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For Louise



Mo nighean ruadh bhòidheach,


a-riamh is gu sìorraidh;


mo bhean is m’anam-chara’:



beannachd ort, tha mi ‘g iarraidh.




Inversnaid



This darksome burn, horseback brown,



His rollrock high road roaring down,


In coop and in comb the fleece of his foam



Flutes and low to the lake falls home.


A windpuff-bonnet of fáwn-fróth


Turns and twindles over the broth



Of a pool so pitchblack, féll-frówning,



It rounds and rounds Despair to drowning.


Degged with dew, dappled with dew


Are the groins of the braes that the brook treads through


Wiry heathpacks, flitches of fern



And the beadbonny ash that sits over the burn.


What would the world be, once bereft



Of wet and of wildness? Let them be left,


Oh let them be left, wildness and wet;



Long live the weeds and the wilderness yet.


Gerard Manley Hopkins, 1881
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Water, water, everywhere…?



[image: image] Water is life


For us Earthlings, at least, there is nothing more fundamental than water: more than two-thirds of the surface of our planet is submerged beneath it; and almost the same proportion of the body mass of every adult is composed of water. Most of us could survive without food for weeks on end, but would die after only three days or so without water. Indeed, if we go for very long at all without water, that part of the forebrain known as the hypothalamus triggers the thirst response, and we seek water with increasing urgency. Almost as important is the utility of water for washing: several crucial activities, such as eating, and many other enjoyable activities demand at least a modicum of bodily cleanliness.



[image: image] Slaking and purifying: water as symbol


So ingrained in our minds are the nourishing and cleansing properties of water that they are regularly appropriated as metaphors and similes that at once express the most basic and most profound of human experiences. Scriptures and rituals of ancient religions in both East and West rely heavily on the symbolism of water: the Jewish mikvah immersion rituals; the baptismal font in Christianity; the Muslim wudu before prayer; the similar pre-prayer washing of the Hindus; and the seeking of forgiveness in the waters of the Ganges. The renowned 16th-century Spanish mystic St Teresa of Ávila made extensive use of water imagery, commenting:





…I don’t find anything more appropriate to explain some spiritual experiences than water; and this is because I am so fond of this element that I have observed it more attentively than other things…



St Teresa of Ávila, The Interior Castle, IV, Ch. 2:2





She developed an elaborate series of water similes to express various stages in the development of spiritual consciousness. Such use of water imagery would appear to be timeless and universal: Carl Jung found water to be ‘the most common symbol of the unconscious’.


Throughout history, both the beauty and daunting power of water have also inspired secular poetry. Some of the highlights of English-language poesy describe and draw upon the visual impact of flowing water, such as Gerard Manley Hopkins’ ‘Inversnaid’ (see frontispiece), or W.H. Auden’s ‘Streams’:




…Dear water, clear water,



playful in all your streams…





As often as not, water imagery is used as a simile for the attributes of a loved one, as in ‘The Loch Tay Boat Song’ (attributed to Harold Boulton):




…And her dance is like the gleam o’ the sunlight on the stream…
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[image: image]  ‘Precious and pure’: Loch Bà on Rannoch Moor, Scotland



or else to express the pain of unrequited affection:




…for my heart’s a boat in tow,


and I’d give the world to know



if she means to let me go…





But water is not always ‘useful and humble, precious and pure’ (St Francis of Assisi): it can just as easily appear dark, raging and deadly. Nothing so vivifying as a sunlit swim alfresco; nothing more terrifying than the prospect of drowning. Improbably turquoise where it caresses the white sands of a sun-drenched beach; but ‘wine-dark’ (Homer), ‘tar-black, howling and rolling’ (Dylan Thomas) through the long nightmare of a storm at sea.



[image: image] Our most precious resource?


It has become a cliché to call water ‘our most precious resource’. Yet how much do we truly value it? Much can never be expressed in monetary terms: what price a sunset over the Caribbean? But when we do look at monetary values, it’s difficult to sustain the case that water is indeed our most precious resource: where I live, one penny will buy me 4.5 litres (about 1 gallon) of tap water; currently, I’d have to pay 630 times as much for the same amount of gasoline. Even if I were to buy bottled water, that would still only cost me about a fifth of the cost of gasoline. (This, I must add, assumes I’m not daft enough to pay £135.00 for 4.5 litres of the ‘designer’ bottled water Berg, as sold at Claridge’s in London.)


So on sheer price terms, we value gasoline up to 630 times more than water – which is why water engineers can only dream about using the fancy well-drilling techniques which are used routinely in the oil industry. And beer is valued even more highly: about 1,900 times the cost of water! So much for water being our ‘most precious resource’!


For all that, there is never any shortage of folk who will argue that, given water tumbles gratuitously from the sky, it should come to them free of charge. My answer to them is: ‘Fine: stand out in the rain with your mouth open, and you can have it for free; but the moment you expect someone else to gather and deliver it, expect to pay, at least in a country that has abolished slavery.’



[image: image] About this book


Already we have acknowledged that water has multiple, parallel, even disputed, values. To study water comprehensively, we must engage with many disciplines. For sure, we need to understand the science of water, and how we go about using it. But we also need to cherish its ecological centrality, and deliberate on its social importance. Accordingly, this book sets out to explore all aspects of water, in its myriad manifestations and prodigious paradoxes. The level of coverage is introductory, but the ‘100 Ideas’ at the end of the book should orient anyone wishing to explore specific topics in greater detail.


The chapters in the book fall into two sections:


The first section (comprising Chapters 2 through 5) considers water in its natural state, at the molecular level and in the natural environment of Planet Earth. Chapter 2 dives straight into the wonders of water as a molecule, and as a sine qua non for life as we know it. We then zoom out to the planetary scale (Chapter 3) and reflect on the extraordinary water-dominated character of Planet Earth, and examine the occurrence of water below, above and upon Earth’s surface, moving ceaselessly in the ‘hydrological cycle’. Chapter 4 returns to the molecular scale briefly, to explain why just about everything dissolves in water, before going on to consider the implications of this, for everything from the saltiness of the oceans to the prevention of pollution. Having previously flagged up the importance of clean water to life in general, we next examine the importance of water for natural ecosystems (Chapter 5), both continental and marine.


The second section of the book (Chapters 6 through 11) considers what humans have made of water, both in terms of engineering and in terms of its societal importance. It opens with the basics of understanding and accurately describing water movement (Chapter 6), then examines the use and abuse of water resources (Chapter 7). We then examine some of the grand water challenges of our age (Chapter 8) arising from human-induced environmental change (of land use and global climate). As the human population continues to grow, and pressure on all natural resources intensifies, water can become a focus of serious social conflict (Chapter 9). In Chapter 10 we examine some of the fundamental issues raised by divergent attitudes towards the place of water, if any, in the marketplace: since we all absolutely depend on sustained access to water, should it not be a right guaranteed to all, rather than something we can only access if we have the money to pay for it? The book closes with a brief run through the many other arenas of human endeavour in which water plays an important role (Chapter 11): in carbon emissions and energy; in transport; in food production, nutrition and health; and in forestry and mining.
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H2O – the molecular marvel



[image: image] An extraordinary, everyday molecule


For decades, H2O was the only chemical symbol enjoying instant recognition by most people. Since the rise of concerns about climate change CO2 has become almost as familiar – although many journalists still don’t seem to realize that, in both cases, the ‘2’ should be a subscript! But what does H2O really stand for? Well, ‘H’ is the chemical symbol for the element hydrogen, and ‘O’ is the symbol for oxygen, so in every water molecule, two hydrogen atoms are bound to one oxygen atom by the sharing of their electrons: hence ‘H2O’.


In themselves, these two elements are about as, well, elemental as can be: hydrogen, the lightest of all the chemical elements, fuel of the Sun and thus the ultimate source of energy for most life on Earth; oxygen, once lethal to life on early Earth, but for more than half a billion years now, one of the principal animal life-support components of our atmosphere and oceans.


Potent enough on their own, when combined in the form of water, hydrogen and oxygen display truly exceptional physical behaviour. First, we should note the extraordinary aptness for life of the temperatures at which water assumes its solid state (by freezing) and gaseous state (by boiling). Temperatures at the Earth’s surface (averaging around 14 °C but nowhere exceeding 60 °C) ensure that water is predominantly present in its liquid form. This is fortunate, since, in contrast to almost all other natural compounds, the solid form of water is less dense than its liquid form. This in turn means that a given mass of ice will occupy a larger volume than the same mass of water: ice has a density of about 92 per cent that of water, and occupies a volume 9 per cent greater. This has two major implications for life.


First, the bad news: as most living cells contain a lot of water, freezing can rupture cell walls. Now the good news: because ice is less dense than water and floats on it, rivers and lakes freeze from the top down, and once the surface layer is frozen the water beneath becomes insulated; this is precisely why fish are able to survive the winter. This is all the more remarkable when it is realized that, as temperatures drop really low, ice does actually begin to become denser and thus contract in volume. This is why polygonal cracks in the ground are often observed in tundra regions. But what is at the root of this extraordinary behaviour of water?



[image: image] The twisted V


To appreciate the behaviour of H2O we need to make a swift inspection of the molecule itself. You could write out its structure like this: H – O – H; with the two hydrogen atoms bracketing the oxygen atom, apparently in a straight line. However, detailed atomic studies have revealed that the water molecule is not a straight chain at all, but is invariably twisted into a kind of three-dimensional V-sign. Imagine the human hand giving the common English (as opposed to US) rude gesture and you have a rough scale model approximating the shape of the water molecule: the hand and wrist correspond to the oxygen atom and its surrounding cloud of electrons, while the two fingers correspond to the two much smaller hydrogen atoms.


So if you have to write the structure of H2O in 2-D on a page, a better approximation is:


[image: image]


where the angle between the two hydrogen atoms is about 105°. Even so, you’d be missing the ‘wrist’ of electrons, coming out of the page towards you from the O.


A fundamental consequence of this V-shape is that the water molecule has strong positive and negative poles, like a bent bar magnet: the oxygen atom has a strong negative charge, while the pair of hydrogen atoms is positively charged:
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[image: image] Hydrogen bonds: key to the remarkable behaviour of water


When a vast number of water molecules are mixing freely in the liquid form, the positive poles are attracted to the negative poles by what amounts to static electricity. This electrostatic attraction is termed a hydrogen bond. It is about 20 times weaker than the H – O bonds within any one water molecule, but still gives rise to considerable, transient adhesion, which packs the water molecules closely together in the liquid state.


In contrast, as the temperature falls below about 4 °C and ice begins to form, the hydrogen bonds between the molecules become longer lived. They eventually settle into a rigid, rather open framework, comprising a stack of tetrahedrons, in which each oxygen atom is hydrogen-bonded to four surrounding oxygen atoms. The more open, rigid framework of ice fixes the oxygen atoms further apart than they tend to be, on average, in liquid water – which explains why ice is less dense than water.


At high temperatures, the hydrogen bonds offer considerable resistance to the separation of molecules that occurs during the formation of water vapour. Although some water molecules will spontaneously adopt the vapour form at all temperatures, water is nothing like as volatile as other similar molecules. This is fortunate, as it ensures the persistence of surface water in most climate zones typical of the Earth’s surface. It also explains why the wholesale conversion of water to vapour (i.e. by boiling to form steam, which is just the word for hot water vapour) occurs only at temperatures in excess of 100 °C: far higher than would otherwise be expected for a molecule of its size and shape. Yet again, this proves crucial to the success of carbon-based life-forms.


Even when water reaches boiling point, the hydrogen bonds complicate steam formation: to change liquid water into steam at 100 °C requires nearly seven times as much energy as would be needed to melt the same weight of ice at 0 °C, and about five and a half times the energy required to raise the temperature of liquid water by 1°C. The ‘extra’ energy requirement needed to transform a substance from one form (or ‘phase’) to another, without increasing the temperature, is known as latent heat – and water has higher latent heat requirements than would be expected from similar molecules. This is again highly fortunate for living beings, as it is the basis for most of the strategies used to maintain body temperatures within healthy ranges.


In liquid water, hydrogen bonds are also manifest in the cohesion of water surfaces, known as surface tension. Although of limited importance to you and me, surface tension is integral to the lifestyle of pond skaters and other small insects that can literally walk on water, their weight insufficient to snap the hydrogen bonds beneath their feet.


Another important consequence of hydrogen bonding is capillarity: the tendency of water to rise upwards in a narrow orifice (such as a glass tube, or the interconnected pores of a soil) above the general water level in the water body into which the orifice opens. The capillary rise of water is due to the electrostatic attraction between water molecules and the enclosing orifice surfaces. While the outermost water molecules interact with the solid surface, hydrogen bonding pulls other water molecules alongside. Because the water–water bonds are stronger than the water–solid bonds, the water surface in the orifice arches slightly upwards, displaying the well-known meniscus phenomenon. Carefully observing the meniscus is important to laboratory chemists when they wish to accurately measure the volume of a liquid in a burette or other glass tube. As the diameter of the orifice increases, the capillarity decreases, so that capillary rise in a water jug is negligible, while it might reach heights of several centimetres in a very narrow-bored glass tube.


Capillarity has a number of important practical implications. In natural soils, much water is stored under tension in capillary zones immediately overlying the true water table. Changes in atmospheric pressure during rainstorms can cause this stored water to switch rapidly to pressure saturation, in which form it is able to drain rapidly out of the ground into nearby streams. This phenomenon of ‘capillary zone conversion’ is responsible for the occurrence of large amounts of water with subsurface affinities in the total runoff flowing through streams during storm events. In the built environment, capillarity is responsible for the problem of rising damp, in which moisture gradually rises through masonry, making for an unhealthy indoor atmosphere and potentially giving rise to accelerated weathering of walls over time. It is to avoid this problem that an impermeable membrane, known as a damp course, is usually included in the lower reaches of walls. Another way to prevent capillary rise is to ensure that very wide apertures occur partway up the structure. While this is not practical in a wall that’s also meant to keep out the wind, the principle works well in landscaping, where a layer of large pebbles can form an effective capillary break, to prevent upward migration of water from deep within the soil. Preventing this is desirable, for instance, where a soil cover is being placed over some contaminated material which probably contains pore water of poor quality.
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[image: image]  Capillary rise – the narrower the orifice, the higher the water rises



As we will see in Chapter 4, the polarity of water molecules also explains the terrific ability of water to dissolve other substances: another property fundamental to life.
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The miracle of the Blue Planet



[image: image] Snowballs from outer space!


Neil Armstrong, the first human to set foot on the Moon, was struck by how blue Planet Earth appeared from that vantage point. This is mainly due to the two-to-one predominance of sea areas over land areas. There’s plenty of white stuff, too – for the time being at least – in the polar ice caps. Fresh water, however, is relatively inconspicuous from space: there are few freshwater lakes and even fewer rivers large enough to be readily spottable from space. No wonder: these surface waters account for less than 1 per cent of the liquid freshwater on our planet – nearly 99 per cent is hidden beneath the soil surface, as groundwater. We know of no other planets that contain water on the scale the Earth does. To judge from its geomorphology, Mars once experienced running waters, though at present any remaining water is essentially frozen below that planet’s surface in the form of permafrost.


The relative scarcity of water on other planets is due to the fact there can only ever be a narrow orbital corridor around any one star in which the temperature range is consistent with the existence of liquid water. The Earth happens to sit right in the middle of the Sun’s ‘circumstellar habitable zone’. The remaining planets in the Solar System are now too hot or cold to host liquid water. Nevertheless, ice whizzes around endlessly between the planets in the form of comets. When the Earth’s orbit passes through the wake of a comet meteor showers result, bombarding the Earth’s surface with fragments of rock held together by ice. At present, these so-called ‘dirty snowballs’ add a mere 40 tonnes or so of H2O to the Earth’s water inventory each year. However, it is believed that the rate of arrival of comet-derived water was far higher earlier in the evolution of our planet, and probably accounted for much of the water on Earth today. Where did the rest come from?
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