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Abstract The southwest coast of India is exposed to long-period swells propagated from the 
South Indian Ocean during pre- and post-monsoon seasons. Although swells from the South- 
ern Ocean and Atlantic Ocean were identified in the North Indian Ocean, their existence and 
impact along the southwest coast of India were not well investigated. On 19 March 2019, the 
Valiyathura-Shangumukham coastal stretch along the southwest coast of India experienced an 
unexpected coastal inundation without having a prompt forecast/warning, and not induced by 
a storm/cyclone in its vicinity. The present study investigates the causative forces of this inun- 
dation and estimates the wave runup and inundation. The study reveals that an unusual swell 
system was developed in the Indian-Atlantic-Southern Oceans (IASO) interface during 10—12 
March and propagated towards the southwest coast of India. The measured wave spectra off
Varkala clearly depicts the presence of long-period swells (T p > 18 s), which dominantly occurred 
as single-peaked. Wave modelling has been carried out to characterize the wave transforma- 
tion associated with the “IASO interface swells” along the southern Kerala coast. A wave runup 
of up to 0.93 m height and a coastal inundation of up to 83 m onshore have been estimated 
during this event. 
© 2023 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

wells play a major role in the distribution of energy from 

he deep ocean to nearshore regions and contribute to 
ave-induced coastal dynamics as they interact with wind 
eas, tides and currents ( Hanley et al., 2010 ). Waves in 
he North Indian Ocean (NIO) are generally dominated by 
he swells propagated from the South Indian Ocean (SIO) 
uring pre- and post-monsoon seasons ( Anoop et al., 2015 ; 
ashikant et al., 2013 ). However, local wind seas induced by 
ea breeze often superimpose with these swells and result 
n complex sea states during pre-monsoon seasons ( Glejin 
t al., 2013 ; Piyali et al., 2019 ; Vethamony et al., 2011 ). In
he Arabian Sea (AS), southwest monsoon (SWM) winds and 
ropical cyclones generate high swells ( Aboobacker et al., 
011a ). Long-period swells from far SIO and the Atlantic 
cean were also identified in the AS ( Samiksha et al., 2011 ). 
he AS also experiences the northerly shamal and makran 
wells during pre- and post-monsoon seasons ( Aboobacker 
t al., 2011b ; Aboobacker and Shanas, 2018 ; Anoop et al., 
020 ). 
Long-period swells generated by tropical or extra- 

ropical storms cause flooding along the coasts in differ- 
nt parts of the world ( Andrew et al., 2015 ; Kurian et al.,
009a ). Along the SW coast of India, the relative narrowness 
f the continental shelf and a near perpendicular orthogo- 
al of swells enhance the wave setup and increase the swell 
eights compared to the other coasts of India ( Remya et al., 
016 ). In low-lying areas, the combination of long-period 
wells and spring tides can contribute to nuisance flooding 
 Hamed et al., 2015 ). There were such incidents occurred 
long the Kerala coast on a few occasions ( Kurian et al., 
009b ). For example, high swells that occurred in May 2005 
ave marooned almost all the low-lying areas of the Ker- 
la coast and the southern coast of Tamil Nadu. The coastal 
oods that occurred at Chavakkad in September 2021, at 
lappuzha in September 2015, and at different parts of the 
erala coasts in April 2018, were a few other incidents as 
eported by the news media. Recently (May 2021), cyclone 
auktae caused severe flooding at Thiruvananthapuram, the 
outhern tip of the Kerala coast. Most of these events are as- 
ociated with an initial receding of coastal waters, followed 
y strong swells, called Kallakadal ( Kurian et al., 2009b ). 
uring the Kallakadal of May 2005, the Adimalathura coast, 
ear Thiruvananthapuram was inundated about 500 m in- 
and ( Kurian et al., 2009b ). 

When waves approach the coast, most of the energy dis- 
ipates across the surf zone by breaking. A part of this en- 
rgy is converted into potential energy and makes a runup 
n the beach ( Stockdon et al., 2006 ). The swash is domi- 
ated by incident energy on reflective beaches, and more 
xtreme wave runup occurs for swells with wavelengths be- 
ween 500 m and 800 m ( Abdalazeez Ahmed, 2012 ). Highly 
eflective beaches have a slope between 4 ° and 10 ° with 
edium sand grains ( Scott et al., 2011 ). The Kerala coast 
as been distinctively classified into high-energy, medium 

nergy and low-energy regions, depending upon the beach 
ace and grain size distributions ( Kurian, 1987 ). The south- 
rn Kerala coast falls under high-energy coast, and the im- 
act of flash flood events along this coast is relatively higher 
 Ramesh et al., 2022 ). 
504 
The number of flooding events along the Kerala coast 
s increasing year by year, and most of the events were 
ot given proper scientific attention ( Sachin et al., 2014 ). 
uture projections indicate that extreme wind speeds and 
ave heights in the SIO are increasing towards the end 
f the century ( Krishnan et al., 2022 ). The connectivity 
f flash floods with SIO swells is somewhat known ( Remya 
t al., 2016 ). However, this needs to be further elabo- 
ated on the context of swells generated at an interface be- 
ween the Indian, Atlantic and Southern Oceans (IASO). The 
resent study aims to fill this gap by exploring swell genera- 
ion regions in the IASO interface, which propagate towards 
he NIO and impact the southern Kerala coast. Flooding of 
arch 2019 has been investigated by identifying causative 
emote storms, swell generation, and propagation, and ana- 
yzing the nearshore wave regime including wave runup. The 
tudy also emphasises the importance of continuous moni- 
oring and prediction of distant storms and corresponding 
well propagation, which contribute significantly to the pre- 
onsoon coastal flooding. 

. Study area 

erala is an Indian coastal state located at the southwest 
f the subcontinent with a coastline of 590 km distributed 
cross 222 coastal villages with an average population den- 
ity of 2,262 people per square kilometre ( Sachin et al., 
014 ). Nearly 40% of the population lives within 25 km of 
he coast and as the sea level rises, low-lying land areas 
nd small islands could shrink due to flooding and coastal 
rosion, forcing large-scale migration inland. Thiruvanan- 
hapuram coast is located at the extreme south of Kerala 
oast. Figure 1 shows the study region that extends from 

anyakumari in the South to Varkala in the North covering 
pproximately 120 km alongshore. The Valiyathura is in the 
iddle, and Shangumukham is 2.4 km north of it. The Thiru- 
ananthapuram coast is a high-energy coast, where the shelf 
radient is 33.33 × 10 —3 , the highest along the SW coast of 
ndia ( Kurian, 1987 ; Ramesh et al., 2022 ). The mean grain
ize here is around 0.30 mm. The annual mean wind speed 
s around 4.3 m/s along the Thiruvananthapuram coast and 
.0 m/s in the offshore region ( Abdulla et al., 2022 ). This
egion experiences a maximum H s of around 6.0 m and 2.0 
 during SW monsoon and during fair-weather seasons, re- 
pectively. Whereas the mean H s are around 3.0 m and 1.5 
 during SWM and fair-weather seasons, respectively ( Baba 
nd Joseph, 1988 ). 

. Data and methodology 

.1. Wind data 

his study utilises the ECMWF Reanalysis v5 (ERA5) winds 
ver a semi-global domain (0 °—120 ° E, 90 °S—30 °N) covering 
he Indian Ocean and part of the Southern, Atlantic and Pa- 
ific Oceans to evaluate the storm events which cause the 
ash floods off Valiyathura. These winds are also used as 
he surface forcing in the wave simulations. The ERA5 winds 
re extracted for every 1 hour on a 30 km × 30 km spa-
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Figure 1 Location map of the study area: a) India sub-continent, b) SW coast of India with buoy location (B1), and c) Thiruvanan- 
thapuram coast. Shangumukham is 2.4 km north of Valiyathura. 
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ial resolution during March 2019 ( https://www.ecmwf.int/ 
n/forecasts/datasets/reanalysis-datasets/era5 ). The ERA5 
inds are found satisfactory for the global ocean modelling 

 Parsons et al., 2018 ). Recent studies on the wind-wave 
haracteristics over the Indian ocean has made use of ERA5 
atasets and are validated with measurements ( Aboobacker 
t al., 2021 ; Mahmoodi et al., 2019 ; Parsons et al., 2018 ;
reelakshmi and Prasad, 2020a , b ). The ERA5 waves are also 
xtracted for every 1 hour on a 55 km × 55 km spatial reso- 
ution during March 2019 for the spatial wave data analysis. 

.2. Wave measurements 

he present study analyses the measured wave spectra and 
ntegral parameters along the Thiruvananthapuram coast. 
 directional wave rider buoy (DWR-MKIII) developed by 
505 
atawell BV, Netherlands, was deployed at 15 m depth off
arkala during 01—22 March 2019 ( Figure 1 b). The DWR is 
rovided with the HF link facility for online transmission 
ith wave data output rate of 1.28 Hz for distances up to 50
m over the sea. The heave range of the buoy is —20 m to
 20 m with a resolution of 1.0 cm. The range of frequency
n the spectra is 0.01—0.58 Hz (wave period between 1.6 s 
nd 100 s), and the directions are from 0 ° to 360 °. Continu-
us wave data for every 30 minutes with a sampling period 
f 20 minutes were collected. 

.3. Wave modelling 

he wave runup calculations require fine-resolution wave 
ata close to the shore. Therefore, numerical wave 

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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Figure 2 Model domain, bathymetry and flexible mesh used for wave simulations off the Thiruvananthapuram coast. B1 is the 
wave measurement location. Valiyathura is the region where the flash floods occurred on 19 March 2019. 
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imulations have been carried out along the Thiruvanantha- 
uram coast to resolve the shallow water effects and to ex- 
ract the nearshore wave parameters (at 5 m depth) for the 
ave runup calculations. For this purpose, a local model has 
een set up using MIKE 21 — Spectral Waves ( DHI, 2019 ). The 
odel domain extends 220 km in the north-south axis cov- 
ring the entire Thiruvananthapuram coast and has a width 
f 199 km in the north and 133 km in the south ( Figure 2 ).
 arc-minute resolution ETOPO1 data ( Amante and Eakins, 
009 ) along with digitized hydrographic charts available at 
ational Centre for Earth Science Studies (NCESS) has been 
sed to generate the model bathymetry. A variable reso- 
ution mesh has been adopted for the proper representa- 
ion of deep, intermediate, and shallow waters. The mesh 
ize in the outer region is around 6—7 km (side of the tri- 
ngle), while that in the intermediate zone is around 1.4 
m and that at the Valiyathura coast is around 300 m. The 
RA5 winds have been used to force the surface boundary, 
506 
hile the wave parameters extracted from ERA5 waves have 
een applied as the boundary conditions all along the 3 open 
oundaries. The simulations have been carried out in March 
019. 
The wave model has been tuned with different val- 

es of coefficients such as dissipation due to bottom fric- 
ion (S bot ), white capping dissipation coefficient (C dis ) and 
ave breaking parameter ( γ ). Earlier studies used C dis , and 
as calibration parameters in the nearshore wave sim- 

lations along the SW coast of India ( Nair et al., 2011 ,
013 ; Parvathy et al., 2014 ). Kurian et al. (2009a) ap- 
lied varying bottom friction estimated using mean grain 
iameter (D 50 ) ranging from 0.00025 m to 0.0003 m for 
he wave simulations along the southern Kerala coast. 
n the present study, a better calibration has been ob- 
ained when C dis = 2.6 and γ = 0.5. We used D 50 = 0.0003
btained from field investigations to calculate the bottom 

issipation. 
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.4. Beach slope 

he beach slopes at Valiyathura and Shangumukham coast 
re measured by field surveys using clinometer compass 
 McFall, 2019 ). The compass has been placed at the mid- 
ater line during low tide, to measure the foreshore slope 
f the beach. Three field surveys are conducted in March 
019, to characterise the beach slopes. 

.5. Wave runup computations 

he wave induced maximum water elevation on the fore- 
hore is estimated as the extreme wave runup using both 
ave (H s and T p ) and beach slope ( β) ( Torres-Freyermuth 
t al., 2019 ). The amount of runup is the extreme vertical 
eight above still water level that the rush of water reaches. 
t is affected by wave set up and swash ( Stockdon et al., 
006 ). The wave set up is the elevation of the mean water 
evel (MWL) above the still water line due to onshore mass 
ransport by the action of waves. We find that the selected 
oastal stretch, namely Shangumukham to Valiyathura along 
he Thiruvananthapuram coast is a dissipative beach based 
n the Irribarren number ( ξ) and foreshore slope β, which 
re collectively defined as: 

= tan β/ 
√ 

H b / L (1) 

here L is the wavelength and H b is the breaker wave 
eight. 
The estimated β and ξ for the Thiruvananthapuram coast 

re 0.034—0.047 radians and 0.20— 0.27, respectively. When 
< 0.1 radians and ξ < 0.3, the runup is independent of β
 Stockdon et al., 2006 ). Thus, runup can be approximated 
o Equation (2) as follows: 

 2% = 0 . 043 (H s L) 
1 / 2 (2) 

Based on this approximation the wave runup along the 
hiruvananthapuram coast has been estimated. 

. Results and discussion 

.1. Spectral variability in response to remote 

torms 

he waves measured from 1 to 22 March 2019 indicate that 
he H s are moderate except on a few occasions ( Figure 3 ). 
nterestingly, the highest H s occurred in two instances — one 
ith a lower T p (about 9 s on 6 March) and the other with
 relatively higher T p (around 20 s on 18 March). The corre- 
ponding mean wave directions are 200 ° and 210 °, respec- 
ively. The former is associated with a wind sea-dominated 
ea state, while the latter is associated with a long-period 
well-dominated sea state. Typically, there are three sea 
tates along the west coast of India: wind sea-dominated, 
well-dominated and co-existence of wind seas and swells in 
early equal proportion ( Aboobacker et al., 2011a ; Rashmi 
t al., 2013 ). The presence of two wind sea components 
rom two different directions along with a distant swell 
 Aboobacker et al., 2014 ) and two swell components from 

ifferent directions along with wind seas ( Anoop et al., 
020 ) were also identified along the west coast of India. 
507 
The measured 1D spectra measured highlights typical 
nd peculiar spectral characteristics ( Figure 3 ). Generally, 
hey are a combination of single-peaked and multi-peaked 
pectra during the measurement period. The spectra on 06 
arch reveal the co-existence of a swell and a wind sea, 
uring which the H s is above 1.0 m. The frequencies corre- 
ponding to the primary and secondary peaks are 0.11 Hz 
swell) and 0.24 Hz (wind sea), respectively. The generation 
rea of the swell present here could be the tropical/sub- 
ropical SIO as the peak swell period is only around 9s, 
uring which the peak swell direction was 180 °. This is a 
otential swell generation area during the pre- and post- 
onsoon season as evidenced by Aboobacker et al. (2011a) . 
he peak wind sea direction was around 305 °, which is due 
o a sea breeze. Sea breeze activity is prominent along the 
W coast of India during the pre-monsoon season ( Aparna 
t al., 2005 ). Although wind sea energy varies, the influence 
f sea breeze is evident in the wave spectra in variable fre-
uencies throughout the measurement period. 
On 09 March, the spectrum is single-peaked consisting of 

 dominant SIO swell from 195 ° having a peak frequency of 
bout 0.095 Hz, during which the energy in the wind sea 
egion is very low. The absence of wind sea peak here is 
ssociated with low/no wind conditions (at 12 AM), which 
s apparent from the diurnal patterns of the coastal winds 
long the southwest coast of India during the pre-monsoon 
eason ( Aboobacker et al., 2021 , 2014 ). 
On 16 March, the region experienced two major swell 

omponents; primary swell was from 195 ° with a frequency 
f about 0.08 Hz and the secondary swell was from 185 °
ith a frequency of about 0.11 Hz. This is a mixed sea state
ith swells from far and near regions of the SIO. In the fol-
owing days (17 and 18 March), the primary peak has been 
hifted to a relatively lower frequency region with a nar- 
ow spectral band having a peak frequency of about 0.05—
.055 Hz, and the energy in the secondary swell peak has 
een gradually weakened. During these days, the primary 
well directions were shifted to 210 °, while the secondary 
wells remained at 180—185 °. This brings the possibility of 
onger swells propagating from a region farther than the 
wells generated in the preceding days. On 19 March, the 
econdary swell peak has been disappeared, while the pri- 
ary peak (from 210 °) remained in the lower frequency re- 
ion with a peak frequency of about 0.065 Hz. These swells 
ave had a higher celerity in absence of muti-frequent and 
ulti-directional waves. In the nearshore waters, especially 

n the breaker zone, the transformation of kinetic energy to 
otential energy yields to higher wave heights along with 
trong elliptical/linear motion for the particles under the 
aves. On a flatty beach, this may lead to considerable 
ave runup and coastal inundation. The influence of these 
onger swells has been gradually weakened and the spectra 
tarted to retain the pre-existing conditions in the following 
ays, as seen from 20 to 22 March. 

.2. IASO interface swells 

he swells present along the west coast of India are predom- 
nantly propagated from the SIO ( Aboobacker et al., 2011a ; 
emya et al., 2016 ). Although swells from the Southern 
cean (SO) and Atlantic Ocean (AO) are present in the NIO 

 Alves, 2006 ; Samiksha et al., 2011 ), their impact along the
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Figure 3 1D wave spectra and corresponding MWD during different wave conditions. 
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est coast of India has not been well-investigated. Here, 
he genesis of distant swells has been analysed with refer- 
nce to the spectral variability of Varkala. The ERA5 winds 
how that the IASO interface experiences large storms, out 
f which a few storms generate S/SSW/SW winds ( Figure 4 ), 
hich can generate swells from the respective directions 
nd propagate towards the west coast of India. The IASO in- 
erface winds from S/SSW/SW directions are evident during 
0—12 March 2019, which was initially formed in the AO-SO 

nterface, and ultimately the system has made an eastward 
ropagation to the IO-SO interface with considerable spa- 
ial enhancement. The wind speeds during this event are 
f the order of 15—25 m/s. The storm has been weakened 
n the successive days, and the southerly wind components 
ere disappeared. There have been two tropical cyclones 
508 
ormed in the SIO during the study period: (i) Idai devel- 
ped east of Madagascar (10—14 March 2019) and (ii) Savan- 
ah developed southeast of Indonesia (14—21 March 2019) 
ith maximum wind speeds of about 195 km/hr and 165 
m/hr, respectively ( https://tropic.ssec.wisc.edu/storm _ 
rchive/2019/storms/tracks/ ). Compared to the IASO inter- 
ace winds, the impact of these cyclones is limited to rela- 
ively small regions. 
It is evident from ERA5 waves ( Figure 5 ) that strong 

outherly swells developed in the AO-IO interface (around 
0 °E) started to make a clear presence in the SIO on 11
arch as it propagates towards the north. The swell gen- 
ration area has been further shifted towards the east 
ccording to the propagation of the storm system, while 
he southerly swells continued to develop and propagate 

https://tropic.ssec.wisc.edu/storm_archive/2019/storms/tracks/
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Figure 4 Snapshots of ERA5 winds during 10—14 March 2019. 

Figure 5 Snapshots of ERA5 wave heights and directions during 10—14 March 2019. 
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Figure 6 Snapshots of ERA5 mean wave periods during 10—14 March 2019. 
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hrough the SIO. On 13 March, these swells reached around 
0 ° S, east of Madagascar, with H s up to 5.0 m. Although the 
nergy has been gradually attenuated, the swells contin- 
ed to propagate and reached the AS on 17 March. This has 
revailed until 19 March. The wave spectra measured off
hiruvananthapuram indicates the presence of these swells 
uring 17—19 March having peak energy in the very low- 
requency region ( Figure 4 ). Since these swells are gener- 
ted in the IASO interface and propagated towards the NIO, 
e hereby named them as “IASO interface swells”. 
The ERA5 mean wave periods (T m 

) clearly substantiates 
he propagation of IASO interface swells through the SIO and 
IO. It was not only propagated up to the west coast of India 
ut also identified along the head of BoB ( Figure 6 ). The T m 

f the IASO interface swells reach above 12 s in the AS and 
oB. A rough estimation of the propagation duration of the 
wells considering the distance between the storm area and 
he coast, and the wavelength indicate that the swells gen- 
rated at around 10 °E, 65 °S can take at least 7 days to reach
he Thiruvananthapuram coast. Thus, the swells generated 
n 10 March have reached on 17 March. This indicates, the 
wells reached along the Thiruvananthapuram coast during 
7—19 March are dominantly from far distance including AO 

nd SO, which has a higher celerity. When these high wave- 
ength approaches a flat and reflective beach, the possibil- 
ty of wave runup is high. The wave measurements indicate 
hat the T p along the Varkala coast increases from about 12 
 to 20 s from 17 to 19 March, during which the MWD has 
een changed from about 200 ° to 210 °, a clear shifting of 
wells from SIO origin to IASO interface origin ( Figure 7 ). 
his is a peculiar feature considering the pre-existing wave 
onditions in this region. Although H s is not very high (about 
.0 m) during this event, the longer period and correspond- 
510 
ng celerity of the IASO interface swells along with the flat 
each topography of Valiyathura-Shangumukham stretch to- 
ether caused the flash floods. 

.3. Model validation 

he model results have been validated against the measure- 
ents at B1. Figure 7 shows the time series comparison of 
 s , peak wave period (T p ) and mean wave direction (WMD) 
etween the model and measurements during 01—22 March 
019. The model parameters have reasonable match with 
easured values with estimated correlation coefficients of 
.85 and 0.92 for H s and T p , respectively. The scatter in- 
ices of H s and T p are 0.15 and 0.19, respectively, while 
he bias is 0.01 m and 0.17 s, respectively. The root means 
quare errors for H s and T p are ± 0.15 m and 2.23 s, re-
pectively. The model wave direction has a perfect match 
ith the measurements, except on a few occasions. It has a 
ias of less than 4 °. These comparisons are consistent with 
he earlier modelling attempts along the southwest coast 
f India utilizing MIKE 21 SW ( Parvathy et al., 2014 ; Remya
t al., 2012 ), Wavewatch III ( Samiksha et al., 2011 ) and
WAN ( Amrutha et al., 2016 ) Figure 8 . 

.4. Nearshore wave transformation and wave 

unup 

.4.1. Wave transformation 

he results of the validated wave model are utilized in 
his subsection to investigate the nearshore wave transfor- 
ation and to estimate the wave runup. During the event 
n 18-19 March, waves approached the coast with a max- 
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Figure 7 Comparison of measured and modelled significant wave height, peak wave period and mean wave direction off Varkala 
during 01—22 March 2019. 
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mum wavelength of 600 m. Thus, the deep, intermedi- 
te, and shallow waters can be defined with respect to 
he depth as d > 300 m, 30 < d < 300 m and d < 30 m, respec-
ively. During fair weather season, the wave breaker depth 
long this coast was around 5—7 m with a breaker height 
f 1—1.5 m ( Swamy et al., 1979 ). The bottom attenuation 
esulted a decrease in wave height when the waves were 
ropagated from 1600 m to 50 m and 15 m depth con- 
ours, which is consistent with earlier observations along 
he Thiruvananthapuram coast ( Parvathy et al., 2014 ). As 
bvious, there are no significant changes in T m 

between the 
epths. The wave refraction enables a shore normal propa- 
ation in the nearshore waters, with a shift of around 20—
5 ° from the deep-water waves. The dominant wave direc- 
ion along the Kerala coast during fair-weather season varies 
etween northwest and southeast ( Hameed et al., 2007 ). 
uring 14—16 March, the waves were approaching from the 
. The boundary data applied (ERA5 waves parameters) in 
he local model also reveals a W/WNW component on the 
orthern boundaries, however, they were not present in the 
outhern regions. The wave model results indicate that this 
as been propagated towards the coast. The W/WNW com- 
onent could be due to the effect of sea breeze, which are 
redominant along the Kerala coast during March ( Abdulla 
t al., 2022 ). 
A slight increase in H s has been identified when the wave 

pproaches the shore (from 15 m to 5 m). This increment 
as more pronounced during 18—19 March when IASO swells 
ere present. In addition, the T m 

on these days were the 
ighest (10—12 s) of the month. This high T m 

indicates that 
511 
he long-period swells from the IASO interface have ap- 
roached the shore without considerable interference of lo- 
ally generated wind seas. The presence of local wind seas 
enerally reduce T m 

of the total waves compared to the 
ndependent swell T m 

( Vethamony et al., 2011 ). Thus, the 
ersistent higher T m 

with an increased wave setup in the 
hallow waters of Valiyathura-Shangumukham stretch over 
he fully developed beach have made the runup easier than 
he other adjacent regions. 

.4.2. Coastal inundation and morphological changes 
he study area is part of a straight coastal belt in which the
.4 km stretch between Shangumukham and Valiyathura has 
ot particular attention in this study. The beach is relatively 
ider at Shangumukham while the beach slope is relatively 
mall at Valiyathura. Sea-level rise, anthropogenic activi- 
ies and geomorphological changes by the wave action to- 
ether contribute to the long-term erosion along the coast. 
t makes the coast more vulnerable to sudden floodings and 
nundation. 

During 17—19 March 2019, the Valiyathura and Shangu- 
ukham coasts were heavily affected by wave runup, 
ave breaking and inundation. The coastal inundation was 
vident from the field visits immediately after the event 
 Figure 9 ). The beach survey along the Shangumukham coast 
eveals that the beach is dissipative with slopes ranging 
etween 2 ° and 6 ° before the event. On 05 March, it was 
 fully developed beach with a beach width of 52 m (with 
 berm at the landward side) and an extended mild slopy 
each up to 75 m. This has been altered by the wave 
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Figure 8 Wave transformation: Spatial variations of bathymetry (contour plot) in the top panel including the extraction locations; 
changes in wave parameters from the deep ocean (1600 m) to nearshore (5 m) across Valiyathura coast in the bottom panel. 
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Figure 9 Field photographs of Valiyathura — Shangumukham stretch during the event on 18 March 2019. 

Figure 10 Beach profiles at Shangumukham coast during March 2019. 
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ctivity that occurred on 18—19 March. The beach face has 
urned flat, the fully developed flat beach was extended 
p to 80 m, and the beach slope was modified with a steep 
oreshore slope of about 10 °. A mean grain diameter (d 50 ) of 
.41 mm observed during this period indicates the presence 
f relatively fine sand. The water was inundated by almost 
0 m up to the permanent benchmark of the survey (steps) 
 Figure 10 ). 
The post-event scenario indicates that the foreshore 

lope has been decreased from 10 ° to 6 ° with the berm 

hifted towards the seaside within a week time. Compared 
o 05 March, a significant erosion was occurred due to the 
ood event with a beach loss of 20 m. The flooding nor- 
ally reduces the capacity of the beach acting as a natural 
arrier against erosion ( Miguel et al., 2021 ). Kurian et al. 
2009a) identified similar erosion by the effects of southerly 
wells, which generated a southward alongshore current, 
ets amplified and enabled a wave setup during event. The 
ost-flood profile (28 March) at the Shangumukham coast in- 
icate that the beach has started to retain the pre-existing 
ondition ( Figure 10 ). The characteristics of the inundation 
ccurred due to these long-period swells are quite differ- 
nt from those that occurred due to the cyclonic activity 
 Gayathri et al., 2017 ; Rao et al., 2020 ), on which the coast
e-building may take a longer duration. 

.4.3. Wave runup 

he wave runup is higher in a mild slopy beach that results 
n greater landward inundation during high waves ( Gayathri 
513 
t al., 2017 ). Here, the runup exceeded by 2% of the waves
R 2% ) is estimated corresponding to the daily H max for March 
019 on the Shangumukham beach ( Figure 11 ). This shows 
hat the highest values are obtained during 18 March com- 
ared to the pre- and post-event scenarios. On 18 March, 
he R 2% has reached 0.93 m with H max = 1.37 m and T p =
8.5 s. On the following day (19 March) it was 0.8 m with
 max = 1.7 m and T p = 17 s. However, the R 2% corresponds
o the highest H max (2.11 m) was only 0.59 m, which was 
ccurred during 13 March with T p below 15 s. This shows 
hat the T p has more dependency on the runup rather 
han the H max and the persistence of long-period swells of 
bove 18 s for more than a day has resulted in the coastal
ooding along the Valiyathura-Shangumukham coastal 
tretch. 
The highest wave runup along the Indian coasts oc- 

urred during 2004 tsunami. It went up to 4.17 m height 
long the coast of Tamil Nadu and inundated 238 m inshore 
 Seelam et al., 2005 ). The runup varied along Kerala coast 
ue to the influence of bottom topography in channelising 
he tsunami waves. The runup height was 3.5 m along the 
orth Kerala coast and 5.0 m along the south Kerala coast 
 Narayana et al., 2007 ). Generally, the increased runup vari- 
bility is attributed to low frequency wave which dominates 
he swash ( Torres-Freyermuth et al., 2019 ). Therefore, un- 
er long-period swell dominant conditions, the swash has 
ontributed to the high wave runup on 18—19 March. The 
ASO swells reached the Thiruvananthapuram coast on 17 
arch ( Figure 4 ). As the swell activity continued, the wave 
etup increased and accordingly the runup has reached to 
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Figure 11 Wave runup along Shangumukham beach. 
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 height of 0.6 to 0.89 m along the Shangumukham coast 
n 18 March. It is further developed to 0.93 m on 19 March 
hich contributed to the flooding and inundation over the 
aliyathura-Shangumukham stretch. 

. Conclusions 

he coastal inundation that occurred along the Valiyathura- 
hangumukham stretch during March 2019 was investigated 
hrough the analysis of ERA5 winds and waves over a global 
omain, fine-scale modelling for the Thiruvananthapuram 

oast and estimation of wave runup and inundation for 
he affected region. The study identified that a storm sys- 
em was developed in the Indian-Atlantic-Southern Oceans 
IASO) interface during 10—12 March 2019, from where the 
outherly components generated high swells having signif- 
cant wave heights of the order of 6.0—8.0 m and propa- 
ated towards the North Indian Ocean. These swells have 
 clear incidence along the southwest coast of India as ev- 
dent from the measured spectra. The arrival time of the 
wells estimated ( ∼7 days) was matched well with the low- 
requency spectra measured off Varkala. The high celerity 
f these waves along with the presence of a fully devel- 
ped/reflective beach made a quick runup of waters to- 
ards the shore, which caused an inundation of up to 83 
 with a runup height of up to 0.93 m. 
There were several wave runup events occurred at differ- 

nt parts of the southwest coast of India in the past; most 
f them were associated with long-period swells during fair- 
eather seasons (pre- and post-monsoon seasons). A few of 
hem were investigated in relation to the Kallakadal phe- 
omena, which are somewhat predictable considering the 
ecent advances in wave forecasts in the country. However, 
he wave runup event of March 2019 was not expected as 
here were no high swell forecasts or warnings related to it. 
ur analysis indicates that this event is a localised effect 
f a remote forcing, originating from the IASO interface. 
imilar events were often ignored as the swell heights were 
ot very high along the southwest coast of India, but their 
elerity does an impact. A more detailed understanding of 
he IASO interface swells including their climatological fea- 
ures is our future scope. This will help to better assess the 
orecasts and provide early warnings to the public. 
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