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Tsunami numerical model studies are mostly focused
on inundation and run-up onto the coast. Fewer
studies have been aimed at investigating the role of
submarine canyons on tsunami heights, currents and
run-up. The tsunami hydrodynamics in the vicinity of
submarine canyons and ridges in the Palar—Cauvery
region off the southeast coast of India on 26 December
2004 is considered in this study. Numerical modelling
was carried out to study tsunami heights and currents
in the vicinity of the submarine canyons as well as the
variation of tsunami heights at 10 m water depth.
Comparisons between the tsunami wave energy density
at 10 m depth and the onshore run-up height observa-
tions showed good correlation for select locations,
with the run-up heights being about 3% of the wave
energy density. However, the local topography in the
run-up zone also strongly influences the local run-up,
which reduces direct correlations between run-up and
nearshore tsunami height.

Keywords. Flow velocity, numerical modelling, run-up
height, submarine canyons, tsunami.

THE effect of tsunamis on the coastal regions has been
devastating in the recent years despite the technological
advancements in tsunami detection and warning systems
available around the world. The generation of a tsunami
and its impact on the coast depend on many parameters,
including source parameters, proximity to the coast, topo-
graphy of the seabed, etc.'”. Submarine canyons and
ridges are one such topographic feature of the seabed that
could affect tsunami propagation. As submarine canyons
have steep slopes, they are prone to slope failure leading
to submarine landslides (slumping) and thus the genera-
tion of turbidity currents. The submarine canyon system
slope stability is related to the processes modifying the
slopes and external triggering mechanisms that cause
them to fail. Large sediment mass or debris flowing
through these canyons or strong turbidity currents would
pose problems for any subsea installation’.
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Most of the Indian Ocean tsunami-related studies*® are
focused on source parameters, travel time and time of
arrival’™'2, coastal inundation or run-up height measure-
ments and modelling. Although a few studies along the
Indian coast hint at the amplification of the tsunami and
therefore increase in run-up heights'’, not many studies
are available on the tsunami-induced currents in the
vicinity of submarine canyons. Moreover, the literature
on the effect of canyons on these currents is not readily
accessible. Not many detailed modelling studies exist on
the modification of the December 2004 tsunami due to
submarine canyons on the east coast of India, except for
Divyalakshmi ef al.'* and Seelam and Baldock'’. How-
ever, observations suggest a significant impact from
submarine bathymetry, leading to complex scattering and
amplification of tsunami run-up due to canyons and
coastal bays'®. With regard to the Indian Ocean basin,
some of the major differences between the present study
and that of Divyalakshmi e al.'* are: (i) the initial source
driving the tsunami is realistic and based on verified lit-
erature and includes both positive and negative elevation
of the initial tsunami source, whereas a single hump of
positive surface elevation was considered by Divya-
lakshmi ef al.'*; (ii) The method of analysing the tsunami
variations is different: discrete points were studied by
Divyalakshmi e al.'*, whereas spatial variation along a
canyon and a ridge are studied here; (iii) Divyalakshmi
et al." studied only the change in tsunami height from a
single hump source, whereas the present study includes
velocity components along the canyon and ridge lines using
a much more reasonable tsunami source. Seelam and Bal-
dock" used a preliminary tsunami initial source model of
USGS in a 3D hydrodynamic model and estimated the
bed shear stresses using the near-bottom flow velocities.
The source model used did not provide realistic compari-
son with the tsunami height observations and therefore is
not further discussed here.

Previous literature focusing on other geographical
areas or on the general behaviour of tsunami propagation
has studied the effect of submarine canyons and ridges in
an idealized scenario. A considerable difference occurs in
the tsunami behaviour depending on the distance between
the canyon and the shoreline, or if the canyon extends to
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the shore. Numerical modelling by Roger and Hébert'’
indicated the modification of nearshore wave heights
by submarine canyons, but no observation data were
available for verification. Other notable studies are
those by Aranguiz and Shibayama'®, and Iglesias ef al.".
Using idealized bathymetry, and no ridges formed by ad-
jacent canyons, these studies showed a reduced run-up
behind the canyon and an increase in run-up and tsunami
amplification at the adjacent coasts, which were consis-
tent with field observations. The results are sensitive to
canyon width, length and depth, and are thus site-
specific. In addition, the general conclusions apply to an
idealized shore normal canyon which does not extend
to the shore. Toualalen er al.*® have noted the protective
influence of canyons in the Indian Ocean, which sheltered
Bangladesh from the major impacts of the 2004 Indian
Ocean tsunami, although some localities experienced
significant tsunami amplification. Related work has
considered the influence of shoreline shape (bay shape)
on nearshore tsunami magnification®', or both a nearshore
canyon and associated narrow bay’>*. In each case,
amplification of the run-up is much greater than that
which occurs for a plane longshore uniform beach.
However, for offshore canyons the effect of the bathy-
metry can be different, since refraction can occur in this
case.

Thus, while general principles identified by Aranguiz
and Shibayama'®, and Iglesias ef al."® indicate the overall
effect of canyons, care is needed when applying those
findings to more complex natural bathymetry, and high-
quality field data are also needed for Model verification.
The effect of the canyons and ridges present on the
southeast coast of India on the local tsunami run-up
heights has not been modelled in previous studies, nor
have there been model comparisons with local field data
along this coast. This article showcases the changes in
flow pattern and tsunami magnitude around submarine
canyon and ridge system found on the southeast coast of
India, and their influence on the run-up height on the
coast, which have not been reported thus far at these loca-
tions.

Study area

The southeast coast of India has been one on the worst
affected regions during December 2004 tsunami event
(Figure 1). The present study region comprises the most
affected area on the mainland Indian subcontinent. The
study region on the southeast coast of India, including the
state of Tamil Nadu and Union Territory of Puducherry,
comprises a number of interesting landforms, including
mudflats, sandy beaches, mangroves, marshy regions,
river deltas, creeks, beach ridges, etc.’*. The hinterland
along this coast is extremely flat and the foreshore
regions comprise narrow, low beaches in the southern
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region to high dune system in the northern region. The
topography of the continental shelf off the east coast of
India is relatively uniform, except for some canyons
cutting deeply into the shelf*.

Submarine canyons off Madras coast were identified in
the 15th cruise of INS Kistna during 1964 (ref. 26).
Varadachari et al.*> analysed earliest data on the subma-
rine canyons based on bathymetric surveys conducted
during the 26th cruise of INS Kistna and their bathymetry
analysis showed the existence of three sets of distinctly
different canyons cutting across the shelf and slope
regions near Cuddalore (11°45'N; 79°47'E) and Pudu-
cherry (11°54'N; 79°52'E). The southernmost canyon is
named as Cuddalore Canyon, the northern most as Palar
Canyon and the middle one as Pondicherry Canyon
(Figure 2). The influence of Pondicherry Canyon on the
tsunami has been considered in this study, and any refer-
ences to the canyon in general would indicate the Pudu-
cherry Canyon. The effect of these canyons and ridges on
the local tsunami run-up heights and currents has not
been modelled in previous studies. Therefore, in order to
assess the effect of the Pondicherry canyon, two tran-
sects, one along the centre line of the canyon (marked as
C1-C2 in Figure 2) and the other along the ridge (marked
as R1-R2 in Figure 2), were considered. Figure 3 shows a
cross-section along the centre line of this canyon as well as
across the ridge to the south of this canyon. The bottom
slope of the canyon is steeper (~1 : 6.25) compared to that
of the ridge (~1:32). It is also observed that along the
ridge the continental shelf is wider by 10 km compared to
that along the canyon.

Post-tsunami survey

A number of post-tsunami surveys were carried out along
the tsunami hit region in the southeast coast of India**’*,
mostly using the UNESCO guidelines®’. A detailed report
is available on a tsunami survivor’s eyewitness records,
beach and hinterland profiles from water line to the maxi-
mum inundation limits at select locations, run-up heights,
tsunami levels along the buildings, etc.*®. The run-up
heights were estimated at various locations from the max-
imum inundation limits and the mean sea level®. Many of
the tide gauges along the coast of India as well as in the
Indian Ocean recorded tsunami arrival times and analysis
of these tidal elevations provided the tsunami heights
along the coast. The maximum run-up height measured
along the southeast coast of India was of the order of
6.2 m asl. The run-up heights were observed to increase
abnormally at certain locations compared to adjacent lo-
cations, e.g. with reference to the station located along
12°N lat. (ref. 4) the maximum run-up height was about
6.2 m whereas it was about 4 m within a distance of about
30 km on both sides. This sudden variation in run-up
heights within a short distance was not addressed in
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Figure 1. a, Global model domain covering the Indian Ocean. b, Regional model domain used for tsunami

propagation including the Bay of Bengal and eastern Arabian Sea. Area marked as ‘A’ inside the rectangle is
local model domain shown in Figure 2.
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Figure 2. Local model domain used for tsunami propagation. Thin
lines are isobaths. The region considered for the study is enclosed in
rectangle. C1-C2 and R1-R2 are profiles along the canyon and ridge.
L1-L7 are locations mentioned in Table 2.

earlier studies™*"*". In this article, the increase in run-up
height which is related to increased tsunami height is
addressed in terms of the impact caused by the submarine
canyon present in the vicinity.
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Methodology

Tsunami propagation simulations were carried out for the
above study region using MIKE21 (ref. 38), a depth-
averaged hydrodynamic model that has been verified to
provide reliable comparisons with the measurements. The
flow field in the hydrodynamic model is calculated by
solving depth-integrated continuity and momentum equa-
tions. Alternating Direction Implicit technique is used to
integrate the mass and momentum equations. A double-
sweep algorithm is used to resolve the equation matrices
that result for each direction and each individual grid
line. Vertically integrated equations of conservation of
volume and momentum in the x and y directions are used
in the model. Coriolis terms, eddy viscosity using Smago-
ransky formulation and bed friction are also included in
the model*®. Figure 4 shows the model domains adopted
in the study. The global model domain used has 9.72 km
square grid, comprising the coastlines surrounding India,
Sri Lanka, Africa, Indonesia, Australia, etc.

The regional model with 3.24 km square grid, compris-
ing the Bay of Bengal, India, Sri Lanka towards west of
the tsunami source, is considered with the bathymetry
obtained from ETOPO2 data. The tsunami sources were
used in a nested tsunami propagation model with the
outer model covering a region comprising the Indian
Ocean (Figure 1 a) and a regional model (Figure 15) cov-
ering the Bay of Bengal. In order to resolve the nearshore
bathymetry, including the canyons and ridges, as well as
to represent the adjoining coastline appropriately, a local
model with a finer grid size of 300 m taken from the
hydrographic charts of the region was considered (Figure
2). Tsunami propagation over the regional model domain
was carried out for 6 h and the results were compared
with the arrival times and the first wave magnitudes at six
different locations. Tides, winds and waves were not
included in the model since the intention of the study was
to understand tsunami-induced heights and currents.

Tsunami initial surface elevation

The tsunami initial surface elevation or tsunami source is
an important input to any tsunami propagation model.
One of the preliminary seabed uplift maps for the
December 2004 earthquake available soon after the event
was from the United States Geological Survey (USGS)
website, currently available at http:/earthobservatory.
nasa.gov/NaturalHazards/view.php?id=14406. The north-
ern extent of the tsunami source region in this uplift map
was below the 6°N lat. Whereas later studies indicated
tsunami source extending till 9°N (ref. 39). Numerical
simulations of tsunami propagation using the tsunami
source map up to 6°N did not result in good comparison
with the measurements in the north Indian Ocean region”.
Using the tsunami source curtailed to 6°N, the derived
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tsunami arrival times were within a few minutes differ-
ence from the measurements; the magnitudes did not
match well. Studies on the extent of the tsunami source
region resulted in a region that is much beyond 6°N (refs
2, 39-41). The initial sea surface displacement used by
Titov et al.? extending almost till 15°N was derived based
on the region of the earthquake; comparison of the model
results with the Jason-1 satellite altimeter readings showed
that the model provided the initial tsunami wave crest,

1994

but not the trough and trailing part of the waves'*.
Vigny et al.* derived the tsunami source based on GPS
and uplift observations; their tsunami propagation simula-
tions did not result in accurate tsunami arrival times
compared to the measured tide gauge data. Song et al.*
used a 3D Ocean General Circulation model in conjunc-
tion with the seismic form wave inversion and compared
the model results with satellite-derived data. However,
their model results could not capture the twin peaks of
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Table 1. Comparison of tsunami arrival time and magnitude of tsunami first wave (FW) crest at different locations*® for
different initial water level conditions obtained from Pietrzak e al.*' (Model-3), Pedersen et al.** (Alfa) and Grilli et al.*’
(Grilli)

Arrival time UTC (h: min)

FW magnitude (cm)

Station Measured Model-3 Alfa Grilli Measured Model-3 Alfa Grilli
Paradip 3:30 4:00 3:40 3:47 89 44 86 84
Visakhapatnam 3:40 3:40 3:19 3:36 65 76 120 116
Chennai 3:35 3:24 3:30 3:30 64 187 230 138
Male 4:16 4:11 4:18 4:18 146 96 116 154
Tuticorin 4:23 4:08 4:20 4:17 100 64 78 106
Kochi 5:41 5:23 5:31 5:36 84 46 52 97

the initial wave as seen in Jason-1 altimeter data. Pietrzak
et al*' used both GPS data in co-seismic displacement
models and a tsunami propagation model to obtain a bet-
ter source description. However, their study did not cul-
minate in any single source, as all their surface elevation
models had discrepancies with the satellite-derived tsunami
height or arrival times. Model-2, model-3 and model-5 of
Pietrzak et al.*' did not provide good comparisons with
satellite altimeter data for the tsunami surface elevation
derived from Jason-1 satellite. Their model-4 provided
comparable initial wave height magnitude, but the rest of
the wave did not correspond to the satellite data. How-
ever, the model-3 tsunami source results showed double-
peaked initial wave in their study. Pedersen et al.*® used
the ALPHA geological model (http://www.ahec.jp/) with
three distinct uplift regions in MIKE21 to simulate the
tsunami propagation. Their source model resulted in
mimicking the initial tsunami height to a reasonable
extent, but did not capture the trough and second peak
accurately. Grilli et al.* used an initial surface elevation
obtained based on the Okada*® formulation considering
five segments. Comparison of the tsunami heights ob-
tained from a Boussinesq long-wave propagation model
FUNWAVE?" simulation resulted in overall trend of the
tsunami heights along the Jason-1 satellite track data of
tsunami heights. However, the tsunami height magnitudes
were underestimated by their model.

Different researchers used different tsunami initial sur-
face elevation in different numerical models and com-
pared with the observed tsunami heights, mostly along
Jason-1 satellite track. In this article we simulated three
different tsunami initial surface elevation sources using a
tsunami propagation numerical model so as to confirm
the applicability of these initial sources for further study.
The three initial surface models selected are: (i) model-3
constructed by Pietrzak et al.*'; (ii) Alfa model used by
Pedersen et al.* with modified fault lengths and (iii) the
Okada’® formulation considering five segments used by
Grilli et al.** (Figure 5). The tsunami propagation model
results were compared with measured tsunami wave
heights and arrival times at various locations along the
southeast coast of India and along the Jason-1 satellite
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track, to further select the best tsunami initial surface ele-
vation model to study the influence of submarine canyons
and tsunami-induced currents.

Numerical modelling of tsunami propagation

Numerical modelling of tsunami propagation and hydro-
dynamics of the study region were carried out using the
hydrodynamics (MIKE-HD) module Mike by DHI*, a
state-of-the-art numerical model for simulating coastal
and ocean hydrodynamics. The MIKE-HD module calcu-
lates the flow field by solving depth-integrated continuity
and momentum equations using the Alternating Direction
Implicit technique to integrate the mass and momentum
equations. The equation matrices that result for each di-
rection and each individual grid line are resolved by a
Double Sweep algorithm®®. Vertically integrated equa-
tions of conservation of volume and momentum in x and
y directions were used in the model. Eddy viscosity and
Coriolis terms were also included, but these were mostly
used for calibrating the model. The Smagoransky formu-
lation of the eddy viscosity was used with a constant
value of 0.5 and a bed resistance in terms of Manning’s
roughness of 64 was used for the entire domain. The
model simulations were carried out for a period of 6 h
with a time-step interval of 15 s resulting in a maximum
Courant number of 1.16. The MIKE-HD model has been
forced with a static tsunami initial surface elevation at
initial time-step. No other input forcing either from wind,
wave, or tide to the model was used. The open-
water boundaries were forced with constant elevation of
0 m and the land boundaries were reflective. The output
parameters of surface eclevation and depth averaged
currents over the entire model domain were stored at
every minute and used for further analysis.

Results
Comparison of model results with observations

The tsunami arrival times, and initial tsunami height
derived from the three models were also compared with
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Figure 5. Tsunami source surface elevation from: (a) modified
Model-3 of Pietrzak et al.'’; (b) modified Alfa of DHI-Denmark* and
(¢) Grilli et al.*.
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the measurements available from the literature® (Table
1). The comparisons show that the model forced with
Grilli e al.*° tsunami source provides a better result com-
pared to other tsunami source models considered here.
The tsunami surface elevation along the Jason-1 satellite
track, derived using the tsunami source models in Pietr-
zak et al.*', Pedersen et al® and Grilli et al*® was
compared with the satellite-derived tsunami height data
(Figure 6). The Alfa model-derived tsunami height
provides a higher initial wave and a larger trough than
observed. The second peak is underestimated and so is
the trailing wave train. Model-3-derived tsunami heights
shows an increased second peak, but the initial peak was
highly underestimated. However, the trough of the
tsunami wave is represented well. The initial tsunami
peak, trough and the second peak and the large trough as
seen in the satellite data are reproduced well by the Grilli
et al.*” tsunami source models. The second peak is under-
estimated and the second trough in the trailing waves is
highly underestimated. However, since only the first two
waves are being considered in this study, the simulation
results of Grilli et al.** tsunami source model which pro-
vide better representation of the measurements are further
used in forcing the local domain, to study the hydro-
dynamics in the vicinity of the submarine canyons. The
present study is limited to the tsunami heights and flow
velocities generated by the initial waves. The secondary
waves and currents generated by the later propagation of
the tsunami, including its reflection from the coast are not
examined.

Tsunami propagation and height

Snapshots of propagation of the tsunami front are studied
at various time intervals representing important events,
i.e. (i) tsunami initial wave crest reaching the foot of the
canyon at 02 : 57 h; (ii) tsunami initial wave crest covered
over the canyon at 03 : 25 h; (iii) maximum tsunami wave
at landfall along canyon transect at 3:30 h; (iv) maxi-
mum tsunami wave at landfall along the ridge transect at
3:36 h; (v) tsunami second wave crest having landfall
along canyon transect at 3:51 h; (vi) tsunami second
wave crest having landfall along ridge transect at 3 : 58 h;
(vii) maximum tsunami wave trough at coast along can-
yon transect at 4 : 20 h and (viii) maximum tsunami wave
trough at coast along ridge transect at 4 : 28 h. Figure 7 is
a spatial representation of the tsunami height contours for
each of the ecight events during the first two tsunami
waves. The extent of crests and troughs and the spatial
variation of the tsunami, refraction, diffraction and shoal-
ing patterns of the tsunami waves spatially can be obser-
ved from the figure.

Figure 8 shows the tsunami wave profiles along tran-
sects following the canyon and ridge for the eight events
mentioned earlier. The tsunami height profiles along the
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canyon and ridge transects show the overall profile of the
tsunami at different times, indicating the transformation
of the tsunami profile with time. Figure 9 shows the
tsunami wave heights at two locations closest to the coast
(landfall point), viz. at the end of the canyon transect
(point C2 in Figure 2) and another along the ridge tran-
sect (point R2 in Figure 2). A maximum tsunami height
of about 2.3 m is observed at point C2 along the canyon
transect, whereas at the landfall point along the ridge
transect the maximum tsunami height is 4.5 m. Figure 10
presents the maximum tsunami wave height magnitude
over the model domain for the first two waves. The tsu-
nami amplitudes along the coast off the ridge are ob-
served to be greater than the maximum values along the
coast in line with the canyon.

Table 2 provides the measured tsunami run-up at the
coast, model-derived maximum tsunami heights at 10 m
as well as maximum velocities for seven locations (L1—
L7; Figure 2), of which five are in close vicinity of the
canyons and ridges. Maximum tsunami energy density
(E = 0.125pgH?*) was estimated at 10 m depth contour for
these locations and compared with the tsunami run-up
observed on the coast from post-tsunami surveys carried
out in the region (Figure 11). The tsunami energy and
run-up height showed linear correlation.

Tsunami-induced currents

The tsunami-induced depth averaged flow velocity (cur-
rent speed) vectors over the model domain at different
times are shown in Figure 7, where the spatial variation
of velocity magnitudes in relation with the tsunami crest
and trough can be related. Prior to landfall of the tsunami
on the coast along the canyon axis, convergence of flow
velocity vectors along the ridge and divergence of flow
vectors along the canyon axis were observed (Figure 7 b
and ¢). The flow velocities were of the order of 0.1-
0.55 m/s close to the coast whereas at 10 m water depth
the flow velocities were of the order of 0.9—1.9 m/s. Fig-
ure 12 presents the tsunami-induced depth-averaged flow
velocities at the eight snapshots as indicated in earlier
sections along the canyon axis and ridge axis. Significant
current speeds of the order of 1-1.25 m/s were observed
along the canyon axis, whereas a maximum of about
0.5 m/s flow velocity was observed along the ridge tran-
sect. The flow velocity observed during the tsunami
forward propagation was slightly lower than when the re-
flected tsunami wave propagates back into the ocean.

Discussion

Tsunami propagation

Figures 7 and 8 show the initial tsunami wavefront prop-
agating from deep water to the continental shelf. The first
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tsunami wavelength while the coast experiences the arri-
val of tsunami along the canyon axis about 3.20 h or
142 min from tsunami generation, was about 24 km with
the tsunami height being 1.16 m at 7.8 km from the coast.
At that moment the first tsunami wavelength along the
ridge transect was 24 km (same as along the canyon) with
a 1.9 m tsunami height located 14 km away from the
coast. A snapshot of the tsunami profile during this time
is not included. Till the initial tsunami front with ampli-
tude 0.1 m reached the foot of the canyon and ridge,
located about 45 km from coast, there was no change in
the tsunami wavefront. The influence of first tsunami
wave was felt at the foot of the ridge and canyon at about
2.57h or 119 min from tsunami generation. As the
tsunami traversed the canyon faster than along the ridge,
the wavefront was affected by diffraction and refraction
process and then divided into different parts. These
different parts of the tsunami waves travel perpendicular
to both the sides of the canyon as well as propagating
along the canyon, thereby travelling at different wave
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Figure 7.
(f)03:58 h; (g) 04:20 h and (h) 04 : 28 h. Axes of the plots are grid numbers with each grid corresponding to 300 m square grid.

speeds as the water depths inside the canyon and along
the canyon sides are different and transferring wave
energy in the form of transmission—refraction process'®.

As the tsunami wave traverses the canyon, at 3.25 h,
about 147 min from the tsunami generation, the initial
tsunami wave had its crest between the canyon head and
the coast with an amplitude of 1.2 m about 3.6 km from
the coast. At that instant the tsunami along the ridge had
a wavelength of 21 km and tsunami amplitude of 2 m.
From the coast the tsunami front can be seen coming
closer along the canyon axis than along the ridge axis
(Figure 7 b). Furthermore, it can be seen that wave ampli-
tude within the canyon is lower than that along the ridge
(Figure 8 b). As the initial tsunami wave crest with its
maximum amplitude has its landfall at about 3.30 h
(152 min from tsunami generation), the half wavelength
is about 12 km with the amplitude being 2.3 m (Figure
8 ¢). After 6 min, the initial tsunami wave had its landfall
with the tsunami amplitude being 4.5 m and the half
wavelength being 11.4 km.

The crest of the tsunami second wave, although with
lesser magnitude both along the canyon axis as well as
along the ridge axis, had its landfall about 25 min from
that of the initial crest (Figure 8 e and f). The drawdown
or retreat of the tsunami was seen soon after the landfall
of the second crest and the wave trough had its lowest
elevation at about 4.20 h (about 202 min after the tsunami
generation) for the wave along canyon axis and at about
4.28 h along the ridge axis (Figure 8 g and /). The differ-
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Plot showing tsunami height contours and flow velocity vectors at (a) 02:57 h; (b) 03 :25 h; (¢) 03:30 h; (d) 03:36 h; (e) 03:51h

ence between the landfall of wave crest/trough along the
canyon axis and ridge axis was about 6—8 min for the
canyon considered in this study.

The tsunami wave that travelled across the ridge before
reaching the coast was observed to be more steep com-
pared to that which travelled along the canyon. Also, the
waves were observed to have a bore shape before becom-
ing steep attaining solitary wave shape along and further
surging ahead the coast. It can be seen from Figure 7a
that the wave crests propagate fairly parallel in deeper
waters; the effect of the canyons is clearly seen in the
first instance when the wave encounters the canyon or
ridge toe. It is observed that the first wave reaches the
coast earlier at locations along the canyon compared to
surrounding locations due to the relatively faster propaga-
tion speeds along the canyon. Due to the deeper waters
along the canyon, the tsunami propagates at relatively
greater speed into the canyon whereas it propagates at
relatively slow speed while it ‘climbs’ the slope of the
ridge; the lower speeds of tsunami propagation being due
to the shallow water encountered by it. As the shallow
water wave speed is proportional to water depth, the tsu-
nami velocity is lower along the ridge. The refraction and
shoaling of tsunami-waves along ridge-slopes aid in con-
centrated convergent and divergent regions in the vicinity
of the canyons and ridges. The tsunami front along the
canyon propagates faster to the canyon head, but also
diverges and propagates along the canyon slopes thereby
diffusing its energy in transverse directions. The tsunami
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tance (m) and the y-axis is surface elevation (m).

front propagation observed in this modelling study is sim-
ilar to those carried out in the literature'®'®!°, wherein the
processes of refraction, diffraction, shoaling, reflection
and dissipation of tsunami waves are observed. The tsu-
nami wave along the ridge is observed to steeper than the
tsunami profile along the canyon transect. Moreover, the
drawdown during tsunami retreat is greater along the
ridge transect compared to the canyon transect. The max-
imum tsunami heights obtained from the time of tsunami
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impact on the coast till the first two waves reach the coast
show that regions in line with the ridges have concen-
trated maximum heights and corresponding higher run-up
heights, whereas locations along the canyon transect have
comparatively lower tsunami heights and relatively lower
run-up heights. These observations from the model re-
sults as well as from the field observations are consistent
with those reported in the literature'®. The reason for
abrupt changes in the run-up heights along the southeast
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Table 2. Locations considered along the study region with the run-up height observations and model results of tsunami heights and velocities using
tsunami source from Grill et al.*
Position Maximum Maximum Maximum
tsunami tsunami tsunami

Station Latitude Longitude Run-up amplitude at velocity at amplitude at
no. Station (°N) (°E) height* (m) 10 m depth (m) 10 m depth (m/s) coast (m)
L1 Kottai Kadu Kuppam 12°14'42.00"  79°58'59.04" 2.498 1.34 1.05 2.52
L2 Ekkiar Kuppam 12°10'49.00"  79°57'37.03" 4.525 1.88 0.89 2.39
L3 Nochi Kuppam 12°05'08.46"  79°53'55.01" 3.727 1.97 1.51 3.7
L4 Periyakalapet (North) 12°02'03.18"  79°52'17.07" 5.362 2.4 1.86 4.6
L5 Periyakalapet (South) 12°01'00.00”  12°51'00.00" 5.886 2.29 1.92 43
L6 Kurinjipadi 11°36'45.03"  79°45'34.08" 3.722 1.75 1.38 3.26
L7 Velangirayan 11°31'58.8"  79°45'00.00" 3.663 1.87 1.60 3.26

*Run-up heights taken from Ilangovan et al.”’.

coast of India, wherein the run-up heights were higher at
a location by 50% is clearly seen from this study. The lo-
cations where higher run-up heights observed in the field
are in line with the ridge (locations L3-L5), whereas at
locations L1 and L2 which are in line with the canyon
showed relatively lower run-up heights (Figure 10). Thus
the influence of canyon on tsunami heights and run-up is
significant southeast coast of India. Apart from the re-
gions adjacent to canyon-ridge system, concentration of
maximum tsunami heights can also be seen at other loca-
tions both towards north and south of Pondicherry Can-
yon, which could be attributed to a comparatively wider
continental shelf width than near the canyons®’.

The pattern of variation of the observed run-up heights
is consistent with the variation in the modelled tsunami
heights along the study region, with maximum run-up
occurring along the ridge between Cuddalore and Pondi-
cherry canyons. A linear trend between the run-up height
and tsunami energy density estimated at 10 m water depth
is observed at these locations. The run-up heights were
observed to be about 0.1% (R*> 0.9) of the wave energy
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density at 10 m water depth for the open coast (Figure
11). However, this linear relationship needs to be further
studied considering other parameters (e.g. shelf width,
tsunami period, etc.).

Tsunami-induced currents

The current speed along the canyon axis gradually
increased and peaked to 1 m/s at around 3.26 h when the
crest of the initial wave had its landfall on the coast, with
the peak currents being experienced at about 2.7 km from
the coast (Figure 12), whereas during this time the peak
current speed along the ride axis was 1.2 m/s. However,
during the initial wave crest landfall at 3.30 h, the peak
current speed rapidly reduced by more than 70% within
4 min resulting due to rapid transition in the flow veloci-
ties. At this time the current speed along the ridge axis
peaked to 1.5 m/s. However, the current speed along the
ridge axis peaked to 1.7 m/s at 3.33 h, i.e. about 3 min
before the initial wave crest had its landfall. The current
speed rapidly reduced from 1.7 to 0.4 m/s in about 4 min.
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Such rapid changes in the current speeds in the region
would cause severe turbulence affecting the seabed,
thereby bringing the sediments into suspension. This
rapid change in currents corroborates the eyewitness
accounts indicating turbulent and muddy waters in the
nearshore regions. The second tsunami wave-induced
current speeds were of similar order of magnitude
(~ 1 m/s) for both the regions along the canyon axis as
well as ridge axis. The current speeds during initial wave
trough or drawdown were similar to the peak speeds
observed during tsunami advancement.

Flow velocities induced by the tsunami, as seen in the
present numerical model, were observed to be in the
maximum magnitude range 1-1.25 m/s along the Pondi-
cherry Canyon. The current speed was greater at 10 m
water depth compared to the speed closer to the coast.
The flow velocities in the canyon were greater than the
flow velocities along the ridge, which is consistent with
the observations made in other studies'®?’. Focusing of
velocity vectors on the shelf region of the ridge and
divergence of velocity vectors at the canyon head can be
clearly observed in this study. Steepening of tsunami
wave causes convergence of flow velocity vectors on
both sides of the canyon and divergence along the canyon
head.

Canyon impact on tsunami vis-d-vis other literature
results

Iglesias et al."’ analysed the results of tsunami propaga-
tion over synthetic submarine canyons and concluded that
there is a strong variation of tsunami arrival times and
tsunami amplitudes on the coastline for tsunami propaga-
tion over submarine canyon, with changing maximum
height location and alongshore extension. Their study
indicated that the presence of a submarine canyon not
only reduces the arrival time at the shore but also prevents
tsunami amplification just over the canyon axis, leading to
a decreased tsunami height along the stretch of the coast
shoreward of the canyon head. They also observed
increased tsunami height on both sides of the canyon head,
generating two stretches of the coast with increased tsunami
run-up. Similar to the results of Iglesias et al."’, the present
study also shows reduced tsunami amplitude along the can-
yon axis resulting in reduced tsunami run-up and increased
tsunami amplitude along the coast facing the ridge.
Although Grilli et al.*® and Ioualalen et al.*® used the
same initial tsunami surface elevation which is employed
in the present study and simulated tsunami propagation in
the Bay of Bengal, both these studies did not report tsu-
nami propagation and impacts of canyons related to the
Pondicherry Canyon or the southeast coast of India.
While Grilli e al.* focused on the Thailand coast, loua-
lalen et al.*® focused on the Bangladesh coast, especially
on the propagation through the submarine canyon off
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Bangladesh coast. Ioualalen er al*® could not validate
their results due to lack of measurements and could not
attribute the increased tsunami impact along the canyon
axis. However, through their study it is made clear that

Latitude (°N)

Longitude (°E)

Figure 10. Maximum tsunami heights in the study region considering
the first and second waves. Locations for comparing run-up heights
with tsunami energy are shown as L1-L7.
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Figure 11. Plot showing measured run-up height versus wave energy

density at 10 m contour. The dashed lines represent 95% confidence
limits. L1-L7 represent locations mentioned in Table 2.
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Plot showing tsunami-induced current speed variation along the Pondicherry canyon (solid line) and ridge (line with symbols) tran-
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the effects of nonlinearity, bottom friction or dispersion
are not significant for tsunami propagation along subma-
rine canyons. The results of the present study are largely
in tune with general properties of tsunami propagation
along ridges. The results corroborate with the results of
Toualalen ef al.*’, wherein increased tsunami impact away
from the canyon axis was reported in terms of high wave
activity east of the canyon which runs in NE direction.
The maximum tsunami amplitude along the coast abut-
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ting the flanks of canyon or along the ridge was observed
to be about 4.52 m, whereas along the coast abutting
the canyon axis the tsunami amplitude was observed
to be 2.3 m. The amplification due to the presence of
canyon was about two times, which was similar to the
studies carried out by Roger and Hébert'” for the coast
of Balearic Islands, wherein a tsunami amplification of
about two times was estimated on both sides of the can-
yon.
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There are no physical measurements of current speeds
available in the canyon or ridge region along the southeast
coast of India during the tsunami to validate the model re-
sults. The magnitude of the depth-averaged current speeds
was of the order of 0.5-2 m/s over the canyon; this re-
quires further validation through application of a vali-
dated 3D model with water depth resolved in the vertical.

Conclusion

Tsunami propagation modelling has been carried out to
study the tsunami heights and flow velocities in the vicin-
ity of submarine canyons off the southeast coast of India.
Tsunami amplitudes and arrival times were validated with
field observations to a higher accuracy. Considerable
effects of tsunami focusing, tsunami amplification and
flow velocity enhancement, around the submarine can-
yons and ridges are observed from the model studies.
Focusing occurs on the ridges, leading to a complex vari-
ation in tsunami heights and currents in the nearshore
(10 m contour). Maximum tsunami heights over the
ridges are approximately twice those in the canyons. The
pattern of modelled tsunami height and observed run-up
is similar to maximum height along the ridge transects
and minimum heights along canyon transects. The same
pattern is observed in the run-up limits observed in the
field, with two of the largest run-up heights along the
abutting the ridges and two of the lowest run-up heights
along the coast abutting the canyons. Observed run-up
height was proportional to the tsunami wave energy den-
sity at the 10 m contour with a R* more than 0.98, show-
ing that wave energy at the 10 m contour is proportional
to the tsunami run-up heights for open coasts, irrespective
of the presence of submarine canyons. The results of the
present study are consistent with those regarding influ-
ence of canyon on tsunami amplitudes. Tsunami-induced
current speeds showed higher values along the ridge axis
compared to those along the canyon axis. The current
speed during the drawdown is observed to be slightly
higher than that during tsunami advancement.
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