Lecture 2

A Brief Overview of Tsunamis 

Okay good morning everyone. Today we’re going to be talking about tsunamis. And what I’d like to do today is to give you a brief overview of some of the mechanics of tsunamis and their context and how they are propagated. Uh, first of all, what is a tsunami? Now a tsunami is any sudden non-meteorological induced impulse in the water, regardless of size. And this is a definition from Landers et al. ‘The Science of Tsunami Hazards’. 

Now on the left of this slide, I’ve shown two of the characters for tsunamis from the Japanese. Now, tsunamis often travel at very great speed and with a sufficient force to inundate the land. Frequently, they’re named— they’re misnamed ‘tidal waves’. Now, the Japanese use this term in the context that destructive waves often develop resonant phenomenon. So in the 1700s and the 1800s they noticed this phenomena, and sometimes before that, where they saw these harbour or port-crossing, which is the word ‘Tsu’ in Japanese, and ‘Nami’, wave. And that often these harbour or port crossing waves were associated with a lot of destruction, so they were named Tsunamis. So there’s a great history of tsunamis in the literature. 

Now there are three main aspects of tsunamis that I’d like to talk about today. The first is going to be the generation of tsunamis. The second, the propagation and the third, the landfall of them. We’ll look at each one of these, in part, in this lecture. 

Now, the generation of a tsunami. Most people think of earthquakes and a very big earthquake. And earthquakes are certainly one of the major causes of tsunamis. But we al— also have landslides can cause tsunamis, volcanic eruptions, particularly when they're underneath the water, meteorite impacts and nuclear explosions so we can have human-made tsunamis also. 

Now with tsunamis, although we often think of tsunamis as very large events they can actually range in size from very, very large which occur very infrequently to actually much more frequently medium size ones and even a— a lot more frequently very small tsunamis. Now here we're going to look at mechanisms of tsunamis that are generated by earthquakes. So let's just look a little bit at earthquakes first of all. So just a brief reminder of earthquake mechanics. So in this slide I'm showing on the left-hand side examples of body waves or P waves and if you take— … uh … an example here would be tapping a table and having the wave immediately resonate through the table to the other end. Uh, normally here I would— I would take an example of some of you and we would see the waves being propagated from one side to the other. And the P waves are the first waves to make from one side to the other, from the generating impact to the person who's at the other end. They're the primary waves. 

A second kind of wave, also a body wave, is called a se— S wave or a secondary wave. And in the right-hand side what I'm showing is a graphic where the S wave instead of being a compressional wave that moves back and forth and propagates through the material. It's actually— it's going up and down. So imagine a hand waving up and down and that's what an S wave is doing. Now because it's going up and down and propagates through the material like that it takes a longer time to get from the generating source to the actual person at the other end. So I'm showing you an animated example of an S wave at the top and what this animated example is, is imagine a bunch of people and all of you will be there with your hands down. Now first person raises their hands, they puts it above them. Once they raise their hands they put them down and the second person next to them then raises their hand. And this keeps going. You sometimes see this at football stadiums, at matches, called 'the wave' and what you can see is the first person putting their hand up, they put it down. The second person puts their hand up, they put it down. The third person puts their hand up, they put it down and this continues in a succession. This is an example of a compressional wave, a P wave and so it pushes things forward so that you have basically— the molecules are compressed and the— they go from one set to another in time. 

Now these P waves and S waves, these body waves, are very important for what we're eventually going to learn, tsunamis. But what— the reason they're important is the P waves arrive first and they have a characteristic. So if there is a seismometer, and I'm showing you a seismic wave example right now which is basically a piece of paper with a needle on it that is very, very sensitive to the different directions, the vibrations in the earth. So these vibrations for the P wave initially are recorded and you can see them on this piece of paper. Then the S waves have a very different signature and on this piece of paper you'll see a difference in time. So the seismic waves come in these different speeds. The P wave is the fastest. The S wave, the secondary wave, is the second fastest and it has a little bit more energy so it's much bigger. So on the example I'm showing you here, there is a piece of paper that shows the vibrations that have been recorded by these needles and we see that the difference in time between the P wave and the S wave is five minutes. And this five minutes is very, very important because in Japan they have a national warning system that because the P waves arrive very quickly they know, once that happens, that there is going to be S waves occurring afterwards. And it's this time difference, this time when the first P waves arrive … uh … that a radio wave warning is going to be launched to the public. And with this time, even a few minutes, it's enough time for people to go underneath tables, for gas valves to automatically been shut off, and for things like the bullet trains, which are very, very fast trains in Japan, to be brought to a halt. This has saved many, many lives in Japan, this early warning system. Japan has the most sophisticated use of this forecasting ability between the P waves and these more damaging S waves. Other countries have similar things but not to the sophistication of the Japan. 

Now earthquake magnitudes are generally on the Richter scale which was developed in the 1930s. Now the Richter scale is basically a measure of how much does the earth move at a given distance from what we call the hypocentre of the earthquake. This is where the energy is released and then transmitted to the surface of the earth. This has been superseded by the moment magnitude in the 1970s which is on the same general scale that we hear about. So we hear about a magnitude 6 earthquake or a magnitude 7 earthquake. These are either on the Richter scale or the moment magnitude scale. The moment magnitude scale is actually measuring the total energy released. So instead of measuring the total amount that the earth moves, and this is through the vibration, through the needles that we talked about before with the seismometer. Instead what it's doing, and it takes longer to do this, it's a calculation of how much of a fault is involved in the earthquake itself. What is the area that has been destructed in the earth of the fault and what is the total movement along that area? So initially when the earthquake is evaluated it is on the Richter scale. So it might be there was an earthquake that occurred ten minutes ago that had a magnitude of 8.7. Now in time after the earthquake occurs, and this can take hours to sometimes days, the scientists go back and they re-evaluate the magnitude of the earthquake based on more precise measurements, the moment magnitude. Which is why you'll sometimes hear an earthquake was magnitude 9 but has been re-evaluated to be a magnitude 8.8. Now this difference of magnitude, you might think “oh magnitude 9, magnitude 8.8, there's not much difference”. But in fact there's a very big difference between these. Remember that the Richter scale and the moment magnitude scale are on a logarithmic scale. So what this means is we go up by orders of magnitude. So a magnitude 7 earthquake is— the ground movement is ten times more than a magnitude 6 earthquake. The energy released in a magnitude 7 is 32 times more than a magnitude 6 and if you listen carefully, sometimes the news reporters get this wrong when you listen to them on the TV or the radio. So you'll hear them say “oh it's 10 times more” and what they're referring to is the ground movement, not the actual energy released. So think about this, a magnitude 9 and a magnitude 8.8 there is actually a six times difference in the energy released. So there is a dramatic difference between a magnitude 9 and a magnitude 8.8.

So let's go back from the earthquake. So we have an earthquake and imagine this occurs at the bottom of the ocean. So we have the bottom of the ocean where the bottom of the ocean the water meets the ground. Now go below the ground, so go into the earth's crust below the s— the bottom of the ocean. Imagine an earthquake occurring. There is a large amount of energy released. This energy release actually causes parts of the earth to move. So you have an uplift sometimes of one part of the earth with respect to the other. So I'm showing a graphic now where we see the sea floor, we see the motion in this example, the right-hand side of the sea floor has been moved up along a linear fault with comparison to the left-hand side of the sea floor. Now this occurs in seconds to minutes. So the progression of an earthquake over time, a very big earthquake such as a magnitude 9, can be as much as a minute or a minute and a half for it to progress along what can be as much as 30 or 40 kilometres of fault. And this is what generates a … uh … tsunami in the ocean if it's earthquake-generated, is we have this sudden movement over the period of seconds to a minute of a large amount of earth. And this is transmitted from farther down in the earth, sometimes 100 kilometres, sometimes 40 kilometres below the s— the bottom of the ocean to the ocean's floor. This then transmits energy to the whole water column above the bottom of the ocean floor.

Now, we’ve talked a bit about the generation of the tsunami. So we’ve started out with the earthquake. The earthquake has occurred, the earthquake generates energy, this energy is transmitted to the bottom of the ocean floor. This is then transmitted to the whole water column. Now imagine with the water column. How deep is the water column? So in the deep ocean, we’re talking about water that might be ten, fifteen kilometres deep. And this we’re now going to look at. So we have this energy. It’s been transmitted into this water column. And right now, I’m showing you an overview of— where we have the motion of the fault-block and then the tsunami originated. And we’re in the deep water right now. Later on, we’ll talk about the shallow water and how this is transmitted to land.

For this next part, we want to talk about what happens in the ocean itself. Because we have the energy that has been transmitted and it’s going from the bottom of the ocean to the top of the ocean. And the energy’s going to stay in this water column, but the way it manifests itself is going to be waves at the top of the ocean. So now we have energy in the whole water column and it is being transmitted to the top of the ocean. 

So I'm showing a graphic now, and if you think about a wave at the top of the ocean, there are a couple of things to be aware of. The first is the distance between the crests of the wave and this is called the wavelength of a wave. Or if you want we can take the bottoms of the waves and this would be the troughs of the wave and this wavelength will be the same. And if you imagine a wave travelling along the ocean the wave has a movement. And in this example the wave is going from left to right. 

Now typical tsunamis have a wavelength of 50 to 300 kilometres. These are earthquake-generated tsunamis. Uh, if we compare these to landslides it would be 0.1 to 10 kilometres. So what does that actually e— mean? What that means is that you'll see a wave and it wont be for another 50 to 300 kilometres that you'll see the crest of that wave. Now the wave heights of a tsunami-generated— of an earthquake-generated tsunami tend to be tens of centimetres. Uh, if you want to convert that to imperial units how much would that be? That would be five— five-ten inches we're talking about. So maybe half a foot to a foot. And you have to then imagine then for a tsunami we're talking about very, very small wave heights, tens of centimetres, in the deep ocean and that these are separated by 50 to a h— 300 kilometres. So imagine that you are in the deep ocean on a ocean vehicle, it could be a cruiser ship, it could be some sort of a fishing vehicle. And you're actually where the tsunami waves have occurred. Because they're so small these waves, you will not notice them at all. It will just be a slight deviation in the normal up and down of the ocean. Now there will some more sensitive instruments which will notice this increase of the wave height and the fact that they're so far spread about and we'll talk about that in a little while when we get to the next part. So here the main things to take away from this slide are the wave height, and that is for tsunamis that are earthquake-generated that are tens of centimetres. That we have a wavelength for the earthquake-generated tsunamis and this is generally 50 to hundreds of kilometres. These two facts are very, very important when we are going to talk about tsunamis. The other thing to take away from this slide is generally, there is negligible water movement below a half a wavelength. Now remember what a wavelength is here for tsunamis. For tsunamis it's 50 to 300 kilometres. So what is one half of 50 to 300 kilometres? That would be 25 to 150 kilometres. 

So now we need to go back and think about what is the depth of the deep ocean. And I made a mistake before, which often happens when we’re lecturing, and I told you that the ocean’s depth was 20 to 30 kilometres. In fact, and I’m glad one of you noticed because I saw your hand up, the water depth is actually, in the deep ocean, two to four kilometres. 

Now this is slightly confusing but we have a mathematical theory called Deep Water Theory. And Deep Water Theory is quite complicated. It only applies if the water depth is greater than the wave length divided by two. So what did we say the wave length divided by two was? We said it was 25 to 150 kilometres for a typical tsunami. But this isn’t true for the deep ocean. The deep ocean, we have two to four kilometres. So that means we know the Deep Water Theory is not going to apply in the deep ocean. Now Shallow Water Theory, in mathematical theory, is where the depth is less than the wave length divided by twenty. Now let’s take 25 to 150 kilometres. Let’s divide that by twenty and we now have ten kilometres to s— … uh … twenty kilometres. A little bit more.

And so what we have here is that the waves in the deep water, for a tsunami, follow Shallow Water Theory. Shallow Water Theory on a mathematics perspective, and I’ll show this in the next slide, is much easier in terms of the equations so we’re going to be using this. So the basic thing to take away from this is tsunamis follow shallow water theory in the deep ocean, as the depth a couple kilometres is much less than the wave wavelength, hundreds of kilometres. 

Now this will be the only equation I’m going to show you in this lecture and it’s one I’d like you to remember for the exam. The celerity of the waves, and celerity is another word for the speed or the velocity of the waves themselves, is equal to gravity times the depth of the ocean and then take that quantity and take the square root of it. 

So what is gravity? Gravity in general is about ten metres per second squared. The depth we’ve been talking about— so let’s take the depth at the deepest part of the ocean and let’s say that’s about four kilometres or 4000 metres. So if we have gravity ten metres per second squared, multiplied by depth of 4000 metres and then take the square root of that, that works out to a speed of about 200 metres per second. Or, if we could change this to kilometres per hour, about seven hundred kilometres per hour. 

Now, through this a— very simple equation which has just two variables, and is pretty easy to manipulate, we now have an idea of how fast the waves are moving. So we have the earthquake, we have the generation through the water column, this produces waves at the top of the water column. And these waves are tens— tens of centimetres, and the speed of them in the deep ocean is around 700 kilometres per hour. So imagine the speed of a jet plane. So imagine that you’re travelling from the United States to say, Africa, and it’s going very quickly. That’s about the speed in the deep ocean that the tsunami will be travelling. 

Now what happens as we get to lower depth in the ocean? Now what's going to happen is we still have all the energy in the water column. So the water column the energy is travelling along at a great speed but the depth is now getting shallower. So let's go to a medium depth of the ocean, 250 metres. If we work out gravity, ten metres per second squared times 250 metres, that makes 2500 metres squared per second squared. We take the square root of that, this gives us 50 metres per second or if we convert to kilometres per hour, 180 kilometres per hour. The waves have slowed down but that energy has to go somewhere. So where does that energy go? The energy is now going with increasing the heights of the waves. And this is where things get a little bit more complicated in the propagation of the tsunami waves themselves. So lets go from the deep waves to the shallow— deep water to the shallow waters within the ocean itself. Now in the deep ocean it follows shallow-wave theory. The whole water column is affected, there's very little loss of energy, and there's very long wave periods. Remember, 720 kilometres per hour, hundreds of kilometres between the waves, this means it's going to be many minutes between one wave and the next wave. And this can be a couple minutes to tens of minutes and this is why when there's an initial upsurge of water on the land which we'll talk about in a little bit, people are very cautious because they know that there might be another wave tens of minutes or just a couple minutes behind that primary wave. 

Now we're going from the deep ocean, shallow-wave theory, now to the shallow ocean. We've seen that the waves slow down, there's conservation of mass, the wave height increases and we no longer follow shallow-wave theory. Now, what we have is the waves turning into a v— much more complex theory which is a non-linear theory and it becomes very affected by the underlining topography, that's the undulations in the ground near the coast. It becomes very sensitive to any embankment— embayments out into the ocean itself.

So I'm showing now an example of how we can use the deep water— the shallow-wave theory in the deep ocean to construct a time model. And this time madel— m— model is an example of the pacific ocean. So what I'm showing you is an example of the whole pacific ocean with the epicentre of an imaginary earthquake and the tsunami waves that would travel from that. And what we can see is that as it travels along the ocean we initially see three hours, then six hour contours, then nine hour contours, twelve hour contours, and eventually we go in this case from Asia to South America in 21 hours. So it can take time and a tsunami wave can actually go around the entire earth, assuming there is water, a couple of times over the course of a few days. 

Now things get complicated in the ocean because even in the deep water of the ocean we have islands. We have … uh … continents, we have land masses and once the wave hits these land masses, once it hits these islands it bounces off of them, just like any wave would do that you would see. And then you'd have waves coming back one on another and they can deconstruct, they can cancel one an hour— one another out. Or they can interfere such that they end up adding onto one another and the ultimate wave is much bigger than the one before. So scientists will spend time thinking about how long is it taking for an imaginary earthquake to get from one … uh … place and trigger a tsunami which then goes from one location to another location and any interference or constructive effects that occur. 

In this example, we h— we are also showing type gauges which is one of the ways I was telling you before, that we have of— of actually noticing the pathway of tsunamis as they pass through the deep ocean. So tidal gauges are basically sensing the up and down motion of the waves themselves. And it will detect if there's 10 centimetres, 20 centimetres, 30 centimetres above the normal pathway of the ocean. 

The other thing here is something called DART, and I'm going to explain this in the next slide. And DART is basically Deep-ocean Assessment and Reporting of Tsunamis. Now what DART is, is this is a sensor that lies at the bottom of the ocean, both in the deep ocean and in the shallow ocean. So sometimes at depths of four kilometres, sometimes at much more shallow depths. And in this image one can see on the bottom, a DART system at the very bottom and these are anchored, sometimes by weights of a few hundred kilometres. And what they are— consist of is they sense the underlining pressure change in the water itself. So you remember how we said that the whole water is— water column is affected when we have an earthquake. Well the whole water column is affected and that is going to last for the lifetime of the tsunami. As it goes from the deep ocean to the shallow ocean onto land we see the energy being transmitted in time from where the earthquake occurred to where the land is. So what the DART is first of all sensing is this change of pressure at the bottom of the ocean. Now once it senses a pressure that is over a given amount— a given magnitude, it then sends a radio signal to a surface buoy, and this is something that lies on the surface of the ocean. And from there, that sends the information to a satellite receiver which then sends it to a receiver on the ground itself. This can all happen in literally seconds and this is used throughout the world in all of the major regions where tsunamis might occur to give some sense, some warning first of all that a wave is passing, and some sense of how big the change is in the deep ocean.

So now we've discussed the generation of tsunamis from earthquakes, and we've also discussed the propagation from the deep ocean to the shallow ocean.

So the last part of this topic we want to talk about is what happens when the waves eventually reach land. Now think about the land itself. When you're on land near the coast you often have very, very shallow gradients of topography. And so what this means is you can go for many kilometres at the coastline and only have tens of metres of actual change of the topography. So it's a very shallow slope or gradient. So that means any overall change in the water is going to result in the water level coming very far inland just for a few metres of change, and we're going to see that in a little bit. So first of all let's think about this water which is now non-linear, the waves have gotten much higher and here we have sometimes waves, once they're getting hundreds of metres from the land that are getting as much as metres high. When we have the waves they then come into the land. Now once they hit the land sometimes you have these concave parts of beaches and the energy is going to be spread out because it has a bigger area for the water to go to. Or you have these bay— these … um … small headlands into the water where the energy is going to be concentrated. So making models for how a tsunami wave is going to affect the land, the coastal part of where we live, is much more complicated than what we do in the deep ocean. 

So once we get to land we have what's called the run-up. Now in this graph I'm showing you the difference between the elevation of maximum tsunami penetration, the inundation line and the sea level at the time of the tsunami. It becomes very complicated to think about, well how high did the tsunami get? Because remember we have sea level, we have the tide coming in and out, so we have to reference the overall height of the tsunami with reference to something. And this is with reference to the sea level at the time of the tsunami. So because we have such a gentle gradient, just an inundation line, a run-up of just … um … say eight or nine metres which is not atypical for a large tsunami, can result in the tsunami itself having a horizontal inundation of sometimes tens of kilometres inland. Now people tend to build near coastlines. So we have a large population mass, a large urban density now that has built along coastlines, and they do this for various reasons. We do this because it looks nice, it's a nice place to live, for transport regions, also for sometimes water reasons for the rivers that are coming down and feeding into the sea itself. So we have a lot of people living near coastlines. And so if we take for a given region, nine or ten kilometres from the coastline and go inland, that is a very large region that can potentially be affected by a tsunami. 

Now how do we detect an inundation line? In the past it was not so easy because we relied on diaries of people. We delot— we relied on photographs, we relied on records of temples, records of churches, people who had gone out and measured and kept records of the events itself. Or there might be army records or government records and so we would go to that. And we've used some of these records to figure out the inundation, what was the magnitude of the tsunami in the past for the 1500s and the 1000s, 2000 years ago. So we have records of tsunamis from the past. More recently in the 1800s we have photographs that people have taken and even more recently we have remote sensing images that we can take which will allow us to detect from space how far a tsunami reached inland. Now what’s the evidence of a tsunami reaching inland? We have the vegetation that was affected, we have the effect on the actual human population. So buildings that have been destroyed, roads, the infrastructure that has been destroyed. So these are all ways that we have.

Now there are other ways if we go back past human history we can look at the geologic history, to get in an i— idea of the magnitude of tsunamis itself. And so we can go back and say if we look at a stratigraphic … uh … sequence, in other words, the register of geology over time, and we can see … um … how the vegetation has been captured a great mass of trees … uh … and animals sometimes that— where there are fatalities. And these are all mixed up in a given layer of this— the geologic record if we go back in time. 

So we can use these, once we can date them, to give s— us some idea of what might have occurred in the past. So these different things that we use give us an idea of what we might expect for the future. Tsunamis are generated by earthquakes, they can also be generated by landslides. We also see that they can be generated by volcanoes and we also see they can be generated by human activity, such as nuclear explosions, particularly underwater. So these are all things that we need to keep in mind as we're thinking about tsunamis and that what has occurred in the past might give us an idea for the future. 
So I'm going to close the lecture there and take any questions or comments. 
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