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Introduction





This book provides coverage of the Cambridge International AS & A Level Geography syllabus (9696) for examination from 2027 and it is endorsed for the Cambridge Pathway. It is designed to support your understanding of the key concepts in geography as you study a wide range of geographical topics and issues. It covers all the core syllabus topics as well as the optional topics and includes coverage of new syllabus topics such as climate change impacts and governance, water resources and management and disease and geography.




What you will study


This book will provide you with:




	
•  an awareness of the usefulness of geographical analysis to understand and solve contemporary human and environmental problems


	
•  a sense of relative location, including an appreciation of the complexity and variety of natural and human environments


	
•  an understanding of the principal processes operating within physical and human geography


	
•  an understanding of the causes and effects of change on the natural and human environments.





Studying geography will give you an understanding of:




	
•  the impact of physical and human landscapes


	
•  elements of physical and human geography and the inter-relationships between these components


	
•  processes operating at different scales within physical and human geography.





As you work through the topics, you will use and develop many geographical skills including:




	
•  an understanding of how different types of geographical information such as maps, photographs, graphs, diagrams and data tables are used by geographers, and what their limitations are


	
•  an ability to use different types of geographical information to identify, describe and explain trends and patterns


	
•  an ability to interpret and evaluate information, and make conclusions based on the information


	
•  an ability to use evidence to present arguments in a logical, structured way.









Key concepts


The Cambridge International AS & A Level Geography syllabus contains a number of key concepts. These are the essential ideas, theories, principles or mental tools that help learners to develop a deep understanding of their subject and make links between different topics. An icon indicates where each key concept is covered.


[image: Blue symbol icon representing the concept of scale in geography.]


Scale: considering the significance of spatial scale in interpreting environments, features and places from the local scale to the global scale.


[image: Orange symbol icon representing the concept of diversity, equality and inclusion in geography.]


Change over time: recognising that changes happen over time, at timescales from geological time through to changes in hours.


[image: Purple symbol icon representing the concept of place in geography.]


Place: reflecting on the physical characteristics and human characteristics which create distinctive places with different opportunities and challenges.


[image: Green symbol icon representing the concept of spatial variation in geography.]


Spatial variation: recognising how physical characteristics and human characteristics vary from place to place, identifying similarities and differences.


[image: Yellow symbol icon representing the concept of cause and effect in geography.]


Cause and effect: considering the contributing factors which explain geographical events, for example an earthquake or a migration flow, and consequences resulting from them.


[image: ]


Systems: understanding how systems in geography, with their inputs, processes, stores and outputs, interact to make different environments and places.


[image: Turquoise symbol icon representing the concept of environmental interactions in geography.]


Environmental interactions: acknowledging that the interactions between people and the environment create the need for management.


[image: Grey symbol icon representing the concept of challenges and opportunities in geography.]


Challenges and opportunities: understanding physical and human environmental challenges, including climate change, and opportunities to introduce concepts such as sustainable development.


[image: ]


Diversity, equality and inclusion: respecting human diversity across the world and how people from different groups (including people of different genders and ages, and people from different cultural or ethnic backgrounds) can contribute to solve challenges from the local scale to the global scale.













Structure of the book


Cambridge International Education’s syllabus is presented in sections. The contents of this book follow the syllabus sequence, with each section the subject of a separate topic.




	
•  Topics 1 to 6 cover Sections 1 to 6 of the syllabus and are for all students. AS students are assessed only on these topics.




	
•  Topics 7 to 14 cover Sections 7 to 14. These sections of the syllabus are for A Level students only. All optional topics are included.









The information in this section is taken from the Cambridge International Education syllabus. You should always refer to the appropriate syllabus document for the year of examination to confirm the details and for more information. The syllabus document is available on the website: www.cambridgeinternational.org.













About this book


This book provides clear support for students and teachers following Cambridge International Education’s syllabus. The content follows closely the layout and sequence of the syllabus with each chapter representing a topic. The headings and sub-headings within the topics match the syllabus, so that you can identify when you have completed a section of content. Topics start by listing the key content that will be covered. Throughout the chapters, you will find the following features to aid your study of the course content.




Key terms and Glossary


Key terms are the important words and phrases you need to know to gain an understanding of the topic. These are highlighted in bold purple text the first time they appear in the book and are defined in the glossary at the end of the book.


An extended glossary is available at: www.hachettelearning.com/answers-and-extras This includes the key terms in the glossary in the book as well as additional useful words with their definitions to help you with your studies. These additional words are highlighted in bold blue.







Examples and Detailed specific examples


The book contains a wide range of real-world examples throughout drawn from a range of countries to support students in their studies. In addition to these, it also contains detailed specific examples (DSEs) where required by the syllabus. These are also sometimes referred to as ‘case studies’. The detailed specific examples within this book provide the detail needed to be able to support an extended argument in response to a question and are clearly marked.







Activities


Activities and tasks throughout the book will help you develop conceptual understanding and consolidate knowledge.







Practice questions


Practice questions at the end of each chapter serve as a useful tool to test your knowledge of what you have read. The practice questions include some past paper questions, identified with an acknowledgement line at the end of the question that references the paper in which they originally appeared, while the other practice questions are author-written questions. Answers to the practice questions are available at: www.hachettelearning.com/answers-and-extras










Knowledge tests


If your school has a subscription to the digital resources accompanying this title, you will also be able to access knowledge tests for each sub-topic within the syllabus. These provide you with further opportunities to test your knowledge and understanding and get instant feedback as you progress through the course.







Answers and Extended glossary


Sample answers to all questions and an extended glossary are available at: www.hachettelearning.com/answers-and-extras







About the authors


Paul Guinness is a highly experienced author, teacher and examiner. Until recently, he was Head of Geography at King’s College School, Wimbledon, London. He has written or co-authored over 35 textbooks and produced over 100 articles for A Level, IB and GCSE courses. In 2010, he was accredited with the title of Geography Consultant by the Geographical Association in the UK.


Garrett Nagle teaches at St Edward’s School, Oxford, where he has been Head of Geography. He is also an experienced examiner, moderator and question setter. He has written and co-authored numerous books and articles for geography and environmental science.






This book uses the World Bank classifications of countries by income: low-income countries (LICs), middle-income countries (MICs) and high-income countries (HICs). This categorisation of countries can be problematic and, while it can be useful for generalised overviews, the categories do not give a full description of the level of development in each country.





















Structure of the syllabus







Cambridge International AS & A Level Geography (syllabus code 9696 – for examination from 2027)




	
•  Candidates for Advanced Subsidiary (AS) certification take Papers 1 and 2 only.


	
•  Candidates taking the complete Advanced Level qualification take all four papers.







Paper 1: Physical Geography




1 hour 30 minutes




	
•  Hydrology, river processes and hazards


	
•  Atmospheric processes and global climate change


	
•  Earth processes and mass movements





In Section A, candidates answer structured questions, worth 45 marks.


In Section B, candidates answer one essay question from a choice of three, one on each topic, worth 15 marks.


Externally assessed


50% of total marks at AS Level; 25% of total marks at A Level










Paper 2: Human Geography




1 hour 30 minutes




	
•  Population and migration


	
•  Water resources and management


	
•  Urban areas and management





In Section A, candidates answer structured questions, worth 45 marks.


In Section B, candidates answer one essay question from a choice of three, one on each topic, worth 15 marks.


Externally assessed


50% of total marks at AS Level; 25% of total marks at A Level










Paper 3: Global Environments




1 hour 30 minutes




	
•  Tropical environments


	
•  Coastal environments


	
•  Hazardous environments


	
•  Arid environments





Candidates answer questions on two topics from a choice of four. Each topic consists of one structured question (10 marks) and a choice of one of two essay questions (20 marks).


Externally assessed


25% of total marks at A Level










Paper 4: Global Themes




1 hour 30 minutes




	
•  Climate change impacts and governance


	
•  Environmental issues and management


	
•  Trade, aid and tourism


	
•  Disease and geography





Candidates answer questions on two topics from a choice of four. Each topic consists of one structured question (10 marks) and a choice of one of two essay questions (20 marks).


Externally assessed


25% of total marks at A Level






The information in this section is taken from the Cambridge International Education syllabus. You should always refer to the appropriate syllabus document for the year of examination to confirm the details and for more information. The syllabus document is available on the website: www.cambridgeinternational.org.



























Core Physical Geography




1 Hydrology, river processes and hazards









In this topic you will study:




	
•  The drainage basin system


	
•  River channel processes and landforms


	
•  River flood hazards and impacts














1.1 The drainage basin system




1.1.1 The concept of the drainage basin as an open system


The hydrological cycle is a system that takes water between the atmosphere, lithosphere and biosphere (Figure 1.1). As with all cycles, the components can be described as being one of the following:




	
•  Inputs are the elements that produce the cycle.


	
•  Outputs are the losses from the cycle.


	
•  Stores are the locations where the elements are stored.


	
•  Transfers are the movement of elements from one store to another.







[image: Cross-sectional diagram of the global hydrological cycle showing water storage and movement, including oceans, groundwater, lakes, rivers, snow and ice, with labelled values in cubic kilometres and processes like evaporation, precipitation, runoff, and condensation.]



Figure 1.1 The global hydrological cycle










Long Description

The diagram illustrates the global hydrological cycle using a cross-sectional view of land and ocean. It shows the continuous movement of water through various stages including evaporation, condensation, precipitation, and runoff. Over the ocean, evaporation from sea is labelled as 430,000 cubic kilometres, and precipitation over sea as 390,000 cubic kilometres. Water vapour in the atmosphere is marked as 13,000 cubic kilometres, with condensation shown in clouds above both land and sea. Over land, precipitation amounts to 110,000 cubic kilometres and evaporation from land is 76,000 cubic kilometres. Runoff from land into the sea is labelled as 40,000 cubic kilometres. On the landmass, snow and ice cover the mountain region with a volume of 29 million cubic kilometres. Lakes and rivers contain 200,000 cubic kilometres of water, and groundwater is marked below the surface with 80 million cubic kilometres. Oceans are shown with the largest water volume at 1,348 million cubic kilometres. Arrows indicate the direction of water flow and phase changes across the system.




At a local scale the hydrological cycle acts within a drainage basin (Figure 1.2). Each drainage basin is an open system as it allows the movement of energy and matter across its boundaries. Ultimately, the cycle in a single drainage basin has a single input, precipitation (PPT), and two major outputs (losses): evapotranspiration (EVT) and channel flow. A third output, leakage, may also occur from the deeper subsurface to other basins.


Transfers include overland flow, infiltration, throughfall, throughflow and groundwater flow.


Water can be stored at a number of stages or levels within the cycle. Stores include vegetation, surface, soil moisture, groundwater and water channels.




[image: Flow diagram of the drainage basin hydrological cycle showing water stores and transfers such as interception, surface, soil moisture, and groundwater storage, along with processes like precipitation, evapotranspiration, infiltration, and runoff.]



Figure 1.2 The drainage basin hydrological cycle










Long Description

The diagram illustrates the drainage basin hydrological cycle by showing the movement and storage of water within a drainage basin system. Precipitation, labelled as PPT, enters the system and is initially captured by interception storage. From there, water moves downward through stemflow and drip into surface storage. Some water is lost at each stage through evapotranspiration, labelled as E V T. Water in surface storage can either evaporate or flow laterally as overland flow. It may also infiltrate into soil moisture storage, where it may be lost through evapotranspiration or move laterally as throughflow. Further downward movement occurs through percolation into aeration zone storage, where interflow takes place. From this zone, water recharges groundwater storage. Groundwater contributes to the river system through groundwater flow, also referred to as base flow. All flows eventually reach channel storage, which then leads to channel runoff.




Human modifications are made at every scale. Relevant examples include large-scale changes to channels affecting flow and storage; irrigation and land drainage; and abstraction of groundwater and surface water for domestic and industrial use.






Activities




	
1  Explain what is meant by an open system.


	
2  Suggest why drainage basins at a local scale are considered to be open systems but the global hydrological cycle is generally considered a closed system.
















1.1.2 Movement of water through the drainage system




Inputs


Inputs into a drainage basin vary spatially (from place to place) and temporally (over time). Most inputs are in the form of precipitation of one sort or another. Precipitation refers to all forms of deposition of water from the atmosphere as either a solid or liquid: rainfall, snow, hail, dew and fog (see Topic 2). Because rain is the most common form of precipitation in many areas, the term is sometimes applied to rainfall alone.


Rainfall varies in terms of total amount, seasonality, intensity, duration and effectiveness; that is, whether there is more rainfall than potential evapotranspiration. Inputs vary in different climates. For example, in a tropical rainforest environment there may be over 2000 mm of rain entering the drainage basin each year whereas in a semi-arid environment it is generally between 250 mm and 500 mm.


The type of precipitation also varies. High altitude and high latitude environments may receive snowfall whereas in some desert areas, such as the Atacama and the Namib, fog is the main form of direct precipitation and is sufficient to support farming. Other areas, such as the foothills of the Himalayas and Rockies, receive meltwater from glaciers.







Transfers


Transfers refer to the movement of water from one location to another within the drainage basin (excluding inputs and outputs). There are many transfers in the drainage basin system.




Infiltration


Infiltration is the process by which water soaks into or is absorbed by the soil. It is inversely related to overland flow (surface runoff – see below) and is influenced by a variety of factors. Figure 1.3 shows how some of these factors affect the relative amounts of infiltration and runoff.


The infiltration capacity is the maximum rate at which rain can be absorbed by a soil in a given condition. Infiltration capacity decreases with time through a period of rainfall until a more or less constant value is reached.


Porosity is the capacity of a rock or soil to hold water; for example, sandstone has a porosity (pore space) of 5–15 per cent, whereas clay may be up to 50 per cent. This has an effect on how quickly water can move through it. Infiltration rates of 0–4 mm/hour are common on clays, whereas 3–12 mm/hour are common on sands.


Antecedent soil moisture (pre-existing levels of soil moisture) affects infiltration because water in soils is held in what would otherwise be air gaps between the grains and it effectively reduces the porosity.


Vegetation increases infiltration because it intercepts some rainfall and slows down the speed at which it arrives at the surface. Some of the water will trickle along twigs and branches and finally down the main trunk of trees before reaching the ground. This process is known as stemflow. Water that falls through gaps in vegetation, or that drops from leaves or twigs, is referred to as throughfall. The importance of these processes depends on the nature and density of the vegetation.




[image: Set of line graphs showing factors affecting infiltration and surface runoff, including duration of rainfall, antecedent soil moisture, soil porosity, vegetation cover, raindrop size, and slope angle, with infiltration and runoff rates plotted against each variable.]



Figure 1.3 Factors affecting infiltration and surface runoff










Long Description

The diagram illustrates a panel of six small graphs titled “Factors affecting infiltration and surface runoff.” Each graph shows how a different environmental factor influences the rates of surface runoff and infiltration, with curves plotted against variables such as time or magnitude. The vertical axis on all graphs is labelled “P m m per hour” for precipitation or water flow rate. The top-left graph, titled “Duration of rainfall,” shows that as rainfall duration increases, surface runoff pink curve rises significantly while infiltration dashed blue curve initially increases then declines. The top-middle graph, “Antecedent soil moisture,” plots infiltration over time, showing that dry soil allows higher initial infiltration yellow curve, while wet soil blue curve saturates quickly and permits much less. The top-right graph, “Soil porosity,” demonstrates that greater porosity leads to increased infiltration dashed blue and reduced surface runoff pink. The bottom-left graph, “Vegetation cover,” contrasts conditions between bare earth and forest. Infiltration is higher and surface runoff lower in forested areas green and orange curves, while bare earth has low infiltration and high runoff dashed lines. The bottom-middle graph, “Raindrop size,” shows that as raindrop size increases, surface runoff increases pink and infiltration decreases blue dashed. The bottom-right graph, “Slope angle,” indicates that steeper slopes lead to more surface runoff pink and less infiltration blue dashed.




Table 1.1 shows infiltration rates on different types of farmland and from a survey of mountain ecosystems in Spain with different types of vegetation.


Table 1.1 Influence of ground cover on infiltration rates (Source: Natural ground cover data from Mongil-Manso et al., 2022)








	Agricultural ground cover

	Infiltration rate (mm/hour)










	Old permanent pasture

	  57






	Permanent pasture: moderately grazed

	  19






	Permanent pasture: heavily grazed

	  13






	Strip-cropped

	  10






	Weeds or grain

	    9






	Clean tilled

	    7






	Bare, crusted ground

	    6






	Natural ground cover

	 






	Pine

	857






	Holm oak

	661






	Grassland

	289






	Shrub

	272









Infiltrated water is chemically rich as it picks up minerals and organic acids from vegetation and soil.







Overland flow


Overland flow (surface runoff) is water that flows over the land’s surface when:




	
•  precipitation exceeds the infiltration rate (this is also known as Hortonian flow)


	
•  the soil is saturated because all the pore spaces are filled with water (this is saturation excess overland flow).





Overland runoff is common in areas of high precipitation intensity and low infiltration capacity, such as semi-arid areas and in cultivated fields. By contrast, where precipitation intensity is low and infiltration is high, most overland flow occurs close to streams and river channels.







Throughflow


Water moves slowly downwards from the soil into the bedrock – this process is known as percolation. Throughflow refers to water flowing through the soil in natural pipes and percolines (lines of concentrated water flow between soil horizons). Percolation rates depend on the permeability of the rock: that is, how well it can transmit water through joints and fissures. Rates may be very slow or, in rocks such as carboniferous limestone and chalk, quite fast, locally.







Groundwater and baseflow


Most groundwater is found within a few hundred metres of the surface but it has been found at depths of up to 4 km beneath the surface. Baseflow refers to the part of a river’s discharge that is provided by groundwater seeping into the bed of a river. It is a relatively constant flow although it increases slightly following a wet period.


The permanently saturated zone within solid rocks and sediments is known as the phreatic zone. The upper layer of this is known as the water table. The water table varies seasonally. In temperate zones it is higher in winter following increased levels of precipitation. The zone that is seasonally wetted and seasonally dries out is known as the aeration zone.






Activities




	
1  Define infiltration.


	
2  Study Figure 1.2.



	
a  Define the terms overland flow and throughflow.


	
b  Compare the nature of water movement in these two flows.


	
c  Suggest reasons for the differences you have noted.








	
3  Define the terms groundwater and baseflow.



















Outputs




Evaporation


Evaporation is the process by which a liquid is changed into a gas. The process by which a solid is changed into a gas is sublimation. These terms refer to the conversion of solid and liquid precipitation (snow, ice and water) to water vapour in the atmosphere. Evaporation is most important from oceans and seas. It increases under warm, dry conditions and decreases under cold, calm conditions. Evaporation losses are greater in arid and semi-arid climates than in polar regions.


Factors affecting evaporation include meteorological factors such as:




	
•  initial humidity of the air – if air is very dry then strong evaporation occurs; if it is saturated then very little occurs


	
•  supply of heat – the hotter the air, the more evaporation that takes place


	
•  wind strength – under calm conditions the air becomes saturated rapidly.





Of these, temperature is the most important factor. Other factors include the amount of water available, vegetation cover and colour of the surface (albedo or reflectivity of the surface).







Transpiration


Transpiration is the process by which water vapour escapes from a living plant, principally the leaves, and enters the atmosphere. It is affected by temperature, wind speed and the initial humidity of the air.




Evapotranspiration


The combined effects of evaporation and transpiration are normally referred to as evapotranspiration (EVT). EVT represents the most important aspect of water loss, accounting for the loss of nearly 100 per cent of the annual precipitation in arid areas and 75 per cent in humid areas. Purely evaporative losses occur only over ice and snow fields, bare rock slopes, desert areas, water surfaces and bare soil.







Potential evapotranspiration (pEVT)


The distinction between actual EVT and pEVT lies in the concept of moisture availability. Potential evapotranspiration is the water loss that would occur if there were an unlimited supply of water in the soil for use by the vegetation. For example, the actual evapotranspiration rate in Egypt is less than 250 mm per year, because there is less than 250 mm of rain annually. However, given the high temperatures experienced in Egypt, if the rainfall were as high as 2000 mm, there would be sufficient heat to evaporate that water. Hence the potential evapotranspiration rate there is 2000 mm. The factors affecting evapotranspiration include all those that affect evaporation. In addition, some plants, such as cacti, have adaptations to help them reduce moisture loss.










Condensation


Condensation is important in the hydrological cycle as it can lead to cloud formation and rainfall/direct precipitation such as from fog. It can occur at low altitude (such as in fog and mist) and also at high altitude, such as in clouds formed of ice crystals such as cirrus clouds.







Channel flow


Channel flow or stream flow refers to the movement of water in channels such as streams and rivers. The water may have entered the stream as a result of direct precipitation, overland flow, groundwater flow (baseflow) or throughflow (water flowing through the soil). Channel flows can be very variable in size (Figure 1.4).




[image: Photograph of a narrow stream flowing through a lush green catchment in Saint Lucia along with a photograph of a wide river cutting through steep, misty mountain slopes on the Yangtze River in China.]



Figure 1.4 Channel flow in a small catchment in a) St Lucia and b) the Yangtze, China








Channel flow is considered to be an output because eventually the river is transferred out of the drainage basin to a larger basin or to the sea. The exception is rivers such as the Okavango in south-west Africa that do not reach the sea but form an inland delta in a depression.







River discharge


River discharge refers to the volume of water passing a given point over a set time. It is calculated by multiplying cross-sectional area of the channel by the speed at which the water is flowing, so it is expressed in m3/second (cumecs) or, in very small streams, cm3/second.










Stores


Stores of moisture in the drainage basin include atmosphere, vegetation, surfaces, water bodies, soil, bedrock and artificial areas, for example urban areas. The size of these stores varies greatly, on a global scale (Table 1.2) and on a local scale. Local variations will be affected by climate, land-use changes (e.g. agriculture and urbanisation) and global climate change, for example.


Table 1.2 Global water reservoirs








	Reservoir

	Value (km–3 × 10–3)

	% of total










	Ocean

	1 350 000.0

	97.403






	Atmosphere

	            13.0

	  0.000 94






	Land

	     35 977.8

	  2.596






	of which

	Rivers

	              1.7

	  0.000 12






	Freshwater lakes

	          100.0

	  0.007 2






	Inland seas

	          105.0

	  0.007 6






	Soil water

	            70.0

	  0.005 1






	Groundwater

	       8 200.0

	  0.592






	Ice caps/glaciers

	     27 500.0

	  1.984






	Biota

	              1.1

	  0.000 88









Atmospheric stores of water in drainage basins will largely be influenced by climate. Thus, for example, areas in tropical rainforests will have a large supply of atmospheric moisture, whereas those in arid and semi-arid regions will have limited supplies and/or seasonal shortages of water. However, human activity may affect the water balance in some locations through urbanisation, industrialisation and agriculture.




Atmospheric stores


Water vapour cannot be seen because it is in a gaseous form – when condensation occurs it changes to a solid or liquid form. There is a variable amount of water in the air – for example, warm air can hold more moisture than cold air. However, desert areas, although hot, are relatively dry, due to the high pressure conditions that occur there. In contrast, low pressure conditions are associated with rainfall. Water exists in all three forms in the atmosphere. High altitude clouds, such as cirrus clouds, are formed of ice, whereas lower stratus clouds are mainly suspended water droplets.







Vegetation


Plants store water as well as transferring it. Most obviously, roots transfer water from the soil store (see below) into the body of the plant where it plays a vital role in the transport of nutrients and sugars.


Interception refers to atmospheric water that is caught and stored by vegetation. This water does not reach the ground, so the amount that is retained by plant surfaces and later evaporated away or absorbed by the plant is referred to as interception loss. Interception loss varies with different types of vegetation (Figure 1.5). Interception is less from grasses than from deciduous woodland owing to the smaller surface area of the grass shoots. From agricultural crops, and from cereals in particular, interception increases with crop density. Coniferous trees intercept more than deciduous trees in winter, but this is reversed in summer.







Surface stores


Channel storage refers to all water that is stored in rivers, streams and other drainage channels. Some rivers are seasonal, and some may disappear underground either naturally, such as in areas of carboniferous limestone, or in urban areas, where they may be covered (culverted). Many rivers are tidal, and so are affected by ocean characteristics.




[image: Two graphs comparing rainfall interception losses by spruce and beech forests and by corn and soybean crops, showing variation by rainfall intensity and plant density.]



Figure 1.5 Interception losses for different types of vegetation










Long Description

Part A shows interception loss in forests as a percentage against rainfall intensity in millimetres. The vertical axis represents interception loss in percent from 0 to 80, and the horizontal axis ranges from 0 to more than 20 millimetres of rainfall. Four lines are plotted:


Summer interception by spruce shows the highest interception, starting above 70 percent and gradually declining to about 30 percent.


Annual interception by spruce starts at around 60 percent and drops to below 25 percent.


Summer interception by beech starts at around 40 percent and declines steeply, levelling off near 20 percent.


Annual interception by beech follows a similar path to the green line but remains slightly lower throughout.


Part B shows interception by two agricultural crops as a percentage of total rainfall against plant density per 4 square metres. The vertical axis ranges from 0 to 60 percent, and the horizontal axis ranges from 0 to 144 plants. Two lines are plotted:


Corn shows rapid increase in interception, plateauing around 40 percent before rising to over 55 percent as plant density increases.


Soybeans show a steady increase, reaching a plateau around 35 percent at 100 plants per 4 square metres.




The oceans are the largest store of water on Earth, accounting for over 97 per cent of the total. This has varied over time, being lower during glaciations and higher during interglacials, such as the present one. Ocean stores are changing – the melting of glaciers is putting more fresh water into the oceans but global climate change is leading to more evaporation losses from the world’s oceans.


Surface water stores may be temporary or more permanent. Temporary stores include small puddles following rainstorms and seasonal lakes in, for example, limestone regions (called turloughs in the west of Ireland). Permanent stores include lakes (Figure 1.6), wetlands, swamps, peat bogs and marshes. Glaciers are long-term, but not necessarily permanent, stores of solid water.




[image: Photograph of Augher Lake at the Gap of Dunloe, Killarney, Ireland, with steep mountains rising on either side of the calm water.]



Figure 1.6 Augher Lake, Gap of Dunloe, Killarney, Ireland













Soil water


Soil water (soil moisture) is the subsurface water in soil and subsurface layers above the water table. Water transferred from this store may be:




	
•  absorbed by plant roots


	
•  transmitted downwards towards the water table, or


	
•  transmitted upwards towards the soil surface and the atmosphere.





In coarse-textured soils much of the water is held in fairly large pores while very little is held in small pores. In the finer-textured clay soils the range of pore sizes is much greater and, in particular, there is a higher proportion of small pores.


Field capacity refers to the amount of water held in the soil after excess water drains away; that is, at saturation or near saturation. Wilting point refers to the amount of moisture in the soil below which plants will not be able to obtain sufficient water and wilting of plants will occur.


There are a number of important seasonal variations in soil moisture budgets (Figure 1.7):




	
•  Soil moisture deficit is the degree to which soil moisture falls below field capacity. In temperate areas, during late winter and early spring, soil moisture deficit is very low, due to high levels of precipitation and limited evapotranspiration.


	
•  Soil moisture recharge occurs when precipitation exceeds potential evapotranspiration – there is some refilling of water in the dried-up pores of the soil.


	
•  Soil moisture surplus is the period when soil is saturated and water cannot enter, and so flows over the surface.


	
•  Soil moisture utilisation is the process by which water is drawn to the surface through capillary action.







[image: Climograph showing monthly changes in temperature, precipitation, and soil moisture status across the year, with labels indicating phases of surplus, utilisation, deficiency, and recharge.]



Figure 1.7 Soil moisture status










Long Description

Along the horizontal axis, the months from January to December are marked. The vertical axis on the left shows temperature values ranging from zero to twenty degrees Celsius, while the vertical axis on the right represents water level in millimetres, ranging from zero to one hundred and twenty. A green line running across the top of the graph represents average monthly temperature, which starts around five degrees Celsius in January, peaks at approximately eighteen degrees Celsius in July, and then decreases toward the end of the year. Monthly precipitation is depicted by a pale blue line that dips during summer and rises in the winter months.


Beneath the precipitation and temperature curves, the chart is shaded with colours indicating different phases of soil moisture status. In January and December, a blue area indicates water surplus, when precipitation is greater than potential evapotranspiration, meaning the soil water store is full and there is surplus for plant use, runoff, and groundwater recharge. From March to July, a cream-coloured zone shows soil moisture utilisation, where potential evapotranspiration exceeds precipitation and stored water is used by plants or evaporates. By July and August, the soil moisture store is used up, shown in dark brown, signifying soil moisture deficiency. During this period, precipitation is absorbed by the soil rather than contributing to runoff, and plants experience stress due to water shortage. In October and November, a pale green zone represents soil moisture recharge, as precipitation once again exceeds potential evapotranspiration and the soil begins to regain moisture. By December, the soil water store is full once more, and any additional rainfall contributes to groundwater recharge.









Groundwater


Groundwater refers to subsurface water that is stored in bedrocks. Hence, the groundwater store is located underneath the water table. Groundwater accounts for 96.5 per cent of all fresh water on the Earth (Table 1.2, page 5). However, while some soil moisture may be recycled by evaporation into atmospheric moisture within a matter of days or weeks, groundwater may not be recycled for as long as 20,000 years. Recharge refers to the refilling of water in pores where the water has dried up or been extracted by human activity. Hence, in some places where recharge is not taking place, groundwater is considered a non-renewable resource.


Aquifers (rocks that contain significant quantities of water) provide a great reservoir of water. Aquifers are permeable rocks such as sandstones and limestones. The water in aquifers moves very slowly and acts as a natural regulator in the hydrological cycle by absorbing rainfall that otherwise would reach streams rapidly. In addition, aquifers maintain stream flow during long dry periods. Where water flow reaches the surface (as shown by the discharge areas in Figure 1.8), springs may be found. These may be substantial enough to become the source of a stream or river.




[image: Two diagrams showing groundwater movement in humid and semi-arid regions. Arrows indicate flow timescales from months to millennia through aquifers, aquitards, and aquicludes, with recharge and discharge areas labelled.]



Figure 1.8 Groundwater and aquifer characteristics










Long Description

Two cross-sectional diagrams showing groundwater and aquifer characteristics. The top diagram represents a humid region with a gently sloping surface, vegetation, and multiple discharge areas labelled as artesian, major perennial, intermittent, and minor perennial. Water flows from an aquifer recharge area through the subsurface, passing through the unsaturated zone and into saturated zones. Blue arrows indicate groundwater movement at varying timescales, with faster flow near the surface taking months or years, and deeper flow through aquitards taking decades, centuries, and millennia.


The bottom diagram depicts a semi-arid region with more rugged topography and sparse vegetation. Groundwater flows from a recharge area toward a minor perennial discharge area. The arrows show slower water movement through deeper layers labelled as aquitard with low permeability and near aquiclude, an impermeable layer. Water in these deeper paths moves over decades, centuries, and millennia, demonstrating slower recharge and discharge dynamics compared to the humid region.




Groundwater recharge occurs as a result of:




	
•  infiltration of part of the total precipitation at the ground surface


	
•  seepage through the banks and bed of surface water bodies such as ditches, rivers, lakes and oceans


	
•  groundwater leakage and inflow from adjacent rocks and aquifers


	
•  artificial recharge from irrigation, reservoirs, and so on.





Losses of groundwater result from:




	
•  evapotranspiration, particularly in low-lying areas where the water table is close to the ground surface


	
•  natural discharge, by means of spring flow and seepage into surface water bodies


	
•  groundwater leakage and outflow, along aquicludes and into adjacent aquifers (see Figure 1.8)


	
•  artificial abstraction – for example, the water table near Lubbock on the High Plains of Texas (USA) has declined by 30–50 m in just 50 years, and in Saudi Arabia the groundwater reserve declined by 4–6 m during the dry period of 2002–17.









Activities




	
1  Define the following hydrological characteristics:



	
a  interception


	
b  evaporation


	
c  infiltration.








	
2  Figure 1.5 shows interception losses from spruce and beech forests and from three agricultural crops. Describe and comment on the relationship between the number of plants and interception, and the type of plants and interception.


	
3  Figure 1.3 shows the relationship between infiltration, overland flow (surface runoff) and six factors. Write a paragraph on each of the factors, describing and explaining the effect it has on infiltration and overland runoff.


	
4  Comment on the relationship between ground cover and infiltration, as shown in Table 1.1.


	
5  Outline the ways in which human activities have affected groundwater.























1.1.3 Drainage basin characteristics influencing the movement of water


Several factors influence the movement of water in drainage basins.




	
•  Large basins receive more rainfall than small basins in the same area, and so should have a larger runoff but a longer time lag (the time between the peak of the storm event and the peak of river discharge).


	
•  The shape of the basin is also important – elongated basins (Figure 1.9c) have a lower peak discharge and a longer time lag than rounder basins.


	
•  Drainage density refers to the total length of streams in an area per km2. Areas with a higher drainage density, such as urban areas and on impermeable rocks, have a greater discharge and shorter lag than areas of low drainage density (Figure 1.9d).


	
•  The porosity of soils refers to their capacity to hold water, while the permeability refers to their ability to transmit water. In general, porous soils are more permeable although clay is an exception – it is porous but relatively impermeable as clay particles may stick together and expand when wetted. Sandy soils generally are very porous and permeable so surface water flows on sand are reduced. In contrast, water movement over clay is greater and faster. Silt produces intermediate results between clay and sand.


	
•  Rock type also influences water movement. Permeable rocks such as chalk, sandstone and limestone allow water to infiltrate and so there is less surface flow, unless the rock is saturated or near base level (the lowest level that a river can erode its bed to). In contrast, impermeable rocks such as clay and granite promote overland runoff.




	
•  Vegetation generally reduces water movement over surfaces as it intercepts rainfall. The amount of interception depends on percentage cover and vegetation type. Forests intercept more rainfall than grasses and evergreen trees intercept more rainfall than deciduous trees. In agricultural systems, there is more overland flow if crops are removed but less if cover crops are left in the ground after the harvest.


	
•  Land use has an important bearing on water movement. The replacement of natural vegetation by urban areas and farming systems decreases the amount of interception and normally increases the amount of overland flow.







[image: Diagram showing how basin shape, stream profile, network characteristics, and drainage density influence discharge over time in a drainage basin.]



Figure 1.9 The impact of drainage basin characteristics on the movement of water in a drainage basin










Long Description

It is divided into four sections labelled A to D, each illustrating a different factor that affects the shape and peak of a river’s discharge hydrograph.


Section A: Shape of the basin. Three diagrams show how basin shape influences discharge over time.


A circular basin results in a short, sharp peak in discharge due to simultaneous runoff. An oval basin produces a more gradual rise and fall in discharge. An elongated basin leads to a slower, flatter hydrograph with a longer lag time between rainfall and peak discharge.


Section B: The nature and steepness of the long stream profile. Two paired diagrams illustrate the difference between steep and gentle long profiles. A steep profile from point a to b shows a rapid increase in discharge followed by a steep decline. A gentle profile causes a slower rise and fall in discharge. Additional graphs show how base flow, rising limb, and recessional limb differ depending on the steepness of the stream, with steep slopes causing a sharper hydrograph response.


Section C: The network characteristics. This section compares drainage basins with different bifurcation ratios, denoted as R subscript B. A round basin with a bifurcation ratio of two point five shows a gradual discharge response. A long, narrow basin with a high bifurcation ratio of seventeen produces a shorter lag time and sharper peak in discharge. Section D: The drainage density Two diagrams demonstrate the effect of drainage density on discharge.


A basin with low drainage density results in a smoother, more prolonged hydrograph.


A basin with high drainage density causes a sharp peak and rapid decline, indicating faster water movement due to more surface channels.


At the bottom left is a key showing that Q stands for discharge and t stands for time.




Climate has a fundamental effect on drainage basins. For example:




	
•  Precipitation type and intensity: Areas of rainforest, such as the Amazon in Brazil, receive high-intensity convectional rainfall for much of the year (see Topic 2.2.2, page 49). Thus, there are high levels of antecedent moisture in the soil for most of the year. The high temperatures there lead to high rates of evapotranspiration.


	
•  Temperature, evaporation and antecedent rainfall: Areas with a monsoonal climate, such as parts of India, have major contrasts between very wet summers and their dry season. The summers have high levels of rainfall, warm temperatures, high evapotranspiration and very long durations of rainfall. In contrast, by the end of the dry season, levels of antecedent moisture are low and river flows have decreased. River flows may increase rapidly due to snowmelt in spring.


	
•  Rivers in the Arctic, such as the Eyra Fjordor in northern Iceland, remain frozen for much of the winter. River flow begins with the snowmelt and discharge can be very high for a short time. Evapotranspiration rates remain low throughout the year due to low temperatures.









Activities




	
1  Using examples, explain how climate affects water transfers.


	
2  Explain how vegetation influences the movement of water over surfaces.
















1.1.4 Discharge relationships and hydrographs




Storm hydrographs


A storm hydrograph shows how the discharge of a river varies over a short time (Figure 1.10). Normally it refers to an individual convectional storm or group of storms of not more than a few days in length. Before the storm starts, the main supply of water to the stream is through groundwater flow or baseflow. This is the main supplier of water to rivers. During the storm, some water infiltrates into the soil while some flows over the surface as overland flow or runoff. This reaches the river quickly as quickflow, which causes a rapid rise in the level of the river. The rising limb shows us how quickly the flood waters begin to rise, whereas the recessional limb is the speed with which the water level in the river declines after the peak. The peak discharge is the maximum discharge of the river as a result of the storm, and the time lag is the time between the height of the storm (not the start or the end) and the maximum flow in the river.




[image: Hydrograph showing river discharge over time in response to rainfall. Labels include peak discharge, rising and recessional limbs, throughflow, and groundwater flow.]



Figure 1.10 A simple hydrograph










Long Description

Horizontal axis represents time in hours, ranging from 0 to 20, and the vertical axis represents discharge in cubic metres per second, ranging from 0 to 1.25. Three main curves are displayed, each representing different sources of water contributing to river flow.


The initial rise in discharge is shown by a steep curve labelled rising limb. This rise corresponds to a sharp peak in flow known as the peak discharge, which occurs shortly after rainfall due to channel precipitation and overland flow. The delay between the rainfall and the peak flow is marked as time lag, illustrated with a double-headed arrow.


As the discharge decreases after the peak, the curve transitions into a gradually declining section called the recessional limb. Two additional curves appear below the main one. The middle curve represents throughflow, indicating water that moves laterally through the soil. The lowest curve shows groundwater flow, which is the slowest and most prolonged contributor to river discharge.


In the top left corner of the diagram, a small bar chart depicts rainfall intensity in millimetres per hour over a short time period. This inset shows three rainfall bars peaking at 20 millimetres per hour, highlighting the cause of the rapid rise in discharge.






Influences on storm hydrographs




[image: Line graph comparing discharge over time for three drainage basins. Steepest curve shows a sewered basin with impermeable surface; flattest shows natural channels and surfaces.]



Figure 1.11 The effects of urban development on storm hydrographs










Long Description

Horizontal axis represents time and vertical axis represents discharge. Three differently shaped curves illustrate how water flows from a basin depending on its surface and drainage system characteristics.


Curve one, in blue, represents a completely sewered basin with a highly impermeable surface. This curve rises very steeply and reaches the highest peak discharge in a short time, indicating rapid water flow and little infiltration. The peak is sharp, and the decline is also steep, showing a quick response to rainfall and fast drainage.


Curve two, shown in orange, depicts a completely sewered basin with a natural surface. It also rises relatively quickly but reaches a lower peak than the first curve. The slope is less steep, and the curve declines more gradually, suggesting that the natural surface slows the flow compared to the impermeable surface.


Curve three, in pink, shows a basin with natural channels and a natural surface. This curve has the flattest and most gradual shape, with a much lower peak discharge and a longer duration. It reflects slower water movement, greater infiltration, and delayed runoff due to natural ground absorption and channel flow.




Table 1.3 Factors affecting storm hydrographs (Source: Adapted from Nagle, G. and Cooke, B., 2017, Geography Course Companion, Oxford University Press)








	Factor

	Influence on storm hydrograph










	Climate






	Precipitation type and intensity

	Highly intensive rainfall is likely to produce overland flow, a steep rising limb and high peak flow. Low-intensity rainfall is likely to infiltrate into the soil and percolate slowly into the rock, thereby increasing the time lag and reducing the peak flow. Precipitation that falls as snow sits on the ground until it melts. Sudden, rapid melting can cause flooding and lead to high rates of overland flow, and high peak flows.






	Temperature, evaporation, transpiration and evapotranspiration

	Not only does temperature affect the type of precipitation, it also affects the evaporation rate (higher temperatures lead to more evaporation and so less water getting into rivers). On the other hand, warm air can hold more water so the potential for high peak flows in hot areas is raised. Increased vegetation cover intercepts more rainfall and may return a proportion of it through transpiration, thereby reducing the amount of water reaching stream channels. The greater the return through evapotranspiration, the less water is able to reach stream channels, and therefore the peak of the hydrograph is reduced.






	Antecedent moisture

	If it has been raining previously and the ground is saturated or nearly saturated, rainfall will quickly produce overland flow, a high peak flow and short time lag.






	Drainage basin characteristics






	Drainage basin size and shape

	Smaller drainage basins respond more quickly to rainfall conditions. For example, the Boscastle (UK) floods of 2004 drained an area of less than 15 km2. This meant that the peak of the flood occurred soon after the peak of the storm. In contrast, the Mississippi River (USA) is over 3700 km long – it takes much longer for the lower part of the river to respond to an event that might occur in the upper course of the river. Circular basins respond more quickly than linear basins, where the response is more drawn out.






	Drainage density

	Basins with a high drainage density, such as urban basins with a network of sewers and drains, respond very quickly. Networks with a low drainage density have a very long time lag.






	Porosity and impermeability of rocks and soils

	Impermeable surfaces cause more water to flow overland. This causes greater peak flows. Urban areas contain large areas of impermeable surfaces. In contrast, rocks such as chalk and gravel are permeable and allow water to infiltrate and percolate. This reduces the peak flow and increases the time lag. Sandy soils allow water to infiltrate, whereas clay is much more impermeable and causes water to pass overland.






	Rock type

	Impermeable rocks such as granite and clay produce greater peak flows with a more flashy response. In contrast, more permeable rocks such as chalk and limestone produce storm hydrographs with a much lower peak flow (if at all) and with a much delayed/less flashy response (greater time lag).






	Slopes

	Steeper slopes create more overland flow, shorter time lags and higher peak flows.






	Vegetation type

	Forest vegetation intercepts more rainfall, especially in summer, and so reduces the amount of overland flow and peak flow and increases time lag. In winter, deciduous trees lose their leaves and so intercept less.






	Land use

	Land uses that create impermeable surfaces, or reduce vegetation cover, reduce interception and increase overland flow. If more drainage channels are built (sewers, ditches, drains), the water is carried to rivers very quickly. This means that peak flows are increased and time lags reduced.

















Annual hydrographs


An annual hydrograph (river regime) shows how the discharge of a river varies over the course of a year. Stream discharge occurs as a result of overland runoff and groundwater springs, and from lakes and meltwater in mountainous or sub-polar environments.


Figure 1.12a shows a simple regime, based upon a single river with one major peak flow. By contrast, Figure 1.12b shows a complex regime for the River Rhine. It has a number of large tributaries that flow in a variety of environments, including alpine, Mediterranean and temperate. By the time the Rhine has travelled downstream, it is influenced by many, at times contrasting, regimes.




[image: Line charts comparing simple and complex river regimes. The left chart shows seasonal runoff changes for the Rhône at Gletsch and the Arve at Chamonix, peaking during glacier melt. The right chart shows varying water stages at five Rhine River locations.]



Figure 1.12 Simple and complex river regimes










Long Description

The diagram illustrates two graphs comparing a simple river regime and a complex river regime. The left graph, labelled A, simple river regime, shows runoff as a ratio to the mean for two rivers: the Rhône at Gletsch and the Arve at Chamonix. The horizontal axis states months from January to December, and the vertical axis states runoff ranging from 0 to 4. The diagram shows that both rivers experience low runoff in winter months and a sharp increase from May to July due to glacier melt, with a peak in June or July, followed by a steady decline into the autumn and winter months. The right graph, labelled B, complex regime of the Rhine River, shows monthly river stage levels at six different locations: Kehl, Frankenthal, Mainz, Koblenz, and Emmerich. The horizontal axis again states months from January to December, and the vertical axis states river stage, where each division represents 1 metre. The diagram shows varied fluctuations across the locations, with Kehl peaking in June, Frankenthal in May, and Mainz showing a gradual increase to a summer peak followed by a decline. Koblenz shows moderate seasonal variation, while Emmerich displays the lowest and most stable levels throughout the year, with a slight rise in December.






[image: Thematic map of Europe showing river regimes at various locations using small bar charts. Each chart displays monthly specific discharge in litres per second per square kilometre for rivers such as the Rhine, Danube, Volga, Rhône, Loire, and others across different countries.]



Figure 1.13 River regimes in Europe










Long Description

The diagram illustrates a map of Europe with river regime bar charts overlaid at various locations to illustrate monthly river discharge. Each chart displays specific discharge in litres per second per square kilometre across the months January to December, indicated by the initials J, F, M, A, M, J, J, A, S, O, N, D on the horizontal axis. The vertical axis ranges from 0 to 40 for all charts. Orange lines connect each graph to its corresponding river location on the map. The rivers and locations include: Shannon at Killaloe, Rhine at Rees, Rhine at Basel, Loire at Montjean, Guadalquivir at Alcala del Rio, Rhône at Beaucaire, Po at Pontelagoscuro, Mariza at Harmanli, Danube at Bratislava, Volga at Volgograd, Desna at Chernigov, Onega at Porog, Wisla at Tczew, Kemi at Taivalkoski, Gloma at Lamgens, and Labe/Elbe at Decin. Most rivers show seasonal variation in discharge, with some peaking in spring or summer due to snowmelt or rainfall patterns.






Influences on annual hydrographs


The factors that influence the discharge of a stream or river during and following a storm (see Table 1.3) also impact its flow over longer periods of time (see Section 1.1.3). On an annual basis, the most important factor determining stream regime is climate. Figure 1.13 shows generalised regimes for Europe. Notice how the regime for the Shannon at Killaloe (Ireland) has a typical temperate regime, with a clear winter maximum. By contrast, Arctic areas such as the Gloma in Norway and the Kemi in Finland have a peak in spring associated with snowmelt. Others, such as the Po near Venice, have two main maxima – autumn and winter rains (Mediterranean climate) and spring snowmelt from Alpine tributaries.


Most drainage basin characteristics that influence a hydrograph (see Table 1.3) are either fairly constant for a given basin (e.g. rock type) or will change relatively suddenly rather than varying over the course of each year (e.g. land use). The exception is the amount and type of vegetation cover. Some vegetation, such as deciduous trees, shed their leaves in winter. Thus they intercept more rainfall in summer, when the amount is generally low in temperate areas, but much less in winter. Agricultural practices can also affect regimes. If crops are removed and the land left bare, there will be an increase in overland flow compared with farming systems that maintain a complete vegetation cover throughout the year.






Activities




	
1  Compare the river regimes of the Gloma (Norway), Shannon (Ireland) and Rhine (Switzerland). Suggest reasons for their differences.


	
2  Table 1.4 shows precipitation and runoff data for a storm on the Delaware River, New York. Using this data, plot the storm hydrograph for this storm. Describe the main characteristics of the hydrograph you have drawn.


	
3  Define river regime and storm hydrograph.


	
4  Study Figure 1.11, which shows the impact of urbanisation on storm hydrographs. Describe and explain the differences in the relationship between discharge and time.





Table 1.4 Precipitation and runoff data for a storm on the Delaware River, New York








	Date

	Time

	Duration of rainfall

	Total (cm)










	29 September

	  6 a.m.

	12 hours

	0.1






	29 September

	  6 p.m.

	12 hours

	0.9






	30 September

	  6 p.m.

	24 hours

	3.7






	30 September

	12 p.m.

	  6 hours

	0.1






	 

	Total

	4.8






	Date

	Stream runoff (m3/s)






	28 September

	    28.3 (baseflow)






	29 September

	    28.3 (baseflow)






	30 September

	  339.2






	1 October

	2094.2






	2 October

	1330.1






	3 October

	  594.3






	4 October

	  367.9






	5 October

	  254.2






	6 October

	  198.1






	7 October

	  176.0






	8 October

	  170.0






	9 October

	  165.2 (baseflow)






























1.2 River channel processes and landforms




1.2.1 River channel processes




Erosion


Abrasion is the wearing down of the bed and bank by the load carried by a river in a process called corrasion. Corrasion is the process of wearing down, abrasion the result. Abrasion is the mechanical impact produced by the debris eroding the river’s bed and banks. In most rivers it is the principal means of erosion. The effectiveness of abrasion depends on the concentration, hardness and energy of the impacting particles and the resistance of the bedrock. Abrasion increases as velocity increases (kinetic energy is proportional to the square of velocity).


Attrition is the wearing away of the load carried by a river. It creates smaller, rounder particles.


Hydraulic action is the force of air and water on the sides of rivers and in cracks. It includes the direct force of flowing water, and cavitation – the force of air exploding. As fluids accelerate, pressure drops and may cause air bubbles to form. Cavitation occurs as bubbles implode and evict tiny jets of water with velocities of up to 130 m/s. These can damage solid rock. Cavitation is an important process in rapids and waterfalls, and is generally accompanied by abrasion.


Corrosion or solution is the removal of chemical ions, especially calcium. The key factors controlling the rate of corrosion are the nature of the bedrock, acidity of the stream water, discharge and velocity. Maximum rates of corrosion occur where fast-flowing, undersaturated streams pass over soluble rocks – humid zone streams flowing over mountain limestone.


Erosion by the river will provide loose material. This eroded material (plus other weathered material that has moved downslope from the upper valley sides) is carried by the river as its load.


There are a number of factors affecting rates of erosion. These include:




	
•  load – the heavier and sharper the load, the greater the potential for erosion


	
•  velocity – the greater the velocity, the greater the potential for erosion (see Figure 1.16, the Hjülstrom curve)


	
•  gradient – increased gradient increases the rate of erosion


	
•  geology – soft, unconsolidated rocks such as sand and gravel are easily eroded


	
•  pH – rates of solution are increased when the water is more acidic


	
•  human impact – deforestation, dams and bridges interfere with the natural flow of a river and frequently end up increasing the rate of erosion.







Global sediment yield


It is possible to convert a value of mean annual sediment and soluble load to an estimate of the rate of land surface lowering by river action. This gives a combined sediment and solute load of 250 tonnes/km2 per year – that is, an annual rate of lowering of the order of 0.1 mm per year. There is a great deal of variation in sediment yields. These range from 10 tonnes/km2 per year in such areas as northern Europe and parts of Australia to in excess of 10,000 tonnes/km2 per year in certain areas where conditions are especially conducive to high rates of erosion (Figure 1.14). These include Taiwan, New Zealand’s South Island and the Middle Yellow River basin in China. In the first two cases, steep slopes, high rainfall and tectonic instability are major influences, while in the last case the deep loess deposits and the almost complete lack of natural vegetation cover are important. Rates of land surface lowering vary from less than 0.004 mm per year to over 4 mm per year. The broad pattern of global suspended sediment is shown on the map and it reflects the influence of a wide range of factors, including climate, relief, geology, vegetation cover and land use.










Load transport


Load is transported downstream in a number of ways (Figure 1.15):




	
•  Suspension: The smallest particles (silts and clays) are carried in suspension as the suspended load.


	
•  Saltation: Larger particles (sands, gravels, very small stones) are transported in a series of ‘hops’ as the saltated load.


	
•  Traction: Pebbles are shunted along the bed as the bed (tracted) load.


	
•  Solution: In areas of calcareous rock, material is carried in solution as the dissolved load.





The load of a river varies with discharge and velocity. The capacity of a stream refers to the largest amount of debris that a stream can carry, while the competence refers to the diameter of the largest particle that can be carried.




[image: Choropleth map showing global sediment yield in tonnes per square kilometre per year, with darker shades indicating higher yields and arrows representing average annual sediment discharge by region, scaled by width to show relative flow.]



Figure 1.14 Global sediment yield










Long Description

The diagram illustrates a world map shaded to represent sediment yields in tonnes per square kilometre per year. A legend in the lower left indicates five categories of sediment yield: less than 10, 10 to 49, 50 to 99, 100 to 499, 500 to 1,000, and greater than 1,000 tonnes per square kilometre per year. Darker shades represent higher yields. Several regions are labelled with numbers indicating average annual sediment input in million tonnes. The highest values include 3,228 million tonnes from Southeast Asia, 3,000 million tonnes from Indonesia, 1,738 million tonnes from South Asia, and 1,438 million tonnes from South America. Other notable values include 444 million tonnes from western North America, 210 million from Central America, and 930 million from East Asia. Blue arrows indicate sediment discharge into oceans, with the width of arrows corresponding to relative discharge. Regions with the highest yields and discharges are primarily located in tropical Asia and parts of Central and South America, while areas with low sediment yield are shown in lighter shades across much of North America, northern Europe, and Australia.


	



[image: Cross-sectional diagram showing types of transport in a river, including suspended, dissolved, and bedload movement, with particles transported by suspension, saltation, rolling, and sliding, and materials classified by size from clay to cobbles.]



Figure 1.15 Types of transport in a river










Long Description

The diagram illustrates different types of material transport occurring within a river channel. The water column and riverbed are illustrated, with various labelled processes and arrows indicating movement. Three categories of material are shown: mostly clay and silt labelled as 1, mostly sand labelled as 2, and mostly gravel and cobbles labelled as 3. Clay and silt particles are shown as small dots suspended in the water column and forming the suspended load. Sand particles are shown moving by saltation and suspension near the riverbed. Gravel and cobbles are depicted as large particles rolling and sliding along the riverbed as bedload. Wind-blown material, slope failure, and bank calving contribute additional particles into the river. Suspended particles can settle and be deposited. Arrows indicate processes such as suspension, settling, deposition, rolling, saltation, sliding, and both suspended and dissolved load. A dissolved load is also indicated by a blue arrow, representing material carried in solution.









Deposition and sedimentation


There are a number of causes of deposition, such as:




	
•  a shallowing of gradient, which decreases velocity and energy


	
•  a decrease in the volume of water in the channel


	
•  an increase in the friction between water and channel.










The Hjülstrom curve


The critical erosion velocity is the lowest velocity at which grains of a given size can be moved. The relationship between these variables is shown by means of a Hjülstrom curve (Figure 1.16). For example, sand can be moved more easily than silt or clay, as fine-grained particles tend to stick together. High velocities are required to move gravel and cobbles because of their large size. The critical velocities tend to be an area rather than a straight line on the graph.




[image: Log– log graph showing the Hjulström curve, which illustrates the relationship between water velocity and grain diameter, indicating zones of erosion, transport, and deposition for clay, silt, sand, and gravel.]



Figure 1.16 Hjülstrom curve










Long Description

The diagram illustrates the Hjulström curve, which relates grain diameter to the velocity of water required for erosion, transport, and deposition of sediment particles. The horizontal axis is labelled “Grain diameter” in millimetres and uses a logarithmic scale ranging from 0.001 to 1,000 millimetres, covering clay, silt, sand, and gravel. The vertical axis is labelled “Velocity” in metres per second and also uses a logarithmic scale ranging from 0.001 to 10 metres per second. Three primary curves are shown. The upper red curve indicates the minimum velocity required for erosion entrainment and erosion velocity, the lower purple curve shows the settling velocity at which particles begin to deposit, and the orange line marks the suspended-sediment transport zone. The diagram is divided into three labelled zones: erosion occurs above the red line, transport occurs between the red and purple lines, and deposition occurs below the purple line. It illustrates that very fine particles such as clay and silt require relatively high velocities to be eroded due to cohesion, while sand-sized particles are eroded at lower velocities. Larger particles such as gravel require increasingly higher velocities to be moved.




There are three important features on Hjülstrom curves:




	
•  The smallest and largest particles require high velocities to lift them. For example, particles between 0.1 mm and 1 mm require velocities of around 100 mm/s to be entrained, compared with values of over 500 mm/s to lift clay (0.01 mm) and gravel (over 2 mm). Clay resists entrainment due to its cohesion, gravel due to its weight.


	
•  Higher velocities are required for entrainment than for transport.


	
•  When velocity falls below a certain level (settling or fall velocity), those particles are deposited.









Activities


Study Figure 1.16.




	
1  Describe the action of the river when sediment size is 1 mm.


	
2  Comment on the relationship between velocity, sediment size and river process when the river is moving at 0.5 m/s-1.



















1.2.2 River flow




Velocity and discharge


River flow and associated features of erosion are complex. The velocity and energy of a stream are controlled by:




	
•  the gradient of the channel bed


	
•  the volume of water within the channel, which is controlled largely by precipitation in the drainage basin (for example, bankfull gives rapid flow, whereas low levels give lower flows)


	
•  the shape of the channel


	
•  channel roughness, including friction.







Manning’s equation


Manning’s equation relates the velocity of a stream to factors of hydraulic radius, slope and channel roughness.


Q = (AR2/3 S1/2)/n


where Q = discharge, A = cross-sectional area, R = hydraulic radius, S = channel slope (as a fraction), n = coefficient of bed roughness (the rougher the bed, the higher the value).


As water flows over riffles, for example, there are changes in cross-sectional area, slope and hydraulic radius. Slope and velocity increase but depth decreases. Discharge remains the same.




Values of Manning’s ‘n’








	Mountain stream, rocky bed

	0.04–0.05






	Alluvial channel (large dunes)

	0.02–0.035






	Alluvial channel (small ripples)

	0.014–0.024




















Patterns of flow


There are three main types of flow: laminar, turbulent and helicoidal.


For laminar flow, a smooth, straight channel with a low velocity is required. This allows water to flow in sheets, or laminae, parallel to the channel bed. It is rare in reality and most commonly occurs in the lower reaches. However, it is more common in groundwater, and in glaciers when one layer of ice moves over another.


Turbulent flow occurs where there are higher velocities and complex channel patterns such as a meandering channel with alternating pools and riffles. Bed roughness also increases turbulence; for example, mountain streams with rocky beds create more turbulence than alluvial channels. Turbulence causes marked variations in pressure within the water. As the turbulent water swirls (eddies) against the bed or bank of the river, air is trapped in pores, cracks and crevices and is put momentarily under great pressure. As the eddy swirls away, pressure is released; the air expands suddenly, creating a small explosion that weakens the bed or bank material, leading to cavitation. Thus turbulence is associated with hydraulic action.


Vertical turbulence creates hollows in the channel bed. Hollows may trap pebbles that are then swirled by eddying, grinding at the bed. This is a form of vertical corrasion or abrasion and given time may create potholes (Figure 1.17). Cavitation and vertical abrasion may help to deepen the channel, allowing the river to down-cut its valley. If the down-cutting is dominant over the other forms of erosion (vertical erosion exceeds lateral erosion), then a gulley or gorge will develop.




[image: Photograph of eroded rock showing rounded potholes filled with water, visible as dark patches on the surface.]



Figure 1.17 Potholes as seen by the areas occupied by water (dark patches)








Horizontal turbulence often takes the form of helicoidal flow, a ‘corkscrewing’ motion. This is associated with the presence of alternating pools and riffles in the channel bed, and where the river is carrying large amounts of material.




[image: Geographical diagram showing the thalweg as a dashed line marking the deepest path of water in both a straight and meandering river, with labels for submerged bar, alluvial deposits, point bar, and deeper water.]



Figure 1.18 Thalwegs – line of maximum depth in a river










Long Description

The left panel shows a relatively straight section of river. A dashed orange line curves through the channel, representing the thalweg. Blue arrows indicate water flow, and the deepest water is labelled along the outer bends. Submerged bars and alluvial deposits, made up of sediment, are shown along the inner parts of the channel where the flow is shallower. The right panel depicts a meandering river. The dashed orange thalweg line follows the outer bends of each curve, where the river is deepest, and avoids the inner bends, which feature point bars made of deposited material. Arrows show the direction of flow along the path of deepest water, aligning with the thalweg. Deeper water is labelled on the outside of the bends, while alluvial deposits appear on the inside, demonstrating how the thalweg shifts from side to side in a meandering river.




The thalweg is the line of maximum depth and velocity along a river’s course, and it travels from outside bank to outside bank of the meanders (Figure 1.18). The main current strikes the outer bank and creates a return flow to the inner bank, close to the channel bend. The movement transports sediment from the outer bank to the inner bank where it is deposited as a sand bar.







Channel types


Sinuosity is the length of a stream channel expressed as a ratio of the valley length. A low sinuosity has a value of 1.0 (that is, it is straight) whereas a high sinuosity is above 4.4. The main groupings are straight channels (<1.5) and meandering (>1.5). Straight channels are rare. Even when they do occur the thalweg moves from side to side. These channels generally have a central ridge of deposited material, due to the water flow pattern.






Activities




	
1  Briefly explain the meaning of the term helicoidal flow.


	
2  Using examples, define the term sinuosity.



















1.2.3 Formation of river landforms by erosion and deposition processes




Meanders


Meanders, for example the Bujuk Menderes (meander) river in south-west Turkey, can occur on a variety of materials, from ice to solid rock. They are not the result of obstructions in the floodplain but a consequence of the normal behaviour of fluids in motion. Turbulent flow in a straight channel produces eddies. These erode small pools and deposit small ridges of material (riffles) midstream (Figure 1.19a). The thalweg begins to flow from side to side and helicoidal flow occurs: surface water flows towards the outer banks, while the bottom flow is towards the inner bank. This causes the variations in erosion and deposition that lead to the formation of the meander (Figure 1.19b).


Meanders have an asymmetric cross-section (Figure 1.19c). They are deeper on the outside bank and shallower on the inside bank. In between meanders the cross-section is more symmetrical. Velocity is fastest on the outside bank and slowest on the inside bank, so there is erosion on the outer bank and deposition on the inner bank.




Causes of meanders


There is no simple explanation of the conditions needed for the creation of meanders. They develop when channel slope, discharge and load combine to create a situation where meandering is the only way that the stream can use up the energy it possesses equally throughout the channel. A number of factors are likely to be important.




	
•  Friction with the channel bed and bank causes turbulence, which makes stream flow unstable. This produces bars along the channel, and a helicoidal flow, with water being raised on the outer surfaces of pools, and return flow occurring at depth.


	
•  Sand bars in the channel may cause meandering.


	
•  There is a critical minimum gradient below which meanders cannot form because a very low energy (low gradient) helicoidal flow cannot produce alternating pools and riffles. In addition, high-velocity flows in steep gradient channels are too strong to allow cross-channel meandering and the development of alternating pools and riffles. In such circumstances, braided channels are formed. Meandering is, therefore, more likely on shallow slopes.


	
•  Meandering best develops at or near bankfull state.







[image: Multi-part conceptual diagram showing the formation and development of river meanders, with plan views, long profiles, and cross-sections illustrating flow speed, erosion, deposition, pools, riffles, and point bars.]



Figure 1.19 Meander formation










Long Description

The diagram illustrates the process of meander formation in three stages, labelled A, B, and C, each with corresponding sub-diagrams showing plan views, profiles, and cross-sections of river channels. It uses blue to show erosion and light brown for accretion deposition, alongside flow arrows and topographic labels. In part A, a straight river channel is shown in plan view, with alternating zones of fast and slow flow. The long profile diagram below it shows areas where erosion and accretion occur, and a cross-section illustrates changes to the riverbed, comparing the initial and final bed levels. Blue represents erosion of the initial channel, and brown indicates accretion. Part B, depicts the early development of meanders from a previously straight, uniform channel. Pools and riffles begin to form in alternating sequence. As the flow continues, the channel begins to bend more distinctly, shown as a wavy river with labelled pools and riffles. Part C, shows an advanced meandering river with clearly defined outer and inner banks. Erosion occurs on the outside bends, forming river cliffs, while deposition happens on the inside bends, creating point bars. Pools and riffles are also marked. A cross-sectional inset between points X and Y illustrates erosion on the outside bank and a slip-off slope on the inside bank. Arrows indicate the direction of water movement, both on the surface and along the river bed.









Meander characteristics


While natural meanders are rarely ‘standard’, the following are some general characteristics:




	
•  Meander wavelengths are generally 6–10 times channel width (this is dependent mainly upon channel width, discharge and the nature of the bed and banks).


	
•  The meander belt (peak-to-peak amplitude) is generally 14–20 times the channel width.


	
•  Riffles occur at about 6 times the channel width.


	
•  Sinuosity increases as the ratio of depth to width of the channel increases.


	
•  Meandering is more pronounced when the bed load is varied.


	
•  Meander wavelength increases in streams that carry coarse debris.


	
•  Meanders are more likely to be irregular where the bed load is coarse.










Change over time


The variations in erosion and deposition that create a meander lead to the formation of a steep river cliff on the outer bank and a gentle point bar (slip-off slope) on the inner bank (Figure 1.19c).


Meanders may change over time in a number of different ways. They may:




	
•  migrate downstream, leaving river cliffs behind, or migrate laterally (sideways) eroding the floodplain.


	
•  become exaggerated and produce cut-offs (oxbow lakes) (Figures 1.20 and 1.21).


	
•  cut through alluvium, into the underlying bedrock.







[image: Multi-stage conceptual diagram showing the formation of an oxbow lake through erosion and deposition around a meander, increased erosion during floods, and eventual river course change and meander cut-off.]



Figure 1.20 Oxbow lake formation










Long Description

The diagram explains the formation of an oxbow lake in three stages, labelled 1 to 3, with accompanying illustrations and textual descriptions. All diagrams use a pale blue background and a winding light blue river, with erosion areas marked by an “E” and orange shading, and deposition areas marked with a “D” and brown shading. In stage 1, the diagram shows a meandering river with several bends. Erosion occurs on the outer curves of the meanders, while deposition happens on the inner curves. This is labelled “Erosion and deposition around a meander.” In stage 2, the meanders become more exaggerated due to increased erosion during flood conditions. The bends are more pronounced, with the “E” and “D” labels showing intensified erosion on outer banks and deposition on inner banks. This is labelled: “Increased erosion during flood conditions. The meanders become exaggerated.” In stage 3, the river breaks through the narrow neck of one meander bend during a flood, creating a new straighter river channel. The old bend is cut off by deposition at both ends, forming an oxbow lake. The is labelled: “The river breaks through during a flood. Further deposition causes the old meander to become an oxbow lake.”






[image: Photograph of a nearly formed oxbow lake in North Mayo, Ireland, surrounded by green fields, trees, and a winding river cutting through the landscape.]



Figure 1.21 Nearly formed oxbow lake, North Mayo, Ireland








Incised meanders are especially well-developed meanders on horizontally bedded rocks. Two main types occur:




	
•  Intrenched meanders are symmetrical, and occur when down-cutting is fast enough to offset the lateral migration of meanders. This frequently occurs when there is a significant fall in base level (generally sea level). The Goosenecks of the San Juan in the USA are classic examples of intrenched meanders.


	
•  Ingrown meanders are the result of lateral meander migration. They are asymmetric in cross-section – examples can be seen in the lower Seine in France.









Activities




	
1  Compare the main characteristics of river cliffs with those of point bars.


	
2  Describe and explain the role of pools and riffles in the development of meanders in a river channel.



















Waterfalls and gorges


Waterfalls occur where the river spills over a sudden change in gradient, undercutting rocks by hydraulic impact and abrasion, thereby creating a waterfall (Figures 1.22 and 1.23). There are many reasons for this sudden change in gradient along the river:




	
•  a band of resistant strata, such as the resistant limestones at Niagara Falls on the USA–Canada border


	
•  a plateau edge, such as at Victoria Falls/ Mosi-oa-Tunya on the Zimbabwe–Zambia border


	
•  a fault scarp, such as at Gordale, Yorkshire, UK


	
•  a hanging valley, such as at Glencoyne, Cumbria, UK


	
•  coastal cliffs.







[image: Cross-sectional annotated diagram showing waterfall formation at Whin Sill, with labelled geological layers and processes including undercutting, erosion, hydraulic action, and gradual retreat of the waterfall.]



Figure 1.22 Waterfall formation (Source: Goudie, A. and Gardner, R., 1985, Discovering Landscapes in England and Wales, Unwin)










Long Description

The diagram illustrates the formation of a waterfall, specifically along the River Tees, through a series of five labelled processes, each associated with geological features. A cross-section of rock layers is shown, including a hard, resistant layer of Whin Sill a tough igneous rock above softer limestones. The brown, peaty waters of the River Tees flow over the top, eroding the rock beneath and causing the waterfall to retreat upstream over time. The diagram includes numbered steps: undercutting before collapse –  erosion occurs beneath the Whin Sill layer where softer limestone is worn away; weight of water causes pressure on the unsupported Whin Sill –  this creates instability in the overhanging rock; pieces of Whin Sill –  hard, igneous rock –  are used to erode the limestone –  fallen fragments assist in abrasion; hydraulic action by force of falling water –  water pressure continues to break down rock at the base; organic-rich waters help dissolve the limestone –  chemical weathering weakens the underlying layer. Additional labels show features such as the boulder-strewn gorge below the fall, the gradual retreat of the waterfall, and the layered limestone structure beneath the Whin Sill.




The undercutting at the base of a waterfall creates a precarious overhang, which will ultimately collapse. Thus a waterfall may appear to migrate upstream, leaving a gorge of recession downstream. The Niagara Gorge is 11 km long due to the retreat of Niagara Falls.




[image: Photograph of Axara waterfall in Iceland, where water cascades down a cliff of dark volcanic rock into a rocky stream below under a cloudy sky.]



Figure 1.23 Axara waterfall, Iceland








Gorge development is common, for example where the local rocks are very resistant to weathering but susceptible to the more powerful river erosion. Similarly, in arid areas where the water necessary for weathering is scarce, gorges are formed by periods of river erosion. A rapid acceleration in down-cutting is also associated when a river is rejuvenated, again creating a gorge-like landscape. Gorges may also be formed as a result of:




	
•  antecedent drainage (Rhine Gorge)


	
•  glacial overflow channelling (Newtondale, UK)


	
•  the collapse of underground caverns in carboniferous limestone areas (River Axe gorge near Cheddar, UK)




	
•  surface runoff over limestone during a periglacial period (Cheddar Gorge, UK)


	
•  the retreat of waterfalls (Niagara Falls)


	
•  superimposed drainage (Avon Gorge, UK).









Activities




	
1  Draw a labelled diagram to show the formation of a waterfall.


	
2  Explain how braided rivers are formed.
















Levees, floodplains and bluffs


Levees and floodplain deposits are formed when a river bursts its banks over a long period of time. Water quickly loses velocity, leading to the rapid deposition of coarse material (heavy and difficult to move a great distance) near the channel edge. These coarse deposits build up to form embankments called levees (Figure 1.24). The finer material is carried further away to be dropped on the floodplain (Figure 1.25), sometimes creating backswamps. Repeated annual flooding slowly builds up the floodplain. Old floodplains may be eroded – the remnants are known as terraces. At the edge of the terrace is a line of relatively steep slopes known as river bluffs.




[image: Process diagram showing the formation of levees through repeated river flooding and deposition, resulting in raised river banks and a raised river bed over time.]



Figure 1.24 The formation of levees










Long Description

The diagram illustrates five stages in the formation of levees along a riverbank. Each stage is illustrated by a cross-sectional view of a river channel and its floodplain, highlighting the gradual process of sediment deposition and riverbed elevation over time. Stage 1: During a flood, the river overflows its banks. The coarsest sediment—gravel and sand—is deposited closest to the bank, while finer particles—silt and clay—are carried further onto the floodplain. Stages 2, 3, and 4: This flooding and deposition process repeats over centuries. Each flood adds a new layer of sediment, gradually building up the banks and slightly raising the riverbed with each event. Stage 5: Eventually, the river has developed elevated banks known as levees, made primarily of coarse material. The riverbed is now raised, and the surrounding floodplain contains fine sediment deposited during earlier floods. The diagram labels the “river level in flood” in stage 1, “deposition” along the banks, and finally the “levee” and “raised river bed” in stage 5, illustrating the long-term effects of repeated flooding and sediment deposition.






[image: Cross-section diagram showing a floodplain landscape with labelled features including levees, oxbow lake, terrace, line of bluffs, bedrock, and sediment layers of silt, sand, and gravel.]



Figure 1.25 Floodplains, levees and bluffs










Long Description

The diagram illustrates key features of a river landscape, including floodplains, levees, and bluffs. A meandering river flows through the centre of a broad, flat valley known as the floodplain, which is bordered by elevated terrain marked as the line of bluffs on either side. To the left of the river, an oxbow lake is shown in a curved depression, representing a former meander that has been cut off from the main channel. A terrace is visible near the oxbow lake, indicating an old floodplain level left behind as the river downcut over time. On the right side of the river, levees are depicted along the banks—raised ridges formed by the deposition of coarse sediments during repeated flooding. The material composition of the valley is also labelled, showing sand and gravel closest to the river channel, transitioning outward to silt and sand, and then bedrock at the base of the bluffs.
















1.3 River flood hazards and impacts




1.3.1 Causes of river floods




Physical factors


A flood is a high flow of water that overtops the bank of a river. The main causes of floods are climatic forces, whereas the flood-intensifying conditions tend to be drainage-basin specific (Figure 1.26). Most floods in the UK, for example, are associated with deep depressions (low pressure systems) that are both long-lasting and cover a wide area. By contrast, in parts of Bangladesh up to 70 per cent of the annual rainfall occurs in three months during the summer monsoon and this can lead to widespread flooding. In Alpine and Arctic areas, melting snow is responsible for widespread flooding.


Floods are one of the most common of all environmental hazards. This is because so many people live in fertile river valleys and in low-lying coastal areas. For much of the time, rivers act as a resource. However, extremes of too much water – or too little – can be considered a hazard (Figure 1.27).




[image: Tree diagram showing causes of floods, categorised into climatological, part-climatological, and other, with examples including rain, snowmelt, tidal interactions, storm surges, earthquakes, landslides, and dam failure.]



Figure 1.26 The causes of floods










Long Description

Causes of flood is the central label in a tree diagram that categorises the origins of flooding into three main types: Climatological, Part-Climatological, and Other. Under Climatological, the causes listed are rain, ice melt, and snowmelt, all directly linked to weather and climate patterns. The Part-Climatological branch includes estuarine interactions between stream flow and tidal conditions and coastal storm surges, both of which result from a combination of climatic and geographical factors. The Other category features earthquake, landslide, and dam failure—events that are not primarily driven by climate but can still trigger flooding.






[image: Line graph showing river discharge in relation to event magnitude and frequency of occurrence, with a peak at normal flow and labelled zones for drought hazard, flood hazard, and low-frequency catastrophic events at both extremes.]



Figure 1.27 River discharge: magnitude and frequency










Long Description

The horizontal axis represents the magnitude of event ranging from low on the side left to high on right side, while the vertical axis represents the frequency of occurrence, from low at the bottom to high at the top. At the peak of the curve is the most common condition: normal flow, which occurs at moderate discharge levels. On the left slope of the curve, as discharge magnitude decreases, the frequency of occurrence drops and the graph is labelled with drought hazard, and further left, catastrophe. On the right slope, as discharge increases beyond normal, the curve similarly labels flood hazard and eventually catastrophe for extreme high flows. The graph highlights that extreme events— both droughts and floods— are rare, while moderate river discharges occur frequently.









Human land-use changes


Deforestation has an important influence on flooding. Vegetation increases interception, reduces overland flow and increases evapotranspiration. In contrast, deforestation reduces interception and evapotranspiration but increases overland flow. This increases the flood risk in deforested areas. The risk of higher flood frequencies, higher magnitudes and reduced recurrence intervals is increased when vegetation is removed.


Deforestation is also a cause of increased flood runoff and reduced channel (river) capacity. This occurs due to increased deposition in the river channel. Infiltration is up to five times greater under forest compared with grassland. This is because the forest trees channel water down their roots and stems. With deforestation there is reduced interception, increased soil compaction and more overland flow. Deforestation is widespread due to many land-use changes, for example conversion of land to farming or settlement. Consequently, deforested areas may experience:




	
•  reduced evapotranspiration


	
•  more frequent erosion due to the increase in overland flow


	
•  more sediment transported in rivers.





Changing agricultural systems can also lead to changes in flooding. The conversion of pastoral land to arable, the increase in size of fields and the increased use of large machinery can lead to more soil compaction, less infiltration, more overland flow and increased erosion. Much depends on the nature of farming. The Cherwell River used to flood roughly once every ten years at the Oxford Botanical Gardens in the 1970s. Following agricultural development in the Cherwell Valley (increased arable farming and fewer fields) the Cherwell has flooded most years, from the 1990s.




[image: Photograph with overlaid table showing potential hydrological effects of urbanisation, listing urbanising influences such as vegetation removal and construction, and corresponding impacts like reduced infiltration, increased runoff, and flood risk.]



Figure 1.28 The potential hydrological effects of urbanisation










Long Description

The diagram illustrates a concrete-lined stormwater drainage channel flanked by vegetation and pavements, illustrating the impact of urban infrastructure on natural water flow. Overlaid at the bottom is a table with two columns titled Urbanising influence and Potential hydrological response. Four rows describe the progressive impacts of urban development: The removal of trees and vegetation reduces evapotranspiration and interception while increasing sedimentation in streams. Early construction of houses, streets, and culverts decreases infiltration, lowers the groundwater table, increases storm runoff, and reduces base flow in dry periods. Full development of urban areas reduces soil porosity, accelerates runoff concentration, increases peak discharge, shortens flow duration, and significantly raises flood risk. Storm drain construction and channel modifications provide localised flood relief but can worsen flooding downstream due to concentrated runoff.




Urbanisation leads to a large reduction in evapotranspiration due to the removal of vegetation. There may also be a slight increase in evaporation because of higher temperatures and increased surface storage (Figure 1.28). However, the impact varies depending on the amount of impervious ground and the percentage of ground that is sewered.


High magnitude extreme events, and low magnitude events, occur infrequently (Figure 1.29). In contrast, those of moderate magnitude occur frequently. The recurrence interval refers to the regularity of a flood of a given size. Small floods may be expected to occur regularly. Larger floods occur less often. A 100-year flood is the flood that is expected to occur, on average, once every 100 years.




[image: Line graph showing the relationship between flood recurrence interval and discharge, with curves representing increasing levels of urbanisation based on percent sewered and impervious area, indicating higher flood discharge with greater urbanisation.]



Figure 1.29 Flood frequency and urbanisation










Long Description

The horizontal axis is labelled Flood recurrence interval in years and ranges from 0.2 to 10. The top of the graph includes a secondary scale showing the Average number of floods in a 10-year period, ranging inversely from 20 to 1. The vertical axis is labelled Discharge cubic metres per second and ranges from 0 to 300. The graph presents a series of upward-sloping curves illustrating how discharge increases as urbanisation levels rise. Each curve represents a different combination of percentage area sewered –  percentage impervious, including: unurbanized, 20– 20, 40– 40, 50– 50, 80– 60, and 100– 60. For a given flood recurrence interval, more urbanised areas with higher sewered and impervious percentages show significantly higher discharge values. For example, at a recurrence interval of 2 years, discharge is lowest under unurbanized conditions and highest at 100– 60.






[image: Composite diagram showing urban land use and flood risk, including a river discharge graph over time, a cross-section from point A to B illustrating flood lines for 50-, 100-, and 200-year events, and a map indicating flood zones around a meandering river.]



Figure 1.30 Urban land use and flood risk










Long Description

The diagram illustrates the relationship between urban land use and flood risk through three panels. The top panel is a line graph showing river discharge over time, with several horizontal threshold lines: the 50-year flood, 100-year flood labelled as 1 percent annual probability, and 200-year flood. Below these are zones for drought and severe drought, annotated with their respective frequencies for example, 2 percent and 0.5 percent annually. The vertical axis indicates river discharge, while the horizontal axis shows time. Increasing discharge levels are aligned with qualitative impacts, progressing from Resources and Losses to Disaster and Catastrophe. The middle panel is a cross-sectional diagram along a transect from point A to point B, depicting land elevation and the corresponding flood lines. The river flows through the central valley, flanked by various land uses including homes and vegetation. The 50-year, 100-year, and 200-year flood lines ascend the slope, indicating the extent of flooding under each scenario and associated potential consequences. The bottom panel is a top-down map view of the same area, showing a meandering river with marked zones for low flow and the main channel. Overlaid flood risk zones are delineated by contour lines representing the 50-year, 100-year, and 200-year floods. These zones encircle infrastructure including roads and buildings, indicating their vulnerability. Points A and B correspond with the cross-section above, linking spatial and elevation-based flood risk information.




Many urban areas are designed to cope with floods that occur on a regular basis, perhaps annually or once in a decade. However, most are ill-equipped to deal with the low-frequency/high-magnitude event that may occur once every 100 years or every 200 years (Figure 1.30). Increasingly, larger floods are less common but more damaging.


Flood-intensifying conditions cover a range of factors, which alter the drainage basin response to a given storm (Figure 1.31). The factors that influence the storm hydrograph determine the response of the basin to the storm. These factors include topography, vegetation, soil type, rock type and characteristics of the drainage basin.


The potential for damage by floodwaters increases exponentially with velocity. The physical stresses on buildings are increased even more when rough, rapidly flowing water contains debris such as rocks, sediment and trees.




[image: Annotated vertical list diagram showing human-related causes of floods, with side branches identifying factors such as impermeable surfaces, urban growth, floodplain developments, obstructions, vegetation changes, river engineering, and climate change.]



Figure 1.31 Flood-intensifying conditions










Long Description

The diagram illustrates a vertical list of human-related causes that contribute to or intensify flooding. The list begins with a bolded central label on the left reading “Human-related causes of floods/intensifying” . A blue bracket extends vertically from this label, connecting to seven associated factors on the right. At the top of the list is “More rapid discharge in urban area due to impermeable surface and increased number of drainage channels” . Below that is “Urbanisation and urban growth increase in impermeable surfaces”, followed by “Floodplain developments increasing risk of damage”. Further down the list are “Bridges, dams, obstructions”, and “Changes in vegetation cover, for example agriculture”. The final two entries are “River engineering works, for example levees” and “Human-induced climate change”.








Activities




	
1  Outline the natural and human causes of floods.


	
2  Explain how flood conditions may be intensified.



















1.3.2 Impacts of floods


Most studies of floods concentrate on the negative impacts of flooding. Direct losses are those that occur immediately after the flood, as a result of contact between the floodwaters and human and damageable property (Figure 1.32). These short-term impacts include tangible losses such as physical damage to property and costs of restoration, as well as intangibles such as loss of human life and ill-health of flood victims. Indirect intangible losses are increased vulnerability to household members following the death/injury of economically active people, and the long-term social and economic decay of an area as more active people move away. More tangible indirect losses include disruption to trade and transport and a reduction in spending power in the community. However, it is not always possible to quantify the losses, for example the loss of life or the resulting ill-health of survivors through mental stress or waterborne disease.




[image: Photograph of flood damage: A, collapsed and mud-covered buildings after the Ahr floods in Germany; B, people wading through knee-deep water after monsoon flooding in India.]



Figure 1.32 Devastation after the Ahr floods in Germany and flooding after the monsoon in India








Floods also create short-term and long-term benefits. A floodplain location offers many long-term benefits such as building land, fertile soil, a supply of water, the potential for activities such as farming, and transport routes. Short-term benefits may include recreation and water storage, although both of these can become long-term benefits. Following flood events, relief aid may be directed towards the affected area. Although this is a short-term benefit, it may have long-term impacts such as the rebuilding of damaged properties.






Activities




	
1  Explain two negative impacts of floods.


	
2  Outline the potential benefits of flooding.













Factors affecting vulnerability to floods


Several physical factors increase vulnerability to flooding:




	
•  Low-lying areas and places close to rivers are more vulnerable to floods.


	
•  Alpine and high altitude areas are vulnerable to snowmelt in spring.


	
•  Areas which have a monsoonal climate experience large amounts of high-intensity rainfall, while some desert areas may experience flash floods, such as the UAE in April 2024.


	
•  Tropical coastal areas may experience flooding as a result of tropical cyclones and storm surges.





In addition, many human factors are increasing vulnerability to flooding. Many low-income communities are forced to live in areas where there is a flood risk as properties can be cheaper there. Building on the floodplain, due to flatter land and easier construction, increases the risk of flooding due to the increase in impermeable surfaces and the reduction of natural vegetation. Activities such as land-use changes to create more farmland can also lead to an increase in flooding. Human-induced global climate change is making weather events more extreme and increasing the risk of flooding.


Some floods, such as the Ahr floods in Germany in 2021 (Figure 1.32), are extreme: they are high magnitude, low frequency events. Floods are sometimes described in terms of how often they are likely to occur. The Ahr floods were 100-year floods meaning that, if we had 1000 years of data, we might expect there to be 10 floods of equal or greater extent, although they would not occur at regular intervals. Ten-year floods in Bangladesh, one of which occurred in 2020, affect around 37 per cent of the country, whereas 100-year floods, like that of 1998, affect around 60 per cent of the country. Larger floods generally last for longer periods of time, although this is not the case for flash floods.


Vulnerability is higher in areas of high population density. Most cities are located next to rivers, so the risk of flooding is present although the rivers are generally managed to reduce the threat of flooding. This varies with level of economic development as some low-income countries (LICs) might not be as able to afford protection schemes as high-income countries (HICs) (see next section).


Infrastructure, including buildings and utilities intended to benefit communities in the case of a flood, for example flood protection schemes, emergency shelters and water supplies, can actually increase vulnerability to floods if it is poorly maintained.






Activities




	
1  Explain how flood magnitude and frequency affect vulnerability to flooding.


	
2  Outline how human activities can increase vulnerability to flooding.



















1.3.3 Management of river floods




Predicting flood risk


Floods affect some 2 billion people worldwide, killing many each year, affecting many more and causing large-scale economic losses. However, not all floods are equal in magnitude, duration or effect so predictions and protective measures need to take this into account. In the 1960s the US government decided to use a 1 per cent annual probability of a flood magnitude as a guide for what constituted an acceptable level of protection. A 1 per cent probability means that, on average, such a flood would occur once in every 100 years.


Flood prediction requires many types of data including:




	
•  the amount of rainfall predicted and that which has occurred recently (the antecedent rainfall)


	
•  the amount of water in rivers


	
•  the type of storm, i.e. its intensity, duration and areal extent (size)


	
•  the characteristics of the drainage basin including impermeable surfaces, level of urban development, vegetation type and percentage cover, soil moisture status, ground temperature, air temperature, relief and topography.





There is a large uncertainty in flood prediction because its accuracy also depends on the amount of data available, land-use changes that have occurred over the last 100 years, climate cycles and the impacts of global climate change. Indeed, the 100-year flood of the 2020s is likely to be different from the 100-year flood of the 1920s due mainly to global climate change and land-use changes that have altered the level of impermeable surfaces. Flood risk maps show which areas are most vulnerable to floods of certain frequencies and magnitudes (Figure 1.33). The recurrent interval indicates the length of time (in years) between floods of a given size.







Forecasting and warning


Since the 1980s, flood forecasting and warning have become more accurate and these are now among the most widely used measures to reduce the problems caused by flooding. At a household level, the Rhine 2040 scheme aims to reduce flooding on the Rhine and its tributaries by 15 per cent compared with 2020. This will partly be achieved through improved forecasting and flood warnings shared between countries in the Rhine Basin.


Even so, and despite advances in weather satellites and the use of radar for forecasting precipitation, flood warnings can leave little time for response. For example, over 50 per cent of all unprotected dwellings in England and Wales have less than six hours of flood warning time, and flood forecasting in most LICs is much less effective. An exception is Bangladesh, where pioneering strategies and initiatives have been developed to help mitigate and adapt to flooding, including the development of warning systems. Many floods in Bangladesh originate in the Himalayas, so authorities have about 72 hours’ warning. Cyclones over the Indian ocean can be monitored and warnings issued.


According to the United Nations Environment Programme’s publication Early Warning and Assessment, there are a number of things that could be done to improve flood warnings. These include:




	
•  improved rainfall and snow pack estimates, and better and longer forecasts of rainfall


	
•  better gauging of rivers, collection of meteorological information and mapping of channels


	
•  better and current information about human populations and infrastructure; elevation and stream channels need to be incorporated into flood-risk assessment models


	
•  better sharing of information between forecasters, national agencies, relief organisations and the general public


	
•  use of text alerts, TV/radio alerts and sirens to warn people of imminent flood risk


	
•  more complete and timely sharing of meteorological and hydrological information among countries within international drainage basins


	
•  technology sharing among all agencies involved in flood forecasting and risk assessment, both in the basins and throughout the world.







[image: Thematic map showing flood hazard zones in a Bulgarian town, with varying flood heights colour-coded along the river and surrounding land, ranging from 0 to over 4 metres. Scale and legend appear in the top right.]



Figure 1.33 Flood hazard map from Bulgaria (Source: World Bank Group)










Long Description

The diagram illustrates a flood hazard map from Bulgaria, overlaid on a high-resolution satellite image of a town and its surrounding landscape. The map uses a blue-scale legend to represent varying flood heights, ranging from 0– 0.5 metres in pale blue to over 4.0 metres in dark navy. One unit on the map represents 5000 units on the ground. A river, marked as Mesta River, flows horizontally across the centre of the image, bordered by built-up areas with dense networks of streets and buildings. The areas adjacent to the river— especially along the southern bank— are shaded in different intensities of blue, indicating zones of inundation. Flooding is concentrated in the floodplain, mostly affecting fields, open land, and some industrial or commercial buildings near the river. The highest flood levels over 4.0 metres are located at a central bend in the river, while lower flood levels spread outward from this area. To the north of the river, urban buildings appear largely unaffected, suggesting that this side lies at a higher elevation. In contrast, to the south and east, flooded areas extend into agricultural fields and isolated structures, indicating lower terrain and higher vulnerability.








Activities




	
1  To what extent can flood frequency and magnitude be predicted?


	
2  Explain why accurate prediction of flood risk is difficult.
















Hard engineering management strategies


Traditionally, floods have been managed by hard engineering. Hard engineering strategies involve the construction of artificial structures including dams such as the Paphos Dam in Cyprus (Figure 1.34), the Aswan High Dam in Egypt and the Grand Ethiopia Renaissance dam, straightening of rivers, artificial levees and diversion spillways (flood-relief channels).




Dams




[image: Photograph of Paphos dam in Cyprus showing a calm reservoir with a tall concrete intake tower and arid hills in the background.]



Figure 1.34 Paphos dam, Cyprus








The number of large dams has grown dramatically since 1950, when around 5000 dams were built, to 2020, when approximately 80,000 dams were built. Growth was most rapid during the 1970s.


The advantages of dams are numerous, as shown by the following examples from the Aswan High Dam on the River Nile, Egypt:




	
•  Flood and drought control – dams allow good crops in dry years which will become increasingly important as the world heats up.


	
•  Irrigation – 60 per cent of water from the Aswan Dam is used for irrigation and up to 4000 km of the desert are irrigated.


	
•  Hydroelectric power – this accounts for 10 billion kW hours each year.


	
•  Improved navigation.


	
•  Recreation and tourism.





It is estimated that the value of the Aswan High Dam is about $500 million to the Egyptian economy each year.


On the other hand, there are numerous disadvantages. For example:




	
•  water losses – the dam provides less than half the amount of water expected


	
•  salinisation – crop yields have been reduced on up to one-third of the area irrigated by water from the Aswan Dam, due to salinisation


	
•  groundwater changes – seepage leads to increased groundwater levels and may cause secondary salinisation


	
•  displacement of population – up to 100,000 Nubian people have been removed from their ancestral homes


	
•  drowning of archaeological sites – the tombs of Ramases II and Nefertari at Abu Simbel had to be removed to safer locations – however, the increase in the humidity of the area has led to an increase in the weathering of ancient monuments


	
•  seismic stress – the earthquake of November 1981 is believed to have been caused by the Aswan Dam; as water levels in the dam increase, so too does seismic activity


	
•  deposition within the lake – infilling is taking place at about 100 million tonnes each year


	
•  channel erosion (clear-water erosion) on the channel bed – lowering the channel by 25 mm over 18 years, a modest amount


	
•  erosion of the Nile delta – this is taking place at a rate of about 2.5 cm each year


	
•  loss of nutrients – it is estimated that it costs $100 million to buy commercial fertilisers to make up for the lack of nutrients each year


	
•  decreased fish catches – sardine yields are down 95 per cent and 3000 jobs in Egyptian fisheries have been lost


	
•  diseases have spread – such as schistosomiasis (bilharzia).










River straightening


River straightening refers to the removal of meanders from a river’s course, and having a straighter, faster river that removes water from part of a river (usually urban), therefore reducing the flood risk. However, straightening is expensive and, as found after the Mississippi was straightened, rivers naturally meander and will try to regain a natural course. Once started, engineering works will need to be repeated to keep a straight channel. In some urban areas, as well as straightening a river, the river may be deepened or dredged so that it can hold more water. Often, straightened channels in urban areas will have concrete banks to stop erosion and prevent meandering, as in the case of the River Wandle, South London (Figure 1.35).




[image: Photograph of the straightened River Wandle in south London, U K, with banks lined by vegetation and trees under bright daylight.]



Figure 1.35 Straightening of the River Wandle, south London, UK













Artificial levees


Levees are raised river banks and are the most common form of river engineering. They increase the carrying capacity of the river. They can also be used to divert and restrict water to low-value land on the floodplain. There are artifical levees in the Indus River Basin in Asia and over 4500 km of the Mississippi River has levees.







Diversion spillways


In some cases, new diversion spillways (flood-relief channels and intercepting channels) may be built (Figures 1.36 and 1.37). Although hard engineering may reduce floods in some locations, it may cause unexpected effects elsewhere in the drainage basin, for example decreased water quality, increased sedimentation, bed and bank erosion and loss of habitats.




[image: Conceptual diagram showing six diversion spillway methods, including flood embankments, channel enlargement, flood-relief channels, intercepting channels, flood storage reservoirs, and settlement removal.]



Figure 1.36 Diversion spillways










[image: Photograph of flood-relief channel in Zermatt, Switzerland, showing concrete walls lining a flowing river next to chalet-style buildings.]



Figure 1.37 Flood-relief channel, Zermatt, Switzerland
















Soft engineering management strategies


Soft engineering generally refers to working with natural processes and features rather than attempting to control them. These approaches include the management of whole catchments (catchment management plans), wetland and riverbank conservation, and river restoration. Examples of soft engineering strategies include the Green Wall of China and the Great Green Wall of the Sahel.


Event modification adjustments include environmental control and hazard-resistant design.




Drainage basin management


Flood abatement is a method of physically controlling floods through decreasing the amount of runoff, thereby reducing the flood peak in a drainage basin. There are a number of ways of reducing flood peaks. These include:




	
•  afforestation is the planting of trees in areas where trees did not grow whereas reforestation refers to the planting of trees in areas where the tree cover had been removed – trees increase the amount of interception that occurs, reduce overland flow, and so reduce flood peaks


	
•  reseeding of sparsely vegetated areas to increase evaporative losses


	
•  treatment of slopes such as by contour ploughing or terracing to reduce runoff


	
•  comprehensive protection of vegetation from wildfires, overgrazing and clear-cutting of forests


	
•  clearance of sediment and other debris from headwater streams


	
•  construction of small water- and sediment-holding areas


	
•  preservation of natural water-storage zones, such as lakes.










Floodplain management


Many floodplains have been reduced in size and no longer function as active floodplains, thereby reducing the benefits of environmental services that they could provide. Many of Europe’s floodplains have been affected by land-use changes, reduced water storage and pollution, for example. Dams, diversion channels, levees and other forms of human-engineered solutions prevent many former floodplains from flooding (Table 1.5).




[image: Thematic map showing flood risk and land use in Oxford, with built-up areas, roads, and rivers marked, highlighting development on terraces, floodplains, and high ground near the River Thames and Cherwell.]



Figure 1.38 Flood risk and land use in Oxford








Table 1.5 Floodplain loss along selected large rivers in Europe (Source: Adapted from European Environment Agency Report No 1/2016, Flood risks and environmental vulnerability: Exploring the synergies between floodplain restoration, water policies and thematic policies)








	River section

	Loss of floodplain area (%)










	Upper Danube (Austria, Germany)

	95






	Central Danube (Croatia, Hungary, Serbia, Slovakia)

	75






	Lower Danube (Bulgaria, Rep. of Moldova, Romania, Serbia)

	73






	Danube Delta (Romania, Ukraine)

	30






	Upper Rhine (France, Germany)

	93






	River Rhine (Austria, Switzerland, France, Germany, Netherlands)

	85






	Rhine and Meuse (Netherlands)

	90–100






	Seine (France)

	99






	Middle Ebro River (Spain)

	58









Flood diversion refers to the practice of allowing certain areas, such as wetlands and floodplains, to be flooded to a greater extent, so as to protect other areas with more people/infrastructure. Natural flooding may be increased through the use of flood-relief channels (diversion spillways) to direct more water into these areas during times of flood.


In many areas, different strategies may be used together. For example, in Oxford (UK), the floodplain of the Thames, Port Meadow, has been retained as a floodplain and is allowed to flood every year (Figures 1.38 and 1.39). Flood-relief channels are used in the Osney Island area of the city to reduce the flood risk. Land-use zoning is an important method of dealing with floods – much of the low-lying areas are given over to sports grounds, allotments and even a large-scale car park, as vehicles can be removed if there is a risk of flooding. Most of the housing has been built on terraces which are free from flooding. These measures proved effective in the floods of winter 2023–24.




[image: Photograph of suburban housing in south Oxford, showing a dense grid of residential streets surrounded by green fields. A railway line and waterbody run parallel on the left side. The city centre is visible in the distance at the top of the image.]



Figure 1.39 Aerial view of South Oxford, UK to show impacts of floodplains on the development of the city

















The effectiveness of hard and soft engineering


Both hard and soft engineering have advantages and disadvantages. The methods used will depend on many factors such as affordability, the nature of the risk, the number of people at risk, and the number of properties and businesses at risk.




	
•  A society may change how it values particular landscapes. In the past, wetlands were sometimes seen as areas where disease-carrying organisms bred, such as mosquitoes, and as valuable for food-production systems, whereas now, they have been reassessed for the environmental services that they provide, such as climate and flood regulation.


	
•  Many forms of hard engineering are expensive, notably dams, and they can have negative impacts as well as positive ones.


	
•  River straightening may protect one area from flooding but transfer the flood downstream. They also have a negative impact on local wildlife.


	
•  Afforestation has many advantages but it takes time for the trees to mature and often uses fast-growing, non-native species.


	
•  River restoration is beneficial but very expensive.


	
•  Land-use zoning is often a compromise between competing land uses and can be very effective.


	
•  Flood-relief channels may keep areas free from flooding but they may be expensive to build.









Activities




	
1  Evaluate the effectiveness of large dams.


	
2  Compare and contrast methods of flood management.
















Emergency responses to river flooding


Flooding has become a greater problem as many people live on floodplains. It is inevitable that floodplains will be flooded at some time so it is important to prepare for them. The impacts of floods will depend on their magnitude; low frequency, high magnitude events (such as in the Ahr Valley 2021 – see above) can have devastating impacts. For people to live on floodplains there needs to be flood protection. There need to be advance flood warnings, with an estimation of their size, so that people and authorities can take action. Evacuation may be required, as often occurs with the risk from tropical cyclones. Flood-proofing includes any adjustments to buildings and their contents that help reduce losses. Some adjustments are temporary, such as:




	
•  blocking up entrances


	
•  sealing doors and windows


	
•  removal of damageable goods to higher levels


	
•  use of sandbags.





During the flood, organisations may need to provide search and rescue, transport to safe areas, and supplies such as clean water, blankets, food, medicines and accommodation. Much will depend on the scale of the flood. Floods following a storm in a temperate area, such as Ireland, will be more localised and less long-lasting than those following a tropical cyclone (see Topic 9).


Long-term measures include moving the living spaces above the likely level of the floodplain. This normally means building above the flood level, but could also include building homes on stilts.


Both immediate and longer-term responses may be supported by disaster aid: that is, money, equipment, staff and technical assistance, given to a community following a disaster.




Loss-sharing responses


The main aim of loss-sharing responses is to provide rapid compensation for flood victims so that they, their households and communities can get back to normality as soon as possible. The two main mechanisms are:




	
•  disaster aid, especially in LICs. This is money, equipment, staff and technical assistance, given to a community following a disaster. It is largely provided by governments, at a national or local level, and by large charities, such as Oxfam, the Red Cross and the Red Crescent. Smaller flood disasters are often co-ordinated by local authorities or charities, and largely rely on public contributions.


	
•  flood insurance, especially in HICs. This is a method for redistributing flood losses. Essentially, people at risk join forces to spread the cash burden through the payment of an annual premium over many years.





Neither of these methods is perfect but both provide some help to reduce suffering. Moreover, neither of these do anything to reduce the risk of future disasters. Indeed, they may be counter-productive in that they may encourage more people to live in flood-prone areas, especially if they feel that they would be compensated should a flood occur.


Following severe flooding, governments may spread the burden throughout the tax-paying population. In the USA, the Federal Emergency Management Agency (FEMA) is responsible for domestic emergency management. In the past, many governments used disaster aid to compensate losses to uninsured properties damaged by flooding. However, due to rising costs, this is now less common. In contrast, the UN Disaster Relief Organisation co-ordinates the efforts of many organisations involved in disaster relief.


Due to the high costs of flooding, insurance is seen as an important loss-sharing strategy within HICs. The main weaknesses with insurance are that not all flood-prone households take out flood insurance, and many households are under-insured. In addition, some insurance might only be given to households with specific building designs for ‘flood-proofing’.


Those who cannot get insurance have to adapt to living with floods. This strategy is increasingly important so as to minimise the financial and environmental costs of floods. Flood-adapted land uses such as floodplain afforestation, grazing and wetland restoration reduce the potential for floods, and their sizes. Traditional building styles, such as houses on stilts, provide some security for households. Even the crops grown may be adapted to floods. Vietnamese farmers in the Mekong Delta traditionally planted potatoes after floods receded, using tailings from water hyacinths as a mulch.






Activities




	
1  Analyse emergency responses to river flooding.


	
2  Examine the role of loss-sharing responses to flooding.






















1.3.4 Detailed specific example of one recent flood






DETAILED SPECIFIC EXAMPLE: STORM DANIEL, 10–11 SEPTEMBER 2023 [image: Blue symbol icon representing the concept of scale in geography.] [image: Purple symbol icon representing the concept of place in geography.] [image: Yellow symbol icon representing the concept of cause and effect in geography.] [image: Grey symbol icon representing the concept of challenges and opportunities in geography.]


Storm – or Cyclone – Daniel was the deadliest Mediterranean storm in recorded history, and one of the costliest. In Libya, 4333 people were killed, mostly around Derna, and over 10,000 people were missing. Libya’s vulnerability was, in part, due to its civil war which had damaged much of its infrastructure. The damage was estimated at over US$21 billion.


The Derna dam collapses occurred on the night of 10–11 September 2023, releasing up to 30 million m3 of water, causing flooding downstream and resulting in the Wadi Derna bursting its banks. The dam failures were the second deadliest in history, after the Banqiao Dam in China in 1975.


Prediction and forecasting


Libya has a high vulnerability to extreme events. Its dams are ageing, its early warning system is inadequate, the country’s disaster risk management is fragmented due to on-going political conflict and the Libyan National Meteorological Centre has limited resources and capacities (UNU ReliefWeb). Libya is not alone.


Causes


The cause of the floods was the high level of rainfall that Storm Daniel produced combined with issues related to the dams themselves.


The collapsed dams were clay-filled embankment dams – the Derna Dam was 75 m high and the Mansour Dam was 45 m high. The latter was already under stress from rising water levels in its reservoir. Cracks had appeared in the dams as far back as 1998, and Wadi Derna had flooded in 1942, 1959, 1968 and 1986.


Early in the week of 4–10 September Storm Daniel caused torrential rainfall in Greece and the Balkans. It intensified as it moved over the Mediterranean Sea and reached Libya on 10 September near the city of Benghazi. The storm brought extreme rainfall to north-east Libya, between 150 mm and 240 mm in just 24 hours, and winds of up to 128 kmh. According to the World Weather Attribution, Storm Daniel was a 1-in-300 to 1-in-600 year event.


Impacts


The Derna Dam, on the confluence of two rivers, collapsed first, releasing an estimated 30 million m3 of water which rushed 12 km downstream towards the Mansur Dam. Many residential areas were swept away. Over 2000 buildings in Derna were flooded and 40,000 people displaced. Five of the seven routes into Derna were impassable and four bridges along the Wadi Derna collapsed. Nevertheless, the first relief convoys arrived in Derna on 12 September.


By mid-October, much infrastructure such as roads and bridges could not be used, and hospitals were not working. Critics claimed that the government and interested agencies should have been more prepared. For example, global climate change is likely to increase the magnitude and frequency of floods, while key infrastructure, including dams, needs to be regularly checked and repaired as needed.




[image: Photograph showing satellite images of Derna before and after the floods in September 2023, highlighting changes in the coastal and urban landscape.]



Figure 1.40 Derna before and after the floods in September 2023








Evaluation of strategies to manage floods


Many countries suffer from weak governance, for example Syria, South Sudan and Chad. The lack of effective co-ordination and governance for disaster management has reduced Libya’s ability to provide accurate forecasts, early warnings and response strategies. Investment is needed to improve key networks, such as water, energy and transport. In addition, the dams had not been properly maintained since they were built, so overall it was a disaster waiting to happen.












PRACTICE QUESTIONS




	
1  The graphs show changing levels of salinity in different parts of the Aral Sea.



	
a  Outline the relationship between water level and salinity.

(4)





	
b  Suggest how changes in the Aral Sea might affect the physical geography of the lake.

(4)





	
c  Suggest how changes in the Aral Sea might influence the economy of the area.

(4)











	
2  Explain how rock type and soils influence the movement of water in a drainage basin.

(15)










[image: Dual line graphs showing changes in the Aral Sea’s water level and salinity from 1960 to 2015, with separate trends for the Small Aral, Large Aral, Western Large Aral, and Eastern Large Aral.]






Long Description

The diagram illustrates changes in the water level and salinity of the Aral Sea and its sub-regions from 1960 to 2015, using two line graphs. The top graph shows water levels in metres above sea level, and the bottom graph displays salinity as a percentage. Multiple coloured and styled lines represent different parts of the Aral Sea: Aral Sea dashed blue, Small Aral dashed red, Large Aral dotted purple, Western Large Aral solid blue, and Eastern Large Aral solid green. In the top graph, the dashed blue line indicates a steady decline in the overall Aral Sea water level from approximately 53 metres in 1960 to below 30 metres by 2015. The dotted purple line Large Aral separates in the early 1990s and continues declining, while the dashed red line Small Aral stabilises around 2000 at about 41 metres. Around 2003, the Large Aral splits into the Western and Eastern Large Aral, with both sections declining, though the Western basin maintains a slightly higher level than the Eastern one. The bottom graph shows salinity trends. The Aral Sea’s general salinity dashed blue rises from around 10 percent in 1960 to nearly 30 percent by 1990. After 1990, the Large Aral dotted purple increases rapidly in salinity, peaking around 80 percent by 2000. The Small Aral dashed red sees a decrease in salinity after 1990, stabilising below 10 percent by 2015. Salinity in the Western Large Aral solid blue and Eastern Large Aral solid green spikes sharply after 2000, with the Western basin exceeding 200 percent by 2015 and the Eastern basin reaching about 120 percent.


























2 Atmospheric processes and global climate change









In this topic you will study:




	
•  Energy budgets


	
•  Weather processes and phenomena


	
•  Global warming and climate change













Introduction to the atmosphere: a dynamic system


The atmosphere in relation to the Earth itself has been likened to the outer skin of an onion, because it is so thin. The radius of the Earth is 6371 km. In comparison, half of the mass of the atmosphere is contained in a layer within 5.5 km of the Earth’s surface. The latter is equivalent to only 0.08 per cent of the radius of the Earth. Although atmospheric gases exist much further out from the Earth’s surface, they are at very low concentrations.


The atmosphere is a dynamic system. This means that the atmosphere does not stay the same but changes over time. Such changes have occurred over billions of years, but for the past 200 million years the atmosphere has been broadly similar to the way it is today. Figure 2.1 shows the main elements of the atmosphere as a system.


The Earth’s original atmosphere consisted mainly of carbon dioxide, methane, ammonia, neon and water vapour; however, it lacked oxygen. Over time, the proportion of carbon dioxide decreased while the proportion of oxygen increased. In terms of very recent change, the level of carbon dioxide in the atmosphere has increased significantly again since the beginning of the Industrial Revolution.


The biotic components of the Earth (its living organisms) have been affected by and transformed the composition of the atmosphere throughout geological time. For example, vegetation and soil (and other surfaces on the planet) control how much energy from the Sun is returned to the atmosphere.


The atmospheric system has:




	
•  inputs – by far the most important input is the energy from the Sun, which produces the movements or currents in the atmosphere


	
•  outputs – precipitation is a major output from the atmosphere


	
•  flows – the movement of air masses causes variations in weather and climate around the world


	
•  storages – for example, the concentration of water in clouds.










Atmospheric pressure


Although temperature varies with altitude, pressure falls continually. Atmospheric pressure is the result of the pull of gravity. Pressure is expressed in millibars (mb). The average pressure over the Earth’s surface at sea level is 1013.25 mb. This is a useful figure to remember when looking at weather maps as 1000 mb would be considered low pressure and 1020 mb would be high pressure. Of course, atmospheric pressure at the Earth’s surface can be much higher and lower than these figures. The pressure gradient is the change in pressure over a horizontal or vertical distance that causes air to flow from areas of high pressure to areas of low pressure (Figure 2.3).


While atmospheric gases can be traced up to about 1000 km from the Earth’s surface, 99 per cent of the mass of the atmosphere is in the lowest 40 km. Figure 2.4 shows that the change in pressure with altitude is very steep in the lower atmosphere.


Atmospheric pressure at sea level is about 1013 mb. At a height of 10 km, roughly the height of Mt Everest, air pressure drops to 265 mb. It is not surprising that most people who attempt to climb Mt Everest need bottled oxygen to breathe!







The composition of the atmosphere


The atmosphere is composed mainly of gases, but it also contains liquids and solids. Air is a mechanical mixture of gases, not a chemical compound. It is highly compressible such that its lower layers are very much more dense than those above. The average composition of the dry atmosphere by volume is shown in Table 2.1.




[image: Flow diagram showing the main elements of the atmosphere as a system, illustrating interactions between energy, moisture, and gases across the atmosphere, Earth’s surface, vegetation, oceans, land, and ice using colour-coded arrows.]



Figure 2.1 The main elements of the atmosphere as a system










[image: Line graph showing global atmospheric carbon dioxide levels over the past 800,000 years, with historical fluctuations based on ice core data and a sharp modern rise peaking at 417.1 parts per million in 2022.]



Figure 2.2 Global atmospheric carbon dioxide levels over the past 800 000 years










Long Description

The graph illustrates global atmospheric carbon dioxide C O 2 levels over the past 800,000 years, with values plotted on the vertical axis in parts per million p p m, and time on the horizontal axis in years before present. The majority of the data is derived from ice core records, showing repeated natural fluctuations in C O 2 concentrations between approximately 170 and 300 p p m. These peaks and troughs align with glacial and interglacial cycles. A dramatic spike appears at the far right end of the graph, where modern instrumental data begins. The C O 2 level rises sharply beyond any historical range, reaching a 2022 average of 417.1 p p m. This increase far exceeds the previous natural maximum of around 300 p p m, marking an unprecedented deviation from historic patterns. The recent trend is represented by a dashed pink line.






[image: Conceptual diagram showing air flow from areas of high pressure to low pressure both vertically and horizontally within the atmosphere, with labelled pressure values in millibars and directional arrows.]



Figure 2.3 Air flowing from high pressure to low pressure










[image: Line graph showing changes in temperature and pressure with altitude up to 110 kilometres.]



Figure 2.4 Changes in temperature and pressure with altitude (Source: Guinness, P. and Walpole, B. Environmental Systems and Societies for the IB Diploma, Cambridge University Press)










Long Description

Vertical profile showing altitude from 0 to 110 kilometres, with atmospheric pressure decreasing from 1000 to 0.0001 millibars. Layers labelled: troposphere, stratosphere, mesosphere, and thermosphere. Boundaries marked: tropopause, stratopause, mesopause. A red line traces temperature variation. Additional features labelled include Mt Everest, cloud types, and the ozone maximum.




Table 2.1 Average composition of the dry atmosphere by volume








	Nitrogen

	78%






	Oxygen

	21%






	Argon

	0.93%






	Carbon dioxide

	0.039%






	Neon

	0.0018%






	Helium

	0.0005%






	Ozone

	0.00006%






	Hydrogen

	0.00005%






	Krypton, xenon and methane

	Trace









Thus, the atmosphere is mainly a mixture of nitrogen and oxygen, but that is not to say that the minor gases by volume do not play an important role in the atmospheric system.


Air can also contain as much as 5 per cent water vapour, although the amount usually ranges between 1 and 3 per cent. This makes water vapour the third most common gas (which alters the other percentages accordingly). Most of the atmosphere’s water vapour is held in the lowest layer, the troposphere. Warm air can hold more water vapour than cold air, and above the troposphere the air is too cold to hold water vapour and there is insufficient mixing or turbulence to transport water to higher levels. Water vapour is the most highly variable gas in the atmosphere.


If you shine a torch in a dark room you can see there are minute particles suspended in the atmosphere. Also, think of the amount of dust that can accumulate on furniture if a room has not been cleaned for a long time. Atmospheric solids include minuscule particles of dust, smoke (Figure 2.5), salt and volcanic ash. However, water in the form of ice (in clouds, hail and snow) constitutes a major part of the solid component of the atmosphere. The movement of air in the atmosphere can keep small particles aloft for a considerable time. Large particles can be transported in strong winds. The solids in the atmosphere play a vital role by promoting the condensation that leads to cloud formation and precipitation. Laboratory experiments clearly illustrate how difficult it is for condensation to occur in ‘clean’ air – that is, air without minute solid particles.




[image: Photograph of a grassland area in Nepal with vegetation on fire, producing smoke among dry stalks and sparse trees.]



Figure 2.5 Vegetation being burnt in Nepal. Fires are a major contributor to solid particles in the atmosphere













The structure of the atmosphere


Figure 2.4 shows the atmosphere can be divided into a number of layers in terms of temperature variation. This is known as thermal stratification. A decline in temperature with altitude is known as a temperature lapse while an increase in temperature with altitude is a temperature inversion. An isothermal layer occurs when there is no change in temperature with altitude for a significant distance. In general the Sun heats the Earth which in turn heats the atmosphere so a continuous temperature lapse from the surface to the outer atmosphere might be expected. However, the presence of certain gases in the stratosphere and the thermosphere results in the absorption of solar radiation creating temperature inversions.


The troposphere is the lowest layer of the atmosphere, which contains most of the air, water vapour and solid particles. Thus, most clouds in the atmosphere form in the troposphere (Figure 2.6). This concentration of clouds in the troposphere makes an essential contribution to the Earth’s albedo.


The vertical extent of the troposphere varies from 16 km in the tropics to 9 km at the poles. The temperature lapse is the decline in temperature per km. The temperature in the troposphere can fall as low as minus 80 °C around the equator. Wind speeds generally increase with height because of reduced friction.


The tropopause is the boundary between the troposphere and the stratosphere. Temperature stops decreasing at this point and for a while a zero lapse rate (an isothermal layer) occurs.


The stratosphere is the second major layer of the atmosphere and extends upwards from the tropopause to about 50 km. The troposphere and the stratosphere together make up what is generally referred to as the lower or inner atmosphere. Most reactions concerning living systems occur in the inner atmosphere.


The weather in the stratosphere is comparatively stable, as warmer air overlies colder air in this layer. Jet aircraft often fly at this altitude because of the relative stability. The good visibility means that passengers can look down on the cloud below in the troposphere (Figure 2.6).




[image: Photograph of a dense cloud layer in the troposphere, viewed from above by an aircraft flying in the lower stratosphere.]



Figure 2.6 The top of clouds in the troposphere, viewed from an aircraft flying in the lower stratosphere








Temperature increases to about 0 °C at the stratopause, which is the boundary between the stratosphere and the mesosphere. This rise in temperature is essentially due to the absorption of ultraviolet (UV) radiation from the Sun by ozone molecules. The ozone has an important screening function for the health of humankind and other life on Earth, by shielding the surface from harmful radiation.


The mesosphere is a 30 km layer of the atmosphere where temperature declines to a maximum of about minus 90 °C at 80 km altitude. The mesopause forms the boundary with the next layer, the thermosphere.


Atmospheric density is extremely low at the altitude of the thermosphere. Temperatures again increase with altitude due to the absorption of ultraviolet radiation by atomic oxygen. The mesosphere and the thermosphere together constitute the upper atmosphere.






Activities




	
1  Describe the four components of the atmospheric system.


	
2  Study Figure 2.4. Describe and explain (a) the changes in temperature and (b) the changes in pressure with altitude.

















2.1 Energy budgets


The Earth’s climate is a solar powered system. Over the duration of the year, the Earth system absorbs an average of about 240 w/m2 (one watt is one joule of energy every second). This absorbed energy powers photosynthesis, fuels evaporation, melts snow and ice, and warms the Earth.


An energy budget refers to the amount of energy entering a system (inputs), the amount leaving the system (outputs), and the transfer of energy within the system. Energy budgets are commonly considered at a global scale (macro-scale) and at a local scale (micro-scale). Geographers sometimes use the term microclimate to describe regional climates, such as those associated with large urban areas, coastal areas and mountainous regions; ecologists often use the same term for much smaller areas.


Figure 2.7 shows a classification of climate and weather phenomena at a variety of spatial and temporal scales. Phenomena vary from small-scale turbulence and eddying (such as dust devils) that cover a small area and last for a very short time, to large-scale anticyclones (high-pressure zones) and jet streams that affect a large area and may last for weeks. The jet stream that carried volcanic dust from the volcano erupting from underneath the Eyjafjallajökull glacier in Iceland to northern Europe in 2010 is a good example of jet-stream activity (Figure 2.8).




[image: Graph showing classification of weather and climate phenomena by spatial and temporal scale.]



Figure 2.7 Classification of climate and weather phenomena at a variety of spatial and temporal scales










Long Description

Horizontal axis represents characteristic horizontal distance scale from 10 millimetres to 10 raised to the power of 4 kilometres. Vertical axis represents characteristic timescale from seconds to years. Phenomena shown include small-scale turbulence, dust devils, local winds, thunderstorms, hurricanes, and jet streams. Regions labelled MICRO, MESO, LOCAL, and MACRO show classification bands. Larger-scale and longer-duration phenomena occur in top-right corner.






[image: Map showing jet-stream activity and volcanic dust transfer from Eyjafjallajökull volcano.]



Figure 2.8 Jet-stream activity and the transfer of dust from Eyjafjallajökull










Long Description

Map of northern and central Europe. Eyjafjallajökull volcano in Iceland is marked, with an ash plume drifting southeast across the North Sea. Arrows indicate direction of dust carried by the jet stream. Key cities include Reykjavik, London, Oslo. Ash plume disrupted flights across multiple European airports due to elevation between 6,000 and 11,000 metres.




These different scales should not be considered as separate scales, but as a hierarchy of scales in which smaller phenomena may exist within larger ones. For example, the temperature surrounding a building will be affected by the nature of the building and processes that are taking place within the building. However, it will also be affected by the wider weather conditions, which are affected by latitude, altitude, cloud cover and season, for example.




Solar radiation


The Sun has a surface temperature of nearly 6000 °C. Nuclear reactions within its core lead to the constant emission of radiant energy. Because the Sun is so hot, much of this is short-wave radiation in the infrared, visible (about 45 per cent) and UV regions of the electromagnetic spectrum. About 45 per cent of solar radiation can be perceived as light.


However, the Sun’s energy is emitted in all directions so only a very small proportion of solar output, about 0.0005 per cent, actually reaches the Earth as insolation (incoming solar radiation). The sun’s insolation is vital in maintaining the Earth’s climate and life support systems. A certain proportion of solar radiation is reflected back into space by clouds and scattered. Atmospheric scattering occurs when particles and droplets suspended in the atmosphere reflect the light reaching them in all directions, diffusing the light. Natural causes of atmospheric scattering include clouds, fog and mist.


In contrast to the Sun, the much cooler Earth emits long-wave infrared radiation. This outgoing terrestrial radiation is mostly in the thermal region of the infrared spectrum. Particles in the atmosphere also emit long-wave radiation. The portion of this that travels down to the surface is often referred to as back radiation.


Figure 2.9 shows the contrasting wavelengths of solar and terrestrial radiation.




[image: Graph showing the spectral distribution of solar and terrestrial radiation with absorption bands.]



Figure 2.9 Wavelengths of solar and terrestrial radiation (Source: Guinness, P. and Walpole, B. Environmental Systems and Societies for the IB Diploma, Cambridge University Press)










Long Description

Horizontal axis represents wavelength in micrometres. Vertical axis represents energy flux density in watts per square metre per micrometre. The shaded areas show incoming extraterrestrial solar radiation - 1370 watts per square metre, solar radiation at Earth’s surface - 907 watts per square metre, and outgoing infrared radiation estimated to space from Earth’s surface - 70 watts per square metre. Three black body radiation curves are included: at 6000 kelvin - 1.6 kilowatts per square metre, at 300 kelvin - 468 watts per square metre, and at 263 kelvin - 270 watts per square metre. The chart also labels atmospheric absorption bands for ozone, oxygen, carbon dioxide, and water vapour. A smaller inset graph shows incoming and outgoing radiation plotted arithmetically on an arbitrary vertical scale.









2.1.1 Energy budget systems


There are six components to the daytime energy budget (Figure 2.10):




	
•  Incoming shortwave solar radiation


	
•  Reflected solar radiation


	
•  Surface absorption


	
•  Sensible heat transfer (with grass-covered soil)


	
•  Long-wave radiation


	
•  Latent heat transfer (evaporation and condensation).





These influence the gain or loss of energy for a point at the Earth’s surface. The daytime energy budget assumes a horizontal surface with grass-covered soil and can be expressed by the formula:


Energy available at the surface = incoming solar radiation – (reflected solar radiation + surface absorption + sensible heat transfer + long-wave radiation + latent heat transfers)




[image: Diagram showing energy flows in the daytime energy budget over a grass-covered surface.]



Figure 2.10 Daytime energy budget










Long Description

Diagram showing incoming short-wave radiation reaching a grass-covered surface, with some solar radiation reflected back upwards. Energy transfers include long-wave radiation emitted upwards, latent heat transfer rising from the surface, and sensible heat transfer depicted as loops. Additionally, heat is transferred downwards into the soil as surface absorption.






Incoming solar radiation


Incoming solar radiation (insolation) is the main energy input and is affected by latitude, season, and cloud cover. Figure 2.11 shows how insolation varies with the angle of the Sun and with cloud type. For example, with strato-cumulus clouds when the Sun is low in the sky, about 23 per cent of the total radiation reaching the planet is transmitted to the Earth’s surface – about 250 watts per m2. When the Sun is high in the sky, about 40 per cent, just over 450 watts per m2, reaches the ground. The less cloud cover there is, and/or the higher the cloud, the more radiation reaches the Earth’s surface.




[image: Graph showing the percentage of total radiation transmitted through different cloud types based on solar angle.]



Figure 2.11 How insolation received varies with the angle of the Sun and cloud type










Long Description

Horizontal axis represents the angle of the sun from low to high. Vertical axis on the left represents percentage of total radiation transmitted. Vertical axis on the right shows solar radiation in watts per square metre, ranging from 25 to 700. Cloud types shown include cirrus, altocumulus, cirrostratus, stratocumulus, thick altostratus, thick layers of stratus and stratocumulus, and nimbostratus. Clear sky allows the highest radiation transmission, while nimbostratus allows the least. Curved lines indicate how solar radiation increases with sun angle.










Reflected solar radiation


The proportion of energy that is reflected back to the atmosphere is known as the albedo. Albedo varies with colour – light materials are more reflective than dark materials (Table 2.2). Grass reflects back an average of 20–30 per cent of the radiation it receives while for fresh snow the range is 75–90 per cent.


Table 2.2 Selected albedo values








	Surface

	Albedo (%)










	Water (Sun’s angle over 40 °)

	2–4






	Water (Sun’s angle less than 40 °)

	6–80






	Fresh snow

	75–90






	Old snow

	40–70






	Dry sand

	35–45






	Dark, wet soil

	5–15






	Dry concrete

	17–27






	Black road surface

	5–10






	Grass

	20–30






	Deciduous forest

	10–20






	Coniferous forest

	5–15






	Crops

	15–25






	Tundra

	15–20














Surface and sub-surface absorption


Energy that reaches the Earth’s surface has the potential to heat it. Much depends on the nature of the surface. For example, if the surface can conduct heat to lower layers, the surface will remain cool. If the energy is concentrated at the surface, the surface warms up. The heat transferred to the soil and bedrock during the day may be released back to the surface at night. This can partly offset the night-time cooling at the surface.







Sensible heat transfer


Sensible heat transfer refers to energy carried by parcels of air moving into and out of the area being studied. For example, air that is warmed by the surface may begin to rise (convection) and be replaced by cooler air in a convection transfer. It is very common in warm areas in the early afternoon. Sensible heat transfer is also part of the night-time energy budget: cold air moving into an area may reduce temperatures, whereas warm air may supply energy and raise temperatures.







Long-wave radiation


Energy is transferred from the surface of the Earth to the atmosphere as long-wave radiation through conduction (contact), convection and radiation (see below). Some of this will be absorbed by water vapour and other greenhouse gases, thereby raising the temperature, and some will return to the surface as a result of scattering and back radiation. The rest passes through the atmosphere into space. The net long-wave radiation balance is the difference between the energy flowing to and from the surface in this form.




	
•  During the day, the outgoing long-wave radiation transfer is greater than the incoming long-wave radiation transfer, so there is a net loss of energy from the surface.


	
•  On a cloudless night, there is a large loss of long-wave radiation from the Earth to the atmosphere. There is very little return of long-wave radiation from the atmosphere, due to the lack of clouds. Hence there is a net loss of energy from the surface.


	
•  On a cloudy night, the clouds return some long-wave radiation to the surface, hence the overall loss of energy is reduced.





Thus, in hot desert areas, where there is a lack of cloud cover, the loss of energy at night is maximised. In contrast, in cloudy areas the loss of energy (and change in daytime and night-time temperatures) is less noticeable.




Temperature changes close to the surface


Ground-surface temperatures can vary considerably between day and night. During the day, the ground heats the air by radiation, conduction and convection. The ground radiates energy and as the air receives more radiation than it emits, the air is warmed. Air close to the ground is also warmed through conduction. Air movement at the surface is slower due to friction with the surface, so there is more time for it to be heated. The combined effect of radiation and conduction is that the air becomes warmer, and rises as a result of convection. At night, the ground is cooled as a result of radiation. Heat is transferred from the air to the ground.










Latent heat transfer (evaporation and condensation)


Latent heat transfer occurs when water changes state. When water is present at a surface, a proportion of the energy available will be used to evaporate it, and less energy will be available to raise local energy levels and temperature. In some cases, evaporation may occur at night, especially in areas where there are local sources of heat.


During the night, the air may be saturated, generally because the temperature of the surface has dropped enough to cause condensation. This releases latent heat, which further affects the cooling process at the surface. Water that has condensed on a surface overnight is known as dew.


Occasionally, condensation occurs because more moisture is introduced, for example by a sea breeze, while the temperature remains constant.






Activities




	
1  The model for the daytime energy budget assumes a flat surface with grass-covered soil. Suggest reasons for this assumption.


	
2  Study Table 2.2.



	
a  What is meant by the term albedo?


	
b  Why is albedo important?


	
c  How does the albedo of water vary with the angle of the Sun?

























2.1.2 The global energy budget




The latitudinal impact of radiation: excesses and deficits


The atmosphere is an open system, receiving energy from both Sun and Earth. The latter is very small, but has an important local effect, as in the case of urban climates. The atmosphere constantly receives solar energy yet, until recently, was not getting any hotter.


The Earth’s net radiation is the balance between incoming and outgoing energy at the top of the atmosphere (TOA). This is the total energy available to influence the global climate. Energy is lost from the atmosphere to space in two ways:




	
•  reflection by clouds, aerosols and the Earth’s surface


	
•  heat emitted by the surface and the atmosphere, including clouds.





The average energy from sunlight reaching the top of the Earth’s atmosphere is 340 watts per square metre (W/m2). Figure 2.12 shows what happens to this energy.


The amount of energy leaving TOA is the same as that reaching it so the budget is balanced and no energy remains in (or is lost to) the atmosphere to change its temperature.




[image: Diagram showing the Earth’s energy budget, with solar radiation interacting with clouds, the atmosphere, and the Earth’s surface.]



Figure 2.12 The Earth’s energy budget










Long Description

Diagram showing the energy flow of incoming solar radiation and its distribution. Incoming solar energy is represented as 100 per cent. Of this, 6 per cent is reflected by the atmosphere, 20 per cent is reflected by clouds, and 4 per cent is reflected from the Earth’s surface. Absorption is also shown: 16 per cent is absorbed by the atmosphere, 3 per cent by clouds, and 51 per cent by land and oceans. Additional transfers include 7 per cent used in conduction and rising air, and 23 per cent carried to clouds and atmosphere by latent heat in water vapour. Of the energy radiated to space, 64 per cent is emitted from clouds and the atmosphere, while 6 per cent is radiated directly from the Earth’s surface.




The average reflectivity of the Earth is known as the planetary albedo. This has a significant effect on climate because, combined with solar insolation, it determines the radiative energy input to the Earth. The global annual averaged albedo is approximately 0.30.


The amount of solar radiation that reaches the Earth varies with latitude and season as a result of two factors: the angle of the overhead Sun and the thickness of the atmosphere.




	
•  Figure 2.13 shows that from the equator to the poles, the Sun’s rays meet the Earth at smaller and smaller angles so the light gets spread out over larger and larger surface areas, reducing insolation.


	
•  At higher latitudes (point A on Figure 2.13), the radiation has more atmosphere to pass through before it reaches the surface, so more energy is lost, scattered or reflected than at the equator (point B).







[image: Diagram showing differences in solar radiation between the equator and the poles due to latitudinal variation in insolation.]



Figure 2.13 Latitudinal contrasts in insolation (Source: Nagle, G., 1998, Geography Through Diagrams, Oxford University Press)










Long Description

At position A, near the poles, solar radiation passes through more atmosphere and is dispersed over a wider area. At position B, near the equator, solar radiation is more concentrated and travels through less atmosphere.




The result is an imbalance: an excess of radiation in the tropics and a deficit of radiation at high latitudes. Figure 2.14 shows how the solar energy received at local noon each day changes with latitude. There is an excess of incoming shortwave radiation between 35 °S and 40 °N, with a deficit at higher latitudes. However, neither region is getting progressively hotter or colder because of the horizontal transfer of energy from the equator to the poles through winds and ocean currents.




[image: Line graph showing absorbed solar energy and outgoing terrestrial radiation at different latitudes from the South Pole to the North Pole.]



Figure 2.14 Annual surface net radiation by latitude










Long Description

Horizontal axis represents latitude, ranging from 80 degrees south to 80 degrees north. Vertical axis represents energy in watts per square metre, ranging from 0 to 300. Two lines are plotted: one for absorbed solar energy, peaking at the equator, and one for outgoing terrestrial radiation, also highest near the equator but consistently lower than solar energy in that region. The area between the curves is marked as excess in equatorial latitudes and deficit near the poles.








Activities




	
1  Study Figure 2.13. Comment on latitudinal differences in the receipt of solar radiation.


	
2  Study Figure 2.14. Describe and explain the regions where there is an excess or deficit of radiation.


	
3  Look at Figure 2.15. How does peak energy vary throughout the year from the equator to 65 degrees north and south?







[image: Line graph showing variation in peak solar energy received throughout the year at different latitudes, including the equator and mid-latitudes.]



Figure 2.15 Peak energy received at different latitudes throughout the year










Long Description

Horizontal axis represents months from January to December. Vertical axis represents energy levels. The graph displays curved lines for specific latitudes: 60 degrees north, 45 degrees north, 23.5 degrees north, the equator, 23.5 degrees south, 45 degrees south, and 60 degrees south. Northern latitude lines peak around June and dip around December, while southern latitude lines peak around December and dip around June. The equator line remains nearly flat across the year, indicating consistent energy input.















The natural greenhouse effect


The greenhouse effect is a normal and necessary condition for life on Earth. It has always existed and plays a vital role in the Earth-atmosphere system.


The amount of insolation received at the outer edge of the atmosphere is known as the solar constant. The Earth receives approximately 342 watts of solar energy for each m2 of its spherical surface. For a stable climate on Earth the planet must radiate the same amount back into space. However, this would mean an average global surface temperate of –19 °C rather than the 14 °C it actually is. The 33 °C difference is due to the natural greenhouse effect.


The natural greenhouse effect arises because there are several gases in the atmosphere that absorb and emit infrared radiation through the vibrations of their molecules. The main greenhouse gases are water vapour, carbon dioxide, methane, chlorofluorocarbons (CFCs), nitrous oxides and ozone. These gases allow incoming short-wave solar radiation to pass through unaffected, but they absorb infrared radiation emitted from the surface of the Earth. As a result, there is reduced radiation back to space and the Earth is warmed until a new balance is achieved, at a warmer temperature.










2.1.3 Global transfers of energy


The circulation systems in the atmosphere and the oceans have a major impact on weather and climate. Ocean currents account for about 80 per cent of the global transfer of heat from low to high latitudes, with winds accounting for the remaining 20 per cent.


The basic cause of air motion is the unequal heating of the Earth’s surface (see ‘The latitudinal impact of radiation’ and Figure 2.13). The major equalising factor is the transfer of heat by air movement. The driving force is the pressure gradient; that is, the difference in pressure between any two points. Air moves from high pressure to low pressure (Figure 2.16). Vertical air motion is important on a local scale, whereas horizontal motion (wind) is important at many scales, from small-scale eddies to global wind systems.


The motion of air is linked to ocean circulation because warm currents raise the temperature of overlying air, while cold currents cool the air above them.


Globally, very high-pressure conditions exist over Asia in winter due to the low temperatures. Cold air contracts, leaving room for adjacent air to converge at high altitude, adding to the weight and pressure of the air. By contrast, the mean atmospheric pressure is low over continents in summer when high surface temperatures produce atmospheric expansion. High pressure dominates at around 25–30 ° latitude. The highs are centred over the oceans in summer and over the continents in winter – whichever is cooler.


The Coriolis force is the deflection of moving objects caused by the easterly rotation of the Earth. Air flowing from high pressure to low pressure is deflected to the right of its path in the northern hemisphere and to the left of its path in the southern hemisphere. The Coriolis force is at right angles to wind direction.






Activities


Briefly explain the meaning of the terms:




	
a  pressure gradient


	
b  Coriolis force.













[image: Diagram showing wind directions on a non-rotating Earth and a rotating Earth in relation to pressure zones.]



Figure 2.16 Pressure gradient winds










Long Description

Top globe shows how winds would blow on a non-rotating Earth, with arrows pointing directly from high-pressure zones to low-pressure zones in a straight vertical pattern. These zones include polar high pressure, temperate low pressure, subtropical high pressure, equatorial low pressure, and their counterparts in both hemispheres.


The bottom globe shows how winds blow on a rotating Earth. The wind directions are curved due to the Coriolis effect. Arrows show the direction of the N.E. polar winds, S.W. winds, N.E. trade winds, S.E. trade winds, N.W. winds, and S.E. polar winds. Labels on both sides identify the same pressure zones as in the top globe, showing the interaction between Earth’s rotation and atmospheric circulation.






Atmospheric circulatory systems


The global movement of winds mainly results from the rotation of the Earth and the differences in the amount of solar radiation received in tropical and polar latitudes. Other contributory factors include:




	
•  the position of the continents


	
•  major relief barriers such as the Himalayas and Rocky Mountains


	
•  the differences between the degree of heating of the atmosphere over land and sea areas.







Atmospheric cells


In each hemisphere, air circulates through the depth of the troposphere in three cells, known as the tri-cellular model (Figure 2.17).




Hadley cells


Hadley cells, named after the English meteorologist George Hadley, are by far the largest cells by volume, extending from the equator to between 30 and 40 degrees north and south. Within the Hadley cells, trade winds blow from the high pressure of the sub-tropics towards the lower pressure of the equator.




[image: Diagram showing global atmospheric circulation cells and associated air movements.]



Figure 2.17 The global circulation of the atmosphere










Long Description

Diagram showing the Earth’s global circulation of the atmosphere using three major circulation cells per hemisphere: the Hadley cell, the Ferrel cell, and the Polar cell. In the Hadley cell near the equator, warm moist air rises and flows poleward, then cools and sinks in the subtropical desert zones. In the Ferrel cell, air moves in the opposite direction, rising at higher latitudes and sinking near the subtropics. In the Polar cell, cold dense air sinks at the poles and flows toward the equator. The diagram also shows tropical air flowing north and south, cool air flowing poleward, and heat being carried from the tropics. Arrows depict the circulation within each cell in both hemispheres.




These winds then rise near the equator. The rising air releases vast quantities of latent heat, which in turn stimulates convection, often forming a broken line of thunderstorms, giving the equatorial climate its very high level of precipitation. This inter-tropical convergence zone (ITCZ) is a few hundred kilometres wide. At ground level, the ITCZ exhibits very gentle, variable winds known as the doldrums.


At the summit of these storms, in the upper troposphere, the air flows north and south towards higher latitudes. This high-level air gradually subsides to form the subtropical high pressure belt over the world’s hot deserts and subtropical oceans.


Latitudinal variations in the ITCZ occur as a result of the movement of the overhead Sun. In June the ITCZ lies further north, whereas in December it lies in the southern hemisphere. The seasonal variation in the ITCZ is greatest over Asia, owing to its large land mass.




[image: Diagram showing atmospheric circulation in the Hadley cells.]



Figure 2.18 Hadley cells










Long Description

Diagram showing the Hadley cell circulation between the equator and subtropics. Air at the equator rises, expands and cools, leading to equatorial low pressure and hot, wet air. As it rises, heat radiates to space. The air then flows poleward at high altitude and cools. It eventually subsides, condenses, warms, and creates subtropical high pressure. This results in warm, dry air near the surface. Surface air flows back toward the equator as trade winds, picking up moisture and heat as it moves towards low pressure. The full cycle is symmetrical about the equator and demonstrates the vertical and horizontal movement of air within the Hadley cells.










Ferrel cells


In the mid-latitudes, air flowing near the surface from the high pressure of both the subtropical and polar regions converges at the polar front (50–60 degrees north and south). Warm tropical air rises over cold polar air at the polar front to form cloud and precipitation. The circulation within this Ferrel cell (a mid-latitude atmospheric cell) is completed by a return flow of air at high altitudes towards the tropics, where it joins sinking air from the Hadley cell. This mid-latitude circulation system was named after William Ferrel (1817–91), an American meteorologist.







Polar cells


These are smallest and weakest of the three cell systems. They extend from between 60 and 70 degrees north and south to the poles. Air at high altitudes sinks and flows out towards lower latitudes at the surface. Air over the poles continually cools: and being cold, it is dense and therefore it subsides, creating high pressure. Air above the polar front flows back to the pole, creating a polar cell.






Activities




	
1  Describe and explain how the Hadley cell operates.


	
2  Explain the circulation of the atmosphere in the polar cells.



















Wind belts


Wind belts are winds that form streams of air (belts) that flow all around the Earth. There are three major wind belts which result from the general circulation of the atmosphere explained above and illustrated by Figures 2.17 and 2.18.


These zonal wind belts are more uniform and constant in the southern hemisphere than in the northern hemisphere. In the former, there is much less land mass to disturb the circulation of winds. In the northern hemisphere, there are a number of large-scale, semi-permanent high-pressure and low-pressure systems centred over the continents and oceans during various times of the year. These systems prevent the zonal wind belts from extending as uniformly around the world as in the southern hemisphere.




Tropical easterlies


Blowing westwards and towards the equator at the Earth’s surface, the tropical easterlies in the two hemispheres (also known as the north-east trade winds and the south-east trade winds) merge and rise in the inter-tropical convergence zone (ITCZ) and then blow eastward and poleward at altitudes between 2 and 17 km.


The tropical easterlies blow from the east and flow towards the west. These are generally ‘reliable’ winds which blow over about 30 per cent of the Earth’s surface. The weather in this zone is fairly predictable: warm dry mornings and showery afternoons, caused by the continuous evaporation from tropical seas. Showers are heavier and more frequent in the warmer summer season.







Westerlies


The descending air in the subtropical high-pressure belts diverges near the surface; air that does not flow towards the equator (tropical easterlies) moves poleward as the mid-latitude westerlies. This westerly flow is most concentrated between 5 and 12 km above the Earth’s surface and contains the jet streams (see below).


Westerly winds dominate between 35 and 60 degrees of latitude, which accounts for about a quarter of the world’s surface. However, unlike the steady tropical easterlies, the westerlies contain rapidly evolving and decaying depressions. Depressions are another mechanism by which heat is transferred.







Easterlies


These winds occur poleward of 60 degrees north and south of the equator, generally blowing westwards and towards the equator as the polar easterlies. These winds are generally sporadic and of low speeds.










Jet streams


Jet streams are relatively narrow bands of strong wind that blow in the upper atmosphere about 10 km above the surface. Jet streams can reach speeds of more than 440 km/hour. Within a jet stream, wind speed increases toward a central core of greatest strength. There are two jet streams in each hemisphere:




	
•  the polar jet stream between 50 and 60 degrees latitude


	
•  the subtropical jet stream located around 30 degrees latitude.





These two regions (around 30 degrees north and south, and 50–60 degrees north and south) are areas where changes in temperature at any one point are the most extreme globally. Within jet streams, winds generally blow from west to east, but they can be diverted north and south because jet streams follow the boundaries between hot and cold air. According to the National Oceanic and Atmospheric Administration (US), jet streams ‘meander around the globe, dipping and rising in altitude/latitude, splitting at times and forming eddies, and even disappearing altogether to reappear somewhere else.’










Ocean currents


The majority of the Sun’s radiation reaching the Earth’s surface is absorbed by the oceans, which make up about 71 per cent of the Earth’s surface and hold 97 per cent of the planet’s water. The oceans store energy and help distribute it around the globe. Ocean water is constantly evaporating and most rain that falls on land starts off in the oceans. An estimated 86 per cent of global evaporation and 78 per cent of global precipitation occurs over the oceans.


Surface ocean currents are caused by the influence of prevailing winds blowing steadily across the sea. Roughly circular systems of persistent currents, known as ocean gyres, rotate clockwise in the northern hemisphere and anti-clockwise in the southern hemisphere. The main exception is the circumpolar current that flows around Antarctica from west to east. There is no equivalent current in the northern hemisphere because of the distribution of land and sea there.


Within the circulation of an ocean gyre, water piles up into a dome. The effect of the rotation of the Earth is to cause water in the oceans to push westward; this piles up water on the western edge of ocean basins – rather like water slopping in a bucket.


The return flow is often a narrow, fast-flowing current such as the Gulf Stream. The Gulf Stream in particular transports heat northwards and then eastwards across the North Atlantic; the Gulf Stream is the main reason that the British and Irish islands have mild winters and relatively cool summers (Figure 2.19).




[image: Map showing the warm and cold ocean currents of the North Atlantic Drift and Gulf Stream, with temperature comparisons for Nain, New York, Oporto, and Glasgow.]



Figure 2.19 The effects of the North Atlantic Drift/Gulf Stream (Source: Nagle, G., 1998, Geography Through Diagrams, Oxford University Press)










Long Description

Map highlights the flow of warm and cold currents in the North Atlantic. Warm currents are shown in purple, including the Gulf Stream, the North Atlantic Drift, and the North Equatorial Current. Cold currents, marked in blue, include the Labrador Current and the Canary Current. The Gulf Stream flows northeast from the Gulf of Mexico, merging into the North Atlantic Drift, which moves toward northwestern Europe. The Labrador Current flows southward from the Arctic along the coast of Canada.


The map also shows four cities: Nain, New York, Oporto, and Glasgow, each marked with their respective average winter temperatures. Nain at 56 degrees north has minus 20 degrees Celsius, New York at 41 degrees north has minus 1 degree Celsius, Oporto at 41 degrees north has 8 degrees Celsius, and Glasgow at 56 degrees north has 4 degrees Celsius. This illustrates how the warm North Atlantic Drift influences the climate, keeping western Europe milder than locations at similar latitudes in North America. A compass and a scale bar showing 0 to 3000 kilometres are included.




The effect of ocean currents on temperatures depends upon whether the current is cold or warm. Warm currents from equatorial regions raise the temperature of polar areas (with the aid of prevailing westerly winds). However, the effect is only noticeable in winter. For example, the North Atlantic Drift raises the winter temperatures of north-west Europe. In contrast, other areas are made colder by ocean currents. Cold currents such as the Labrador Current off the north-east coast of North America may reduce summer temperatures, but only if the wind blows from the sea to the land.




The ocean conveyor belt


In addition to the transfer of energy by wind and the transfer of energy by ocean currents, there is also a transfer of energy by deep sea currents.


Oceanic convection movement is from polar regions where cold salty water sinks into the depths and makes its way towards the equator (Figure 2.20). The densest water is found in the Antarctic, where sea water freezes to form ice at a temperature of around –2 °C. The ice is fresh water, so the sea water that is left behind is much saltier and therefore denser. This cold dense water sweeps around Antarctica at a depth of about 4 km. It then spreads into the deep basins of the Atlantic, the Pacific and the Indian Oceans.


In the oceanic conveyor-belt model, surface currents bring warm water to the North Atlantic from the Indian and Pacific Oceans. These waters give up their heat to cold winds that blow from Canada across the North Atlantic. This water then sinks and starts the reverse convection of the deep ocean current. The amount of heat given up is about a third of the energy that is received from the Sun.


The North Atlantic is warmer than the North Pacific, so there is proportionally more evaporation there. The water left behind by evaporation is saltier and therefore much denser, which causes it to sink. Eventually, the water is transported into the Pacific where it picks up more water and its density is reduced. Since the pattern is maintained by differences in temperature and salinity, the system is often known as the thermohaline circulation.










Links between oceanic and atmospheric transfers


The waters of the five oceans are all interlinked, forming the global ocean. The ocean:




	
•  stores and distributes huge amounts of heat around the Earth through ocean currents


	
•  constantly exchanges heat and moisture with the atmosphere.





The ocean affects climate patterns by absorbing solar energy and releasing heat into the atmosphere. The ocean can store about a thousand times more heat than the atmosphere.


The El Niño Southern Oscillation (ENSO), a large-scale climate feature in the tropical Pacific, clearly exemplifies the links between oceanic and atmospheric transfers.




	
•  El Niño, the ‘warm’ phase of ENSO, is characterised by warming of surface waters in the eastern tropical Pacific Ocean.


	
•  La Niña, the ‘cool’ phase of ENSO, is characterised by unusual cooling of the region’s surface waters.


	
•  The Southern Oscillation is a ‘see-saw’ variation in air pressure between the western and central tropical Pacific.


	
•  El Niño and La Niña events occur every 2–7 years and usually last 9–12 months. However, the intensity, duration and frequency are all very variable.







[image: Map of the global ocean conveyor belt showing deep and surface currents, zones of high-density subsidence, and areas of oceanic upwelling.]



Figure 2.20 The ocean conveyor belt (Source: Barry, R. and Chorley, R., 1998, Atmosphere, Weather and Climate, Routledge)










Long Description

It uses colour-coded arrows and labels to differentiate between deep density currents, less deep return flows, and other return flows. Deep density currents are shown in dark blue, less deep return flows in teal, and surface flows in light purple.


Currents originate in the North Atlantic, where high-density cold salty water sinks, marked by the letter S for subsidence. These deep currents flow southward along the ocean floor, travel around the southern tip of Africa, and enter the Indian and Pacific Oceans. In these regions, upwelling occurs, marked with the letter U, where colder water rises to the surface. Some of these are seasonal and some permanent, shown by dashed and solid blue lines respectively.


After rising, the currents flow back as warm, less salty surface currents through the Indian Ocean and around southern Asia, then past the equator and into the Atlantic again, completing the loop. The flow returns to the North Atlantic, where cooling and increased salinity increase density, causing water to sink and restart the cycle.




During neutral years, strong Pacific Ocean winds along the equator push warm water from East (the coast of South America) to West Asia and Australasia (Figure 2.21a). Warm water gathers in the western Pacific, resulting in low air pressure and abundant rainfall. In the eastern Pacific, the warm surface water is replaced by colder water from below (upwelling). The relatively cold surface water encourages high air pressure and low precipitation.


In some years, the Southern Oscillation causes air pressure over the eastern tropical Pacific to fall and that over the western Pacific to increase. As the pressure gradient over the tropical Pacific weakens, the tropical easterlies slacken and may even reverse (Figure 2.21b). Such a weakening of the tropical easterlies is the first sign of an El Niño event.


The changes in atmospheric circulation are accompanied by changes in ocean currents and sea-surface temperature (SST) patterns (Figure 2.22).




	
•  The pool of warm surface water usually pushed westward by the tropical easterlies now drifts to the east.


	
•  The thermocline (the transition zone between relatively warm surface water and cold deep water) sinks in the eastern Pacific, substantially weakening or even cutting off upwelling along the west coast of South America.





Changes in the trade wind circulation alter tropical weather patterns. In particular:




	
•  Australia and South-east Asia experience hotter and drier conditions with increased risk of drought, heatwaves and wildfires.


	
•  There is heavier rainfall and increased flood risk along the west coast of South America.





The changes to the tropical easterlies also affect planetary-scale winds, including the jet streams that steer air masses and storms at higher latitudes, pushing the polar front jet stream southward. El Niño can thus cause extremes of weather in areas outside of the tropics. For example, it brings heavier rainfall to the southern United States and higher temperatures to the northern USA and Canada. Changes in Europe are milder, but El Niño can drive colder winds in winter and stronger heatwaves in summer.




[image: Three-panel diagram showing atmospheric and ocean circulation over the tropical Pacific under normal, El Niño and La Niña conditions.]



Figure 2.21 Atmospheric and ocean circulation over the tropical Pacific










Long Description

Diagram is divided into three labelled sections, showing different atmospheric and oceanic circulation patterns across the tropical Pacific, from Darwin, Australia in the west to Lima, Peru in the east. A horizontal axis indicates longitudinal coordinates from 120 degrees East to 70 degrees West, passing through Tahiti and the 180 degrees meridian.


In panel A, labelled as normal conditions, warm water heated by the sun accumulates in the western Pacific near Darwin due to strong tropical easterlies. A clear slope in the thermocline tilts upward towards the eastern Pacific. Upwelling occurs off the coast of Peru, drawing deep cold water to the surface. The Walker circulation is shown with rising air over the warm western waters, upper-level winds flowing eastward, and descending air over the eastern Pacific.


In panel B, labelled as El Niño conditions, the warm water spreads eastward due to weaker tropical easterlies and stronger westerly winds. The thermocline becomes flatter, and upwelling off Peru is weaker. The Walker circulation is disrupted, with reduced rising air in the west and altered convection patterns.


In panel C, labelled as La Niña conditions, strong tropical easterlies intensify the accumulation of warm water in the western Pacific. The thermocline becomes steeper, with a stronger slope rising sharply towards the east. Strong upwelling occurs off Peru, and the Walker circulation strengthens, with more pronounced air rising in the west and descending in the east.




In contrast, La Niña (Figure 2.21c) has a less dramatic effect, but it can still influence global weather patterns.




	
•  The easterly winds across the Pacific Ocean become stronger resulting to higher rainfall and risk of cyclones in Australia, New Zealand and the Pacific Islands.







[image: Two globe views showing sea surface temperature anomalies in the Pacific Ocean during strong El Niño in October 1997 and strong La Niña in October 1998, with red and blue shades indicating warmer and cooler anomalies respectively.]



Figure 2.22 SST anomalies during strong El Niño and La Niña events










Long Description

Left globe represents conditions in October 1997, a strong El Niño year. Most of the central and eastern equatorial Pacific is shaded in dark red, indicating temperature anomalies between one point six and over two point eight degrees Celsius above average. This warm water extends westward towards the International Date Line. Surrounding areas in the northern and southern Pacific show a mix of reds and blues, with patches of below-average temperatures.


The right globe shows October 1998 during a strong La Niña event. In contrast, the equatorial Pacific is dominated by dark blue, signifying cooler than average temperatures, with anomalies reaching below minus two point eight degrees Celsius. These cold anomalies stretch across the central and eastern Pacific basin. The western Pacific and surrounding regions show some areas of red, indicating warmer anomalies. Both globes include a vertical bar on the right showing a colour gradient from deep blue to deep red, representing temperature anomaly values in degrees Celsius.






	
•  Drier conditions and droughts occur along the west coast of South America and the Gulf of Mexico coast of the USA.









Activities




	
1  What is the cause of surface ocean currents and what is their dominant pattern?


	
2  Study Figure 2.19. Using data from the illustration explain the effect of ocean currents on maritime regions in Europe and North America.


	
3  Explain the oceanic conveyor-belt model.



















2.1.4 Seasonal variations in temperature, pressure and wind belts




Land–sea distribution


There are important differences in the distribution of land and sea in the northern hemisphere and the southern hemisphere. There is much more land in the northern hemisphere. Oceans cover about 50 per cent of the Earth’s surface in the northern hemisphere but about 90 per cent of the southern hemisphere (Figure 2.23). This is not always clear when looking at conventional map projections such as the Mercator projection.




[image: Two globe views showing the Earth’s land and sea hemispheres. The left globe highlights the hemisphere with the greatest land coverage centred on Europe and Africa. The right globe shows the hemisphere dominated by ocean, centred on the Pacific.]



Figure 2.23 Land and sea hemispheres








The distribution of land and sea is important because land and water have different thermal properties. The specific heat capacity is the amount of heat needed to raise the temperature of a body by 1 °C. There are important differences between the heating and cooling of water. Land heats and cools more quickly than water. It takes five times as much heat to raise the temperature of water by 2 °C as it does to raise land temperatures.


Water heats more slowly because:




	
•  it is clear, so the Sun’s rays penetrate to great depth, distributing energy over a wider area


	
•  tides and currents cause the heat to be further distributed.





Therefore a larger volume of water is heated for every unit of energy than the volume of land, so water takes longer to heat up. Distance from the sea has an important influence on temperature. Water takes up heat and gives it back much more slowly than the land. In winter, in mid-latitudes sea air is much warmer than the land air, so onshore winds bring heat to the coastal lands. By contrast, during the summer coastal areas remain much cooler than inland sites. Areas with a coastal influence are termed maritime or oceanic, whereas inland areas are called continental.







Temperature patterns


The amount of solar radiation reaching the surface changes with latitude (see ‘The latitudinal impact of radiation’ and Figure 2.13, page 38) and this creates large-scale north–south temperature zones (Figure 2.24). For example, in January highest temperatures over land (above 30 °C) are found in Australia and southern Africa. By contrast, the lowest temperatures (less than –40 °C) are found over parts of Siberia, Greenland and the Canadian Arctic. In general, there is a decline in temperatures northwards from the Tropic of Capricorn, although there are important anomalies, such as the effect of the Andes in South America, and the effect of the cold current off the coast of Namibia (the Benguela current). In July, maximum temperatures are found over the Sahara, the Near East, northern India and parts of southern USA and Mexico.


These patterns demonstrate that, on a global scale, latitude is the most important factor determining temperature.


There is little seasonal variation in temperature at the equator, but large seasonal differences in mid or high latitudes occur due to changes in insolation over the course of a year (as a result of the tilt of the Earth), and changes in the length of day. The longer the Sun shines, the greater the amount of insolation received. In polar regions this may, in part, overcome the lack of intensity of insolation and the high albedo of snow and ice. (On the other hand, the long polar nights in winter lose vast amounts of energy.)


There is also a time lag between the overhead Sun and the period of maximum insolation – up to two months in some places – largely because the air is heated from below, not above. The coolest period is after the winter solstice (the shortest day), since the ground continues to lose heat even after insolation has resumed. Over oceans, the lag time is greater than over the land, due to differences in their specific heat capacities.


Cloud cover can play an important role in seasonal variation, although this depends to a large extent on latitude. In the mid-latitudes, there is a considerable decline in solar heating in winter. However, the corresponding drop in air temperature near the surface is much less than the decline in solar heating would suggest. This is because more abundant and thicker winter clouds trap more significant amounts of heat. In the tropics, the greater cloud cover in the rainy season has a much lesser effect because other factors counteract it.







Surface pressure and wind belts


Sea-level pressure conditions show marked differences between the hemispheres. In the northern hemisphere there are greater seasonal contrasts, whereas in the southern hemisphere much simpler average conditions exist.


Over Antarctica there is generally high pressure over the 3–4 km-high eastern Antarctic Plateau, but the high pressure is reduced by altitude. The differences are largely related to unequal distribution of land and sea, because ocean areas are much more equable in terms of temperature and pressure variations.


One of the more permanent features are the subtropical high-pressure (STHP) belts, especially over ocean areas. In the southern hemisphere these are almost continuous at about 30 ° latitude, although in summer over South Africa and Australia they tend to be broken. Generally pressure is about 1026 mb. In the northern hemisphere, by contrast, at 30 ° the belt is much more discontinuous because of the land. High pressure only occurs over the ocean as discrete cells such as the Azores and Pacific highs. Over continental areas such as south-west USA, southern Asia and the Sahara, major fluctuations occur: high pressure in winter, and summer lows because of overheating.


Over the equatorial trough, pressure is low: 1008–1010 mb. The trough coincides with the zone of maximum insolation. In the northern hemisphere (in July) it is well north of the equator (25 °C over India), whereas in the southern hemisphere (in January) it is just south of the equator because land masses in the southern hemisphere are not of sufficient size to displace it southwards.


The seasonal movement of the ITCZ to the north in the northern hemisphere summer and to the south in the southern hemisphere summer causes the other pressure and wind belts to move in the same direction.




[image: Two world maps showing average global temperature patterns in January and July, highlighting the seasonal shift in the thermal equator.]



Figure 2.24 Seasonal temperature patterns (figures in °C) (Source: Briggs, D. et al., 1997, Fundamentals of the Physical Environment, Routledge)










Long Description

Both maps are overlaid with temperature contour lines in degrees Celsius and colour shading to represent temperature ranges. The thermal equator, shown as a dashed line, indicates the belt of highest average temperatures.


In January:


The thermal equator lies south of the equator.


Northern continents are shaded blue and white, indicating temperatures below 0 degrees Celsius.


Warmest regions with temperatures above 25 degrees Celsius are concentrated in South America, southern Africa, northern Australia, and the equatorial Pacific.


In July:


The thermal equator shifts northward.


Highest temperatures, exceeding 35 degrees Celsius, are found in northern Africa, the Middle East, and parts of South Asia.


The northern hemisphere shows widespread orange and red shading, indicating higher average temperatures compared to January.




In temperate latitudes, pressure is generally less than in subtropical areas. The most unique feature is the large number of depressions (low-pressure areas) and anticyclones (high-pressure areas), which do not show up on a map of mean pressure. In the northern hemisphere, there are strong winter low-pressure zones over Icelandic and oceanic areas, but over Canada and Siberia there is high pressure, due to the coldness of the land. In summer, high pressure is reduced. In polar areas pressure is relatively high throughout the year, especially over Antarctica, owing to the coldness of the land mass.


Particularly strong seasonal pressure variations occur over continents because land masses are subject to greater seasonal temperature variations than the ocean. The most extreme examples of this contrast are in areas of monsoon climate. Monsoons blow for about six months from the north-east and for approximately the same duration from the south-west, mainly in South Asia and West Africa. Summer monsoons generally converge, rise and produce precipitation while winter monsoons diverge, subside and produce dry conditions (see Topic 7.1, page 220).






Activities




	
1  Describe the differences in temperature shown in Figure 2.24. Suggest reasons for these contrasts.


	
2  Produce a bullet-point summary, limited to 100 words, of the section of text entitled ‘Surface pressure and wind belts’.


	
3  Consult an atlas with climate graphs of Europe. For one line of latitude (possibly 50 °N), describe and explain the difference between the climates of a named ‘maritime’ city and a named ‘continental’ city.




















2.1.5 Diurnal energy budgets


In contrast to the daytime energy budget described in Section 2.1.1 above, the night-time energy budget (Figure 2.25) consists of only four components:




	
•  Sub-surface absorption (absorbed energy returned to surface)


	
•  Sensible heat transfer


	
•  Long-wave radiation from the Earth


	
•  Latent heat transfer.





The operation of these processes is also described above.




[image: Diagram showing night-time energy budget with processes including long-wave radiation loss, sensible heat transfer, latent heat from dew formation, and heat supply from below the surface.]



Figure 2.25 Night-time energy budget










Long Description

Surface is shown as a green undulating line, labelled grass-covered surface.


Three energy processes are shown moving upward from the surface:


Long-wave radiation energy loss is represented by a red arrow pointing upward, indicating energy emitted from the surface into the atmosphere.


Sensible heat transfer is illustrated by an orange swirling arrow moving upward, showing the transfer of heat from the warmer ground to the cooler air above.


Latent heat transfer is depicted as a wavy blue arrow moving downward from the air to the surface, representing the release of heat as dew forms on the surface.


Additionally, a red arrow pointing upward from beneath the grass represents heat supply to surface, indicating residual ground heat rising to the surface during the night.








Activities




[image: Diagram comparing daytime and night-time energy budgets for rural and urban surfaces in Washington D C, showing solar radiation, heat loss, and conduction values.]



Figure 2.26 Daytime and night-time energy budgets for Washington DC (Source: Geography Entrance Examination, 1989, University of Oxford)










Long Description

Diagram is divided into four panels, comparing energy distribution for rural and urban surfaces during day and night. The figures represent the proportion of 100 units of incoming solar radiation distributed across different energy flows. The top row represents rural surface conditions - A, while the bottom row represents urban surface conditions - B. Each row contains a day panel on the left and a night panel on the right. Panel A – Rural surface - Day:


Incoming solar radiation: 100 units.


11 units given up by the ground to the surface at night.


Panel A – Rural surface - Night:


Long-wave radiation from clouds: 33 units.


Long-wave radiation from ground: 44 units.


1 unit lost by evaporation.


1 unit lost by air movement.


Heat given up by the ground to the surface: 11 units.


Panel B – Urban surface - Day:


Incoming solar radiation: 100 units.


5 units reflected by clouds and ground.


1 unit lost to evaporation.


10 units lost by air movement.


35 units lost as long-wave radiation from clouds.


69 units emitted as long-wave radiation from ground.


Heating of the ground by conduction: 53 units.


Panel B – Urban surface - Night:


Long-wave radiation from clouds: 33 units.


Long-wave radiation from ground: 50 units.


1 unit lost to evaporation.


2 units lost by air movement.


Heat given up by the ground to the surface: 22 units.




Study Figure 2.26, which shows daytime and night-time energy budgets for urban and rural surfaces in and around Washington DC, USA.




	
a  How does insolation vary between the rural area and the urban area?




	
b  How does the amount of heat lost through evaporation vary between the areas? Justify your answer.


	
c  Explain the difference between the two areas in terms of short-wave radiation reflected to the atmosphere.


	
d  What are the implications of the answers to (b) and (c) for the heating of the ground by conduction?


	
e  Compare the amount of heat given up by the rural area and the urban area by night. Suggest two reasons for these differences.


	
f  Why is there more long-wave radiation by night from the urban area than from the rural area?




















2.2 Weather processes and phenomena




2.2.1 Atmospheric moisture processes


Atmospheric moisture exists in all three states – vapour, liquid and solid. Energy transferred to or from the surroundings when a substance changes from one state to another is known as latent heat.




	
•  The energy required to evaporate 1 g of water is 2240 Joules (600 calories), which is enough to cool 1 kilogram of air by 2.5 °C. When condensation occurs, latent heat is released to surroundings, causing a rise in temperature.


	
•  Water vapour can change to ice (solid) in, for example, the formation of rime at high altitudes and high latitudes, releasing heat to the atmosphere. In contrast, heat is absorbed in the process of sublimation which occurs, for example, when snow patches disappear without melting.


	
•  When liquid water turns to ice, heat is released and surrounding temperatures rise. In contrast, in melting ice absorbs heat and temperatures drop.







[image: Photograph of condensation forming on the inside of a cold glass window with a blurred garden visible beyond.]



Figure 2.27 Atmospheric moisture that has condensed on a cold glass surface










Evaporation


The vapour pressure of water, which varies with temperature, is the pressure the water vapour above the liquid exerts when the air above it is saturated (can hold no more water vapour). Evaporation occurs if the vapour pressure of water is less than the partial pressure of water vapour in the atmosphere. Evaporation aims to equalise the pressures. The vapour pressure of ice is defined in a similar way. The rate at which water evaporates (or ice sublimes) from a surface depends on three main factors:




	
•  initial humidity of the air – if air is very dry then strong evaporation occurs; if it is saturated then there is none




	
•  temperature – the hotter the air, the more energy available for evaporation


	
•  wind strength – under calm conditions the air becomes saturated rapidly.







[image: Photograph of radiation fog settled in the lower alpine valleys among snow-covered mountain peaks.]



Figure 2.28 Radiation fog in the lower part of alpine valleys










[image: Photograph of two people transporting reeds by boat through channels in Lake Titicaca, bordered by Peru and Bolivia.]



Figure 2.29 Water in its liquid state – Lake Titicaca, bordering Peru and Bolivia










[image: Line graph showing the relationship between temperature and maximum vapour pressure, with annotations for cooling, adding moisture, and saturation point, including an inset comparing curves for water and ice surfaces.]



Figure 2.30 Maximum vapour pressure (Source: Briggs et al., 1997, Fundamentals of the physical environment, Routledge)










Long Description

Horizontal axis represents temperature in degrees Celsius ranging from 0 to 45 degrees Celsius, vertical axis represents vapour pressure in millibars, ranging from 0 to 70 millibars. The curve rises exponentially, indicating that as temperature increases, the vapour pressure rises sharply.


Three labelled annotations are placed along the curve. One point is marked Initial temperature and vapour pressure at around 20 degrees Celsius and just below 20 millibars. A horizontal line moving left from this point is labelled Cooling. A vertical line rising from the initial point to the curve is labelled Adding moisture. The intersection of the vertical and horizontal lines with the curve is labelled Saturation point.


In the upper left corner of the main graph, there is an inset graph with its own axes. It shows two curves from negative 50 to 0 degrees Celsius. The vertical axis ranges from 0 to 6 millibars and the horizontal axis shows temperature in degrees Celsius. The solid curve is labelled Saturation vapour pressure curve with respect to an ice surface and the dashed line is labelled With respect to water. The inset illustrates that at sub-zero temperatures, the vapour pressure is lower over ice than over water.









Condensation


Condensation can occur in an air mass that is saturated, or when moisture-laden air becomes saturated because a fall in temperature means it can no longer hold that amount of vapour (the temperature falls below the dew point). The first is relatively rare; the second common. Such cooling occurs in three main ways:




	
•  radiation cooling of the air


	
•  contact cooling of the air when it rests over a cold surface


	
•  adiabatic (expansive) cooling of air when it rises.





Condensation is very difficult to achieve in pure air. It requires some tiny particle or nucleus onto which the vapour can condense. In the lower atmosphere such condensation nuclei are quite common and may be sea salt, dust or pollution particles. Some of these particles are hygroscopic and condensation may occur when the relative humidity is as low as 80 per cent. The relative humidity is the amount of water vapour present in the air as a percentage of the amount needed for saturation at the same temperature.






Activities




	
1  Study Figure 2.30. Produce a table to show how much moisture the air can hold (in terms of vapour pressure) at 10 °C, 20 °C, 30 °C and 40 °C.


	
2  Discuss the factors influencing evaporation.
















Other processes




	
•  Freezing: liquid water changes into a solid, namely ice, once the temperature falls below 0 °C.


	
•  Melting, the change from a solid to a liquid, occurs for ice when the air temperature rises above 0 °C.


	
•  Sublimation is the conversion of a solid into a vapour with no intermediate liquid state. Under conditions of low humidity, snow can be evaporated directly into water vapour without entering the liquid state.













2.2.2 Causes of precipitation


The term precipitation refers to the deposition of moisture from the atmosphere as either solid or liquid. It includes rain, hail, snow and dew. Because rain is the most common form of precipitation in many areas, the term is sometimes applied to rainfall alone. For any type of precipitation, except dew, to form, clouds must first be produced.


When minute droplets of water are condensed from water vapour, they float in the atmosphere as clouds. If droplets coalesce, they form large droplets that, when heavy enough to overcome by gravity an ascending current, they fall as rain. Therefore cloud droplets must get much larger to form rain. There are a number of theories to suggest how raindrops are formed.


The Bergeron theory suggests that, for rain to form, water and ice must exist in clouds at temperatures below 0 °C. Indeed, the temperature in clouds may be as low as –40 °C. At such temperatures, water droplets and ice droplets form. Ice crystals grow by deposition and become big enough to overcome turbulence and cloud updraughts, so they fall. As they fall, crystals coalesce to form larger snowflakes. These generally melt and become rain as they pass into the warm air layers near the ground. Thus, according to Bergeron, rain comes from clouds that are well below freezing at high altitudes, where the co-existence of water and ice is possible. The snow/ice melts as it passes into clouds at low altitude where the temperatures are above freezing.


Rain also comes from clouds that are not so cold so other mechanisms must also exist. These include:




	
•  condensation on extra-large hygroscopic nuclei


	
•  coalescence by sweeping, whereby a falling droplet sweeps up others in its path


	
•  the growth of droplets by electrical attraction.







[image: Diagram showing three types of precipitation— frontal, relief, and convectional— each with labelled processes involving rising warm air, condensation, and rainfall.]



Figure 2.31 Types of precipitation (Source: Nagle, G., 1998, Geography Through Diagrams, Oxford University Press)










Long Description

Section A, titled Frontal or cyclonic precipitation, shows warm air rising over cold air along a slanted boundary line. As warm air ascends, it expands, cools, and condensation occurs, forming cumulus clouds that produce rain. The diagram uses red arrows for warm air and blue arrows for cold air, with rainfall illustrated as vertical blue lines falling from the cloud.


Section B, titled Relief or orographic precipitation, shows moist westerly winds from the Atlantic Ocean approaching a mountainous landmass. As the air is forced up the slope, it cools and condenses, leading to heavy rainfall on the windward side. Quantities such as 1000 millimetres to 3750 millimetres of rainfall are noted on the windward side, while only 1205 millimetres and less than 750 millimetres fall on the leeward side. The leeward slope is marked as a rain shadow, where dry air descends after passing over the highland.


Section C, titled Convectional precipitation, shows four steps in a circular process. First, the sun heats the Earth’s surface, warming the air above it. Second, the heated air rises, expands, and cools, causing condensation. Third, continued ascent leads to further cooling and rainfall. Fourth, cooler air descends to replace the rising air, completing the cycle. Blue arrows indicate the rising and descending motion of the air, and rain is shown falling from a cloud formed by condensation.




There are three main causes (types) of rainfall: convectional, frontal/cyclonic (depressional) and orographic (relief) (Figure 2.31). In ‘warm’ clouds where freezing does not occur, radiation cooling contributes to the growth of water droplets. Although radiation cooling is not itself a form of precipitation, it can increase cloud formation and precipitation.




Convectional rainfall


When the land becomes very hot, it heats the air above it. This air expands and rises. As it rises, it cools and, when it reaches the dew point, condensation takes place forming first clouds and then rain. This type of rainfall is very common in tropical areas (Figure 2.32) and is associated with the permanence of the ITCZ. In temperate areas, convectional rain is more common in summer.




[image: Photograph of a large cumulonimbus cloud releasing precipitation over land in Indonesia, seen from across a body of water.]



Figure 2.32 Convectional rain: cumulonimbus cloud precipitating over land in Indonesia








Convective storms are special cases of heavy precipitation following rapid cloud formation in unstable air conditions (that is, when air is rising rapidly). This instability exists to great heights so strong updraughts develop in cumulonimbus clouds delaying the fall of rain. Typically, the cloud spreads giving the classic anvil shape. There are several stages in the development of a such a storm: the developing stage, the mature stage, and the dissipating stage. The mature stage is characterised by the sudden onset of heavy rain and maybe thunder and lightning. Thunderstorms are especially common in tropical and warm areas where air can hold large amounts of water. They are rare in polar areas.







Frontal or cyclonic rainfall


Frontal rain occurs when a warm air mass meets a cold air mass along a weather front. The warm air, being lighter and less dense, is forced to rise over the cold, denser air. As it rises, it cools, condenses and forms rain. It is most common in middle and high latitudes where warm tropical air and cold polar air converge.







Orographic (or relief) rainfall


Air may be forced to rise over a barrier such as a mountain. As it rises, it cools, condenses and forms rain. There is often a rainshadow: the leeward slope receives a relatively small amount of rain. Altitude is important, especially on a local scale. In general, there are increases of precipitation up to about 2 km. Above this level, rainfall decreases because the air temperature is so low.






Activities


Using labelled diagrams, explain the meaning of the terms:




	
a  convectional rainfall


	
b  orographic rainfall


	
c  frontal rainfall.



















2.2.3 Types of precipitation




Rain


Rain refers to liquid drops of water with a diameter of 0.5–5 mm. It is heavy enough to fall to the ground. Drizzle refers to rainfall with a diameter of less than 0.5 mm. Rainfall varies in terms of total amount, seasonality, intensity, duration and effectiveness; that is, whether there is more rainfall than potential evapotranspiration.







Hail


Hail falls as ‘stones’ consisting of alternate concentric rings of clear and opaque ice, formed by raindrops being carried up and down in vertical air currents in large cumulonimbus clouds. Freezing and partial melting may occur several times before the pellet is large enough to escape from the cloud. As the raindrops are carried high up in the cumulonimbus cloud they freeze. The hailstones may collide with droplets of supercooled water, which freeze on impact with and form a layer of opaque ice around the hailstone. As the hailstone falls, the outer layer may be melted but may freeze again with further uplift. The process can occur many times before the hail finally falls to the ground, when its weight is great enough to overcome the strong updraughts of air.







Snow


Snow (Figure 2.33) is precipitation consisting of flakes of frozen water. Sleet is partially melted snow.


Snow crystals form when the temperature is below freezing and water vapour is converted into a solid. However, very cold air contains a limited amount of moisture, so the heaviest snowfalls tend to occur when warm moist air is forced over very high mountains or when warm moist air comes into contact with very cold air at a front.




[image: Photograph of a snow-covered mountainous landscape in Switzerland, with a stream and rail tracks in the valley.]



Figure 2.33 Snow in the mountains of Switzerland













Dew


Dew is the direct deposition of water droplets onto a surface. It occurs in clear, calm anticyclonic conditions (high pressure) where there is rapid radiation cooling by night. The temperature reaches dew point, and further cooling causes condensation and direct precipitation onto the ground and vegetation (Figure 2.34).







Fog


Fog is cloud at ground level. Radiation fog (Figure 2.35) is formed in low-lying areas during calm weather, especially during spring and autumn. The surface of the ground, cooled rapidly at night by radiation, cools the air immediately above it. This air then flows into hollows by gravity and is cooled to dew point (the temperature at which condensation occurs). Ideal conditions include a surface layer of moist air and clear skies, which allow rapid radiation cooling.




[image: Photograph of dew droplets condensed on the surface of green vegetation, showing early morning moisture.]



Figure 2.34 Dew – direct condensation onto vegetation








The decrease in temperature of the lower layers of the air causes air to go below the dew point. With fairly light winds, the fog forms close to the water surface, but with stronger turbulence the condensed layer may be uplifted to form a low stratus sheet.


As the Sun rises, radiation fog disperses. Under cold anticyclonic conditions in late autumn and winter, fog may be thicker and more persistent, and around large urban areas smog may develop under an inversion layer. An inversion means that cold air is found at ground level, whereas warm air is above it – unlike the normal conditions in which air temperature declines with height. In industrial areas, emissions of sulphur dioxide act as condensation nuclei and allow fog to form. Along motorways, the heavy concentration of vehicle emissions does the same. By contrast, in coastal areas the higher minimum temperatures means that condensation during high-pressure conditions is less likely.




[image: Photograph of radiation fog settled in the valleys of the Wicklow Mountains, Ireland, with a purple-pink sky at dusk.]



Figure 2.35 Radiation fog in the Wicklow Mountains, Ireland








Fog commonly occurs over the sea in autumn and spring because the contrast in temperature between land and sea is significant. Warm air from over the sea is cooled when it moves on land during anticyclonic conditions. In summer, the sea is cooler than the land so air is not cooled when it blows onto the land. By contrast, in winter there are more low-pressure systems, causing stronger winds and mixing the air. Fog is more common in anticyclonic conditions. Anticyclones are stable high-pressure systems characterised by clear skies and low wind speeds. Clear skies allow maximum cooling by night. Air is rapidly cooled to dew point, condensation occurs and fog is formed.


Advection fog is formed when warm moist air flows horizontally over a cooler land or sea surface. Steam fog is very localised. Cold air blows over much warmer water. Evaporation from the water quickly saturates the air and the resulting condensation leads to steaming. It occurs when very cold polar air meets the surrounding relatively warm water.






Activities




	
1  What is smog and how does it usually develop?


	
2  Distinguish between radiation fog and advection fog.























2.3 Global warming and climate change




2.3.1 Evidence for global warming and climate change


The major change in the Earth’s climate is global warming, which refers to the warming of the Earth’s surface outside of the range of normal fluctuations that have occurred throughout the planet’s history. Global warming is the most concerning aspect of climate change. Scientists attribute the increase in the average annual surface temperature of the Earth to rising atmospheric concentrations of carbon dioxide and other greenhouse gases.




[image: Two side-by-side globe diagrams compare Earth’s energy balance: one showing a stable climate with equal incoming and outgoing solar energy, and the other an imbalanced climate with excess energy accumulating due to greenhouse gases.]



Figure 2.36 (a) Stable climate: in balance (b) Today: imbalanced (Source: IPCC, 2021)










Long Description

On the left, a stable climate is depicted with arrows showing equal amounts of incoming solar energy and outgoing energy radiating from Earth. This balance maintains a steady global temperature.


On the right, the current imbalanced climate is shown. The same amount of solar energy enters the atmosphere, but fewer arrows representing outgoing energy are shown, indicating that greenhouse gases trap heat. The imbalance leads to energy accumulating within Earth’s systems. The excess energy is primarily absorbed by the ocean 91 percent, followed by ice melt 3 percent, land 5 percent, and the atmosphere 1 percent.




According to all the available evidence, the prime causal factor is the burning of fossil fuels. These fuels contain carbon that plants took from the atmosphere through photosynthesis over many millions of years. This carbon has been returned to the atmosphere at a very rapid pace since the beginning of the Industrial Revolution, which began in the latter part of the eighteenth century in the UK.


This human activity has seriously increased levels of greenhouse gases in the atmosphere, leading to an enhanced greenhouse effect that is causing temperatures to rise more rapidly than ever before.


Figure 2.36 shows that since at least 1970 the global climate has moved from a state of being ‘in balance’ to an ‘imbalanced’ state, with excess energy being absorbed by different components of the climate system.


There is no doubt that the Earth is getting warmer. The present rate of change is greater than anything that has happened in the past. Many parts of the world are experiencing changes in their weather that are unexpected. Some of these changes are having disastrous consequences for the populations of the areas affected. The greatest increases have occurred over the middle and high latitudes of the northern hemisphere continents.




[image: Photograph of a camel standing in the Karakum Desert in Turkmenistan, with dry, barren hills in the background.]



Figure 2.37 The Karakum desert, Turkmenistan, a country vulnerable to climate change, where annual average temperature is increasing at a rate higher than the global average








The key issue is how far global warming has progressed and whether key tipping points have been reached. This is the level at which the effects of climate change will become irreversible to varying degrees. The extent to which temperatures will rise due to a given change in the concentration of greenhouse gases is known as climate sensitivity.




Geological past


Records from weather stations exist only for the relatively recent past. However, scientists have been able to infer climate changes over geological time periods by studying indirect clues, namely:




	
•  the chemical and structural signatures of rocks – for example, a rock formation in Namibia shows a type of rock (cap dolostone) that only forms in warm water, lying directly over a type of sedimentary rock (diamictite) that is found at the margin of glaciers


	
•  fossils – for example, fossil palms (and other species) found in the USA indicate that once much of the country had a subtropical climate


	
•  fossilised reefs – these carry records of past warming and cooling, as well as changes in sea level and ocean chemistry


	
•  tree rings – tree rings show the growth of the tree over a year, so the width (and colour and pattern) of a ring can be used to deduce temperature and precipitation levels in a given year


	
•  ice cores – extracted from polar regions, these allow scientists to infer past temperatures through the ratio of heavy to light oxygen isotopes. The fewer heavy isotopes, the lower the temperature when the ice was formed.







[image: Line graph showing estimated average global temperature in degrees Fahrenheit over the past 500 million years, with alternating warm and cool periods, and a general decline in temperature toward today.]



Figure 2.38 Estimated global temperature over the last 500 million years










Long Description

Horizontal axis shows time in millions of years ago, from 500 million years ago to the present, while the vertical axis ranges from 50 to over 90 degrees Fahrenheit. The graph highlights key climate phases, such as the high temperatures of the Cretaceous Hot Greenhouse and the Paleocene-Eocene Thermal Maximum, as well as periods when the world had or lacked polar ice caps. Over the long term, the graph shows large fluctuations, with temperatures significantly higher in the distant past and a noticeable cooling trend leading to present-day levels. Labels annotate major climate events and transitions.




In the last 100 million years, global temperatures have peaked very sharply on two occasions (Figure 2.38):




	
•  the Cretaceous Hot Greenhouse about 92 million years ago


	
•  the Paleocene-Eocene Thermal Maximum [PETM] about 55 million years ago.





In some earlier geological times, carbon dioxide levels were significantly higher than current levels. The earliest time for which there are estimated CO2 levels is the Ordovician period, 500 million years ago. Then CO2 levels varied between 3000 and 9000 ppm, with the average temperature of the Earth about 10 °C higher than today. Moving forward to more recent geological times, we know that during the ice age cycles of the past million years or so, carbon dioxide in the atmosphere did not exceed 300 ppm. During the ice age cycles with colder glacial periods, interspersed with warmer interglacials, the interglacials began with a small increase in insolation in the northern hemisphere due to variations in the Earth’s orbit around the Sun and its axis of rotation.


The evidence for what happened in the ice age cycles is largely based on the analysis of air bubbles trapped in mile-thick ice cores from Antarctica. The modern record of atmospheric carbon dioxide levels began in 1958 with observations recorded at Mauna Loa Observatory in the US state of Hawaii.







The link between temperature and carbon emissions


Increasing concentrations of greenhouse gases are preventing heat radiating from the Earth’s surface from escaping into space as freely as it used to. Carbon dioxide is the planet’s most important greenhouse gas. Because of this, it has become a direct proxy for measuring climate change.




Changes since the Industrial Revolution


Figure 2.39 shows how dramatically carbon dioxide levels have risen since the Industrial Revolution, as human activity rapidly took over from natural forces in dictating the levels of carbon dioxide in the atmosphere. Before the Industrial Revolution began in the mid-1700s, atmospheric carbon dioxide was 280 ppm or less.


Figure 2.39 compares global atmospheric carbon dioxide to annual emissions for the period 1751–2022. Emissions rose relatively slowly during the first half of the twentieth century before increasing at a much faster rate in the next half century and beyond.




	
•  In the 1960s the global growth rate was about 0.95 ppm year – during the 2010s it was about 2.4 ppm per year.


	
•  The annual growth rate since 1960 is around 100 times faster than previous natural increases such as at the end of the last ice age (11,000–17,000 years ago).


	
•  Annual emissions from burning fossil fuels increased from almost 11 billion tonnes of carbon dioxide per year in the 1960s to 36.6 billion tonnes in 2022.





The convergence of the two lines on the graph indicates the ‘filling up’ of natural sinks in the last half a century or so.




[image: Dual-axis line graph showing atmospheric C O 2 in parts per million and annual C O 2 emissions in gigatonnes from 1751 to 2022, both increasing steeply after 1950.]



Figure 2.39 Global atmospheric carbon dioxide compared to annual emissions, 1751–2022










Long Description

"Dual-axis line graph compares atmospheric carbon dioxide concentrations with annual C O 2 emissions from 1751 to 2022. The left vertical axis shows atmospheric C O 2 in parts per million, and the right vertical axis shows annual emissions in gigatonnes. The horizontal axis represents the years from 1750 to 2022. The graph shows that atmospheric C O 2 levels remained relatively stable until the late 19th century, then began to rise steadily. A steep acceleration is observed from around 1950 onwards. Similarly, C O 2 emissions increased sharply during the same period, reflecting industrialisation and fossil fuel use. The alignment of both trends underscores the link between human activity and rising atmospheric C O 2."






[image: Line graph showing atmospheric carbon dioxide levels from 1958 to 2022, increasing steadily from around 315 to over 420 parts per million.]



Figure 2.40 Atmospheric carbon dioxide, 1958–2022 (Source: NOAA)










Long Description

Horizontal axis covers the years from 1960 to 2022. Vertical axis represents the amount of carbon dioxide in parts per million, ranging from 280 to 440. The green zigzag line shows seasonal fluctuations but a consistent upward trend overall. In 1958, the C O 2 concentration was approximately 315 parts per million, gradually increasing to over 420 parts per million by 2022. The graph highlights the steady and accelerating rise in atmospheric C O 2, reflecting ongoing global emissions primarily from fossil fuel combustion.




Figure 2.40 shows the observations recorded at the Mauna Loa Observatory since 1958. It is a record of continuous increase, firmly linked to human activity. The lighter ‘jagged’ line on the graph shows the seasonal cycle of highs and lows due to:




	
•  summer vegetation growth in the northern hemisphere, which reduces atmospheric carbon dioxide


	
•  winter vegetation decay, which increases the level of carbon dioxide.





In the 2011–2020 decade, carbon ‘sinks’ – natural processes that remove carbon from the atmosphere – were only able to absorb the equivalent of about half of the carbon dioxide emitted each year. The more that human activity overshoots what natural processes can remove annually, the faster the concentration of carbon dioxide in the atmosphere increases.


In 2022, global average atmospheric carbon dioxide reached 417.06 ppm, the highest ever level in human history. This was the eleventh year in a row where the amount of carbon dioxide in the atmosphere increased by more than 2 ppm.






Activities




	
1  Study Figure 2.39. Describe and explain the changes in the two variables (purple and red lines) between 1751 and 2022.


	
2  Describe the change in global atmospheric carbon dioxide illustrated by Figure 2.40.
















More recent changes


Two publications from the World Meteorological Organization (WMO) provide a wealth of data on climate change: These are:




	
•  State of the Global Climate 2023 (published 19/4/2024)


	
•  The Global Climate 2011–2020: A decade of accelerating climate change (published 5/12/23).





The decadal report shows clearly how each decade since the 1990s has been warmer than the previous one, and that greenhouse gas concentrations have increased in the atmosphere. These trends have resulted in:




	
•  record levels of land and ocean warming


	
•  the melting of ice sheets and glaciers


	
•  rising sea levels


	
•  ocean acidification.





The decade 2011–2020 was clearly the warmest decade for both global land and oceans. Both land and marine heatwaves are becoming more frequent and intense. Global mean sea level is accelerating and the rate of ocean acidification is increasing. Glaciers (that were measured) around the world thinned by approximately 1 m per year on average. Greenland and Antarctica lost 38 per cent more ice between 2011 and 2020 than during the 2001–2010 decade. Arctic sea ice extent continues a multi-decade decline. Heatwaves were responsible for the highest number of human casualties, but tropical cyclones cause the most economic damage. The report clearly demonstrates the link between extreme climate events and socio-economic development, using case studies to show how recent extreme events have hindered progress towards the UN Sustainable Development Goals (SDGs).


The most recent WMO data shows that:




	
•  The global mean temperature in 2023 was approximately 1.45 °C (+/– 0.12 °C) above the 1850–1900 average, making 2023 the warmest year in the 174-year observational record.


	
•  The nine years, 2015–2023, are the warmest nine years on record.


	
•  Concentrations of the three main greenhouse gases (carbon dioxide, methane and nitrous oxide) reached record high levels in 2022, the latest year of available data.


	
•  Ocean heat reached its highest level in 2022, the latest year of available data.


	
•  In 2023, global mean sea level reached a record high in the satellite record (1993 to present).


	
•  In February 2023, Antarctic sea ice extent reached a record low for the satellite era (1979 to present).


	
•  Glaciers in western North America and the European Alps experienced an extreme melt season in 2023.


	
•  In Switzerland, glaciers lost about 10 per cent of their remaining volume in 2022 and 2023.





In 2023, many countries were affected by extreme weather. For example:




	
•  Wildfires in Hawaii, Canada and Europe resulted in loss of life, destruction of housing and infrastructure, and large-scale air pollution.


	
•  Flooding associated with extreme rainfall from Mediterranean Cyclone Daniel affected Greece, Bulgaria, Turkey and Libya.









Activities




	
1  Study Figure 2.41.



	
a  Describe the changes in global mean temperature between 1850 and 2023.


	
b  Suggest why five different sources of data have been used to construct the graph.







[image: Line graph showing global mean temperature change from 1850 to 2023, with six datasets all indicating a sharp rise since the mid-20th century.]



Figure 2.41 Global mean temperature change, 1850–2023 (Source: World Meteorological Association State of the Global Climate Report 2023)










Long Description

Line graph showing global mean temperature change from 1850 to 2023 using six datasets: Had C R U T 5, N O A A Global Temp, G I S T E M P, Berkeley Earth, J R A - 55, and E R A 5. The vertical axis shows temperature change in degrees Celsius, and the horizontal axis spans from 1850 to 2023. All datasets show slight fluctuations around the zero line during the 19th and early 20th centuries, followed by a clear and steady increase from around 1970 onwards. By 2023, the temperature anomaly reaches over positive 1.4 degrees Celsius, with all datasets closely aligned.







	
2  Analyse Figure 2.42.



[image: Line graph showing changes in global mean sea level from 1996 to 2024, with an overall rising trend and increasing rates of sea level rise over time.]



Figure 2.42 Changes in global mean sea level, 1996–2024 (Source: World Meteorological Association State of the Global Climate Report 2023)










Long Description

Horizontal axis represents years, starting from 1996 and ending at 2024. Vertical axis represents sea level in millimetres, ranging from zero to one hundred and twenty. A solid black line indicates sea level measurements, with a grey shaded area showing uncertainty.


The graph reveals a consistent upward trend, with acceleration in the rate of sea level rise over time. Three time periods are highlighted with average rates of increase: from January 1993 to December 2002, sea level rose at an average rate of two point one three millimetres per year; from January 2003 to December 2012, the rate increased to three point three three millimetres per year; and from January 2014 to December 2023, the rate accelerated to four point seven seven millimetres per year.


The overall long-term trend is stated as three point four three millimetres per year, plus or minus zero point three millimetres. The rate of acceleration is zero point one two millimetres per year squared, plus or minus zero point zero five.
























Other evidence




Ice sheet and glacier shrinkage




It looks like we’ve lost control of melting of the West Antarctic Ice Sheet. If we wanted to preserve it in its historical state, we would have needed action on climate change decades ago. The bright side is that by recognising this situation in advance, the world will have more time to adapt to the sea-level rise that’s coming. If you need to abandon or substantially re-engineer a coastal region, having 50 years lead time is going to make all the difference.





Dr Kaitlin Naughten, climate scientist at British Antarctic Survey, October 2023


In recent decades there have been major changes to all forms of the cryosphere, caused predominantly by climate change and in particular by the significant increase in average global temperature. The volume and nature of ice masses naturally changes with seasonal variations in temperature, precipitation and other factors. However, around 30 years of collected data shows that the overall shrinking of ice sheets and glaciers far exceeds seasonal and year-to-year variations. A growing number of scientists have used the term ‘global ice crisis’ to convey the seriousness of the situation.


For example:




	
•  Glaciers in the Garhwal Himalaya in India are retreating rapidly and could virtually disappear by 2035.


	
•  Arctic sea ice has become much thinner over the last 50 years and its areal extent has diminished by around 10 per cent in the last 30 years.


	
•  Thawing permafrost in parts of Alaska have resulted in the ground subsiding by over 4.5 m.


	
•  The edges of Greenland’s ice sheet are retreating significantly.





According to NASA, Antarctica is losing ice mass (melting) at an average rate of 150 billion tonnes a year. For Greenland the rate is about 270 billion tonnes per year. Data from NASA satellites indicate that the ‘land’ ice sheets in both Antarctica and Greenland have been losing ice mass since 2002. The loss from the ice shelves in Antarctica has been occurring for a longer time period.


Ice plays an important role in the functioning of our planet:




	
•  The increasing melting of ice sheets and glaciers is causing sea levels to rise.


	
•  Ice reflects excess heat back into space and keeps the Earth cooler than it would otherwise be. A reduction in the areal coverage of ice decreases this effect.


	
•  Rapid melting results in increasing amounts of very cold water entering warmer ocean currents and slowing them down.


	
•  Ice provides scientists with a record of how climate has changed over time.





Figure 2.43 compares the mass losses of the Antarctic and Greenland ice sheets with the world’s glaciers, from 2000–2004 to 2015–2018. Throughout this period, total melting from the world’s glaciers was greater than melting for both Greenland and Antarctica. Between 2000 and 2019, mass loss from glaciers was 47 per cent higher than from the Greenland ice sheet, and more than twice that of the Antarctic ice sheet. While glacier mass loss increased throughout the whole time period, the loss from ice sheets decreased in the most recent period shown by the graph.




	
•  In Greenland this has been attributed to two unusually cold summers in western Greenland.


	
•  In Antarctica, the slowdown in mass loss was caused by cumulative mass gain since 2009 in the Queen Maud Land region of the East Antarctic ice sheet.







[image: Line graph comparing annual mass loss from glaciers, the Greenland ice sheet, and the Antarctic ice sheet between the periods 2000 to 2004 and 2015 to 2018.]



Figure 2.43 Observed mass loss from ice sheets and glaciers, 2000–2004 to 2015–2018 (Source: Carbon Brief)










Long Description

Line graph showing observed mass loss from three sources of ice—glaciers, the Greenland ice sheet, and the Antarctic ice sheet—over four time periods: 2000 to 2004, 2005 to 2009, 2010 to 2014, and 2015 to 2018. The vertical axis shows mass loss in gigatonnes per year, ranging from zero to three hundred and fifty. The horizontal axis shows the four time periods from left to right.


The brown line represents glaciers and shows a steady increase in mass loss over time, rising from approximately two hundred and thirty gigatonnes per year in 2000 to 2004, to just below three hundred gigatonnes per year by 2015 to 2018.


The blue line, representing the Greenland ice sheet, shows a sharp rise from around ninety-five gigatonnes per year in 2000 to 2004 to a peak of over two hundred and sixty gigatonnes per year in 2010 to 2014, followed by a decrease to about one hundred and fifty gigatonnes per year in 2015 to 2018.


The green dashed line, representing the Antarctic ice sheet, starts at around thirty-five gigatonnes per year in 2000 to 2004, increases sharply to over two hundred gigatonnes per year by 2010 to 2014, and then drops slightly to about one hundred and sixty gigatonnes per year in the final time period.






Antarctica


The Antarctic continent comprises two main regions separated by the Transantarctic Mountains. Both regions are covered in ice which is on average 2000 m thick. East Antarctica is a mountainous plateau as big as Europe. Its huge ice sheet appears on the whole to be stable. However, there is much greater concern over the West Antarctic Ice Sheet (WAIS). It is inherently less stable because much of the ice base is under water. Temperatures in western Antarctica have increased sharply in recent years, melting ice shelves and changing plant and animal life on the Antarctic peninsula.


Ocean-driven melting of floating ice shelves in the Amundsen Sea is the main process controlling mass loss in Antarctica. The 2021 IPCC report noted:




	
•  The Amundsen Sea off the coast of western Antarctica is expected to warm about three times faster than its historical rate through to 2100.


	
•  The Antarctic ice sheet contains so much ice that if it were to melt entirely, global sea levels would rise by about 58 m.


	
•  Unlike the relatively stable eastern part of the continent, West Antarctica, which has enough ice to raise global sea level by around 5 m, has been losing significant mass in recent decades.


	
•  Much of western Antarctica sits below sea level so that melting glaciers may retreat into deeper waters, increasing the loss of ice.







[image: Photograph of melting ice along the coast of the Antarctic Peninsula during summer, with visible blue ice cliffs.]



Figure 2.44 Ice melting on the coast of the Antarctic peninsula in summer








There is considerable concern about the future of the Thwaites glacier which flows into the Amundsen Sea. Some experts have called it the ‘doomsday glacier’, because if it collapsed entirely it would increase global sea levels by about 65 cm. Figure 2.45 shows how glaciers that flow into the ocean melt. The grounding line of the Thwaites glacier, the point where ice loses contact with the bedrock and starts to float, is already retreating by more than 1 km per year in some places.


If global warming is limited to 2 °C, the East Antarctic ice sheet should remain stable. However, beyond that temperature increase there is concern as this part of the continent is now showing some signs of vulnerability. In 2018, scientists found that a group of glaciers on the East Antarctic coastline were being melted by the warming seas. In March 2022, the Conger ice shelf in East Antarctica collapsed.







Greenland


Almost 80 per cent of Greenland is covered by ice. The Greenland ice sheet, which extends northwards from 71 degrees north is losing mass at an increasing rate and is the world’s largest contributor to rising sea levels from land ice. If the ice sheet were in balance, snow accumulation on the ice sheet would be approximately equal to the ice lost from melting, evaporation/sublimation and iceberg calving. However, the ice sheet has been out of balance since the 1990s – the rate of ice loss to the Arctic Ocean is greater than the supply from the ice sheet. It is generally considered by scientists that the Greenland ice sheet is on the brink of a tipping point after which increasing melting would be inevitable.




[image: Two diagrams comparing the stable and retreating states of the Thwaites Glacier due to warm water melting its underside and causing grounding line retreat.]



Figure 2.45 How the Thwaites glacier is melting










Long Description

In the left diagram, the glacier is shown in a stable condition. The Thwaites Glacier flows from left to right into the ocean. A part of the glacier, called the ice shelf, extends over the water but is still in contact with the seabed beneath it. The label notes that the glacier remains stable where it is anchored to the seabed. The ice flow is depicted by a red arrow moving from land to sea, while the ocean beneath is shaded blue.


The right diagram shows the glacier in an unstable, retreating state. Here, warm ocean water flows beneath the ice shelf and melts the glacier from below. This process causes the grounding line—the point where the glacier is attached to the seabed—to retreat inland. As more of the glacier becomes exposed and loses contact with the seabed, it becomes less stable and starts to retreat more quickly. Chunks of ice are shown breaking off the front of the glacier. The red arrow representing ice flow is shorter and more curved, indicating reduced flow stability. The seabed slopes downward beneath the glacier, facilitating further melting.




There are many outlet or peripheral glaciers at the edge of the Greenland ice sheet which extend outwards into Arctic waters as ice tongues. These are some of the fastest-receding glaciers on Earth. These glaciers flow into Arctic waters via steep-sided inlets (fjords) where they melt or calve (break off) as icebergs.




	
•  The Greenland ice sheet has enough ice to increase global sea level by around 7.4 m on full melting.


	
•  Unlike Antarctica, it is not fringed by ice shelves, but its marine-terminating outlet glaciers are also vulnerable to warming ocean waters.










Glaciers


Glaciers worldwide, with just a small number of exceptions, are retreating at an unprecedented rate. An article published in the journal Nature in 2021 found that melting glaciers were responsible for 21 per cent of sea-level rise over the last two decades. Excluding the Antarctic and Greenland ice sheets there are around 200,000 glaciers worldwide. As Figure 2.43 shows, glaciers are currently losing more mass than either the Greenland or Antarctic ice sheets. The annual rate of glacier thinning increased from 36 cm in 2000 to 69 cm in 2019.


According to the World Glacier Monitoring Service, the decadal average loss from glaciers quintupled since 1980 from the equivalent of 171 mm of liquid water in the 1980s, to 850 mm for the period 2010–2018 (Figure 2.46). For the period 2000–2019, meltwater from glaciers in Alaska contributed to one-quarter of total glacier mass loss because:




	
•  Alaska has an extremely large number of glaciers


	
•  the region is experiencing rapid warming.







[image: Bar chart showing increasing glacier mass loss from the 1980s to 2010– 2018, measured in millimetres of liquid water equivalent.]



Figure 2.46 Mass loss from glaciers since 1980 (Source: World Glacier Monitoring Service)










Long Description

Vertical bar chart illustrates the mass loss from glaciers over four time periods: the 1980s, 1990s, 2000s, and 2010–2018. The vertical axis is labelled m m of liquid water equivalent and ranges from 0 to 1,000 millimetres.


In the 1980s, glacier loss is approximately 170 millimetres.


In the 1990s, the loss increases to around 470 millimetres.


The 2000s show further loss, reaching about 500 millimetres.


The highest loss is recorded for 2010–2018, at approximately 860 millimetres.




There is a difference between ‘land-terminating’ and ‘marine-terminating’ glaciers. Both types of glacier lose mass from surface melting, but glaciers that flow into the sea also lose mass from melting below the waterline and the calving of icebergs.




[image: Photograph of a sign marking the 1992 position of the Athabasca glacier in British Columbia, Canada, showing its retreat over time.]



Figure 2.47 The Athabasca glacier, British Colombia, Canada with sign showing where glacier was in 1992 and where it is now








Glaciers in the Alps (Europe) have proved to be very sensitive to global warming. In 2023, the retreating Theodul glacier in Switzerland uncovered a climber missing since 1986. Until the 1980s, this glacier was connected to the Gorner glacier, but the two are now separate entities. In 2022, Swiss glaciologists stated that these glaciers had lost half their mass since 1931. Alpine glaciers are very important to their regional environment. They store winter snow, which is later released in spring to help source rivers such as the Danube and Rhine, providing water for agriculture, industry and domestic needs. In some recent years, water levels in the River Rhine have at times been too shallow for the important freight barges that carry goods from the Netherlands to Germany and Switzerland.




[image: Photograph of the cracked and melting snout of the retreating Athabasca glacier in British Columbia, Canada.]



Figure 2.48 The cracking and melting snout of the retreating Athabasca glacier, British Colombia, Canada








Oceans absorb about 90 per cent of the Earth’s warmth. This affects the melting of marine glaciers. According to the World Wildlife Fund (WWF), ‘Even if we significantly curb emissions in the coming decades, more than a third of the world’s remaining glaciers will melt before the year 2100’.


The melting and retreat of glaciers can have additional negative impacts:




	
•  It reduces the water available to hydroelectric power plants.


	
•  It destroys the natural habitats of animal species, both terrestrial and aquatic.


	
•  When the mass of a glacier reduces below a certain point, the amount of water flow from it declines. This reduces the water supply to communities relying on it for this and other purposes.










Arctic sea ice


Figure 2.49 shows the downward trend in Arctic sea ice extent for December over the 45-year satellite record. This amounts to 43,400 km2 per year. This is equivalent to 3.4 per cent per decade relative to the 1981 to 2010 average. So, overall, December has lost 1.97 million km2 of ice since 1979.




[image: Line graph showing the decline in average monthly Arctic sea ice extent from December 1978 to 2023, with data in millions of square kilometres.]



Figure 2.49 Average monthly Arctic sea ice extent, December 1978–2023 (Source: National Snow and Ice Data Center)










Long Description

Horizontal axis represents years, from 1978 to 2024. The vertical axis shows the sea ice extent in millions of square kilometres, ranging from 11 to 14 million.


A black jagged line shows yearly values, with a dashed segment around the late 1980s indicating a gap in data, labelled Missing extent. A straight blue trend line overlays the graph, indicating a steady downward trajectory over time.


In 1979, sea ice extent was around 13.6 million square kilometres.


By 2023, it had decreased to just under 12 million square kilometres.


The data show frequent fluctuations year-to-year, but the overall trend reveals a consistent decline.








Activities




	
1  Study Figure 2.43. Compare the mass loss from the world’s glaciers to the mass losses from the Greenland ice sheet and the Antarctic ice sheet.


	
2  With reference to Figure 2.45, explain how the Thwaites glacier in Antarctica is melting.



















Changes in the ocean




Ocean heat content


The oceans absorb excess heat from Earth’s system, acting to balance excess heat from rising global temperatures. About 90 per cent of the energy accumulated in the global system since the 1970s has been stored in the oceans. As a result the oceans have warmed and the heat content has increased. Ocean heat content (OHC) in 2022 was the highest on record.


OHC describes the amount of heat stored in the ocean in the upper levels, from the surface to a depth of 2000 m. Changes in OHC are determined by comparing current ocean temperatures to long-term averages. OHC has been increasing since the 1960s, and its increase coincides with increases in global average land and sea surface temperatures. Higher OHC is associated with a range of negative consequences including:




	
•  disrupting marine ecosystems


	
•  bleaching coral


	
•  contributing to extreme weather events such as tropical cyclones


	
•  contributing to sea-level rise.










Sea-level rise


A major consequence of ice melting is the rise in global sea level. Sea level is measured by two main methods: tide gauges and satellite altimeters. In 2021, the Intergovernmental Panel on Climate Change (IPCC) projected a global average sea-level rise of between 0.28 m and 1.01 m by 2100. This would put hundreds of millions of people at risk of coastal flooding. The IPCC stated that an even higher rise in sea level was possible due to ‘ice-sheet-related processes that are characterised by deep uncertainty’. This relates in particular to the way in which ice sheets interact with ocean water.


Meltwater from Antarctica and Greenland is responsible for around one-third of the global average rise in sea level since 1993. It has been estimated that if all the world’s ice sheets and glaciers melted, global sea level would rise by 60 m. Rising sea levels are mainly due to a combination of thermal expansion and the melting of ice sheets and glaciers. Thermal expansion is the increase in water volume due to temperature increase alone. A global average sea-level rise of 0.4 m from this cause has been predicted by the end of this century. A much smaller contributor to sea-level rise is a decline in the amount of liquid water on land, largely due to the extraction and depletion of groundwater resources.


Up to about 2005, melting and thermal expansion contributed to about the same degree to observed sea-level rise. However, since then the melting of glaciers and ice sheets has accelerated, and the gap between these two causal factors has widened. For the period 2005–13, the amount of sea-level rise due to melting was almost twice the amount of sea-level rise due to thermal expansion.


In some ocean basins, sea level has risen as much as 15–20 cm, well above the global average, since the beginning of the satellite record period. The main factor explaining differences in sea-level rise around the world is the natural variability in the strength of winds and ocean currents, which influences where and how much the deeper layers of the ocean store heat.







Ocean acidification


Earth scientists estimate that the ocean absorbs about 25 per cent of annual emissions of anthropogenic CO2 into the atmosphere. Carbon dioxide reacts with sea water resulting in a decrease in pH known as ‘ocean acidification’. The IPCC (AR6) has stated, ‘There is very high confidence that open ocean surface pH is now the lowest it has been for at least 26,000 years and current rates of pH change are unprecedented since at least that time’. There is clear evidence that ocean acidification affects organisms and ecosystem services including food security, by reducing biodiversity, degrading habitats, and endangering fisheries and aquaculture.


There is some concern that although ocean acidification has increased significantly in recent decades (Figure 2.50), many ocean regions remain under-sampled. The evidence already available shows that the rate of change in ocean acidification shows significant regional variability.




[image: Line graph showing the decline in annual mean ocean surface pH levels from 1985 to 2022, based on C M E M S data.]



Figure 2.50 Annual mean ocean surface pH, 1985–2022 (Source: WMO Provisional State of the Global Climate 2023. Data from Copernicus Marine Environment Monitoring Services (CMEMS))










Long Description

Line graph showing the change in annual mean ocean surface pH from the year 1985 to 2022, based on data from the Copernicus Marine Environment Monitoring Services. The horizontal axis represents the years from 1985 to 2022, while the vertical axis displays p H values ranging from eight point zero three to eight point one four. The central trend line, marked in a dark red colour, shows a consistent downward slope, indicating that ocean surface p H has been gradually decreasing over time. This reflects a long-term trend of ocean acidification. Around the trend line, a shaded pink band denotes the range of uncertainty for each year’s measurement. At the beginning of the graph in 1985, the ocean p H was slightly above eight point one one, whereas by 2022, it has declined to just above eight point zero five.








Activities


With reference to Figure 2.50, describe and explain the changes in global annual mean ocean surface pH.
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Flights over northern Europe were disrupted after a cloud of
volcanic ash from Iceland's Eyjafiallajokull volcano - drifting
from 6000 to 11,000 m high — closed many European
airports and caused flights to be cancelled. »
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