rock falls, where small blocks of rock become detached from an exposed cliff face and fall freely to the base of the cliff


	
•  rock slides, where there is a failure throughout the rock as a whole and the material collapses en masse, rather than as individual blocks.





These create generally steeper slopes with the accumulation of coarse, angular material at their base.


Steep solid rock cliffs are quite common in hot deserts. If vertical jointing is a common feature of the rock forming these cliffs and this is underlain by rocks that are more easily eroded, then rock fall and cliff retreat will occur (Figure 2.16).
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Figure 2.16 Rock fall and cliff retreat in vertically jointed rocks








Where the rock forming cliffs has more horizontal bedding planes, then the cliffs retreat in a more uniform manner due to the usual weathering and erosion processes. However, if the bedding planes of the geology dip then a ridge can form with a gentle slope forming parallel to the dip (a dip slope) and a steep cliff on the other side (Figure 2.17).
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Figure 2.17 Mass movement in rocks with dipping bedding planes













Erosion


Erosion refers to processes that wear away the land surface by mechanical action. In general the agents of erosion include glaciers, rivers, wind and ocean waves and currents. Obviously wind and water are the only ones present in hot deserts. What distinguishes erosion from the processes of weathering is the removal of the denuded surface material by processes of wind and water transport (see below). The processes of erosion result in the denudation, or degradation of the surface of the Earth.







Transportation


Transportation refers to the processes that move material from the site where erosion took place to the site of deposition. In hot deserts the two agents that can perform transportation are moving water and wind. The material that is being transported is called the load. Generally water transports its load in the following ways:




	
•  Traction: larger stones and boulders are rolled along the channel bed by the movement of water downstream. Traction occurs with higher levels of energy and discharge.


	
•  Saltation: smaller stones and pebbles are bounced, or leap frog, along the channel bed. Discharge and energy levels need to be high enough to pick up, or thrust, small particles up into the water column, however the flow is not fast enough to keep the particle off the bed so it falls back to the bottom, having been moved a short distance downstream. Particles landing back on the bed may now dislodge other particles up into the moving water, thus repeating the bouncing action.


	
•  Suspension: the smallest particles, generally silt and clay, are carried along in the moving water column by the flow of the water. Generally the turbulence of the moving water allows the river to not only pick up this load but also carry it downstream, only depositing the finest particles when the water is almost stationary.


	
•  Solution: the transport of dissolved minerals within the mass of the moving water itself.










Deposition


As moving water and wind are not continuously present in hot desert environments depositional features are common. Water and wind both deposit – put down – their load when they experience a reduction in the amount of material they can carry, or a reduction in capacity. With a loss of energy both water and the wind will deposit their load. A common cause of deposition in hot deserts is the evaporation of water and streams simply dry up leaving their load behind.










Distinctively arid geomorphological processes




Weathering in hot deserts


Weathering processes are some of the main ways that typical desert landscapes are shaped. Most weathering in hot deserts is believed to be mechanical or physical. However, it is due to a combination of factors and the reasons for the prevalence of weathering include:




	
•  the regular heating and cooling of rocks


	
•  the presence of moisture, even in the smallest quantities


	
•  the presence of living organisms.





The role of different weathering processes is explored below, but it is clear that variations in the input of energy and water are important factors in controlling what changes take place.




Thermal fracture


A type of mechanical weathering, thermal fracture, results from the rapid heating and cooling of rocks in deserts, which is accentuated by the extremes of temperature experienced. With air temperatures during the day rapidly rising to in excess of 40ºC the surface layers of rocks can get much hotter, up to 80ºC in very exposed locations. At night, temperatures fall very rapidly, generally to below 10ºC, but below 0ºC in places is not uncommon. This huge diurnal range, and the extremes, creates a regular rhythm of heating and cooling that causes the exposed rock to also regularly expand during the day and contract at night. However, this is a rather simplistic understanding of how mechanical weathering operates on rocks in hot deserts and it is now believed that it is a combination of a range of weathering processes that cause rock to disintegrate (degrade) in a variety of ways.







Exfoliation


The mechanical weathering process of exfoliation results in the breaking, splitting or peeling off of the outer rock layers (Figure 2.18). This ‘onion-skin weathering’ was often believed to have simply resulted from pressure changes in the rock as only the outer layers were exposed to the cycles of heating and cooling. However, the reality is more complex. Exfoliation most often affects reasonably uniform coarse-grained crystalline igneous rocks. At depth the rock is under considerable pressure, and as erosion and weathering occur at the surface, removing surface material, the pressure on rocks lower down is decreased. This creates tension and to relieve this, cracks form, running parallel to the surface. As the rock is exposed to the heating and cooling outlined above, salt-rich water is drawn to the surface by capillary action. These dissolved salts are deposited in the cracks and together with chemical weathering, the cracks are enhanced and slabs of rock detach from the surface.
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Figure 2.18 Examples of rocks affected by ‘onion-skin’ (or exfoliation) weathering













Chemical weathering


The rate of chemical weathering is slow in hot deserts because they have little soil and moisture levels are low. In more temperate and humid environments it is chemical weathering that helps in the development of soils, so where it is bedrock that is present at the surface in these arid environments, different features are formed. Due to the lack of organic material any soil that does form in a desert tends to be a similar colour to the parent rock. Most of the chemical weathering that does occur in hot deserts results from the deposition of salts precipitated from rain water or brought to the surface by capillary action. Processes of chemical weathering in deserts that contribute to the mechanical breakdown of rocks include:




	
•  Crystal growth: this weathering process is now seen as one of the main agents contributing to some of the mechanical processes outlined above. Most simply, as water that is present in spaces (pores, joints, bedding planes) evaporates, salts that were dissolved in the water are deposited. Over time larger and larger crystals develop. These salts have different thermal capacities to the surrounding rock so it is often believed that the differential heating and cooling, and so expanding and contracting, of these salts compared to the rock itself can assist in the physical breaking down of the rock.


	
•  Hydration: this is another chemical process that is also linked to the mechanical breakdown of rocks in hot deserts. Some rocks are able to absorb any water that is available, even small amounts of morning dew. As they absorb the water the rock may physically swell, causing the initiation of stresses in the rock, making it vulnerable to other mechanical breakdown. Where hydration causes salt minerals in certain rocks to alter chemically they can become weaker and thus more vulnerable to other kinds of chemical weathering. When water is added to the mineral anhydrite, for example, gypsum is formed.
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Figure 2.19a Hardpan








Other chemical weathering processes:




	
•  Hydrolysis: this occurs where mildly acidic water reacts or combines with minerals in the rock to create clays and dissolvable salts; this itself degrades the rock, but both are likely to be weaker than the parent rock making it more susceptible to further degradation.


	
•  Oxidation: this is the breakdown of rocks by oxygen and water and leads to a common feature of many hot deserts, the red-brown colour of many surface rocks, where minerals of iron have been oxidised.





As any available moisture is continually drawn to the surface and evaporated, many of these chemical weathering processes lead to accumulations of salts on or near to the surface. Many of these become cemented and create layers of duricrust, or hardpans (Figure 2.19a). The chemical nature of the underlying rock can lead to the formation of different kinds of crusts: in calcium-rich limestone areas gypsum is created which itself leads to the formation of gypcrete, while where lime is present calcrete is deposited.


Where iron and manganese oxides have been weathered from rocks at depth and are drawn to the surface in solution, the desert heat evaporates the water and a deep red stain, glaze or desert varnish (Figure 2.19b) is left on all exposed surfaces.







Block and granular disintegration


In rocks that are either heavily jointed, like granites, or have prominent bedding planes like limestone, the various mechanical processes outlined above can make masses of rock break down into large blocks (Figure 2.20). Many igneous rocks like granite have a uniform structure and form in large masses deep below the Earth’s surface. When they form, regularly spaced fractures develop and as the weight of the rock above is reduced by erosion of the overlying rock and it is slowly brought towards the surface by uplift, these fractures open slightly becoming joints. It is then that even the smallest amounts of available water in the hot deserts can enter these cracks. Together with the constant heating and cooling, the water can now chemically weather the rock along these faults leading to blocks of rock literally breaking off (block disintegration). If temperatures do drop below freezing there is the possibility that freeze thaw weathering can occur, where during the day liquid water enters the joints, then freezes at night as temperatures drop below 0ºC. As water freezes it expands by about 9 per cent, thus exerting pressure on the surrounding rock. Repeated cycles of freezing and thawing can lead to blocks of rock being dislodged. (Traditionally this process was known as congelifraction.)
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Figure 2.19b Desert varnish
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Figure 2.20 Weathering of well-jointed rock








Where rocks have a more granular structure they can be broken down into separate grains both by freeze thaw or differential thermal expansion and contraction caused by the huge temperature ranges in hot deserts. Even when only small amounts of moisture are available, possibly even from dew on cold desert mornings, it can find its way into pore spaces within the granular rock. If the temperature drops below freezing it expands, thus putting pressure on the surrounding grains of rock. With repeated freezing and thawing individual rock particles are dislodged. Where rocks have a granular structure different minerals will heat up and cool down at different rates during the diurnal heating and cooling cycle. This leads to individual particles of rock expanding and contracting at different rates leading to individual grains being broken off (granular disintegration).













The role of wind in hot deserts


As one of the main inputs in hot desert systems, wind is important as a driver of change and contributes to a range of geomorphological processes occurring there.


Wind and aeolian processes are a very common feature of hot desert environments and their margins because:




	
•  the cloudless skies and high angle of incidence means air at the surface is heated and rises, so cooler air moves in to replace it. It is this movement of air that results in winds


	
•  many desert regions are relatively barren with few surface features to create friction to reduce wind speed, or provide shelter. Therefore, winds can blow unimpeded for considerable distances.





As wind has energy and is moving it has the ability to erode, transport and deposit sediment, and so has a significant impact on the landscape of hot desert regions.




Erosion


There are two processes of erosion by wind:




	
•  Abrasion: this is often referred to as a sandblasting or sandpapering effect, where the material carried by the wind hits exposed rock surfaces and creates a range of erosional features. A number of factors affect the rate of abrasion: the direction, frequency and velocity of the wind, the lithology of the rocks and the size and nature of the particles carried by the wind.


	
•  Deflation: wind removes dry, unconsolidated sand, silt and clay particles from the surface and transports it away. Wind only removes the finer material creating a surface covered in a concentration of coarse and fine pebbles known as reg or desert pavement (Figure 2.21).
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Figure 2.21 Deflation and the evolution of reg








Wind can remove very significant amounts of material from the surface creating deflation hollows (Figure 2.22, page 68). Some of the largest deflation hollows are found in North Africa, where they can extend over hundreds of square kilometres. The Qattara Depression in Egypt is the deepest, reaching 134 m below sea level at its deepest point. There is some debate about the exact combination of processes that forms these huge desert depressions, but wind has undoubtedly contributed to removing the millions of tonnes of sand and other material that was once there. The depth of deflation hollows is controlled by the level of underlying groundwater.







Transportation


As wind is an almost ever-present feature of many hot desert environments and there are often large amounts of loose surface material, wind transport is extremely important in shaping the landscape. The transportation of sediment by wind is not only an important agent of change, in terms of processes of erosion and deposition, but represents a significant flow/transfer of material. The movement of particles by wind is dependent on a range of factors:




	
•  the wind strength and direction


	
•  the amount of turbulence


	
•  the duration of the wind


	
•  the relief and surface features


	
•  the amount and nature of any vegetation.
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Figure 2.22 The formation of a deflation hollow








Aeolian processes are able to transport material in three main ways. The nature, speed and effectiveness of this depends on the wind strength and the size of the particles (Figure 2.23).




	
•  Suspension: this is where the smallest particles, generally less than 0.2 mm, are held in the air. The moving air is able to support the weight of these small particles and carry them indefinitely and appears as a layer of dust or haze close to the surface. If the winds are strong and persistent enough, clouds of dust can be carried to significant altitudes and over hundreds or thousands of kilometres, with ‘red rain’ of Saharan sand occasionally falling in the British Isles. With very high velocity winds vast amounts of silt-sized particles are lifted creating sand/dust storms.


	
•  Saltation: this is a process where sand-sized particles are transported by bouncing and hopping along the surface. When there is turbulence, particles are lifted by a gust of wind, usually only a few centimetres into the air (but sometimes as high as 2 m) then carried a short distance downwind before dropping back to the surface. Grains hitting the surface may hit other particles and cause them to jump into the air, be caught by the wind themselves and so continue the saltation. Particles are usually transported at one-half to one-third of the speed of the wind.


	
•  Surface creep: this is where saltating particles return to the surface and hit larger particles that are too heavy to hop, they slowly creep (slide or roll) along the surface from a combination of the push of the saltating grain and the movement of the wind. It is believed that surface creep accounts for as much as 25 per cent of all grain movement in hot deserts.
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Figure 2.23 Wind transport













Deposition


Deposition occurs when the velocity of the wind decreases until it can no longer transport the grains it is carrying. Wind-deposited materials can often give clues to the scale and direction of winds in the past. For example, analysis of the huge wind-blown deposits of silt (loess) on the Loess Plateau in China, and similar but smaller accumulations in Europe and the Americas can help map the pattern of previous surface winds.


On a more local level, deposition may occur as the wind meets an obstacle and is slowed on the downwind side. This can lead to the formation of dunes (Figure 2.24).










Water in hot deserts


As one of the main inputs in hot desert systems, water is an important driver of change and contributes to a range of erosional and depositional processes that shape the landscape. Water can also transport a large amount of sediment so is responsible for a significant flow/transfer of material.
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Figure 2.24 Wind deposition around obstacles








Although rainfall and surface waters are rare in hot desert environments, streams and rivers originating outside of the desert or at higher elevations, along with occasional sudden isolated heavy downpours, can produce enough water to have an effect on the landscape. At higher altitudes in desert mountains and on high plateaux, water acts mostly as an agent of erosion, while in flatter lowland areas depositional landforms are more common.




Sources of water


The origins of water flowing in hot deserts fall into the following categories:




	
•  Exogenous: rivers originate external to the desert in adjacent highlands and more humid environments and flow from outside of the desert and pass through them. The volume of these rivers is large enough that they are perennial and maintain a flow all year, although they often do respond to seasonal rainfall (or snow melt) patterns in the source area. These exogenous (or exotic) sources, including ground water and rivers, account for the greatest volume of water flowing in hot deserts. The Nile, flowing from its sources in the Ethiopian highlands and central Africa, flows north across the arid regions of North Africa to the Mediterranean at the Nile Delta. The Colorado River originates from the Rocky Mountains then flows across the arid regions of southwest USA to reach the Pacific Ocean (Figure 2.25). These rivers have been, and continue to be, of significant importance to the populations of the regions they flow across due to their historically reliable and constant flow.
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Figure 2.25 The Colorado River










	
•  Endoreic: this is where rivers occupy drainage basins that are closed and do not flow out to the sea or other rivers, but instead end inland in lakes or swamps. Examples include the River Jordan flowing into the Dead Sea and the Okavango that flows into Botswana and splits into a number of distributaries to form the Okavango Delta.


	
•  Ephemeral: these are rivers that flow on the surface only periodically. They are a common source of water in hot desert areas and appear intermittently after heavy rainstorms. The suddenness, rapidity and intensity of the downpours can generate huge amounts of overland flow and very significant increases in channel discharge with extremely short lag times. This is the result of a number of factors:



	–  the scale of the precipitation event itself


	–  the lack of vegetation means that little interception occurs


	–  following extended periods of drought, and the removal of much loose surface material by aeolian processes, the desert surface is often baked hard, so the torrential nature of the rainfall exceeds its infiltration capacity.

















The episodic role of water



The episodic nature of rainfall in hot desert regions is exemplified well in North Africa. Subtropical deserts like the Sahara remain arid most of the time due to the dominance of high-pressure conditions, giving average rainfall of 25 mm/year generally and only rising to 100 mm in the high plateaux of Ahaggar and Tibesti. In fact parts of western Algeria and southwest Egypt can go anywhere between two and five years without receiving more than 0.1 mm of rain in any 24-hour period. However, single rainfall events can deliver two to three times the annual average in short intense desert storms. Some west-facing slopes in parts of Algeria have recorded intensities of between 8.7 mm in 3 minutes and 46 mm in just over an hour.


Most of this variability occurs in the Sahara during the summer months as the West African Monsoon moves north towards the area and can on occasion allow areas of moist south-westerly air to push further north into the desert itself, giving short-lived areas of low-pressure.


Disruption of the high-pressure cells along the sub-tropical high pressure belt can also lead to troughs, or gaps, in the high pressure at the surface, allowing more moist air to move north and create low pressure areas and rainfall on the southern edges of the Sahara.


In desert areas where there are local water sources to provide moisture for the atmosphere, if conditions are favourable, the intense heating of the desert surface can lead to localised warming and rising of air and localised low pressure systems developing. With such intense heating and rapid rising and cooling of the air, large releases of latent heat during condensation can fuel uplift, creating large but short-lived thunder storms.




Sheet flooding


During intense torrential downpours, both the impermeability of some desert surfaces and the sheer speed and amount of rainfall can lead to sheet floods. Initially the impact of the rain begins to dislodge and to move loose material across the surface (known as sheet wash or sheet erosion).


As the volume of water increases, this overland flow intensifies and can rapidly develop into extensive but relatively shallow floods. This huge amount of overland flow can remove large volumes of material as sheet erosion, thus creating erosional features, but equally contributing to depositional features downstream.







Channel flash flooding


If this overland flow is funnelled into steep-sided narrow valleys, common in some hot desert areas (known as wadis, or arroyos in the Americas), channel flash flooding occurs. These can also move significant loads of sediment and can be very powerful due to the concentration of the water in such a narrow valley, creating a deep, fast-flowing torrent of water with huge potential for erosion and transport of sediment, and thus significant depositional features when the flow recedes.
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6  Explain why low- to mid-latitude hot deserts have almost equal lengths of daylight and night-time.


	
7  Why does weathering play such an important role in hot deserts?


	
8  What are the reasons for sudden intense thunderstorms in hot deserts?
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2.3 Arid landscape development in contrasting parts of the world




Origins and development of landforms of mid- and low-latitude deserts




Aeolian landforms


The processes of wind erosion, transport and deposition outlined above can involve very significant amounts of material, so wind action (aeolian processes) plays a significant role in shaping desert landscapes. Although similar processes happen in most desert environments, the resulting landscapes will be unique in each location, reflecting the way erosional, transport and depositional processes interact with the local geology and climate.




Ventifacts


Ventifacts are exposed rocks lying on the desert surface that have been abraded or shaped by wind-blown sediment (Figure 2.26). This is usually sand, or finer silt and clay-sized particles and is often likened to a sand-blasting effect. Ventifacts can range in size from pebbles as small as a centimetre to huge boulders many metres in diameter. They are characterised by smooth and/or flattened sides (or facets) and sharp edges or ridges. There are many recognised ‘faceted-types’, with different numbers of flattened sides and sharp edges.
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Figure 2.26 Ventifact








It is not completely understood how some ventifacts have multiple smoothed facets, but it is probable that either the rock changed position, thus presenting a different side to the prevailing wind, the prevailing wind changed direction over time, or there are areas with seasonal reversals of wind where the prevailing wind direction is different in summer and winter.







Yardangs


A yardang is a streamlined parallel ridge of rock often described as resembling the upturned keel of a boat. They are aligned in the direction of prevailing winds and neighbouring yardangs are separated by a wind-scoured groove or trough (Figure 2.27).


The streamlined shape, with a rounded upwind face and long tapering ridge downstream, suggests that aeolian erosional processes are the dominant processes of formation. It is agreed that abrasion plays a key role in shaping and smoothing the ridge, and in eroding material from the trough. However, as many larger yardangs will have taken millions of years to take their current form it is thought agents such as deflation, sporadic fluvial incision, weathering and mass movement may also have played a role. Some yardangs are found in areas where the geology has horizontal rather than vertical bedding.
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Figure 2.27 Yardangs








Yardangs found in contrasting arid environments vary in size quite considerably, with ridges ranging from a few centimetres high and several metres long, through all sizes to so-called ‘mega-yardangs’ measuring tens of metres high to many kilometres long. Several regions of the central Saharan desert have large numbers of these large features, including to the west of the Tibesti Mountains in northern Chad. These mega features, in some of the remotest deserts in the world, are so large and occur in such large concentrations that they are easily visible in remotely sensed Landsat satellite imagery.







Zeugen


Zeugen is the term that has come to collectively refer to features such as rock pillars, rock pedestals and rock mushrooms, or yardangs that exhibit considerable undercutting. This range of names suggests a range of different characteristics, but all have been formed where less-resistant rock underlies a layer of more resistant geology at the surface (Figure 2.28a and Figure 2.28b). As wind transports huge amounts of sediment, mainly within two metres of the surface, abrasion is the main agent of erosion. Rock pedestals, mushrooms or pillars tend to be smaller features with dimensions of several metres, however where the features are elongated in the direction of the prevailing wind they can have similar dimensions to yardangs.
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Figure 2.28a Rock pedestal
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Figure 2.28b Zeugen














Barchans and seif dunes


Sand dunes are the main depositional landforms in hot desert environments and require certain conditions for formation to occur:




	
•  a ready supply of sand


	
•  prevailing winds strong enough to transport sediment, but not strong enough to remove more than is deposited


	
•  steady winds from one dominant direction


	
•  an obstacle, such as vegetation or rocks, to trap the sediment and encourage deposition to occur.





Where the supply of sand is great enough and a large extent of dunes develop, the landscape is referred to by the Arabic term erg. The specific size and shape of dunes varies widely depending on:




	
•  the direction and strength of the prevailing winds


	
•  the supply of sediment


	
•  the morphology of the landscape where the dunes form


	
•  the presence of any other winds.





Barchans are crescent-shaped sand-dunes with a gently sloping convex windward side with two horns or wings extending laterally which curve in a downwind direction (Figure 2.29). The leeward, downwind face (or slip face) of the dune is a steeper concave slope. Barchans only form where winds almost only come from one direction. As material is moved up the windward slope by saltation and creep and then slides, falls and flows down the leeward side, the whole dune moves downwind across the desert landscape. The leeward slope is kept steep by eddying of the wind as it descends down the dune. The height of barchans ranges from a few millimetres to giant dunes of between 500 m and 1,000 m. The wings advance more rapidly than the centre of the dune, as the rate of advance is inversely proportional to the height of the dune. Individual barchans do exist, but they often occur in groups or linear formations to form a constantly shifting ‘sand-sea’.


Seif-dunes derive their name from an Arabic term sword-dune. These knife-edged ridges of sand or longitudinal dunes form long parallel ridges of sand separated by wind-scoured depressions. Groups, or chains, of seif dunes can extend over 100 km and be over 200 m high. The tops and sides of such dunes are often serrated due to local wind action and eddying.
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Figure 2.29 Barchans and their formation
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Figure 2.30 Dunes in the Namib Desert








Other contemporary classifications of dunes:




	
•  Transverse dunes: resembling large-scale sand ripples, these are large ridges of sand with a steep downwind face and form in large groups or ‘fields’ of dunes. They occur in areas with an abundant, constant supply of sand, and can be the result of barchan dunes merging if their supply of sand increases significantly.


	
•  Parabolic (or blowout) dunes: a horseshoe-shaped dune where the open end faces upwind. These are generally relatively stable features that have been colonised by vegetation, and occur where there is a constant supply of sand, often in coastal locations.


	
•  Star dunes: these have variable slip face directions as they occur in areas with an abundant supply of sand but variable wind directions. These are often quite massive and permanent dome-like features extending over hundreds of kilometres and being hundreds of metres high, creating a draa landscape.
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Construct an annotated sketch or diagram to show the characteristics and formation of an aeolian desert landform.
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Landforms created by water


Even though most rainfall in hot desert environments is episodic and low intensity, there are occasional, sudden isolated heavy downpours which can have a significant effect on the development of desert landscapes. In mountainous upland areas and plateaux water most often acts as an agent of erosion, while in lowland regions depositional features dominate.




Wadis


Wadis are steep-sided, wide-bottomed, gorge-like valleys formed by fluvial erosion in arid and semi-arid regions. As the wadis are rarely filled with water the valley walls are steep and often covered with thick layers of weathered material, with a build-up of sediment on the valley floor.


These valleys are either permanently dry, due to climate change and the drying up of former rivers, or only occasionally occupied by ephemeral streams, which can flow as a torrent with very high levels of discharge following sudden storms. They can range from small channels a matter of metres in length to complex channel systems over 100 km long. When ephemeral channels do appear on the valley floor they are often braided due to the large amounts of previously deposited material that they have to find a pathway through. The stream pattern will change following each flash flood (Figure 2.31).
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Figure 2.31 The features and formation of a bajada













Bajadas and pediments


Where there is a distinct break in gradient as highland regions meet a more gently sloping lowland area or depression in hot desert environments, a pediment is found (Figure 2.32, page 74). These are gently sloping areas (less than 7º) of bare rock and debris. They are believed to be formed by a range of processes including fluvial erosion, alongside the deposition of material washed down from the uplands and deposited as the capacity and competence of the water is suddenly reduced by the abrupt change in slope angle.


If wadis, or valleys, containing ephemeral or perennial streams run down from uplands, depositional material may build up on these pediments due to the rapid loss of energy upon meeting the much gentler slopes. The deposited load forms alluvial fans as distributaries run out from wadis onto the pediment. The deposited material is graded, with the coarsest material left at the upstream end of the alluvial fan and the smallest material on the downstream of the fan. Alluvial fans can extend for a few metres to several kilometres from the mouth of the wadi.


In areas where a linear mountain range has several parallel wadis in close proximity, the alluvial fans may coalesce forming a bajada covering, or just beyond, the pediment.
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Figure 2.32 Location of the pediment













Playas


Permanent standing bodies of water or lakes are rare in hot desert regions because of the intermittent nature of the rainfall. Where ephemeral streams flow into inland basins or depressions salt lakes, chotts or playas form (Figure 2.33). Following the rare periods of rainfall the water quickly evaporates due to the intense heat, leaving a dry lakebed behind.


These lakebeds consist of salts (evaporites) that were carried in by the streams and precipitated during the evaporation. Sodium chloride (NaCl) is the most common precipitate, giving the dry lakebed a colour resembling a beach (the possible origin of their name, as playa means beach in Spanish). Other salts common in these crusts include calcium sulphate (gypsum), sodium sulphate, magnesium sulphate, and potassium and magnesium chlorides. People have commercially exploited these rich salt deposits throughout history. Chott el Djerid in southern Tunisia occupies an intermontane basin, is over 100 km wide and is almost entirely bare salt flats.
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Figure 2.33 A salt lake in the Namib desert













Inselbergs and mesas and buttes


In regions where the bedrock is sedimentary with horizontal bedding planes with a resistant cap rock, fluvial erosion creates mesas and buttes.


Derived from the Spanish for table, mesas are isolated flat-topped plateaux or hill-like features, with steep slopes or cliffs on at least one side, often falling away to a wadi or canyon. Buttes closely resemble mesas in all ways except that they are much smaller. They are thought to be the remains of heavily dissected plateaux where the water has eroded all but a thin isolated rock pillar.


The lower slopes of both are covered by scree resulting from mechanical weathering and rock fall from the upper sections. Monument Valley National Park in Arizona famously is home to some of the most spectacular examples (Figure 2.34).
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Figure 2.34 Mesas and buttes in Monument Valley National Park, USA








Inselbergs are more rounded steep-sided hills that rise abruptly from a lowland plain. They are characteristic of tropical savanna zones, but are found in a range of climatic zones and are generally composed of solid crystalline rocks such as granite. There has been considerable debate about the processes that formed them, but most agree that they are relic features of previous geomorphological processes.


One theory suggests that the surrounding slopes retreated in parallel as pediments encroached into the remaining highlands in a process called pediplanation. Others argue they are the result of deep chemical weathering when the resistant rock was buried beneath the surface and has since been exposed by the subsequent removal of the surrounding regolith. Both mechanisms suggest that the desert environments which inselbergs are found in today were once more humid, supporting the theory that deserts experienced wetter periods (pluvials) in the past.
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[image: ] Fieldwork opportunities


The Grand Canyon National Park in southwestern USA is a fantastic location to study the landforms of a hot desert landscape. A fieldtrip would allow you to investigate a whole range of features including:




	
•  open deserts


	
•  plateaux


	
•  mesas and buttes.





Studying the mighty Colorado River provides the opportunity to explore the role of water in a hot desert landscape, including the Grand Canyon itself.
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