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a  b  s  t r  a  c  t

The  research  on  morphological  changes  caused  by tsunamis  has  increased  considerably  in the  last  few
years, yet  the  processes  behind  this  phenomenon  are  still  not  fully  understood.  This paper  analyzes
and  compares  numerical  simulations  of  morphological  changes  caused  by  the  leading  elevation  and
leading  depression  N-waves  and  tsunami  waves  propagating  over  a channel  with  a  simple  bed slope.
The  simulations  were  carried  out  by means  of a coupled  flow,  sediment  transport  and  morphodynamic
two-dimensional-vertical  numerical  model.  The  modeled  channel  bed  was  composed  of  cohesionless
sediments,  and  range  of values  for the  bed  slope  and  the  wave  height  were  employed.  Four  tsunami
waveforms  were  studied  to test  the  appropriateness  of  N-waves  in modeling  the morphological  changes
caused  by  tsunamis.  On  the modeling  performed  here,  runup  values  were  quite  well  represented  by  N-
waves.  N-waves  also  represented  qualitatively  well  the  morphological  changes  caused  by  tsunamis.  Yet,
values of flow velocities  and  suspended  sediment  concentration  showed  more  severe  deviations  from
the  modeled  results  corresponding  with  tsunami  waves,  very  likely  due  to  differences  on  the  steepness

of  the waves.  Therefore,  even  when  N-waves  can  and  have been  used  to  represent  tsunami  runup  and
inundation  distance,  our  results  suggest  that  they  should  be  considered  with  caution  when  intended  to
predict  magnitudes  of  tsunami  flow  velocities  and  consequently  morphological  changes.  The  use  of  N-
waves  to  simulate  morphological  changes  caused  by  tsunamis  is  not  yet  converging  and  must  be  further
investigated.

© 2018  Elsevier  Ltd. All  rights  reserved.
. Introduction

Many sediment deposits on the coastal regions around the world
ave been attributed to sediment transport caused by tsunamis. An
ctive research field has emerged to obtain information about the
sunami that left those deposits behind [1,2]. A large amount of
he literature dealing with sediment transport and the resulting

orphological changes due to tsunamis is essentially qualitative.
or example, many researchers surveyed old sediment deposits to
onfirm the occurrence of tsunamis [3–5]. In these cases tsunami
eights were estimated based on tsunami deposits, as their loca-
ion is considered an indicator of the minimum possible tsunami
nundation limit [6]. However, the extension of inland sediment
eposits in proportion to the inundation distance, named the depo-

ition ratio, varies for every tsunami at every location, being in some
ases only half of it [7–9].

E-mail address: silvia.chacon.barrantes@una.cr

ttps://doi.org/10.1016/j.apor.2018.03.006
141-1187/© 2018 Elsevier Ltd. All rights reserved.
The sediment transport equations available so far are empiri-
cal. These equations have been formulated based on measurements
of flow velocities, bed shear stresses and sediment concentrations
obtained in rivers under regular circumstances. They are also based
on data taken in coastal waters under tides and wind waves. No
equations have been formulated specifically for tsunamis. The val-
ues measured in coastal waters for wind waves and in rivers are
much smaller than those related to tsunamis [10]. Tsunami cur-
rents were measured at Hilo Bay, Hawaii during 2011 Japan tsunami
[11], and some velocity magnitudes can be estimated from tsunami
videos, e.g. Lynett et al. [12]. Nevertheless, there is only one data set
on currents and suspended sediment measured during a tsunami
and it corresponds to a distant tsunami: the 2010 Chile tsunami
arriving to California [13]. The unexpected occurrence of tsunamis
makes very difficult to acquire enough datasets of direct measure-
ments of tsunami flow velocities or sediment concentrations for

the development of a specific set of equations on tsunami sediment
transport. Therefore, the modeling of tsunami morphodynamics is
performed employing the only available sediment transport equa-
tions even when they might not be completely appropriate.

https://doi.org/10.1016/j.apor.2018.03.006
http://www.sciencedirect.com/science/journal/01411187
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Forward numerical modeling of tsunami-driven morphological
hanges is a relatively new research field. The first approaches were
ade by Takahashi et al. [14] and Simpson and Castelltort [15].

hey presented general sediment transport formulations that can
e applied to tsunami modeling. Since then, modeling of morpho-

ogical changes has been performed mostly with two-dimensional
odels. In some cases the model was two-dimensional-horizontal

r depth-averaged [10,16–21]. In some other cases the model
as two-dimensional-vertical, 2DV, considering only one horizon-

al dimension and variations over the water column [10,22,23].
ome three-dimensional modeling has been performed as well
24–26]. The results achieved so far agreed qualitatively well with

easurements of tsunami caused morphological changes, even
hen in some cases a quantitative agreement was not reached

10,14,22,23]. Those results encourage the use of the currently
vailable sediment transport equations for the computation of mor-
hological changes due to tsunamis. A more extended review of
umerical models for tsunami sediment transport, both forward
nd inverse can be found in Sugawara et al. [2].

One of the recognized models of tsunami sediment transport
nd morphodynamics is Delft3D [27]. Its flow modulus was vali-
ated for simulation of tsunami propagation and runup by Apotsos
t al. [23] following the tsunami modeling benchmarks given by
ynolakis et al. [28]. Apotsos et al. [10,22,23] extended the model
urther to simulate tsunami-driven morphological changes along
eal and modified bathymetric profiles using real tsunami shapes
s their input. They established the importance of several factors
uch as bed roughness, sediment size, composition and distribu-
ion on the location and magnitude of the final tsunami driven

orphological changes [10,22]. According to their results, the mod-

ling of tsunami morphodynamics requires a larger amount of data
han the modeling of the tsunami propagation and inundation
olely. Some of these required data are not commonly available,

Fig. 1. Simplied waveforms employed to represent tsunami wav
 Research 74 (2018) 217–226

for example parameters that describe the seabed such as the bed
roughness coefficient and bed characteristics previous to a tsunami
are generally unknown. In the case of bed roughness, the value of
the Manning’s coefficient depends on some characteristics of the
seabed, e.g. the particle size of the sediment, and is rarely uniform.
As the value of the Manning’s coefficient determines the amount
of energy dissipated by friction, it influences the calculated values
of flow velocity near the bottom [29] and consequently the erosion
and deposition as well. Nevertheless, in tsunami numerical simu-
lations, a uniform value is typically used, as in most cases there
is very little information available to consider a heterogeneous
distribution of Manning’s coefficient. Besides, for the modeling of
tsunami morphodynamics it is necessary to have the pre-tsunami
bathymetry and topography. The post-tsunami bed levels are also
required in the cases of validation and calibration. The limitations
on availability of the required data for the modeling of tsunami
morphodynamics justify considering other means to gain under-
standing of the involved processes and obtain general results.

With the same purposes, simplified waveforms are commonly
employed in the modeling of tsunami propagation and runup [30].
Tsunami waves can be represented by many simplified waveforms:
sinusoidal waves, solitary waves, Cnoidal waves, N-waves, Lorenz
waves and Stokes waves (Fig. 1) [31,32], being N-waves and solitary
waves the more common representations. For example Apotsos
et al. [33] studied the impact on maximum tsunami runup and
flow velocity of wave characteristics, bed slope and bottom rough-
ness employing N-waves propagating over a canonical bathymetric
profile. N-waves together with solitary waves are employed in the
validation of numerical models for tsunami propagation and inun-
dation [28], using only the wave height and equivalent period as

the parameters to match tsunami waves.

Some approaches have been made to model tsunami morphody-
namics employing simplified waveforms. For example, Cheng and

es. (a) Table 1 from Geist [31]. (b) Fig. 2.4 from Bryant [32].
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Fig. 2. Schematization

eiss [34] made a numerical study on the extent of sediment depo-
ition related with the inundation extent using a solitary wave over

 canonical bathymetric profile and a simplified sediment deposi-
ion model. They found that the deposition ratio depends on the
ffshore wave amplitude and the onshore slope, and only slightly
n the sediment size for sand, at least for this simplified setup.
o the knowledge of the author, there are no studies exploring if
uch results can be extrapolated to real conditions, i.e. real tsunami
aveforms or bathymetric profiles.

The aim of this study is to assess if N-waves are suitable to
pproximate the sediment transport and morphological changes
aused by tsunamis. N-waves are considered to represent closely
ear-shore and far-field tsunamis, based on the bipolarity of the
o-seismic deformations [30], whereas the other waveforms have
imitations in representing these parameters. N-waves are not
xpected to reproduce exactly the effects of real tsunami waves, but
o approximate them. With this purpose were compared the mor-
hological changes caused by N-waves and tsunami waveforms,

ncluding leading elevation (LE) and leading depression (LD) cases.
he waves were considered to propagate along a channel with a

ong constant slope and of which bed was composed of sediments of
niform size. The flow velocity, suspended sediment concentration
nd morphological changes caused by the waves were analyzed
ocusing on the uprush and backwash of the waves. Also, were
nalyzed the morphological changes of equivalent waves with dif-
erent orientation (leading elevation versus leading depression).
he study considered four different tsunami waveforms and their
quivalent N-waves. The tsunami waveforms were chosen as it was
ossible to differentiate their leading wave from their tail. The cases
onsist on three leading elevation and one leading depression.

. Methodology

.1. Numerical model

Here Delft3D modeling system was employed (version 4.00.01).
his package was developed at Deltares, Netherlands [35,36], and
onsists of a 3D coupled flow, sediment transport and morphody-
amic model. The flow model solves the non-linear shallow water
quations using an alternating directions implicit method [35].
t allows the use of a momentum-advection-explicit scheme for
he inundation of dry land [27] which requires Courant numbers
ess than one for numerical stability. For turbulence, the software
mploys the k-epsilon model, in which the turbulent kinematic
iscosity is related to the turbulent kinetic energy and the energy
issipation rate. The sediment transport formulation used is given
y van Rijn [37], differentiating suspended transport and bed load
ransport for cohesionless sediments. As tsunamis seem to suspend

 large amount of sediments, the fluid density is updated at every

ime step to consider the mass of the suspended sediments. The
ffect of suspended sediments on fluid stratification is also consid-
red in the model. The bed level is updated at every time step as
ell.
 rectangular channel.

Delft3D was  validated and verified to simulate tsunami propa-
gation and inundation [23]. Currently there are no benchmarks to
validate or verify numerical models for the simulation of tsunami
morphodynamics. However, several tsunami morphodynamic sim-
ulations have been done using Delft3D obtaining encouraging
results [22,23,33,38,39].

2.2. Numerical experiment setup

The numerical experiments were performed on a long rectan-
gular channel. The grid consisted on nx cells of 12 m length in
the x-direction (cross-shore), one cell of 100 m in the y-direction
(alongshore) and 10 �-layers over the vertical. The thickness of
�-layers decreased from the surface to the bottom in order to
achieve better resolution near the bed. Each �-layer did not have
the same thickness or depth over the whole domain, as the num-
ber of �-layers remained constant even though the water depth
is not uniform. The results of the numerical model did not vary
when the cross-shore grid size was changed to 6 m, hence the x-
wise cell length was  kept at 12 m.  The channel bed had a single
slope s and was  composed by one class of equally distributed non-
cohesive sediments. As sketched in Fig. 2, the horizontal distance
x0 and consequently the number of cells in the x-direction (nx)
depended on the bed slope. For all the simulations the maximum
water depth was  d0 = 35 m and the time step was set to 0.3 s result-
ing in maximum Courant numbers of about 0.46 at the deepest side
of the channel. Delft3D calculates the Courant numbers using the
smallest cell size, in this case 12 m.

The bed roughness was characterized by a Manning coefficient
of 0.025 m−1/3 s, over the entire domain and independent of the
sediment size and bed forms. This is the typical value usually
adopted for a coast without vegetation [40]. Manning formulation
has been employed on the modeling of tsunami morphodynamics
in previous studies such as Apotsos et al. [22,23] and Simpson and
Castelltort [15]. It is also the standard bed roughness formulation
for the numerical simulations of tsunami hydrodynamics [40].

The waves were imposed by means of the so called Riemann
boundary condition in order to minimize spurious reflections at the
open boundary [41]. Riemann invariant requires knowing the water
level and flow velocity of the wave imposed. Apotsos et al. [33] jus-
tified the assumption that when imposing N-waves employing the
Riemann invariant, it is possible to use the flow velocity derived
from shallow water wave theory, �

√
g
d where � is the perturbation

of the water level, d is the depth and g is the gravitational accelera-
tion. The same assumption was  extended here to the calculation of
Riemann invariant for tsunami waves. Apotsos et al. [33] demon-
strated that the use of Riemann invariant as a boundary condition
eliminates “artificial re-reflections” at the open boundary, making
the progressive shallow water wave theory valid over the whole

wave signal and the whole domain.

As mentioned before, N-waves were employed as a representa-
tion of tsunami waves because of their bipolarity. There are many
mathematical formulae to create N-waves; here we  employed the
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Table 1
Name, orientation, C, and � of the N-waves employed.

Name and orientation C (min−1) � (min) Matching tsunami wave

A. Leading Elevation 0.14 45 LE Male
B. Leading Elevation 0.12 37 LE Hanimaadhoo

f
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w
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s
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w
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4
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C. Leading Elevation 0.09 50 LE Ganares
D. Leading Depression 0.14 45 LD Male

ormulation based on Tadepalli and Synolakis [30] for the simula-
ions:

(t)x=−x0
= ∓ 3

2

√
3 · h0sech

2 [C (t  − �)] tanh [C (t  − �)] , (1)

here � is the perturbation of the water level, t is the time, h0 is
he maximum height of the incoming wave, and C and � are con-
tants determining the width and the central point of the wave
espectively. The minus sign in Eq. (1) refers to the leading eleva-
ion N-wave (LEN) and the plus sign refers to the leading depression
-wave (LDN). Four N-waves were considered, which constants are

isted in Table 1. The parameters of N-waves were chosen to match
he period of the corresponding tsunami waveforms, hereafter T-
aves (Fig. 3).

Tsunami waveforms were obtained after the recorded 2004

ndonesia tsunami at Ganares, Hanimaadhoo and Male, Maldives
42], and were amplified to a uniform maximum wave height of

 and 5 m for these simulations (Fig. 3). The leading wave of Male
ecord was similar to N-wave A. This tsunami shape was originally

Fig. 3. Waveforms employed in the numerical experiments. Tsunami wa
 Research 74 (2018) 217–226

leading elevation and it was  inverted to consider also the leading
depression case comparing with N-wave D. The leading wave of
Ganares and Hanimaadhoo records was similar to N-waves B and
C respectively.

Both N-waves and T-waves with initial heights of h0 = 4 m and
5 m were imposed on the channel with water depth of d0 = 35 m
and bed slope of s = 0.01, 0.015 and 0.02 composed of one class
of sediments with medium size between D = 200 �m and 900 �m.
However the results presented here correspond to h0 = 5 m,  s = 0.01
and D = 500 �m as the main conclusions of this work did not change
when the other values of wave initial height, bed slope and medium
sediment size were employed.

3. Results and discussion

3.1. Comparison between N-waves and tsunami waves

3.1.1. Flow velocity and suspended sediment concentration
In this section, we perform a detailed comparison between flow

velocity and suspended sediment concentration for N-waves and
tsunami waves, by employing case A. Fig. 4 shows the tempo-
ral variations along the channel of the superficial horizontal flow
velocity and suspended sediment concentration for case A N-wave

(top) and T-wave (bottom). Wave development of N-wave after
110 min  was not shown because it was zero. The black contours
in the plot correspond to zero flow velocity, i.e. flow reversal. The
waves were divided in four stages for the analysis:

veforms are plotted with thick lines and N-waves with thin lines.
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Fig. 4. Superficial flow velocity (m/s) for (a) LEN and (b) leading elevation tsunami
w
(
o
a

1
2
3
4

w

F
s

aveform. Bottom suspended sediment concentration (SSC) (kg/m3) for (c) LEN and
d)  leading elevation tsunami waveform. Onshore flow velocities are positive and
ffshore flow velocities are negative. Flow velocity and SSC for LEN after 100 min
re not shown, as their values were zero.

. between the start of movement until first flow reversal: flooding,

. between the first and second flow reversal: ebbing

. between the second reversal and zero level again: flooding
. after the zero level: tsunami-tail, only for T-waves

The maximum superficial flow velocities during the first stage
ere the smallest for each wave, for case A: 2.54 m/s  for the N-

ig. 5. Case A: (a) Tsunami shape and N-wave. (b) Time derivative of the waves. (c) Maxim
hapes  are solid and to N-waves are dashed. Both cases correspond to s = 0.01 and h0 = 5 m
 Research 74 (2018) 217–226 221

wave and 3.65 m/s  for the T-wave. The flow velocity was  larger for
T-waves than for N-waves during this first stage (Fig. 4b darker red

vs. Fig. 4a lighter red) as the time derivative
(

| ∂�
∂t

|
)

of the former

was slightly larger than of the latter (Fig. 5b). During this stage little
erosion happened (Fig. 4c and d), due to the relatively small flow
velocities.

The second stage had the maximum values of flow velocity
magnitude during the whole process, for case A: 8.8 m/s  for the N-
wave and 5.3 m/s  for the T-wave, both corresponding to backwash.
Accordingly, the maximum SSC was  reached during this stage for
both waves (Fig. 4c and d). The flow velocities during this stage
were larger for N-waves than for T- waves, as the former had larger
| ∂�
∂t

| (Fig. 5b). Consequently, N-waves eroded and transported more
sediment than T-waves, and this transport was  directed offshore in
both cases.

During the third stage for N-waves occurred the maximum
uprush flow velocity, while the flow returned to its equilibrium
level. However, for T- waves the maximum uprush flow velocity
occurred during subsequent peaks (fourth stage), and was  smaller
than for N-waves. Accordingly, there was  more sediment sus-
pended during subsequent peaks for the T-waves, than during the
third stage.

The high values of sediment concentration obtained were con-
sequence of the high values of flow velocity also modeled (Fig. 4).
Both, flow velocity and sediment concentration values were con-
sistent with results of Apotsos et al. [10] who  propagated a real
tsunami shape on a bed configuration similar to the one employed
here. Also, the velocity values obtained here were consistent with
results of estimations from real tsunami events. During the 1993
Hokkaido tsunami, the maximum flow velocity was  estimated
between 10 and 18 m/s  at Aonae, Okushiri Island, Japan [43]. During
the 2011 Tohoku event at Sendai plain in Japan, the onshore velocity
of the wave-front was estimated on about 4 m/s between 1 and 2 km
onshore of the original coastline [8]. Lacy et al. [13] were able to
measure tsunami currents offshore Monterey Bay, California during
the 2010 Chile tsunami. They also measured suspended sediment
transport but were not able to separate the transport due to tsunami

from the transport due to wind waves. The values they obtained of
tsunami currents and suspended sediment transport were much
smaller than the values mentioned above and obtained here. How-
ever, these measurements referred to a distant tsunami, which are

um water level. (d) Final morphological changes. Lines corresponding to tsunami
.
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Fig. 6. Case B: (a) Tsunami shape and N-wave. (b) Time derivative of the waves. (c) Maximum water level. (d) Final morphological changes. Lines corresponding to tsunami
shapes are solid and to N-waves are dashed. Both cases correspond to s = 0.01 and h0 = 5 m.
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ig. 7. Case C: (a) Tsunami shape and N-wave. (b) Time derivative of the waves. (c)
hapes  are solid and to N-waves are dashed. Both cases correspond to s = 0.01 and h

xpected to be smaller than those of a local tsunami, and were taken
ffshore rather than in flooded land. The morphological changes
btained here agreed well with those obtained by Apotsos et al. [22]
nd also with measurements of real tsunamis, e.g. in Sendai plain
fter the 2011 Japan tsunami, where the tsunami height was  over
0 m,  and maximum scour depths of 50 cm together with tsunami
eposits as thick as 30 cm were measured [44].

.1.2. Morphological changes
The magnitude of the morphological changes over the channel

ed showed large differences between N-waves and T-waves for all
ases (Figs. 5d, 6d, 7d and 8d ). For case A and C the final changes

ad the same shape for both waves, as the T-wave showed only one
trong backwash like the LEN (Figs. 5b and 7b, solid lines). This is
oticeable on Fig. 4c and d: the largest suspended sediment con-
entration was located during the first backwash for the LE T-wave,
um water level. (d) Final morphological changes. Lines corresponding to tsunami
.

as well as for LEN. Consequently, in these cases the final bed level
changes of both T-wave and corresponding N-wave had mainly ero-
sion around the original shoreline and deposition offshore. On case
C, the secondary peaks were responsible for the small deposition
bump located around x = +1000 m (Fig. 7d), which was not present
with the N-wave.

Conversely, the final morphological changes for N-waves and
T-waves did not agree qualitatively on case B (Fig. 6d). The small
flow reversal around minute 50 on T-wave (Fig. 6a) was responsible
of the deposition bump located around x = −100 m (Fig. 6d). The
second deposition bump located around x = −700 m resulted when
the backwash ceased and the wave started to run up, around minute

70 (Fig. 6a).

For the LD tsunami wave (case D), the presence of several peaks
and troughs caused that strong erosion happened during backwash
and uprush, unlike LDN for which larger erosion occurred during
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F  Maximum water level. (d) Final morphological changes. Lines corresponding to tsunami
s 0 = 5 m.
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Fig. 9. Superficial flow velocity (m/s) for (a) LDN and (b) leading depression tsunami
ig. 8. Case D: (a) Tsunami shape and N-wave. (b) Time derivative of the waves. (c)
hapes  are solid and to N-waves are dashed. Both cases correspond to s = 0.01 and h

prush (Fig. 9d and c, respectively). The flow velocity of LD T-wave
howed five backwash moments with considerable flow velocity
Fig. 8c solid line) in opposition to LDN where there was  only two
ackwash moments (Fig. 8c dashed line). Consequently, there were
our deposition regions for the leading depression T-wave, com-
ared with one for LDN (Fig. 8d).

The tsunami tail of T-waves during the fourth stage performed
ome rework making the distribution and magnitude of the mor-
hological changes different than for N-waves. However, the main
eason for the differences between the magnitude of morphological
hanges caused by N-waves and T-waves was the steepness of the
aveform | ∂�

∂t
|, leading to large differences in flow velocities and

onsequently into the sediment eroded and deposited. Even when
he leading wave of the tsunami was very similar to N-waves, the

-waves had smaller slopes
(

| ∂�
∂t

|
)

than the N-waves during the

econd stage of the waves. These milder slopes meant that for the T-
aves the flow velocities during the second stage were up to almost

alf than for N-waves. These smaller flow velocities of the T-waves
uspended about three times less sediment than N-waves and con-
equently produced sediment deposits up to ten times thinner than
-waves.

The large quantitative differences between modeled morpho-
ogical changes caused by T-waves and N-waves showed here

ere not a result of a particular set of parameters, they were also
bserved when other values of bed slope were considered, as well
s other values of wave height. However, qualitatively there was an
greement on the final morphological changes between T-waves
nd N-waves for leading elevation cases. Therefore, the author
ecommends that representation of tsunami-caused morphologi-

al changes by N-waves should be done with care and only under
ualitative terms.

waveform. Suspended sediment concentration (SSC) (kg/m3) for (c) LDN and (d)
leading depression tsunami waveform. Onshore flow velocities are positive and off-
shore flow velocities are negative. Flow velocity and SSC for LDN after 100 min are
not  showed as their values were zero.
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Fig. 10. Suspended sediment concentration (kg/m3) at the moment of maximum flow velocity for (a) LEN, (b) LDN, (c) LE tsunami waveform and (d) LD tsunami waveform.
Arrows  indicate flow direction: onshore (positive) and offshore (negative).
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ig. 11. Instantaneous morphological changes (solid line) for case A LE tsunami wav
aximum flow velocity (center) and second flow reversal (right). The final morpho

.2. Comparison between leading elevation and leading
epression waves

.2.1. Flow velocities and suspended sediment transport
The flow orientation was opposite for LE and LD waves during
he three stages mentioned above. Meaning that the second stage
as ebbing for LE and flooding for LD waves, and then the maxi-
um magnitude of flow velocity occurred during backwash flow

or LE waves and during uprush flow for LD waves. These results
) and case D LD tsunami wave (bottom) at the moments of first flow reversal (left),
l changes are shown with a dashed line in all cases.

agreed with frictionless results from Carrier et al. [45]. The maxi-
mum velocity magnitudes were larger for the LE waves than for the
LD waves: 8 m/s  vs. 6 m/s  corresponding to N-wave cases A and D
respectively.

Sediment erosion is extremely sensitive to flow velocities [19];

then, due to the difference on flow velocities, LE cases eroded, sus-
pended (Figs. 4, 9 and 10) and transported more sediment than
LD cases during the second stage. This transport was offshore for
LE waves and onshore for LD waves. Similar results have been



Ocean

r
t
o
b
t
c
i
d
i

3

s
w
d
f
c
t
l
t
s
w
i
o
w
l
w

c
o
t
t
t
d
t
o

3

t
f
w
[
t
t
t
i
d
s
T
b
t
T
f
i
h
h
c

4

e
i
a

S. Chacón-Barrantes / Applied 

eported before [46,47] indicating that backwash flows are poten-
ially more erosive than uprush flows, although this was blamed
n the channelization caused by coastal topography. This cannot
e the reason for the differences obtained here, as we  performed
wo-dimensional-vertical (2DV) numerical simulations and did not
onsidered the along shore direction. The reason for this difference
s that in LE waves the gravity, as restoring force, acts on the same
irection as the forcing increasing the flow velocity, but for LD it acts

n opposite direction as the forcing decreasing the flow velocity.

.2.2. Morphological changes
During the first flow reversal small deposits formed because

mall erosion happened through the first stage (Fig. 11 left), which
ere subsequently eroded during the second stage (Fig. 11 mid-

le). This deposition was located inland for LE waves and offshore
or LD waves, thus the final inland deposits for LE were very small
ompared with offshore deposits. The largest erosion arose during
he second stage (Fig. 11 middle and Fig. 10), corresponding with
argest flow velocities and largest SSC (Figs. 4 and 9). At the end of
his stage, the reversal of the flow allowed larger sediment depo-
ition (Fig. 11 right). This deposition happened mostly around the
ave front at that time, offshore for LE waves and around the orig-

nal coastline and inland for LD waves. Therefore, the orientation
f the final bed level changes was opposite for LE waves and LD
aves on general terms (Figs. 5d, 6d, 7d and 8d). Those morpho-

ogical changes were larger for the former than for the later as LE
aves suspended more sediment than equivalent LD waves.

This result agreed with Dawson and Stewart [48] who  indi-
ated that the oldest tsunami deposits discovered so far were found
ffshore rather than onshore, and linked this to higher preserva-
ion potential in “nearshore low-energy areas” acting like sediment
raps. They also pointed that studies on sediment process for recent
sunamis have not included offshore sediment deposits. Those
eposits might be an important source of information, due to
heir higher preservation potential and potentially larger size than
nshore deposits, according with our results.

.3. Vertical distribution of suspended sediment

Although there were moments of very high sediment concen-
ration, most of the suspended sediments were located at the wave
ront and close to the bottom rather than distributed over the whole

ater column and the whole channel (Fig. 10). Cheng and Weiss
34] established that “the flow is capable of carrying sand grains in
he vicinity of the inundation limit”, where the flow depth tends
o a limit value. The cause was the relatively small duration of
sunamis and N-waves, which did not allow the suspended sed-
ment to distribute over the whole water column and the whole
omain. Nevertheless, for N-wave A the SSC extended further off-
hore and upper on the water channel than in other cases (Fig. 10a).
his would explain the much larger morphological changes caused
y this wave with respect to the others. Also, in N-wave D (Fig. 10b)
he SSC extended further offshore and upper than for the equivalent
-wave (Fig. 10d), explaining larger erosion and deposition for the
ormer than for the latter. This effect can only be observed employ-
ng models considering vertical variations, as the one employed
ere. Depth-averaged models consider the sediment distributed
omogeneously over the water column, leading to non-accurate
alculation of sediment erosion and deposition.

. Conclusions
In this study are presented results of numerical modeling
mploying Delft3D numerical model. The morphodynamics of lead-
ng elevation and leading depression N-waves were described,
nalyzed and compared with the morphodynamics of equivalent
 Research 74 (2018) 217–226 225

tsunami waveforms, which were normalized to equal maximum
wave height.

It was  found that even when leading depression waves caused
larger runup than leading elevation waves, they caused smaller
morphological changes. Furthermore, it was found that the erosion
and deposition patterns caused by tsunami waves and N-waves
depended on their orientation. For leading elevation cases (both
N-waves and tsunami waves) the sediment deposition was located
mostly offshore and for LD cases was located inland. The opposite
happened with sediment erosion, it was  located mostly inland for
LE cases and offshore for LD cases. Final morphological changes
caused by tsunami waves were composed of several erosion and
deposition regions, consequent with the several peaks present in
those waves. However, in two of four cases considered here, the
magnitude of secondary erosion and deposition regions was  very
small.

For the cases examined here morphological changes caused
by N-waves were much smaller than those caused by tsunami
waveforms with equivalent amplitude and period, even when the
N-wave caused very similar runup as the correspondent tsunami
wave. The large differences on the magnitude of morphologi-
cal changes were due to the differences on the steepness of the
waveform. However, N-waves reproduced qualitatively well the
morphological changes caused by tsunami waves on the cases con-
sidered here.

Although the numerical modeling of tsunami morphodynamics
still has its limitations, its results can be employed to understand
better the consequences of tsunamis on a mobile bed. Records of
tsunamis that caused morphological changes often consist only
of inland sediment deposits and no reference is given to off-
shore deposits or erosion in general. In the results presented here,
leading elevation waves caused both erosion and deposition off-
shore; therefore, the tsunami surveys should ideally be extended
to include determining factors such as the offshore morphological
changes.
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