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The present study describes the active role of met-ocean parameters on the heavy Cooding that
occurred during July 2018 in the Kuttanad region, Kerala. The model-derived data as well as observations showed a high anomaly of wave height in July 2018 oA Kerala was not correlated with local
wind anomaly and indicated possible connection of wave anomalies to swell waves. The high period and
high amplitude swell waves suggest a wave setup formation near shore for Cooding intensiBcation in the
Kuttanad region. The wave observation at an open ocean location (AD09) also conBrms the presence of
high swell waves during the same period. Anomalous elevated non-tidal sea level was evident in the tide
gauge data. The narrow opening at Thottappally, is not able to discharge the outCow of the heavy Cood
water and it is further complicated by the wave setup at the entrance caused by long period swell
waves.
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1. Introduction
The southernmost state of India, Kerala, faced
the worst Cooding in the history during
June–August months of Indian summer monsoon
2018 (Sreejith et al. 2019). Many regions were
fully submerged, the Cood and associated landslides aAected 5.4 million people and claimed
over 400 lives (Hunt and Menon 2018; Mishra
and Vanganuru 2018). Kuttanad, also known as
‘the rice bowl of Kerala’, lies in the Alappuzha
district (central Kerala), which was hugely
aAected by this worst Cood (Santhi and Veerakumaran 2019). In the present study, we
investigate the possible role of met-oceanic

conditions in supporting the enhanced Cooding
in this region, which witnessed the Brst severe
Cooding in July 2018. Several parts of the
coastal plains of Kerala (Vembanad Kayal,
Kuttanad, and the Kole lands of Thrissur) are
below the mean sea level (Joseph and Thrivikramji 2002; Sajinkumar et al. 2017). Kuttanad is one such low-lying area with rich Cora
and fauna in the backwaters. The north Kuttanad region is bounded by the Thaneermukkom
barrage (a saltwater barrier, built across the
lake, Bgure 1b), constructed to restrict the seawater entry into the agricultural Belds and
thereby protecting the rice cultivation of the
region (Asha et al. 2015). This barrage basically
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Figure 1. (a) Location map showing observations AD09, Colachel and Kochi Tide guage. (b) Location map showing Kuttanad
region (Sreeja et al. 2015), water bodies and land elevation (m). (c) Thottappally spillway.

divides the lake into two parts: one with
brackish water perennially and the other half
with fresh water fed by the rivers draining into
the lake. Since the seawater enters deep inland
of the Vembanad Lake during February–May,
the Thaneermukkom barrage prevents its entry
into the Kuttanad region, for protecting the rice
Belds. The main rivers that debouch into the
Vembanad lake are Periyar, Muvattupuzha,

Achankovil, Meenachil, Manimala, and Pamba
rivers, and their tributaries. Whenever the Cow
is less from these rivers, the chances of salt
water intrusion increase. During July 2018, it is
reported by the Irrigation Department that the
water was almost stagnant at the outlet of the
Thanneermukkom bund indicating no Cow to
and from the ocean during 15–22 July, 2018. It
is also reported that there was a Cow from the
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ocean to inland, though it was marginal. The
Cow to the ocean was revived after 23 July, 2018
and subsequently, Cooding was reduced. The
residents and traditional Bshers here use local
Malayalam usage ‘kadal thalluka’, meaning
‘pushing the Cood tide by sea’, which happened
during 15–22 July, 2018 according to them.
During this period, the water level in Kuttanad
region increased to dangerous levels due to the
heavy downpour and Cow of water from neighbouring areas, and the restricted outCow due to
kadal thalluka. The Cood waters breached bunds
across the region and Cooded many houses and
destroyed paddy cultivation.
Thottappally Spillway (Bgure 1c) is Kuttanad’s
drain-way out to the Arabian Sea to spill excess
water carried by the rivers to Kuttanad (Sreejith
2013). This is a bridge-cum-regulator, situated
almost 60 km south to Kochi (and 30 km south to
the Thannermukkom Bund). The main rivers
debouching to this part are Pampa and Achankovil rivers and their tributaries. This spillway is
just 100 m inside the seashore, and hence, even a
very high wave can cause water to enter inside the
landward side. Besides, during the southwest
monsoon season, it is completely open. Normally,
this spillway remains closed, but opened when a
Cood situation arises. Though it was opened during Cooding days of 15–22 July 2018, there was
virtually not much Cow into the ocean. The local
news reports mentioned that Cooding continued
even after the rainfall decreased in that area,
which could also be due to the high rainfalls in the
Western Ghat region, where the catchments are
there. Another possible reason for the low river
discharge into the ocean can be the wave setup at
the spillway. Wave setup is the increase of water
level within the surf zone due to the transfer of
wave-related momentum to the water column
during wave-breaking. Wave setup (the mean
increase in water level due to wave breaking)
along with tides are the primary mechanisms
controlling the water level at shorelines (Buckley
et al. 2016). Considering all these factors, it is
necessary to investigate the role of ocean on the
reduced rate of water discharge to ocean, which
enhanced the severity of Cooding. Temporal
variability of various met-ocean parameters like
winds, waves (wind sea waves and swell sea
waves), sea level, precipitation, etc., during this
Cooding event, is studied. The met-ocean data for
previous years (2012–2018) were also examined to
check whether there was any anomalous

behaviour in the oceanic features similar to the
2018 event.
2. Data and methodology
2.1 Observations used
The wave observations from the moored buoy
network (Venkatesan et al. 2013), deployed by the
National Institute of Ocean Technology/Ministry
of Earth Sciences as part of their National Data
Buoy Program are used for validation of wave
parameters. The wave observations from the buoy
at Colachel (deployed at a water depth of 15 m),
which forms the part of the Earth System Science
Organization ESSO-INCOIS WAMAN (WAve
Monitoring Along Nearshore) buoy network (Sirisha et al. 2017), established around the coastal
areas of India. The moored data buoys are Coating
platforms designed to carry a speciBc suite of sensors to measure meteorological and oceanographic
parameters. We have used the observed data pertaining to AD09 (73.3°N, 8.2°E) and Colachel
(73.3°N, 8.2°E) for which measurements are
available (Bgure 1a).
INCOIS has an established network of 36 stateof-the-art RADAR tide gauges transmitting near
real-time data to the Indian Tsunami Early
Warning System. The tide gauge observations at
Kochi (Unnikrishnan 2016) from the INCOIS tide
gauge network (Bgure 1a) are used to conBrm the
rise in sea level at the study area.
India Meteorological Department (IMD) daily
gridded precipitation data of 0.25° spatial resolution (Pai et al. 2014) for the period 2012–2018 is
used to study the variability of precipitation over
the study region.

2.2 Model details and methodology
Significant wave height (Hs), swell wave height
(Hss), and peak wave period (Tp) were simulated
using a third-generation spectral wind-wave model,
which are used in this study. The spatial resolution
of wave model grid varies from 1 (near the coast) to
10 km (oAshore). The boundary condition for the
domain is taken from a regional Indian Ocean
model set up for 30°–120°E; 30°N–60°S. The
bathymetry data set used in the model is the
modiBed etopo2 (Sindhu et al. 2007), which is the
best available bathymetry for the coastal Indian
Ocean. The wave model is forced with 3-hourly
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European Centre for Medium range Weather
Forecast (ECMWF) winds having a spatial and
temporal resolution of 0.25° 9 0.25° and 3 h,
respectively. The model used for the present study
has been evaluated extensively using various kinds
of observational platforms (Balakrishnan Nair
et al. 2014; Harikumar et al. 2015; Remya et al.
2016; Sirisha et al. 2017). The Hs and Hss anomalies are computed based on the climatology of
2012–2018 period. The ECMWF wind anomalies
are also computed for the same period (2012–2018).
Wave setup was calculated using the formula
(Battjes 1974) as:
S ¼ ð5=16ÞcHb ;
where S is the setup, c is the average ratio of the
wave height to the water depth across the surf zone
and Hb is the height of the breaking waves.
3. Results and discussions
To understand the possible role of met-ocean
forcings, the anomalies of different meteorological
and oceanographic parameters such as rainfall,
wind pattern, wave pattern and sea level were
analysed in detail using the 2012–2018 data. The
anomalies of wind and wave in the Indian Ocean
(IO) for the month of July from 2012 to 2018 were
examined.
The time series of spatial average rainfall
(mm/day) for three regions (i.e., Kuttanad
(76.38–76.54°E, 9.35–9.67°N), Middle Kerala
(76.54–76.90°E, 9.08–9.67°N), and East Kerala
(76.90–77.12°E, 9.08–9.68°N)) during July 2018 is
shown in Bgure 2. High rainfall events during July
9–11, 16–18, and 31, 2018 are noticed in Kuttanad
region compared to other regions. The July mean
rainfall for the Kuttanad region during 2012–2018
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is shown in Bgure 3. Among the 7 years, higher
rainfall is seen during July 2013 and 2018, but
Cooding was observed during July 2018 only.
The anomaly distribution of the wind speed for
the IO during the years 2012–2018 is presented in
Bgure 4(a–g). Among the 7 years, positive anomalous (more than 5 m/s) wind speeds are seen during
July 2014 and July 2018, particularly in the
southern IO. But, the winds of July 2018 show a
positive anomaly in the entire IO, while July 2014
has strong anomalous winds (*5 m/s) only in the
southern IO. The wind anomalies seen oA Kerala
also were high during 2018 among the 7 years.
Figure 4(h) shows the wind speed anomalies
(*1 m/s) for the coastal waters oA southern Kerala, which is not very different from other years.
The Hs anomalies of the IO for the month of July
2012–2018 are presented in Bgure 5(a–g). The Hs
anomalies are positive ([1.0 m) during the years of
2014 and 2018 compared to other years. However,
in July 2018, the positive Hs anomalies are seen all
over the Indian region, particularly in the Southern
Indian Ocean and in the Arabian Sea, compared to
other years. Figure 5(h) shows the Hs anomalies of
the order of *0.5 m for the coastal waters oA
southern Kerala for the month of July 2018. The
presence of strong wave anomaly with nonanomalous winds during the period of interest
suggests that the wave anomalies are observed
because of the prevalence of swells over the sea
during the period of interest.
The Hss anomalies of the IO for the month of
July 2012–2018 are presented in Bgure 6(a–g). The
Hss anomalies are positive ([0.5 m) during July
2018 compared to the other years. The positive Hss
anomalies are seen all over the Indian region, particularly in the Southern Indian Ocean and in the
Arabian Sea, compared to the other years. The
Southern Ocean shows strong Hss anomaly *0.7 m

Figure 2. The time series of rainfall (mm/day) during July 2018 for three regions (Kuttanad, Middle Kerala and East Kerala).
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Figure 3. Mean July Rainfall (mm/month) for the spatial
average of Kuttanad region during the years (2012–2018).

directed northward, which conBrms the strong
swell propagation towards the north Indian Ocean
(Remya et al. 2016). The anomalously high Hss is
also seen for the sea oA Kerala. Figure 6(h) shows
the Hss anomalies of the order of *0.6 m for the
coastal waters oA southern Kerala that conBrm the
existence of swell waves during July 2018.
The Hs, Hss, Tp, oA Thottappally spillway
region, which is used to drain out Kuttanad waters
to the Arabian Sea, is subjected to a detailed study.
The time series of Hs and Hs anomalies oA Thottappally for the month of July (2012–2018) are

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 4. Surface wind (shaded and vector, m/s) anomalies for the month of July (2012–2018) (a–g) and (h) for coastal waters
oA southern Kerala.
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Figure 5. Mean significant wave height (shaded, m) and mean wave direction (vectors) anomalies for the month of July
(2012–2018) for the Indian Ocean (a–g) and oA coastal waters of Kerala (panel h).
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Figure 6. Mean swell wave height (shaded, m) and mean wave direction (vectors) anomalies for the month of July (2012–2018)
for the Indian Ocean (a–g) and oA coastal waters of Kerala (panel h).

(a)

(b)

Figure 7. Time series of Hs (m) and Hs anomaly oA Thottappally for the month of July (2012–2018).

presented in Bgure 7. During July 2018, high wave
heights (Hs) ([3 m in Hs and 0.5 m in the Hs
anomaly) are observed compared to the previous

years, particularly during 13th July, and continued
till the end of the month. Hs is a combination of
wind sea (locally generated wave) and swell
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Figure 8. Time series of (a) Significant wave height (m) and (b) swell wave height (m) at AD09 (73.3°N, 8.2°E) for the month of
July (2013, 2014, 2017 and 2018).

Figure 9. Time series of significant wave height (m) at Colachel (77.24°E, 8.16°N) for the month of July 2018.

(remotely generated). Since the wind anomalies are
not very high in that area, it is apparent that
the wave anomaly was caused by the swell part in
the resultant wave height. To conBrm whether the
wave anomaly was caused by the swell waves only,
available moored buoy observation at AD09 buoy

(73.3°N, 8.2°E) close to the study area has been
chosen for the analysis. The AD09 observational
data is available for the years of 2013, 2014, 2017,
and 2018. Figure 8 shows the time series of Hs
(m) and Hss (m) for the month July from the
available observational data. Similar to the model

111

Page 8 of 10

J. Earth Syst. Sci. (2021)130:111

Figure 10. Time series of swell wave height (m) (left axis) and peak wave period (s) (right axis) oA Thottappally for the month of
July 2018.

Figure 11. (a) The time series of wave-setup anomaly (m) oA Kochi for the month of July (2012–2018). (b) The time series of
wave-setup (m) (left axis) and de-tide (cm) (right axis) oA Kochi for the month of July 2018.

predictions, the observation also conBrms the high
wave heights ([ 4 m) (Bgure 8a) during July 2018
(particularly during 13–18 July) compared to the
previous years and conforms the contribution by
the high swell waves ([3 m) only (Bgure 8b). The
swells dominated 90, 61, 74 and 71% of the time for
2013, 2014, 2017 and 2018, respectively. To further
conBrm the presence of high waves, the wave rider

buoy at Colachel (77.24°E, 8.16°N) was analysed.
The time series of Hs for July 2018 at Colachel also
conBrms the higher waves from July 15th to the
end of the month as shown in Bgure 9.
To delineate the role of swell, Hss and Tp are
analysed oA Thottappally region during July 2018
(Bgure 10). Figure 10 shows different episodes of
swell waves from 13 to 31 July 2018, and it is
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apparent that half of the month was dominated with
high period swells. The high period high energy
swells can cause rough sea conditions very near to
the coast. Figure 10 clearly shows that oA Thottappally region was continuously dominated by high
period and high energy swells during the period of
heavy Cooding. When such waves break continuously near-shore, it may lead to an increase in the
water level due to wave setup near the coastal ocean,
and river mouths, even up to a fair distance inside
the estuary. Thottappally region was exposed to
large long period swells during the period 13–17 July
and 21st to the end of July as understood from
Bgure 11. Since the sea level data oA Thottappally
was not available, we have used tide gauge data of
Kochi (just 60 km south to Thottappally) for the
analysis of sea level. Figure 11(a) shows the timeseries of wave-setup anomaly (m) oA Kochi for July
(2012–2018). During July 2018, positive wave setup
(m) anomaly is observed compared to the previous
years. Figure 11(b) shows the de-tided sea level and
wave setup oA Kochi. Wave setup was high during
13–17 July, 2018. De-tided data of Kochi was also
following the same trend seen in the wave setup. Detided data conBrms the presence of elevated sea level
during the period (Vishnu et al. 2019) and can be
attributed to wave setup. A combination of astronomical tide and prolonged wave setup, increased
the water level in the spill region and caused reduced
river discharge through the same. This reduction in
the Cow rate might have caused the enhanced
Cooding in Kuttanad.
In a study on seasonal sea level at Kochi, Srinivas and Dinesh Kumar (2006) observed that even
though the river discharge is maximum during the
month of July, the sea level is the least suggesting,
high impact of the coastal processes on the sea
level. This suggests that if this event has taken
place in some other month with a higher sea level,
the impact would have been far higher.

4. Conclusion
A detailed inter-annual study (2012–2018) involving
observational and modelling data strongly suggests
that the Cooding in the Kuttanad region is greatly
controlled by the features in the coastal ocean and
far Beld events. Even though the main reason for the
unprecedented Cooding in the Kuttanad region is the
excess rainfall and associated river discharge, the
role of ocean also was pertinent. The analysis of 7
years of wave data at the IO shows a high anomaly of

wave height in the year 2018. Further, it was seen
that the anomalous wave height seen oA Kerala was
not correlated with local wind anomaly and indicates the possible connection of wave anomalies to
the swell. The oAshore observation at AD09 buoy
conBrms that the high wave heights are particularly
due to the swell waves. Further, the study conBrms
the role of wave setup caused by high period ([14 s)
and high swells ([1.5 m) at the Thottappally spillway for Cooding intensiBcation in the Kuttanad
region. Hence the opening at Thottappally was not
able to eDciently discharge the accumulating water,
as the inCow greatly exceeded the outCow. The tide
gauge sea level data also supports this result.
This study suggests that the met-oceanic
parameters like winds, waves, sea level and a
combination of them, can exacerbate the issues
caused by excessive rainfall and increased river
discharge. This suggests that constant monitoring
of these parameters will be greatly helpful in
understanding the impact of the estuarine Cooding
along the west coast of India.
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