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Abstract: Tsunamis pose amajor hazard, exaggerated by large floating debris within the flow. However, understanding of how
finer sediment (sand, silt and clay) influences the tsunami flow remains incomplete, introducing uncertainty in predictive
models of their impact. Typically, a turbulent and dilute tsunami wave is assumed, but the differing conditions at the flow front
have yet to be quantified. Here, videos of the 2011 Tōhoku-oki tsunami in the Sendai Plain, Japan, were analysed to document
trends in the properties of the tsunami flow front. Results reveal rapid temporal and abrupt spatial changes in velocity and the
development of a steep gradient to the flow front (∼25–59°). Deposits reveal the tsunami flow had a high mud content and
caused almost continuous erosion for at least 2 km inland. This evidence shows that a highly cohesive flowwith a dense debritic
head formed in the mid-shore region, transforming from an initially turbulent flow through the entrainment of cohesive
material. The altered hydrodynamics and the greater force exerted by a dense debritic head highlight the need to incorporate
debritic heads into tsunami hazard assessments on mud-rich coastlines, where the hazard will be enhanced.

Supplementary material: Supplementary figures that detail the processes undertaken to determine the flow front velocities
and flow front gradients at the study sites are available at https://doi.org/10.6084/m9.figshare.c.8376881

Received 8 August 2025; revised 17 March 2026; accepted 17 March 2026

Tsunamis are large waves generated by earthquakes, volcanic

eruptions, submarine and/or subaerial landslides, and impact

events. The recent devastating 2004 Indian Ocean and 2011

Tōhoku-oki tsunamis have driven enhancements in mitigation

strategies (Strusińska-Correia 2017) and improved predictions of

future events through probabilistic tsunami hazard assessments

(PTHAs) for vulnerable coastlines (Løvholt et al. 2014; Behrens

et al. 2021). Since these events, it has been common to describe

tsunamis as ‘debris-like flows’ because of the prevalence of wood

fragments, plastics and even cars being moved in the flow (Borrero

2005; Fritz et al. 2006; Synolakis and Kong 2006). This debris adds

an extra dimension to the tsunami damage and risk, with an added

loading effect on buildings, people and structures impacted by the

flow (Nistor et al. 2017; Kaida et al. 2024). This effect is now

widely considered in structural design and in estimating damage

from future tsunami events (Nistor et al. 2017; FEMA 2019),

although the effect of debris is not considered in hydrodynamic

modelling (Behrens et al. 2021). In contrast, the lack of direct

measurements of the flow means that the sediment type and

concentration of tsunamis are largely unknown (Goto et al. 2014;

Mitra et al. 2020), limiting our understanding of the flow rheology

and density. Therefore, we currently cannot determine whether this

larger debris is carried by a tsunami flow that is fully turbulent and

dilute or laminar and highly cohesive (Mulder and Alexander 2001;

Baas et al. 2009), flow states that have vastly different hazard

implications (Thouret et al. 2020). Herein, we address this problem

by evaluating the fluidal flow properties of the Tōhoku-oki 2011

tsunami through application of a novel methodology to video

footage of the event.

The flow state (turbulent to laminar) of environmental flows is

governed by the flow Reynolds number (Re), defined as the product

of the flow speed and flow depth over the kinematic viscosity of the

flow. Higher Reynolds numbers are associated with turbulent, dilute

flows and lower values with laminar, cohesive flow states (i.e.

debris flows). Therefore, given the high velocities and depths of

tsunami flows (Goto et al. 2011), they are typically assumed to be

highly turbulent and dilute flows in sedimentological (Moore et al.

2011; Takashimizu et al. 2012) and experimental studies (Yoshii

et al. 2018), although the flow viscosity is rarely considered

(Yamashita et al. 2025). However, other environmental flows can

transform between these states rapidly in time and abruptly in space

(Fisher 1983), often through entrainment of large quantities of

sediment, particularly cohesive muds, by an initially turbulent flow

(Peakall et al. 2020). This increased sediment concentration

increases the cohesivity of the flow, progressively dampening

turbulence and moving the flow towards, or in cases to, a laminar

flow state (Baas et al. 2009; Peakall et al. 2020). Although tsunamis

erode and entrain copious volumes of sediment (Richmond et al.

2012; Takashimizu et al. 2012), such flow transitions have yet to be

considered as tsunamis are assumed to reach only modest sediment

concentrations of up to 2–7% by volume (Goto et al. 2014; FEMA

2019).

Many aspects of tsunami sediment transport are well known.

Tsunamis are widely acknowledged to erode and entrain large

quantities of sediment from the immediate coastal zone (on- and

offshore), depositing this sediment as the wave slows further inland

(Morton et al. 2007; MacInnes et al. 2009). This transport and

deposition are suspension dominated, as demonstrated by sedi-

mentary analysis of modern and ancient events (Morton et al. 2007;

Szczucin ́ski et al. 2012), experimental studies (Yoshii et al. 2018)

and numerical modelling (Jaffe et al. 2016). This suspended load in

the tsunami flow increases the sediment concentration of the
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tsunami flow, with estimates varying from 2% from in situ data from

the 2011 tsunami (Goto et al. 2014) to 5% for some experimental

studies (Yoshii et al. 2017, 2018), with guidelines of 5–7% in

building design regulations (FEMA 2019). At such modest

concentrations, the high-velocity tsunami flow could be described

as a turbulent, relatively dilute flow, and the behaviour of the flow

can be assumed not to be affected by the suspended sediment

(Pierson 2005). As such, numerical models of tsunamis that

underpin PTHAs assume constant viscosity and densities equiva-

lent to seawater (Marras and Mandli 2020). However, these

concentration estimations are averages that fail to capture any

internal variability within the flow.

The internal variations in flow dynamics and sediment transport

within tsunami flows are less well understood. Observations or

measurements inside the tsunami flow are virtually impossible due

to their rarity and high magnitude. Furthermore, sediment transport

models that aim to simulate past events are constrained by an

incomplete understanding of sediment transport during tsunamis

(Jaffe et al. 2016), despite recent improvements (Mitra et al. 2020).

In particular, these models cannot account for any internal density

stratification in the flow either vertically, with a denser basal

component (Jaffe et al. 2016; Sugawara 2021), or horizontally, with

a higher concentration flow front, where sediment entrainment is

concentrated in tsunamis (Apotsos et al. 2011). Such spatial

changes in flow concentration have recently been proposed for

tsunami events in Scotland (Hill et al. 2023) and the Andaman

Islands (Majumdar and Bhattacharya 2025), where sedimentary

evidence indicated deposition under a basal or frontal cell with

sediment concentrations in excess of 20–30%. In addition,

Sharrocks et al. (2025) used sedimentary observations from

tsunami deposits in coastal lakes to interpret rapid flow transforma-

tions and increases in flow concentrations. In such examples, a high-

concentration, cohesive flow state would be predicted at the base or

front of the flow, whilst the rest of the flow remains relatively dilute

(<5% sediment concentration). This longitudinal separation of a

denser head or base and dilute flow body is well described in other

environmental flows such as subaqueous gravity currents

(Haughton et al. 2009; Peakall et al. 2020; Baas et al. 2021).

Whilst these flows may be used as an analogue for how such states

may develop, the scale, extent and processes for their development

in tsunamis, if present, are unknown as denser flow states have not

been considered in observations of the flow front, and numerical

models are unable to resolve such fine-scale processes.

Observations of modern events can provide more information on

the motion, characteristics and evolution of the flow front of the

tsunami as it inundates the land. The advent of mobile phone

cameras and rapid rolling news coverage in the last few decades has

meant that recent tsunamis have been captured (Fritz et al. 2006;

Sihombing et al. 2019; Borrero et al. 2023), allowing for an analysis

of the hydrodynamics of tsunami waves. In the nearshore, these

observations have commonly shown tsunami waves forming

spilling breakers (Röbke and Vött 2017), which induce turbulence

and create a highly turbulent wave shortly after landfall (Morton

et al. 2007). However, further inland studies of the flow rheology

are limited to estimations of the flow velocity (Fritz et al. 2006;

Goto et al. 2011) and depth (Fritz et al. 2006; Sato et al. 2014) and

are widely used in the validation of numerical models (Hayashi and

Koshimura 2013; Jaffe et al. 2016). These measurements have

allowed a representation of some aspects of the flow dynamics of

modern events, but video observations have not been employed to

determine finer scale flow dynamics at the flow front, such as spatial

and temporal heterogeneity in the velocity, height and steepness that

can allow a greater understanding of the flow type (high

concentration and cohesive, or dilute and turbulent).

Here, we use video footage of the 2011 Tōhoku-oki tsunami in

the Sendai Plain to analyse the spatial and temporal variations in

flow properties (velocity, depth and gradient) at the flow front.

These flow parameters are coupled with sedimentary data and more

extensive video footage of the tsunami to examine the evolution of

the flow-front behaviour across the Sendai Plain. We integrate these

results to provide a model of tsunami flow-front evolution over the

study area. The model demonstrates that the tsunami transformed

from a turbulent to a high-concentration state and formed a cohesive

debritic head in the mid-shore region due to the erosion and

entrainment of cohesive mud into the flow. This provides an

opportunity to re-evaluate risk assessments on mud-rich coastlines

where tsunamis have the potential to form debritic heads.

Study area

The Tōhoku-oki tsunami of 11 March 2011 was generated by an

Mw 9.0 earthquake on the Japan Trench boundary, 130 km off the

NE coast of Japan (Simons et al. 2011). This tsunami affected

2000 km of coastline and resulted in 19 000 fatalities (Mori et al.

2011). Here we focus on the area of the Sendai Plain (Fig. 1) where

flows showed the greatest inland inundation of 5 km (Mori et al.

2011) and where helicopter-based video coverage of the tsunami

wave was captured (Fig. 1). On this plain, land use before the

tsunami predominantly consisted of rice paddy fields with several

semi-urban areas (Fig. 1c). The coastline is backed by a narrow

beach (100–150 m wide) with an elevated coastal dune located

landward that was planted with Japanese black pines during the last

400 years to protect rice paddies from salt incursion or as a response

to the 1611 Sanriku tsunami (Tappin et al. 2012) (Fig. 1b). The

Teizan canal transverses the landscape between 500 and 1000 m

inland, beyondwhich lay less extensive dune deposits (Fig. 1b). The

rest of the study area up to the inundation limit consists of back

marsh or abandoned channel deposits of sand and clay (Matsumoto

1985; Ozawa et al. 1987). In the years before the tsunami, numerous

hard and soft engineering structures had been installed on this

coastline as a defence against coastal erosion and as protection from

tsunami waves (Tappin et al. 2012). These may have affected

propagation of the tsunami in the nearshore. Numerous sedimentary

transects were conducted across the Sendai Plain 2 months after the

event to examine the deposits produced by the tsunami (Goto et al.

2011; Abe et al. 2012). This included one transect north of Sendai

Airport (Fig. 1b) where extensive sedimentary (Szczuciński et al.

2012), geochemical (Chagué-Goff et al. 2011) and microfossil

(Pilarczyk et al. 2012) data were collected. These data can provide

valuable information on the sedimentary composition of the wave

over time.

Methods

Flow-front velocity

The NHK World helicopter video (resolution: 1280 × 720, frame

rate: 29.97 Hz), available via CNN’s YouTube (NHKWorld 2011),

captured the tsunami wave moving over the Sendai Plain over

18 min and 13 s (NHK World 2011). This video has been

previously analysed to calculate average flow velocities (Hayashi

and Koshimura 2013), although only at a single point on the flow

front, and thus the authors were not able to assess the degree of

spatial variation in the front velocities. Here, we re-analyse this

footage, which provides the widest view available of the tsunami

flow front, to assess the spatial and temporal variations in flow

properties (velocity, depth and gradient) of the tsunami flow front.

However, video stills are not presented due to the sensitive nature of

the images, and paintings were used instead. A reprocessed, higher-

resolution version of the footage (resolution: 3559 × 2002, frame

rate: 30 Hz) was used where possible, with the coverage lasting from

17:10 to 19:10 min (NHK World 2011, 2021; available via NHK
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World); this corresponded to two periods from 0 to 0:55 and from

3:15 to 4:00 min in the original footage. The two videos are referred

to as videos X (NHK World 2011) and Y (NHK World 2021)

respectively. Periods during the video were selected based on where

the flow progressed over a relatively stable field of view for at least

20 s to allow the temporal variations in the tsunami velocity and

flow front morphology to be assessed. These video sections were

then correlated to specific locations using freely available historical

satellite aerial imagery acquired through Google Earth Pro for 4

April 2010 and 14 August 2009. The two locations were site A to

the north and site B to the south of the Natori River, approximately 1

and 1.9 km inland respectively (Fig. 1b). Both locations were

covered by the higher resolution video Y, providing a clearer image

fromwhich to track the flow front, minimizing the uncertainty in our

measurements. Other sections of the video were deemed of

insufficient resolution for accurate assessment of the flow velocity,

although a third site, C, at the inland limit of the video was

considered in more detail in our qualitative analysis of the flow

variations.

At each location, the field of view remained similar for 20 s, and

this allowed video Y to be divided into five individual frames

(Supplementary Fig. 1a) at 5 s intervals corresponding to 18:11,

18:16, 18:21, 18:26 and 18:31 min through the video at site A, and

18:50, 18:55, 19:00, 19:05 and 19:10 min at site B. The visual

markers that were present in each frame, such as field boundaries,

polytunnels and stationary buildings, were then correlated to the

same features in historical imagery (Supplementary Fig. 1a, b). This

provided a reference location for the frame. The wavefront was then

traced onto the historical aerial imagery in Google Earth Pro using

these visual markers across the length of the frame (Supplementary

Fig. 1c). This process was repeated for each 5 s interval at both sites,

which provided a time series of the tsunami wavefront

(Supplementary Fig. 2). This methodology was chosen over other

techniques such as object detection and tracking within the flow

(Foytong et al. 2013), as these techniques only estimate the velocity

of the flow body rather than the flow front. An evolving velocity

field was then visualized using an interpolation workflow. First, the

wavefronts were projected into the UTM coordinate reference

system to allow linear distances to be measured. Then along every

wavefront, 100 equally spaced points were plotted, and lines were

created to connect these points on each successive pair of adjacent

wavefronts. The length of each line was assigned as the distance

travelled over the timestep between two wavefronts. This timestep

was defined as the difference in time between wavefront pairs, i.e.

5 s. Using the time and distance travelled, the velocity between each

pair of points was calculated (400 velocity points per site) and the

value interpolated to the midpoint of each of the connecting lines

between two wavefronts. Interpolation was conducted using ShaPy

(Pollard et al. 2024), an algorithm designed to interpolate between

two margins, in this case, two wavefronts. The resulting velocity

field was visualized in a Plate Carree projection using the Cartopy

library so patterns in the data could be seen. This was repeated for

sites A and B. The velocity calculated at the extremes of the

observed wavefront was anomalously large compared to elsewhere

Fig. 1. Map showing site locations and key features of the study area. (a) Location of the study site within Japan. (b) Topographic map of the Sendai Plain

study area; key features are identified including the inundation extent of the Tōhoku-oki 2011 tsunami and the location of a transect where sediment

deposits were collected. Areas where dune deposits comprise the surface geology are shown. (c) Pre-tsunami land cover (2006–11) map covering

approximately the same area as (b). Source: the data used in this figure were provided through Earth Explorer SRTM 1 Arc-Second Global dataset; ALOS

of the Japan Aerospace Exploration Agency (Ozawa et al. 1987; Mori et al. 2011).
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(>14 m s−1) due to edge effects caused by the differing lengths of

the wavefronts that could be plotted from the videos. Similar large

velocities were also recorded at the extremes of site B; these

velocities at the edges were not used in any subsequent analysis.

Flow-front gradient

The height and gradient of the tsunami flow front were estimated

using videos X and Y. The tsunami front is shown to pass through

and over objects such as vehicles, buildings and polytunnels. The

polytunnels were common across much of the agriculture-

dominated plain, and relatively high-resolution video footage

showed the tsunami wave impacting polytunnels at site A. These

polytunnels were identified on pre-tsunami imagery from 14August

2010, and higher quality imagery from 1 September 2008, which

were used to measure the dimensions of the polytunnels in Google

Earth Pro (Supplementary Fig. 3a). Multiple measurements were

taken across the width (n = 5) and length (n = 7) of the larger

polytunnels at site A and average values calculated to provide the

width and length of each polytunnel. The length of the smaller,

adjacent polytunnels to the north was also measured (n = 23). The

precision of these measurements was taken to be decimetre scale

due to the uncertainty in measuring distances from satellite imagery.

The polytunnel height could not be measured using historical

imagery as 3D imagery or Street View were not available before the

tsunami. Therefore, modern polytunnels of similar morphology in

the study area were identified and their height was measured using

Google Earth 3D view from the present day (Supplementary Fig.

3b). The height of each polytunnel in a row of 11 was measured and

an average was taken. The height of the flow front was then

calculated based on the height relative to the known polytunnel

dimensions.

To measure the length of the flow front, the flow direction first

had to be determined in each image. This was achieved using

historical 2009 satellite imagery in a QGIS environment to trace the

flow front for each of the six selected video frames for the previous

2 s of the flow. A flow direction was then drawn between the point

on the later flow front where the gradient will be measured and the

nearest point on the earlier wavefront. To transfer this flow direction

to the video images, the angle between the flow direction and the

axis of the polytunnels was measured in QGIS. A flow direction

could then be accurately drawn on to the video image at the same

angle to the polytunnel axis (direction arrow in Supplementary Fig.

4). The length of the flow front was then measured in a parallel

direction to this calculated flow direction to ensure the gradient was

calculated parallel to the flow front. To measure the length of the

flow front, two points were taken, one at the flow front and a second

at the first point where the flow front could be observed to be as high

as the maximum height of the polytunnel (i.e. at the midpoint of the

polytunnel). From this second point, a line perpendicular to the flow

front was drawn (shown in yellow in Supplementary Fig. 4). Finally,

a line parallel to the flow front direction was drawn from the first

point until the intersection with the previous line, and this was taken

as the length of the flow front. This length was measured using

ImageJ software with a scale set to the length of either the larger or

smaller polytunnels depending on which polytunnel type was

utilized in each image. The measured length and height of the flow

front were then used to calculate the angle of the flow front, equal to

the gradient (Supplementary Fig. 5):

Gradient ¼ tan�1(length=height) (1)

This was repeated for six different video frames at site A (video

times of 18:14, 18:15, 18:19, 18:20, 18:21 and 18:24; see

Supplementary Fig. 4). Due to the uncertainties in the gradient

measurement, a specific value for the flow-front gradient was not

assumed and instead a range of values were given. One cause of the

uncertainty was the distortion in the video images due to their

oblique angle (Verykokou and Ioannidis 2024), with the top right of

the video frames at site A appearing as longer distances than reality

due to the camera position. However, the effects of distortion were

reduced as the scale used and flow-front length measurements were

taken in the same portion of the image.

Other stationary objects (e.g. vehicles and buildings) that the

tsunami flow front was observed to have passed through or over also

show the flow-front height and gradient. However, height

measurements were difficult from the video footage due to the

generally low resolution outside of the study sites, which added to

the uncertainty in estimating the height of buildings that did not

survive the impact of the tsunami. In limited locations, heights were

estimated for building features including windows and porch

heights through which the flow front was observed to flow. The

flow-front width and gradient were measured using the same

methodology as for the polytunnels, but the building features were

used instead of the polytunnel height (Supplementary Fig. 6).

Where the flow-front width could not be measured, only a height

was estimated.

Results

Video analysis of flow-front properties

The spatial–temporal variation in the flow front is visualized in

Figure 2. The statistical values given were derived from the 400

velocity measurements calculated at each site between each pair of

wavefronts, with the highest and lowest 5% of velocities excluded as

outliers. At site A, the velocity ranged from 2.9 to 13.1 m s−1 with a

median velocity of 7.1 m s−1. This is consistent with the velocity

measurements made by Hayashi and Koshimura (2013), who used a

single point on the flow front through time, measuring a velocity of

7–7.2 m s−1 across the same area. Here, we show the spatial variation

in the velocity, with some sections of the wavefront varying by at

least 8 m s−1 over the 20 s period, with most areas of the flow front

showing a change in velocity of at least 4 m s−1 over this period

(Fig. 2a). This reflects a pulsing behaviour to the flow front.

At site B, velocity was typically lower with values mostly

between 2 and 10 m s−1 and a median velocity of 4.1 m s−1

(Fig. 2b). The velocity was also highly variable with a velocity

change of up to 8 m s−1 over the 20 s period (Fig. 2b), although in

some areas of the flow front, the variability was lower (Fig. 2b).

These velocities are comparable to the 3.4 m s−1 measured by

Hayashi and Koshimura (2013) at site B. The velocity values

calculated at both sites also lie within the values measured for

tsunami flow fronts at other urban sites on the Japanese coastline

inundated by the 2011 tsunami, with velocities varying between

2.92 and 9.56 m s−1 (Ngo and Robertson 2012). Overall, our

measurements are consistent with prior research but also highlight

marked spatial changes in wavefront morphology, indicating strong

spatial–temporal variations in velocity across the flow front (Fig. 2).

The degree of variation in the velocity at sites A and B showed the

flow front was moving non-uniformly with a pulsing behaviour. This

provides insight into the flow type of the tsunami front. In dilute

turbulent flows, such as rivers and turbidity currents, variation in the

velocity is confined primarily to vertical rather than horizontal

changes within the flow front, resulting in a relatively uniform flow-

front velocity (Shige-eda and Akiyama 2003). In unconfined

turbulent flows, such as overwash storm surges, spatial variability

in the flow-front velocity is evident due to acceleration or deceleration

around or over natural topographic features in a landscape, such as

sand dunes (Warner et al. 2025). However, elevationmodels (Fig. 1b)

and the video footage show that the landscape the tsunami front at

sites A and B passed over was essentially flat, with few obstacles to

the flow front that can alter the flow velocity (Farizan et al. 2019).
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Furthermore, temporal changes in storm surges over coastal plains

can be rapid due to the short wave period (10–25 s), unlike the 2011

tsunami, which consisted of waves 10–20 min apart. Flow

deceleration also occurs over time across flat ground due to friction,

but cannot explain the magnitude of the spatial–temporal variability

over the ∼250 m that the two study sites cover. Therefore, the strong

spatial–temporal variations in velocity at sites A and B (Fig. 2) would

be difficult to explain if the flow front was highly turbulent and dilute,

especially at site B where few obstacles are present.

In contrast, debris flows, whose highly cohesive fluidal phase

comprises water mixed with sand, silt and clay, are unsteady and

move in a non-uniform manner (Iverson 1997). They are

characterized by a pulsing flow behaviour commonly cited as

developing through the formation of roll waves (Zanuttigh and

Lamberti 2007) that form at lower Froude numbers (>0.74) in

laminar flows (Wang et al. 2021), or due to the formation of

erosion–deposition waves (Schöffl et al. 2023). In high-concentra-

tion debritic flows, surges can originate from small variations in the

sedimentary composition of the flow, which can act to amplify

initial disturbances (Zanuttigh and Lamberti 2007; Kunath et al.

2025). With each initiation mechanism, the surges cause a local

acceleration in the flow front as the head becomes denser and faster

under continuous erosion during the flow (Breien et al. 2008).

However, between surges, the flow front can come nearly to a halt

with subsequent surges remobilizing or merging with the previous

surge of the flow (Schöffl et al. 2023). This results in a fluctuating

flow-front velocity profile during the flow, with peak flow velocity

up to three times higher than average values (Zanuttigh and

Lamberti 2007). The tsunami front velocities exhibit a similarly

fluctuating profile (Fig. 2) that resembles the surging behaviour of

debris flows. A similar surging behaviour was also observed in

video footage of a viscous debris-laden tsunami flow from the 2004

tsunami in Banda Aceh at locations a similar distance inland (1.5–

3 km) (Chanson 2006). However, this surging behaviour is not

picked up in numerical models of tsunamis (Marras and Mandli

2020). Overall, the velocity evidence suggests the flow front was

debritic at the two sites (1 and 1.9 km inland).

To provide further evidence as to the flow type of the tsunami, the

flow-front gradient was estimated where the tsunami front engulfed

polytunnels at site A (Supplementary Fig. 4). Engulfing of similar

polytunnels was also observed a few hundred metres further inland

in video X (1:08–1:12 min). This indicated the height of the flow

front was at least as tall as the polytunnel height, measured to

average 3.2 m (SD = 0.04 m) (Supplementary Fig. 3). To measure

the gradient of the flow front, a length scale was established using

the dimensions of the polytunnels. At site A, the larger type of

polytunnels had an average width of 3.8 m (SD = 0.01 m) and

length of 34.4 m (SD = 0.5 m) (Supplementary Fig. 3), whereas the

smaller polytunnels had an average length of 13.5 m (SD = 0.09 m).

These dimensions were used to measure the length of the flow front

(up to the height of the polytunnels), as between 6.9 and 1.9 m

across the six video frames (Supplementary Fig. 4). From this the

gradient of the flow front was calculated to range between 24.9 and

59.3° (average = 35.9°; SD = 14.8°). Overall, the gradient values

suggest that the tsunami front was very steep, albeit with large

variability in estimated gradients.

In addition, the gradient of the flow front could be estimated

where the flow travelled through the outside porch of a house

(Supplementary Fig. 6). This has an estimated height of 2 m, a flow-

front length measured at 13.7 m, giving a gradient of 8.3°. At Sendai

Airport, video footage showed the flow front level with luggage

carriers with an estimated height of 0.5–1 m, although a flow-front

length and gradient could not be estimated. Overall, the gradient

estimations provide a range of values between 8.3 and 59.3° with a

flow-front height of at least 0.5–3.2 m.

The height and gradient of a flow front are useful indicators of the

flow type due to the differences in gradients of turbulent and debritic

flow fronts. For a dilute turbulent flow, the flow front typically has a

shallow gradient due to the lack of cohesive forces that can hold the

flow together (Talling et al. 2012).A steep flow front can develop in

specialized cases such as tidal or tsunami bores (e.g. Tappin et al.

2012) and dam-break floods (Chanson 2006). Tsunami bores were

only observed during the Tōhoku-oki tsunami in the immediate

coastal zone (Tappin et al. 2012), with no bore evident in the videos

Fig. 2. Spatial velocity plots for the Tōhoku-oki tsunami front at the study sites. The velocity of the tsunami wavefront plotted on a spatial–temporal scale

between 18:11 and 18:31 min of the tsunami video Y footage at site A and between 18:50 and 19:10 min of the footage at site B. The black lines represent

5 s intervals of the wavefront with the approximate wave direction shown by arrows. The top right of both plots shows areas of anomalously high velocities,

which were due to the edge effects caused by the differing lengths of wavefronts that were recorded (see Methods). Note that the pronounced colour

changes observed in the planform map represent rapid spatial and temporal changes in flow-front velocity, indicative of a pulsing flow.
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at the two study sites >1 km inland (NHK World 2021). The

locations of the study sites herein also preclude the formation of

steep flow fronts through waves breaking at the shoreline (Sugawara

et al. 2014). Dam-break flows can provide a useful analogy to

tsunami flow during initial inundation or after overtopping a coastal

barrier (e.g. Syamsidik et al. 2019; von Häfen et al. 2022).

However, the study sites are neither on the immediate coastal zone

nor situated proximal to a large topographic barrier. Therefore, the

position of the study sites >1 km inland suggests these specialized

conditions could not form and a steep flow front cannot be

explained by a dilute turbulent flow. In contrast, the higher sediment

concentration (of up to 30–50% by volume (Iverson 1997)),

cohesion and density of a debritic flow front enables the flow to

reach its maximum depths near to the flow front (Iverson 1997).

This results in generally steep flow fronts (McCoy et al. 2010).

Therefore, the very steep tsunami flow front measured at site A of

between 24.9 and 59.3° indicates the flow type was debritic rather

than turbulent. Overall, the video analysis showed that the flow front

exhibited a pulsing behaviour with variable velocities and a very

steep gradient, which are characteristics consistent with a debritic

flow type at the study sites.

Flow variations across the Sendai Plain

The flow velocity and height data provide a perspective of the flow

front at two sections of the tsunami flow where conditions were

similar. A more continuous narrative is provided by observations

from videos X and Y of the flow over longer temporal and spatial

scales as shown in Figure 3. In the nearshore, the wave appeared

initially turbulent (Sato et al. 2014, their figure 2), especially as it

passed through the forest of the coastal plain (Fig. 1b). As the wave

progressed inland, the flow surface was observed to become

gradually smoother in appearance, suggesting dampened turbulence

(Fig. 3a). This part of the tsunami flow, covering sites A and B, was

also visually darker and more viscous than in the nearshore and

carried large amounts of debris, including vehicles and fragments

from destroyed buildings, within the flow (Fig. 3a, b). Here, the

pulsing, viscous flow front more closely resembles that of highly

cohesive mudflows including volcanic lahars (Thouret et al. 2020)

than a dilute clear water flood. A similar flow condition was

observed a few kilometres inland during the 2004 tsunami in Banda

Aceh (Chanson 2006). Further inland (towards site B), the flow

carried a greater quantity of and larger debris, with fires evident

amongst the debris carried by the flow over flat agricultural fields

(Fig. 3b), suggesting a significant solid component (clays, silts) to

the fluid. Further observations from nearby Sendai Airport

(∼1–1.5 km inland; Fig. 1b) depict a similarly dark, viscous and

debris-laden flow (Takashimizu et al. 2012). After site B, around

1.9 km inland, video X continued to follow the progress of the

wavefront further inland. The camera focused on an area around

2.9 km inland, site C (Fig. 3c), where the tsunami front was visually

similar to that of sites A and B with a viscous, debris-laden flow,

Fig. 3. Area covered by the tsunami video footage and variations in the tsunami front appearance between the study sites. (a) Painting of the video at site A

(18:26 min (NHK World 2021)); (b) painting of the video at site B (18:55 min (NHK World 2021)); (c) painting of the video at site C at the inland limit of

the coverage (11:40 min (NHK World 2011)). Background map shows post-Tōhoku-oki tsunami Google Earth imagery (14 March 2011) in the area covered

by the NHK helicopter video; the area between site C and the inundation limit (white dashed line) was not covered during video footage. Arrows on each

image indicate the direction of flow. The approximate distance inland is indicated for each video frame. Note that paintings are used, since NHK no longer

license the reproduction of images, although the videos are available online and are linked to here (NHK World 2011, 2021).
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albeit a flow that was visually far slower and carrying smaller and

less abundant debris. The remaining approximately 1 km of

inundation inland was not covered during the video, so the flow

front could not be assessed. In summary, the observations from the

video footage showed that over the Sendai Plain, the tsunami

transformed from an initially highly turbulent state to a more

debritic flow front further inland (Fig. 3).

Sedimentary evidence

To determine the mechanisms behind the tsunami flow front

transformation, the sedimentary evidence for the tsunami on the

Sendai Plain was assessed. Tsunami deposits on the Sendai Plain

varied with distance inland. The beach represented an area of

erosion and no deposition, followed by deposits that were sand-

dominated up to 2–2.5 km inland (Chagué-Goff et al. 2011; Goto

et al. 2011; Abe et al. 2012; Richmond et al. 2012; Matsumoto et al.

2023) (Fig. 4b). From this point to the inundation limit, up to

4.85 km inland, the deposits were mud-dominated (Goto et al.

2011; Abe et al. 2012). This transition was generally smooth with an

intermediary region between ∼1.4 and 2–2.5 km inland where the

grain size indicated a sandy mud or muddy sand deposit (Abe et al.

2012; Szczucin ́ski et al. 2012) (Fig. 4b). In addition, deposits

consisted of well- to moderately sorted sand in the nearshore up to

∼750 m inland, before becoming poorly sorted sandy mud and

finally very poorly sorted mud (Szczucin ́ski et al. 2012) (Fig. 4a).

Such a shift to more poorly sorted sediment generally reflects a flow

increasing in sediment concentration that restricts sorting and

segregation within the flow (Hiscott 1994). Moreover, erosion was

shown to be strongest in the nearshore and decreased in prevalence

inland with little or no evidence of erosion after ∼2 km inland

(Richmond et al. 2012; Szczuciński et al. 2012) (Fig. 4d). These

erosional patterns were determined by the degree of erosional

features identified during field surveys after the event (Richmond

et al. 2012; Takashimizu et al. 2012). Finally, the deposit thickness

decreased inland with the mud-dominated deposits predominantly

thinner than the sandy layers nearer the shore (Abe et al. 2012;

Szczucin ́ski et al. 2012) (Fig. 4c). Overall, the sedimentary data

show that erosion dominated in the nearshore region, resulting in an

initially sand-rich flow that increased in mud content and sediment

concentration further inland.

The provenance of sediment in tsunami deposits in the Sendai

Plain can also aid reconstruction of the sediment content of the

tsunami flow. Marine taxa were virtually absent from the diatom

assemblage analysed in the tsunami sediments, which comprised

predominantly freshwater–brackish species (Szczucin ́ski et al.

2012). The minimal contribution of offshore components to the

deposits in the Sendai Plain was confirmed by other proxies

including an absence of shells (Richmond et al. 2012), and

foraminiferal (Pilarczyk et al. 2012) and heavy mineral assemblages

(Jagodziński et al. 2012). The last of these studies also found that

sediments within 1.5 km of the shore were derived from beach and

dune deposits, and local soils, whereas further inland sediments

were derived from soil. This evidence is consistent with diatom and

grain-size evidence that indicates the sediment source in the

nearshore was beach and dune sand, in the mid-shore was local soil,

dune sand and canal sediments, and in the far-shore was local soil

(Szczucin ́ski et al. 2012).

Observational, sedimentary and field survey (erosional) data

show that over the Sendai Plain, the tsunami was initially a turbulent

sand-rich flow that transformed inland into a more debritic mud-rich

flow front. Similar flow transformations are commonly observed in

subaqueous sediment gravity flows, where during a single event the

flow can transition between different states ranging from fluidal and

turbulent turbidity currents through higher concentration but still

partially turbulent transitional flows (sensu Baas et al. 2009), to

laminar debris flows (Talling et al. 2012; Peakall et al. 2020). The

front of these subaqueous flows will preferentially erode and

concentrate the most mobile sediment in a system (Baas et al. 2021),

much like in tsunami events where erosion is concentrated at the

flow front (Apotsos et al. 2011). Where this erosion below the flow

front is sustained, as it was for 2 km during the tsunami in the Sendai

Plain, cohesivity and density can increase to the extent that a dense

flow head develops that is segregated from the trailing, more fluidal

body of the flow. This transition occurs due to the incorporation of

fine sediment (mud) within the flow (Baas et al. 2021). If erosion

Fig. 4. Sedimentary data of the Tōhoku-

oki tsunami from a transect taken

immediately north of Sendai Airport.

(a) Sorting of the tsunami deposit along

the transect, categorized into very poorly,

poorly, and moderately to well sorted.

(b) Mean grain size of the deposits.

(c) Average thickness of tsunami deposits

over the transect. (d) Relative erosion

along the transect (S = significant; M =

moderate; N = little or no erosion). The

approximate distance inland of the video

study sites A, B and C are indicated

above, along with the divisions of the

near-, mid- and far-shore, which are

shown by vertical shaded lines. Source:

data replotted from Szczuciński et al.

(2012).
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continues, the head can transform into a fully cohesive debritic flow

(Kane et al. 2017; Baas et al. 2021). However, this can generally

only occur in mud-rich systems where erosion is continuous

(a characteristic attribute of tsunami inundation (MacInnes et al.

2009; Sugawara et al. 2014)), otherwise a more transitional flow

front may form instead (Peakall et al. 2020). A similar process of

bulking-up through sediment entrainment by a flow has been

proposed for the transition between dilute watery flows and high-

concentration debris floods in subaerial settings (Pierson 2005).

Overall, this suggests that in the mid-shore region, the sustained

erosion of an increasingly mud-rich substrate caused the tsunami

flow front to transform into a cohesive debritic head.

Reynolds number

It is evident that a debritic flow state with dampened turbulence

developed in the Sendai Plain. However, whether it reached a

laminar flow state is not certain. This transition can be quantified

using its Reynolds number. In a clear water flow, the Reynolds

number at site Awould equal the product of the velocity (7.1 m s−1)

and flow depth (3.2 m, as the maximum measured front depth),

divided by the kinematic viscosity of water (1 × 10−6 kg m3 s−1).

Therefore, the Reynolds number would be ∼2 × 107, well within a

turbulent flow regime. Here, the elevated sediment concentration of

the cohesive flow front increases the flow’s apparent viscosity

compared to a clear water condition. The viscosity cannot be

measured directly from video analysis due to its low resolution, but

can be inferred from known relationships between the sediment

concentration of a fluid and its viscosity. The addition of cohesive

clays (Castro et al. 2021; Shen et al. 2024) increases the viscosity of

a flow far more than non-cohesive sand and silt. Thus, for the Sendai

Plain, where a mixture of sands and cohesive muds (eroded from

rice paddies; Fig. 4) are entrained by the flow, a typical soil profile is

used to calculate the flow viscosity (Julien 2010; Zarch et al. 2022).

Using this relationship (Julien 2010), a 104-fold increase in

viscosity would require a flow with 50% sediment concentration

to reach a laminar state. Such concentrations are reserved for highly

concentrated debris flows, such as lahars, where the flow’s motion is

driven by the solid component as these flows travel downhill

(Iverson 1997; Thouret et al. 2020). This is not apparent for the

tsunami flow in the Sendai Plain, where the gradient is low, and thus

a flow driven by the solid component could not reach the high

velocities that are measured. Instead, the flow behaviour is more

consistent with a lower concentration debris flow (hyperconcen-

trated flow) that may be of the order of 30–40% (Iverson 1997). This

equates to an apparent viscosity of ∼1000 times that of clear water

and a Reynolds number of ∼2 × 104; thus, the flow front probably

remains turbulent at site A. Further inland, the tsunami velocity and

depth decrease by at least an order of magnitude (Mori et al. 2011),

whilst the flow retains a high sediment concentration (Fig. 5).

Hence, the Reynolds number would decrease and approach a

laminar state. Overall, the estimated Reynolds number shows that

the cohesive flow front had dampened turbulence but remained

turbulent for at least 2 km inland, possibly transitioning to a laminar

state as the flow thinned and decelerated towards the inundation

limit.

Model of tsunami flow-front evolution in the Sendai Plain

The transitions in tsunami flow-front conditions can be visualized in

Figure 5 by combining the interpretations of the data presented here.

In the nearshore, the flow front was visually turbulent, and the

sedimentary evidence suggested the flow content was mostly sand-

derived, being too coarse to increase the cohesivity of the flow

(Jagodziński et al. 2012; Szczucin ́ski et al. 2012). However, the

flow in the mid-shore region after ∼750 m inland becomes visually

denser and the sedimentary evidence shows a near-continuous

erosion of muddy soil until 2.0 km inland (Richmond et al. 2012;

Szczucin ́ski et al. 2012) (Fig. 4). This produced a tsunami flow with

an increased proportion of mud the further inland it flowed (Goto

et al. 2011; Abe et al. 2012) (Fig. 5a). The higher mud content and

continuous erosion would have gradually, albeit rapidly, increased

the cohesivity of the flow front (Baas et al. 2021). The evidence

from the flow-front velocity and gradient from sites A and B within

this zone (1.0 and 1.9 km inland respectively) confirms the front

was debritic, suggesting a complete transition to a fully cohesive,

debritic head occurred in the mid-shore region (Fig. 5a). This

represents the first postulation of, and evidence for, a modern

tsunami wave behaving as a cohesive debris flow.

After the virtual cessation of erosion ∼2 km inland (Richmond

et al. 2012) (Fig. 4), little sediment would have been added to the

flow. However, the tsunami flow continues to contain a high

proportion of mud and its visual appearance at site C depicts the

front as a high-density, low-velocity head 2.9 km inland or around

Fig. 5. Model of the tsunami flow-front evolution as a function of the flow velocity and mud content. (a) Tōhoku-oki tsunami flow-front evolution in the

Sendai Plain with the distances referring to the approximate distance inland at different points on the schematic. The points on the line indicate the positions

of the three study sites A, B and C. The dashed lines indicate the greater uncertainty close to the inundation limit. (b) The tsunami flow front if a fully

turbulent flow was assumed throughout. Source: visualization based in part on Baas et al. (2021).
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900 m from the inundation limit (Fig. 3c). This suggests that the

head remains cohesive and debritic in character beyond the

erosional limit (Fig. 5a). However, there is no direct information

of the flow type beyond 2.9 km inland due to a lack of video or

imagery of this section of the flow (Fig. 5a). Beyond ∼3 km the

deposits are very thin (centimetric; Fig. 4), and consist of thin sands

overlain by mud layers (Abe et al. 2012). This suggests that the

debritic head probably stalled and was overtaken by the trailing,

more fluidal flow, analogous to subaqueous hybrid flows where the

debritic head is postulated to be overtaken by a low-concentration

turbidity current as erosion ceases (Baas et al. 2021). This more

fluidal flow is still mud-rich as shown by the deposits (Szczucin ́ski

et al. 2012) (Fig. 4), and undergoes sedimentation and thinning up

to the inundation limit (Fig. 5).

Overall, the data show that the tsunami flow transformed inland

from a turbulent, dilute flow front to a cohesive debritic head due to

the entrainment of mud and deceleration of the flow. This is in

marked contrast to widely held assumptions of a dilute and fully

turbulent flow front throughout tsunami inundation (Moore et al.

2011; Yoshii et al. 2018; Marras and Mandli 2020), which would

suggest little change in mud content and cohesivity further inland

(Baas et al. 2021) (Fig. 5b). This standard dilute tsunami front

model does not fit with the data presented for the Sendai Plain

(Fig. 5).

Discussion

Tsunami waves have been recognized to carry large, floating debris

within the flow, but little was understood about the influence of the

finer sediment (sand, silts and clays) on the flow, especially at the

leading edge of the tsunami. However, using a novel methodology

based on video analysis of the 2011 Tōhoku-oki tsunami, integrated

with pre-existing deposit data (Goto et al. 2011; Abe et al. 2012), we

have shown that the tsunami flow front transformed from an initially

dilute turbulent state into a highly cohesive state, with a debritic

head. This transformation was driven by sustained erosion and

entrainment of mud-rich sediment and a concomitant increase in

flow cohesivity. The evidence from the velocity, gradient and mud

content of the flow front are all consistent with this dense debritic

tsunami head having formed in the Sendai Plain. These findings

contradict the current assumptions of a fully turbulent and dilute

flow front commonly used within tsunami models, and hazard and

risk assessments (Marras and Mandli 2020). Therefore, we need to

reconsider how tsunamis are simulated and their risk in areas where

a dense debritic head may form.

Impact on tsunami models and hazard assessment

Current numerical models assume a clear water state and can

accurately replicate the flow-front velocities in the Sendai Plain

close to the coastline (Hayashi and Koshimura 2013). However, as

the wave progresses inland, these models overestimate the flow

velocity. In the case of the Sendai Plain, this is thought to be due to

an incomplete parameterization of the frictional effects of floating

debris on the flow (Hayashi and Koshimura 2013). However, the

velocity measurements at sites A and B cannot match the model

results from Hayashi and Koshimura (2013) even with changes to

the frictional coefficient, which strongly influences flow velocity in

models (Gibbons et al. 2022; Li et al. 2025). Instead, we suggest

this discrepancy was due to the increased sediment concentration of

the flow front, which influences the flow behaviour above

concentrations of ∼4% (Pierson 2005). In high-concentration

cohesive flows, as inferred at sites A and B, the vertical velocity

profile differs from that of a clear water flow, with a laminar plug

forming above turbulent conditions closer to the bed (Peakall et al.

2020). However, such internal flow stratification cannot be picked

up within numerical models that do not resolve the internal physics

of tsunami flows (Ortleb et al. 2022). Instead, the effect of enhanced

sediment concentration can be simulated by using an elevated

viscosity in numerical models. Taking a viscosity of ∼1000 times

that of clear water for the Sendai Plain case analysed herein would

dissipate the wave’s energy as it progresses inland, lowering the

flow velocity to more closely match the values measured here.

However, enhanced viscosity has not been simulated for tsunamis

(Marras and Mandli 2020) and should be the focus of future studies

to quantify its effect on flow behaviour. Overall, there is

considerable discrepancy between calculated flow velocities and

numerical model simulations at the sites examined herein, probably

caused by neglecting the effect of enhanced sediment concentration

and flow viscosity in numerical models.

PTHAs are widely used to provide an estimation of the extent,

magnitude and flow properties for a future event of a given

probability (Grezio et al. 2017). However, they are generated using

inverse and forward modelling techniques that assume a well-mixed

low-density flow throughout inundation (Marras and Mandli 2020),

a notion shown to be invalid for the Sendai Plain (Fig. 5). As seen at

the study sites above, the elevated sediment concentration and

viscosity of the flow front would alter the hydrodynamics of the

flow (Mulder and Alexander 2001), resulting in differing values of

the flow parameters, including flow density, velocity and depth, and

the inundation distance, than those predicted by existing models

(e.g. Hayashi and Koshimura 2013). Furthermore, within these

models, it is difficult to accurately calculate the flow velocity at the

wet and dry boundaries of the flow front, and thus the complex

physics of the flow front is ignored (Ortleb et al. 2022). Therefore,

the viscosity and density of the front itself cannot be simply altered

in these models. This study highlights the need to develop a model

(s) that can resolve the internal stratification in tsunami flows and to

incorporate a sub-model into hazard assessments that considers the

effect of elevated viscosity and density on the tsunami flow. The

limitations in numerical models demonstrated by this study show

that PTHAs may not accurately predict the tsunami hazard in the

Sendai Plain (and in other similar areas). This has major

implications for the many stakeholders who use PTHAs within

the insurance, disaster-risk management and engineering sectors

(Macabuag et al. 2018).

Impact on tsunami risk assessments

The debritic nature of the tsunami in the Sendai Plain could have a

major effect on the potential hazard of some tsunamis. In a given

location, a high-concentration debris flow will generate more

damage than a dilute and turbulent flow because the dense flow

moving at high velocity exerts stronger pressures (Thouret et al.

2020). The destructive nature of overland dense debris flows is

demonstrated by mudflows including lahars, which form on the

slopes of volcanoes during eruptions where water mixes with

sediment (Vallance and Iverson 2015). An example is the lahar

generated by the Nevado del Ruiz eruption in Colombia where there

were 23 000 fatalities and virtually all buildings were destroyed in

its path (Lowe et al. 1986). Therefore, in the Sendai Plain, the

formation of the dense debritic head during the tsunami inundation

probably increased the damage associated with the event. A debritic

tsunami flow front may also generate more damage than a turbulent,

low-density flow front due to the greater force exerted by the denser

debritic flow. Tsunami risk assessments use the flow parameters

from PTHAs coupled with tsunami fragility and vulnerability

curves to estimate the damage to infrastructure, the fatality rate and

the injury rate for a given probability event (Dominey-Howes et al.

2010; Behrens et al. 2021). Due to a lack of direct data, these

estimates are based on empirical models in which the most

important estimator of damage is the hydrodynamic force of the
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flow (Macabuag et al. 2018). This is a function of the flow velocity

and density, the latter being assumed to be the density of either

water (Koshimura et al. 2009) (1000 kg m−3) or seawater (Suppasri

et al. 2015) (1025 kg m−3). Building design guidelines by the

Federal Emergency Management Agency (FEMA 2019) do,

however, recommend that impact forces are calculated using a

tsunami fluid density 1.1 times that of seawater (1128 kg m−3).

Nevertheless, such higher values are still rare within tsunami risk

assessments (Behrens et al. 2021). A debritic flow front, as we have

described in the Sendai Plain, would have a higher density still of

between 1300 and 2200 kg m−3(Thouret et al. 2020) leading to a

higher hydrodynamic force on an object for a given flow velocity.

This would generate greater damage to infrastructure, and

potentially an increased fatality rate, than currently predicted in

tsunami risk assessments. Furthermore, the second determinant of

hydrodynamic force, velocity, is observed to show a fluctuating

behaviour driven by surges in the flow front, making it difficult to

accurately estimate the impact force at a given moment in time

(Zanuttigh and Lamberti 2007; Kunath et al. 2025). Therefore, this

suggests that where flow transformations take place during

tsunamis, the current risk assessments are insufficient and should

account for the combined effect of increased force and altered

hydrodynamics in higher density flows. This inadequacy highlights

the need to identify where such transformations take place.

Debritic head formation beyond the Sendai Plain

This study has shown that flow transformations during a tsunami

from a turbulent to high-concentration, cohesive state appear to be

controlled by the ability of the flow front to continually erode and

entrain cohesive sediment and the concomitant increase in mud

content and flow cohesivity (Fig. 5a). The continual erosion and

entrainment of sediment through inundation is a characteristic

feature of large tsunami waves; thus, this criterion is commonly

satisfied (Jagodziński et al. 2012; Szczucin ́ski et al. 2012;

Takashimizu et al. 2012; Sugawara et al. 2014). Instead,

the major constraint on where flow transformations occur is the

availability of cohesive mud-rich substrates and the ability of

the tsunami wave to erode them. Therefore, flow transformations are

likely to occur where readily erodible cohesive mud-rich substrates

such as rice paddy fields, ponds and canals are found in the coastal

zone. Such mud-rich coastal plains are found along parts of Sri

Lanka, Indonesia and Thailand inundated during the 2004 Indian

Ocean tsunami (Synolakis and Kong 2006), as well as other areas of

Japan, such as the coastal areas of Chiba and Niigata prefectures

(NCEI 2024). In these coastlines, the likely flow properties and

rheology of a tsunami can be summarized as in Figure 6, using the

analogy of the Sendai Plain. In contrast, on steep-gradient coastlines

with sand-rich substrates, tsunami flows would entrain less cohesive

mud and thus attain lower viscosities within a relatively dilute and

turbulent flow front (Fig. 5b). Examples include some of the

coastline of northern Chile impacted by the 2010 Chile tsunami

(León et al. 2023) and on the northern Sanriku coast during the

Tōhoku-oki 2011 tsunami (Ishimura and Miyauchi 2015; Abe et al.

2020). However, coastal plains are becoming increasingly mud-rich

with the expansion of agriculture (Goldewijk et al. 2011) and land

reclamation (Martín-Antón et al. 2020), especially in tsunami-prone

regions of Japan where coastal grasslands and wetlands were

converted to rice paddies during the twentieth century (Noda et al.

2019). This is depicted by the finer sediment content of the Tōhoku-

oki 2011 tsunami compared to its predecessor, the Jogan 869

tsunami (Minoura and Nakaya 1991; Sawai et al. 2012). Therefore,

future tsunamis may behave differently from their ancient analogues

and be more likely to follow the scheme depicted in Figure 6 and

develop a dense debritic front with the enhanced hazard this

represents. Given these considerations, we suggest that land-use

maps coupled with topographic data and widely available surficial

geology maps that detail sand- and mud-rich substrates can be used

to conduct a first-order assessment of the possibility of debritic head

formation for a given location. This assessment would allow the

identification of areas prone to debritic head development, and the

potential enhanced hazard this represents, to be incorporated into

tsunami risk assessments, improving forecasts of the impacts of

future events. Furthermore, the novel methodological approach

applied here could be used to determine the flow properties of future

tsunami events through high-resolution videos.

We conclude that the Tōhoku-oki tsunami flow front in the

Sendai Plain underwent rapid temporal and abrupt spatial flow

transformation from a fully turbulent to a highly cohesive flow, and

developed a debritic, high-density head. This transformation to a

dense debritic flow was driven by the erosion and entrainment of a

mud-rich substrate, which markedly increased flow cohesivity and

viscosity (Fig. 5). This contradicts current assumptions of turbulent

low-density flow fronts commonly used in tsunami risk assess-

ments. The added force and altered hydrodynamics of a debritic

flow front show that in mud-rich coastlines the tsunami risk will be

Fig. 6. Schematic model for the evolution

of a tsunami over a muddy coastal plain.

Cross-sectional view of a low-gradient,

muddy coastal plain with the maximum

inundation of the tsunami shown. Below

are lateral trends in the flow-front

properties (velocity, density and mud

content) through inundation. Insets show

the appearance and rheology of the flow

front in the near-, mid- and far-shore, the

last showing where the debritic head has

been overtaken by a trailing, more fluidal

flow.
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underestimated (Fig. 6). Therefore, identifying the limits of where a

debritic tsunami flow front may form is vitally important to better

inform coastal managers on the potential risk of future events.
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