
Study commissioned by Defra Flood Management  
 
 
 
 
 

The threat posed by tsunami to 
the UK 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 

  
  

  
 
June 2005 



 

Statement of Use 
 
Dissemination Status 
Internal/External: Approved for release to Public Domain 
 
Keywords: tsunami, earthquakes, flood forecasting, flood warning, flood risk 
 
Research Contractor 
This report was produced by: 
British Geological Survey 
Murchison House 
West Mains Road 
Edinburgh 
EH9 3LA 
 
The work was carried out by a consortium with the following membership: 
British Geological Survey 
HR Wallingford 
Met Office 
Proudman Oceanographic Laboratory 
 
Project Manager 
Dr David Kerridge, djk@bgs.ac.uk 
 
Defra Project Officer 
Mr David Richardson, david.richardson@defra.gsi.gov.uk 
 
This document is also available on the Defra website 
www.defra.gov.uk/environ/fcd/studies/tsunami 
  
Department for Environment, Food and Rural Affairs,  
Flood Management Division 
Ergon House, Horseferry Road,  
London SW1P 2AL.  
Telephone 0207 238 3000  
www.defra.gov.uk/environ/fcd 
 
© Queen’s Printer and Controller of HMSO 2005 
 
Copyright in the typographical arrangement and design rests with the Crown. 
This publication (excluding the logo) may be reproduced free of charge in any 
format or medium provided that it is reproduced accurately and not used in a 
misleading context. The material must be acknowledged as Crown copyright 
with the title and source of the publication specified. 
 
The views expressed in this document are not necessarily those of Defra. Its 
officers, servants or agents accept no liability whatsoever for any loss or 
damage arising from the interpretation or use of the information, or reliance on 
views contained herein. 
 
Published by the Department for Environment, Food and Rural Affairs 



  i  

Departmental Foreword 
We welcome this thorough and detailed report and are grateful for the efforts of 
all the specialists concerned who completed the work at very short notice.  
This study has confirmed that Tsunamic events in the North East Atlantic and 
North Sea are possible but rare.  In most plausible circumstances it is likely that 
such an event would be contained by current defences, designed to resist storm 
surges, for all major developed areas.  
We note, however, that any event of this type would be different in character 
from a storm surge and, in particular could occur at any time of the year without, 
for example, the build up of prior meteorological conditions associate with winter 
storms.  We also note that there is some uncertainty about potential impacts of 
a wave that might be generated from a Lisbon-type earthquake in South West 
England, South Wales and Southern Ireland and that it may be possible to 
resolve some of this uncertainty through further more detailed modelling. 
We therefore propose to undertake further short term research that will:  

• Refine the potential impact envelope in the South West of England, 
South Wales (and Southern Ireland) from Lisbon-type events; 

• Give more consideration to the difference between tsunami-type events 
and storm surge waves in terms of coastal impact 

• Study typical impacts of near-coast events (e.g. on North Sea coast 
recreational beaches and other facilities seaward of defences) to identify 
the potential degree of hazard. 

In the light of these further investigations we will review the priority for further 
specific public awareness and/or emergency planning activities.  However, 
because these types of event are so infrequent, we agree that warning systems 
are only sustainable if they are regularly used also for other purposes.  We will 
therefore in the meantime:  
• Encourage discussions between the Environment Agency, Met Office and 

POL regarding a programme of selective improvements to the tide gauge 
network in terms of measurement frequency and data handling in light of the 
report recommendations and the further impacts work noted above.  Also 
improvements in access to real-time data from gauges in other countries.  
All of these could have some benefits for normal storm forecasting. 

And with ODPM: 
• Encourage others to work on relevant enhancement and development of the 

European Broadband seismic network, data analysis and interpretation to 
support the aims identified in this report, especially the monitoring of 
potential near-field events as these will have other benefits for seismic 
research.   

• Encourage further dialogue between Met Office and British Geological 
Survey regarding routes for effective advice and warning dissemination 
relating to seismic events of all types with potentially hazardous 
consequences for the UK.   

We believe that this is a measured and appropriate response to the potential for 
the type of low probability events outlined in this report. 
 

Flood Management Division 
Defra 

June 2006 
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Executive Summary 
Background 
The earthquake of 26 December 2004, initiated off the west coast of northern 
Sumatra, and the devastating tsunami that resulted, has led many governments 
and international agencies to consider the likelihood of similar events occurring 
in other parts of the world, and the possible consequences. 
For the UK and Europe there are records of several past events of significance, 
notably, in historical times, the earthquake of 1 November 1755 and the ensuing 
tsunami that, together, destroyed Lisbon. There is firm geological evidence for 
the source region and the effects of a major tsunami impacting the coasts of 
Scotland and northeast England following a submarine landslide offshore 
Norway about 8200 years ago. Recently, public attention has been drawn to the 
disastrous flooding in areas bordering the Bristol Channel in January 1607, and 
it has been argued that this was the result of a tsunami. However, in this case, 
the combination of a high tide and a storm surge at the time provides a likely 
explanation for the flooding. 
The evidence that tsunamis have reached the UK in the past indicates that the 
possibility of significant future events cannot be dismissed. Also, there may be 
other potential sources of future tsunami. 
Aims 
The aims set for the study were the following: 

• To consolidate what is known about the mechanisms of generation, 
associated probabilities and potential consequences of extreme long wave 
events such as seismic or submarine landslide induced extreme waves in 
the North Atlantic and North Sea that could impact on the coasts and 
estuaries of North West Europe; 

• Taking the range of potential events, to use existing data, where readily 
available, to assess the order of magnitude of potential impacts in terms of 
potentially affected population and infrastructure; 

• To consider the likelihood of early detection, the lead-times likely to be 
available from detection to impact and, therefore, the practical potential of 
warning and response systems. 

Results 
The tsunami hazard to the UK has been assessed by gathering evidence on 
past events, considering possible source regions, and modelling the 
propagation of tsunami waves from selected source locations to the coast. This 
part of the study lead to the following conclusions: 

• The occurrence of an earthquake in the North Sea of sufficient magnitude to 
have tsunamigenic capability is possible. 

• A strong, potentially damaging tsunami reaching the coasts of the UK 
resulting from a passive margin earthquake in the Sole Bank area 
(western Celtic Sea) or associated with the Rockall Trough, or in the North 
Sea Fan area, is credible. 

• A tsunami reached the UK following the Storegga slide, but the geological 
model suggests that another glaciation (time scale ~100,000 years) is 
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needed to re-establish the conditions required for a similar failure at that 
location. However, there are other sections of the neighbouring continental 
slope that have the potential for a landslide, possibly triggered by a passive 
margin earthquake. 

• A tsunami reaching the UK from the Azores-Gibraltar region (responsible 
for the earthquake and tsunami causing the destruction of Lisbon in 1755) is 
a possible event. However, the likelihood of a future tsunami from this 
source being worse than that of 1755 is negligible. 

• Landslides around the Canary Islands are probably less frequent than 
those on the continental slope of northwest Europe. Should a Canary Islands 
landslide occur, its effect at distance would be heavily dependent on the 
nature of the collapse. The evidence points to a gradual collapse being most 
likely, and this will have little effect at the distance of the UK. 

The results of the tsunami propagation modelling examples carried out in this 
study are summarised in the following table. 
 

Origin of tsunami Height and propagation time of wave reaching 
the coast, regions affected and (assumed 

amplitude of wave at its origin) 
Near field earthquake in 
North Sea (cf. Dogger 
Bank, 1931) 

0.8-2 m 
1-2 hours 
Yorkshire and Humberside coasts 
(1m) 

Passive margin 
earthquake in the 
western Celtic Sea 

0.5-1 m 
3-6 hours 
North Devon, Bristol Channel, south and west 
Wales 
(1m) 

Plate boundary west of 
Gibraltar (Lisbon 
earthquake of 1755) 

0.8-1 m 
5-8 hours 
Cornwall, North Devon and Bristol Channel, South 
Wales 
(1m) 

La Palma slide  (Canary 
Islands) 

1-2 m 
7-8 hours 
Cornwall, North and South Devon 
(2m) 

(Note: The choice of parameters for the La Palma slide was the most uncertain in these 
examples. Far greater wave heights at the source region have appeared in the literature, but 
this topic remains the subject of debate.) 
The tsunami propagation modelling has given likely wave heights in the vicinity 
of the coast. Local impacts will depend on a range of local factors and it has not 
been possible to carry out detailed studies of inundation for particular areas 
within the scope of this study. However, tools are available for inundation and 
impact modelling, given credible ranges of nearshore sea levels. An example of 
such a tool is the Risk Assessment for Strategic Planning (RASP) methodology 
that has been developed and applied to fluvial and coastal flooding. RASP fits 
well with the requirements for assessment of flooding due to tsunamis. 
The UK has national seismic and oceanographic monitoring networks, though 
these are not currently used to detect tsunami events. To do so effectively 
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would require improvements in sensor technology and data communications, 
development of software tools for (as automated as possible) detection and 
interpretation of measurements, and the establishment of a 24-hour, 7-day 
operation charged with monitoring to detect tsunami generation in conjunction 
with other events with environmental impacts. 
An effective early warning system encompasses understanding and mapping of 
the hazard, monitoring and forecasting of impending events, processing and 
dissemination of understandable warnings to emergency authorities and the 
population, and taking timely and appropriate actions in response to warnings. 
The authorities and the public should have prior education in the likely impacts. 
The modelling carried out in this study has shown that the majority of feasible 
tsunamis affecting the UK would take sufficient time to travel from their source 
regions to the UK coastline to allow warnings to be issued and acted on. The 
authorities responsible for emergency response at a local level should, of 
course, have appropriate procedures in place. 
Conclusions and recommendations 
1. The Indian Ocean event of 26 December 2004 has raised public awareness 

of the ability of extreme tsunamis caused by massive earthquakes, to 
devastate a wide area. In contrast, the most likely scenario for a significantly 
damaging tsunami in the UK is an anomalously large, relatively close 
earthquake producing a tsunami that would only be severe locally. Such 
earthquakes are themselves rare, and even should such an event occur, it is 
probable that it would not produce a tsunami. In the modelling carried out in 
this study, for both close and distant events, the heights of tsunami waves 
arriving close to the shore are comparable to those in typical storm surges. 
All major centres of population have flood defence infrastructure designed to 
cope with the expected range of surges. 

2. However, certain characteristics of tsunami events (the number of waves, 
the range of wavelengths) are likely to create sea conditions different to 
those during a storm surge. Also, tsunami events may occur at any time; 
they are not associated with adverse meteorological conditions. Therefore, it 
should not be assumed that the impact of a tsunami would be comparable to 
that of a storm surge simply on the basis of a similar wave height. 
Uncertainties in assessing the impact of a tsunami can be reduced by a 
relatively short-term study, using existing models and techniques, and we 
recommend that such a study be carried out as a matter of early priority. 

3. A combination of seismic and oceanographic monitoring would be effective 
in detecting tsunamigenic events, and it is recommended that a warning 
system should employ both types of monitoring network. The existing 
seismic and oceanographic networks operating in the UK were established 
for other purposes. To develop the networks to provide an effective tsunami 
detection and monitoring capability, upgrades to sensors and data 
communications are required. This study has highlighted some priority areas 
for installation of new equipment for tsunami detection. The enhanced 
networks would be multi-use, helping to ensure their sustainability. 

4. At the IOC Conference on the Development of an Indian Ocean Tsunami 
Warning System (March 2005), the decision was taken not to have a single 
dedicated Indian Ocean warning centre, as in the Pacific model, but to have 
a set of national systems with real-time access to data from neighbouring 
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countries. We suggest that this model is the most suitable for Europe and 
the UK. Establishing protocols for data exchange with European partners will 
strengthen the monitoring system at low cost. 

5. We recommend that a group is established to liaise with national and 
international agencies to establish near real-time (minutes) access to 
relevant seismic and oceanographic data, and to develop and test systems 
of numerical models coupled to data from existing (and future) 
instrumentation to detect and monitor tsunamis. 

6. The Met Office because of its existing operational structures for forecasting 
and issuing environmental warnings on a 24-hour, 7-day basis is a natural 
focus for a tsunami warning service. We suggest that incorporating a 
tsunami warning service into Met Office responsibilities, drawing on seismic 
and oceanographic expertise from partner organisations, would be 
operationally effective and, in building on existing operations, cost effective. 

7. The lead-times from tsunami detection to arrival provide, in most scenarios, 
adequate time for the appropriate authorities to take action to mitigate the 
impacts. We recommend that a warning service should include an education 
programme so that those responsible for local emergency response, and the 
public, react properly to tsunami warnings. Such a programme would be 
based on information on the likely effects of tsunami events gained from 
impact studies of the type recommended above. 
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1. Introduction 
The massive earthquake on 26 December 2004, initiated off the west coast of 
northern Sumatra, created a tsunami that swept across the Indian Ocean 
devastating parts of Indonesia, Thailand, Sri Lanka and other coastal areas of 
the Bay of Bengal, with deaths reported as far away as Somalia. This event 
has, naturally, raised the question of the vulnerability of other areas of the world 
to tsunamis. 
There is historical and geological evidence of tsunamis reaching UK shores, 
and so the possibility of future events impacting on low-lying populations and 
infrastructure in the UK cannot be dismissed. Future tsunamis could originate 
from areas that have produced tsunamis in the past, but there might be other 
potential source regions that have not, so far, been responsible for tsunami 
generation. 
Consequently Defra Flood Management Division has commissioned this study, 
setting the following aims:  

• To consolidate what is known about the mechanisms of generation, 
associated probabilities and potential consequences of extreme long wave 
events such as seismic or submarine land slide induced extreme waves in 
the North Atlantic and North Sea that could impact on the coasts and 
estuaries of North West Europe; 

• Taking the range of potential events, to use existing data, where readily 
available, to assess the order of magnitude of potential impacts in terms of 
potentially affected population and infrastructure; 

• To consider the likelihood of early detection, the lead-times likely to be 
available from detection to impact and, therefore, the practical potential of 
warning and response systems. 

 
Chapter 2 is a review of possible sources of tsunamis in the North Atlantic and 
North Sea regions, including earthquakes and landslides but excluding oceanic 
meteorite impact. The potential threat from each source in terms of the 
likelihood that a tsunami could be generated that would impact on the UK, and 
the probable limits on size are assessed. The evidence for past tsunami events 
affecting the UK is also discussed. 
Given that a tsunami is generated at a known location, numerical modelling of 
wave propagation, using high-resolution deep-ocean and shelf models can 
predict travel times and identify the nearshore regions that will experience the 
highest increases in sea level. Examples of such modelling, using the results of 
Chapter 2, are given in Chapter 3. The arrival time of a tsunami wave, in 
relation to tides and sea surges, will affect the run-up of the wave and the extent 
of inundation. The nearshore wave height gives a first indication of areas at risk, 
but to quantify reliably the impact on coastal populations and infrastructure 
requires detailed small-scale study beyond the scope of this report. However, 
the potential to combine information on demographics, building stock, flood 
defences and inundation estimates using existing tools is clear. An approach to 
flood risk analysis is outlined in Appendix G. There is a discussion of possible 
impacts on water resources in Appendix I. 
The ability to issue and act upon warnings depends on detecting the event that 
initiates a tsunami, assessing its magnitude, and the propagation time to the 
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areas vulnerable to flooding. In most cases, earthquakes are the cause of 
tsunamis, and a large magnitude earthquake is required. Seismic monitoring 
provides early information on earthquake occurrence and, given sufficient 
information, an initial analysis of the likelihood of a tsunami being generated can 
be made. However, underwater landslides also create tsunamis, and relatively 
small earthquakes may trigger them. Interpretation of seismic data from such 
events in terms of tsunamigenic potential is problematic. Once a tsunami has 
been generated, further information can be gathered by monitoring its progress, 
given a suitable network of ocean sensors. The seismic characteristics of 
tsunamigenic earthquakes and the capability to detect tsunami using seismic 
and oceanographic measurements are described in Chapters 4 and 5. 
Options for developing an effective tsunami warning service for the UK are 
presented in Chapter 6. This includes a discussion of the capabilities and 
limitations of the current UK seismic and ocean monitoring networks and their 
operational modes, and the practical steps needed to translate a tsunami 
warning into local action in vulnerable areas. Recommendations for the 
enhancement of current systems and operations are made. A warning service 
demands 24-hour, 7-day operation, and some of the existing arrangements for 
services operated by the Met Office on this basis are described in Appendix C. 
An approach to assessment of the costs and benefits of establishing a warning 
service is outlined in Appendix H.  
This study has drawn on a range of material from different sources. The 
operations of tsunami warning services in the Pacific are mature and were a 
starting point for considering the appropriate model for the UK. Details of the 
systems used in the Pacific are given in Appendix C. The Environment Agency 
is responsible for issuing flood warnings for England and Wales; the Scottish 
Environment Protection Agency has this role for Scotland. The Environment 
Agency’s flood warning system is described in Appendix D and the Met Office’s 
operations concerning weather and flood warning services are described in 
Appendix E. The value of warnings to those tasked with organisation of 
emergency responses is discussed in Appendix F. The topic of tsunami hazard 
has been the subject of intensive discussion at a number of international 
meetings. A report on some of these, including the World Conference on 
Disaster Reduction, 18-22 January 2005, Kobe, Hyogo, Japan is given in 
Appendix J.  
A large team of people from the British Geological Survey, HR Wallingford, the 
Met Office, and the Proudman Oceanographic Laboratory has contributed to 
this study. The project team is listed in Appendix B. Acronyms used in the report 
are listed in Appendix A. 
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2. Possible sources of tsunamis affecting the UK 
2.1 Introduction 
Any discussion of the hazard to the UK from tsunamis must begin with a 
consideration of the various possible causes. From these, credible scenarios 
can be developed. Any tsunami starts with the rapid displacement of water 
volume. Therefore, for a tsunami to occur, some source is required that causes 
such a displacement. This can be one of three things: 

• A sudden vertical movement of the sea floor as the result of faulting; 

• Sudden movement of a large amount of material underwater, as in an 
underwater landslide; 

• A large amount of material entering the sea violently. 
The first case is mostly restricted to earthquakes that cause fault rupture 
(vertical or with a vertical component) extending to the sea bed. It is also 
possible for blind thrust faulting to create folds or ridges at the free surface, 
even when the fault itself does not itself extend to the surface, and this could 
have a similar effect. In the second case, underwater landslides may be 
triggered by earthquakes; perhaps even only by moderate earthquakes if the 
slope is sufficiently unstable. Or they may be triggered by other events such as 
the dissociation of gas hydrates (Kvenvolden, 1988). Also to be considered are 
underwater volcanic eruptions where the material could be quite variable e.g. 
lava, hot waters or gas. In the third case, the most probable circumstance is a 
large terrestrial landslide that enters the sea (volcanic slope collapse being a 
possible cause). An alternative cause would be the impact of a large asteroid, 
but asteroid impact of sufficient magnitude is very rare, and this possibility will 
not be considered further in this report. 
In this section, the different sources that can generate a tsunami in the North 
Atlantic are described. For each region, consideration is given to the type of 
tsunami that might be caused, the probability of this occurring, historical 
precedents (if any), and probable limits on size of event. Locations are 
considered in approximate order of distance from the UK. The following 
potential sources are considered: 

1. UK coastal waters 
2. NW Europe continental slope 
3. Plate boundary area west of Gibraltar 
4. Canary Islands 
5. Mid-Atlantic Ridge 
6. Eastern North America continental slope 
7. Caribbean 

These regions are shown in Figure 2.1. 
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2.2 Possible tsunami sources 
Before discussing each location in turn, a further general point needs to be 
raised. Tsunamis can be loosely placed into one of two categories, which can 
be referred to as local tsunamis and transoceanic tsunamis. Many tsunamis, 
though very severe on the coasts immediately adjacent to the source (for 
example, recent destructive tsunamis in Flores and Papua New Guinea in 1992 
and 1998), do not propagate to any great distance; if they are detectable at 
distance it is only at small amplitudes. In contrast, other tsunamis can cross 
entire ocean basins and strike with great force on the far side. The difference 
between these two types is related to wave period, which in turn relates to the 
size of the source. As a first approximation, the width of the ocean floor 
displaced by an earthquake controls the period of the resulting tsunami, while 
the height of the uplift determines wave amplitude (Mader 2001). Thus, 
movement on a large, shallow-dipping fault (such as in the case of the 26 
December 2004 earthquake) will cause a tsunami that retains its coherence 
over large transoceanic distances. An underwater landslide, by contrast, 
produces a tsunami that disperses more rapidly with distance, though it may be 
very severe local to the source. 
 

 
 
Figure 2.1: Sketch map showing the source zones considered in this study. 
Boundaries are not intended to be precise. 

8 
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This distinction needs to be borne in mind in considering the different 
geographical sources, as a distant source that only produces local tsunamis is 
not of pressing concern. 
A further point of general discussion is the magnitude limit to be considered for 
tsunamis produced by earthquake faulting. In the first case, obviously the 
earthquake must be large enough for the fault rupture to intercept the surface of 
the sea bed, or at least displace the sea floor in some way (earthquake ruptures 
that do not quite reach the surface can still cause surface deformation). Surface 
fault breaks are not usually associated with earthquakes less than about 6.5 MS 
(surface-wave magnitude), though a smaller event could break surface if it was 
shallow enough. The Mediterranean tsunami catalogue of Soloviev et al (2000) 
records instances of tsunamis from smaller magnitude earthquakes, though one 
cannot always be sure if some of these are not from triggered landslides. An 
earthquake on 18 December 1920 of magnitude 6.2 MS caused a damaging 
tsunami in the Adriatic, and one on 2 November 1956 of only 5.6 MS produced a 
run-up of over 1m in the Gulf of Volos. This issue is chiefly important for the 
discussion of tsunamis from close sources. Obviously, the smaller the 
earthquake, the smaller the tsunami, both in amplitude and period. 
In the assessment of probabilities of outcomes, these have been deliberately 
left to a few categories (very low, low, high, very high) that are not precisely 
defined. It is not possible to derive quantitative estimates in the scope of this 
limited project. Equally, potential parameters of future tsunamigenic 
earthquakes are considered here mostly in descriptive terms; more precise 
numerical analysis requires further work. The approximate meanings of the 
probability categories used are as follows: 
Very low – Indicates something extremely unlikely, an event with a recurrence 
interval of many thousands of years, or a consequence with a probability of less 
than 0.1%. 
Low – An unlikely event with a recurrence interval of some hundreds or 
thousands of years, or a consequence with a probability of a few per cent. 
Moderate – An event with a recurrence interval of some hundreds of years, or a 
consequence with a probability of a few tens per cent. 
High – An expected occurrence, with a recurrence interval of perhaps less than 
a hundred years, or a consequence with a probability greater than even. 
Very high – A frequent occurrence, with a recurrence interval of a few tens of 
years, or a consequence with a probability greater than 90%. 
In these descriptions, ‘consequence’ is used in the sense that if a tsunami is 
generated then the likelihood of it being observable in the UK is estimated to 
have the probability indicated. 

2.2.1 UK coastal waters 

2.2.1.1 Seismically triggered events 
It might seem self-evident that the minor intraplate seismicity that the UK 
experiences is of no possible relevance to tsunami hazard. Nevertheless, it is 
advisable at least to examine it. 
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The seismicity of the UK is discussed in general terms in Musson (1996a). 
There is no historical evidence for earthquakes larger than 5.4 ML (local 
magnitude) onshore or in the Irish Sea, and fault plane solutions show that the 
mechanism for larger events is predominantly strike-slip. 
However, offshore seismicity, especially in the North Sea, is prone to larger 
events. Two of particular note (because they are well-documented and 
instrumentally recorded) are the earthquakes of 24 January 1927 and 7 June 
1931. The first of these had an epicentre in the Viking Graben area and 
magnitude of 5.7 ML; the second may have been associated with the Sole Pit 
Basin structure and had a magnitude of 6.1 ML (about 5.5 MS). This was the 
largest UK event known of in historical times, and was felt over a very large 
area. 
The graben structures of the North Sea represent a failed Cenozoic continental 
rift, though the history of the main graben structures goes back to Jurassic 
times (Gatliff et al 1994). Such failed rifts are identified by Johnston et al (1994) 
as structural candidates for large intraplate earthquakes. (The other category, 
passive margins, will be discussed in the next section). Thus, on geological 
grounds, a larger earthquake than any seen historically occurring in the North 
Sea is credible. The largest historical earthquake anywhere in NW Europe was 
the 1356 Basle earthquake. The most recent estimation of the magnitude of this 
event is 6.9 MW (moment magnitude) according to the Earthquake Catalogue of 
Switzerland (ECOS 2002). This value is privately disputed as being too high, 
and resting on an incorrect interpretation of some medieval damage reports; 
however, a magnitude of 6.5 MW (about 6.5 MS) is certainly likely. There is also 
palaeoseismic evidence from Belgium of earthquakes of about this size 
(Camelbeeck 1999). There is also palaeoseismic evidence for very large 
earthquakes in Scandinavia (Lagerbäck 1979). However, as these were related 
to post glacial isostatic rebound, they are not likely to occur again until after the 
next glaciation. 
Consequently, one cannot rule out the occurrence of an earthquake of around 
6.5 MS somewhere in the North Sea, and this is clearly within the lower range 
for events of tsunamigenic capability. 
What would be the mechanism? Given the relative lack of topography in the 
shallow waters of the North Sea, one can rule out the possibility of significant 
undersea landslides or slumping. Therefore, a tsunami could only result from a 
fault rupture. 
Authors are in agreement that current North Sea seismicity is controlled by the 
regional NW-SE stress field generated by ridge-push from the mid-Atlantic. 
Fejerskov et al (2000) and Lindholm et al (2000) found that focal mechanisms in 
the northern North Sea were predominantly a mixture of strike-slip and reverse 
faulting. Therefore, normal faulting from graben subsidence can be more or less 
ruled out, although some shallow earthquakes in the Stord-Hardanger area off 
western Norway show normal components of faulting. The faulting style is better 
known for the area off western Norway than elsewhere in the North Sea 
because the seismicity is higher here and the seismic station coverage is better 
than for the Central North Sea. 
In theory, therefore, a moderate reverse faulting earthquake of tsunamigenic 
potential in the North Sea is credible, if unlikely. Such an event would have an 
annual probability of the order of 1 in 10,000 or less. It is not obvious what 
actual structure would be the most likely candidate for such an event; one would 
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be looking for faults with a NE-SW orientation, whereas most of the major 
structures in the North Sea are N-S, E-W, or NW-SE. Faulting on a previously 
unrecognised blind thrust cannot be ruled out. As the NE-SW structures are 
short, any resulting tsunami would have a short period. 
A further possibility would be a moderately large induced earthquake associated 
with hydrocarbons extraction. It has been shown that the 2001 Ekofisk 
earthquake in the Central North Sea was an induced event (Ottemöller et al, 
2005). Induced seismicity can certainly reach magnitudes of 6.5 MS or even 
larger (Grasso 1992), and induced earthquakes are inherently shallow, so 
displacement of the sea bed would be highly probable in such a case. 
Considering that in the case of the 2001 Ekofisk event (Mw 4.4) the sea bottom 
dropped by about 10 cm, an MW 6 event may cause about 1m of movement. 
In the case of the 1927 earthquake in the Viking Graben there is one report that 
reads very like a weak tsunami: 

At the time of the shock the bar at the mouth of the Helmsdale River 
was calm, but at 5.30 a.m. [12 minutes after the earthquake] great 
rollers began to come in from the south-east. [Tyrell 1932] 

Ambraseys (1983) searched the available tide gauges, and found no trace of 
any fluctuation; however, the most northerly was at North Shields. The distance 
from the earthquake epicentre to Helmsdale is 400 km, so it is inconceivable 
that waves originating in the Viking Graben could have reached Helmsdale in 
only 12 minutes. 
Turning to the 1931 event, an officer at South Gare Breakwater (near Redcar) 
looked for a sea wave after the shock and observed nothing. Since the event 
occurred at night, conditions were not favourable for observation. At Withernsea 
it was reported that when dawn broke the sea was observed to be an unusual 
muddy colour. There are no other relevant observations from this earthquake 
(Neilson et al 1986). 
Further south, reports can be found (e.g. http://www.benfieldhrc.org/SiteRoot/ 
activities/issues/issues2.pdf) that the earthquake of 6 April 1580 “triggered 
tsunami that inundated Dover, Boulogne and Calais, leading to hundreds of 
deaths”. Varley (1996) states categorically that the earthquake produced a 
tsunami (which he refers to as a tidal wave) at Calais, Boulogne and Dover. 
Neilson et al (1984) are more cautious, considering that due to uncertainty 
about the coincidence in time of inundation and earthquake, the flooding report 
may have had some other cause (presumably meteorological). Melville et al 
(1996) are dismissive of the idea of a tsunami from this event. Evidence 
suggests (Vogt pers. comm., Melville et al 1996) that contemporary sources 
conflated descriptions of the earthquake with the effects of a storm that 
occurred very shortly afterwards. This is all the more likely since at this period it 
was not known that earthquakes were very short-lived phenomena, and to a 
16th century writer it would have been natural to consider the seismic shock and 
a storm a day later as being part of the same occurrence. 
Undoubtedly the 1580 earthquake caused agitation of the water in harbours 
along the Kentish coast, but this can be due to seismic shock waves acting on a 
body of water, as in the case of disturbance of the water in Swansea harbour 
during the earthquake of 30 December 1832 (Musson et al 1984), which was 
certainly no tsunami. 
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Musson (1994) gives the magnitude of the 1580 earthquake as 5.8 ML. Varley 
(1996) gives 5.6 ‘Richter magnitude’ ± 0.3, and Melville et al (1996) around 6.0 
(scale not specified but apparently MS). Only Varley (1996) estimates depth: 
‘the earthquake is seen as having a deep focus, probably in the lower crust’ and 
a figure is given of 25 ± 5km – he seems unaware that this would rule out a 
tsunami. Analysis of the isoseismal estimates of Melville et al (1996) using the 
procedure described in Musson (1996b) suggests a depth of 15-20 km. 
On balance, it is most likely that the 1580 earthquake did not cause a tsunami. 

2.2.1.2 Landslide triggered events 
Small tsunamis can be triggered by landslides into and within the sea close to 
the coast. Where landslides are entirely underwater they may include poorly 
consolidated sediments perched on the flanks of the water. Extensive lengths of 
the coastlines, most notably in the northern and western parts of the UK include 
steep cliffs into deep (10m+) water. Small volume failure of such cliffs will cause 
a local tsunami (at distances of less than 1 km). However, the major regions of 
cliff instability in the UK are the east and south coasts of Britain; but here softer 
rocks tend to fail by collapsing slowly into shallow water, in which circumstances 
no tsunami will be formed.  
Slides into and within fjords in Norway and Canada are the most common 
cause of tsunami in those countries and have resulted in the greatest losses, 
both economic, and in terms of fatalities. Similar geological settings occur in 
lochs in Scotland. However, there is little historical evidence for such events 
and there has been no systematic study. Although the frequency is likely to be 
very low in Scotland the lochs may be considered as potential sources of local 
tsunami that could affect coastlines that usually have little protection. Such 
small-scale landslides, with local impact, have not been considered in any detail 
in this report. 
Conclusions (UK coastal waters) 
• Largest likely event: 6.5 MS 

• Probability of tsunamigenic event: Very low 

• Type of tsunami: Local 

• Likelihood of tsunami reaching UK if occurring: Very High 

• Likely coasts affected: eastern England, eastern Scotland. 

2.2.2 NW European continental slope 
Beyond the edge of the continental shelf the seabed deepens from about 200m 
water depth to as much as 4000m and is termed the continental slope. This 
zone often includes the margin between continental and oceanic crust. The 
northwest European continental margins are passive margins, i.e. they are not 
plate boundaries and, therefore, they are not subject to the seismicity caused by 
relative plate movements. 

2.2.2.1 Potential for large earthquakes 
Nevertheless, it is known that isolated earthquakes of moderately high 
magnitude do sometimes occur on passive margins in places where there is 
little or no small-magnitude seismicity. Johnston et al (1994), in studying the 
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behaviour of large intraplate earthquakes in stable continental crust, consider 
passive margins as an important structural association. 
An earlier study by Sykes (1978) also identified passive margins as a source of 
anomalously large earthquakes; particularly at the intersection of passive 
margins and the projection of major transform fault zones in oceanic crust. 
Sykes (1978) contends that, in the early stages of oceanic opening, these 
transform structures are initiated where there are major weaknesses in the 
continental margin, and these weaknesses remain to the present day as 
features prone to reactivation under modern regional stress. 
As a typical example of this sort of passive margin event, one could cite the 
22 December 1983 Guinea earthquake (6.3 MW), an earthquake of 
predominantly normal faulting on the coast of West Africa in an area practically 
devoid of seismicity. One can posit that such an earthquake could happen on 
any passive margin, even in areas apparently aseismic. That said, these are 
rare events. The largest such passive margin earthquake in the study by 
Johnston et al (1994) is the 22 November 1933 Baffin Island earthquake with a 
magnitude of 7.7 MW. Johnston et al (1994) give mechanisms for all the events 
studied; all types of faulting are represented. 
Clearly, an earthquake occurring at the continental slope has the possibility to 
trigger a large submarine slide on the slope itself. If the earthquake is large 
enough and is reverse or normal faulting, it could possibly cause a tsunami 
without any slide. The best-known examples of tsunamis originating in this type 
of locale are associated with slides, and include the largest known tsunami to 
have affected the British Isles, associated with the Storegga event, on the 
continental slope north of the North Sea. 

2.2.2.2 The Storegga slide 
The Holocene Storegga Slide is dated offshore to 7250±250 14C yr BP 
(Haflidason et al, 2005) and its associated tsunami deposit is dated onshore to 
7250–7350 14C yr BP (Bondevik et al 1997). This is approximately 8200 
calendar years ago. Note this contrasts with previous dating results carried out 
during the 1980s on the Storegga Slide that concluded that there were three 
distinctive slide events (Bugge et al, 1987, and Jansen et al, 1987). The latest 
interpretations indicate that the Holocene Storegga Slide is just the most recent 
of a series of mega-slides (>2000 km2) that have occurred offshore mid-Norway 
since the end of the Pliocene (Table 2.1, Figure 2.2), with a frequency of 
roughly once every 100,000 years over the last 0.5 Ma (Bryn et al 2003, 
Solheim et al, 2005). 
The geological model (Rise et al, 2005) for slope development in this area is 
based on the rapid deposition of thick glaciomarine deposits during glacial 
periods when ice sheets extended out to, and locally beyond, the shelf break, 
followed by periods when along-slope contourite deposits were formed when ice 
sheets retreated from the shelf break. (Contourites are sediments deposited by 
currents flowing along bathymetric contours. The sediments are well sorted, and 
often consist of non-cohesive fine sand.) Increased levels of seismicity are 
assumed to have occurred during deglaciation in response to the reduced 
loading by ice. The contourites provide horizons capable of acting as slip 
planes. 
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Figure 2.2 Location of the Storegga Slide and related slides listed in  
Table 2.1. 
 
Both geotechnical (Kvalstad et al 2005) and morphological studies (Haflidason 
et al, 2005) demonstrate that the Holocene Storegga Slide retreated from an 
initiation in deep water to the shelf break where the headwall is 250m high.  
Deposits from the Storegga tsunami have been found from northeast England 
(55.5°N) (Smith et al, 2004) to north of the Arctic Circle along the coast of 
Norway (67.5°N). Within the UK these show run-ups reaching in excess of 20m 
at Sullom Voe, Shetland, a long narrow inlet orientated towards the source area 
and likely to have amplified the wave. Run-ups decrease southwards with 3-4m 
seen in northeast Scotland and 1m in northeast England (Smith et al, 2004). 
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Table 2.1 The Storegga and associated slides 

Slide Scar area 
(km2) 

Age (Ma) 

Storegga 27,000 0.008 
Tampen 27,000 ~0.15-0.13 
Vigrid 2,500 >0.2 

Slide R 6800 ~0.3 
Sklinnadjupet 7700 ~0.3 

Møre 14,000 ~0.4 
Slide S 23,700 ~0.5 
Slide W 2400 >1.7 

 
Modelling of the tsunami indicates that the first arrival in Scotland was a positive 
wave (Bondevik et al, 2005). Maximum wave height at Shetland is given as 8m 
and 5m at Rattray head. 
Gas hydrate dissociation was proposed as an alternative to earthquake 
triggering for the Storegga Slide (Bugge et al., 1987; Vogt and Jung, 2002). As 
gas hydrates are only stable at high pressures and low temperatures, the 
warming of bottom water after the last glaciation might have removed some of 
the gas hydrates from their region of stability, causing their dissociation and 
rapid increases in pore pressure during expansion of the methane contained in 
them. This kind of landslide trigger has been proposed previously (Kvenvolden, 
1988). Recent studies by Sultan et al. (2004) provide support for this as a 
possible scenario for the Storegga region. However, such thermal changes 
would have occurred on the mid- to upper slope, above the point of initiation of 
the Holocene Storegga Slide, but may have contributed to failure of the final 
sections. Bunz et al. (2003) have shown the extent to which gas hydrates still 
exist in the northern flank of the Storegga Slide. As this area did not fail during 
the last slide event, and shows the inherently unstable layering of glacigenic 
debris flow deposits and interglacial contourite sediments, there is a possibility 
that this area might fail in the future. Such a failure could be triggered by gas 
hydrate dissociation as a result of global warming. However, the area is much 
smaller than the Storegga Slide source region. Any tsunami triggered by this is 
likely to be, therefore, smaller than the Holocene Storegga Slide event. 

2.2.2.3 Other slides 
As shown in Figure 2.2 and in Table 2.1 there have been other very large 
submarine slides on the Norwegian margin that have occurred at approximately 
100,000 year intervals for the last 500,000 years. Like Storegga these may 
have initiated tsunamis. This depends on the size and acceleration of blocks 
during failure. The Norwegian slides closest to the UK are the Tampen and 
Møre slides located on the North Sea fan, which are of similar size to the 
Storegga slide. This is currently an area of thick poorly consolidated sediments 
at the mouth of the Norwegian Trench that has not failed since the last 
interglacial.  
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There have also been large slides on the UK margin (Long and Holmes 2001). 
The Barra Fan west of the Hebrides, shows evidence of several large slides 
(Holmes et al 1998) up to 800 km3, the most recent 17,000 years ago. 
Depending on the speed and size of blocks during failure it could have created 
a tsunami. Other slides have occurred NW of Lewis and in the Faroe–Shetland 
Channel (Long et al 2003) where the Afen slide (Wilson et al, 2004) is very 
recent, less than 2800 years old, but other than the Miller Slide they are 
probably too small to have initiated a tsunami (see Figure 2.3).  
 
The continental slope SW of the UK is steeper than that to the north and does 
not contain extensive glacial deposits. Sediment movement does occur, 
particularly down canyons but this is on a scale too small to cause a tsunami.  
 
Slope failures have occurred within the Irish EEZ, particularly in the Rockall 
Trough, that appear large scale and may affect southwest England or western 
Scotland if a tsunami was generated. However, there is no information on the 
frequency or failure style of these events but they are probably infrequent based 
on comparisons with the Rockall Trough west of Scotland where the last dated 
event was 17,000 years ago. 

2.2.2.4 Discussion 
It is uncertain whether the Storegga slides were earthquake triggered or not, 
and obviously there is no way to determine this. If one were to attempt to 
identify the most likely location of the margin for a large earthquake, using 
Sykes’s (1978) criteria, one would be looking at the area on the western edge of 
the Celtic Sea, around the Porcupine Seabight, where one might find the 
projection of the Charlie Gibbs, Faraday and Maxwell Fault Zones on the 
passive margin. In the case of the first of these, the easterly continuation of the 
Charlie Gibbs FZ has been identified as the Clare Lineament, which may run 
through the Porcupine Seabight into the western Celtic Sea (Tate 1992, 1993) 
or may connect with the Killarney-Mallow Fault (Johnson et al 2001). 
In the former case, the Clare Lineament would run close to the location of the 
intriguing Celtic Sea earthquake of 17 February 1980 (4.5 Ms). This event has 
been little studied, and occurs in a practically aseismic area. Unfortunately it 
was recorded on very few stations, so the parameters are not well determined. 
It appears to have been a genuine earthquake and not an explosion (the 
Porcupine Seabight has been used for weapons disposal). No mechanism is 
available for it. However, it does suggest the possibility that a larger earthquake 
could occur in this area. 
If an earthquake occurred here that was large enough to cause a tsunami, the 
effects would be noticed in southern Ireland and the Bristol Channel. This would 
be consistent with observations of inundation in the Bristol Channel in 1607 
(Bryant and Haslett, 2002; Disney, 2005). However, there is ample evidence 
that this event was most likely a storm surge. Other regions of the country 
experienced extensive flooding contemporaneously. The East Anglian fens 
were widely inundated (Jeffrey, 1933) and Romney Marsh in Kent was under 
water for several days (Brooks and Glasspoole, 1928). The majority of the 
contemporary records of the time were of a prolonged period of extreme winds. 
The inundation referred to by Bryant and Haslett could easily be obtained by the 
combination of an exceptional tide and a moderate surge. The surge of 
13 December 1981 (Proctor and Flather, 1989) showed that the combination of 
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moderate tide and a 2m surge is capable of widespread damage; the peak tide 
in 1607 was 14.5-14.8m above Admiralty Chart Datum at most of the flooded 
locations, an unusually high level 
. 

 
Figure 2.3 General map of slides on the NW European continental margin. 

Whatever the explanation for the 1607 floods, there is some sea-bed 
displacement evident from bathymetric data consistent with the idea of large 
passive margin earthquakes having occurred south-west of the Celtic Sea. 
Masson and Parson (1983) report the existence of two large ridges, shown here 
in Figure 2.4. It would be possible to interpret these as pressure ridges thrown 
up by large earthquakes (in the manner of earthquake folds). The more 
southerly ridge is oriented such that, if it resulted from a violent disturbance, a 
tsunami generated might be directed towards Britain. Masson and Parson 
(1983) tentatively date these features as late Eocene (i.e. roughly 35 mya) but 
this is uncertain, and they could be more recent. Tate (2005, pers. comm.) 
suggests that they look fresh on recent bathymetric data and could be very 
recent; but looks can be deceptive in such an environment and shallow coring 
would be needed to get a better estimate of age. 
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Figure 2.4 Late Eocene (or later) deformation ridges on the continental slope, 
from Masson and Parson (1983). 
Further to the north, the situation is complicated by the Rockall Trough, which 
separates the Rockall Plateau from the rest of the Eurasian Plate by a highly 
stretched, thinned and intruded continental crust. In fact, the Rockall Trough is 
another failed rift (Smythe 1989) of the ‘proto North Atlantic’, and, therefore, of 
its own account can be considered a possible source of isolated earthquakes. 
One could further hypothesise that the southern and northern ends of the 
Rockall Trough might be particularly likely locations (intersection of a rift with a 
passive margin). However, only a few earthquakes have been detected and 
these are located on the lineaments that cross the area where large igneous 
centres have intruded (Hebrides Terrace, Lousy Bank, Mammal). 
From present knowledge, there is almost no seismicity in this region at all, 
which is not necessarily an indicator that nothing can happen. Of interest is the 
St Kilda earthquake of 1686, which was reported only from the island of Borrera 
(Musson 1998). Exactly where this earthquake was and how large it was can 
only be a matter of speculation. The fact that any knowledge of it exists at all is 
only due to a historical fluke. 

18 



Chapter 2: Possible sources of tsunamis affecting the UK 

19 

Similar to the case of the 1980 Celtic Sea event, isolated small earthquakes 
occurred in the Hebrides Terrace area in 1980 and 1986. These were adjacent 
to the large Peach Slides at the boundary between the large igneous block 
(Hebrides Terrace Seamount) and adjacent sedimentary sequences. If this type 
of location is a focus of events it is also an area where there are steep slopes 
and evidence of small slides. Although the large slides, 17,000 years old and 
older, were probably tsunamigenic, the modern slides in this area are too small 
to create a tsunami that would reach the UK. 
It is argued by Musson (2005) that it is quite possible that a large earthquake 
could have occurred in the Rockall Trough in historical times. If such an 
earthquake happened before 1600, the highest intensity effects would occur in 
the Scottish Highlands and Islands, where they would not be preserved due to 
the lack of a written tradition. The earthquake would be generally perceptible 
over the rest of Great Britain, but would be described in terms of “this year was 
felt a great earthquake over the whole country” – and several such entries 
appear in medieval sources. 
In particular, Musson (2005) notes that such an event would be quite 
compatible with the slender documentation on the earthquake of 19 September 
1508, of which it is only known that it was felt strongly all over Scotland and 
England, probably more so in Scotland, and caused churches to shake. There 
are other interpretations of the data that also fit the evidence, but one cannot 
rule out the possibility of a passive margin event at this date larger than 
anything else in the UK earthquake record. 
Again, there is possible sea-bed evidence of recent large earthquakes; faulting 
breaking the sea bed in the Rockall Trough and possibly on the flanks of the 
Wyville-Thomson Ridge. The uplift of the Wyville-Thomson Ridge in response to 
compression started in the late Eocene and continued intermittently throughout 
the Oligocene; Tate et al (1999) consider that uplift may possibly have 
continued after that up to Recent times. 
A further possible historical precedent in the southwest is the event of 23 May 
1847. Slight earthquake shaking was reported from the Scilly Isles, Penzance 
and Mount’s Bay (Musson 1989), and abnormal fluctuations of the sea were 
observed at Mount’s Bay and Plymouth, the rise and fall of the sea being 
between about 1.0-1.5m (Edmonds 1869). This could conceivably be explained 
by a distant earthquake on the continental slope, just perceptible as far away as 
Cornwall. 
A number of other historical observations of possible weak tsunami events in 
southwest England are collated by Dawson et al (2000), but cannot be 
associated with any known earthquake. Some of these could well be storm 
surges. If any are actually due to unknown earthquakes occurring too far from 
land to be perceptible (and thus be preserved in the pre-instrumental historical 
record), the most likely locale is the continental slope in the Sole Bank area. 
The period of instrumental seismological observation is very short relative to the 
time scales of large intraplate earthquakes, and reconstructing such events 
from very fragmentary historical data is both difficult and speculative. If an 
earthquake capable of causing a tsunami did happen in the UK continental 
margin area, one would expect that some trace of it would be visible on the sea 
floor. The fact that features do exist that can be so interpreted leads one to 
believe that the potential for tsunamigenic events in this area should be taken 
seriously, even if they are inherently rare. 



Chapter 2: Possible sources of tsunamis affecting the UK 

Conclusions (NW Europe continental slope) 
• Largest likely event: 7+ MS? 

• Probability of tsunamigenic event: Very low 

• Type of tsunami: Local 

• Likelihood of tsunami reaching UK if occurring: Very High 

• Likely coasts affected: NW Scotland, north coast of Northern Ireland, Bristol 
Channel, Cornwall, south and west Wales 

2.2.3 Plate boundary area west of Gibraltar 
Since the largest tsunami to reach the UK in historical times originated in the 
area off the southwest coast of Portugal, as also did the most recent, it is 
reasonable to conclude that this is the most probable source of future tsunamis 
to affect the UK. 
The area in question is the plate boundary between Eurasia and Africa. This 
boundary is complex and not really well understood; but it is a collision zone, 
and the eastern section of the Azores-Gibraltar plate boundary is a zone of 
active plate compression where earthquakes tend to have a large thrust 
component (Moreira 1985). Figure 2.5 shows the location of features named in 
the discussion that follows. The course of the plate boundary should be taken 
as highly approximate; it is not agreed by different authorities. 

 
Figure 2.5 Approximate tectonic map of the Gibraltar-Azores area. The course 
of the plate boundaries is not definitely established and the above should be 
regarded as a sketch map only. A small portion of the North American Plate is 
shown in the NW corner. Arrows show sense of movement. Red bars are 
suggested source features for the 1755 event. 
The great earthquake of 1 November 1755 is famous for the destruction of the 
city of Lisbon. The magnitude has been estimated at 8.5 MS by Sousa et al 
(1992), but magnitude estimation for very large historical earthquakes is always 
very approximate. The earthquake itself caused heavy damage, and what 
survived of the city was finished off by three successive tsunami waves 
20 
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estimated to have been between 5 and 13m in height. The precise source of the 
earthquake is not entirely clear. It had been thought that the earthquake 
occurred in the Gorringe Bank region (south of the Gorringe Bank, in the 
Horseshoe Abyssal Plain; e.g. Johnston 1996), but recent studies suggest a 
more northerly source (Baptista 1998), implicating a large compressive tectonic 
structure closer to the Portuguese coast, and named the Marquês de Pombal 
Thrust. This, however, leads to problems in interpreting the damage distribution 
in North Africa. Baptista et al (2003) propose a composite source involving the 
Marquês de Pombal Thrust and a fault segment on the southern flank of the 
Guadalquivir Bank. A further, radical, proposal is that two earthquakes occurred 
near simultaneously, one of which was very local to Lisbon, on the Lower Tagus 
Valley Fault, triggered by a larger event occurring at the Gorringe Bank 
(Vilanova et al 2003). A more recent study (Gutscher et al. 2004) argues that 
the earthquake must be the result of movement on the slip plane of a postulated 
major subduction zone in the Gulf of Cadiz. As only structures with a failure 
plane longer than 200km would be able to account for the magnitude of the 
earthquake and tsunami all other structures in the region are too small. An 
epicentre under the accretionary prism in the central part of the Gulf of Cadiz 
would fit better with the observed arrival times at the Moroccan coast but it 
matches less well the arrival times and run-up heights in the Lisbon area. The 
matter is still undecided and somewhat controversial. 
In England, the naturalist William Borlase left descriptions of the arrival of the 
tsunami in Mount’s Bay. Cornwall. Borlase (1755, 1758) writes that 

... the first and second refluxes were not so violent as the third and 
fourth [waves] at which time the sea was as rapid as that of a mill-
stream descending to an undershot wheel, and the rebounds of the sea 
continued in their full-fury for fully two hours ... alternatively rising and 
falling, each retreat and advance nearly of the space of ten minutes, till 
five and a half hours after it began.  

Evidence that sand sheets were deposited during this time period is implied by 
the observations of Huxham (1755) in Stonehouse Creek, Plymouth who 
described the '... tearing up of mud and sand banks in a very alarming manner’. 
Foster et al (1993) describe a sediment sheet in the Island of St Agnes, Isles of 
Scilly, which could have been deposited by this tsunami. 
A further observation from western Cornwall is given by Edmonds (1846) and 
includes boulder deposition: 

… at Larmorna cove ... the sea on this occasion rushed suddenly 
towards the shore in vast waves, with such impetuosity, that large 
rounded blocks of granite from below low-water mark were swept along 
like pebbles, and many of them deposited far beyond high water mark. 
One large block, weighing probably 6 or 8 tons, was borne repeatedly to 
and fro several feet above the level of high water, and at length 
deposited about ten feet above that level in the stream, where it still lies. 

There are no descriptions of the tsunami along the English Channel east of 
Plymouth. There are effects reported in south Wales, most notably at Swansea 
where waters were agitated, beached vessels were floated and some were 
turned onto the riverbank. Effects in Portsmouth Harbour described by Bevis 
(1757) seem to be due to seiche (excited by the earthquake waves rather than 
the later-arriving tsunami). 
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The tsunami seems to have crossed the Atlantic and was observed in the 
Caribbean, causing some damage; details are given in Lander et al (2002) and 
references cited therein. Apparently it was also observable in Newfoundland 
(Toque 1878). Numerical modelling of the effects of the tsunami in North 
America is given by Mader (2001).  
Calculations of the tidal fluctuations for 1 November 1755 for the Isles of Scilly, 
show that the time of high tide coincided approximately with the arrival of the 
first tsunami wave, about five hours (4 hours 47 minutes according to the 
calculations of Foster et al 1991) after the first shocks were reported on the 
Portuguese coast (Dawson et al 2000). Calculations of the initial travel velocity 
suggest a value of 300 kmh-1. The wave would have approached the coast of 
Cornwall at a speed of about 72 kmh-1 (Dawson et al 2000). 
Looking at other large earthquakes originating from this source area, one can 
observe the following cases: 

• 11 November 1858 7.2 MS – No tsunami reported. 

• 25 November 1941 8.2 MS – Tsunami observed at Newlyn, Cornwall, with 
maximum amplitude of 0.2 m; seven identifiable waves lasting for four hours.  

• 28 February 1969 7.3 MS – Tsunami probably observed at Newlyn (but the 
record is lost). Heinrich et al (1994), who model the effects of this 
earthquake and discuss the source in more detail, give the magnitude as 
7.9 MS. 

• 26 May 1975 7.9 MS – Tsunami observed at Newlyn six hours after the 
earthquake with a maximum amplitude of 0.06 m. 

There is little or no tide gauge evidence for these waves travelling eastwards up 
the English Channel. 
The source for all of the above is Dawson et al (2000). Day (2003) mentions 
historical tsunamis at Lisbon in 1531 and possibly 1344, but there are simply 
not the documentary records from Cornwall for these dates that would indicate 
whether they were observed or not. 
Although there is limited historical evidence, there is geological evidence for 
another high magnitude tsunami in the Gibraltar-Azores plate boundary area (c. 
216-218 BC). Geomorphological mapping indicates that although slightly 
smaller it is the largest event before the 1755 tsunami (Luque et al., 2001) and 
came from the same source area (Scheffers and Kelletat, 2005). This has been 
used to suggest an interval of 2000 years between large events (Luque et al., 
2001). 
Palaeoseismic data suggest that more than one strong tsunami has struck the 
Portuguese coastline during the Younger Holocene, but to date very little has 
been done in the way of coastal palaeoseismic tsunami investigation in Portugal 
save for a single, very recent study (Scheffers and Kelletat 2005). 
Because the Gibraltar-Azores plate boundary is not a conventional subduction 
zone, the possibility of extremely large thrust events of the same character as 
the 26 December 2004 Sumatra event does not exist. These massive events 
require very large sources, with wide, shallow-dipping ruptures. Therefore, the 
1755 earthquake very probably represents the worst that can occur. Baptista et 
al (2003) note that the Marquês de Pombal Thrust on its own could only 
generate half the energy estimated to have been released by the 1755 event, 
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thus requiring an additional rupture plane if this fault is to be considered as the 
1755 source feature. If 1755 was a complex rupture event involving composite 
or simultaneous movement on more than one fault, then the chances of an 
exact repeat of this event seem remote, and one should look to the 1941 
earthquake as a better guide to a “normal” large magnitude event in this area.  
If the 1755 event represents the worst-case earthquake, it probably also 
represents the worst-case tsunami, and, therefore, the effects observed in 
Cornwall in 1755 are not likely to be exceeded. 
Conclusions (Plate boundary area west of Gibraltar) 
• Largest likely event: 8.5 MS 

• Probability of tsunamigenic event: High 

• Type of tsunami: Transoceanic 

• Likelihood of tsunami reaching UK if occurring: High 

• Likely coasts affected: Cornwall, north Devon, South Wales. 

2.2.4 Canary Islands 
The Canary Islands are a chain of ocean island volcanoes that have grown and 
been modified over several million years as the centre of volcanic activity has 
migrated westwards with time. Like similar volcanic chains, they show evidence 
for large landslides on their flanks (e.g. Hawaii). Such slope failures are an 
integral part of volcanic island history and the marine evidence indicates that 
slides have occurred about every 100,000 years over the last million years. The 
most recent occurred on El Hierro 15,000 years ago. These landslides are tens 
of kilometres across and have been shown by marine surveys to extend for 
hundreds of kilometres into deep water. It has been suggested that when a 
flank fails that it could create a “mega-tsunami” that would still be tens of metres 
in height even after crossing an ocean. Recent work has suggested that the 
western flank of La Palma Island is vulnerable to collapse and that it would 
devastate much of the coastline around the North Atlantic (Ward and Day 
2001). (It has been postulated that a similar failure on the Lanai Island in the 
Hawaiian chain of volcanoes 105,000 years ago created a tsunami that 
damaged Australia (Young and Bryant, 1992).) 
However, studies of the offshore turbidites created by landslides from the flanks 
of the Canary Islands suggest that these result from multiple landslides spread 
over periods of several days. (A turbidite is a sediment deposited from a density 
flow of mixed water and sediment, often poorly sorted.) Separate subsidiary 
failures occurring over this time scale would each generate a discrete tsunami, 
but these successive failures are too widely spaced in time to have a cumulative 
effect on tsunami magnitude (Wynn and Masson 2003). Therefore, the high 
wave heights postulated by Ward and Day (2001) are the far end of the 
spectrum of landslide-induced tsunamis that could originate in the Canary 
Islands. All the submarine landslides so far studied in detail around the Canary 
Islands indicate that they are multiple events, implying smaller scale tsunamis. 
Although some deposits on the Canary Islands have been attributed to 
tsunamis caused by local volcanic collapse (Pérez Torrado et al., 2002), no 
other sites have found elsewhere in the North Atlantic that can be correlated 
with them. 
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Whether a tsunami generated by a flank collapse was capable of crossing large 
distances or not would depend entirely on the nature of the event; a coherent 
large block entering the sea with high acceleration would produce such an 
effect, but if the slope failure were composite or less energetic, the effects 
produced would be local. If failure occurs in fragments, then the scale of the 
tsunami striking distant shores is greatly reduced. Depending on the size of 
these fragments, a tsunami wave could strike the southwest UK. 
Further south is the volcanic archipelago of the Cape Verde Islands where the 
volcano Monte Amarelo on the island of Fogo has been suggested as another 
potential site of a large lateral collapse that would generate a tsunami (Day et 
al., 1999). Due to its southerly location, any resulting tsunami would have less 
impact on southwest England than that postulated from the Canaries, and the 
same remarks made above about the importance of the failure mechanism 
apply equally here. 
Conclusions (Canary Islands) 
• Largest likely event: Landslide 

• Probability of tsunamigenic event: Low 

• Type of tsunami: Local or transoceanic depending on nature of collapse 

• Likelihood of tsunami reaching UK if occurring: Moderate 

• Likely coasts affected: Cornwall, north and south Devon 

2.2.5 Mid-Atlantic Ridge 
It is hypothesised by Dawson (2000) that the Mid-Atlantic Ridge could, at least 
in theory, be the source of a tsunami, most likely as a result of submarine 
volcanism rather than earthquakes. In subsequent discussion, Dawson (2000) 
more or less dismisses this, noting that the eruption of Heimay created no 
tsunami. Slope failure near the ridge could also be considered as a mechanism. 
The largest earthquake on the Mid-Atlantic Ridge north of 36°N and south of 
Iceland had a magnitude of 7.3 MS and occurred in 1974. A 6.7 MW event in 
1998 had a mechanism primarily strike-slip with a slight normal component. In 
the extensional conditions of a mid-ocean ridge, earthquakes are likely to be 
due to predominantly normal and strike-slip faulting. Normal faulting events are 
driven by isostatic uplift of the depressed central rift valley and seldom exceed 
6.5 MS (Scholz 1990). 
So far as we know, no tsunami has ever been recognised from a mid-ocean 
ridge event anywhere in the world. If such an event is possible at all, one can 
say with some confidence that by the time the tsunami reached shore it would 
be so weak as to pose no threat. 
Conclusions (Mid-Atlantic ridge) 
• Largest likely event: 6.5 MS 

• Probability of tsunamigenic event: Very low 

• Type of tsunami: Local 

• Likelihood of tsunami reaching UK if occurring: Very low 

• Likely coasts affected: W Scotland, SW England. 
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2.2.6 Eastern North America continental slope 
Many of the general remarks made previously concerning the seismicity of 
passive margins apply to the western side of the North Atlantic as well as they 
do to the eastern side. The main difference is the existence of a well-observed 
tsunami in this area in historical times. This is the Grand Banks (Newfoundland) 
event of 18 November 1929, which resulted from a large submarine slide 
(~200km3 of material) triggered by an earthquake of magnitude 7.2 MS. The 
tsunami was damaging in Newfoundland and Nova Scotia and caused 28 
deaths. It has been suggested that no earthquake actually occurred, only a 
slump (without a seismic trigger) and that all the seismic energy was released 
by the slump itself (Hasegawa and Kanamori 1987). This is not now thought to 
be the case. Stewart (1979) obtained a focal mechanism and found that faulting 
was strike-slip, Johnston et al (1994) support this conclusion. Sykes (1978) 
points out that this earthquake occurred very close to the end of the large 
Newfoundland fracture zone. 
The tsunami apparently crossed the Atlantic. In 1989 Sidney Wigen attempted 
to trace tide records that might show the tsunami, and was informed that none 
were still extant for the UK for this date (Fine et al 2005). However, he did 
receive analogue tide gauge records from two places in Portugal which showed 
the tsunami arriving 6h 18m after the earthquake. Unfortunately the amplitude is 
not given, but is presumably small (Fine et al 2005). It is unusual for any slide-
generated tsunami to be observed the other side of an ocean basin, and this is 
one of very few examples. Even the enormous Storegga slide event seems not 
to have had much impact on the opposite side of the Atlantic (Dawson 2000). 
The Grand Banks earthquake was not the largest to occur in this region in 
historical times; this was the Baffin Island event of 20 November 1933. The 
magnitude of this earthquake is often quoted as 7.3 MS (Gutenberg and Richter 
1954), but is estimated by Johnston et al (1994) as high as 7.7 MW. The 
earthquake had a reverse faulting mechanism (Stein et al 1989, Johnston et al 
1994) but was not associated with any tsunami. 
According to Lander et al (2002) the 18 November 1755 Cape Ann (MA) 
earthquake (6.3 MW) caused a tsunami that was observed in the Caribbean, but 
since no tsunami was observed in Massachusetts (Johnston et al 1994) this can 
be discounted. 
While it might seem that the Eastern North America margin is more active than 
the northwestern European margin, this could be an illusion caused by the fact 
that a few of these rare events happen to have occurred on the North American 
margin within the 20th century, but not on the European side. It is hard to see 
why there should be any tectonic difference, unless seismicity is still bearing the 
imprint of isostatic recovery after the last deglaciation. Certainly in northwest 
Europe there is evidence that seismicity was much greater than present rates 
immediately after deglaciation (in fact, around the time of the Storegga events). 
It could be argued that the melting of the Greenland ice cap might trigger 
increased seismicity due to further isostatic adjustment; though the effect of the 
relatively small Greenland ice sheet may be minor.  
Submarine sliding is frequently seen on geophysical profiles offshore eastern 
North America (Booth et al 1993). Many of these slides are attributed to 
methane hydrate dissociation and, therefore, considered to have been triggered 
by pressure reduction during global sea level lowstands during glacial periods 
or due to warming, and to be of late glacial to early post glacial in age. It should 
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be noted that extensive hydrate deposits have not been reported on the 
European margin. The repetition of such triggers to hydrate sublimation leading 
to large submarine landsliding is unlikely at the present. 
As already noted, the tendency is for slide-generated tsunamis to be purely 
local, and the fact that the 1929 tsunami was detectable at all on the other side 
of the ocean is unusual. LeBlond and Jones (1995) argue that underwater 
slides are inherently ineffective at generating tsunamis because of their 
unconsolidated nature. Even so, its effects on the eastern side of the Atlantic 
were extremely unremarkable. The 1929 event could well be close to a worst-
case scenario for the Eastern North American coast; the possibility of a larger 
event would rest on the existence of sufficient vulnerable sediments to produce 
a larger slide, rather than resting on a larger earthquake. If the 1929 tsunami 
went unremarked in the UK, it seems unlikely that any further events on the 
eastern North American passive margin, even if they produced locally damaging 
tsunamis, would have any pronounced effect on European coasts. It should be 
further emphasised that 1929 Grand Banks was a rare event, and the likelihood 
of a repeat is low. 
Conclusions (Eastern North America continental slope) 
• Largest likely event: 7.5 MS 

• Probability of tsunamigenic event: Very low 

• Type of tsunami: Local 

• Likelihood of tsunami reaching UK if occurring: Very low 

• Likely coasts affected: W Scotland, SW England. 

2.2.7 Caribbean 
The one place in the North Atlantic where one can observe real subduction 
tectonics is the Caribbean. This is, therefore, a prime location to look for 
potential tsunamigenic events. The seismicity of the area, taken from the BGS 
World Seismicity Database, is shown in Figure 2.6. In this map symbol size is 
proportional to magnitude (only events > 4 MS are shown) and colour relates to 
depth, (see the lower part of the figure). Events at the base of the crust (or with 
unknown depth) are shown in red, and progressively bluer shades show 
progressively deeper seismicity. 
The tectonics of the Caribbean are complex, and still a matter of dispute. A full 
discussion is beyond the scope of this report. The Caribbean Sea, the islands, 
and adjacent parts of Central America form a small plate, comprising mostly 
oceanic crust (continental in the west). To the north and east lies the North 
Atlantic Plate. The eastern edge of the Caribbean plate is the site of ocean-
ocean subduction as the North Atlantic plate dips westwards under the Lesser 
Antilles, with characteristic thrust faulting and associated volcanism.  
Along the northern edge of the Caribbean, there is what at first glance appears 
to be another subduction zone running E-W through Puerto Rico and dipping 
south. However, if the North Atlantic Plate is moving east to west under the 
Lesser Antilles, it cannot be simultaneously moving north to south under Puerto 
Rico. What seems to be happening is that, at the bend in the Caribbean arc, 
close to Anguilla, the North American Plate is tearing apart. To the south, the 
down-dipping slab is subducted; to the north, the plate forms a ‘flap’, which dips 
to the south, but is carried westwards underneath the over-riding plate, leading 
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to predominantly transform seismicity (Schell and Tarr 1978, Dillon 1996). It is 
sometimes argued that true subduction is occurring in the northern Caribbean 
only very obliquely (e.g. Brink et al 2004), but the absence of volcanism in and 
around Puerto Rico can be construed as evidence against this. 
Tsunamis are common in the Caribbean. A study by Lander et al (2002) lists 91 
waves that might be tsunamis, from 1498 to the present; but many of these may 
be storm surges (especially from hurricanes), and Lander et al (2002) consider 
only 27 to be undoubtedly genuine, with another nine highly probable. Of these 
27, not all are caused by earthquakes. Volcanoes are an important cause of 
tsunamis in this region, and will be discussed shortly. 
Zaibo et al (2003) list the 19 more significant tsunamigenic earthquakes in the 
Caribbean that are well enough known to be characterised numerically (note 
that this is far more than in the previous sections of this report put together). 
One might expect that these would predominantly occur along the north-south 
line of the subduction zone, but this is not the case – most lie along the northern 
edge of the Caribbean. In some cases there may be large earthquakes with 
sufficient thrust component due to oblique faulting to produce the required 
vertical displacement to engender a tsunami. The complexity of the plate 
boundary makes this possible. But it is clear that in some cases, if not most, 
these tsunamis are due to earthquakes causing large underwater landslides in 
the Puerto Rico Trench and similar structures. The scars of such slides have 
been identified from bathymetric surveys (Lander et al 2002). It follows that 
such tsunamis are not likely to propagate for large distances. One of the most 
severe was that occurring on 18 November 1867 in the US Virgin Islands, which 
was observed as far as Puerto Rico and Grenada, but not further (there is an 
uncertain account from Venezuela). The tsunami from the 8.1 MS Dominican 
Republic earthquake of 4 August 1946 was recorded as far away as New 
Jersey at no great amplitude, but no Caribbean tsunami has ever been reported 
as detected in Europe. 
If one considers specifically subduction earthquakes, the only two on record that 
exceeded magnitude 8 MS were in 1690, which was strongly tsunamigenic, and 
1843, which was less so (run-up of 1.2m at Antigua) (Lander et al 2002). A 
7.8 MS event at Martinique in 1839 was not tsunamigenic at all, and a 7.6 MS at 
Guadeloupe in 1969 produced only a weak tsunami. 
The question, therefore, as regards tsunami hazard at long distances from the 
Caribbean, is whether there is the potential for a massive thrust earthquake 
similar to the 2004 Sumatran earthquake that would generate a tsunami so 
powerful that it would do extensive damage the other side of an ocean basin. 
While this subject does not seem to have been studied in detail (that we have 
seen), the answer would appear to be no. For this to happen, the entire 
subduction front from Anguilla to Trinidad would have to move in a single 
earthquake. 
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Figure 2.6 Seismicity of the Caribbean. The lower part of the figure shows a 
cross-section of the seismicity in the area shown by the pink box in the map, 
and indicates the angle of subduction. Only events > 4 MS are shown; symbol 
size is proportional to magnitude and colour indicates depth. 
It is not impossible for a small subduction front to behave in this way; the Juan 
de Fuca subduction zone in the northwest of North America characteristically 
ruptures along its entire length, producing an earthquake of about 9 MW on 
average every 600 years so (the last being 26 Jan 1700 - Satake et al, 1996). 
However, it is clear from historical data that the Lesser Antilles subduction front 
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characteristically does not behave in this way. It breaks in smaller events of 
magnitude around 7.5-8.0, which the Juan de Fuca zone never does. 
Furthermore, bathymetric data shows the existence of a deep ocean trench in 
the northern part of the subduction zone, but not in the south, which suggests 
that the zone is probably not capable of moving as a unit. If one were to assume 
that a single rupture event is possible, the length of rupture would still only be 
about 600 km, which is unlikely to be enough for a magnitude 9 event. If, as is 
more likely, no more than half the zone could rupture at once, one would expect 
an earthquake in the low 8s – in fact, something very like the 1843 Guadeloupe 
earthquake. 
Thus, as with the Azores-Gibraltar region, it is quite likely that the worst-case 
event has actually occurred in historical times, and since it had no effect on the 
UK, one can reasonable assume that no humanly perceptible effects are likely 
to be observed in the UK from Caribbean earthquakes in the future. 
The issue of volcanic tsunamis is addressed in some detail by Pararas-
Caryannis (2004). Most of these relate to flank instabilities, debris avalanches, 
etc, and are inevitably matters of local concern within the Caribbean only, 
including UK dependent territories, as they are typically short-period tsunamis 
that disperse rapidly with distance. Pararas-Caryannis (2004) does also refer to 
unspecified speculative discussions as to whether the submarine volcano Kick 
‘em Jenny could erupt in a paroxysmal explosion similar to that of Krakatoa in 
1883, with a similarly extensive tsunami. He concludes that as Kick ‘em Jenny 
is much smaller than Krakatoa, and of substantially different magmatic 
geochemistry, the chances of such a disaster occurring are effectively nil. 
Conclusions (Caribbean) 
• Largest likely event: 8.3 MS 

• Probability of tsunamigenic event: High 

• Type of tsunami: Probably local 

• Likelihood of tsunami reaching UK if occurring: Very low 

• Likely coasts affected: southwest England. 

2.3 Preliminary conclusions 
From the foregoing analysis, it appears that the probability of damaging 
tsunamis reaching the UK from the other side of the Atlantic is extremely low. 
Any tsunamis travelling across the ocean would most likely only be perceptible 
on tide gauges. 
A tsunami reaching the UK from the Azores-Gibraltar region is a possible event, 
considering that several have been recorded in the last 300 years. However, the 
chance of such a tsunami being worse than the event that occurred in 1755 is 
negligible. 
The most credible source for a strong, potentially damaging tsunami reaching 
the coasts of the UK, aside from exotic events such as meteorite impacts, would 
be a large passive margin earthquake in the Sole Bank area (western Celtic 
Sea) or associated with the Rockall Trough or Wyville-Thomson Ridge, or in the 
North Sea Fan area (with a possible underwater landslide similar to the 
Storegga event). It should be stressed that these are events of very low 
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probability; firstly, such earthquakes are rare, and secondly, they are much 
more likely to be non-tsunamigenic than tsunamigenic if they do occur. 
Landslides from the Canary Islands are probably more infrequent than those 
from the continental slope of NW Europe. Should such a landslide occur, its 
effect at distance would be heavily dependent on the nature of the collapse. 
The results of the considerations of the various potential tsunami sources 
discussed in this chapter are summarised in Table 2.2. 

Table 2.2 Potential source regions for tsunamis affecting the UK. 

Origin of tsumami Assessment of risk 
UK coastal waters A North Sea event is theoretically possible, but 

unlikely; it would be a relatively small event if it 
occurred. No evidence for any precedent. 

NW Europe continental 
slope 

Geological, and some (weak) historical evidence 
for such events having occurred; probably the most 
significant tsunami threat for the UK (c.f. the 1929 
Grand Banks event off Newfoundland) 

Plate boundary area 
west of Gibraltar 

The historical observations of the 1755 Lisbon 
earthquake/tsunami almost certainly represent the 
worst-case event for this source; the 
consequences for the UK were not severe. 

Canary Islands Evidence suggests that slope failures on the flanks 
of Canaries’ volcanoes are unconsolidated when 
they occur, and, therefore, likely to create tsunamis 
of only local concern. 

Mid-Atlantic Ridge Effectively zero risk. 
Eastern North America 
continental slope 

Any tsunami originating here will have insignificant 
effects in the UK 

Caribbean Tsunamis are frequent, but severe effects have 
always been confined to the Caribbean area. 
There are good reasons for supposing that no 
tsunami originating here will have any 
consequences for the UK (but may have for UK 
Dependencies in the Caribbean). 
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3. Models of tsunami propagation from potential 
source areas 

3.1 Introduction 
As described in Chapter 2, with the exception of sediment deposits resulting 
from the Storrega Slide (Smith et al. 2004) and the abnormal sea level 
measurements summarised by Dawson et al. (2000), there are few reliable 
records of tsunamis impacting the UK coastline. Assessment of the potential 
impact of any future event must, therefore, rely heavily on techniques of 
numerical simulation. These techniques have been calibrated to some extent by 
the occurrences of tsunamis elsewhere – see for instance Whitmore (2003) who 
compares modelled and observed sea levels for nine tsunamis observed by the 
US West Coast/Alaska Tsunami Warning Center: the average error per event 
ranged from 0.04m to 0.29m, with a maximum error of 1.5m at one gauge 
location. 
Modelling a tsunami event involves three stages: generation of an initial tsunami 
profile, propagation of the tsunami to the coastline, and run-up at the shoreline. 
Inundation models can then be used to evaluate the extent and depth of any 
flood and, when combined with information on the consequence, can identify 
the flood risk.  
There is a voluminous literature on tsunami modelling (see, for example 
http://library.lanl.gov/tsunami) in which it is clear that whilst wave propagation 
across oceans is generally well-simulated, the generation and run-up 
components are less confidently predicted. Marchuk et al. (1983) demonstrated 
that large earthquakes produce tsunamis whose periods are a function of 
source width (corresponding to the physical scale of the fault) and typically of 
the order of one hour. Smaller sources (e.g. landslides, volcanic explosions) 
generate tsunamis with periods of minutes. Fine et al. (2005) report 12-15 
minutes in the case of the 1929 Grand Banks landslide which was a relatively 
large event of its type. 

3.2 Tsunami modelling 

3.2.1 Generation of an initial tsunami profile 
The most important forcing term for seismic tsunami generation is the uplift or 
subsidence of the sea floor induced by the earthquake. The resulting sea 
surface elevation is estimated from empirical relationships that relate surface 
deformation to a range of fault parameters (Okada, 1985). Both vertical and 
horizontal movements can be accounted for in the governing equations of all 
the numerical models described here. Tsunamis can be effectively modelled 
(e.g. Bundgaard et al. 1991) by assuming impulsive deformation (i.e. a 
perturbation is introduced at an instant) but if the rupture duration is known 
reliably then any deformation can equally be introduced over a number of model 
time steps. Kowalik and Whitmore (1991) compared these approaches for two 
tsunamis recorded at Adak, Alaska and they found that including a dynamic 
rupture had only a minor effect on model results since the timescale of wave 
motion is considerably longer than that of the actual faulting. The timescales are 
comparable for landslide-generated tsunamis and an effective approach to 
modelling in this case is to couple a two-dimensional hydrodynamic model to a 
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viscous shallow-water lower layer to represent the liquefaction flow (e.g. Fine et 
al. 2005; Rabinovitch et al. 2003). (For the Lituya Bay slide, Richardson et al 
(2001) slid a large mass into the water, acting as a piston.) 

3.2.2 Propagation of tsunami to the coast 
The period of tsunamis is set at the source as discussed above. Shorter waves 
in any initially generated spectrum would be rapidly transformed by non-linear 
interactions. The dissipation and breaking of shorter wavelengths transfers 
energy to longer wavelengths which make up the tsunami spectrum at any 
distance away from the source. The speed, c, of shallow water waves (those 
whose wavelength is much greater than the mean water depth) is given by 
c = (gh)0.5 where h is the undisturbed water depth and g is the acceleration due 
to gravity. Figure 3.1 shows the variation of tsunami speed with water depth. 
(Note: 100ms-1 = 360kmh-1.) 
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Figure 3.1 Variation of tsunami wave speed with water depth 
It is clear that the wave propagates considerably faster in the deep ocean than 
on the shallower continental shelf. Propagation times to the UK coastline as a 
result of the tsunami hazards identified in Chapter 2 are presented in Chapter 5. 
The wavelength of a tsunami is given by L = cT where c is the wave speed and 
T is the period. Wavelength therefore decreases as the tsunami enters shallow 
water and its speed decreases. Most tsunami models propagate the resultant 
wave using depth-integrated (or two-dimensional), non-linear shallow-water 
equations (SWE). A good description of the governing equations and the 
numerical method for their solution is provided by Kowalik and Whitmore 
(1991). Some older ocean-scale models neglect both the non-linear terms and 
friction in deep water for computational convenience. 
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It is possible to model wave propagation using any model which describes the 
two-dimensional wave action density spectrum. Such a wave transformation 
model must include shoaling and refraction processes, and should include 
diffraction. Methods to model wave dissipation are required. The SWAN model 
(Booij et al. 1999) was used by Mader (2001) to infer the magnitude of the 1755 
Lisbon tsunami from historical observations, but this model was primarily 
designed for wind-generated waves in the coastal zone, does not calculate 
wave-induced currents, and does not resolve an individual wave. An alternative 
approach (Ward, 2001) is to introduce a series of discrete velocity perturbations 
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into linear wave theory and solve the resulting integrals. However, models 
based on the numerical solution of the non-linear shallow-water equations 
remain the most popular choice, particularly if calculation of run-up is to be 
attempted in an integrated model. 
Wave transformation models must use a computational grid of appropriate size 
to the transformation process. Ramming & Kowalik (1980) and Shuto (1985) 
have demonstrated that in order to correctly resolve a shallow water wave and 
avoid numerical dispersion, the grid size should ensure 10-20 grid lengths per 
wavelength (GPW). Kowalik (2001) has, however, shown that even 12 GPW 
can introduce spurious numerical waves, so correctly resolving the spatial 
patterns of tsunamis may require finer grids. For example, a tsunami with period 
1 hour generated in 4000m of water will have a wavelength of 720 km; this 
would be resolved with 20 GPW in the 35km resolution North Atlantic model 
used in these simulations (see Section 3.3). As this tsunami moves into 100m 
depth on the continental shelf, its wavelength is compressed to 110km so the 
grid size should be reduced to 5km to achieve the same resolution. Good 
models of wave propagation will achieve this cascading of grid size through 
nesting finer resolution models within coarser ones, or by the use of 
unstructured grids (e.g. TELEMAC or Lyard, 1997) or adaptive grids. Nested 
grids are used in the suite of models used for operationally forecasting storm 
surges around the UK (Flather & Williams, 2004).  
As tsunamis propagate into shallow water (shoaling) their speed decreases as 
indicated in Figure 3.1. Since wave energy flux must be conserved the wave will 
increase its energy per unit area by growing in amplitude. It can be shown that 
this amplification factor is given by (ho/hs)0.25 where hs is the depth in shallow 
water and ho is the depth in the deep ocean. This typically results in an 
amplification factor of around 2-3 as the tsunami moves onto the shelf. A 
compensating factor is that energy may be removed from the wave as it feels 
the increased effects of friction in shallow water. 

3.2.3 Estimate magnitude of tsunami waves at the coast 
A range of processes is likely to be involved in the last few kilometres to the 
coastline.  
This part of the wave trajectory is characterised by a rise of the sea bed, 
possibly from considerable depth, as well as a bathymetry that is likely to reflect 
the coastline shape (e.g. bays, reefs). Waves arriving from deep water will turn 
towards the contours, so this part of the wave propagation cannot be modelled 
by a one-dimensional profile model. The consequence of the two-dimensionality 
of the bathymetry is that the wave arriving at the coastline can be expected to 
vary in magnitude even between different points along apparently similar 
sections of coast. 
The height of the wave at the coast is also affected by shoaling as the deeper 
water wavelengths are compressed in shallow water towards the coastline.  
The shape of the wavefront will also alter. The front of the wave begins to slow 
relative to the back and the wavelength will shorten as long as the bed is 
sloping. The wave crest is associated with a greater depth of water so will travel 
faster than the front and back of the wave. This non-linear steepening process 
changes the shape of the wave at the same time that it shortens. If the bed 
slope is very long relative to the wave then the wave will become considerably 
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shorter and increasingly steep as it propagates. Eventually a bore may be 
formed (a ‘wall of water’). 
For a very long wave (e.g. the Boxing Day Indian Ocean tsunami) the 
wavelength is of the order of hundreds of kilometres. The bed slope of the order 
of kilometres in length may then appear effectively as a near vertical wall to the 
wave. The wave will reflect from the coast very effectively and apparent heights 
at the coastline can be expected to be about twice that offshore. HR Wallingford 
has found such a doubling in simulations of water waves from a ship explosion 
with solution of the shallow water equations and a grid resolution of about 
100m. Shoaled wave heights at the coastline could then be four or more times 
that of the wave only a few kilometres offshore. To successfully model this 
effect requires fine resolution of the area. One approach to this requirement is 
to use a completely unstructured mesh that can have greater resolution in the 
near coast area. This can be achieved using a finite element mesh with 
triangular elements, or a technique such as quadtree meshing where model 
elements can be split successively. A still more sophisticated modelling 
approach would involve adaptive meshing where the grid is more refined where 
the wave is located. 
Another complication of the transformation modelling is that as the wave 
shortens, the assumption of a shallow water wave may not be well respected 
and so a model with capability to include wave dispersion effects may be 
needed. This could be a Boussinesq equation model for example (shallow water 
equations plus extra dispersion term) see e.g. Weston et al (2005). Otherwise 
some form of 3D non-hydrostatic model could be suitable. Non-hydrostatic 
models take account of the vertical acceleration of the water, neglected in 
shallow water equation models (where pressure in the water is due to weight of 
water above a point only). The Boussinesq equations contain an approximation 
to the non-hydrostatic pressure, tuned to give a good representation of wave 
dispersion.  
Although Boussinesq equations describe the combination of wave steepening 
and wave dispersion, the Boussinesq waves do not break (they tend to produce 
solitary waves instead). The conventional modelling approach is to revert to the 
shallow water equations as the wave approaches breaking. This seems to 
contradict the assumption of no vertical accelerations used to derive the shallow 
water equations. However, this occurs mainly at the bores, and theory shows 
that the bores are realistically treated if the shallow-water equations are applied 
in a ‘weak’ form that allows discontinuities. This can be effectively achieved 
using ‘finite volume’ strategies for the shallow-water equations, which permit 
bores to be captured in only a few cell sizes and do not allow unwanted 
‘wiggles’ in the numerical solution to form. 
However, violating the equations (even if only locally) seems not to be the best 
strategy. It is, therefore, better to solve the real equations if resources allow use 
of appropriate computational fluid dynamics (CFD) methods. For complex flow 
conditions, HR Wallingford has used the AEA Technology code CFX, where 
compressibility, even airflow above the wave, can be modelled. Manchester 
Metropolitan University have a method using surface capturing to model 
tsunamis and other waves. Various models are available that use the ‘volume of 
fluid’ (VOF) approach where a tracer is defined in the modelling to represent 
how much of each cell is actually water, see Christakis et al (2002). The free 
surface is then derived from this information and the calculation continued. A 
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new method is ‘smoothed particle hydrodynamics’ (SPH). This originates from 
astronomical research into Galaxy dynamics. The motion of each water ‘particle’ 
is solved as it moves under the combined effect of all the others and gravity. 
Good results have been obtained for waves on slopes, including breaking. 
(See: http://www.ce.jhu.edu/brogers/research/SPH_SPS.html) 

3.2.4 Estimation of tsunami inundation 
For tsunami wave attack on the UK, three different circumstances can be 
expected:  

a) The wave height / momentum at a coastal location is such that the 
seawall, cliff or structure deflects much of the energy and relatively little 
overtops the defence. 

b) The defences are overwhelmed, but without major damage to the 
defence.  

c) The defences are breached or destroyed by the incoming wave and the 
extent of inundation is driven primarily by the velocities and depths of 
over-land flows.  

In case a), the inundation process can be treated in the manner of more 
common coastal flooding. The flooding discharge can be computed by use of an 
equation for critical flow on top of the wall. Models such as ANEMONE (Dodd, 
1998 and Hubbard & Dodd, 2002) or AMAZON (Hu et al, 2000) may be used. 
For case b), the flow at the wall will be both critical and sub-critical, and will 
reverse. The transition to drowned flow at the wall becomes harder to compute 
and it may be better to solve the shallow water equations throughout the 
domain. This requires a model able to solve critical and supercritical flow and a 
variable mesh capability to include fine resolution of the wall. 
For case c) where the defence is breached, shallow water equations can be 
used to solve the two-dimensional dam-break problem that results. Features of 
this problem include the transition to critical flow in the breach and supercritical 
flow downstream of the breach. A breach on to dry ground gives rise to a very 
high supercritical Froude number at the front because the water becomes very 
shallow while travelling very fast. A shallow water equation model for this flow 
situation most often makes use of the Finite Volume technique as it can handle 
the transition to supercritical flow and the subsequent hydraulic jump back to 
normal flow, without excessive oscillations.  
If the defences are completely overwhelmed then the further inundation is 
effectively a continuation of the transformation of the wave from deep water to 
the coastline. This means that the model should include all of the inundatable 
area over which the wave is transformed. Indeed if the transformation modelling 
stops at the coastline then it will include an artificial reflection of the wave at the 
coastline while in reality the wave will proceed inland.  
For a very large tsunami like the Indian Ocean tsunami the wave hit the coast at 
a height of several metres. Generally it then propagated up the beach and 
continued inland for a distance of up to a kilometre or so.  
A number of modelling techniques have been developed for flood plain 
inundation, often based on simple models that conserve volume (e.g. Horritt & 
Bates, 2002), but do not include effects of flow momentum. 
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The majority of hydrodynamic models used in tsunami warning have fixed 
ocean / land boundaries (i.e. no attempt is made to model inundation in a fully 
dynamic sense).  
A useful summary of observations and experimental run-up studies is available 
at http://www.nerc-bas.ac.uk/tsunami-risks/. Most tsunamis will break and 
develop into turbulent bores with a run-up of between 2-5 times the wave height 
as it crosses the initial shoreline. Wave reflection effects are also potentially 
important, with increased run-up if the first tsunami crest is preceded by a 
trough, which then affects the transition to turbulence. Run-up is also amplified 
where the period of the incident wave is close to the resonant period of a 
channel (Kowalik, 2001). On coasts with very small beach slope (e.g. many 
vulnerable low lying islands) it is the areal extent of inundation, defined as run-
in, that is a more useful measure of impact. The combination of long wavelength 
and certain beach profiles results in some tsunamis behaving as surging 
breakers and propagating a considerable distance. Run-in is controlled primarily 
by the frictional influence (roughness) of the terrain.  
Exact run-up solutions to non-breaking waves on idealised topographies have 
been available for some time (Carrier and Greenspan, 1958) and new 
mathematical techniques now permit exact solutions for a wider range of non-
breaking waves in two (but not three) dimensions (Grilli and Svendsen, 1990). 
Liu et al. 1991 provide a good technical review of the run-up problem. There is 
as yet no theoretical model that can predict the shoaling and breaking of a 
three-dimensional wave field over realistic topography. Even the most accurate 
wave theories (e.g. Sakai and Battjes, 1980; Stiassnie and Peregrine, 1980) fail 
to predict wave heights near the break point.  
Wave steepening can occur over a horizontal bottom in non-linear shallow-
water (NSW) models so they do not reliably predict the break-point, as pointed 
out by Schaffer et al. (1993), but for practical purposes coastal engineers 
consider them suitable for estimation of the run-up of bores in the inner surf 
zone. Similarly, the run-up of very long waves, such as tsunamis, can be 
predicted with reasonable accuracy using NSW models, so long as the moving 
boundary can be accommodated and the model remains numerically stable. Li 
and Johns (1998), Kobayashi et al. 1989 and Svendsen and Madsen (1984) 
have all used shallow-water models including turbulent friction formulations to 
model breaking waves in the surf zone.  
Although run-up is not addressed by the modelling performed here, the models 
used incorporate a robust, well-tested wetting-drying scheme upon which many 
others are based (Flather and Hubbert, 1990). With suitably accurate 
topographic data, and sufficient spatial resolution in key regions, the existing 
model suite would be capable of meaningful predictions of run-up. Such 
techniques are used elsewhere (Hubbert and McInnes, 1999) and this could 
form the basis of further research.  
As discussed above, the wave height at the coastline can vary greatly between 
different coastline locations because of the variation from place to place of the 
offshore bathymetry. However, further very great variation in the inundation 
height can be caused by the land topography. For this reason it is again 
expected that two-dimensional modelling is necessary to derive the variation of 
inundation from place to place, as well as the greatest distance of inundation 
from the coastline. For example, the field survey of the Hokkaido tsunami 
revealed that the maximum run-up height was 30m in a small valley on Okushiri 
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Island, but 20m or less a short distance away; the run-up height varied 
significantly with local topography.  
Modelling should be able to establish the potential value of the various possible 
engineering mitigations of tsunami damage (e.g. walls to exclude tsunamis, 
marine barriers). The tsunami impact on walls, buildings and barriers (if they 
stand, as they may if well-constructed) is likely to give rise to strong vertical 
flows as the energy of the tsunami is deflected. Such situations cannot be 
modelled using traditional hydraulic models and so the effectiveness of 
engineered barriers to tsunami inundation may need testing using free surface 
CFD modelling or physical modelling.  

3.3 Description of the numerical models 
The results presented in this section have been produced by a suite of 
numerical models developed at the Proudman Oceanographic Laboratory. The 
same models are in operational use at the Met Office as part of the UK Storm 
Tide Forecasting Service (see http://www.pol.ac.uk/ntslf/) which disseminates 
flood warning information to the Environment Agency (Flather and Williams, 
2004). 
The models solve the two-dimensional shallow-water equations in finite 
difference form in Earth coordinates, with a quadratic formulation for stress at 
the sea bed and radiation conditions at the open lateral boundaries that allow 
any disturbances generated within the domain to propagate freely outwards. 
The models provide sea surface elevation and horizontal currents at all points in 
the domain. A full description of the models is given by Flather (1994). 
Two models are used here: firstly, a wide domain North East Atlantic model 
(NEA) with a horizontal grid resolution of 20’ latitude by 30’ longitude 
(approximately 35 km) as shown in Figure 3.2 and, secondly, a finer resolution 
(~3.5 km) model of the coastal seas surrounding the UK (designated N10) 
which is shown in Figure 3.3. In those simulations where the N10 model is 
nested within the NEA model, tsunami elevations from the outer domain are 
interpolated and fed directly into the finer grid boundary. 
All simulations here are run twice: firstly with tides only and secondly with tides 
plus tsunami. It is necessary to include the tidal dynamics in the numerical 
model because of dynamical interactions between the tidal wave and the 
tsunami. Also, as the tsunami enters the shelf, friction becomes important. 
Since vertical turbulence within the water column is tidally dependent the friction 
coefficient is effectively set by tidal motions. For clarity of presentation, the tides 
are then subtracted from the tsunami run so that the propagation and impact of 
the modelled tsunami can be seen clearly.  
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Figure 3.2 North East Atlantic computational grid 
 
The bathymetric contours of the shelf region are shown in Figure 3.4. To the 
west of the shelf break, at around 10°W the ocean depth is of the order 3500m 
and the tsunami wave speed would be approximately 180 ms-1 but this reduces 
when the shelf is encountered, providing valuable time for the practical 
operation of any warning system. 
The fundamental problem of modelling the tsunami impact at the coast is the 
uncertainty surrounding the magnitude of the initial disturbance. As Kowalik and 
Whitmore (1991) point out, a small change in the source configuration can 
cause a significant change in the tsunami period and direction. The approach 
taken here is to force the numerical models with a plausible range of events 
guided by what empirical data there are. 
The simulations performed here, chosen on the basis of the results described in 
Chapter 2, are summarised in Table 3.1 below, along with the source 
information and the way in which the tsunami was generated within the 
numerical model. Results are presented briefly below, case-by-case, and are 
summarised in Table 3.2. 
 
38 



Chapter 3: Models of tsunami propagation from potential source areas 

 

Figure 3.3 N10 model computational grid 
 

 

Figure 3.4 Bathymetric contours (m) of the UK and northwest European shelf 
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Table 3.1 Summary of model simulations 

 Case Amplitude Period Model realisation 
1 Lisbon earthquake of 1755  

Plate boundary west of 
Gibraltar (§2.2.3) 
(Baptista et al. 1998) 
Retro-modelled by Mader 
(2001) 

1 and 5m  
(Note 1)  

1 hr Linear fault along 
37.5°N from 18 to 
10°W.  
Both an initial 
negative wave and 
positive wave 

2 Near field earthquake in North 
Sea (cf. Dogger Bank, 1931) 
For location see 
http://www.quakes.bgs.ac.uk 

1m 
 

(Note 2) 

30 min 
20 min 

16/9 model cells 
Fault area of 130-
220 km2 

3 La Palma slide (Ward and 
Day, 2001) 

2m 
 

(Note 3) 

40 min Input along entire 
south western 
boundary of NEA 

4 Passive margin earthquake in 
the western Celtic Sea 
(e.g. Tate, 1992) 

1m 
 

(Note 4) 

30 min 220km long fault 
line centred at 
50°N, 10°W 

 
Notes 
1. In order to reproduce anecdotal evidence, Mader (2001) assumed 30m sea 
floor subsidence over a 300km radius. Such large values were required to 
match reported maxima; a more modest set of input source amplitudes is 
assumed here. As noted in section 2, it is unlikely that any tsunami from this 
source will exceed that of 1755 where observed wave heights in Cornwall were 
in the centre of the range modelled here (around 2 m). 
 
2. The model impulse is guided by the epicentre of the 1931 earthquake (which 
did not categorically produce a tsunami), although considerable damage was 
done by the earthquake itself as described in Chapter 2. 
3. This case was not modelled from the source since the NEA model grid does 
not presently extend to the Canary Islands. Instead, a wave consistent with the 
literature (Ward and Day, 2001) was input along the south western boundary of 
the NEA model, and then nested to the N10 model as in case 1. 
4. This event has never occurred, so simulations are guided by the discussion 
in Section 2.2.2 and the features shown in Figure 2.1. 

3.3.1 Results from Lisbon 1755 type tsunami 
Simulations were performed for a leading positive wave with amplitudes of 1 
and 5m. A further simulation with 5m amplitude was performed with a leading 
trough. In all cases the wave was propagated towards the finer resolution model 
using the NEA model. 
The results of the simulations are shown in the diagrams from Figure 3.5 to 
Figure 3.10. The protective effect of the continental shelf break can be seen in 
Figure 3.5 b-d. The wave is slowed appreciably compared to that in the ocean 
which by 4 hours after the start of the simulation has travelled to the latitude of 
Scotland. The colour scale in Figure 3.6 shows that as well as decelerating the 
tsunami, a second effect of the shelf break is to remove energy (and, therefore, 
amplitude) from the wave as the shallower water increases frictional processes. 
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Wave amplitudes in Figure 3.6a are 0.5m, compared to 1m in the initial wave. 
The leading edge of the wave reaches Cornwall about 5 hours after the 
earthquake. Figure 3.6 shows that there is subsequent amplification of sea 
surface elevation due to resonances in the Celtic Sea and Bristol Channel. 
Amplitudes of around 1m are present in the Bristol Channel 8 hours after the 
earthquake. Interaction with any successive wave crests causes similar effects 
on the south coast of Ireland at the same time. Whilst these resonant 
oscillations are scientifically interesting, the magnitudes of the events are no 
worse than typical winter storm surges that are generated on the shelf by the 
wind. 
Figure 3.7 and Figure 3.8 demonstrate that for the larger magnitude (5m) event 
the effects are similar with an initial loss of wave height as it moves over the 
shelf break, then amplifying locally in the Bristol Channel and around Cornwall 
and southern Ireland. Maximum impact is in Milford Haven where the wave 
height of 5m is roughly that of the original wave in the open ocean. The 
behaviour of a tsunami that has a leading trough, as can sometimes occur, is 
seen in Figure 3.9 and Figure 3.10, which suggest that the pattern of sea level 
disturbance is the same as for the previous cases. Obviously, in this case the 
maximum wave height is delayed to around 8 hours after the original 
disturbance on the north coast of Cornwall, and about 2 hours later in the Bristol 
Channel. 

3.3.2 Results from any North Sea tsunami with an origin that of the 1931 
earthquake 

Although no known earthquake in the North Sea has ever been large enough to 
break Earth’s crust and produce a tsunami, were there ever to be an event in 
this region then the travel times to the UK coastline would be relatively short 
offering little time for warning systems to be effective. Results from a simulation 
with a disturbance located according to the BGS estimate of the position of the 
1931 earthquake are shown in Figure 3.11 and Figure 3.12. Here, the initial 
displacement is assumed small (1m) since previous earthquakes have not been 
sufficiently large to displace the crust. Periods of 20 min and 30 min were 
simulated, although the results were qualitatively similar. 
Although the North Sea is fairly uniform in depth, Figure 3.11 reveals some 
wave growth in the initial stages of wave propagation. However, there are 
energy losses due to friction as the wave reaches the coastline where wave 
heights are typically 80% of the original disturbance. The impact time is 
approximately 1-2 hours (depending on location) and the region affected is from 
Newcastle southwards to the Humber (after 1-2 hours) spreading to The Wash 
after 3 hours. The first region to be affected is immediately to the north of the 
Humber estuary. 
Even if such an event were to occur, it is extremely unlikely that the resultant 
wave would cause any damage since the conceivable magnitudes are less than 
any storm surge (storm surges in the North Sea are typically 1-2m in addition to 
the water level due to tide alone). The simulation with a shorter period tsunami 
(Figure 3.12) is qualitatively similar. For the North Sea simulations there was no 
resonance of the type observed in the Celtic Sea and energy dies away more 
rapidly than in the south western cases. 
It is of scientific interest to investigate the dynamical interaction between the 
tsunami and the tide. Figure 3.13 shows a tsunami simulation with no 
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background tidal activity: Figure 3.13a and b can be directly compared with 
Figure 3.11a and b where tide was included in the model but was subtracted for 
the purposes of presentation. There are no obvious differences between the 
results, but if the spatial patterns are subtracted from one another then the 
tsunami-tide interaction is revealed as shown in Figure 3.14. The magnitude of 
the interaction is up to 0.8m and is due to very small changes in phase. The 
effect of this interaction increases in time which represents the cumulative error 
in propagation speed when tidal effects are removed. The result is due in part to 
tidal currents interacting with the tsunami, but also because the propagation 
speed of the tsunami is depth-dependent. In this particular simulation, the 
tsunami is generated at the time of high water at Dover and spring tides, and 
clearly the tsunami-tide interaction will be influenced by the exact state of the 
tide.  

3.3.3 Results from tsunamis arising from a volcanic collapse on La Palma 
This potential catastrophic scenario has been reported widely in the media as 
well as the scientific literature (Ward and Day, 2001). The model grid employed 
for these simulations does not presently extend to the Canary Islands. Instead, 
a wave consistent with the literature was input along the southern and western 
boundaries of the NEA model, and then nested to the finer resolution N10 
model as in Section 3.3.1. The results are similar to the Lisbon case except that 
the wave takes approximately one hour longer to reach the UK coastline. Other 
small differences in Figure 3.15 are due to the slight change in direction of the 
wave. The incident wave is first detected along the Cornish coastline at Lands 
End 6 hours after the collapse. Maximum wave heights equal to the original 
wave are found 7 hours after the event in Mounts Bay and along the North 
Cornwall and Devon coasts. The tsunami continues to propagate as a coherent 
wave into the Bristol Channel and the Irish Sea between 8-10 hours following 
the collapse. 

3.3.4 Celtic Sea 
This final simulation explores the unlikely possibility discussed in 
Section 2.2.2.4 of a passive margin earthquake at the western edge of the 
Celtic Sea, associated with the Clare Lineament (Tate, 1992). The results of a 
repetition of a Storegga-like submarine landslide are not modelled here since 
geological opinion is that the volume of sediments required for a recurrence of 
the event could only accrue in another post-glacial period. The timescales 
governing this report preclude simulating scenarios along the entire passive 
margin (indicated as zone 2 in Figure 2.1), although this could form the basis of 
useful additional research. The event simulated here is generated in the model 
by uplift in the southwest approaches to the Celtic Sea, 200km long centred at 
approximately 50°N, 10°W. The resulting wave is 1m in amplitude with a 30 min 
period. 
If such an earthquake were to trigger a submarine landslide then the tsunami 
would be more reliably modelled with a two-dimensional hydrodynamic model 
coupled to a viscous lower layer as employed by Fine et al. 2005. However, any 
submarine landslide at this location would most likely cause waves directed 
away from, rather than towards, the UK. The same asymmetry in wave 
generation is observed in this simulation, as shown in Figure 3.16 where the 
wave is constrained and partially reflected by the shelf break. Two hours after 
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the event (Figure 3.16c) the crest of the wave on the shelf reached southeast 
Ireland whereas the oceanic propagation is considerable. 
Even though this tsunami is generated more locally, the shelf still provides 
some security by limiting the propagation speed of any shallow water wave. 
Figure 3.17 shows the results from the fine resolution N10 model. The first 
effects are noticed in the Celtic Sea 3 hours after generation and at around 80% 
of the initial wave height. Maximum amplitudes (~1m) are obtained on the coast 
of North Devon and South Wales 5 hours after generation. Unlike Runs A-C 
(Lisbon) and G (La Palma) the wave in this simulation propagates further into 
the Irish Sea giving elevations of 1m in Cardigan and Caernarfon Bays 6 hours 
after the event, with slightly reduced amplitudes in the Bristol Channel at this 
time. 
In both this and the previous case (La Palma), heights are controlled by the 
assumed magnitude of the source wave and for the scenarios chosen do not 
exceed storm surge values experienced routinely in UK waters.  

3.4 Discussion of modelling results 
The results from all simulations are summarised in Table 3.2. 

Table 3.2 Regions affected and maximum height attained for the scenarios 
presented here 

 Case Amplitude 
of original 

wave 

Height and propagation 
time of wave reaching coast 

and regions affected 
1 Lisbon earthquake of 1755  

Plate boundary west of 
Gibraltar 
 

1m 
 

0.8-1 m 
5-8 hours 
Cornwall, North Devon and 
Bristol Channel, South Wales 

2 Near field earthquake in North 
Sea (cf. Dogger Bank, 1931) 
 

1m 
 
 

0.8-2 m 
1-2 hours 
Yorkshire and Humberside 
coasts 

3 La Palma slide (Ward and 
Day, 2001) 

2m 
 
 

1-2 m 
7-8 hours 
Cornwall, North and South 
Devon 

4 Passive margin earthquake in 
the western Celtic Sea 
(e.g. Tate, 1992) 
 

1m 
 
 

0.5-1 m 
3-6 hours 
North Devon, Bristol Channel, 
south and west Wales 

 
It is clear from the results here that any tsunami impact on the UK would be 
largely determined by the size, exact position and magnitude of the original 
disturbance. The bathymetry of the continental shelf will affect the timing and 
regions of local re-amplification, following some loss of energy at the continental 
shelf break. The rapid change of depth to the south west of the UK offers some 
protection since propagation times across this portion of the shelf are 
approximately 3-4 hours. This would allow any well-positioned instrumentation, 
as discussed in Chapter 5, to provide effective warning, allowing reasonable 
time for emergency response. The only scenario described in Chapter 2 that 
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would prevent timely warning would be a near-coast earthquake in the North 
Sea: even if such an event did occur then its magnitude would most likely be 
smaller than the winter storm surges that are generated by the wind and widely 
experienced in this region. The state of the tide is an obvious but important 
factor. As with surges, at most locations any plausible tsunami is only likely to 
be damaging were it to coincide with high water. 
 
The main limitation of estimating tsunami impact using the models described 
here is uncertainty surrounding the size of the seismically-generated tsunami 
wave. Were it possible to input the source wave (from pressure sensors as part 
of an early warning system) then these models are capable of performing their 
calculations in a few minutes, and so could potentially be incorporated into a 
well-designed system of impact prediction. A recommendation of this work 
would be to test a simplified, experimental operational system of nested models 
coupled to suitable instrumentation that can relay the magnitude of any tsunami 
at the shelf break. 
With further nesting and good local high-resolution geographical data, the 
model suite used here is capable of investigating run-up. Run-up investigation is 
an important additional aspect of the analysis that could not be performed here 
due to time constraints. However, the behaviour of these long-wavelength (but 
shorter than tide or surge) waves in the breaking zone is likely to determine the 
extent of subsequent inundation, as well as indicate the likely damage, which 
will depend on the momentum and currents in the breaking wave. 
The largest effects of tsunami waves locally would probably be determined by 
the resonance (natural periods) of estuaries, bays and harbours. This was 
evident in all simulations where the wave entered the shelf from the southwest 
but was not apparent in the North Sea simulation. This regional ringing and slow 
decay of energy were also characteristic of oscillations around the Burin inlet 
reported by Fine et al., (2005). 
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Figure 3.5 Run A of NEA model. Tsunami surface elevation at (a) 1, (b) 2, (c) 3 
and (d) 4 hours after a leading crest tsunami of period 1 hour and amplitude 1m 
generated at the plate boundary west of Gibraltar. 
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Figure 3.6 Run A of nested N10 fine resolution model. Tsunami surface 
elevation at (a) 5, (b) 6.5 and (c) 8 hours after a leading crest tsunami of period 
1 hour and amplitude 1m generated at the plate boundary west of Gibraltar. 
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Figure 3.7 Run B of NEA model. Tsunami surface elevation at (a) 1, (b) 2, (c) 3 
and (d) 4 hours after a leading crest tsunami of period 1 hour and amplitude 5m 
generated at the plate boundary west of Gibraltar. (For illustration only. 
Observations from 1755 suggest a maximum incident wave of around 2 m.) 
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Figure 3.8 Run B of nested N10 fine resolution model. Tsunami surface 
elevation at (a) 5, (b) 6.5 and (c) 8 hours after a leading crest tsunami of period 
1 hour and amplitude 5m generated at the plate boundary west of Gibraltar. 

48 



Chapter 3: Models of tsunami propagation from potential source areas 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) (d) 

(a) (b) 

 
 

Figure 3.9  Run C of NEA model. Tsunami surface elevation at (a) 1, (b) 2, (c) 3 
and (d) 4 hours after a leading trough tsunami of period 1 hour and amplitude 
5m generated at the plate boundary west of Gibraltar. (For illustration only. 
Observations from 1755 suggest a maximum incident wave of around 2 m.) 
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Figure 3.10 Run C of nested N10 fine resolution model. Tsunami surface 
elevation at (a) 5, (b) 6.5 and (c) 8 hours after a leading trough tsunami of 
period 1 hour and amplitude 5m generated at the plate boundary west of 
Gibraltar. 
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Figure 3.11 Run D of N10 fine resolution model. Tsunami surface elevation at 
(a) 30 min, (b) 1 hour and (c) 2 hours after a tsunami of period 30 min and 
amplitude 1m generated in the North Sea.  
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Figure 3.12 Run E of N10 fine resolution model. Tsunami surface elevation at 
(a) 20 min, (b) 1 hour and (c) 2 hours after a tsunami of period 20 min and 
amplitude 1m generated in the North Sea.  
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Figure 3.13 Run F of N10 fine resolution model. Tsunami surface elevation at 
(a) 30 min and (b) 1 hour after a tsunami of period 30 min and amplitude 2m 
generated in the North Sea. This run differs from Run D in that the tidal 
dynamics within the model are disabled, so these figures show the tsunami 
propagation with no background tide. 
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Figure 3.14 Difference in tsunami surface elevation at (a) 30 min and (b) 1 hour 
obtained by subtracting the results from Run D from those from Run F. The 
differences in amplitude result from small phase changes as the propagation 
speed of the tsunami is affected by tidal dynamics.  
 
 

54 



Chapter 3: Models of tsunami propagation from potential source areas 

 
 
 

(c) 

(b) 

(a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.15 Run G of nested N10 fine resolution model. Tsunami surface 
elevation at (a) 6, (b) 7 and (c) 8 hours after a leading crest tsunami of period 
40 min and amplitude 2m generated by the collapse of La Cumbre Vieja 
volcano on La Palma. 
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Figure 3.16 Run H of NEA model. Tsunami surface elevation at (a) 0.5, (b) 1,  
and (c) 2 hours after a tsunami of period 30 min and amplitude 1m generated at 
the passive margin to the southwest of Ireland as described in Section 2.2.2 
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Figure 3.17 Run H of N10 model. Tsunami surface elevation at (a) 3, (b) 5,  and 
(c) 6 hours (same colour scale) after a tsunami of period 30 min and amplitude 
1m generated at the passive margin to the southwest of Ireland as described in 
Section 2.2.2 
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3.5 Assessment of in-land flooding 

3.5.1 A ‘first-order’ approach 
The tsunami propagation modelling described in this chapter has provided 
estimates of tsunami wave heights arriving in UK waters from a selection of 
sources, using plausible initial conditions for tsunami generation. A ‘first order’ 
investigation of in-land flooding has been carried out by projecting sea level 
maxima onto the OS Panorama digital terrain model at 50m spatial resolution to 
enable production of regional scale maps aiming to show ‘worst-case’ scenarios 
for areas highlighted as at risk in the earlier sections of this chapter. Generally, 
these areas consist of bays and estuaries where resonant effects cause wave 
amplification. (To obtain the ‘worst-case’, tsunami wave heights were simply 
added to a representative high tide value). 
This approach provides a very rough indication of the possible flooding impact 
of a tsunami wave, but it is unrealistic in a number of respects. 

• The parameters chosen for the models were not unique, but ‘reasonable’ 
estimates within the likely range of values 

• The hydrodynamic effects of land features, which cause wave attenuation 
and mitigate the extent of inundation, are neglected. Detailed inundation 
modelling would include hydrodynamic models of the coastal foreshore and 
beach attenuation effects. 

• The mitigating effects of coastal sea defences are ignored. 

• The impact of the joint occurrence of (for instance) fluvial and tidal flood 
events, which would cause enhanced flood levels in estuaries, is not taken 
into account. To represent this would require an analysis of the probability 
and magnitude of combined coastal and fluvial flooding (see Section 3.5.2 
below for a more general discussion on joint occurrence of events). 

To produce meaningful estimates of in-land flooding for specific locations, and 
the impacts, more detailed high resolution modelling is required, taking into 
account the scenarios and factors discussed in detail in Section 3.2.4. It has not 
been possible to carry out such modelling as part of this study. However, there 
are tools available, and one approach, Risk Assessment for Strategic planning 
(RASP), developed in the context of fluvial and coastal flooding, is outlined in 
Appendix G. 
We note that detailed mapping of design flood levels (to 5m spatial resolution) 
has been carried out for large parts of the coastline on behalf of the 
Environment Agency in England and Wales, and on behalf of the Scottish 
Executive in Scotland. It is recommended that predicted tsunami levels be 
compared with the design levels derived under these programmes. 

3.5.2 Joint probability of different factors influencing flooding 
An important issue, when considering the flood risk posed by tsunamis, is the 
sea level co-incident with the arrival of a tsunami. A tsunami arriving at low tide 
may cause no flooding whereas the same tsunami event occurring at high tide 
may cause extensive flooding. It is also important to note that due to the spatial 
variation in tides around the UK, the same tsunami wave could arrive at high 
tide in one area, whilst in another it may coincide with low tide. 
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Sea level comprises a mixture of astronomical tide and meteorological surge 
and, in principle, when considering extremes of sea level, it is necessary to 
consider the joint occurrence of surges and astronomical tides (see for example 
Dixon and Tawn, 1997). Joint occurrences of high wind wave conditions 
combining with high sea levels are also of importance (see for example Hawkes 
et al 2002). In theory, therefore, to assess flood risk arising from these sources, 
it is necessary to consider joint occurrences, or joint probabilities of tsunami 
waves, wind waves, surges and astronomical tides. Such a study is potentially 
complex, and heavily reliant on extensive data sets of the variables under 
consideration to enable reliable estimates of statistical model parameters to be 
made. In practice such data sets are unlikely to be available for tsunami events.  
In view of the uncertainties associated with the magnitude and likelihood of 
tsunamigenic events, detailed joint probability analyses providing explicit 
representation of these variables is neither practical nor appropriate. Instead, 
recognition of the primary variable of importance (for most of the UK this is 
astronomical tidal level) and simplifying assumptions regarding secondary 
variables can be made, for example: 

• Astronomical tide levels can be simplified and represented as a series of 
discrete levels (e.g. high, medium and low) 

• Surge level is zero metres during tsunami events 

• Wind waves do not significantly alter the flood characteristics of tsunami 
waves 

In Chapter 2 the likelihood of occurrence of tsunamis from various sources was 
assessed qualitatively. In a more detailed analysis it would be possible to 
represent the occurrence of tsunamis through a quantitative probabilistic 
assessment. In such an assessment the distribution of tsunami waves could be 
assumed to be: 

• Stationary throughout time 

• Temporally independent of one another 
Under these assumptions, it is possible to fit probability distributions (typically a 
Poisson Distribution is used) to data on known tsunami events. This allows 
estimates of the average occurrence interval, or return period, of specific 
events. The authors are, however, aware of current debate regarding, in 
particular, the assumption of temporal independence (Palatella et al, 2004), and 
recommend that sensitivity analysis including these issues be carried out. 
These types of simplifying assumptions are considered appropriate for this kind 
of analysis and are similar in philosophy to those adopted and applied in earlier 
work done to predict extreme events (Nuclear Electric Plc., 1995). 
For the assessment of tsunami risk it is necessary to combine the information 
for the different possible sources of tsunami waves. The output of this type of 
analysis could be a probability/tsunami height distribution (including the 
influence of tides), on a UK regional basis, at a nearshore boundary. This could 
then be used as input to a tsunami flood risk model (such as that described in 
Appendix G) that includes nearshore and floodplain propagation (inundation) 
process modelling. 
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4. Detection of tsunamigenic earthquakes  
4.1 Seismic characteristics of tsunamigenic earthquakes and 

slides 
Earthquakes that generate tsunamis are termed tsunamigenic, and the majority 
of them occur in subduction zones. Within subduction zones, tsunamigenic 
earthquakes can be classified according to their location and faulting 
mechanism (Satake and Tanioka, 1999). Tsunami amplitude is directly related 
to the total water volume displaced, which depends on the source mechanism, 
rupture dimensions, slip distribution, depth and size of the event. Given prior 
knowledge of the characteristics of seismically active areas, the location of large 
earthquakes gives a first indication of the type of faulting. Rapid determination 
and evaluation of other parameters is essential to assess the tsunamigenic 
potential of a seismic event and so to inform a decision on whether or nor to 
issue a tsunami warning. 
The crustal deformation caused by an earthquake can be inferred from the size 
and mechanism of faulting (e.g. Abe, 1973). The physically most meaningful 
measure of earthquake size is the seismic moment (Mo), which combines the 
fault area A, the amount of slip d and the shear modulus µ (the material’s 
resistance to shearing): 

dAM ⋅⋅= µ0   

(Lay and Wallace, 1995). The seismic moment can be converted to moment 
magnitude Mw (Kanamori, 1977): 

logW 0M 2 3 M const= −  

The larger the fault area and slip, the greater is the tsunamigenic potential of an 
earthquake. A merit of the moment magnitude is that it does not saturate even 
for the largest earthquakes. Other magnitude scales such as surface wave 
magnitude MS, body wave magnitude mb and local or Richter magnitude ML all 
saturate above a certain magnitude (Geller, 1976; Bormann, 2002) because 
they fail to account for energy at low frequencies. To correctly assess 
earthquake magnitude, the amplitude of the earthquake recording needs to be 
measured below a ‘corner frequency’ where the displacement frequency 
spectrum is flat. By measuring at too high frequencies there is the danger of 
underestimating the size of the earthquake. For tsunamigenic earthquakes 
measurements are typically made at periods greater than 100 seconds. 
There are different methods for estimating the seismic moment. Firstly, a full 
source inversion based on a number of seismograms can be performed (Aki 
and Richards, 2002). Normally, this is based on body and surface waves, which 
means that there may be a significant delay after the event occurred. This may 
be acceptable for tsunami warning on global scales, but would not be an option 
for short distances. Secondly, Tsuboi et al. (1995) have suggested a simple and 
robust method to determine M0 and MW from P waves only for application in 
tsunami warning. The magnitude scale is called MWP and is determined from the 
scalar moment that is measured after integrating broadband records twice. MWP 
can be determined within minutes of earthquake detection. 
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The energy magnitude scale (Boatwright and Choy, 1986) is directly linked to 
radiated energy, and thus is a somewhat different measure of earthquake size. 
It is not very useful for tsunami warning, since it does not correctly reflect the 
dimensions of faulting, unlike moment magnitude. Earthquakes can release less 
energy than expected for their seismic moment (see Section 4.2). However, the 
scale is more useful than MW for estimating the potential damage from direct 
seismic waves. 
Another scale is the mantle magnitude, which, because it is based on the long 
period part of the seismic wave spectrum, does not saturate (Talandier and 
Okal, 1989). The mantle magnitude can be used for tsunami warning (Schindele 
et al., 1995) at teleseismic distances. 
Abe (1979; 1981) developed the tsunami magnitude scale Mt, which was 
calibrated against the moment magnitude. This scale allows estimation of 
earthquake magnitude based on tsunami wave amplitudes measured on tide 
gauge instruments. The formula is: 

55.5log2log ++= XHM t  

where H2 is the maximum crest-to-trough amplitude on tide gauge records in 
metres and X is the distance from the epicentre to the recording station along 
the shortest oceanic path in kilometres. The December 2004 Sumatra 
earthquake was the 10th great tsunami earthquake (Mt ≥ 9) since 1837 (Abe, 
pers. comm). The difference between MW and Mt is small in most cases, which 
means that H2 can be estimated from MW. 

4.2 Tsunami earthquakes 
An earthquake that causes a tsunami greater than expected from routine 
analysis of its seismic waves is called a tsunami earthquake (Kanamori, 1972). 
This definition excludes earthquakes that trigger submarine slides, which are 
described in Section 4.4. Tsunami earthquakes require special attention in 
terms of warning, since their tsunamigenic potential estimated from seismic 
waves can be underestimated (for example, MS can be significantly smaller than 
tsunami magnitude Mt). An example is the 1992 Nicaragua earthquake, which 
had a moment magnitude MW of 7.6 and a surface wave magnitude MS of 7.0 
(Kanamori and Kikuchi, 1993). The surface wave magnitude suggested that this 
earthquake was unlikely to cause a tsunami. The event was also only slightly 
felt onshore about 100km from the source. Nevertheless, the event generated a 
Pacific-wide tsunami, and caused significant destruction along the coast of 
Nicaragua. Other examples of tsunami earthquakes are 1896 Sanriku, 1946 
Aleutian, 1963 and 1975 Kuriles, 1994 Java and 1996 Peru (Okal and Newman, 
2001; and references therein).  
Tsunami earthquakes are generally characterized by slow rupture propagation, 
which leads to a lower energy release than expected for the respective seismic 
moment. The discrepancy between energy and moment is responsible for the 
difference between MW and MS, as well as for the earthquake not being strongly 
felt. Newman and Okal (1998) suggested the use of the ratio between estimated 
energy and seismic moment to evaluate if an earthquake is ‘slow’ and so 
potentially a tsunami earthquake. The technique was used to investigate if 
regions can predominantly produce slow earthquakes (Okal and Newman, 
2001). However, this does not seem to be the case; in regions where tsunami 
earthquakes occur, not all other events are slow. Shapiro et al. (1998) use the 
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lack of energy at high frequencies in tsunami earthquakes for identification by 
looking at the ratio of total energy to high frequency energy (between 1 and 5 
Hz). The method can be applied using data recorded at a single station. In the 
case of Mexico, they argue that slow earthquakes occur near an oceanic trench, 
which means that the energy ratio gives an indication of event location. 
Possible explanations for the depletion of high frequency energy are either slow 
rupture propagation or high attenuation in the source area. Both are linked to 
the physical rock properties in the source area. Slow rupture and high 
attenuation are likely to occur together as they are associated with mechanically 
weak materials. Slow rupture velocity results in long source duration time. 
Tsunami earthquakes can occur in a number of different scenarios (Shapiro et 
al., 1998; Kanamori and Kikuchi, 1993; and references therein). They can be 
caused by steeply dipping faults within the accretionary prism of a subduction 
zone. Rupture on such steep faults can be very efficient in displacing the sea 
floor and cause a tsunami. Slip at the base of the accretionary prism has also 
caused tsunami earthquakes. An alternative scenario is a non-accreting margin 
where sediments are subducted. The lack of sediments on the trench floor can 
lead to rupture extending to the sea floor, as suggested for the 1992 Nicaragua 
earthquake (Kanamori and Kikuchi, 1993). Slumping triggered by the 
earthquake can further increase the tsunamigenic potential of these 
earthquakes. The orientation and direction of rupture may enhance or decrease 
the tsunamigenic potential. 
While tsunami earthquakes are linked to slow rupture, the slow rupture is not 
the physical reason for efficient generation of tsunami waves. It is rather caused 
by the shallowness of the source, and possibly enhanced by the source 
mechanism in the respective location. Thus slow rupture gives an indication of 
the earthquake location and indirectly indicates that the tsunamigenic potential, 
because of its location, may be greater than expected based on the amplitude 
of the seismic waves at high frequencies. However, estimating the ratio of total 
energy to high frequency energy or energy to seismic moment provides a robust 
measure of the tsunamigenic potential. 

4.3 Location, mechanism and depth 
It is obvious that tsunamigenic earthquakes occur offshore. The main sources 
offshore are subduction zones, where, generally, the oceanic plate dips under a 
continental plate, and oceanic ridges, where new oceanic crust is formed. Many 
of the world’s large, and all of the great earthquakes, occur in subduction zones, 
which explains why most tsunamigenic earthquakes originate from these areas. 
As explained above, major earthquakes are large because of large fault length 
and width as well as rupture slip and, therefore, cannot occur anywhere. 
Subduction zones are hundreds of kilometres long with rupture width of the 
order of a hundred kilometres and can, therefore, accommodate large-scale 
rupture. Ruptures can also jump from one section of a subduction zone to 
another, as occurred in the December 2004 Sumatra earthquake, resulting in 
even longer total fault rupture. The rupture is initiated at the epicentre, but can 
develop into a rather complex process, all of which will affect the spreading of 
the tsunami. Tsunami generation requires movement of the sea floor, which 
means that the rupture has to occur at a shallow depth, which is possible in 
subduction zones. 
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The largest tsunamigenic subduction earthquakes have had a thrust or reverse 
mechanism. This type of faulting is caused by compressive stresses, which are 
controlled by the converging plates that meet in the subduction zone. The 
oceanic plate is pushed and/or pulled underneath the continental plate. 
Movement of the plates without earthquakes (aseismic) is also possible. 
However, more commonly the continental plate becomes locked to the oceanic 
plate, which causes strain within the plates as well as flexure of the continental 
plate. During an earthquake the plates move, releasing some of the 
accumulated strain. The continental plate (the hanging wall) moves upwards 
relative to the oceanic plate (foot wall), which is called thrust or reverse style of 
faulting. The vertical movement of the sea floor during this type of faulting 
depends on both the angle of dip of the subducting plate and the depth of the 
rupture. The direction of the vertical component (up- or down-dip) of rupture 
propagation also affects tsunami generation. 
While great earthquakes in subduction zones will generally be of the thrust type, 
other types of faulting can occur in subduction zones and cause tsunamis. As 
discussed below, normal faulting (the hanging wall moves down relative to the 
foot wall) can occur within the material that accumulates between the two 
plates, the accretionary prism. Normal faulting across the subducting plate has 
also been suggested (Kanamori, 1972). Outside subduction zones, oblique 
mechanisms with a strike slip (mostly horizontal movement between two plates) 
as well as a dip slip component can (if shallow) be tsunamigenic. The source 
mechanism can be determined through seismic waveform inversion. If a 
tsunami is generated, it is also possible to determine source parameters from 
tsunami waveforms, either from deep-sea pressure sensors (Ritsema et al., 
1995) or tide gauge instruments (Johnson and Satake, 1996). 
The reality can be rather complex and it is helpful to study the details of 
potential tsunami sources in advance of events. The knowledge gained can be 
used in a tsunami warning system to evaluate the tsunamigenic potential of a 
specific earthquake, once detected. 

4.4 Submarine slides and landslides entering the sea 
Landslides release seismic energy due to both shearing and change in loading 
(Brodsky et al., 2003). Seismic signals from large slides can be recorded at 
regional and teleseismic distances (e.g., Brodsky et al., 2003). Using seismic 
data from a landslide, it is generally possible to determine its location, 
orientation and size (Kawakatsu, 1989). Submarine slides and landslides may 
be triggered by earthquakes, but this is not always the case. Displacement of 
water by slides can cause a tsunami, so as part of a tsunami warning system it 
may be necessary to detect slides through seismic monitoring. This (to our 
knowledge) is not done at present by the existing tsunami warning centres. For 
the 1998 Papua New Guinea tsunami, there was some initial dispute on 
whether the tsunami was caused by an earthquake or a submarine slide (Titov 
et al., 2001; Okal and Synolakis, 2004), since modelling the tsunami run-up is 
non-unique. While Okal and Synolakis (2004) argue that the tsunami was 
caused by a submarine slide, there are no reports of the use of seismograph 
data, which may suggest that the slide did not leave a seismic trace. This raises 
the question how submarine slides can be detected using data from 
seismograph stations. Tsunamis are less frequently caused by slides than 
earthquakes, and modern seismic observations of these events are sparse, as 
are publications on this matter. 
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Several source mechanisms have been suggested for the 1929 Grand Banks 
earthquake including strike-slip, dip-slip faulting and slumping (e.g., Hasegawa 
and Kanamori, 1987). The event caused a significant tsunami, which led to 
considerable damage. The study by Hasegawa and Kanamori (1987) showed 
that the seismic data was most consistent with a slump model. However, other 
mechanisms were not completely ruled out. The seismic data provided no clear 
evidence whether slumping was triggered by an earthquake. 
A recent example of tsunami generated by landslides entering the sea occurred 
on 30 December 2002 at Stromboli Volcano, Italy (La Rocca et al., 2004; 
Bonaccorso et al., 2003; Pino et al., 2004). This paragraph summarises the 
results from these three studies. A combination of submarine and sub-aerial 
slides, with the two main events seven minutes apart, and producing tsunamis 
were observed on seismometers within about 2-20 km. No volcanic or tectonic 
seismicity was observed prior to or during the landslide events. The duration of 
the landslides as determined from the seismic observations was of the order of 
five minutes. The landslide signals were characterised by seismic waves with a 
very emergent onset and a frequency content of 0.1-5 Hz. The seismic signals 
were compatible with a single force mechanism, due to the large amount of 
material sliding. From the seismic signals it was possible to identify several 
mass failure sub-events. The total volume was estimated using the single force 
model. Using two approaches, volumes with a factor of about 10 between them 
were obtained. The upper value was similar to the amount estimated from a 
bathymetry survey. Difficulties with this type of modelling, the authors argue, 
arise from the complex rupture process during the slide such as the transition 
from a high friction start to fluid-like movement during the later stages. The 
authors suggest that the long-period seismic signals may only correspond to 
slide detachment. The authors assume that the first landslide was preceded by 
a submarine slump, which was mostly responsible for tsunami excitation. 
However, it was not clear which part of the signal was attributed to the 
submarine slump. About five minutes after signal onset, one of the seismic 
stations (about 20km from the source, and 100m from the beach) recorded a 
signal caused by ground tilt due to the tsunami reaching the coast. The signal 
recorded had periods between 66 and 166 seconds and lasted for several 
hours. 
The study by La Rocca et al. (2004) suggests that the slide detachment is 
clearly observed on seismometers at close distances of less than 20 km. The 
sliding itself mostly creates an ongoing high-frequency signal. While the slides 
were preceded by volcanic activity, they were not triggered by seismic events.  
Large and possibly tsunamigenic submarine slides are likely to be detected by 
seismic stations and can be distinguished from tectonic earthquakes through 
waveform inversion and the long period characteristics. However, unless the 
single force model (as appropriate for a landslide) is considered, there may be a 
risk of not detecting the nature of a submarine slide. Wrong evaluation of a 
submarine slide as a tectonic earthquake may lead to an underestimation of the 
tsunamigenic potential. Another reason for misidentification can be the lack of 
high frequency energy that can lead to an underestimation of event size 
(Kawakatsu, 1989). The detectability of such events also depends on the 
distance between the source and station and the size of the event. The 1998 
Papua New Guinea submarine slide may have been an aseismic example. 
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4.5 Review of the current state and capability of seismograph 
networks 

As discussed in previous sections, tsunamis are generated by sudden 
displacement of a large volume of water, which can be caused by either an 
earthquake or sliding material. During an earthquake, relative motion occurs 
along a fault plane and energy is partly released in form of seismic waves. 
Similarly, motion of a landslide releases seismic energy. The seismic energy 
propagates away from the source and can be detected by seismograph 
stations. By combining data from a network of seismograph stations it is 
possible to detect, locate and measure the size of the seismic event. While 
every seismic event creates unique seismograms (recording on the 
seismograph), it is possible to infer properties such as the fault geometry, 
rupture propagation and slip distribution from the recordings. This section gives 
an overview of the instrumentation and systems required for a seismic 
monitoring network that forms part of a tsunami warning system, and describes 
the current status of networks in northwest Europe. 

4.5.1 Seismic monitoring equipment 
The main sensors in a seismic network are seismometers, instruments sensitive 
to (the velocity of) ground vibration. The challenge in building a seismometer is 
that the instrument needs to work over a large dynamic range, to record both 
low-level seismic background noise and to remain on scale for earthquakes. 
The instrument also needs to work over a wide frequency range. Obviously, 
there are limitations, and seismometers are characterised by their dynamic 
range and their frequency band of operation. Another type of sensor is the 
accelerometer, which produces output proportional to ground acceleration, and 
is designed not to saturate even for the largest earthquakes. In the early days of 
seismology, seismometers were built to record either at long or short periods. 
However, broadband sensors are available today that cover a wider frequency 
range and there is a range of instruments produced by different manufacturers. 
Generally, instruments that produce an output proportional to ground velocity in 
the range from 30 seconds period to a frequency of 50 Hz are called broadband 
seismometers. ‘Very BroadBand’ (VBB) instruments have a long-period 
response up to 120 or even 360 seconds, and are capable of recording up to a 
frequency of about 50 Hz. 
Large tsunamis are generated only by major earthquakes (M>7, roughly), which 
release seismic energy at very long periods. The correct size of such large 
earthquakes in terms of seismic moment can only be measured from the very 
long periods, and, therefore, it is essential to use VBB seismometers for the 
detection of tsunamigenic earthquakes. 
The VBB seismometer, while the only appropriate sensor for use in a tsunami 
warning system, is also the most expensive in terms of initial costs and 
installation. For this reason, most seismic networks still operate instruments that 
are limited to a smaller frequency band, which provide valuable data for other 
purposes. VBB instruments require a more sophisticated vault construction 
(Bormann, 2002; McMillan 2002), and must be installed at carefully selected 
sites. Generally, seismic stations are constructed as far away as possible from 
sources of seismic noise such as cultural disturbances and the sea. However, 
other factors such as access to the site, infrastructure and the wider objectives 
of the seismic network operations have to be considered. 
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In modern networks, the analogue signal from the sensor is converted to a 
digital output at the remote site and time stamped using the Global Positioning 
System (GPS) time signal. A number of manufacturers produce digitisers with a 
dynamic range of 22-24 bits. The sampling rate can be configured and is 
normally chosen to be between 20 and 100 samples/second. Most seismic 
networks integrate data from a number of field stations into one system in real 
time. The real-time communication can be achieved in several ways: using the 
Internet, satellite links, ADSL broadband, or digital radios. Commonly, networks 
use more than one type of communication. Analogue radio links are still used, 
but the dynamic range of the signal is restricted because of limited bandwidth, 
and so this is not an option for modern VBB stations. 

4.5.2 Data processing 
At a typical seismic data analysis centre, once the data arrive, they are 
automatically processed and archived. Both open source and commercial data 
processing and analysis software packages are available. Automatic processing 
begins with pre-processing such as filtering, followed by detection of changes in 
the signal from individual sites. In case of several detections from various sites, 
a network event is declared. The hypocentre is determined from arrival times, 
and the magnitude is calculated automatically. There are a number of 
magnitude scales, which, traditionally, were based on measuring the amplitude 
of the seismic signals in the time domain at a given period (ML, mb and MS). 
However, as described in Section 4.1, these scales saturate for the largest 
earthquakes. More appropriate for large and possibly tsunamigenic earthquakes 
are the moment magnitude (Hanks and Kanamori, 1979) and the mantle 
magnitude (Okal and Talandier, 1987; Talandier and Okal, 1989). All of these 
magnitudes can be estimated automatically. 
Provided that data are received in near real-time, automatic locations and 
magnitude can be obtained within minutes of the occurrence of an event, 
depending on station to source distance. It is also possible to automatically 
determine the mechanism of the earthquake. However, as with any automatic 
procedure there are limitations, and generally it is necessary for a seismologist 
to improve the results manually. The final results for hypocentre location, 
magnitude and source mechanism are always obtained through manual data 
processing and analysis. 
The data centre is often responsible for disseminating information on events, 
through web pages, e-mail, sms, fax, or through the media. Some data centres 
provide results based on fully automated processing without review, others only 
provide results after careful review. A large number of software tools for 
processing seismic data are available, many developed as open source, and 
these are widely used by the academic community (see, for example, 
http://orfeus.knmi.nl/other.services/software.links.shtml). The two most common 
central processing software packages are Earthworm (open source, 
http://folkworm.ceri.memphis.edu/ew-doc/) and Antelope (commercial, 
http://www.brtt.com). Besides providing real-time response to events, data 
centres typically archive data and provide on-line access to the archives to the 
scientific community. Data centres can be linked to form virtual networks over a 
larger region. 
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4.5.3 Description of seismograph networks relevant to tsunami warning 
for northwest Europe 

Seismic networks operate on different geographical scales, from global to 
regional to national to local. With real-time access to data, a seismic station can 
be part of several virtual networks depending on the monitoring objective. 

4.5.3.1 National networks 
All countries in western Europe operate seismic networks, and most of them 
contribute data to regional data centres. Many of the seismograph stations are 
equipped with broadband sensors (Figure 4.1). The highest density of 
broadband stations is found in central Europe and there is good coverage of the 
northern Mediterranean region. Coverage in northwest Europe is comparatively 
sparse. 
To detect a tsunamigenic source in the northeast Atlantic, stations in the UK, 
Iceland, Norway, Denmark, Greenland, the Faroes and the Netherlands would 
play a vital role. The organisations currently operating stations in this region are 
listed in Table 4.1. 
 

 
Figure 4.1. Virtual European Broadband Seismograph Network station map 
(courtesy of ORFEUS, http://orfeus.knmi.nl/VEBSN/VEBSN-station-map.shtml) 
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Table 4.1. List of organisations operating seismic broadband stations in the 
northeast Atlantic region. 

Organisation Region Number of 
broadband 

stations 
AWE Blacknest 
www.blacknest.gov.uk  

UK 2 

British Geological Survey 
quakes.bgs.ac.uk  

UK >5 

University of Bergen 
www.geo.uib.no  

Norway >5 

NORSAR 
www.norsar.no  

Norway >2 

GEUS 
www.geus.dk 

Denmark 
Greenland 

3 
>1 

KNMI 
www.knmi.nl  

The Netherlands 3 

 

4.5.3.2 European regional seismological centres 
Observatories and Research Facilities for European Seismology (ORFEUS) is 
an organisation that aims to coordinate and promote digital broadband 
seismology in Europe (http://orfeus.knmi.nl). ORFEUS receives waveform data 
in near real time from a number of organisations (Table 4.2) and operates the 
Virtual European Broadband Seismograph Network (VEBSN). At present, 
ORFEUS uses the data collected to automatically determine the location and 
magnitude of earthquakes, but does not review the results. 
The European Mediterranean Seismological Centre (EMSC) on the other hand 
only deals with parametric data (location, magnitude and phase data) that it 
receives from its members (http://www.emsc-csem.org). It combines the 
parameters that it receives and rapidly disseminates the information. The EMSC 
is the thus the main institution in Europe providing near-real-time alerts within 
the region, and aims to do so within an hour of an earthquake occurring. 
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Table 4.2. Organisations that contribute to the VEBSN (courtesy of ORFEUS) 
Zentralanstalt für Meteorologie und Geodynamic, Vienna, Austria  
Geophysical Institute, Academy of Sciences Czech Republic, Prague, Czech Republic  
Institute of Physics of the Earth, Masaryk University, Brno, Czech Republic  
Geological Survey of Estonia, Tallinn, Estonia  
Centre National de la Recherche Scientifique, Nice, France  
GEOFON, GeoForschungsZentrum Potsdam, Germany  
National Observatory of Athens /Institute of Geodynamics, Athens, Greece  
Hungarian Seismological Network, Geodetic and Geophysical Research Institute, Sopron, 
Hungary  
MedNet, Istituto Nazionale di Geofisica e Vulcanologia, Rome, Italy  
Physics Department, Faculty of Science, University of Malta, Msida, Malta  
Royal Netherlands Meteorological Institute (KNMI), De Bilt, Netherlands  
NORSAR, Kjeller, Norway  
Geophysical Institute, Polish Academy of Sciences, Warsaw, Poland  
National Institute for Earth Physics, Bucarest, Romania  
Geophysical Institute,Slovak Academy of Sciences, Bratislava, Slovak Republic  
Environmental Agency of the Republic of Slovenia, Ljubljana, Slovenia  
Instituto Geografico Nacional, Madrid, Spain  
Eidgenössische Technische Hochschule Zürich, Switzerland  
Geological Survey of Cyprus, Nicosia, Cyprus  
Danish National Survey and Cadastre, Copenhagen, Denmark  
Geoscope, Département de Sismologie, Institut de Physique du Globe, Paris, France  
ReNaSS, Ecole et Observatoire des Science de la Terre, Strasbourg, France  
German Regional Seismograph Network, Erlangen, Germany  
Geophysical Institute of Israel, Lod, Israel  
Istituto Nazionale di Oceanografia e di Geofisica Sperimentale, Trieste, Italy  
Dipartimento di Scienze dellla Terra, University of Trieste, Italy  
Instituto Superior Tecnico, Lisbon, Portugal  
Universidad Complutense, Madrid, Spain  
Real Observatorio de la Armada, San Fernando, Spain  
Observatori de l'Ebre, Roquettes, Spain  
Hagfors, Swedish Defense Research Agency, FOI, Stockholm, Sweden  
Bogazici University, Kandilli Observatory and ERI, Istanbul, Turkey  
British Geological Survey, Edinburgh, UK  
IRIS/IDA network, University of California, Scripps Institute of Oceanography, USA  
IRIS/USGS network, USGS Albuquerque Seismological Laboratory, USA  
 

4.5.3.3 Global networks 
The Global Seismograph Network (GSN) (Figure 4.2) is the result of 
cooperation of organisations participating in the Incorporated Research 
Institutions for Seismology (IRIS) consortium. IRIS is a university research 
consortium dedicated to exploring the Earth's interior through the collection and 
distribution of seismographic data. The IRIS GSN is made up of over 136 
stations with affiliations to USGS, UCSD/IDA, GEOFON, Pacific21, NCDSN, 
GEOSCOPE, MedNet, BGR, BFO, USNSN, BDSN, TriNet, AFTAC and several 
other national and international networks (http://www.iris.edu/about/GSN/). The 
Federation of Digital Broad-Band Seismograph Networks (FDSN) is another 
global organisation responsible for the installation and maintenance of 
broadband seismographs (http://www.fdsn.org). 
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Figure 4.2. Global distribution of the 136 GSN stations (courtesy of IRIS GSN). 
 
Data from the GSN are processed by the United States Geological Survey 
(USGS) National Earthquake Information Center (NEIC) with the goal of rapidly 
(within a few hours) detecting and locating earthquakes worldwide. Depending 
on the network coverage in a particular region, it is possible that smaller 
earthquakes (M<5) will not be detected. Earthquake location and magnitude are 
available either from the website (http://neic.usgs.gov) or through email alerts. 
The Pacific Tsunami Warning Center (PTWC) has direct access to the NEIC 
and GSN data. Several other institutions also provide global earthquake 
locations in near real time. 

4.5.4 Response to tsunamigenic events with the potential to have an 
impact on the UK 

Presently, there is no tsunami warning system for the Atlantic, and no deep-sea 
pressure sensors are operated in the region. Therefore, monitoring in this 
region is practically limited to detection of seismic events by seismograph 
networks. The tsunami wave can be detected by tidal gauges, but without a 
warning system being established, there is no real-time integration of seismic 
and tidal information. The lead-time in a tsunami warning system is the time 
difference between the alert being issued and the tsunami arrival. The minimum 
delay after event occurrence before a warning can be issued is a function of the 
distribution of seismic stations and their distance from the source; the time 
seismic waves need to propagate from the source to the receiver, plus the time 
it takes to process the data. In a regional network this time will be about 5-10 
minutes. (Of course, the lead-time depends on the distance of the area to be 
affected by the tsunami from the seismic source.) 

4.5.4.1 Northeast Atlantic and North Sea 
The main tsunamigenic risk in the northeast Atlantic is from submarine slides, 
which are more difficult to detect than earthquakes. An earthquake that triggers 
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a slide may be detected, although the number of seismograph stations in the 
region currently operated by the various institutions is only moderate. Some of 
the organisations with stations in this region send their data to the ORFEUS 
centre in real-time, but at present there is no monitoring system specific to this 
region that makes use of data from more than one organisation. Earthquakes 
are detected by the different organisations independently, but analysis is not 
carried out and results made available until several hours after event 
occurrence, at best. At present, seismic monitoring of these regions focuses on 
earthquakes; submarine slides may be detected, but the operations are not 
designed for tsunami detection and warning. 

4.5.4.2 Offshore Portugal 
A large and tsunamigenic earthquake offshore Portugal would be detected by a 
number of European institutions and the EMSC would distribute information. 
Global networks and services such as the NEIC and PTWC would also detect 
such an event. However, no tsunami warning system is in place for the Atlantic, 
and the tsunamigenic potential of such an event may not be realized. If a 
tsunami earthquake (Section 4.2) was to occur, it is likely that the event size in 
terms of seismic moment and the tsunamigenic potential would be 
underestimated. 

4.5.4.3 Canary Islands 
Seismic activity associated with volcanic activity would almost certainly occur as 
a precursor to a major landslide on these islands and would be detected by the 
local monitoring systems. Regional seismic networks may fail to detect a slide, 
but such an event would be observed locally. However, no warning system and 
infrastructure to respond to such a warning are in place. 

4.5.4.4 Caribbean, Mid-Atlantic Ridge and Eastern North America 
Large earthquakes in these regions would be detected at the global data 
centres. However, without a tsunami warning centre responsible for these 
regions, there is a danger that the tsunamigenic potential of an event would not 
be realised (although the threat to the UK is small). A proposal and initiative for 
a Caribbean tsunami warning system exists (IOC, 2002). The British dependent 
territories within the Caribbean would benefit from this system. 

4.5.5 Strategy for tsunami monitoring in the UK and northwest Europe 

4.5.5.1 UK future plans 
About 150 seismograph stations in the UK are operated by the BGS (Figure 
4.3). Most of the stations are equipped with short-period seismometers and 
analogue radio links, which means they have limited dynamic and frequency 
ranges. This type of station is appropriate for monitoring of local seismicity, but 
does not adequately record regional large seismic events. Recently, the BGS 
has installed five VBB seismograph stations (Baptie and Ottemöller, 2004). The 
data from these stations are transmitted to the BGS office in Edinburgh in near 
real time, where they are processed and archived.  
The BGS plans to increase the number of VBB stations as part of the UK 
network over the coming years, with the goal of having about 50 stations in the 
country within five to ten years. However, costs for this upgrade are high and 
progress is subject to funding constraints. The higher quality of the signals from 
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VBB stations would make many of the short-period stations redundant. The plan 
is to retrieve data from most of the stations in real time, and to automatically 
process data from the entire network. Automatic locations and magnitudes will 
be available within minutes after an earthquake occurs, which will be a 
significant improvement on the one to two hours response time at present. The 
capability to detect and locate earthquakes at regional and teleseismic 
distances will also be significantly improved. Thus, possible large tsunamigenic 
events at larger distances would be detected using the UK stations. 
It is also planned to exchange data with other network operators in the region to 
improve earthquake detection capability in the North Sea and the northeast 
Atlantic. The main tsunami risk in this region stems from submarine slides, 
which are seismically more difficult to detect. Stations may have to be deployed 
as close as possible to potential sources. Research into the characteristics of 
such events is required, as is implementation of software for automated 
processing. 

4.5.5.2 European plans 
Discussions on the tsunami risk to Europe are ongoing at present. The highest 
tsunami risk to Europe comes from sources in the Mediterranean and offshore 
Portugal, and these will probably receive most attention. The MEREDIAN 
project (http://orfeus.knmi.nl/meredian) involving several European institutions 
has aimed to improve seismic infrastructure in the region. The project ended in 
April 2005, and has significantly improved the network infrastructure. Data from 
the participating networks are combined at the ORFEUS data centre, and it is 
likely that future plans to address tsunami warning will involve ORFEUS and the 
EMSC, and the individual organisations involved. The BGS has good links with 
these organisations and being a member of both ORFEUS and the EMSC, 
would be involved in these activities. However, the risk to the UK from the 
northeast from submarine slides will probably not be addressed, and will require 
cooperation mainly between the UK and Norway.  
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Figure 4.3. The UK seismograph network operated by the BGS. 

4.5.6 Summary 
On the characteristics of earthquakes capable of generating tsunami: 

• Tsunami waves result from sea floor displacement, which depends on 
source location, source mechanism, event size, and rupture propagation. 
Both reverse and normal mechanisms can be responsible for tsunamis in 
subduction zones, which is where most tsunamigenic earthquakes occur. 

• Moment and mantle magnitude provide a reliable estimate of earthquake 
size to evaluate tsunamigenic potential. 
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• Tsunami earthquakes cause larger tsunamis than suggested by their 
seismic magnitude. However, they can be identified with existing methods. 

• Seismic signals from landslides are understood well and can be modelled 
using a single force model. Large landslides are detected over great 
distances. 

• Seismic stations can detect large submarine slides. However, there is a risk 
that the size of a submarine slide will be underestimated or the seismic 
event associated with the slide will be misinterpreted as tectonic earthquake. 

On the current capability to detect tsunamigenic earthquakes: 

• Tsunami warning for the UK is feasible as the main potential sources are at 
sufficiently large distances to give adequate lead-time to respond. 

• Without a tsunami warning system for the Atlantic the current situation in 
terms of response in the UK would not be much different from the Indian 
Ocean scenario in 2004. 

• Technologies and systems for tsunami warning have been developed and 
are available. 

• Regional seismic cooperation in Europe has not addressed tsunami risk in 
the past. 

• The seismic monitoring infrastructure in place in the UK and in Europe (and 
worldwide) has the potential to be used for tsunami warning. 

• The UK seismograph network requires enhancement to provide adequate 
monitoring and to provide the quality of data needed for proper interpretation 
of seismic signals from possible tsunami source regions in the northeast 
Atlantic and the North Sea. 
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5. Detection of tsunami using oceanographic and 
remote sensing instrumentation 

5.1 Introduction 
In this chapter the likely lead-time between detection of a tsunami and its impact 
on UK coasts is considered. The merits and limitations of each detection 
technology and the investments that must be made to UK and regional 
monitoring system infrastructures are reviewed, and an assessment of the 
practical potential for a UK warning and response system is given. 

5.2 Tsunami travel times 
In Chapter 3 we described the use of a barotropic numerical model with high-
resolution bathymetry to provide an accurate representation of tsunami travel 
times and wave heights. Table 5.1 shows the earliest arrival times in UK coastal 
regions for a range of possible tsunamis, including most of those discussed in 
Chapter 2. Also shown are the travel times from the shelf break to land, 
demonstrating the considerable benefit to a UK warning system from the 
retardation of the wave as it approaches the coast.  

Table 5.1 Tsunami arrival times in the UK 
 
 Case Approx. 

distance 
to UK 
(km)1 

Mean 
Depth 

(m) 

Travel 
time 
(h) 

Travel 
time from 

shelf 
break (h)2 

1 ‘Lisbon’ earthquake of 1755 
(Baptista et al. 1998; Borlas 
1756) 

1600 3200 5.1 3.1 

2 La Palma slide (Ward and 
Day 2001) 

2400 3900 6.2 3.4 

3 Western Atlantic subduction 
zone  (e.g. Puerto Rican 
trench). Note 3 

5000 4000 10 3.7 

4 Passive margin earthquake 
and Storegga-like slide (e.g. 
Rockall Trough or North 
Sea Fan area) (cf. Smith et 
al. 2004) 

1200 1500 3.8 1.7 

5 Passive margin earthquake 
in the western Celtic Sea 

350 180 3.4 3.4 

6 Near field earthquake in 
North Sea (cf. Dogger Bank, 
1931) 

370 80 1.8 1.8 

7 Far field e.g. Krakatau 
1883, Indonesia 2004  

Note 4 - 29 3-4 

 
Notes 

1. To first contact of wave with land 
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2. From depth decreasing below 1000m. Exact travel time depends on 
precise direction of wave propagation. 

3. Azores earthquakes and Grand Banks slides (cf. Fine et al. 2005) can 
also can be included in this long distance category. 

4. Not calculated here. From http://www.prh.noaa.gov/itic/ 

5.3 Technologies for tsunami detection 
A range of oceanographic and remote sensing instrumentation is required to 
detect the presence of a tsunami as it approaches the UK whenever a major 
marine geological event takes place. The instrumentation is required for: 

• Tsunami verification and assessment following the receipt of a potential 
tsunami alert based on seismic information. Some events will produce 
tsunamis and some will not. In some cases there will be inadequate time 
for a detailed investigation of seismic data for a confident tsunami 
prediction to be made. Direct measurement of any resulting tsunami 
wave is then the only realistic method for verifying that it exists. 

• Detection of a tsunami following an event for which there was no seismic 
or other (e.g. hydroacoustic) alert (e.g. following a marine slide). In this 
case the ‘far field’ component of the oceanographic instrumentation will 
have to be relied upon to provide an alert, with verification provided by 
instrumentation closer to the UK. 

In this section we review relevant types of instrumentation available at present, 
and others which might become available given adequate research and 
investment. An important practical point is that, owing to the infrequent 
occurrence of tsunamis, almost all the instrumentation should be ‘multiple use’ 
and capable of application either to the monitoring of other marine hazards 
(especially storm surges), or to long term monitoring of the ocean (e.g. within 
UK Coastal Observatory projects or as UK contributions to the Global Ocean 
Observing System). The section concludes with an assessment of the 
instrumentation required for particular examples of tsunamis. 
Oceanographic instrumentation capable of detecting a tsunami and currently 
available ‘off the shelf’ includes deep and shallow water pressure sensors, 
coastal tide gauges and high-frequency (HF) radars: 

• The Pacific Tsunami Warning Center (PTWC) makes use of data from a 
small number of Deep-ocean Assessment and Reporting of Tsunamis 
(DART) pressure gauges installed in deep water near to potential 
tsunami-generating sources (e.g. the Alaskan coast). Pressure sensors 
monitor the rate of change of sea level and software decides if a tsunami 
(or, occasionally, the Rayleigh wave that precedes the tsunami) has 
been detected. This initiates rapid sampling of sea level and transmission 
of data from the gauge via an acoustic link to a moored surface buoy and 
onward transmission via satellite. (See Appendix C for more details.) 
 
The DART system differs from the bottom pressure recorders (BPRs) 
used by POL and other groups in requiring flexible, rather than 
continuous, measurement of sea level, and acoustic connection to a 
buoy. Unlike BPRs, which are bottom landers deployed from a ship, the 
gauges of the DART system are deployed by remotely operated vehicles 
(ROVs). Both the capital cost (believed to be of the order of $250,000) 
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and maintenance costs (including ship time) are high. However, DART-
like moorings are the only practical means at present for obtaining 
information from as near as possible to (and, therefore, as soon as 
possible from) tsunami sources. 

• DART-like pressure sensors could also be installed in the shallow 
waters of the continental shelf and in adjacent deep water, for example 
at locations where the Met Office operates its Moored Automatic 
Weather Stations (MAWS, Figure 5.1). The possibility of the MAWS 
functioning as a platform for transmission of data from a nearby BPR 
should be investigated. We note that the POL and Aberdeen University 
provide a UK capability to construct DART-like systems. 

 
Shallow water pressure sensors can be attached by cable to the shore 
or to off-shore structures (e.g. oil rigs). POL has operated pressure 
sensors on short cables (typically 100 m) at several sites for many 
years, while Japanese groups have made pressure measurements 
using former telephone cables at considerable distances from the coast. 
The cost of the pressure sensors themselves is low (a few £100) but 
significant cable and communication costs have to be added. 
Advantages over DART-like systems include lower maintenance 
requirements and little risk of theft, vandalism or storm damage. 

 
Extensive cable networks operated by oil companies exist in the North 
and Celtic Seas and could, in principle, be instrumented with pressure 
sensors to provide warnings where the delays between tsunami 
generation, detection and impact are smallest. This possibility needs to 
be investigated with relevant companies. The use of cables for research 
is the topic of the EU ESONET programme, which has the aim of 
establishing sea floor observatories as part of the EU Global Monitoring 
for Environment and Security (GMES) programme (see 
www.abdn.ac.uk/ecosystem/esonet/). ESONET will make use of a 
number of cables in Europe in the next few years, including ones 
extending from the west coasts of the UK and Ireland across the shelf.  
 
In summary, there are several possibilities for the use of shallow water 
pressure sensors within a UK tsunami system, ranging from the 
straightforward deployment of sensors attached to off-shore structures, 
to the employment of sensors linked to existing cables and buoys.  

 
• Coastal tide gauges are based on a variety of technologies (float, radar, 

acoustic etc.). However, pressure sensors installed below low tide are 
the most suitable for measurement of tsunamis. Pressure sensors can 
be sampled rapidly and stand a greater chance of surviving a major 
tsunami event.  

 
Following the 2004 Indonesian tsunami, the Global Sea Level 
Observing System (GLOSS) programme of the Intergovernmental 
Oceanographic Commission (IOC) defined a ‘baseline tide gauge 
specification’ which should be followed for new installations. This 
consists of a conventional gauge (e.g. acoustic or radar) recording 6-, 
10- or 15-minute averages of sea level, together with a pressure sensor 
recording at least one-minute samples (and, ideally, 15-second 
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samples). The two sets of data are then transmitted at regular (e.g. 10-
minute) intervals via satellite to warning and data centres. The cost of a 
‘baseline gauge’ is approximately £20,000. 
 
Tide gauge measurements of tsunamis are needed from as near the 
tsunami source as possible, up to the coastlines for which warning is 
required, i.e. as complete as possible a set of ‘far field’ and ‘near field’ 
information. Tide gauges could be said to be of little use for local 
warnings, but, even if tsunamis were to be local in origin, gauges offer 
the most feasible, if imperfect, method for obtaining the data on which to 
base warnings. In addition, they do enable warnings to be issued for 
locations further along the coast. It is clear that, to provide warnings, the 
UK must have access to ‘far field’ information via data exchange with, 
and possible investment in, the sea level networks of neighbouring 
countries, together with installations on Atlantic islands. In return, the 
UK should provide its own data to neighbouring states.    

 
• HF radars measure surface current by Bragg reflection of radar waves. 

The technology is well-established and can provide measurements of 
current approximately 200km out to sea with an accuracy better than 
0.1 m/sec (given 10 minute averaging, with the accuracy expected to 
depend on the square-root of the averaging period). The change in 
current to be expected at 50m depth due to a deep ocean tsunami of 
amplitude approximately 1 metre is several m/sec. Consequently, 
changes in current should be detectable shortly before a large tsunami 
meets the coast.  

 
However, the fact that the HF radar is land-based makes it almost as 
unsuitable as coastal tide gauges for local tsunami warning (similar 
comments apply to shallow-water current meters in the form of moored 
instruments or bottom mounted Acoustic Doppler Current Profilers 
(ADCP)). One could instead envisage radar stations deployed on 
outcrops, islands or oil rigs located in shallow water at some distance 
from a populated coast (e.g. installation in the Scilly Islands for warning 
along the south coast of England). One station would cost 
approximately £300,000. 

 
All of the above instrumentation has to be capable of measuring the relatively 
short period tsunamis that follow slides (periods of typically several minutes) as 
well as those that follow large earthquakes (typical periods 30-60 minutes). This 
establishes one-minute sampling (or integration) as a minimum recording 
standard, while 15 seconds would be ideal. The latter would be feasible for 
some instrumentation (e.g. pressure sensors) but not for others (e.g. HF 
radars). 
 
Instrumentation one might consider in the future includes: 

• Global Positioning System (GPS) receivers on ocean buoys (e.g. 
Met Office buoys). The UK has considerable experience with the use of 
GPS receivers on buoys, and receivers operated in real time ‘kinematic 
mode’ should be capable of detecting any significant tsunami. However, 
a difficulty with the technology at present concerns the power demands 
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of the receivers, which implies large battery requirements and high 
refurbishment costs.  

 
• Pressure transducers on dedicated or shared cables in deep water. 

Ocean cables dedicated to oceanographic research have been used in 
several parts of the world, notably between Florida and the Bahamas for 
Gulf Stream monitoring. Similar cables equipped with pressure sensors 
could be envisaged across the entire North Sea, Celtic Sea, Faroe-
Shetland Channel and even across the North Atlantic. These would be 
extremely expensive, but have the potential to provide unique data sets 
for a number of oceanographic and climate change applications. It is 
well known that the military, in addition to the telecommunications 
companies, make extensive use of ocean cables and the joint use of 
such infrastructure needs to be investigated. 

 
• GPS reflection off the sea surface from Low Earth Orbiters has been 

suggested as a form of coastal tide gauge. This technology needs 
watching closely, but at the present time it is not clear what benefits it 
offers beyond those provided by conventional gauges. 

 
• Remote sensing from space. The main space technique applicable to 

tsunami studies is satellite radar altimetry. Four altimeter satellites are 
currently operational (TOPEX/POSEIDON, JASON-1, Envisat and 
Geosat Follow On) and the Indian Ocean tsunami was detected by 
them. TOPEX/POSEIDON will be decommissioned at the end of 2005, 
while JASON-2 is planned for launch in 2008, without its anticipated 
‘wide-swath’ altimeter.  

 
There are many difficulties in using altimeter data within a warning 
system at present; the existing and planned altimeter missions were 
simply not designed with tsunamis in mind. These difficulties arise from 
the inadequate spatial sampling of a tsunami by a nadir-pointing 
altimeter, and from the delay in data downlink and processing prior to 
provision to a warning centre (perhaps 1 hour). At present, therefore, 
altimeter data can be regarded only as an ancillary data source for post-
tsunami analysis. In the future (perhaps in a decade) one might 
envisage constellations of considerably simpler and cheaper satellites, 
each equipped with wide-swath altimeters and with near real-time data 
delivery.  
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All of these technologies can have dual- or multiple use within ocean monitoring 
systems, and could represent good value even without consideration of 
tsunamis. Table 5.2 provides an overview of other uses of each set of 
instrumentation. 

Table 5.2 Other uses of equipment that could form part of a tsunami warning 
system 

Technology Alternative Use 
  

Deep ocean DART systems Pressure data for studies of ocean 
dynamics and tides. Focus for deep 
ocean observatories. 

Shallow water pressure sensors on 
oil rigs and cables 

Shelf circulation studies. Storm surge 
and wave data. Benthic observatory 
developments. 

Coastal tide gauge pressure sensors Storm surge and coastal wave data. 
HF radars Off-shore currents and waves. 

Coastal observatory studies (e.g. 
water quality monitoring), see several 
UK and European proposals. 

GPS buoys Altimeter calibration and geodetic 
studies 

Pressure sensors on dedicated 
cables 

Ocean circulation variability 
monitoring 

GPS reflection Not clear, but receivers would provide 
data for GPS Met applications 

Advanced altimetry A wide range of oceanographic 
research 
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Table 5.3 provides an overview of the instrumentation needed for selected 
cases of earthquake-generated and slide-generated tsunamis which may 
impact the UK. The geographical spread of tsunamis is essentially the same as 
that discussed in Chapter 2, the last column in the table indicating the 
probability of tsunamigenesis (P) and likelihood of the tsunami reaching the UK 
(L). They are listed in approximate order of importance. 

Table 5.3 Instrumentation suitable for the detection of tsunami from specific 
sources 
 

 Case Instrumentation P/L 
    
1 ‘Lisbon’ 

earthquake 
1. DART buoy SW of Portugal 
2. Access to real-time tide gauge data from 
Morocco, Portugal and northward 
3. Pressure gauges in SW Approaches and Celtic 
Sea at buoys K1 and K2 (Figure 8.1), on oil rigs 
and on outcrops 
4. HF radar Scilly Islands 
5. UK and Ireland tide gauge enhancements 

H/H 

2 La Palma slide As for Lisbon (1-5) L/M 
3 Puerto Rico 

trench 
earthquake 

1. Access to real-time tide gauge data from 
Caribbean warning system, N America and 
Azores 
2. As for Lisbon (3-5) 

H/VL 

4 Rockall Trough 
or North Sea 
Fan ‘Storegga-
like’ slide 

1. DART buoy NE Scotland 
2. Pressure sensors on North Sea oil rigs 
3. Access to real-time tide gauge data from 
Norway and southward. 
4. HF radar on rigs or Shetlands 
5. UK and Ireland tide gauge enhancements 

VL/VH

5 Passive margin 
earthquake in 
western Celtic 
Sea 

1. Access to real-time tide gauge data from 
Ireland 
2. Pressure sensors at buoy K2 (Figure 8.1) and 
on Celtic Sea oil rigs 
3. UK tide gauge enhancements 

VL/VH

6 ‘Near field’ 
earthquake in 
the North Sea 
 

1. Access to real-time tide gauge data from North 
Sea countries 
2. Pressure sensors on North Sea oil rigs 
3. UK tide gauge enhancements 

VL/VH

7 ‘Far field’ 1. Access to real-time tide gauge data from 
GLOSS 
2. Real-time data from POL S.Atlantic network 
3. As for Lisbon (1-5)  

VH/VL

 
The ‘DART buoy SW of Portugal’ referred to above could be replaced by 
sensors in submarine observatories close to the Portuguese shelf proposed by 
the Portuguese scientific community (Baptista et al 2005). 
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From the evidence presented here and in Chapter 2, the priority for investment 
would appear to be in instrumentation in the Celtic Sea, and to its south and 
west, and on North Sea oil rigs.  

5.4 Delay in data delivery (latency) 
The above sections have described the types of recordings required and the 
importance of different types of instrumentation. Discussion of the delays in 
data delivery can be made by reference to coastal tide gauges; delays will be 
similar for other instrumentation. These coastal gauges have to: 

• exist (i.e. be adequately funded for the network to be able to monitor a 
potential set of tsunamis) 

• record at high enough frequency (e.g. at least one minute and ideally 
every 15 seconds) 

• be suitable technology (pressure transducers ideally) 

• transmit data frequently 

• be able to survive a tsunami (the gauge itself and its power and 
transmission systems). 

In practice, the main difficulties at present in delivering tide gauge data to a 
centre, and the main source of delay in that delivery, stems from 
telecommunication constraints, rather than anything to do with tide gauges 
themselves. One can consider the time lags in the system: 

• Delay to gather the sea level information e.g. 15-second or one-minute 
sampling 

• Delay from bundling data into packages for transmission e.g. 10 one-
minute values into a 10-minute package. 

• Latency between transmission and receipt at centre. 
At the present time, most gauges operated in tsunami-mode in the Indian 
Ocean (a closer analogue to the Atlantic than the Pacific) send data bundles 
every hour via GOES geostationary satellite to the University of Hawaii Sea 
Level Centre and the PTWC (Merrifield et al. 2005). This mode of operation is 
currently being revised to reduce delays by sending bundles every 15 minutes, 
with the possibility of more frequent transmissions in the future. The constraints 
on this are due to the availability of transmission slots. If one adds the above 
three delays together, then the overall delay becomes of the order of 20 
minutes. This is acceptable for sites that are ‘far field’ from Europe, for early 
warnings of transoceanic tsunamis. Meteorological satellites (GOES and 
Meteosat) have the advantage of being free of charge to the oceanographic 
community, and relatively expensive Inmarsat-type satellite links will be required 
in only exceptional circumstances. Data transmission costs could become an 
important factor in some cases. 
Such a delay is unacceptable when tsunami travel times are short, as in several 
of the case studies listed above. In these cases, data must be transmitted 
across dedicated telephone lines or via the internet, such that the overall delay 
approaches the sampling period. Once data are received by national centres, 
they can be readily exchanged internationally. 
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There is no reason why the delays for other techniques (shallow pressure 
sensors on oil rigs and cables, HF radar etc.) should be larger than those for 
coastal tide gauges. DART-like systems which require multiple transmission 
links (acoustic, satellite, internet) might have marginally larger delays. From the 
above considerations, it seems reasonable to assume within simulation studies 
a typical latency of 10 minutes for receipt of most data by a warning centre. 

5.5 Delay between tsunami generation, and detection and 
impact on UK coasts 

Table 5.4 provides examples of delays between tsunami generation (usually via 
an earthquake) and detection by various instruments, omitting the range of 
future instrumentation mentioned above. (Note that ‘rigs’ could also mean 
‘cables’). 
Delays are shown in square brackets based on the information from the 
numerical modelling in Table 5.1. In most cases the 10-minute latency is 
considerably less than the travel time to the UK coast and enables warnings 
several hours ahead of impact. 
A real situation is likely to more complicated than the idealised case indicated 
here. For example, if the tsunami is at all significant then one would have 
thought that it should be detectable by most coastal tide gauges, even by those 
located on islands where it will tend to have lower amplitude than along 
continental coastlines. However, local amplitudes can vary considerably and it 
would be unwise to rely on data from single sites, even if they are located close 
to the tsunami source. In addition, the tsunami may occur during winter and any 
non-tsunami sea level variability (storm surge) may mask the tsunami signal. 
Sites where tsunamis are first detected may be some distance away from the 
source and, therefore, detection may be later than expected.  
Tsunamis usually do not comprise a single wave, but consist of a train of waves 
of which the first pulse is often significantly lower in amplitude than those which 
follow. This feature is an advantage with regard to a warning system and might 
compensate for any delays in issuing an alert. 
In almost all the cases considered, to issue a warning within 1-2 hours should 
be feasible. The tightest constraints relate to case 5 and case 6, stressing the 
need for a set of pressure sensor instrumentation on off-shore structures and 
cables in the North and Celtic Seas. 
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Table 5.4 Examples of delays between tsunami generation and detection 
 

 Case Initial Alert  
[Time in hours after 
event] 

Tsunami 
Detection 

Time to 
impact on 
UK coast (h) 

     
1 ‘Lisbon’ 

earthquake 
Seismics [0] DART [0.5] 

Portugal [0.5] 
[5] 

2 La Palma slide Seismics [0] Morocco [0.5] 
Portugal [1] 

[6] 

3 Puerto Rico 
trench 
earthquake 

Seismics [0] Caribbean [~1] 
Azores [5] 
Ireland [8] 

[10] 

4 Rockall 
Trough or 
North Sea Fan 
‘Storegga-like’ 
slide  

Seismics [0] (probably) 
Lerwick gauge [1] 

Lerwick [1] 
N North Sea 
Rigs [2] 
Norway [3] 

England [4] 

5 Passive 
margin 
earthquake in 
western Celtic 
Sea 

Seismics [0] (possibly) 
S. Ireland gauge [0.5] 

Celtic Sea 
Rigs [1] 
Scilly Is. [2] 

S. England 
[3] 

6 ‘Near field’ 
earthquake in 
the North Sea 

Seismics [0] Oil Rigs [~1] E. England 
[1-2] 

7 ‘Far field’ Seismics [0] GLOSS 
gauges 

~24 

 

5.6 Modifications required to existing UK tide gauge 
instrumentation 

In this section we discuss how the existing UK tide gauge infrastructure can be 
improved so as to provide an adequate tsunami warning capability.  
POL operates two tide gauge networks. The larger network is the UK National 
(or ‘A Class’) tide gauge network consisting of 44 stations with, mostly, bubbler 
pressure gauges (Figure 5.2). Data from the National Network are sent in near 
real-time to the Storm Tide Forecasting Service (STFS) at the Met Office for 
operational flood warning. A second network is operated in the South Atlantic 
and Gibraltar (Figure 5.3). Information on both networks can be obtained from 
www.pol.ac.uk/ntslf/.  
Most POL data are in the form of 15-minute averages of sea level (or sub-
surface pressure, which can be considered to be the same quantity in this 
discussion). That is not ideal if a tsunami with a period of typically 20-45 
minutes is to be detected (as for the recent Indonesian tsunami) and results in 
an underestimate of the true tsunami amplitude. Nevertheless, the Indian 
Ocean tsunami was observed clearly at many sites (Woodworth et al. 2005). 
The sampling is grossly inadequate for tsunamis with shorter periods. 



Chapter 5: Detection of tsunami using oceanographic and remote sensing instrumentation 

85 

We believe that improvements to the National Network to accommodate 
tsunami warning could easily be made. A start would be to move the bubblers to 
6- rather than 15-minute sea level integrations (Woodworth et al. 2004) and 
some experiments should be made to see how well they work with one minute 
integrations. (A POL bubbler deployed at the European Sea Level Service 
(ESEAS) test site at Villa Garcia in Spain is already operated with one-minute 
integrations and one year of data are available for study.) Tests to convert 
National Network data transmissions from telephone modem connections to 
more reliable and higher bandwidth ADSL links are already in progress.  
Some ‘A Class’ sites should also be equipped with a pressure transducer 
installed below low water to record sea level as discussed above. While a 
sampling period of 15 seconds is adequate for most tsunami monitoring, the 
sensor should actually be capable of sampling at 1Hz to take advantage of 
recording a complete wave spectrum. These data can sent every 6 minutes to 
the STFS along with the bubbler data. As tsunamis are believed to be a 
relatively low risk to the UK (relative to storm surges, for example), we believe 
that these upgrades could take place alongside present plans to double up the 
‘A Class’ bubblers with radar gauges at some sites for general reasons to do 
with sea level data quality and data back-up (Woodworth et al. 2004). 
The National Network will be complemented along the south coast of England 
by gauges installed for the English Channel Observatory project. WaveRex 
radar gauges have been chosen for Deal, Sandown (Isle of Wight) and 
Swanage. Other gauges include an Ohmex pressure transducer at Lymington 
and an Etrometa step gauge at Herne Bay. For more information, see 
www.channelcoast.org/data_management/real_time_data/. These gauges could 
be of particular interest owing to known occurrence of tsunami signals on the 
south coast of England (Dawson et al. 2000). 
As for the South Atlantic sites, most of which already have pressure sensors, 
we suggest that 1Hz wave/tsunami information be sent back to POL via higher 
bandwith links than are used at present. POL has recorded 1 Hz pressures at 
Ascension and St. Helena for some years for research into waves and swell 
(Vassie et al. 2004) although all the wave data sets have not been archived and 
transmitted consistently because of their size. This development would be in 
addition to the increased use of radar gauges as planned. A pressure gauge 
would be needed at Gibraltar to complement the radar gauge. 
Software needs to be developed to provide automatic detection of tsunami 
signals in the real-time data received from each network of gauges. 

5.7 Status of existing European, Atlantic and American tide 
gauge infrastructure 

At the time of writing, the EU is conducting a study of European requirements 
for tsunami warning. Meanwhile, some nations (notably Greece) have taken 
steps to install their own systems. At the IOC Conference on the Development 
of an Indian Ocean Tsunami Warning System (UNESCO, Paris, 3-8 March 
2005), the decision was taken not to have a single dedicated Indian Ocean 
warning centre on the PTWC model, but to have a set of national systems with 
real-time access to data from neighbouring countries and with IOC oversight. 
We suggest that this model is the most suitable for Europe and the UK. 
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Again at the time of writing, ESEAS is conducting a survey of the real-time sea 
level data capabilities of each European tide gauge agency. That will provide 
insight into the level of investment required in Europe to provide tide gauge data 
in near real-time, particularly with regard to the Mediterranean. Of most 
relevance to the UK, we know already that: 

• UK data from the National (or ‘A Class’) network are available every 15 
minutes (i.e. shortly following the 15 minute integrations by the bubbler 
gauges) at the STFS at the Met Office. 

• Data from sites in Ireland are becoming available in real-time via the Irish 
Tides service coordinated by University College, Cork (Woodworth et al. 
2003). 

and north to south along the North Sea and Atlantic coastline: 

• Most data from Norway, Denmark, Germany, Netherlands and Belgium 
are available in near real-time and can be accessed via various web sites 
(e.g. the POL/Met Office/DMI North West Shelf Operational 
Oceanographic System (NOOS) web site http://www.noos.cc). NOOS 
and ESEAS should be able, with little effort, to expand data availability to 
the whole North Sea area. Some countries (e.g. Germany) define real 
time as between minutes and hours which will need improvement. 

• Data from France are coordinated by the Service Hydrographique et 
Océanographique de la Marine (SHOM) in Brest but are not available in 
real time as yet. 

• Data from the Puertos del Estado network in Spain are available in real-
time and are made available to GLOSS and MedGLOSS immediately. A 
separate network operated by the Instituto Espanol de Oceanografia is 
moving to real-time (ADSL) transmission of data. 

• Data from the two modern sites in Portugal (Cascais and Lagos) are 
digital and possibly available in real time. 

• Data from the POL gauge at Gibraltar are downloaded daily at present 
via telephone modem. An internet connection would be needed for real-
time access. 

and in the North Atlantic: 

• The development of the Caribbean sea level network has encountered 
many difficulties, with a small number of exceptions at (mostly US-
owned) stations. However, proposals have been made for a tsunami 
warning system, which, for the purpose of the present report, would meet 
requirements (IOC 2005). 

• Data from USA, Canada, Bermuda and (possibly) Azores are available in 
real-time. 

We suggest that investment be made in the exchange of (as near real time as 
possible) sea level information between the UK, its European and Atlantic 
neighbours, such that a UK warning centre has immediate access to the latest 
‘far field’ information. One can imagine difficulties in some cases with regard to 
exchange of real-time data. However, we believe that adequate information can 
be transferred at the least in the form of standardised plots and statistics. A 
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priority task should be to establish an Information Technology working group to 
discuss practical arrangements. 

5.8 UK responsibilities for tsunami measurements within global 
networks and in British dependent territories  

The UK has responsibilities with regard to tsunami measurement outside of the 
UK itself. For example: 

• The UK has taken, and is taking, a major lead in the development of 
GLOSS. GLOSS and the international tsunami community have not 
worked as closely together as they should so far. However, that situation 
is rapidly changing and all new GLOSS tide gauges will be ‘tsunami 
enabled’. Figure 5.4 (from Alverson 2005) shows which sites require 
upgrading for tsunami purposes. 

• The UK has taken a lead in the provision of tide gauges to developing 
countries, notably Mozambique and Brazil. 

• The UK South Atlantic and Gibraltar networks are major national 
contributions to the global network (GLOSS). 

• British Dependent Territories include populated centres on low lying 
islands, such as Port Stanley in the Falklands, and on islands with active 
volcanoes. The latter include Monserrat (where a tsunami with wave 
heights of order 4m followed the eruption of July 2003) and Tristan da 
Cunha (which has shown recent signs of renewed eruption). These sites 
need to be instrumented for local studies and for regional warning 
purposes. 

5.9 An operational UK tsunami warning centre 
The above sections have demonstrated that, with the appropriate level of 
investment, data should be available from UK and international tide gauges, 
together with other forms of instrumentation, within 10 minutes. However, data 
availability is only one aspect of a warning centre. 
Tsunami warning requires rapid assessment by well-trained and knowledgeable 
staff based on a combination of available data (seismic, tide gauge etc.), 
numerical models, and model-derived information such as look-up tables of 
tsunami travel times for a range of sources. Opinions are divided as to whether 
it is feasible to maintain a suite of models to be run in the event of a tsunami 
alert; this needs further investigation. It is likely that human decision time will 
constitute the main delay before an alert can be issued. 
The issue of environmental alerts provided by the Met Office is discussed in 
Appendix E. The EA funds a flood warning centre in the STFS at the Met Office 
which has established links to tide gauges and numerical model outputs within 
the National Centre for Ocean Forecasting. It also has excellent trained staff 
permanently on duty. It would be logical for the STFS to take on an additional 
responsibility as a tsunami centre, receiving seismic data via BGS and 
exchanging tide gauge and other oceanographic data with other warning 
centres (Norwegian, Portugal, Ireland, Caribbean etc.) in near real-time.  
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5.10 Recommendations 
• The upgrades described above to UK gauges, both in the UK itself and 

as part of the global network, should be made. 

• Pressure sensors should be installed on Celtic and North Sea oil rigs, 
providing additional infrastructure for storm surge as well as tsunami 
monitoring.  

• Serious further consideration should be given to other forms of tsunami-
relevant instrumentation. In particular, the resource provided by the Met 
Office MAWS network (Figure 5.1) could be built upon to provide a 
DART-like and/or GPS-buoy capacity.  

• UK groups  (BGS/POL/Met Office) should work as closely as possible 
with agencies in neighbouring countries and with international tsunami 
programmes. 

• As a priority, an IT group should be established (including BGS, Met 
Office, POL and British Oceanographic Data Centre) to liaise with 
national and international agencies so as to establish near real-time 
access to seismic and relevant oceanographic data at a prototype 
tsunami warning centre. 

• The centre should be equipped with suitable model codes, look-up tables 
etc. so as to enable effective tsunami threat assessment. 

• A regular series of ‘war games’ should be held by the centre, both 
internally and in collaboration with international colleagues, to maintain 
readiness. This would make use of data sets derived from a complete 
tsunami simulation package, which would include realistic measurement 
errors and delays and drop-outs in data delivery from currently 
operational instrumentation. The exercises should include test alerts to 
local authorities. 
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Figure 5.1 The Met Office Moored Automatic Weather Stations 
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Figure 5.2 The UK national tide gauge network 
 
 

  
 

Figure 5.3 The South Atlantic tide gauge network 
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Figure 5.4 GLOSS sites, including those that require upgrading for tsunami-
warning purposes 
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6. Options for establishment of a tsunami 
forecast/warning service 

6.1 Introduction 
To minimise losses through flooding and damage to infrastructure in the event 
of a tsunami, a warning service must be able to issue clear warning notices with 
adequate lead-time to allow an effective response by local authorities. This may 
be achieved by making risk assessments to provide accurate information on 
likely emergency scenarios to local response planners, by improving the hazard 
awareness of the public, and by putting into place systems for tsunami 
monitoring and communication of warnings. 
In this chapter, possible options for the development of a UK tsunami warning 
service are presented. Some of these are somewhat artificial in that they 
include ‘blue-skies‘ development of various service components, but all are 
theoretically possible, and examination of the options provides the basis for 
recommending a practical solution. 
Any service package will contain common strands. This is because, in the event 
of a tsunami, the following actions must form the basis for successfully 
mitigating the threat: 
1. Prior risk evaluation and planning for response to a tsunami threat for the 

Warning Area 
2. Local ability to receive and act effectively on tsunami warnings issued for the 

Warning Area 
3. Issue of rapid, definitive and effective warning notices from a centralised 

source. 
In the list above, the requirements to understand risk and receive warnings at a 
local level have been put first since, if local authorities do not have the ability to 
react appropriately, a well-set-up warning service cannot be properly exploited. 
In the case of locally generated tsunamis, this local understanding is particularly 
important, given the short lead-times that may be available. Implicit in taking 
appropriate actions in response to warnings is an understanding of the 
difficulties in predicting such extreme events and the process by which warnings 
are generated and evolve over time. For example, the potential for a false alarm 
in the early stages of warning/monitoring is high, but a warning must be acted 
upon appropriately if there is not adequate time to wait for a monitoring update 
for verification. In the Pacific model these requirements are realised via an 
educational programme run by the tsunami warning service itself. 
To provide appropriate and timely warning notices a centralised (regional/ 
national) resource is required, and should be tasked with: 
1. Detection of events with the potential to generate a tsunami 
2. Assessment of the likelihood of a tsunami being generated 
3. Provision of warning/advisory notices based on a forecast of tsunami size 

and propagation time 
4. Monitoring of tsunami propagation and updating of warning/advisory notices  
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6.2 Possible warning service options 
Possible service options are presented in Table 6.1. 
Option 1 recognises the importance of addressing the likely risks and effects of 
a tsunami at a local level to establish appropriate emergency plans. This option 
forms the basis for emergency response with which additional services, 
including forecast and monitoring elements, can interact in order to provide 
more timely warnings. 
Option 2 is a service based on warnings using seismic data only, i.e. detection 
of potentially tsunamigenic earthquakes. This method was the basis of the 
original Pacific warning service, recognising that earthquakes are the most likely 
cause of tsunamis in that region. It should be noted, however, that the reason 
for adding sea-level monitoring to the Pacific system was the high incidence of 
false alarms generated using seismic data only (approximately 75%). Such high 
false alarm rates undermine the capacity of the service to act beneficially in the 
case of a real event. 
Option 3 is a service based upon warnings using sea-level monitoring only. 
Such a system would have the advantage of detecting tsunamis whatever the 
generating mechanism, and is plausible for the UK since several potential 
tsunami source regions are identified as being on or outside the northwest 
European continental shelf, leading to a relatively long lead-time for wave 
approach (a few hours between shelf edge and landfall). Nevertheless, this type 
of system has the significant disadvantage of a reduced lead-time between the 
issuing of a warning and tsunami impact when compared to seismically-
generated warnings, even in the case of extensive deployment of highly 
specialised (and, therefore, expensive to purchase and maintain) deep-water 
monitoring equipment. 
Option 4, in which an initial warning is issued based on the fast turn around of 
seismic data and then verified using the sea-level monitoring network is 
equivalent to that established for the Pacific. 
Common to options 2-4 is the requirement for analysis and modelling software, 
to determine tsunami source location and estimated time of arrival at warning 
areas, a specialist human resource (trained in seismology and wave 
propagation modelling) to manage the system, and appropriate communications 
systems and procedures to effectively disseminate warning notices properly. 
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Table 6.1 Options for a tsunami warning service 

Option for Service Requirements 
Option 1 
Local Emergency Response  
(reactive system to short lead- 
time warnings from varied sources 
e.g. witnesses to an earthquake, 
media) 

Model scenarios to identify geographic risk 
areas 
Determine realistic envelope of tsunami wave 
heights at landfall 
Relate geographic risk areas to ‘local’ 
emergency response centres and determine 
range of impacts on communities and 
infrastructure 
Establish educational programme and support 
local planning/response initiatives 

Option 2 
Seismic Warnings Only  
(tsunami predicted, rapid warning 
issue within 5-15 minutes, 
potential for false alarms) 

As for Option 1 plus; 
Upgrade seismic monitoring and analysis 
systems to include rapid acquisition of detection 
/ location / magnitude data on earthquakes 
Issue earthquake advisory to local emergency 
centres, and/or (human) analysis of 
tsunamigenic potential and issue of worded 
warning 
Modelling of tsunami estimated times of arrival 
for warning areas 

Option 3 
Sea-level Warnings Only  
(tsunami detected, reduced lead-
time on warning, possibly as little 
as a few minutes) 

As for Option 1 plus; 
Upgrade tide gauge network for rapid data 
acquisition 
Establish Atlantic communities real-time sea-
level data exchange 
Establish shelf-seas and Atlantic deep-water 
networks based on likely tsunami risk 
Upgrade network and analysis systems to allow 
triggered warnings and tsunami source location 
(Human) System checks to ensure correct 
tsunami detection and issue of worded warning 
Modelling of tsunami ETAs for warning areas 

Option 4 
Seismic Prediction, Sea-level 
Monitoring (similar to the Pacific 
system, rapid issue of seismic 
based forecasts updated using 
sea-level monitoring, improved 
sea-level monitoring would add 
detection in instances where 
tsunami is not earthquake 
generated) 

As for Option 1, plus elements of Options 2, 3, 
plus; 
Establish appropriate procedures for issue of a 
warning followed by monitoring based updates 
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6.3 Supporting measures and infrastructure requirements for a 
tsunami warning system 

Depending upon the option chosen, the following components of a warning 
system infrastructure need to be assessed and either established or upgraded. 

6.3.1 Educational programme (Options 1-4) 
Establishment of this programme is required to aid emergency response 
planning in warning areas and encourage research into tsunami prediction and 
impact modelling, and improving risk mitigation. The programme would require 
a centralised resource (similar to NOAA’s International Tsunami Information 
Center) to work as liaison between local emergency planners and other 
interested groups (coastal industry etc.), tsunami warning centres and tsunami 
research groups. Specific research and modelling of tsunami impact, resourced 
centrally and managed by this programme, to clearly establish UK coastal risk 
and options for local hazard mitigation would provide a good platform on which 
to start this programme. The expertise required would include that of 
seismology and oceanography groups (such as BGS and POL), and also 
knowledge of coastal engineering and flood risk management, as might be 
provided by consultants such as HR Wallingford. 

6.3.2 Seismic monitoring network (Options 2 and 4) 
Upgrading the UK seismograph network to provide adequate tsunami warning 
requires improvement of seismic sensors and real-time communication links. 
This can be achieved through continuation of BGS plans to upgrade the existing 
UK network through installation of very broadband sensors and real-time links. 
These sensors provide better data for regional and distant earthquakes. It is 
also planned to integrate data from various existing European seismograph 
stations to allow more rapid processing and identification of regional seismic 
events. Implementing and maintaining appropriate software tools for 24-7 
automated data analysis and processing is also required. Deployment of 
seismic stations specifically for the monitoring of identified landslip risk areas in 
the Northeast Atlantic and North Sea may also be required to provide the 
earliest possible notice of these events and their tsunamigenic potential. 

6.3.3 Sea-level monitoring network (Options 3 and 4) 
A system of UK tide gauges is already established (managed by POL) and used 
by the Met Office Storm Tide Forecasting Service. The network comprises 44 
operational coastal tide gauges, which provide updated mean tide levels every 
15 minutes. For tsunami detection it is recommended to upgrade the existing 
network to provide sea-level information at least every 6 minutes and to add 
pressure transducer data, sampled at 1 Hz, at each site. In addition, 
consideration should be given to establishing a network of shelf-seas pressure 
transducers (sited on oil rigs or submarine cables) in both the Celtic and North 
Seas and, possibly, deep-water monitoring systems (equivalent to the Pacific 
Deep-ocean Assessment and Reporting of Tsunami network, and perhaps 
based on the existing network of Met Office Marine Automatic Weather 
Stations). These offshore networks would provide tsunami monitoring further 
from the coast and, therefore, extend the lead-time between tsunami 
observation and landfall. 
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6.3.4 Data receipt, visualisation and processing (Options 2-4) 
The Met Office already maintain systems (e.g. HORACE) for real-time update, 
visualisation and processing of observed and forecast data. This type of system 
should be upgraded to include tsunami warning data feeds (seismic, sea-level 
observations and monitoring) and to run processing algorithms. The algorithms 
required for tsunami warnings requiring development on an operational platform 
include seismic source detection, location and magnitude calculations, sea-level 
data visualisation with respect to tsunami propagation (and possibly tsunami 
source location from sea-level data) and modelling of tsunami estimated time of 
arrival for warning areas. 

6.3.5 Tsunami modelling (Options 1-4) 
In warning mode tsunami bulletins must be issued rapidly. As a consequence 
the requirement for complex modelling of tsunami behaviour (particularly when 
not all the source details may be well specified), which is potentially time 
consuming, is limited. The Pacific centres operate using either pre-generated 
‘look-up tables’ or on-the-fly calculations of tsunami travel times from a detected 
source location to issue estimated times of arrival for their warning areas. These 
values are based on a simple shallow water wave propagation model. In an 
operational context it may be sensible to use a similar system in order that 
warnings are issued rapidly, and provide only the most important information to 
local emergency services, i.e. lead-time for evacuation. More complex 
modelling studies, for example to estimate the range of tsunami wave heights 
likely to affect a specific area, and to assess inundation for the different tsunami 
scenarios, are of great value in shaping the priorities of both local emergency 
planners and operational tsunami warning centres, but can be carried out by 
research institutions in liaison with the educational programme. 

6.3.6 Warning bulletin provision and dissemination (Options 2-4) 
Issue of tsunami warnings could use the same methodology and networks as 
already established by the Met Office Public Met Service for issue of emergency 
bulletins by the National Severe Weather Warning Service and the Environment 
Monitoring and Response Centre. This is similar to the Pacific template for 
areas within NOAA’s responsibility, which use the same networks for both 
tsunami and severe weather warnings. Liaison between the warning centre, 
educational programme and local emergency services receiving the warnings is 
necessary in order to establish the best message format, content and 
procedures. Cooperation with the Environment Agency would also be required 
to align systems with those currently used for flood warnings. 

6.3.7 Human resource (Options 1-4) 
The education programme requires management by specialist staff with 
knowledge of both scientific issues and emergency response systems and 
requirements. Warning centre staff will require training in seismic interpretation 
(Options 2 and 4) and sea-level data analysis (Options 3 and 4) as well as 
warning system methodology. Rapid response time requires suitable staffing on 
a 24-7 basis. Research is likely to be outsourced from the warning system 
project but should have some integration with the education programme. 
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6.4 Factors influencing option selection and implementation  
The following factors should be considered in deciding which option to choose. 

6.4.1 At-risk locations 
In a rough order of highest to lowest risk of experiencing a tsunami, these 
locations are the southwest of England (specifically Cornwall and the Bristol 
Channel) and the English East Coast. Work to define warning system 
requirements based on detailed assessment of the risk in terms of loss of life, 
damage to infrastructure and industry (e.g. offshore oil terminals, fishing fleet) to 
enable effective local emergency response should be prioritised accordingly. 

6.4.2 Tsunami characteristics 
Northeast Atlantic tsunamis are rare compared with occurrences in the Pacific 
Ring of Fire. It is most likely that tsunamis arriving at the UK will be generated in 
either the deep ocean, on the continental shelf break or on the Norwegian 
seaboard of the North Sea. This means that in the most likely cases a lead-time 
of a few hours or more will exist between tsunami generation and UK landfall. 
Such a lead-time, and the location of the most likely generating sources relative 
to other countries, further suggests that either a small network of deep water 
buoys or a seismic interpretation system, coupled with coastal and shelf-seas 
tide gauge readings from UK and other European locations (e.g. Portugal, 
Norway) might provide sufficient warning time for an adequate emergency 
response without the need for a fully integrated system as in the Pacific. 
Tsunamis resulting from a submarine landslip on the continental shelf break 
may not result from an earthquake and would be harder to identify accurately on 
the basis of seismic monitoring. In these instances great reliance would be 
placed on sea-level sensor networks to identify a tsunami. 

6.4.3 Costs 
In establishing an operational tsunami warning system several large 
infrastructure costs might be incurred, depending on the system option chosen. 
These include upgrading the existing seismic network and establishing a 24-7 
operational response to earthquakes to feed the tsunami warning service. 
Placement of the responsibility for a tsunami warning centre (including expert 
staff) may be dependent upon the ability to interact with existing arrangements 
for tide gauge monitoring and warning distribution at the Met Office. These 
existing services would also require investment and development, for example 
to incorporate higher resolution real-time coastal tide gauge measurements and 
possibly offshore sea-level monitoring data, and to develop a practicable set of 
warning procedures, messages and response guidelines. Examples of system 
components that would incur extra costs include: 
1. Costs of set up and management of research and educational programmes 

(POL/BGS/HR Wallingford to administer, for example). 
2. VBB (very broadband) seismograph installation. BGS plan to change the 

existing network from about 150 short-period stations to a network of about 
50 VBB systems over 5-10 years. 

3. Data processing and staffing to support 24-7 analysis and issue of seismic 
based warnings (BGS to administer). 
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4. UK equivalent to Pacific warning system Deep-ocean Assessment and 
Reporting of Tsunamis (DART) warning buoy systems installed and 
maintained as part of the UK Marine Automatic Weather Station network. 
Costs to include purchase, maintenance and replacement. 

5. Upgrading existing tide gauge network and establishing shelf-seas pressure 
transducers. 

6. Costs for establishing real-time data sharing schemes for seismic and tide 
gauge data in collaboration with Atlantic/European counterparts. 

7. Application of a tsunami propagation model for emergency response use. A 
cost-effective option might be to establish preset ETAs for different 
generating scenarios to be used as a ‘look-up table’ by the warning centre. 
Alternatively establish an ‘on-the-fly’ model to be run at a warning centre, 
given tsunami source location. 

8. Costs of upgrading data processing, visualisation and warning message 
systems in EMARC to include tsunami warning requirements. Costs include 
development, and training and provision of forecaster time and effort. 

6.4.4 Regional partnerships 
The tsunami risk to the UK is less than that to Portugal and Spain (and, 
probably, Norway). Partnership with these countries would be beneficial to 
establishing a UK warning service at a lower cost, whilst reinforcing 
relationships between seismic, oceanographic and emergency services for each 
partner. The IOC Conference on the Development of an Indian Ocean Tsunami 
Warning System (UNESCO, Paris 3-8 March 2005) concluded that Indian 
Ocean countries would be best served by a number of national warning centres 
using shared real-time data from member nations and operating with IOC 
oversight, rather than by establishing a single warning centre as in the Pacific. 
This structure would also seem most appropriate to the European and UK case. 
In this model the UK would retain independence by running a national seismic 
and sea-level gauge network and operating a warning centre, but would benefit 
from being able to use additional observational data that might allow an 
increase in lead-times for warnings (e.g. sea-level data from Portugal as an 
indicator of a tsunami generated by an earthquake west of Gibraltar). 

6.4.5 Sustainability 
Tsunami occurrence is not a regular event in the UK. Potentially it could be 
many years before a service is actually used in response to a significant event, 
but nevertheless the costs to monitor and issue warnings 24 hours a day, 365 
days a year have to be borne. As a result, the system set up should be ‘future 
proofed’ sufficiently to retain its sustainability. Planning such sustainability might 
include such measures as embedding the capacity to issue tsunami warnings in 
systems that are required on a much more regular basis (e.g. severe weather 
warning services run by the Met Office), and establishing a means by which 
tsunami monitoring is carried out as a component of regularly-used and 
maintained observation platforms employed by other networks (e.g. offshore oil 
industry measuring programmes). 
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6.5 Assessment of the effectiveness of system options 
Option 1 is a ‘do nothing’ option in terms of creating an active monitoring 
system to provide warnings, but its work is fundamental to any coordinated 
response at a local level. Specifically, providing local emergency planners with 
an understanding of tsunami hazard and opportunities to provide feedback on 
warning content is vital to ensuring that appropriate action is ready to be taken 
in the event of a tsunami. Dialogue may also highlight important secondary 
effects of a tsunami (e.g. industrial infrastructure damage leading to exposure to 
hazardous substances) that might be overlooked through a simple analysis of 
wave height at landfall. 
Option 2 is to base tsunami warnings on seismic data only. This type of service 
formed the initial system adopted in the Pacific. However, the system was soon 
undermined by the difficulty of making accurate predictions of tsunami 
generation from seismic data alone, leading to a very high false alarm rate (of 
about 75%). For a UK system the use of seismic data only to trigger warnings 
might further be compromised by the difficulties inherent in detecting submarine 
landslips on the continental shelf. 
Option 3. From a UK perspective the likely generation of tsunami outside of the 
continental shelf or on the Norwegian border of the North Sea means that a 
monitoring system based on sea-level data only could plausibly give warnings a 
couple of hours in advance of landfall. However, to establish such a system 
would require significant investment in a good number of specialized deep 
water sea-level monitoring systems which would require regular maintenance 
and replacement. On a cost and sustainability basis this approach is likely to 
prove impractical. 
Option 4 includes elements of both Option 2 and Option 3 in the physical 
warning system. On their own, Options 2 and 3 would each require a high level 
of investment to upgrade existing systems for effective generation of tsunami 
warnings. However, a more limited upgrade of both seismic and sea-level 
monitoring networks may provide a robust and practical solution whilst 
remaining cost effective. This is because the UK seismic and tide gauge 
networks can complement each other sufficiently to reduce the requirement for 
specialized developments (e.g. deep water sea-level monitoring) that might 
prove less easy to sustain. For example, a robust VBB seismometer network 
can be used for rapid identification and location of tsunamigenic earthquakes, 
allowing warnings to be issued and enabling early prediction of the tsunami’s 
path. If tide gauges along the predicted tsunami path have been sufficiently 
upgraded to allow high-resolution real-time data analysis, then waves can be 
identified and their progress monitored. This model would prove even more 
effective in the case where international collaboration for sharing real-time data 
and expertise existed between European/Atlantic seaboard states. Such data 
access could prove invaluable to the UK in scenarios where a partner state was 
likely to suffer tsunami landfall prior to waves reaching UK shores, as the 
tsunami could be confirmed with an increased lead-time. 
In terms of both effectiveness and cost, if a warning service is to be created to 
supply notices to emergency planners who are well informed as a result of the 
programmes in Option 1, Option 4 is the recommended route. 
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6.6 Recommendations for system development 
1. Set up a research and education programme (Option 1) designed to inform 

and assess risk to local communities and infrastructure. Specific aims of 
research should be to determine a likely range of tsunami wave heights 
affecting UK regions as a result of different seismic events, and provide 
accurate and detailed scenarios of wave run-up, flooding and interactions 
with coastal infrastructure for use by local authority emergency planners. 
The programme should also generate ‘look-up tables’ of tsunami travel times 
as a robust and time-effective tool to be used by warning centre staff in 
emergency events. In addition, a forum to identify appropriate warning notice 
content and protocols should be created between the warning centre and 
recipient authorities. 

2. Continue the BGS programme to establish sufficient UK-based Very 
BroadBand (VBB) seismometers to allow automated source detection, 
location and magnitude analysis for North Atlantic seismic events. Events 
with tsunamigenic potential should trigger warning centre (Met Office) 
systems, but a roster of seismologists should also be available to provide 
human interpretation for any warning system ‘trigger’ event. As far as 
possible, data should be incorporated into a real-time European/Atlantic 
seaboard states data exchange scheme to allow more accurate 
determination of seismic parameters. 

3. Upgrade the existing tide gauge network to include pressure sensors and 
more rapid (at least every 6 minutes) updates of sea-level data. As far as 
possible data should be incorporated into a real-time European/Atlantic 
seaboard states data exchange system to allow detection of tsunami landfall 
in other regions in the tsunami path. 

4. As opportunities arise (e.g. in collaboration with oil industry deployments of 
other instrumentation) set up real-time pressure sensors in deep water 
locations giving the benefit of increased lead-time between wave detection 
and landfall. 

5. Assimilate tsunami warning methodologies into the existing warning services 
operated 24-7 by the Met Office (i.e. the Environmental Monitoring And 
Response Centre). EMARC presently conducts the storm surge forecasting 
service for the UK and so staff will already have some of the training 
required to allow differentiation between surge and tsunami events. 
Development requirements for the warning centre include: extra data 
capacity to accept upgraded UK tide gauge and sea-level data from other 
countries’ networks; the ability for tsunami protocols to be triggered by BGS 
seismic monitoring systems; setting up of communications links with the 
BGS seismologist roster for warning confirmation; establishment of protocols 
for the use of tsunami travel time ‘look-up tables’; and issue of warning 
notices via the established NSWWS channels. It is advisable that tsunami 
warning tests are conducted at the warning centre on a regular basis as is 
presently the case with chemical spill warning systems. 
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7. Summary and conclusions 
7.1 Tsunami sources and modelling 
The tsunami sources considered in this report are earthquakes and landslides. 
In the case of earthquakes, they must be large enough for the fault rupture to 
intercept the surface of the sea bed, or at least displace the sea floor in some 
way (earthquake ruptures that do not quite reach the surface can still cause 
surface deformation). Surface fault breaks are not usually associated with 
earthquakes less than about 6.5 MS, though a smaller event could break 
surface if it was shallow enough. This consideration, together with geological, 
marine survey, and historical evidence, has been used to guide the selection of 
potential source regions for study.  
 
The locations of the possible source regions considered are: 
 
1. UK coastal waters 
2. NW European continental slope 
3. Plate boundary area west of Gibraltar 
4. Canary Islands 
5. Mid-Atlantic Ridge 
6. Eastern North America continental slope 
7. Caribbean 
As discussed in Chapter 2, the evidence available indicates that even if 
tsunamis are generated in regions 5, 6 or 7, it is highly unlikely that they will 
have any potential for damage in the UK after travelling large distances across 
the Atlantic Ocean. 
Although an earthquake of magnitude around 6.5 MS in the North Sea cannot 
be ruled out (there was an event of magnitude 6.1 ML in 1931), this is at the 
lower end of the scale of tsunamigenic earthquakes. There is no reason to 
believe that a larger magnitude earthquake could occur elsewhere in UK coastal 
waters, and so the likelihood of tsunami generation in this area is very low. 
The northwest European continental slope is the source of a major tsunami that 
occurred about 8200 years ago. The evidence for the event is in deposits found 
on land in Norway, Scotland and northeast England, which indicate the extent of 
run-up. The likely source, the Storegga submarine landslide, has been identified 
from marine surveys mapping the bathymetry of the continental shelf. Although 
there remains some potential for further slide events in this area, they are 
unlikely to be on the scale of the Storegga event.  
The most credible source for a strong, potentially damaging tsunami reaching 
the UK coast is a large passive margin earthquake in the Sole Bank area 
(western Celtic Sea) or associated with the Rockall Trough, or in the North Sea 
Fan area (with a possible underwater landslide). However, these are events of 
very low probability; firstly, such earthquakes are rare, and secondly, they are 
much more likely to be non-tsunamigenic than tsunamigenic if they do occur. 
Recently, public attention has been drawn to the disastrous flooding in areas 
bordering the Bristol Channel in January 1607, and it has been argued that this 
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was the result of a tsunami. Although the Celtic Sea is a potential source for a 
tsunamigenic earthquake generating a tsunami impacting on the Bristol 
Channel, there is no other evidence for such an event. There is, however, 
evidence of the coincidence of a high tide and a storm surge at the time, and 
this is a likely explanation for the flooding. 
The plate boundary area west of Gibraltar is the source region for the 
earthquake and tsunami of 1 November 1755 that devastated Lisbon. This area 
remains a potential source and, if a similar event occurred again, the tsunami 
waves would be expected to arrive in UK coastal waters. Eyewitness accounts 
from southwest England in 1755 give an indication of the probable magnitude of 
the effects (see Section 2.2.3), including the movement of large boulders. There 
have since been other large earthquakes in this source region, but none have 
produced a tsunami with a significant impact on the UK (although some were 
measurable on tide gauges). The 1755 event is considered to represent an 
extreme event from this source. 
A catastrophic collapse of the western flank of La Palma in the Canary Islands 
has been put forward as a potential source of a future ‘mega-tsunami’ capable 
of travelling across the Atlantic Ocean and causing devastation around North 
Atlantic coastlines. Such collapses certainly happen (less frequently than slides 
on the continental slope of northwest Europe) but there are important questions 
with respect to tsunami generation, concerning the character of the collapse. 
There is evidence from surveys of material deposited from previous landslides 
in the Canary Islands that collapses take place as multiple events, over a period 
of days. If this is the mechanism of collapse then the tsunamigenic potential is 
much reduced. 
Consideration of the potential source regions listed above was used to guide 
the selection of sites for tsunami initiation used in modelling to simulate tsunami 
propagation to the UK, as presented in Chapter 3. Although the propagation 
modelling is realistic, a fundamental problem of modelling the tsunami impact at 
the coast is the uncertainty surrounding the magnitude of the initial disturbance. 
A small change in the source configuration can cause a significant change in 
the tsunami period and direction. 
The results of the tsunami propagation modelling performed are summarised in 
Table 7.1 Estimates of wave heights arriving at the nearshore area are given. 
These results have been used to make a preliminary assessment of the areas 
at most risk of flooding. However, the extent of inundation is sensitively 
dependent on a number of factors, including the direction of wave approach, 
local bathymetry and topography, the state of the tide at the time of tsunami 
arrival, and, of course, the performance of flood defences. Consequently, 
meaningful estimates of flood risk require analysis at a local scale, and it has 
not been possible to go into such detail in this study. 
However, tools for inundation modelling are available, and a possible approach, 
using one such tool, is outlined in Appendix G. The risk analysis process 
combines probabilistic information on the tsunami sources, with numerical 
models of the physical processes from tsunami source to the UK coastline, 
nearshore transformation, and run-up/inundation models. It can also include a 
probabilistic representation of the performance of flood defences. The outcome 
of this type of analysis is a set of probability distributions of flood depths 
(spatially varying throughout the floodplain area). If the numerical models 
applied are sufficiently advanced, they will output flood velocities, which, when 
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combined with other information, can be converted to economic damage and 
used to assess the risk to the population. 

Table 7.1 Modelled values of tsunami height and propagation time from a 
selection of possible source regions. 

Origin of tsumami Height and propagation time of wave reaching 
coast, regions affected and (assumed 

amplitude of original wave) 
Near field earthquake in 
North Sea (cf. Dogger 
Bank, 1931) 

0.8-2 m 
1-2 hours 
Yorkshire and Humberside coasts 
(1m) 

Passive margin 
earthquake in the 
western Celtic Sea 

0.5-1 m 
3-6 hours 
North Devon, Bristol Channel, south and west 
Wales 
(1m) 

Plate boundary west of 
Gibraltar (Lisbon 
earthquake of 1755) 

0.8-1 m 
5-8 hours 
Cornwall, North Devon and Bristol Channel, South 
Wales 
(1m) 

La Palma slide (Canary 
Islands) 

1-2 m 
7-8 hours 
Cornwall, North and South Devon 
(2m) 

 

7.2 Detection of tsunami 
The characteristics of earthquakes directly associated with tsunami have been 
reviewed in Chapter 4. As some tsunamis are generated without an earthquake, 
or by a relatively small earthquake triggering a landslide, sea-level monitoring is 
required to complement the seismic warning system for detection, as well as for 
subsequent monitoring of tsunami amplitude and propagation. 
The current state of the art in seismic and oceanographic instrumentation 
(Chapters 4 and 5) can form the basis of an effective detection and monitoring 
system, but the present UK networks fall short of this. Also, the distribution of 
the existing UK stations has not been designed with tsunamis in mind. 
Developments in rapid, automated analysis of seismic data to provide key 
information on the nature of an earthquake are required, but are feasible. Such 
information can provide an early (within minutes) assessment of the 
tsunamigenic potential of an earthquake. Similarly, investment in oceanographic 
instrumentation and data communications in the UK and in other countries, 
using existing and emerging technologies, can provide the data needed to 
monitor the progress of a tsunami. 
Tsunami velocities across the European continental shelf are considerably 
lower than in the deep ocean. As a result, reasonably long lead-times (typically 
a few hours) are available to process information on an event and issue and 
respond to a warning, if required. 
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7.3 Warning service 
As discussed in Chapter 6, since events requiring warnings to be issued for the 
UK will be rare, it is important that systems used for tsunami warning are in 
regular use providing data and services for other purposes. This includes the 
seismic and oceanographic monitoring networks run by the BGS and POL. 
Additionally, taking advantage of Met Office severe weather warning systems to 
include tsunami alerts and warnings is an option to ensure system 
sustainability. 
To provide an effective warning service, general upgrades to both the seismic 
and oceanographic monitoring networks are required. This report has identified 
priority areas for installation of new equipment to improve detection of tsunamis 
approaching the UK from the most likely areas.  
At the IOC Conference on the Development of an Indian Ocean Tsunami 
Warning System (UNESCO, Paris, 3-8 March 2005), the decision was taken not 
to have a single dedicated Indian Ocean warning centre on the Pacific model, 
but to have a set of national systems with real-time access to data from 
neighbouring countries. This model seems suitable for Europe and the UK, and 
has considerable cost benefits. If a warning system is to be established, a group 
should be formed to liaise with national and international agencies to facilitate 
real-time access to relevant seismic and oceanographic data. The group could 
be responsible for development of an effective operational warning system 
comprising data monitoring, forecast modelling and timely issue of warnings. 
These practical operations should be supported by development and testing of 
systems of nested numerical models coupled to data from existing (and future) 
instrumentation. 
Practical tsunami warning requires rapid assessment by knowledgeable staff 
based on a combination of available data (seismic, tide gauge etc.), numerical 
models, and model-derived information such as look-up tables of tsunami travel 
times for a range of sources. Consequently, investment in training of warning 
centre staff will be required. 
As part of warning centre operations, case studies of different scenarios and 
previous events should be carried out to improve understanding of future 
events. Such studies could become incorporated into local response planning 
as part of an education programme on tsunami impacts. The emergency 
planning community have existing procedures for preparing responses to 
environmental hazards but, currently, lack risk and impact assessments of the 
threat posed by tsunami. The results presented here provide a useful starting 
point for more work on detailed tsunami risk assessments for use by Local and 
Regional Resilience Fora to incorporate into their planning processes. 

7.4 Cost-benefit analysis 
The decision on whether to invest in the implementation of a tsunami warning 
service for the UK would benefit from a higher level of risk analysis than has 
been conducted within the scope of this report. Specifically, a requirement 
exists to better understand tsunami impacts on coastal areas at a detailed level 
for the scenarios identified in this report. Cost benefit analyses are the usual 
method for deciding whether a warning system is viable, or if an existing system 
should be improved.  
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A discussion of the issues, and an approach that could be taken to assessing 
the benefits and costs of a tsunami warning service, based on work carried out 
for flood warning systems, is given in Appendix H. 

7.5 Overall conclusions 
The Indian Ocean event of 26 December 2004 has raised public awareness of 
the ability of extreme tsunamis, caused by massive earthquakes, to devastate a 
wide area. The source region of the Indian Ocean tsunami was a huge 
subduction zone. The only subduction zone capable of producing a tsunami 
impacting the UK is in the Caribbean. However, the evidence is that although 
many tsunamis have been generated in the Caribbean, none have been 
transoceanic. For the UK the most likely scenario for a significantly damaging 
tsunami is an anomalously large, relatively close earthquake producing a 
tsunami that would only be severe locally. Such earthquakes are rare, and even 
if such an event should occur, it is unlikely to produce a tsunami. 
In the modelling carried out in this study, which has provided estimates of the 
effects of both close and distant events, the heights of tsunami waves arriving 
close to the UK shore are comparable to those observed in storm surges. All 
major centres of population have flood defence infrastructure designed to cope 
with the expected range of surges. However, tsunami events are likely to create 
sea conditions different to those during a storm surge. Also, tsunami events 
may occur at any time; they are not associated with adverse meteorological 
conditions. This has a bearing on the vulnerability to tsunami hazard. Therefore, 
it should not be assumed that the impact of a tsunami would be comparable to 
that of a storm surge simply on the basis of a similar wave height. 
Uncertainties in assessing the impact of a tsunami can be reduced by a 
relatively short-term study, using existing models and techniques, and such a 
study is warranted, given the results of the tsunami propagation modelling 
described in this report. 
A combination of seismic and oceanographic monitoring would be effective in 
detecting tsunamigenic events, and to be effective, a warning system should 
employ both types of monitoring network. The seismic network can detect and 
rapidly locate earthquakes, and provide information for an initial assessment of 
tsunamigenic potential. The oceanographic network can verify tsunami 
generation, monitor its progress and provide data to model its arrival time and 
size. The existing seismic and oceanographic networks operated in the UK 
were established for other purposes. To develop the networks to provide a 
tsunami detection and monitoring capability, upgrades to sensors and data 
communications are required. This study has highlighted some priority areas for 
installation of new equipment. The enhanced networks would be multi-use, an 
important consideration given the infrequent nature of tsunami events affecting 
the UK. 
The model of a set of national tsunami warning systems with real-time access to 
data from neighbouring countries, as recently agreed for the Indian Ocean, 
appears to be suitable and practical for Europe and the UK. Establishing 
protocols for data exchange with European partners will strengthen a warning 
system in the UK at low cost. 
To make progress on establishing a warning service it is important that a group 
is set up to liaise with national and international agencies to put in place 
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arrangements to secure real-time access to relevant seismic and 
oceanographic data. This group should also have responsibility for the 
development and testing of systems of numerical models coupled to data from 
existing (and future) instrumentation to detect and monitor tsunamis, and so 
guide the creation and development of the software tools needed by a tsunami 
warning service. 
The Met Office because of its existing operational structures for forecasting and 
issuing environmental warnings on a 24-hour, 7-day basis is a natural focus for 
a tsunami warning service. However, specialist seismic and oceanographic 
expertise would be required, and could be provided by BGS and POL as partner 
organisations, This model would be operationally effective and, in building on 
existing operations, cost effective. 
A tsunami warning service for the UK could be effective because the lead-times 
from tsunami detection to arrival in UK coastal waters, from the most likely 
sources of tsunamis, provide adequate time to take action to mitigate the 
impacts. (The lead-time would be short in the highly unlikely case of a 
tsunamigenic earthquake in the North Sea.) However, the effectiveness of such 
a service would be determined not only by the ability to issue accurate 
warnings, but also by the ability of the authorities responsible for local 
emergency response, and the public, to react appropriately to them. An 
important element of a warning service is an education programme to ensure 
that the authorities and public understand the potential impacts of tsunamis and 
know how to respond to warnings. 
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ADCP Acoustic Doppler Current Profiler. 

ADSL Asymmetric Digital Subscriber Line 

AFTAC Air Force Technical Applications Center 

ATFN Aeronautical Fixed Telecommunication Network 

BDSN Berkeley Digital Seismic Network 

BGR Bundesanstalt für Geowissenschaffen und Rohstoffe 

BGS British Geological Survey 

BPR Bottom Pressure Recorders  

CCS Cabinet Office Civil Contingencies Secretariat  

CHEMET CHEmical METeorology 

CFD Computational Fluid Dynamics 

CSF Critical Success Factors  

CFX A computational fluid dynamics software package 

DART Deep-ocean Assessment and Reporting of Tsunamis 

DEM Digital Elevation Model  

EA Environment Agency 

EMARC Environment Monitoring and Response Centre 

EMSC European Mediterranean Seismological Centre 

EMWIN Emergency Management Weather Information Network  

ESEAS European Sea-level Service 

ESONET European Seafloor Observatory Network 

ETA Estimated Time of Arrival 

FAO Food and Agriculture Organisation  

FDSN Federation of Digital Broad-Band Seismograph Networks  

GEO Group on Earth Observations 

GEO Group on Earth Observations 

GEOSS Global Earth Observation System of Systems 

GLOSS Global Sea Level Observing System 

GMES Global Monitoring for Environment and Security 

GOES Geostationary Operational Environmental Satellite 

GOOS Global Ocean Observing System 

GPS Global Positioning System 

GSN Global Seismograph Network  
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HF High Frequency 

HRW Hydraulic Research Wallingford 

IEWP International Early Warning Programme  

IOC International Oceanographic Commission 

IRIS Incorporated Research Institutions for Seismology 

ISDR International Strategy for Disaster Reduction  

MAWS Moored Automatic Weather Stations 

MedNet Mediterranean Network 

MEREDIAN Mediterranean-European Rapid Earthquake Data Information 
and Archiving Network  

METEOSAT Meteorological Satellite 

NaFRA National Flood Risk Assessment  

NAWAS NAtional WArning System network  

NCDSN New China Digital Seismograph Network 

NEIC National Earthquake Information Center  

NMHS National Meteorological and Hydrological Services 

NOOS North West Shelf Operational Oceanographic System 

NOS National Ocean Survey  

NSWWS National Severe Weather Warning Service  

NWS National Weather Service  

OCHA UN Office for the Coordination of Humanitarian Affairs  

ORFEUS Observatories and Research Facilities for European 
Seismology 

POL Proudman Oceanographic Laboratory 

PTWC Pacific Tsunami Warning Center 

RASP Risk Assessment for Strategic Planning 

ROV Remotely Operated Vehicles 

RSMC Regional Specialized Meteorological Centres  

SHOM Service Hydrographique et Océanographique de la Marine 

SOC Southampton Oceanography Centre 

SPH Smoothed Particle Hydrodynamics 

STFS Storm Tide Forecasting Service 

SWIM Severe Weather Impact Model 

THRUST Tsunami Hazards Reduction Utilizing Systems Technology  

UCSD / IDA University of California, San Diego / International Deployment 
of Accelerometers 
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UNDP United Nations Development Programme  

UNEP United Nations Environment Programme  

UNESCO United Nations Educational, Scientific and Cultural 
Organization 

USGS United States Geological Survey 

USNSN United States National Seismograph Network 

VAAC Volcanic Ash Advisory Centre 

VBB Very Broadband 

VEBSN Virtual European Broadband Seismograph Network 

WAAD Weighted Annual Average Damage  

WC/ATWC West Coast/Alaska Tsunami Warning Centre  

WCDR World Conference on Disaster Reduction  

WFP World Food Programme  

WMO World Meteorological Organisation  
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Appendix B : The project team 
The project team was made up of the following staff from the four organisations 
forming the project consortium. 
 

BGS  
Jenny Cunningham Hydrogeological GIS Specialist 
David Kerridge Project Manager 
David Long Marine Geologist 
Andrew McKenzie Hydrogeologist 
Roger Musson Seismologist 
Lars Ottemöller Seismologist 
  
HR Wallingford  
William Allsop Technical Director, Coastal Structures 
Alan Cooper Principal Scientist, Hydrodynamics & Metocean 
Ben Gouldby Senior Engineer, Floods 
Jane Smallman Director, Maritime, and HRW Project Coordinator 
Nigel Tozer Senior Scientist, Hydrodynamics & Metocean 
  
Met Office  
Matt Adams GIS Specialist 
Mike Bell Met Office Project Coordinator 
Martin Cumper Public Weather Service Business Manager 
Peter Dempsey Hydrologist 
Gill Ryall Head International  
Andy Saulter Ocean Business Technical Development  
Stewart Wortley Manager, EMARC and Storm Tide Warning Service 
  
POL  
Philip Woodworth Sea Level Scientist and POL Project Coordinator 
Kevin Horsburgh Ocean Modeller 
Roger Proctor Ocean Modeller 
Jane Williams Ocean Modeller 
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