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Improvements on Existing Tsunami Warning Systems: A Tutorial
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Abstract—In this paper, we present a comprehensive review of available predictive methods of tsunami waves based on the state-of-the-art systems available. We present the concepts behind the tsunami phenomenon and the detection methods, focusing on the Pacific Warning system. Various methods for improvement in the field of tsunami sensing are examined and the implications of these research and modification extensions are gleaned from the discussion. 
I. INTRODUCTION
T
he 2004 Indian Ocean Earthquake triggered a series of tsunamis along the coast of most landmasses bordering the Indian Ocean, claiming approximately 275,000 lives across South and Southeast Asia. The magnitude of the devastation caused by the tsunamis prompted an international humanitarian response which brought widespread attention to the importance of tsunami warning systems, especially in the Indian Ocean region where such a system is non-existent. 
A tsunami is the gravity wave formed in the sea following any large-scale, short-duration disturbance that vertically displaces the water column. Tsunamis are most frequently generated by undersea earthquakes, although landslides and volcanic eruption can also cause tsunamis. The principal source regions for tsunamis are earthquake zones in the Pacific Ocean, but infrequent tsunamis occur also in the Atlantic and Indian Ocean [1]. 
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The life of a tsunami is characterized by 4 phases: generation, split, amplification and run-up. 
A.

Generation

Tsunamis can be generated when the sea floor abruptly deforms and vertically displaces the overlying water. Waves are formed as the displaced water mass, which acts under the influence of gravity, attempts to regain its equilibrium. The potential energy that results from pushing water above mean sea level is then transferred to horizontal propagation of the tsunami wave (kinetic energy).  

Subduction earthquakes which are particularly effective in generating tsunamis are a kind of earthquake that is associated with the earth’s crustal deformation. Large vertical movements of the earth’s crust can occur at tectonic plate boundaries. Plates interact along these boundaries called faults. Subduction, which commonly occurs around the margins of the Pacific Ocean, is the process where denser oceanic plates slip under continental plates causing the uplift or subsidence of the sea floor. 

Other causes of tsunamis include submarine landslides as well as collapses of volcanic edifices, which can also disturb the overlying water column as sediment and rock slump downslope and are redistributed across the sea floor. Similarly, a violent submarine volcanic eruption can create an impulsive force that uplifts the water column and generates a tsunami. The tsunamis generated from these mechanisms, unlike those caused by undersea earthquakes, dissipate quickly and rarely affect coastlines distant from the source area.  
B.

Split

Within several minutes of the earthquake, the initial tsunami is split into a tsunami that travels out to the deep ocean (distant tsunami) and another tsunami that travels towards the nearby coast (local tsunami). The height above mean sea level of the two oppositely traveling tsunamis is approximately half that of the original tsunami. The speed at which both tsunamis travel varies proportionally with the square root of the water depth. Therefore, the deep-ocean tsunami travels faster than the local tsunami near shore.
C.

Amplification

As the local tsunami travels over the continental slope, the tsunami slows down as water depth decreases and the height of the wave increases. The loss in kinetic energy from the retarding propagation of the wave is transferred to potential energy which causes an increase in the amplitude of the wave.  Due to this shoaling effect, a tsunami, imperceptible at sea, may grow to be several meters or more in height near the coast. 
D.

Run-up

Tsunami run-up occurs when a peak in the tsunami wave travels from the near-shore region onto shore. Run-up is a measurement of the height of the water onshore observed above a reference sea level. Similar to other water waves, tsunamis begin to lose energy as they rush onshore - part of the wave energy is reflected offshore, while the shoreward-propagating wave energy is dissipated through bottom friction and turbulence. Despite these losses, tsunamis still reach the coast with tremendous amounts of energy. Except for the largest tsunamis, such as the 2004 Indian Ocean event, most tsunamis do not result in giant breaking waves but rather, come in much like very strong and fast-moving tides. Tsunamis have great erosional potential, stripping beaches of sand and underming trees and other coastal vegetable. Capable of flooding hundreds of meters inland past the typical high-water level, the fast-moving body of water associated with the inundating tsunami can devastate homes and other coastal structures. Tsunamis have the potential to reach a maximum vertical height onshore above sea level, commonly called a run-up height, of 30 meters [2][10].
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Fig. 2:  Life of a Tsunami. From [4]
II. Tsunami Detection Terminology and Concepts 
A.

Shallow water wave
Unlike wind-generated waves, tsunamis are characterized as shallow water waves. Shallow water waves have long periods and wavelengths. A wave is designated as a shallow-water wave when the ratio between the water depth and its wavelength gets very small. A typical wind-generated swell has a period of approximately 10 seconds and a wavelength of 150m. A tsunami, on the other hand, can have a wavelength in excess of 100km and period on the order of 1 hour.
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A shallow-water wave propagates over the ocean bottom topography with celerity or phase speed, C0 = 
[image: image1.wmf]gh

 (g – gravitational acceleration, h - depth). The rate at which a wave loses its energy is inversely related to its wavelength. Since a tsunami has a very large wavelength, it loses little energy as it propagates. Hence, in very deep water, a tsunami will travel at high speeds and travel great transoceanic distances with limited energy loss. 
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Fig. 3: Regular Wind-generated Wave. From [5].
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Fig. 4: Tsunami in Deep Ocean. From [5].

B.

Dynamic height and pressure

Waves are a representation of energy propagation on the water’s free surface. In a wave, water travels in loops. Since the surface is the area that is directly affected, the diameter of the loops decreases with depth. The diameter of the loop at the surface is equal to the wave height (h). The motion of waves is only effective at moving water to depth equal to one half of the wavelength (L/2). Water deeper than L/2 does not move. 

The Bernoulli effect of wave motion creates dynamic pressure which is measurable up to the wave base. Beyond the wave base, only static pressure generated by the mean sea level is experienced. In the absence of a tsunami, a pressure sensor, which is situated below the wave base, will measure the static pressure of the ocean which varies in a sinusoidal fashion in relation to the tidal phenomenon. A pressure sensor situated above the wave base, however will measure both the static pressure of the body of water above it and the dynamic pressure of the wave motion which will appear as disturbances to the sinusoidal pattern. 

In the event of a tsunami, where the shallow water waves have a wavelength far greater than the water depth, wave motion and consequently dynamic pressure is experienced at the seafloor bottom causing fluctuations in the bottom pressure reading. The variation of pressure at the seafloor bottom can be represented by the following algorithm:
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where H/2 is the amplitude of the wave (m), x is distance traveled by wave (m), t is time elapsed (s), ρ = 1025kg/m3, g = 9.81 m/s2, k = 2π/wavelength and w=2π/period [15].
Fig. 5: Wave motion.
III. STATE-OF-THE ART TSUNAMI WARNING SYSTEMS
A. Pacific Warning System

The most effective tsunami warning system in use presently is the Pacific warning system. It combines a surveillance network of seismic sensors, tidal gauges, detailed maps of the ocean and seafloor bottom pressure recorders (BPR). To mitigate the damages caused by tsunamis, the Pacific Tsunami Warning Center, with headquarters in Honolulu, has been established to issue early warning to the endangered areas. After an epicenter of a large, undersea earthquake has been located, the coastal stations near the epicenter are interrogated to confirm the existence of a tsunami. If the station reports indicate tsunami existence, a general warning is issued to all interested agencies [13]. 
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Fig. 6: Pacific Warning system.
The element that contributes most to the reliability and accuracy of the tsunami forecast is the bottom pressure fluctuations measured by the seafloor bottom pressure recorder (BPR).

The BPR is deployed as part of the Deep-ocean Assessment and Reporting of Tsunamis (DART) system employed by the Pacific Tsunami Warning Center. DART systems consist of an anchored BPR and a companion moored surface buoy for real-time communications. An acoustic link transmits data from the BPR on the seafloor to the surface buoy. The data are then relayed via a GOES satellite link to ground stations which demodulate the signals for immediate dissemination to National Ocean & Atmospheric Agency’s (NOAA) Tsunami Warning Centers. 
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Fig. 7: DART system. From [13].
The system has two data reporting modes, standard and event. The system operates routinely in standard mode, in which four 15-minute average values of sea surface height are reported at a scheduled transmission time each hour. When the internal detection software identifies an event, the system ceases standard mode reporting and begins event, or random mode, transmissions. In event mode, 15-second values are transmitted during the initial few minutes, followed by 1-minute averages. The system returns to standard transmission after 4 hours of 1-minute real-time transmissions if no further events are detected.

A tsunami is detected if the difference between the observed pressure and the prediction Hp exceeds the prescribed threshold in magnitude (30 mm in the North Pacific). The gauges could use the most recent pressure observation to test against the prediction. However, the next earlier value is used so that the gauges can screen the pressure values for instrumental spikes that might falsely trip the algorithm. The threshold for these spikes is set at 100 mm [11] [16]. 
An example of the DART system in action is shown in Figure 8 which consists of a group of theoretical pressure readings plots of a BPR which has been zeroed for the static pressure generated at mean sea level. The pressure sensors present in the BPR are extremely sensitive and have a resolution of 1mm [6].
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Fig. 8: Theoretical Pressure Readings of a Bottom Pressure Recorder. From [7].
The first plot depicts a sinusoidal pulse representing the dynamic pressure generated by the passing tsunami wave. The second plot depicts the difference between the observed and the predicted pressure readings. The third plot depicts the threshold trigger data for the pressure differences in the second plot, 0 for threshold non-exceedance and -1 for threshold exceedance. The fourth plot depicts the timeline of the reporting mode of the DART system. 
In relation to Figure 8, an event is identified when a pulse, which theoretically represents dynamic pressure at the seafloor, is received by the BPR. The magnitude of the pulse is measured to have a difference which exceeds 30mm of height in pressure as compared to the predicted pressure reading, thus triggering the threshold reporting flag. The DART system then breaks from the standard reporting mode and operates in the event mode for four hours after the last detection of possible tsunami activity.
B. Global Positional System satellites
Another tsunami warning system in use is the Global Positioning System (GPS) system, relying on signaling between GPS satellite and ground stations to provide warnings. The system uses a method known as GPS displacement which combines GPS with seismometer and ocean buoy data. GPS displacement works by measuring the time radio signals from GPS satellites arrive at ground

stations located even thousand of kilometers from an earthquake epicenter. From this data, scientists can calculate how far the stations moved due to the quake. They can then derive an earthquake model and the earthquake's true size, called its “moment magnitude,” which is directly related to an earthquake's potential for generating tsunamis [13]. 


A shortcoming of this GPS displacement method is the time required to gather and process data from the GPS network. The time taken to correct ephemeris error and perform the calculations for the earthquake size takes at least 15 minutes. More time is then required to promulgate the warning to the regions of interest and to the general public for evacuation. As such, at present, the GPS warning system is inadequate especially since the first tsunamis generated by the 2004 Indian Ocean earthquake arrived 3-5 minutes after the earthquake. 
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Fig. 9: Tsunami Surveillance by GPS Satellites. From [8].
IV. Modifications and Improvements
Current efforts are directed at providing a tsunami warning system for the Indian Ocean and exploring new methods to enhance the early warning system in place in the Pacific Ocean. A similar tsunami warning system to the Pacific Ocean setup could be adopted for the Indian Ocean. However, there is still considerable work involved in gathering data for ocean depth and seafloor mapping in order to create accurate calculation models to predict existence of tsunami, arrival time and run-up height.

Various areas have been identified for modification and improvement in the existing Pacific Warning system:
i) Faster and more reliable detection and  calculation mechanisms and models for tsunami arrival time and run-up height
ii) Integration of tsunami detection related mechanisms
V. Discussion
The suggested modifications and improvements to current tsunami warning systems suggest that significant improvements in tsunami detection are still required in order to effectively counter the tsunami threat to endangered areas. Based on these suggestions, various ideas can be derived:

A. Optimal DART system deployment formation

An approach to ensuring the reliability of the DART systems is to formulate an optimal deployment formation to provide redundancy to the distributed network of detection systems. This action will prevent the system’s inability to provide accurate warning in the case of individual DART system spoilage, degradation or displacement. 
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Fig. 10: Proposed Dart Buoy System Locations. From [9].
B. Seismic sensor attachment

An approach to integrating tsunami detecting mechanism is to attach a seismic sensor to the BPR apparatus to allow for direct correlation of seismic data and pressure reading for the imminent tsunami wave. The sediments located below the DART system can be studied to enable the detection of seismic activity in the area through changes in sediment characteristics such as pore pressure. Pore pressure is the pressure of water located in the voids of saturated sediment. It can be measured using a differential pressure transducer which compares pressure at two different points of measurement. Changes in measurement can indicate sediment shifting in the immediate area, which may result from seismic activity. The data derived from the seismic sensor attachment to the DART system can serve as a confirmation to the tsunami event recorded on the system and aid in calculations [12]. 
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Fig. 11: Pore pressure.
Overall, it is clear that there is a need for tsunami sensing and detection research. The uncertainty over the effectiveness of tsunami models indicates the immaturity of the current technology. In order to improve the accuracy of tsunami prediction, more precise tsunami models have to be developed for each geological occurrence that produces the tsunami phenomenon. In addition, the process has to be achieved in a much shorter time in order to relay the warning message in a timely fashion, especially when evacuation plans and alarms are inadequate in many endangered areas. 
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