Measures of offshore tsunami hazard
Tsunami hazard assessments provide an important tool for mitigating the impacts of tsunami. Computational modelling of tsunami generation, propagation and inundation for a range of possible scenarios informs planners and emergency managers of likely impacts to coastal communities. However, each of the stages of generation, propagation and inundation require distinct datasets, and a common problem is the availability of high quality, high resolution elevation and bathymetry data in the nearshore environment. High data resolution is crucial for modelling the non-linear behaviour of tsunami at and near the coast. Griffin et al (in prep) showed that resolution should be less than 20 m at the coast, and demonstrated that differences between wave heights modelled using 250 m resolution data and best available data may be greater than 100% at the coast. Computational resources also constrain inundation assessments, and only recently has a methodology for a probabilistic inundation hazard assessment been achieved (GonzÃ¡lez et al., 2009). However, this was only for one location, and development of national scale probabilistic inundation assessments are still in the future. 
Conversely, deep water probabilistic tsunami hazard assessment (PTHA) methodologies have been developed and successfully applied, taking advantage of the ability to model tsunami propagation linearly in the deep ocean. For example, Burbidge et al 2008?? Developed a PTHA for Australia based on all possible subduction zone earthquake sources. The result of this modelling process was a database of synthetic tsunami waveforms at the 100 m depth contour. Hazard is expressed in terms of probability of exceedence for wave height at the 100 m contour. This assessment has been used to prioritise locations for inundation modelling, and provides a database of synthetic tsunami waveforms that have been used to drive inundation models for several locations on the east and west coast of Australia. Inundation modelling has been undertaken using the ANUGA software package(Nielsen et al., 2005), which uses a finite volume methods to solve the non-linear shallow water wave equations in conservative form. This model has been validated against observational evidence from the 2004 Indian Ocean tsunami from Patong Beach, Thailand (Jakeman et al.) and Geraldton, Western Australia (Horspool et al,). ANUGA has also been validated using wavetank models that simulated the 1993 Okushiri Island tsunami off Hokkaido, Japan (Matsuyama and Tanaka, 2001; Nielsen et al., 2005). Typical model outputs are maximum inundation and current speed maps for the duration of the tsunami. It has been observed in the modelling process that larger offshore maximum wave heights do not always translate into greater inundation. In this study we use outputs from an inundation model and compare to test alternative measures of offshore tsunami hazard as predictors of inundation. 
Tsunamis have been historically difficult to quantify. (Papadopoulos and Imamura, 2001) reviewed tsunami intensity scales and concluded that there has been confusion between magnitude and intensity scales. Magnitude scales include those based on wave height (e.g the Imamura-Iida scale (refs in Papad.above), and wave height and distance from the source (Abe refs, Hatoris 1986 refs). (Murty and Loomis, 1980) took a different approach, and measure tsunami magnitude in terms of tsunami potential energy. (Papadopoulos and Imamura, 2001) develop a new intensity scale based solely on impacts, akin to the Modified Mercalli Intensity scale for earthquake. In this paper we investigate physical measures of tsunami magnitude and their utility as measures of tsunami hazard with respect to inundation.
Tsunami can be described physically by the shallow water wave equations. In the case of one-dimensional tsunami run-up onto a plane beach, the governing equations are:
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where η is the deviation from the still water surface, u is velocity along the x-axis, γ is the slope of the bed, t is time and g is the acceleration due to gravity. The depth is given by h = γx.

Analytical solutions to these equations can be used to predict tsunami run-up. The historical development of these solutions has been reviewed in detail by (Hughes, 2004) and (Madsen and Fuhrman, 2008). The classical solution to the non-linear shallow water wave equations for run-up on a plane beach of constant slope was first given by (Carrier and Greenspan, 1958). This solution relied on complicated hodograph transformations that made application difficult. This theory has been reworked by (Carrier et al., 2003) and summarised in (Madsen and Fuhrman, 2008). Rather than repeat their derivations of the solution here, we instead simply state the result for run-up R of a periodic wave, in the formulation of (Madsen and Fuhrman, 2008):
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where A0 is the offshore wave height at depth h0, and ω is the wave frequency. It is noted that the non-linear solution for run-up is identical to the linear solution (Madsen and Fuhrman, 2008; Yeh, 2009), however the non-linear solution also allows for prediction of the moving shoreline and flow velocity. 
As this solution takes into account factors such as beach slope and wave frequency, as well as wave height, it is expected to be a better measure of tsunami hazard than wave height alone. Clearly, however, such as solution is going to be limited in predicting run-up in any real location. Slope may vary considerably over a small area, and 2-D effects such as resonance, embayment amplification and reflections mean that resulting inundation is expected to differ greatly from the solution to the idealised situation. 
As an alternative approach, we consider that the extent of inundation is related to the energy contained within the crest of an incoming wave. The depth-integrated energy flux per unit area in a wave may be given by (Johnson, R.S., 1997):
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where u is the velocity in vector form (assumed constant with depth), ρ is the water density, b is the bed surface and z is the vertical axis. This may then be integrated over the period of the crest of the wave (i.e., T/2 = π/ω) to give:
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where the subscript c defines the energy integrated over the wave crest. We consider that the maximum crest-integrated energy of the offshore tsunami wave train may provide a better measure of tsunami hazard. 
Crest-integrated energy can also be used to estimate run-up, by balancing the energy in the wave with the potential energy of the run-up volume of water at maximum run-up. We assume that at this instant the entire wave’s energy has been converted to potential energy and that kinetic energy if zero. This is unlikely to occur in reality, however we consider this to be the case in the idealised situation of run-up on a plane beach. Furthermore, this solution assumes conservation of energy, in contrast to the shallow water equations that only conserve mass and momentum. Significant energy dissipation could be expected to occur in the nearshore environment, especially through wave breaking.
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Below here is mostly crap…..
The current state of national scale knowledge of tsunami hazard is underpinned by the probabilistic tsunami hazard assessment (PTHA) of Australia (Burbidge et al 2008??). This assessment modelled tsunami generation from all possible subduction zone earthquake sources, and then modelled these tsunami as they propagated across the ocean towards Australia. To model tsunami from all possible earthquake sources was a monumental task, and for the project to be feasible a linear model was used. To model tsunami inundation, more complex non-linear modelling is required, as tsunami behaviour in the nearshore environment is highly complex. Therefore results from the PTHA are given at an offshore depth of 100 m, the limit to which the modelling process was considered valid. The result of this modelling process was a database of synthetic tsunami waveforms at the 100 m contour. From this dataset recurrence intervals of tsunami wave height could be estimated at the 100 m contour around Australia. While this does not tell us what the tsunami inundation hazard is at any particular community on the Australian coast, it does inform assessments of relative hazard, and can be used for prioritisation of communities for more detailed inundation modelling. Furthermore, the dataset of synthetic tsunami can be used as an input into more detailed tsunami inundation models. 

Since completion of the PTHA for Australia, several communities on the east and west coast have been prioritised for scenario inundation modelling. Several factors are included in the prioritisation process, including relative offshore hazard from the PTHA, availability of high resolution elevation data, population exposure and other factors that lead to a perceived high relative risk. The modelling has been done in partnership between state and federal agencies, and has used the ANUGA software package developed at the Australian National University and Geoscience Australia. Current computational limitations mean that inundation modelling can only be conducted for a small number of scenarios. Therefore there comes a point during the inundation assessment process where particular events from the PTHA dataset must be chosen, to be used as input into the ANUGA model. The process of event selection has generally been informed by two factors:

1. Wave height for the recurrence interval of interest; e.g are we interested in the worst credible event, or something more frequent? 
2. Deaggregation of the offshore hazard to determine which tsunami sources contribute the most to the offshore hazard. 

Events have also been chosen to approximate historical events, such as the 1833 Sumatra earthquake and tsunami. 

Inundation modelling has shown that due to the complex behaviour of tsunami in the nearshore environment, inundation can not be predicted based on offshore wave height alone. Cases have been observed where tsunami with smaller wave offshore heights generate significantly more inundation at the same location as tsunami with higher waves. This demonstrates the importance of detailed numerical modelling in assessing tsunami inundation hazard. It also raises questions regarding whether offshore wave height is the best metric that can be used for defining offshore hazard. Are there may be more appropriate hazard measures, that can be used in conjunction with, or instead of, tsunami wave height? An ideal measure is one that approximates direct proportionality between the measure and run-up extent. 
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Where:

E = energy

ρ = density of water

u = horizontal velocity vector

g = gravity

z = vertical axis

However, the quantities we have to work with are uh, the depth integrated velocity multiplied by the water depth h (uh is termed ‘momentum’ in ANUGA, but not actually momentum), and stage (w, height above or below still water level). Further, we take the density of water as a constant 1000 kg/m3 and know that the water depth on the boundary is 100 m. So firstly we calculate the velocity:
u = uh/h = uh/(depth+stage)

We multiply the density term by the water depth to get a depth integrated value (assuming constant density). So the equation becomes:
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Where:
w is the stage height.
Crest integrated energy:
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Figure � SEQ Figure \* ARABIC �1�: Definition sketch for tsunami run-up.
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