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Introduction

Have you ridden a boat or a ferry? Guess what kind of wake would a boat or ferry left? The following diagrams (Fig.1 and Fig.2) show two possibilities.
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	(Fig.1 An illustration showing the possible pattern of the wake produced by a small boat.)
	 
	(Fig.2 An illustration showing another possible pattern of the wake produced by a small boat.)


Fig.1 shows long lines of wave in the wake generated by the boat. Fig.2 shows many shorter lines of wave, each of them at a certain angle to the wave front in the wake. You may guess right, picture 2 is a more correct description of the wake. Please see the photo (Fig.4) at the end of this article. As a science student, we always look for simple understanding of a phenomenon. In fact, this phenomenon is closely related to one important characteristic of surface waves on water. This article will give you a brief introduction to surface waves on water, or simply water waves. 

Waves
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A wave is a disturbance that propagates in space. The usual examples taught in secondary school textbooks are sound waves and light waves. Sound waves are pressure disturbances in air, while light waves are electric and magnetic disturbances in space. Have you wonder why water wave is not often used as an example for detailed discussion? Water waves are simple in the sense that you can see it, and you have probably seen it many times. The physics behind is simple (water waves are driven by gravity), but associated phenomena are more complicated. For example, it is not easy to explain why water waves broke.

Plane Waves

In describing the properties of waves, the simplest type and at the same time a very special type of wave is often adopted. They are the plane travelling waves or simply the plane waves. Figure 3 illustrates the appearance of a plane wave on water. To see the motion of the wave, you have to double-click the picture. On seeing its motion, it should be obvious why this is called travelling wave. Once we know the properties of these plane waves, we can use the knowledge to understand more complicated waves. So knowing the properties of plane waves is an important first step. 


(Fig.4. A plane water wave showing the crest, trough, and 1 wavelength.)

Let’s define some technical terms to describe plane waves. Take the water wave shown in Fig.4 as an example. The highest point of this water wave is called the wave crest, and the lowest point is called the wave trough. Starting from this, we want you to note that “all plane travelling waves are characterized by their amplitude, wavelength, frequency, period, and wave velocity”. For this particular water wave, amplitude is the height of the wave crests above the average water level. Wavelength (() is the length between two consecutive wave crests. To measure the wavelength, we have to freeze the motion of the plane wave (for example, by imagination). Next, the frequency (f), which is the number of crests passing over a fixed point in space within a unit of time. The period (T) is the time lapse for the next crest to move up to the position where the first crest was at initial. The velocity (v) is the distance that the crests travelled within a unit of time. 

Plane Water Waves

As we have mentioned before, the usual examples taught in secondary school textbooks are sound waves and light waves. Surface wave on water is usually not discussed in any details. The basic reason is “sound wave and light wave is simpler in the sense that their velocity is roughly constant”. For example, the velocity of light is roughly equal to 300,000,000 meters per second and the velocity of sound is roughly equal to 330 meter per second. These numbers are independent of the wavelength or frequency of the plane waves. In contrast, there is no single velocity for water waves. The velocity of plane water waves is highly dependent on both their wavelength and the water depth. The following table shows the values measured in our laboratory (see reference 2). 

	Period (s)
	Wavelength (m)
	velocity (m/s)

	1.559
	0.7670
	0.492*

	1.045
	0.4900
	0.469*

	0.714
	0.3600
	0.504*

	0.513
	0.2500
	0.487*

	0.359
	0.1510
	0.421

	0.252
	0.0933
	0.370

	0.181
	0.0586
	0.324

	0.125
	0.0329
	0.263

	0.090
	0.0214
	0.238


Table 1: Water wave velocity for water depth = 0.025m 

[(*)Remark: Within experimental error of about 10%, these value are very much equal]

One should distinguish between deep-water waves and shallow-water waves. If the wavelength of the water waves is smaller than 10 times the water depth, then they can be classified as deep-water waves. Most water waves we see everyday are deep-water waves. In the above table, the last 5 rows are for deep-water waves. Among them, those with longer wavelength actually travel faster. This somewhat "strange" behavior of deep-water waves is the basic starting point to understand why the wake of boat or ferry looks like that in Fig.5. 

If the wavelength of water waves is larger than 10 times the water depth, then they can be classified as shallow-water waves. In the above table, the first 4 rows are for shallow-water waves. For a fixed water depth, all shallow-water waves travel with the same velocity, a value that is independent of the wavelength. When the water depth is changed, shallow-water waves travel faster in deeper water. This is the starting point to explain why water waves break when they come ashore. 

Tsunami

The most horrifying water waves occurring in nature are the seismic sea waves (or Tsunami). These are huge water waves of very long wavelength created by earthquakes or volcanic activities. The seismic sea wave caused by the 15 November 1994 Mindoro earthquake is reported in website 3. This water wave was at least 6 meters high.  At least 41 persons died of drowning and 1530 houses were destroyed. The period of this wave is known accurately. (It is approximately 20 minutes) With this information, we can estimate its wavelength in the Pacific Ocean. The average depth of the Pacific Ocean is about 4 km. Then the velocity of this seismic sea waves would be 710 kilometer per hour, and its wavelength would be 240 km. Although they travel slower in shallower water, they are still hard to escape from. 

Water Waves in Outer Space

As I have mentioned before, water waves are driven by gravity. You may be able to guess that water waves generated on the moon would travel slower. You may even realize that strange phenomena will occur if we try to generate water waves on a space station, where the "gravity" is zero. Indeed one will find unexpected phenomena. 

(1) In a space station orbiting around earth, the force of gravity is completely "cancelled" out. The shape of water in space will be dominated by surface tension. For example, water will form spherical drops of varying sizes. Water inside a container will have inward or outward curved surface depending on the surface tension at the container surface. 

(2) Surface waves can be generated on these water surfaces, and they will be driven by surface tension. Although you may not know anything about surface tension, you can feel that these water waves will have velocity different to the usual surface waves. I will not go into the details any further. Please read the references if you want more. 
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(Fig.5. Photo of the wake created by a ship. The image at the above right was found at the US Navy's Digital Image site. The photo was taken by Photographer's Mate 2nd Class Christian Eskelund, is a US Navy photo and is free for public use.) 

Fig.5. Photo of the wake created by a ship.  The image at the above right was found at the US Navy's Digital Image site. The photo was taken by Photographer's Mate 2nd Class Christian Eskelund, is a US Navy photo and free for public use. 
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Related Topics in the Syllabus:

Water Wave

Extensions (from the syllabus):

As mention in the article, water wave is driven by gravity on earth and surface tension in outer space. Actually, gravity, surface tension and the slight vibration of water molecules along the direction of propagation should be taken into our consideration for the surface wave on the earth. So the associated phenomena of surface wave are very complicate.
Warm-up discussion
· What are the differences among plane water wave, sound wave and light wave?

 

The velocities of sound and light are roughly constant. However, there is no single velocity for water wave. The velocity of plane water waves is highly dependent on both their wavelength and the water depth.

· There are 2 kinds of plane water wave, what are they? What are the differences between them? 



They are deep-water waves and shallow-water waves. If the wavelength of the water waves is smaller than 10 times the water depth, then they can be classified as deep-water waves. If the wavelength of water waves is larger than 10 times the water depth, then they can be classified as shallow-water waves.

· Which factors affect the velocity of the surface water wave?

Points for further discussion:
· List out some great tsunamis in history. Try to suggest some methods to prevent disaster caused by tsunamis. 

· What is the relationship of water wave and gravity? 

· Consider a water wave travels from a deep region to a shallow region, which quantities will be changed? How do they change? 

· Draw the surface wave patterns produced by a travelling boat at deep and shallow region respectively. Explain the patterns. 

· What is the water wave driven by on the earth? What is the change on the velocity of the water wave if it propagated at the moon? 

· Tsunami is produced by earthquake or volcanic activities. The location of the earthquake or volcanic activities can be detected by observatory. What kind of wave(except water wave) is sent out by the earthquake or volcanic activities ? Is the velocity of that wave faster than the water wave produced? 

Activities:
· Tsunami is a Japanese word with the English translation, "habour wave." State the differences between Tsunami and the wind-generate wave, which we usually see on the sea. How do the earthquake and volcanic activities generate the Tsunami? When the Tsunami approaching land, the depth of the water is decreasing. Discuss the change of the speed and height of the Tsunami. 

· We know that wave transfer energy in the direction of propagation. In the sea there is a lot of wave propagating. Meanwhile, there is a lot of energy transfer. In the 1970’s, two countries, U.K. and Japan, investigated how to make use of the huge amount of wave energy. Try to find out how they converted the wave energy to electrical energy. Then draw a 3D model or make a real model and introduce to the class.

Related web sites:

· Waves
The following two websites have a general introduction on surface wave.
http://electron4.phys.utk.edu/141/dec8/
December%208.htm
http://www.seafriends.org.nz/oceano/waves.htm 

· Gallery of Fluid Dynamics
This is a nice website have a lot of photo on wakes of ships.
http://www.eng.vt.edu/fluids/msc/gallery/gall.htm 

· The Tsunami
This is a website report in details of the seismic sea waves caused by the 15 November 1994 Mindoro earthquake.
http://www.geophys.washington.edu/tsunami/
specialized/events/mindoro/tsunami.html 
· A selection of photographs showing the effects of tsunamis
This website features a very interesting selection of photographs showing the effects of tsunamis. 
http://www.es.flinders.edu.au/~mattom/IntroOc/
notes/figures/tsunami/aa.html 
· Physics 2000 - Experiments on Wave Interference
This site contains some experiments and animations performing wave interference.
http://www.colorado.edu/physics/2000/index.pl 
· New Scientist - “Catching the wave”
The most important cause of tsunamis is not mid-ocean earthquakes but underwater landslides just off shore. This realisation not only makes the giant waves harder to predict, it also shortens the warning time seaside dwellers will have once prediction becomes possible.
http://www.newscientist.com/news/
news.jsp?id=ns9999272 

· New Scientist - “Mega-tsunami will devastate all Atlantic coasts”
When half a Spanish island collapses, tsunamis will devastate the coastline of countries all around the Atlantic - all because tsunamis can turn corners. 
http://www.newscientist.com/news/
news.jsp?id=ns99991206 

· 香港海嘯的監測
The Hong Kong Observatory monitors the tsunami and this site provides data about 4 minor tsunamis detected in Hong Kong. 
http://www.weather.gov.hk/gts/equake/
tsunami_mon_c.htm 

· Water wave simulation
This is a simulation of water waves in shallow water moving past a given location. 

http://www.esam.northwestern.edu/research/about_waves.html 

· Water wave speed
A letter talks about how the depth or volume of water in a fixed container affects the speed of water wave and the reasons behind.

http://mcasco.com/qa_wws.html 

· Wave Machines to Demonstrate Water Waves
This site introduces several machines that were used to demonstrate water waves.
http://physics.kenyon.edu/EarlyApparatus/
Oscillations_and_Waves/Wave_Machine_water/
Wave_Machine_Water.html 
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Additional Information for teachers:

Exercise:

1. Work out the relation between period (T) and frequency (f). 

Ans: If we know there are f crests passing through in 1 second, we would know that it would take 1/f second for the next crest to come by after the first one has just passed.  Using mathematics equation to describe the relation, we can write

T = 1/f. 

2. Work out the relations between wave velocity (v), wavelength ((), and period (T). 

Ans: We can consider the time lapse T (1 wave period).  Within this time the distance traveled by the crest would be (.  Therefore the wave crests move with a velocity (/T.  In mathematical language, 

v = (/T. 

3. Generate some water waves in a ripple tank.  Measure the wave velocity (v), wavelength ((), and period (T).  Check whether the data is consistent with the relation v = (/T. 
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