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Abstract 

Numerical model simulations, combined with tide gage and satellite altimetry data, reveal that wave amplitudes, directionality, and global propagation patterns of the 26 December 2004 Sumatra tsunami were primarily determined by the orientation and intensity of the offshore seismic line-source and subsequently by the trapping effect of mid-ocean ridge topographic wave-guides.

At 07:59 Local Time (00:59 UTC) on December 26, 2004, a Mw = 9.3 megathrust earthquake occurred along 1300 km of the oceanic subduction zone located 100 km west of Sumatra and the Nicobar and Andaman Islands in the eastern Indian Ocean (1). Highly destructive waves were generated by up to 10 m vertical displacements associated with massive (more than 20 m horizontally) sudden movements of adjacent plates during this event (2,3). Hundreds of thousands dead and billions of dollars in damage expose catastrophic regional impact of this tsunami. At the same time, the waves recorded around the world revealed unprecedented truly global reach of the waves generated on December 26 (Fig.1). This tsunami is the first for which there are high-quality worldwide tide gage measurements and for which there are multiple-satellite altimetry passes of tsunami wave height in the open-ocean. In this study, we couple global observations with numerical simulations to determine the principal factors affecting that portion of seismic energy that was transported thousands of kilometers throughout the World Ocean in the form of tsunami waves. 

We focus on measurements in intermediate and far field regions (Fig. 2) to characterize the worldwide distribution of magnitudes and general propagation characteristics of the Sumatra tsunami. Although coastal tide gage records are available for much of the world ocean, interpretation of this data is complicated because of different quality. For example, the sampling rate for Pacific Ocean gages is generally 15 s to 2 min, but only 2 to 30 min for the more sparse observations in the Indian Ocean, and 6 to 15 min for the Atlantic Ocean, including the well instrumented US East Coast. 

The first instrumental tsunami measurements were available about three hours after the earthquake from the real-time reporting tide gage at the Cocos Islands (Fig. 1) located approximately 1700 km from the epicenter (4). Data from this gage (Fig. 2a) reveal a 30 cm-high first wave followed by a long train of water level oscillations with maximum peak-to-trough ranges of 53 cm. Gage data and runup measurements from sites in India and Sri Lanka (5) at similar distances from the epicenter yielded amplitudes almost ten times greater than the Cocos Islands values. These significant wave height differences are consistent with numerical modeling results that clearly demonstrate the highly directional nature of the Sumatra tsunami (Fig. 1). Data from other tide-gages around the Indian Ocean show amplitudes ranging from about 3 m to less than 0.5 m, with no well-defined attenuation with distance from the source. Similarly, gage wave heights are not necessarily correlated with the heights of tsunami inland inundation (runup) in the vicinity of the gage. Few tide-gage records available for areas with substantial inundation show recorded water elevations 2 to 5 times smaller than measured tsunami runup in the same area. For example, at Chenai, 1.5 m at the gage translated into 3 to 4 m runup; 1.5 m at Phuket gage vs. 3 to 6 m runup.  This well known discrepancy (6) complicates determination of the true tsunami heights from coastal data. Many of the gages in the Indian Ocean region were either destroyed (e.g. Thailand) or malfunctioned (e.g. Colombo, Sri Lanka), so that the largest amplitudes may not have been recorded. 

Data from regions outside the Indian Ocean (Figs. 2) present an even more complex picture of tsunami behavior. The measurements indicate that, contrary to near-field regions, maximum tsunami wave heights were not associated with the leading waves. In the North Atlantic and North Pacific, maximum waves arrived several hours to one day after the initial tsunami (7). Furthermore, larger tsunami amplitudes were recorded at Callao, Peru 19,000 km east of the epicenter than at the Cocos Islands 1,700 km to the south of the epicenter. Similarly, wave amplitudes at Halifax, Nova Scotia, were also greater than at the Cocos Islands, even though these waves had propagated more than 24,000 km west across the Indian Ocean and then north along the entire length of the South and North Atlantic Ocean. 

Satellite altimetry measurements of tsunami amplitude – corrected for quasi-permanent ocean circulation features such as eddies – were obtained from the Jason-1 and Topex/Poseidon satellites as they transited the Indian Ocean about 150 km apart approximately two hours after the quake (8, 9). The tracks crossed the spreading front of the tsunami waves in the Bay of Bengal down to about 1200 km southward from Sri Lanka. The measurements revealed amplitudes of about 50 to 70 cm of the leading tsunami wave at this location of the Indian Ocean.

To interpret and study such a complex data set, we have employed the rigorously tested MOST (Method Of Splitting Tsunami) model (10) to simulate worldwide tsunami propagation. Figure 1 summarizes simulation results for a model tsunami source constrained by the open-ocean satellite measurements and available seismic analysis. The slip distribution between the sub-faults of our source provides the best fit with the open-ocean satellite data and qualitatively agrees with the multitude of the earthquake source data (fig. 1 inset).  The details of the co-seismic deformation that generated these powerful waves still have substantial uncertainties. The ambiguities and difficulties of interpreting the unique seismic data for this event are reflected in substantially different source models derived from the seismic data (4,11). Geodetic field measurements and GPS data provide another source interpretation (3). The tsunami data itself provide significant insight into the large-scale source structure, since they reflect extremely low-frequency source characteristics. Inversions studies of the satellite tsunami data offer yet another version of the source (12). For our study, however, the small-scale features of the tsunami source may not be critical, since tsunami propagation pattern away from the source are not very sensitive to such details. The magnitude of seafloor displacement, aerial extent of displacement and its location are the most critical source parameters determining characteristics of the far-field tsunami propagation (13). Consequently, our model results in Figure 1 are qualitatively similar to the early MOST model obtained only hours after the earthquake, which used substantially simpler source assumptions, not constrained by later data analysis (14, fig. S1 and animation S2). The magnitude (Mw 9.2) and dimensions of our model source are consistent in general with seismic and geodetic inversions and it fits well the tsunami altimetry measurements; thus, providing a robust model for worldwide propagation.  

Model simulations of tsunamis provide insight into open ocean wave propagation that cannot be determined from tide-gage recordings alone. This is especially important for open ocean regions (e.g. the Atlantic coast of Africa and South America) for which there are very few available data. Because tsunami wave dynamics in deep water are linear to first order, the square of the tsunami wave height in the open ocean is directly proportional to the energy of the waves. As a consequence, the distribution of computed maximum open-ocean wave amplitudes are also patterns of tsunami energy propagation (Fig.1). Although near-shore wave dynamic is simplified in this model due to insufficient resolution, the maximum computed offshore amplitudes provide accurate estimates, since these maximum values are hardly influenced by coastal reflections and, therefore, by model inaccuracies nearshore. The model offshore amplitude distribution matches very well the amplitude variation along coastal tide-gage records. In particular, we note that the anomalously high coastal amplitudes observed in far-field regions closely correspond to the predominant directions of tsunami energy propagation. Halifax (Canada), Manzanillo (Mexico), Callao (Peru) and Arica (Chile) all recorded wave amplitudes > 50 cm and each site is located at the terminus of a beam of computed tsunami energy that extends more than 20,000 km from the source region. 

Our model results support suggestions that there are two main factors affecting tsunami wave directionality: the focusing configuration of the source region (15) and the wave-guide structure of mid-ocean ridges (16). Continental shelves also act as wave guides (17) and were apparently responsible for alongshore propagation and persistent ’ringing’ for the Pacific coasts of South and North America. In the near-field, the focusing effect of the large extension of the earthquake source region was the primary factor determining directionality of the 2004 Sumatra tsunami. The long and narrow initial seafloor deformation generated waves with highest amplitudes propagating in the cross-source (here, zonal) direction, with smaller energy wave propagating in the long-source (meridional) direction. This effect is evident in both the model and tide-gage data.

For far-field waves, seafloor topography is the main factor determining the directionality of energy propagation. Analysis of the Sumatra tsunami model (Fig.1, animation S2) illustrates the role of mid-ocean ridges in guiding inter-ocean tsunami propagation. The Southwest Indian Ridge and the Mid-Atlantic Ridge served as wave-guides for tsunami energy propagation into Atlantic Ocean while the Southeast Indian Ridge, Pacific-Antarctic Ridge, and the East Pacific Rise served as guides for waves entering the Pacific. Results further show that ridges act as wave guides only until their curvature exceeds critical angles at locations along the tsunami wave paths. For example, the sharp bend of the Mid-Atlantic Ridge in the South Atlantic results in the tsunami ray leaving the wave-guide near 40° S and hitting the Atlantic coast of South America with relatively high wave amplitudes. The model predicts the large (~ 1 m) peak waves observed at Rio de Janeiro (Brazil), but model verification for other locations on the east coast of South America is hampered by lack of instrumentation (Fig. 1). Focusing by the Ninety-East Ridge beamed tsunami energy southward toward the coast of Antarctica. There were no gage stations on the coast of Antarctica directly in line with the beam of tsunami energy arriving from the Ninety-east Ridge, and only moderate (60 to 70-cm) peak-to-peak waves were recorded at the French Dumont d'Urville station (18) and the Japanese station Syowa on the coast of Antarctica. These sites were more than 2000 km to the east and west, respectively, of where our model predicts maximum coastal tsunami waves due to focusing by the Ninety-East Ridge. 

For most of the eastern and central Indian Ocean records, the first few waves were the largest (up to 12 hours of anomalously high wave intensity), followed by relatively rapid exponential wave attenuation. Model simulations illustrate that these records are from locations where the largest tsunami waves followed a direct route from the source following initial focusing by the source configuration. This is consistent with source-focusing as the main factor determining evolution of the tsunami in the near-field (19). 

Tide gage recordings from the western Indian and other oceans show increased tsunami duration, with maximum waves arriving later in the first wave train. This demonstrates increased input from waves that reached the gage locations after scattering or refracting from shallow submarine features and reflecting from the coasts. In the case of topographic effects, the multiple refraction and slower propagation of waves constrained by the mid-ocean ridge wave-guides led to both the later arrival of the largest amplitude waves and to prolonged duration of tsunami activity associated with distinct bathymetric features. The records for Male in the Maldives and Pt. La Rue in the Seychelles (Fig. 3) serve to illustrate the two different types of tsunami wave patterns. The Male tide gage recorded a large first wave with rapid amplitude decay thereafter (Fig. 3a), whereas the Pt. La Rue gage (Fig. 3b) recorded a more complex pattern with significantly slower amplitude decay. Wavelet transforms (20) for these data emphasize the more limited duration and higher frequencies of the Male record (~1 day duration, 15-50 min periods) compared to the Pt. La Rue record (~ 3 day duration, 20-60 min periods). Male is directly across from the source region with no shallow scatterers in between, while Pt. La Rue received both scattered waves (through the Maldives and Chagos Archipelago) and reflected waves (e.g., off the Africa and Madagascar coasts).

The prolonged tsunami records for the Atlantic Ocean (Fig 2, Fig. S3a) are consistent with substantial tsunami energy propagation along the Mid-Atlantic Ridge wave-guide. In the Pacific Ocean, wave trains for the Sumatra tsunami often contained two or more distinct “packets” (Fig2, Fig. S3b) with different spectral characteristics.  Our model provides a few explanations for this behavior. Firstly, waveguide-driven tsunami dynamics gives rise to two packets of waves: one packet of relatively small amplitude, faster waves that took a direct path across the deeper regions of the ocean and another packet of typically higher amplitude slower waves that traveled along ridge topographic waveguides. 

Because it is so vast, the Pacific Ocean allows for two different propagation paths for most coastal locations. It is also possible that individual wave packets underwent multiple reflections from continental coastlines. Lastly, the packet structure in the Pacific records could be due to leakage of tsunami energy into the Pacific from the Atlantic Ocean. Our model shows (animation S2) tsunami waves propagating through Drake Passage between South America and Antarctica with amplitudes comparable with the waves that propagated directly into the Pacific from the west, i.e. from the Indian Ocean. Waves from the Atlantic arrived later at most locations in the Pacific, except for southern Chile, where the waves from the Atlantic arrived first. 

Although no direct tsunami damage has been reported for the 2004 event outside of the Indian Ocean basin, our study demonstrates the ability for energy from localized earthquakes to be transported throughout the world ocean. Thus, large tsunamis can propagate substantial and damaging wave energy to distant coasts, including different oceans, through a combination of source focusing and topographic wave-guides. Local resonant effects may strongly amplify the arriving waves, as occurred during the 1964 Alaska tsunami in Port Alberni, British Columbia and during the 1960 Chile tsunami in the Magadan region on the northwestern coast of the Sea of Okhotsk. 
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Figure Captions

Figure 1. Global chart showing energy propagation of the 2004 Sumatra tsunami calculated from MOST. Filled colors show maximum computed tsunami heights during 44 hours of wave propagation simulation. Contours show computed arrival time of tsunami waves. Circles denote the locations and amplitudes of tsunami waves in three range categories for selected tide gage stations. Inset shows fault geometry of the model source and close-up of the computed wave heights in the Bay of Bengal. Distribution of the slip among 4 sub-faults (from south to north: 21m, 13m, 17m, 2m) provides best fit for satellite altimetry data and correlates well with seismic and geodetic data inversions.

Fig. 2. Time series of tsunami wave heights (m) as recorded at selected tide-gage stations in the three major ocean basins. Arrows indicate first arrival of the tsunami.

Fig. 3. Wavelet analysis of tsunami wave heights recorded by tide gages at  (a) Male, Maldives and (b) Pt. La Rue, Seychelles. Each plot shows the first 60 hours of the observed tsunami record and its corresponding wavelet decomposition (frequency/period versus time).


