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Wave induced coastal flooding 
along the southwest coast of India 
during tropical cyclone Tauktae
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Prince Arayakandy 3, R. S. Mahendra 2 & T. M. Balakrishnan Nair 2

The coastal flood during the tropical cyclone Tauktae, 2021, at Chellanam coast, Kerala, India, has 
invited wide attention as the wave overtopping severely affected coastal properties and livelihood. 
We used a combination of WAVEWATCHIII and XBeach to study the coastal inundation during high 
waves. The effect of low-frequency waves and the rise in the coastal water level due to wave setup 
caused the inundation at Chellanam, even during low tide with negligible surge height. Wave setup 
raised the water level at the coast with steep slopes to more than 0.6 m and peaked during low tide, 
facilitating wave breaking at the nearshore region. The coastal regions adjacent to these steep slopes 
were subjected to severe inundation. The combined effect of long and short waves over wave setup 
formed extreme wave runups that flooded inland areas. At gently sloping beaches, the longwave 
component dominated and overtopped the seawalls and damaged households along the shoreline. 
The study emphasizes the importance of longwave and wave setup and its interaction with nearshore 
bathymetry during the high wave. The present study shall lead to the development of a coastal 
inundation prediction system for the low-lying hot spots using the combination of WAVEWATCHIII and 
XBeach models.

Climate change imposes diverse adverse impacts on coastal areas worldwide. Presently, intense cyclones, sea-level 
rise, storm surges, and extreme waves in the changing climate are the leading causes of coastal vulnerability prob-
lems in most coastal regions across the  globe1. The unprecedented urbanization rate in coastal areas, especially 
in developing countries, makes coastal vulnerability a serious  concern2,3. India has a vast coastline covering nine 
states, and most of these coastal states are densely  populated4. One of the severe threats to these coastal areas is 
the intense tropical cyclones and associated coastal flooding and  damage4.

The Indian Ocean is one of the world’s six cyclone-prone  areas5. The occurrence of an average of 5–6 intense 
cyclones per year is expected in the North Indian Ocean (NIO). In the NIO region, cyclone occurrence has been 
high in the Bay of Bengal (BoB) compared to the Arabian Sea (AS), with an occurrence ratio of 4:1 until the recent 
 past6. Recently this ratio has changed mainly because of the rapid warming of the AS, which supports cyclone 
formation, another visible impact of climate change. The AS started witnessing more intense tropical cyclones 
(a 150% increase during the last two decades), making India’s west coast vulnerable to cyclones imposing threats 
like storm surges and high  waves7. Until recently, the west coast was least prepared for severe cyclones. From 
Very Severe Cyclone Storm (VSCS) Okhi onwards, the coast experienced the worst damage along the western 
coastal regions. This was not different in the case of VSCS Tauktae (hereafter referred to as TC Tauktae) in May 
2021. The cyclone caused severe damage to many coastal regions as the cyclone traversed parallel to the west 
coast. High waves were lashing on the coastal areas, which posed a severe threat to the life and property of the 
coastal population along the west coast until it made landfall in Gujarat on May 17, 2021. In both cases, one of 
the most affected states was Kerala.

TC Tauktae caused widespread damage in Kerala, especially in the coastal regions, through coastal flooding, 
erosion, and destruction of houses in vulnerable areas along the coast. The high wave attacks, erosion and flood-
ing, forced the evacuation of hundreds of families in each affected District. The ocean state, weather, and storm 
surge forecasts were well in  place8. The storm surge predicted with the operational forecast system is about 0.15 m 
at the Chellanam coast and showed no coastal inundation in the present operational storm surge inundation 
forecast system. Moreover, the impact period at the Chellanam coast corresponded with the low tide. Despite 
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these conditions, the coast was severely flooded with wave overwash that highlighted the complex coastal wave 
dynamics and its interaction with the underlying bathymetry.

The flooding at Chellanam is purportedly due to the infragravity waves and the wave setup that cause a 
resultant increase in the mean water level at the coast, facilitating wave overwash and inland inundation. The 
infragravity or long frequency waves associated with the incoming short wave  bands9 elevate the total wave 
runup. As the infragravity waves increase the coastal surface water elevation, they might significantly contrib-
ute towards extending the coastal inundation during the wave overwash under cyclone conditions. The coastal 
water elevations are also increased due to the wave setup formed under breaking waves, where the cross-shore 
gradient in the radiation stress results in the rise of the mean water level at the  coast10. The infragravity waves 
are not resolved by the operational forecast system for coastal inundation during the cyclone. Even though the 
forecast system includes the effect of wave radiation stress, a coarser grid resolution of ~ 100 m at the shoreline 
has failed to simulate the coastal inundation at Chellanam during the TC Tauktae. A forecast system for coastal 
inundation that incorporates the complex coastal wave hydrodynamics is very much needed in places like Chel-
lanam, Kerala, where the high waves create frequent coastal inundations and destruction to livelihood. Hence, 
the present study attempts to predict wave-induced coastal inundation during the TC Tauktae to explore the 
possibility of an inundation forecast system for Chellanam. We used a combination of WAVEWATCHIII and 
XBeach models for the study.

Tropical cyclone Tauktae
TC Tauktae was the first very severe cyclonic storm over the north Indian Ocean in 2021 and the most intense 
cyclone of the AS during the satellite era (1961–2021) after the Kandla cyclone in 1998. A well-marked low-
pressure area formed over the southeast AS and adjoining Lakshadweep area on May 13, 2021. Under favour-
able environmental conditions, it concentrated into a depression over the Lakshadweep area in the morning of 
May 14, 2021, and intensified into a deep depression in the afternoon. The deep depression further intensified 
into cyclonic storm “Tauktae” at the same midnight of May 14 over the same region, which then intensified 
into a severe cyclonic storm and moved northward on May 15 (Fig. 1). Continuing to move nearly northwards, 
it intensified into VSCS in the early hours of May 16. It gradually started moving north-northwestwards from 
noon (1130 hours IST/0600 UTC) of May 16 and intensified rapidly into an extremely severe cyclonic storm in 
the early hours of May 17. After that, it entered a marginally unfavourable environment, weakened gradually 
and crossed the Saurashtra coast near latitude 20.8° N and longitude 71.1° E, close to the northeast of Diu dur-
ing 2000–2300 hours IST of May 17, 2021 with a maximum sustained wind speed of 160–170 kmph gusting to 

Figure 1.  Study region showing (a) Arabian sea overlaid with the track of TC Tauktae, location of wave rider 
buoy AD07 and Ratnagiri used to validate WW3 is marked, (b) LISS-IV image of Chellanam region, location of 
time series Wave Watch III data used to force the XBeach model is shown as white circle; (c) Bathymetry of the 
domain used to simulate the nearshore wave dynamics using XBeach model, BW is the break water, the inset 
demarcates regions as A and B and the point locations 1 to 10 are used to estimate  Hln [We have used licensed 
version of ArcGIS desktop version 10.5 available at Space Applications Centre to prepare this figure, http:// www. 
esri. com/].

http://www.esri.com/
http://www.esri.com/
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185 kmph. TC Tauktae caused adverse weather and damage over entire west coast states, Union Territories and 
Lakshadweep as it moved parallel to the west coast and crossed Gujarat.

Study area
Chellanam is a coastal village located on the southwest border of the Ernakulam district. The coastal stretch of 
Chellanam village extends to about 15 km (Fig. 1). A total population of almost 16,000, mostly belonging to 
the working class and farming community, fishing, agriculture, aquaculture etc., with relatively modest or poor 
living conditions, are staying in the village. The major issue faced is coastal erosion and inundation, which has 
been creating serious havoc among the people due to the destruction and loss of houses constructed near the 
shore, especially during high swell events and monsoon. Recently the passage of TC Taukate badly affected the 
entire coastal belt of Chellanam. Huge waves overtopped the sea wall resulting in floods in the low-lying areas. 
Severe damages occurred to the houses, household items, vehicles and other infrastructure facilities. The adopted 
protection measures (Seawall and geotubes or a combination of these measures) all along the coast are inadequate 
to manage the erosion and inundation along the Chellanam coastal stretch. These protection structures were 
critically damaged in several places on the Chellanam coast, causing overtopping during high  waves11.

Data and methodology
Bathymetry. The present study has used a coastal high-resolution blended bathymetry merged with a top-
ographic database. The bathymetry data is a blend of in-situ data (hydrographic charts, surveyed data from 
ships) for coastal regions and the General Bathymetric Chart of Ocean (GEBCO) data of 30 m spatial resolution 
towards the offshore. The outlier filtering was performed using a 2-sigma of semi-variance value within a 9 × 9 
kernel spatial running window to avoid the abnormal spatial spike on the blended bathymetry. The blended 
coastal bathymetry is accurate, with an RMSE of 0.66 m in shallow waters (up to 60 m depth), which is essential 
to enhance the accuracy of the coastal modelling and inundation simulations. A high-resolution (5 m) Airborne 
Lidar Terrain Mapping (ALTM) topography data with 30 cm vertical accuracy up to 2 km from the coast and 
Cartosat-1 DEM (CartoDEM) data beyond 2 km were used as sources of the land elevation along the coastal 
zones of the study area. All these datasets were corrected to a common MSL datum.

Models used. WAVEWATCH III. WAVEWATCH III (WW3) version 6.07, with ST4 parameterization 
 scheme12 and with 4 grid mosaic a global grid of 1° spatial resolution, two regional grids (Indian Ocean (0.5) and 
northern Indian Ocean (0.25°)) and a coastal grid (0.04°)) for the Indian Ocean region was forced with ECMWF 
wind fields and generated the wave  fields13. The model uses a spectral grid that consists of 29 frequencies and 36 
directions. The wave spectrum extracted along the location shown in Fig. 1 is used as the open boundary condi-
tion for the 2D XBeach model.

XBeach model. The XBeach surf beat mode resolves the short wave variations on the wave group scale and 
allows the representation of long  waves14. A dependent wave-action balance equation is solved using the dis-
sipation model to derive the wave group  forcing15,16. The momentum after breaking is represented by a roller 
 model17. The associated radiation stress gradients exert force on the water column, thus representing the setup, 
wave-driven currents and longwave swash. The nonlinear shallow water equations solve the long-period waves 
and unsteady  currents14. The mathematical description of the model and the numerical schemes involved are 
detailed  in15,16.

A report of the under-prediction of longwave  runup18 prompted subsequent improvements in the XBeach 
with a single direction scheme to better predict the short wave groupiness. The performance of the XBeach in 
predicting long-period waves was evaluated for the Hambantota Port in Sri Lanka and observed accurate pre-
diction of long waves in the open  domain19. Although using stationary wave conditions, the performance of the 
XBeach in simulating coastal erosion has been evaluated for the Indian coastal region  by20,21.

The XBeach model is configured in 2D, where we have used varying grid resolution in the across-shore direc-
tion with 20 m resolution set to the coastal region, and the longshore grid resolution is kept constant at 20 m. 
The high-resolution blended bathymetry and topography (“Bathymetry” section) are used to create the domain 
shown in Fig. 1. As the present study focuses on coastal inundation, we have excluded sediment transport and 
morphological updating. The directional wave spectrum from 13 to 17 March 2021 extracted for the location 
shown in Fig. 1b from WW3 is used to force the XBeach model along with the predicted tidal elevation using 
the Global Tide Model of MIKE21 toolbox developed by DTU  Space22.

The significant wave height of the longwave  (Hln) and the short wave  (Hsh) is computed from the time series 
information of model output written for point locations marked from 1 to 10 in Fig. 1. The energy spectrum is 
obtained from the variance of the time series surface elevation filtered within the frequency range of infragrav-
ity waves (0.005–0.04 Hz) at the locations and the zero-order moment of the energy spectrum (m0) is used to 
estimate Hln

14,19,23 as

Results and discussions
The inundation of the coastal area along the Chellanam hamlet on the southern coast of India during the TC 
Tauktae was in the limelight as several households, roads and public facilities were severely affected. The XBeach 
model was applied in surfbeat mode to simulate the wave conditions from May 13 to May 17, 2021. Figure 2 
shows the significant wave height (Hs) validation at an offshore and coastal buoy location (Fig. 1a) during TC 

(1)Hln = 4
√
m0
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Tauktae. It indicates the ability of the operational WW3 wave model to accurately simulate the cyclone-induced 
high waves in the area of interest, thereby ensuring the correctness of the wave boundary conditions given to 
the XBeach model.

The significant wave height of the longwave component  (Hln) is estimated as described in section “XBeach 
model” for the point locations shown in Fig. 1c. Five locations are taken for each region corresponding to offshore 
bathymetry contours of − 15, − 10 and − 5 m near the shoreline. Figure 3b,c show the time series  Hln estimated for 
the point locations at regions A and B, and the offshore wave condition is plotted in Fig. 3a. A notable increase 
in the  Hln can be observed from 14:00 h on May 14 until 10:00 h on May 15, 2021, specifically at point locations 
near the coast. Hln peaks at point locations in both regions correspond to a − 5 m bathymetry contour. The rela-
tive increase in  Hln corresponds to the time when high waves  (Hsh, Fig. 3a) generated by TC Tauktae reached the 
coast of Chellanam. The amplitude of the long wave is approximately proportional to the height of the incident 
short wave and independent of the  period24.

Figure 4 shows the change in the significant wave height of  Hsh and  Hln for regions A and B, from the off-
shore boundary to the coast during the highest wave event of the cyclone impact. While approaching the coast, 
the energy of the short wave gets dissipated, and the wave height is reduced. In contrast, the wave height of the 
longwave component increases from negligible height at the boundary toward the coast. In both regions, the 
peak of  Hln at − 5 m is observed to reduce as the wave approaches the shoreline. The significant wave height of 
 Hln at the shoreline of region A is about 0.7 m, while at the shoreline of region B, the  Hln is about 0.8 m. Ruju 
et al.25 observed the energy of the infragravity waves to increase at the outer surf zone, where the gradient in 
the radiation stress balance the nonlinear energy transfer from swell to infragravity waves. The increase in the 
infragravity waves is limited at the outer surf zone, where the dissipation starts towards the shoreline. Infragrav-
ity wave growths in the inner surf zone can be higher along gently sloping bathymetry due to long propagation 
 time26. The coastal slope at region B is gentle compared to region A (Fig. 6) and shows an increased infragravity 
wave height near the coast.

The momentum of the waves is transferred to the water column in the surf zone, which leads to an increase 
in the water level called the wave setup. The water level from May 14, 14:00 h to May 15, 10:00 h, correspond-
ing to the peak storm, is analyzed to obtain the maximum water level at each grid and is shown in Fig. 5a, and 
the significant wave height obtained with the same procedure is shown in Fig. 5b. Along the coastal zone, the 
maximum significant wave height shows spatial variability, where the coastline in region A is impacted with 
higher waves compared to the region marked as B. Spatial variation in the maximum water level due to wave 
setup (Fig. 5a) is prominent along the coast. The water levels are high on the northern coast (region marked as 
A), and in the region marked as B, the highest water level falls far from the coast. Figure 6 shows the average 
maximum water level (Fig. 5) estimated along 10 cross-shore profiles at regions A and B, and the corresponding 
cross-shore bathymetry profiles are plotted. In region A, the cross-shore bathymetry from − 6 m to the shoreline 
has a sudden decrease in depth, forming a steep slope of 0.22. At the same time, the bathymetric slope at region 

Figure 2.  Validation of WW3 significant wave height forecast with buoy observations (a) offshore (b) coastal.
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B is relatively steep, between − 10 and − 6 m, which is located away from the coast. From − 6 m to the shoreline, 
the bathymetry shows a gentle slope of 0.08 in region B. The water level at region A is steep towards the coastal 
region; the elevation reaching a maximum of over 0.6 m near the  shoreline27 established an empirical relation-
ship for wave setup that is proportional to the slope. It can be observed that the wave setup is steep at region A, 
where the bathymetry profile forms a steep slope. Whereas the water elevation at region B reaches a maximum 
of about 0.6 m at a distance of about 1 km from the shoreline, and then it gradually drops to around 0.4 m at the 
shoreline. As observed from the bathymetry profile of region B, the slope is steep away from the coast between 
− 10 to − 6 m, which possibly has increased the wave setup. Moreover, towards the coast, the slope reduced with 
a gradual decrease in the surface water elevation.

The impact of the TC Tauktae at the Chellanam coastal region occurred during low tide, which may have 
increased the wave setup. From the time series water elevation at point locations 5 and 10, the average is estimated 
for 15-min intervals and is plotted in Fig. 7a along with the tidal condition. During the storm wave conditions, 

Figure 3.  (a) Shot wave parameters at the offshore boundary; (b) Significant wave height at points 1 to 5 
(Fig. 1); (c) Significant wave height at points 6 to 10 (Fig. 1).
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the peak in wave setup is concomitant to the low tide. A small peak in wave setup is also observed during the 
non-storm condition coinciding with the low tide condition. We carried out two experimental simulations to 
understand the effect of tidal conditions on wave setup. In the first simulation, the model is forced with the 
out-of-phase tide, and in the second simulation, a constant tide of 0.4 m is given while retaining the same wave 
boundary parameters.

The out-of-phase tide and corresponding averaged surface water elevation at station 5 are plotted in Fig. 7b, 
where it can be observed that the peak in wave setup during the storm wave shifted in time to be concurrent 
with the low tide. The surface water elevation simulated with the constant tide is also shown in Fig. 7b. The peak 
wave setup with the constant tide has decreased to 0.17 m. In comparison, the wave setup simulated with tidal 
variation has peak values of more than 0.25 m which corresponds to the low tidal  condition28 give a plausible 
reason that with increased water depth during high tide, large waves reach the shore without breaking, resulting 
in a reduced height of wave setup. During low to mid-tide, the wave setup gets pronounced due to nearshore 
wave breaking. The shoreline of Chellanam is protected with a seawall, and due to the presence of steep coastal 

Figure 4.  The change in the significant wave height of  Hsh and  Hln at region A and B from offshore boundary to 
the shoreline.

Figure 5.  Simulated maximum (a) wave setup and (b) significant wave height (short wave) during the period of 
TC Tauktae at Chellanam.



7

Vol.:(0123456789)

Scientific Reports |        (2022) 12:19966  | https://doi.org/10.1038/s41598-022-24557-z

www.nature.com/scientificreports/

bathymetry, during high tide, the waves may reach the seawall without breaking, while the low tide favours 
nearshore wave breaking that induces wave setup and elevated water level at the coast.

Figure 8 shows the maximum inundation extent during the period overlaid on Google Earth. Even though 
the waves overtopped and inundated the entire coastline, the landward inundation is maximum to the northern 
part of the domain. The XBeach model in surfbeat mode has simulated the long period infragravity waves that 
increased its height as the wave propagated to the shoreline and had a peak value of more than 0.7 m near the 
coast. The maximum surface water elevation at the shoreline for region A due to the wave setup was 0.7 m. The 
combined effect of infragravity waves and wave setup increased the coastal water elevation to about 1.5 m, over 
which the storm waves acted along the coast, overtopped the coastal structures and inundated the low-lying 
regions. The inland inundation reached about 300 m in the northern part. Reports during the TC Tauktae have 
confirmed the inundation of the coastal road around 300 m away from the shoreline at places (https:// www. 
thehi ndu. com/ news/ natio nal/ kerala/ cyclo ne- taukt ae- chell anam- conti nues- to- reel- under- flood ing- people- shift 
ed- to- relief- camps/ artic le345 65220. ece).

Conclusions
The simulation carried out to study the inundation of Chellanam emphasizes the contribution of infragravity 
waves and wave setup on the overtopping of the waves inundating the coastal regions that are often ignored in 
the operational framework of coastal inundation during cyclone conditions. The coastal inundation at Chel-
lanam is important, as the storm surge during the cyclone was negligible, as observed from the tide station data 
at the adjacent Cochin Port and the time of high wave impact corresponds to the low tidal conditions. Despite 
the above conditions, the inundation at Chellanam has severely affected the settlements. The waves severely 
damaged many houses, and overtopped water flushed past beach road and caused waterlogging even at those 
on the eastern side of the road.

The bathymetry slope has crucially controlled the wave setup elevation, which peaked at about 0.7 m at the 
shoreline with steep bathymetry profiles. The temporal variability is influenced by the incoming short and long 
waves and tidal conditions. The simulation results show that the wave setup has peak elevation during the low tide 
time. Experimental simulation with constant high tide conditions significantly reduced the wave setup elevation, 
showing the effect of low to mid-tide conditions in enhancing the wave setup elevation. The combined impact of 
short wave, longwave component and wave setup on the maximum runup extent is modulated by the steepness 
of the bathymetry and the tidal conditions. The peak in the longwave and wave setup corresponded to the high 
waves from the TC Tauktae, resulting in wave overwash that caused severe flooding, and the coastal residences 
at Chellanam were severely affected. The study also envisages the modelling framework to include the longwave 
component and the wave setup for operational inundation forecast during the cyclone and the coastal flood-
ing during the high swell waves or the Kallakadal phenomenon. The development of wave-induced inundation 
and erosion forecast systems for selected hot spots is the need of the hour as extreme waves may cause extreme 
damage to the coast, and in the anticipated climate change scenario, with increased storm surges; heavy rains 
and rising sea level, the impact on the coastal region will be extremely adverse.

Figure 6.  Maximum water level due to wave setup at region A, B, along with the corresponding bathymetry 
profiles.

https://www.thehindu.com/news/national/kerala/cyclone-tauktae-chellanam-continues-to-reel-under-flooding-people-shifted-to-relief-camps/article34565220.ece
https://www.thehindu.com/news/national/kerala/cyclone-tauktae-chellanam-continues-to-reel-under-flooding-people-shifted-to-relief-camps/article34565220.ece
https://www.thehindu.com/news/national/kerala/cyclone-tauktae-chellanam-continues-to-reel-under-flooding-people-shifted-to-relief-camps/article34565220.ece
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Figure 7.  (a) Predicted tide at Chellanam and wave set up averaged over 15 min at locations 5 and 10 of regions 
A and B, respectively. (b) Experimental simulation with the out-of-phase tide and constant tide of 0.4 m at 
region A.
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Data availability
The mooring observations used in this article can be accessed upon request from INCOIS (https:// incois. gov. 
in/ portal/ datai nfo/ drform. jsp ).

Received: 9 August 2022; Accepted: 16 November 2022

Figure 8.  Simulated coastal inundation at Chellanam over Google Earth images. The point locations shown are 
(a) Cheriyakadavu, (b) Kannamali, (c) Velankanni, (d) Kandakkadavu and the corresponding photographs of 
inundation are shown in the right panel.

https://incois.gov.in/portal/datainfo/drform.jsp
https://incois.gov.in/portal/datainfo/drform.jsp
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