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Tsunamis rank among the most devas-

tating and unpredictable natural hazards 

to affect coastal areas. Just 3 years ago, in 

December 2004, the Indian Ocean tsunami 

caused more than 225,000 deaths. Like many 

extreme events, however, destructive tsunamis 

strike rarely enough that written records 

span too little time to quantify tsunami haz-

ard and risk. Tsunami deposits preserved 

in the geologic record have been used to 

extend the record of tsunami occurrence but 

not the magnitude of past events. To quan-

tify tsunami hazard further, we asked the fol-

lowing question: Can ancient deposits also 

provide guidance on the expectable water 

depths and speeds for future tsunamis?

It has been well documented in the past 

20 years that tsunami deposits, both ancient 

and recent, act as natural recorders of tsu-

nami waves [Tappin, 2007]. With reliable 

dating, such deposits enable us to quan-

tify paleotsunami recurrence intervals. But 

characterizing both event frequency and 

magnitude is critical for assessing tsunami 

risk. Quantifying paleotsunami size by mod-

eling onshore fl ow depth and speed from 

tsunami deposits would provide a key for 

determining the deadliness and destructive-

ness of past events. Ideally, such a key could 

also inform long-term hazard assessments 

based on tsunami source mechanisms 

(e.g., fault slip or submarine landslides) 

inverted from calculated paleotsunami wave 

characteristics.

Developing quantitative tools to estimate 

fl ow depth and speed from tsunami depos-

its requires interdisciplinary collaboration 

among the coastal geomorphology, sedi-

mentary geology, sediment transport, hydro-

dynamics, remote-sensing, and seismology 

communities. This article presents a strat-

egy for using “sedimentology benchmarks” 

to enhance this collaboration. Promising 

preliminary work, based on a tsunami sedi-

mentology workshop held in spring 2007 in 

Friday Harbor, Wash., suggests that bench-

marks will lead to an improved understanding of 

tsunami physical processes and to advances 

in our ability to quantify paleotsunami mag-

nitudes by interpreting the geologic record.

The State of the Science

Tsunamis deliver highly energetic, sus-

tained fl ows that can erode everything from 

large blocks to fi ne sediment and trans-

port them up to thousands of meters across 

coastal plains. The long-period waves of a 

tsunami approach the shore at speeds of 

tens of kilometers per hour, causing near-

shore water surface fl uctuations with ampli-

tudes of several to tens of meters. The lead-

ing wave—commonly related to the pattern 

of seafl oor displacement in the source 

region—may arrive as either a receding 

trough or an advancing crest. The incoming 

waves commonly break offshore, where they 

form a bore or series of bores—relatively 

short breaking waveforms riding on the tsu-

nami’s longer wave. For example, in many 

videos of the 2004 Indian Ocean tsunami, 

the fi rst tsunami wave rushes onto dry land 

much like a surging fl ood. Several additional 

large waves, with typical periods of tens of 

minutes, commonly follow, and onshore 

fl ooding typically lasts for hours. 

While tsunami propagation models have 

been around for years and have been shown 

to be fairly accurate at predicting basin-scale 

travel times and deep-water wave ampli-

tudes, models of tsunami inundation—

where waves approach shore and fl ood the 

land—are less common and have not been 

adequately tested against fi eld data. Recent 

inundation models consider wave evolution 

by simulating both linear and highly nonlin-

ear processes of various length scales and 

timescales [Liu et al., 2007]. Model predic-

tions are particularly sensitive to effects of 

local bathymetry and coastal topography 

that cause tsunami runup to vary signifi -

cantly, even in neighboring areas. 

Inverse models of fl ow from tsunami 

deposits [see Tappin, 2007] and forward 

models of deposits from fl ow [Gelfenbaum 

et al., 2007] are relatively new and still under 

development. These models exploit the 

dependence of sediment transport on the 

relationship between grain size (grain set-

tling velocity) and fl ow shear stress. Depo-

sition occurs where sediment transport 

converges or when deceleration permits 

sediment to fall out of suspension. Empirical 

relationships to infer deposit characteristics 

from fl ow velocities and, conversely, fl ow 

velocities from deposits have been derived 

from steady channel-fl ow experiments. 

This suggests that it should be possible 

to combine tsunami hydrodynamics and 

knowledge of the sediment available for 

transport to predict the structure and tex-

ture of tsunami deposits—or to reconstruct 

tsunami fl ow histories from deposit charac-

teristics. However, fundamental questions 

remain regarding tsunami turbulent fl ow 

structure and the applicability of existing 

sediment-transport models to a tsunami’s 

timescale and initial dry-bed conditions. 

Benchmark Strategy for Collaboration

Benchmarking tsunami sedimentology 

models entails developing test cases that 

can be treated using different approaches, 

allowing the model results to be compared 

and problems to be tackled in an effi cient, 

coherent manner. Given the limitations of 

existing tsunami inundation and sediment 

transport models, two key challenges are 

well suited for such an approach: (1) closing 

the knowledge gap in linking modern events 

to their deposits with an improved under-

standing of tsunami sediment transport, and 

(2) adapting that relationship to interpret the 

geologic record. 

Traditionally, benchmarks rely on analyti-

cal solutions or controlled experiments of 

known initial conditions with which to test 

and compare models or laboratory equip-

ment. Our working defi nition of a bench-

mark is somewhat different for several rea-

sons. First, there is no adequate analytical 

solution available for “tsunami sediment” 

problems, even for a case with simplifi ed 

boundary conditions (e.g., planar beach 

topography) and homogeneous sediment. 

Second, while initial conditions of labora-

tory experiments can be specifi ed in detail, 

comparing these small-scale experiments 

with nature is limited by scaling diffi culties. 

Most important, while conventional bench-

marks are used to rank models in well-

established fi elds of study, tsunami sedimen-

tology is at such an early stage that bench-

marking serves instead to enhance collabo-

ration in exploring physical processes and 

making improved model predictions. Such 

collaboration has already resulted from 

benchmark exercises designed to investigate 

the hydrodynamics on which tsunami runup 

models are based [Yeh et al., 1996]. 

Benchmarking for tsunami sedimentology 

requires agreed-upon goals that promote 

interdisciplinary collaboration and develop-

ment of appropriate data sets. For example, 

the community must identify key parame-

ters to be estimated (e.g., wave height and 

speed) and set sensitivity study targets (e.g., 

effect of grain size on deposit thickness). 

These actions will ensure that the focus and 

scope of modeling studies are comparable. 

Identifying these parameters also helps to 

determine the minimum amount of informa-

tion a benchmark data set must contain. 

Proof of Concept 

As a test of this approach, we performed 

pilot benchmark exercises on two data sets 

of tsunami deposits, one modern (1998 

Papua New Guinea) and the other ancient 

(buried; Mutnaya Bay, Kamchatka, Russia). 

Detailed treatment of the modern case (Fig-

ure 1) was aimed at linking modern events 

to their deposits and improving the under-

standing of tsunami sediment transport. The 

application of the models to the ancient 

case allowed us to evaluate how this under-

standing might be adapted to interpret the 

geologic record.

Models were used to estimate tsunami 

characteristics such as fl ow depth, fl ow 

speed, number of waves, and where pos-

sible, tsunami source for each benchmark. 

The data sets included grain-size distri-

butions, deposit thickness, topographic 

profi les, and bathymetry. In the case of 

the modern deposit, additional informa-

tion (from fi eld estimates and eyewitness 

accounts) on the tsunami was available 

[Gelfenbaum and Jaffe, 2003]. Paleotsu-

nami modeling efforts were complicated 

by incomplete deposit preservation, lack of 

fl ow depth or inundation limit indicators, 

and poorly constrained pre-tsunami topogra-

phy at Mutnaya Bay. 

Forward modeling of tsunami inundation 

was based on high-resolution bathymetry 

and topography collected along the sam-

Sandy Signs of Tsunami 
Onshore Depth and Speed

Fig. 1. Flow depth and speed estimates for the 1998 Papua New Guinea tsunami. (a) Location 
and sample sites [Gelfenbaum and Jaffe, 2003]. (b–e) Data collected from tsunami deposit (red 
symbols), field-based estimates of tsunami flow elevation (sum of flow depth and land eleva-
tion, white circles) and speed (white triangle), predictions using hydrodynamic model of Lynett 
[2007] with incorporated transport model following Rakha et al. [1997] (bold blue lines), and 
inverse model predictions of Jaffe and Gelfenbaum [2007] (black symbols).
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Large ice sheets, such as those presently 

covering Greenland and Antarctica, are 

important in driving changes of global cli-

mate and sea level. Yet numerical models 

developed to predict climate change and ice 

sheet–driven sea level fl uctuations have sub-

stantial limitations: Poorly represented physi-

cal processes in the ice sheet component 

likely lead to an underestimation of sea level 

rise forced by a warming climate.

The resultant uncertainty in sea level pro-

jections, and the implications for climate 

policy, have been widely discussed since 

the publication of the Fourth Assessment 

Report of the Intergovernmental Panel on 

Climate Change (IPCC) [IPCC, 2007]. The 

assessment report notes that current models 

do not include “the full effects of changes in 

ice sheet fl ow, because a basis in published 

literature is lacking.” The report also notes 

that the understanding of rapid dynamical 

changes in ice fl ow “is too limited to assess 

their likelihood or provide a best estimate or 

an upper bound for sea level rise.”

Credible predictions of ice sheet evolution 

and sea level change will require a new gen-

eration of ice sheet models (ISMs) coupled to 

atmosphere-ocean general circulation models 

(AOGCMs). Although the development of these 

new tools is ongoing, credibility (i.e., physi-

cally justifi able model assumptions) demands 

institutional support and the sustained efforts 

of researchers working on numerical algo-

rithm development, software engineering, and 

the analysis of model output.

Perhaps more important, developing these 

tools will require collaboration with glaciolo-

gists, climate modelers, and end users to imple-

ment physically sound ice dynamics while 

working within the constraints of AOGCMs. A 

concerted effort to develop a new generation 

of ISMs should be pursued concurrently with 

observational efforts and glaciological process 

studies; yet progress is hampered by a lack of 

cross-disciplinary and cross-institutional coordi-

nation (and resources) focused on this goal.

Current Status

The comprehensive continental-scale ice 

sheet models used to predict global sea level 

change have not been substantially modifi ed 

in the past decade. The models are based pri-

marily on the assumption that gravitational 

driving stresses are balanced locally by basal 

traction, resulting in fl ow dominated by ver-

tical shear (i.e., that the horizontal transmis-

sion of stress is unimportant) [e.g., Huybrechts 

et al., 2004]. This assumption is appropriate 

where creep is the dominant ice fl ow process 

and where the effects of subglacial meltwater 

can be neglected. These ISMs have been par-

tially coupled to AOGCMs (developed at lead-

ing centers in the United States and around the 

world), using surface fi elds such as air temper-

ature and precipitation, to develop the projec-

tions of sea level change that have been used 

in the IPCC’s Third and Fourth Assessments.

Why Scientists and Policy Makers 

Are Dissatisfied

In the past decade, our knowledge of 

ice sheet dynamics has improved dramati-

cally, due to the application of satellite tech-

niques such as radar altimetry and interfer-

ometry, together with airborne and surface 

observations (reviewed by Shepherd and 

Wingham [2007]). New, unexpected obser-

vations include the thinning and accelera-

tion of Greenland outlet glaciers, rapid ice 

shelf melting and increased discharge in the 

grounded drainage basins of the Amund-

sen Sea embayment, West Antarctica, and 

the acceleration of many upstream glaciers 

following the collapse of the Larsen B ice 

shelf on the Antarctic Peninsula. In addi-

tion to the present-day evidence of rapid 

fl ow, paleoclimate records suggest that sea 

level rise during deglaciations may have 

occurred, at least episodically, at rates not 

attainable by current ice sheet models.

However, ice sheet simulations assessed 

by the IPCC cannot reproduce these obser-

vations because the simulations fail to 

fully account for ice shelves, subglacial 

processes, and changes in stress underly-

ing these events. Additionally, observed 

changes in ice volume and discharge occur 

rapidly enough to modify ice sheet bound-

ary conditions. The implicit assumption in 

current stand-alone ice sheet models—

disparate atmospheric, oceanic, ice shelf, 

and ice sheet timescales—is invalid if this 

behavior is widespread. Without coupling 

these components in a climate model, we 

cannot assess the spatial and temporal extent 

of these potentially important feedbacks.

Underlying Problems

Continental-scale ice sheet models have 

the least skill where the infl uences of melt-

water production and fl ow, ice shelf buttress-

ing, and subglacial sediment deformation 

are prominent. These processes can interact 

to accelerate discharge near ice sheet mar-

gins. Current computer-based projections of 

ice sheet response to a warming climate are 

thus almost certainly biased against deliver-

ing fast responses, in turn underestimating 

the rate of sea level rise.

Key processes that should be incorporated 

into models to make reliable predictions of 

future ice sheet change include the following:

• interaction of ice sheets with the ocean, 

requiring models of regional oceanic circula-

tion, melting and freezing in subshelf cavities, 

a better representation of continental shelf 

processes, and coupling to the global ocean;

• grounding line migration, requiring 

improved numerical algorithms (e.g., high-

resolution with adaptive grids) and coupled 

models of inland and ice shelf fl ow;

• production and fl ow of water at the sur-

face and within and beneath the ice;

• ice streaming, whose modeling requires 

higher-order fl ow physics, a basal processes 

submodel, and a nested mesh approach; and

• iceberg calving, which is important in 

ice shelf collapse as well as outlet glacier 

dynamics and which requires the applica-

tion of fracture mechanics.

Insights From AOGCMs

Incorporating physically accurate stand-

alone ISMs into an AOGCM requires aware-

ness of overall design constraints, including

• conservation of heat and freshwater. 

AOGCM-ready ISMs will need to include a 

complete surface energy balance and hydro-

logic accounting (e.g., the disposition of 

basal and surface melt).

• a time-dependent boundary. Incorporat-

ing this capability will necessitate a coinci-

dent change in ocean models, whose lateral 

boundaries need to be able to migrate as the 

ice sheet grows or shrinks in response to 

climate forcing.

• acceptance of the large-scale nature of 

AOGCMs, which will not be able to provide 

or accept fl uxes at the scale of individual ice 

streams or small ice shelves. The next gen-

eration of ISMs must resolve key small-scale 

fl ow features, either with statistical tech-

niques (perhaps based on off-line high-reso-

lution studies scaled up to the AOGCM grid 

scale), a uniform reduction of the grid spacing 

(≤5 kilometers), and/or by selective resolu-

tion using nested or unstructured grids.

Additionally, there are several lessons 

learned over the history of global coupled 

climate modeling, under way at many insti-

tutions since the 1960s, which should be 

applied to the model-coupling process.

1. Model building is a highly interactive 

process. A distributed mode of model building, 

where component development takes place 

at differing institutions, can work, but it 

increases the need for enhanced, sustained 

communication.

2. The development of new components 

should occur in close coordination with the 

rest of the model physics, since their interac-

tions are crucial. The idea that a component 

can be developed in isolation, and then sim-

ply “plugged into” the model, is fraught with 

diffi culties.

3. Clarity of purpose is essential. The spe-

cifi c goal for which a model is developed 

must always be clear, including the defi ni-

tion of what would constitute “success” of 

the model.

4. Model development usually takes longer 

than anticipated.

Recommendations

Ice sheet models currently used in con-

junction with AOGCMs are process-poor, 

even when compared with our imperfect 

understanding of ice sheet dynamics. The 

computational demands of ice models are 

modest; a substantial increase in their com-

plexity would not affect the ability of a cou-

pled ISM-AOGCM to perform millennial-scale 

climate experiments. Success in constrain-

ing ice sheet response to climate forcing is 

thus limited (at least in part) by the valida-

tion of physically sound ice sheet models 

and their incorporation into AOGCMs. Model 

development should occur concurrently 

with ongoing and proposed observational 

programs, and with studies of physical pro-

cesses controlling ice sheet dynamics, to 

improve the chances that models will be 

able to reproduce reality in a timely manner.

We therefore recommend increased sup-

port for ice sheet modeling at facilities 

developing comprehensive state-of-the-
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ple transect for each benchmark. For the 

Papua New Guinea (PNG) case (Figure 1), 

further model constraints were provided 

by tsunami inundation limits and flow-

depth indicators identified in the field and 

by the number of waves reported by eye-

witnesses. Modeled and measured deposit 

thicknesses were comparable (Figure 1c). 

The modeled, vertically averaged velocity 

and flow depth snapshot (Figure 1e) shows 

flow accelerations and decelerations as 

the wave cascades over a topographic 

high, illustrating the complexity of flow-

topography interactions. 

Estimates of maximum fl ow speed from 

inverse modeling were based on assumptions 

of steady and uniform fl ow and on observed 

grain-size distributions and deposit thick-

nesses. The inverse model estimates for the 

PNG benchmark (Figure 1d) are consistent 

with independent fi eld estimates of fl ow 

speed (calculated using Bernoulli’s princi-

ple and water level data on buildings left stand-

ing after the tsunami). These estimates are 

of the same order of magnitude, but they 

exceed the fl ow speeds predicted by the for-

ward model. Discrepancies between mod-

els may be due to missing processes (such 

as not accounting for momentum extracted 

from the fl ow by dense vegetation), other 

simplifying assumptions (such as no particle 

reentrainment), or poorly characterized ini-

tial conditions.

Results of the PNG case highlight the 

potential of using detailed data from a mod-

ern tsunami and its deposit for benchmark-

ing inverse models. For forward models, 

however, a limitation of this type of bench-

mark is that initial conditions are poorly 

known for natural tsunamis. A better bench-

mark for forward modeling would be a 

detailed laboratory experiment data set with 

well-defi ned initial conditions. Whereas 

treating a paleotsunami deposit benchmark 

would be a valuable step toward interpreting 

the geologic record for hazard assessment, 

problems with preservation limit available 

information for ancient cases like Mutnaya 

Bay. Nature is not simple, but initial bench-

mark cases should be.

On the basis of our pilot study, we devel-

oped a preliminary list of requirements for 

future tsunami sedimentology benchmarks 

(see http://tsunami.orst.edu/sedimentology). 

This list is a work in progress, and we ask 

interested scientists to comment on it by 

prioritizing parameters to which their own 

approaches are most sensitive. For example, 

what are the minimum bathymetric resolu-

tion, deposit-sampling density, and grain-

size detail required to test your model? 

Answers to these questions will vary over a 

broad range depending on model techniques, 

assumptions, and goals. Responses will help 

to guide data gathering, experimental design, 

and fi eld campaigns and will defi ne objectives 

for the next generation of tsunami sedimentol-

ogy benchmark experiments.
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