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For Flora.






Wavewatching for Beginners




One chilly February afternoon my three-year-old daughter, Flora, and I were messing around on the rocks in Cornwall. Normally, this would have been a perfect opportunity for some cloudspotting. But that day was unseasonably clear – in fact, there was not a single cloud to be seen. And as we sat at the edge of the cove, with nothing but the monotonous Atlantic horizon ahead, we found ourselves, by default, watching the motion of the water. At least, I did. Flora just wanted to clamber about on the slippery boulders.

There was nothing dramatic about that day’s waves. They weren’t barrelling breakers throwing up clouds of spray as they slammed into the headland. Nor did they have any of the regularity of the waves you see in your mind’s eye, arriving as a steady succession of crests, one after the other, tumbling in regimented fashion up the shingle.
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I’m late, I’m late, I’m late.

In fact, there wasn’t the slightest order to the water’s motion. Like rush-hour commuters at a busy station, the little crests passed this way and that, crossing each other’s paths chaotically. But, unlike commuters, they passed through and over each other, combining and dividing, appearing and disappearing.

Their movement was mesmerising. I found myself unable to follow the progress of any individual crest for more than a second. No sooner had I fixed on one than the pesky little peak joined with one coming from a different direction. Then, inevitably, my eye would be distracted by a third wavelet that would sweep through just as the first two vanished.

Talking with Flora, the questions were soon coming thick and fast: ‘Why are there waves?’, ‘Where do they come from?’, ‘Why do they splash like that?’ And although they were childish questions, it was me, not Flora, who was asking them.



Although a clear blue sky had triggered my interest in waves, I now realise that cloudspotting leads naturally to wavewatching. You can’t stare at the clouds for long before realising how much their appearance is influenced by waves. I don’t mean the waves rolling over the surface of the ocean, but the ones that form up there, within the boundless airstreams of the sky. For the atmosphere is an ocean too, but an ocean of air rather than of water.

The oceans above and below the horizon are intimately related. As the Book of Genesis records, the first thing God did, when getting everything started, was to set the seas in motion:


In the beginning God created the heaven and the earth.

And the earth was without form, and void; and darkness was upon the face of the deep. And the Spirit of God moved upon the face of the waters.1



The following day, He ‘divided the waters which were under the firmament from the waters which were above the firmament’.2 In other words, God separated the oceans below from the clouds above with an expanse of air.

This close affinity, if not common lineage, between sky and sea means that a mere cloudspotter is in fact, without even realising it, a wavewatcher, since clouds are often borne on waves of air.

These waves take the form of rising and dipping winds, which, though invisible, are revealed by the shapes of the clouds. The ‘undulatus’ species, for example, is either a continuous layer of cloud with an undulating surface or parallel bands of cloud separated by gaps. Such clouds are born in the region of wind shear that occurs between air streams of different directions or speeds. Undulatus is a beautiful, if common, example of the clouds revealing the waves of the atmosphere.

But the most spectacular example of waves in the sky has to be the rare and fleeting ‘Kelvin–Helmholtz wave cloud’. This snappily named formation looks like a long succession of what surfers call ‘pipes’ or ‘barrels’, but are more accurately described as vortices. It is an extreme example of the undulatus species in which the shearing winds are at just the right speeds to cause the cloud waves to curl over themselves. The fleeting formation appears for no more than a minute or two before dissipating. While the processes that form it have little in common with those causing an ocean wave to tumble upon the shore, this cloud surely sits slap-bang in the middle of the Venn diagram of cloud and wave enthusiasts’ interests.
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Cloudspotters and wavewatchers are united by the beauty of the Kelvin–Helmholtz wave cloud.


A wave cloud, or any other cloud for that matter, is a collection of suspended water particles; but what exactly is an ocean wave? You may think the answer is obvious: it is a moving mound of water. But if you do think that, you are not watching carefully enough. The best way to see that it is not is to observe the effect waves have on something floating in the water – a sprig of seaweed, for example.


Before Flora and I abandoned the water’s edge, I watched one such tuft of weed rise and dip and duck and weave as it kept pace with the agitated water below. The seaweed seemed less like a rushing commuter and more like a featherweight boxer. As the peaks moved this way and that below it, the bobbing seaweed remained in the same general position. It wasn’t swept along with the crests.

When we climbed on to the cliff-top, we watched how a boat moved with the passage of the waves. From up there the waves had a wholly different appearance. The chaotic criss-cross of crests now looked like just a surface texture, which reflected a glittering path of sparkles below the Sun. Beneath these shimmering wavelets, one could see that a far broader, more orderly, pattern of undulations was rolling in towards us from far out in the Atlantic. Each smooth wave was, I’d guess, some 15–20m from its predecessor, which it followed in a calm, sedate fashion. This caravan of crests could not have been more different from the little peaks that busied across its surface. But, just as they had passed under the seaweed rather than sweeping it along with them, so these gentle giants rolled in under a fishing trawler that was returning with its catch. They didn’t drag it towards the land, as they would have done had they been currents of water. Clearly, the water that the boat floated on returned to pretty much where it had started after the wave had passed through.

So if these waves, like the ones in the cove, weren’t travelling water, what exactly were they? What was moving from out at sea to the shore?


The answer is energy.

Water is just the means by which energy moves from one place to another. It is the ‘medium’ through which the wave’s energy travels. The ocean’s surface becomes possessed by energy in the same way that a spiritual medium is supposedly animated by souls from the ‘other side’.

Well, not exactly the same.


In fact, not the same at all.

But I rather like the image of the water being like some backroom psychic, wearing jangly earrings and a lot of purple. Placing her gnarled hands on the table, she rises to her feet, animated by the ghost of your dead granny. Her eyes roll, flecks of spittle gather at the corners of her mouth and she says in a guttural voice that the telly’s not as good on the other side. Then Granny’s spirit moves on, and the old psychic flops back down into her armchair and asks you to cross her palm with money.

Does that help explain that an ocean wave is energy passing through water? Perhaps not. In fact, the water doesn’t rise straight up and down (like our possessed psychic did) as the energy passes through. Had Flora and I been able to watch the movement of a sprig of seaweed out in the deep water, where the broad, more regular waves were coming in, we might have been able to see the way it moved with the passage of crest and trough. As the wave approached, the seaweed would have been sucked slightly towards it. It would then have risen upwards as the crest arrived and, at the highest point, would have moved forward a little with the wave. Then the seaweed would have sunk back down again with the arrival of the trough, pretty much returning to where it had started. With the passage of a wave, the water at the sea surface moves in circles.

It is not easy to picture the water returning to where it started as the energy travels on, so it might be more instructive to describe a wave in a more tangible way, such as its size. There are two dimensions by which to distinguish a ripple from a tsunami: its height and its ‘wavelength’.

A wave’s height is the difference in level between crest and trough. Scientists often prefer to use the measurement known as ‘amplitude’. Generally half the wave height, since it is the level of the wave crest compared with that of still water, it makes their equations for modelling waves simpler. But it feels more intuitive to stick with the crest-to-trough dimension of wave height.

The wavelength is a measure of the distance from one crest, or peak, to the next. Although we often think of a wave as a single crest of water (and we use the term to describe any individual peak), ocean waves never actually exist in isolation. They invariably travel in company, so the term ‘wave’ is often used interchangeably to describe a single crest as well as a succession, or ‘train’, of crests and troughs. Often, as in the Cornish cove, the undulations of the water’s surface are so jumbled and confused that it is impossible to discern any clear wavelength. Only when they have the organised appearance of the broad ones we viewed from the cliff-top is it possible to determine whether a wave has a long wavelength, its crests being widely spaced, or a short wavelength, the crests being bunched up.
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How to size up an ocean wave.

These two dimensions offer a general measure of the size of waves at any given moment, but say nothing of their movement. And, as any surfer will tell you, waves are all about movement. This is where a wave’s ‘frequency’ comes in: that is, the number of crests that pass a fixed point (such as a post protruding from the water) every second. In the case of tiny ripples, such as you might see when you drop a stone into a pond, a handful will scuttle by within a second. But we don’t pay much attention to waves of this size; these inconsequential little ripples won’t send a surfer dashing for his board, let alone damage an oil rig, as huge waves have been known to do. The ones we do pay attention to, being much larger, might have as many as sixteen seconds between the arrival of one crest and the next. In this case, it is rather awkward to talk about the waves having a frequency of one-sixteenth, or 0.0625 crests per second, so the passage of ocean waves is usually described in terms of their ‘period’, which is simply the number of seconds between one crest and the next passing a fixed point.
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A wave’s shape varies with its steepness.

Besides its size and movement, the other basic characteristic used to describe an ocean wave is its shape. Some rise and fall in broad, symmetrical undulations, with a profile approaching that pure mathematical line the sine wave, as shown in the upper of the two idealised wave shapes above.

But most aren’t shaped like that. The steeper a wave, the less like a sine wave it becomes. Rather, it has a ‘trochoidal’ shape. This is slightly less symmetrical than a sine wave, having sharp peaks separated by smooth troughs. But steep doesn’t necessarily mean large. The chaotic crests that Flora and I saw in the cove were peaked, rather than rounded. The shape-defining steepness depends upon the height compared with the wavelength, not whether it is a big wave. Even small ones, when bunched up enough, will be steep, and so will have trochoidal shapes.



Clouds and ocean waves have more in common with each other than occasionally looking similar. In fact, breaking waves play a subtle role in the formation of clouds. For as the crests come tumbling in over themselves at the shore, the turbulence causes countless tiny air bubbles to form and burst, releasing a fine mist of water droplets into the air. When the water evaporates, tiny particles of salt are left floating in the air, which can become swept up into the atmosphere. These microscopic salt particles are some of the most effective ‘condensation nuclei’ on which most cloud formation depends, acting as seeds on to which the invisible water vapour in the air can start to condense and form tiny droplets that we see as low clouds. I’m not saying that breaking waves cause clouds to form directly above them, just that they ensure that condensation nuclei, important ingredients for cloud formation, are always wafting around the lower atmosphere.

It works the other way too, for clouds play a role in the formation of waves – at least, storm clouds do. This can seem surprising when you gaze at the waves gently lapping up the beach of some exotic holiday location. They look so calm and tranquil from the shade of a swaying palm: like the relaxed breathing of the ocean, each wavy exhalation ceaselessly following the last. But such a graceful arrival belies the waves’ troubled upbringing. These serene visitors will often have begun life amidst the chaotic, wind-torn tumult of a storm somewhere out at sea – one that has long since dissipated.

How do waves form in a storm? And how, for that matter, do they change from that choppy confusion into the ordered procession of crests that tumble up the beach towards you? For the answers you need to chart their journey across the ocean, to follow each stage of their development, from birth at sea to foaming death on the shore.

Their biography can be divided into five stages, at each of which the waves have a distinct character.



Let’s start at the beginning, with the birth of a wave.

Waves are formed all the time, right across the world’s oceans, but it might help to observe their formation in a clutter-free environment: perhaps on a patch of smooth, calm and wave-free sea. In reality, no such place exists. The closest approximations are probably within the ‘horse latitudes’, the bands of the seas that fall between 30º and 35º latitude in both the Northern and Southern Hemispheres, and the ‘doldrums’, the band at the equator, extending 5º or 10º to the north and south. In both regions, the winds can be feeble and inconsistent. Since wind causes waves, there are times when none are generated in parts of these regions. But on any ocean, even during the calmest weather, the glassy surface will still rock with the gentle reverberation of waves that have arrived from storms over other, distant regions.

The periods of calm can be more persistent in the perpetually high pressure of the horse latitudes. After all, the name is thought by some to derive from eighteenth-century Spanish merchant ships transporting horses to the New World having to jettison their cargo to conserve dwindling water supplies. But we don’t want to wait around forever, so let’s choose a patch of water in the doldrums. As the poet Samuel Taylor Coleridge famously described them, the winds here can be so feeble and dithering that they leave a sailing vessel ‘stuck, nor breath nor motion; / As idle as a painted ship / Upon a painted ocean’.3 The word ‘doldrums’ derives from the old English word dol, meaning ‘dull’. But these regions experience consistently low pressure. This means that their sultry, eerie calm will soon be broken by weather of a very different character that will conveniently turn the gentle, glassy undulations into towering waves.

The warm, humid air around this equatorial belt can lead to intense atmospheric instability. This can cause the air to rise rapidly, its moisture condensing into towering storm clouds. Squalls and storms near the doldrums develop suddenly and can keep growing into enormously destructive tropical cyclones. But we don’t need anything as violent as that to bring our waves into being. A simple storm at sea will do the job.

The droplets forming within the building towers of cloud cause the air to warm as they condense, making it expand and rise as it becomes more buoyant. So the air pressure at sea level plummets and surrounding air rushes in to fill the void. This is the wind that gives birth to our ocean waves, and heralds the first stage in their life cycle.

Once the wind’s speed has reached a couple of knots, or one metre per second, the friction it exerts on the water starts to leave subtle imprints. Tiny ripples dance across the surface, each no higher than a centimetre or so. Soon, scattered, diamond-shaped ripples, known as ‘cat’s paws’, sparkle in the light ‘where the wind’s feet shine along the sea’, to borrow a phrase from the Victorian poet Algernon Swinburne.4 Since a patch of these ripples looks different from the smoother surface away from the wind, it will alert a sailor to an approaching gust before it reaches his sails.

These incipient ripples are the newborns. They are the very first stage in the life cycle of a wave. The tiny crests come and go with the gusting movements of the wind, but they soon become established as they are nourished by the stiffening air currents of the building storm into an enduring roughening of the water’s surface.

And, like all infants, they soon begin to place a strain upon their parents. The roughening of the surface increases the friction between the water and the winds. The air cannot glide over the ocean’s surface as easily. Tiny eddies develop just above the capillary waves, resulting in fluctuations in the pressure that the air exerts upon the water. The ripples respond enthusiastically to such stimuli: they lift a crest here and sink a trough there and grow in size.

Their development is always a result of a clash of wills. On the one hand, there’s the force of the wind, causing the surface to lift above and sink below its flat, equilibrium level. On the other, there is the water’s tendency to resist such disturbances – to return to the calm stability that it enjoys in the absence of the wind. This tendency is, in fact, due to two factors: the water’s surface tension and its weight. The tension resists the slight stretching of the surface at a crest and the slight bunching at a trough, while the force of gravity on the water, or weight, pulls down where the surface is lifted above the equilibrium and (by means of the water pressure) pushes up where it is sunk below it. As they try to return the water to a level equilibrium, both forces have the effect of making the wave overshoot, causing a crest to keep sinking and become a trough, causing a trough to keep rising and become a crest. Initially, when our waves are infants, the surface tension of the water is the more dominant force. This natural resistance to the stimulating influence of the wind is what causes the little ripples to progress across the surface.

Once they have risen to a couple of centimetres in height, our waves are no longer infants. The first stage of their life is complete. No longer can we call them capillary waves. They are now known as ‘gravity waves’ because the weight of the water – the force gravity exerts on it – has become the more significant influence on them. This is now the dominant force in opposing the disturbance of the wind, tending to restore the water to its level and so powering the young waves forwards through the ensuing mêlée.


Now into childhood, our waves have entered the second stage of their development, which sees them grow from wavelets to waves, as if from boisterous toddlers to delinquent teenagers. As the wind builds in force and becomes more sustained, so their appearance changes completely from the organised ranks of capillary waves. The crests and troughs now grow agitated and chaotic. They rush this way and that, running into each other, tumbling over each other, like a roomful of toddlers under the
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