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Chennai is known for its beautiful beaches. The vast expanse of sands on the Marina beach or the Elliots beach, for that matter any beach, is a sight to behold. Have you noticed that there is almost always a sudden dip or a sand bank as you head towards water from land? Have you noticed the periodic rise and fall of the water levels in the sea, some times filling up to the top edge of the sand bank? 

The periodic rise and fall of the sea levels are called Tides (from the German word Zeit meaning time). Tides are responsible for creating the beautiful beaches by moving fine sand towards the land.

Tides in the ocean or sea are caused mainly by the gravitational forces exerted by the Moon and Sun on the Earth. Because the Earth is a complex system consisting of continents and oceans, a precise explanation of this rise and fall of water level at any given location is complicated. Here we give a very simple explanation without going into the details of shapes and sizes of continents or oceans.

The gravitational force not only affects the oceans but also the solid crust. However the effect of tides is mostly seen on oceans. For our purposes here, let us simply assume that the earth is completely surrounded by a sheet of water a few thousand metres in thickness. We want to understand the effect of gravitational forces on this blanket of water.

What causes tides?

Galileo was one of the first to attempt an explanation of the tides. He said that tides were entirely due to the movement of the Earth around the Sun. But it was Kepler who correctly said that tides were due to the periodic motion of the Moon around the Earth. Neither had the full theory to explain tides until Newton proposed his law of gravitation. Newton in fact published his explanation of tides in his book Principia.

Newton's theory of gravitation

This theory describes the forces between two massive objects such as the Sun and the Earth or even the Earth and you!

In this theory you can think of a body with mass as an object where all the mass is concentrated at its centre. You don't have to worry about its exact size and shape. You can calculate the force between two masses M and m if you know the distance R between them (the distance from their centres). It is given by

F=-G Mm/R2 .

The minus sign indicates that the force is attractive (the objects are always attracted to one another due to gravity). The direction of the force is along the line joining the two points. Here G is a proportionality constant called Newton's gravitational constant.

Free fall

Any force causes an acceleration a. So there is an accelerated motion of the body of mass m towards the body of mass M, a = F/m= G M/R2 . (You may have realised that the acceleration of the larger mass M towards the smaller one is G m/R2 and is much smaller, so you don't see the Earth hurtling towards you!)

This is some times called free-fall acceleration. It turns out that this is the same whether m is falling directly towards M or orbiting it with some velocity. It is called free-fall since an observer located at the centre of m will not feel any force (as in the case of a lift which is going down or an astronaut in a space station).

In general massive bodies are not point particles but large extended objects and may be approximated by spheres for our purpose. As stated before let us also assume, for the sake of simplicity, that the earth with its centre at O (see Fig.1) is uniformly covered by water of some thickness. In this case the acceleration due to gravitational forces exerted by M (representing the Moon for instance) depends on the location on the Earth that we choose. The distance R then denotes the distance between the centres of the Earth and Moon.

On the average, the force F between the two as given by the above equation is experienced by a person standing in the centre of the Earth. Since the point A is closer to the Moon, the force there is larger than the average at O, so the water at A will feel an extra force, above the average, pulling it towards the Moon. This causes a high tide at A.

Now, what about the point B? It is further away from the Moon than the central point O. Hence, it gets pulled less, or in some sense, the water at B gets “left behind” compared to the average force at O. A moment's thought will convince you that this also causes a high tide at B! Hence tidal forces occur in pairs on the two opposite sides of the Earth. A more detailed mathematical derivation is given in the Box.

BOX:

A small challenge: mathematical derivation of the tidal forces

The simplest case is the acceleration experienced at two points A and B along the line joining two centres- say Earth and Moon. The point on the near side of the Earth (point A) to the Moon is then pulled more strongly compared to the point on the far-side of the Earth (point B). Let r be the radius of the Earth. The acceleration of a mass located at point A on Earth is then given by

aA=-GM/(R-r)2 ~ -GM[ 1/R2 + 2r/R3  + ... ] = a+da .

We have used a simple identity, called Maclaurin series, which states that we can expand the denominator 1/(1+x)2= 1-2x+ ... when x is much smaller than 1. It is a nice exercise to do this by simply dividing 1 by (1-x)2.

This acceleration is directed towards the Moon. The dots above indicate that there are more terms that are functions of r2/R4, r3/R5, etc., but their contributions will all be smaller since r/R is much smaller than 1, so we can neglect them. Similarly the acceleration of a mass located at point B is given by

aB=-GM/(R+r)2 ~ -GM[ 1/R2 - 2r/R3 +... ] = a-da .

The first term is the free fall acceleration which is the same for point A and B or any point on Earth for that matter. The second term, called Tidal acceleration, is equal but opposite in direction at A and B. Tidal force is defined through this term as the force that causes different acceleration of points located at different points on the Earth. Even though the body as a whole is freely falling, the tidal acceleration pushes the two diametrically opposite points in opposite directions. Tidal acceleration rapidly decreases as 1/R3 unlike the gravitational force between two massive bodies, which falls as 1/R2.

END OF BOX

Let us analyse the nature of tidal forces. The effect of the tidal force at Point A is therefore to produce an extra (or differential) acceleration da directed towards the Moon directly above it. Similarly the tidal force at Point B causes an acceleration -da which is directed away from the Moon. Thus the Tidal force causes the ocean to bulge exactly the same way on opposite sides of the earth at the same time.

In the same way, the points C and D (see Fig. 1) experience the same tidal force since the distance to the Moon is the same for both these points. Therefore there will be no relative bulge at these points. In the above we have considered four simple cases (A,B) and (C,D). The analysis can be done at all the points on the surface of the simplified earth that we have assumed. For tidal acceleration alone one gets a schematic diagram as shown in Fig. 2, which shows the tide-generating differential acceleration (da) for different points on the surface of the Earth. 

The exaggerated arrows indicate the direction of the tidal acceleration. In this figure the Moon is shown overhead (noon) on the right side. (Source: wikipedia).

While we have assumed a simple model of the Earth covered by water, in practice both continents and water are present. The tidal forces are experienced by all points on the Earth, but are more pronounced on large water bodies like an ocean. Tidal bulge when it is directly above an ocean results in rise in sea level and after a rotation of 90 degree it results in reduced sea level. Thus while the tides are caused by the gravitational forces alone, the periodicity that one notices is due to the rotation of the Earth. Because the Moon is also orbiting the Earth, the point A returns to the same position with respect to Moon approximately after 24h 50 mins. Consequently the tidal period is 12h 25min which is referred to as the period of the semi-diurnal lunar tide. However, the lunar orbital plane is slightly inclined to the Earth's equator. This introduces a slight asymmetry in successive cycles of 24h 50 mins as can be seen from Fig. 3.

It is not the Moon alone that causes tides on Earth. A similar calculation to that above shows that the Sun also causes diurnal tides with a period 24h. Lunar tides are larger by a factor of 2.2 compared to the Sun because even though the distance to Sun is much larger than the Moon, the mass of the Sun is also much greater. Hence the solar tides are not negligible. One way of realising this is to observe the tides during full moon or new moon when the Sun and Moon are approximately in the same or in opposite directions. This causes the so called spring tide which is the result of constructive interference of lunar and solar tides. Neap tide or the lowest tide occurs when the Sun and Moon are at right angles at a given point on the Earth, as seen in Fig. 4. (Here Spring is just a name and has nothing to do with the season.)

Tides on other bodies

Just as we have looked at tidal forces on Earth, there will be similar tidal forces on the Moon, or on any other satellite as well. Since satellites are smaller in size, is it possible for tidal forces to over-power the gravitational forces that hold the satellite together? This was the question that Astronomer Edouard Roche asked in 1848. He came up with the answer that there is a minimum distance between the satellite and the primary body inside which the tidal forces exceed the gravitational binding forces. Since the tidal forces deform the satellite they could also tear it apart. This minimum distance, called the Roche limit, is approximately 2.5 times the radius of the primary. In the case of Earth as primary this limit is approximately 18,470 kms.

There are many artificial satellites (space station, shuttle, communication satellites,etc) orbiting the Earth within this distance. Fortunately for them they are held together by electro-chemical bonds (metal) which are much stronger than gravitational forces. Hence they survive even inside this Roche limit which applies to objects bound by gravity only. Thus if a satellite like Moon or even smaller objects held together by gravitational force alone were to come closer than 18,470 kms, they would be torn apart by tidal forces.

Saturn's rings

This is not fiction. Many Jovian planets (planets like Jupiter) are known to have rings, like that of Saturn. It was Roche who suggested that Saturn's ring might have been formed by the capture of a gravitating object inside the Roche limit which is 147,000 kms for Saturn. The destruction of this object due to tidal forces produced smaller particles which make up the Saturn ring (See Fig. 5). An evidence for this theory comes from a recent event--the comet Shoemaker-Levy 9, which was discovered in 1993, broke up when it passed within 21,000 kms of Jupiter whose Roche limit is 175,000 kms. The tidal forces were therefore enormous and the comet broke into many pieces and crashed in to Jupiter in July 2004.

Thus, tidal forces arise as differential forces in the presence of an external gravitational force causing the changes in ocean levels that we call as tides. The rotation of the Earth and motion of the Moon result in approximately twice a day periodicity of these tides. The combined effect of the Sun and Moon results in the spring (highest)-neap (lowest) tidal cycle.
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