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Abstract

Flow dynamics are a key part of the physical processes that drive the sediment transport in an aquatic
system, affecting depositional processes and leading to landform evolution. The current asymmetry
(CA) noted in Vembanad Lake (VL), India, have a particularly strong influence on the sediment budget
and thus shape its geomorphology. In the present study the Coastal Ocean Model - Finite Volume
Coastal Ocean Model (FVCOM) was used to compute the lateral current asymmetries and their
implications for the long-term morphological changes in VL during different tidal phases. Model
results were utilised to calculate the CA using two criteria: (1) Peak flood/ebb velocities with duration,
and (2) Asymmetry Index (Alpv). Alpv values suggest the prevalence of ebb dominance over the entire
system except at Cherai and Vallarpadam. However, several isolated pockets were noted on the
right/eastern bank (shallow depth) of the system where the peak flood velocity exceeded the ebb,
favouring accretion.

Contrary to the concept of ebb asymmetry, mean velocity and duration asymmetries were prevalent in
the asymmetry index (Alpv); hence we adopted peak flood/ebb velocity and its duration asymmetries
to improve our understanding of the sediment transport dynamics. Typical flood asymmetry was
identified on the right bank and at many of the lateral stations in VL, which switched to the modified
ebb asymmetry during substantial river discharge. Analysis of CA enables understanding of the
process that influences selective morphological changes, as explained by the model results. This
conclusion was well corroborated by results obtained over the past three decades (1973-2008) from
analysis of Landsat satellite imagery. Flood/ebb dominance in VL is explicitly substantiated with
regions of accretion/erosion derived from satellite imageries. A holistic approach encompassing
modelling, observations, remote sensing, and GIS techniques were used to address the erosion-
accretion process in VL.

Keywords: ebb/flood dynamics, Current asymmetry, Morphology, FVCOM, Vembanad Lake,
estuarine dynamics.



1 Introduction

The most heavily populated and generally the most important transition areas/ecotones on the coast
are estuaries, tidal lakes, and deltas, where freshwater from river basins mixes with seawater to create
the most biologically productive areas on earth (Levin et al., 2001). The buffer region between the
permanent land and the sea is often inundated due to the action of tides, waves, and rivers in estuarine
zones. However, future climate change has the potential to shift the buffer area (inundated zone) of
estuarine systems inland. It is difficult to understand these transitions for any given estuary without
detailed scientific analysis and process understanding. The key processes in an estuary are driven by
the flow dynamics, which determine the water quality and the health of the ecosystem. At the same
time, flow-induced transport of sediments controls landform evolution by depositional processes.
Human activities, including the disruption of coastal development and sediment supply, have brought
changes in estuaries around the world. These include a 65% loss of wetlands globally and a reduction
in formerly important species of around 90% (Lotze et al., 2006). Furthermore, global sea level is
accelerating to reach 0.3 to 1.2 m above its present level by 2100 (Kopp et al., 2014), which should be
a key focus of future coastal development and planning. As a result, changes in sediment management
practices in terms of source control and enhanced marsh accretion in tidal basins is expected.
Therefore, residual transport of sediment during flood-ebb cycles is an important natural process that

contributes to long term-morphological changes.

Tidal asymmetry is one of the most important processes governing residual sediment transport, causing
large-scale morphological changes in tide-dominated systems such as estuaries, rivers, lakes, and
lagoons (Gatto et al., 2017; Guo et al., 2016; Postma, 1961; Zhanhai et al., 2016). Tidal wave
propagation towards the land may increase/decrease/remain constant depending upon relative changes
in channel geometry, depth, bottom friction, and river discharge (Friedrichs and Aubrey, 1994; Jay,
1991; Lanzoni and Seminara, 1998; Nguyen et al., 2008; Prandle, 1985; Toffolon and Lanzoni, 2010).
Internal and external processes in an estuary can induce tidal asymmetry. The asymmetry caused by
the tidal distortion can be referred to as an internal process. Generally, these tidal distortions increase
with estuarine length due to nonlinear interaction of higher harmonics (over tides and compound tides)
in the tidal basin (Friedrichs and Madsen, 1992; Parker, 1991). In contrast, the asymmetry generated
from different tidal constituents in the oceanic region at the seaward boundary of the estuary can be
referred to as an external process. Numerous studies of tidal asymmetry have been conducted based
on time series of water level and tides to provide detailed understanding of residual transport and long-
term morphological changes (Guo et al., 2014; Lanzoni and Seminara, 2002; Speer and Aubrey, 1985).

Flood currents dominate in estuaries with limited tidal flats and insignificant river discharges, while



ebb currents dominate in smaller estuaries with inter-tidal flats. The channels developed for navigation
in ports and harbours also induce tidal asymmetry. When estuaries converge upstream, the systems are
usually flood dominated. Large basins with different combinations of estuarine length and extent of
tidal flats can be influenced by either flood or ebb dominance (Ridderinkhof et al., 2014).

The conventional definition of Current Asymmetry (CA) refers to the difference between the durations
of rising and falling tides, as well as the difference in the duration and magnitude of flood and ebb
currents (Speer et al., 1991). Thus, ebb dominance produces a stronger ebb current and a longer flood-
tide duration, while flood dominance leads to a stronger flood current and a longer ebb-tide duration.
The variation in peak velocity during flood-ebb durations determines the transport of bed material
which is manifested in accretion or erosion. The difference in the durations of the flood-ebb currents
is a proxy for the direction of net sediment due to the temporal settling lag, which is vital in fine
sediment transport. Many researchers have highlighted the importance of tidal asymmetry in the
transport and accumulation of sediments in various tidal systems including estuaries (Dronkers, 1986a;
Friedrichs and Aubrey, 1988; Lanzoni and Seminara, 2002; Van de Kreeke and Robaczewska, 1993),
tidal inlets (Aubrey and Friedrichs, 1988; Boon, 1988; Wang et al., 1995), and tidal basins (Postma,
1961; Ridderinkhof, 1988a, 1988b). Published data showing tidal asymmetry in the offshore region
are also available (Aubrey, 1985; Dronkers, 1986b; Lessa and Masselink, 1995; Pingree et al., 1978;
Pingree and Griffiths, 1979; Van de Kreeke and Robaczewska, 1993; Van der Molen, 2000). Ebb-
dominated estuaries tend to export sediment in a seaward direction, whereas flood-dominated estuaries
cause landward sediment transport (Allen et al., 1980; Dyer, 1997). The variation in the critical
velocity due to flood-ebb asymmetry has a direct impact on the bed shear stress, thereby controlling
the erosion and deposition (Mehta and Parchure, 2000; Tolhurst et al., 2000; Toublanc et al., 2015).
Thus, knowledge of CA is essential to predict the geomorphological changes and stability of the
estuary, which in turn is necessary to devise better management plans for dredging as well as for

protecting estuarine habitats (Hunt et al., 2013).

Mixed semidiurnal regimes have received little attention in tidal asymmetries compared with
semidiurnal estuarine systems. A few studies have highlighted the complexity of spatio-temporal
variations in tidal asymmetry as this affects the sedimentation process (Daniell, 2015; Gong et al.,
2016; Jewell et al., 2012; Nidzieko, 2010; Nidzieko and Ralston, 2012; O’Callaghan et al., 2010; Van
Maren et al., 2004; VVan Maren and Gerritsen, 2012). Most of these studies are concerned with tidal
asymmetry in terms of the amplitude and phase lag in tidal elevations (phase relation of constituents,
skewness of tidal elevations, etc.,) and information regarding current asymmetry is somewhat limited.

Vinita et al. (2015) analysed the skewness of the tidal elevation in Vembanad Lake (VL), India, and



showed that during low discharge the upstream region (shallow) of VL was flood dominated, while
inlet and adjacent regions were ebb dominated. According to Revichandran et al. (2012), VL is
completely flushed out from June to September (peak monsoon), moderately flushed from October to
December (post-monsoon), not flushed at all between January and March (pre-monsoon). For a more
complete understanding of the processes involved, current measurements are essential in the
determination of the real asymmetry in VL, rather than the asymmetry inferred from the elevation
alone. The tidal current is modified due to immense river discharge and enhanced ebb currents (Gallo
and Vinzon, 2005; Horrevoets et al., 2004) and diminished flood currents through increased tidal
friction (Godin, 1985; Sassi and Hoitink, 2013; Savenije, 2006). Quantitative estimation of long-term
morphological changes in VL in terms of the natural and anthropogenic process was also undertaken
(Gopalan et al., 1983; Kumar et al., 2013; Nair and Babu, 2016; Sreeshma and Vargheese, 2014).
Kumar et al. (2013) revealed that long-term morphological changes were found to be characterised by
strong progradation from 1967-2011. However, the relationship between the physical variability and
hydrodynamic response to the alteration of the lake geometry is not fully understood. Hence, detailed
knowledge of the current asymmetry is required to evaluate the changes/ modifications to the geometry
of the lake. In this study FVCOM was used to understand the spatio-temporal variation of flood-ebb
dominance and current asymmetry in VL. The model results were found to be in good agreement with

the erosion and deposition zones as identified by Landsat satellite imageries analysis.
2 Vembanad Lake

VL is the second-largest wetland ecosystem in India, encompassing an area of approximately 260 km?,
interspaced with numerous islands and networks of canals making the circulation and transport
mechanisms very complex (Revichandran et al., 2012). VL (Figl.1) is aligned parallel to the Arabian
Sea over 96 km from Munambam to Alappuzha, and it is directly connected to the Arabian Sea through
two inlets, one at Fort Kochi (450m wide, depth >15m) and the other at Munambam (250 m wide,
depth >7m). The tide in the VL is mixed semidiurnal with a range of 1 m that progressively decreases
upstream (Janardanan et al., 2015; Revichandran et al., 2012; Shivaprasad et al., 2013b, 2013a;
Srinivas et al., 2003b, 2003a; Vinita et al., 2015). The narrow and sinusoid portion of the lake (0.1-
1km) lies on the northern side (Fig.1.2) from Munambam to Fort Kochi (27 km), while the broader
portion (4-5 km) extends to the south (upper reaches) from Thanneermukkom to Alappuzha (14.5 km).
This system receives a substantial supply of freshwater (~22000 Mm?3/yr.) annually from seven major
rivers flowing from the Western Ghats (Fig.1.1) with discharge peaking in the summer monsoon
(Revichandran et al., 2012). During the monsoon period, VL maintains a steady seaward flow that

alters the magnitude and direction of the tidal currents. High river discharge during the monsoon period



dampens the tidal current, which in turn increases the phase lag between high water and high-water
slack. During the monsoon period, VL becomes a freshwater-dominated system except near the inlet
regions, while in the post-monsoon season, the river discharges become moderate; as a result the tidal
energy propagates further upstream making the estuary partially mixed. In the pre-monsoon season,
the minimum river discharge and maximum seawater incursion upstream creates well mixed and
homogenous water column up to Thanneermukkom Barrage (Menon et al., 2000). The accretion and
siltation modes governed by the hydrodynamic conditions have resulted in the shrinkage of VL over
the long term. In previous studies, VL was also referred to as a bar-built estuary, lagoons, among other
terms (Rao and Balasubramanian, 1996) and the natural bar has been continuously dredged to maintain

shipping channel 12-16m, ever since the commissioning of Cochin Port in 1936.
3 Data & Methodology

3.1 In-situ Observations

3.1.1 Hydrographic observations

A month-long set of observations of water level and currents were conducted for VL from 20%
September to 20" October 2009. Water levels were recorded at 10-minute intervals at six different
locations (Fig.1.2) using a Seabird SBE- 26 plus water level recorder having an accuracy of 0.1 % of
full-scale (Strain Gauge Pressure). Aanderaa RCM-9 current meters were used to record speed and
direction at 10-minute intervals with an accuracy of +0.15 cms™; +2°. Surface currents were measured
at Arookutty and Thanneermukkom, while surface and bottom currents were measured at Fort Kochi.
Daily river discharge and sediment concentration (sand, silt and clay) data from the seven river gauge
stations were available from the Central water commission, Government of India (Fig.1.1) and utilised
for the study. The sediment concentration in the water column was measured using the 0.6 D method
at each river gauge station. A detailed description of the sampling procedures was given in the
handbook for hydro metrological observations, January 2017, Central water commission, Government

of India.
3.1.2 Grain Size analysis

Grain size is one of the most important physical properties of sediments and can reveal information
about the sediment source, transport history, and depositional regime. Seventy-five sediment samples
were collected from VL during August 2013 to understand the lateral (Left, Centre, Right) distribution
of grain size (refer to Fig.11 in which the black-hollow circle represents the sampling locations around
VL). Among these twenty-four samples were collected from exact points from 9 cross-sections as
mentioned in the CA analysis section (FL-Fr, KL-KR, LL-Lr, ML-MR, NL-Ngr, OL-Or & PL-PRr). The



grain size of the sediment samples was analysed using the Malvern Master Sizer 2000 laser diffraction
analyser with a measurement range of 0.2-2000 um (Dapkunas et al., 2001). The sediment grain size
>63um and <63um are considered as coarse and fine particles, respectively. The distribution of the
sediment in VL was interpreted based on median grain size (Dsp um).

3.2 Modelling Approach

An unstructured triangular grid was used in the Finite-volume coastal ocean model (FVCOM, v. 4.1)
for better representation of the sinuous estuarine channels and land boundaries (Chen et al., 2003). The
model decomposed the primitive equations over unstructured triangular grids with spatial resolutions
varying from 10 m to 600 m over 15479 nodes and 22520 elements with ten uniform sigma-coordinate
levels in the vertical grid. The grid was generated with Gmsh (version 2.5) developed by Geuzaine and
Remacle (2009). The bathymetry data for the model was digitised from the Inland Water Authority
Plan Chart-2006 (IWAI, NW-3) using QGIS. The bottom roughness parameter was set to 0.035 with
a minimum value of 0.015 for the model drag coefficient. The model was forced with tides and
freshwater influx for one month from 21-09-2009 16:00:00 to 20-10-2009 00:00:00.

3.2.1 Validation

The reliability of a hydrodynamic model depends on the comparison of the predicted results with in-
situ observations (Fig.1.2) and statistical parameters such as the Coefficient of Determination-R?, Root

Mean Square Error and Index of agreement (d).
Willmott, (1981) proposed an approach using the Index of agreement (d) defined as

i=1 (P —0:)°

d=1- — —
~.(IP;=0]+10; - 0])?

where P and O represent the predicted and observed values respectively, O is temporal mean of O,
and N is the size of the data set. Perfect agreement between model results and observations yields a

skill value of one and complete disagreement gives a skill value of zero.
3.3 Asymmetry analysis

After the validation and calibration of the FVCOM model for VL, the model was forced with the one-
year tide and climatological river discharge. The results (pre-monsoon — January to May, monsoon —
June to September and post-monsoon — October to December) were subjected to detailed analysis to
understand the role of geometry, bottom topography, and freshwater influx in the generation of
asymmetry (Fig.2.1). Sixteen sections (Fig 1.3) were selected across the channel to understand the
temporal variations in flood-asymmetry in VL. The depth-averaged velocities were extracted from



each section at three lateral stations, Left, Centre and Right. The east and west side of the lake are
considered to be the left and right stations except at A_.-Ar and F.-Fr.The south and north shores of
AL-Ar and F_-Fr are considered to be left-right lateral stations, as the boundary of the lake faces the
west-east direction. During the pre-monsoon period, tidal propagation is obstructed at the
Thanneermukkom barrage constructed to prevent salt intrusion towards the upper reaches of the VL.
Hence the asymmetry analysis during the pre-monsoon period was limited to Thanneermukkom (O-
0O”). Velocity components ‘v’ (north-comp) & “u’ (east-comp) components were subjected to detailed
harmonic analysis using TASK 2000. For each tidal constituent, the amplitude and phase of the u and
v components were used to plot respective tidal ellipse parameters following standard equations (Pugh,
1987). By convention, the phase of the tidal current is usually taken as the phase of the maximum
current. Among semidiurnal and diurnal constituents, M2 contributed significantly to the amplitude
and phase of the total tidal current; hence M2 was chosen to understand the coherent/incoherent flow
(refer to supplementary information). The results obtained from numerical modelling were utilised to
assess the impact of CA based on the Asymmetry index (Alpv) and Peak flood/ebb velocities with

duration in VL
3.3.1 Asymmetry Index (Alpv)

This is a dimensionless index based on parameters proposed by(Lincoln and Fitzgerald, 1988) and
used to describe the asymmetries in tidal duration (Ap) and mean velocity (Av) between ebb and flood

periods (Garonce and Quaresma, 2014; Mantovanelli et al., 2004).
|e AIDV = AD + AV
The duration asymmetry (Ap) is defined as the ratio between the difference in the time span of ebb (te)

-flood (tr) periods and the summation of the time span of ebb (te) -flood (t) periods.

te—t
AD = =L !
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The mean velocity asymmetry (Av) is described as the ratio between the difference in the average
velocity in the water column during the ebb (ue) -flood (uf) and the sum of the average ebb (ue) and
flood (ur) velocities.

Ue— U
4, = —=L
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Here, t. & tr are the duration of the ebb and flood periods computed based on the direction on the

velocity, and u,& u; are the mean longitudinal velocity during ebb and flood, respectively.

Thus, when:



Alpv = 0, The tidal wave is symmetrical for time and velocity;

Alpv > 0, The residual circulation and water transport are in the ebb direction;
Alpv <0, The residual circulation and water transport are in the flood direction;
3.3.2 Peak flood/ebb velocities with duration

Current asymmetry strongly depends on the magnitude and duration of flood-ebb currents. Brown and
Davies, 2010 proposed two ratios to determine the flood-ebb dominance and corresponding sediment
transport (1) the ratio of peak flood velocity to that of ebb (Up) and (2) the ratio of the flood to ebb
duration (Tq). Where Up > 1 this indicates flood dominance, and Uy <1 indicates ebb dominance. There
is a distinct zonation in the estuary based on the ebb/flood dominance (Fig. 2.2), such that Zone-1
(Up>1& Ty< 1) represents typical flood asymmetry with shorter duration and maximum currents in the
flood; Zone-2 (Up>1 & Tg> 1) corresponds to longer duration and maximum velocity during the flood;
Zone-3 has typical ebb asymmetry (Up<l & Tq> 1) characterised by shorter duration and maximum
currents in the ebb, and Zone- 4 is characterised by a longer duration and maximum velocity during
the ebb. Zone-1 and Zone-3 can be considered flood and ebb dominated, respectively, according to the

conventional definition of CA.
3.4 Demarcation of Erosion Accretion zones

Numerous studies have been conducted to demarcate the accretion and erosion zone of the estuaries
and lakes mostly through the application of remote sensing and GIS (Alphan and Yilmaz, 2005; Chen
etal., 2005; Ke et al., 2011; Mahmud et al., 2011; Zhang et al., 2009). Limited information is available
on the long-term morphological changes concerning the physical variability and hydrodynamic
response of VL. In the present study, spatial analysis of multi-resolution Landsat images with less than
10% of cloud cover (http://earthexplorer.usgs.gov/) for the years 1973 (Landsat 1 MSS, February
1973) and 2008 (Landsat 5 TM, December 2008) provided information regarding the accretion and
erosion zones. Multi-temporal images were co-registered in the same coordinate system, and all the
images were re-projected to a standard projection, UTM with WGS84 datum and zone 43 N with
RMSE value <0.5 pixels. The spatiotemporal changes of VL (1973-2008) were delineated using
Normalized Difference Water Index (NDWI) (McFeeters, 1996), Normalized Difference Vegetation
Index (NDVI) (Rouse Jr et al., 1974), and Modified Normalized Differential Water Index (MNDWI)
(Tebbs et al., 2013). The erosion and accretion zones in VL could be identified by selecting a suitable
index, which was calculated, analysed and classified independently (using image-specific thresholds).
Finally, the generated maps were stacked to produce the erosion/accretion zones for the period 1973-

2008, and these were compared with the zones where flood/ebb dominance was noted.



4 Results
4.1 Model Validation
4.1.1 Validation of tide

Comparison of the predicted tidal elevation against observed water level is shown in Fig. 3. The
statistical significance (Warner et al., 2005; Willmott, 1981) of the model output with observed data
is given in Table 1. Quantitative comparisons based on regression analyses (0.87) and index of
agreement (average skill value 0.92) reveal the reliability of the model in predicting the lake dynamics.
The maximum error of 0.07 m (lowest index agreement 0.85) was observed at Thanneermukkom,
where the freshwater influx was higher. A pulse of large freshwater flow from the rivers (Pampa,
Achankovil, Meenachil, Muvatupuzha and Manimala) can cause a change in the surface water
elevation in this region. The possibility of the error in the predicted water level could be due to

inadequate discharge data from many tributaries to the lake.
4.1.2 Validation of currents

Modelled currents strongly depend upon the bathymetry data, the geometry of the lake, and the forcing
parameters, hence accurate prediction of current is more complicated than that of the water elevation.
However, the phase of the current components should be in agreement with observed data. Comparison
between modelled and observed currents (east and north component) at 3 stations showed a significant
correlation with maximum (0.88) index of agreement at Arookutty and minimum (0.61) at
Thanneermukkom (Fig. 4, Table 2). Bi-directional flow at Fort Kochi inlet during the flood period
(seaward surface flow and upstream flow near the bed) is captured by the model very well; where the
indexes of agreement with the observed data at surface and bottom are 0.81 and 0.80 respectively.
(Detailed description of the VL-FVCOM model validation for the tides, currents and salinity is
presented in the companion paper -John et al., 2020).

4.2 Flood-Ebb velocity characteristics

A maximum velocity (supplementary Fig.2) was observed in Cochin inlet (F_-Fr) with 0.77 m/s (pre-
monsoon), 0.85 m/s (monsoon), 0.69 m/s (post-monsoon) during flood, with corresponding values
during ebb of 0.68 m/s, 0.85 m/s and 0.80 m/s, respectively. At Munambam inlet (AL-Ar) the
maximum velocity in flood during pre-monsoon, monsoon and post-monsoon was 0.46 m/s, 0.37m/s,
0.2 m/s and in ebb 0.54 m/s, 0.57m/s, 0.47 m/s, respectively. In general to the south of Cochin inlet,
there was a linear decrease in the current velocity irrespective of season and phase of the tide except

for the cross-sections GL-Gr, I-Ir and M-Mgr. Owing to the shallow depth, the cross-sections G.-Gr



and I_-1Ir sustained comparatively lower velocity both during flood and ebb. An abrupt increase at M-
Mr was due to the funnelling effect. When the river discharge to VL was lowest during pre-monsoon,
the tides overwhelmed the river discharge and controlled the flow dynamics. Strong flood currents
were noted during the pre-monsoon compared to the other seasons. The difference between the peak
flood and ebb velocities in the channel cross-sections are presented in Fig.5. The results reveal that
more locations on the right/western bank (B, D, F, H, K, M, N) show stronger flood velocities than
ebb during monsoon and post-monsoon. This implies that the system undergoes an effective interaction
with the bottom geometry and incoming tides, leading to the formation of over-tides. During the
monsoon and post-monsoon, increased freshwater influx dampens the tidal forcing, and intensifies the

ebb flows through the eastern banks compared to that seen in the pre-monsoon period.
4.3 Assessment of spatial and temporal current asymmetry in VL
4.3.1 Asymmetry Index

Alpv was calculated from asymmetries in duration (Ap) and mean velocity asymmetry (Av) during the
flood-ebb period, which was necessary for determining the net transport. Seasonal patterns of
asymmetry index for VL are shown in Fig. 6 a, b and c. During the pre-monsoon (low discharge)
period, the system exhibits a clear flood-ebb asymmetry index along the channel, while the duration
asymmetry was higher during the monsoon and post-monsoon than during the pre-monsoon. This
implies that the ebb duration is longer during the monsoon and post-monsoon periods. The right
portion of the channel cross-section (F, G, H, K, M, N, O, and P) exhibits more flood dominance in
Av and the centre to the left portion of channel retains the ebb dominance during the pre-monsoon
period. For the Asymmetry Index, the right side of the channel cross-section exhibits more flood
dominance than the left and central portion of the channel in the pre-monsoon. However, the
asymmetry pattern was entirely different in the monsoon and pre-monsoon period due to heavy
discharge from the freshets. Time duration asymmetry in the monsoon and post-monsoon period were
similar to those of the pre-monsoon period, but the magnitude of the duration was comparatively high.
The average velocity asymmetry during the heavy and moderate discharge periods suggest a
predominant ebb dominance in VL expect for cross-sections B, D, N, P during the monsoon and for C

during the post-monsoon.
4.3.2 Flood-Ebb asymmetric ratio

In the present study, typical flood asymmetry (Zone-1) was identified on the right bank of VVL; whereas
characteristic ebb asymmetry was altogether absent in VL (Fig. 7 a, b and c). Flood and ebb asymmetric

zones were more pronounced in the pre-monsoon season compared to the rest of the season. The



majority of the lateral stations in VL fall in Zone-4, which represents longer ebb duration and
maximum ebb velocity during the pre-monsoon, monsoon and post-monsoon period. During the pre-
monsoon (low discharge) period, modified ebb asymmetry prevailed at all stations as evidenced by the
identical patterns (Fig.7 a.) for all lateral stations (0.8<Tq4>1). The system switches from flood
asymmetry to ebb asymmetry during pre-monsoon near to Cherai, B-B cross-section. This can be
ascribed to the Periyar river influx, which influences the generation of flood asymmetry in the whole
channel during the monsoon and post-monsoon period. Several consistent locations were identified
with perennially flood dominated asymmetry on the right bank of VL (B, D, F, G, H, N), while the
majority of the stations exhibited modified ebb asymmetry during the monsoon and post-monsoon
period over a wide range of 0<T¢>1. Taking a synoptic view of VL, it can be seen that the ebb velocities

are higher on the left bank to the central axis of VL, while the flood currents dominate the other portion.
4.4 Demarcation of Erosion Accretion zones using satellite images

The erosion and accretion zones of VL over the period 1973-2008 were demarcated using remote
sensing and GIS. A major shrinkage of the lake area was observed in regions adjacent to the Cochin
inlet (Fig.8a), and most of this land (~ 4.62 km?) was reclaimed for the construction of the marine
drive, the extension of Willingdon Island, the construction of the railway track, and a road for the
Vallarpadam Project International Container Trans-shipment Terminal, the Goshree project at
Ernakulam jetty area, and the new Thevara -Willington Island bridge (Dipson et al., 2015). The
northern part (Fig.8a) of the Cochin inlet region was found to protrude 1.6 km towards the sea with an
area of 3.61 km? due to littoral drift along the coast. Comparatively fewer morphological alterations
were observed in the southern part of the VL than the inlet region. Southern regions (southern half and
upper reaches of the VL; refer to Fig 1.2 for locations) experienced natural accretion (3.51 km?) and
erosion (1.41 km?) on the right and left banks, respectively. The analysis shows (Figs.7 and 8) that the
major accretion zones were on the eastern bank (Dr, Er, Fr, HR, Ir, Jr, Kr, Lr, MR, Nr, NL, Or, Pr, PL)
and the major erosion zones on the western boundary of the lake (D, EL, Fi, G, Hi, I, i, Ki, M, OL)

as highlighted in the figures.
4.5 Sediment characteristics of Vembanad Lake.

In the previous section, we discussed the long-term morphological changes in VL and its association
with the prevailing velocity asymmetry. Estimation of sediment flux from the rivers basin to the
estuary is essential in order to understand the process of sediment mobility, transport, deposition, and
erosion. Based on the climatological (2000-2016) analysis of sediment influx, the average annual yield

of sediment from all the rivers draining into VL is calculated as 22 x10° t/yr (Fig. 9). The maximum



sediment yield to VL was estimated during the monsoon (16.38 x10° t), followed by post-monsoon
(5.02 x10° t) and pre-monsoon (0.85 x10° t). Generally, a heterogeneous mixture of sediments flows
through the rivers, and natural sorting takes place within the movement due to the different transport
modes of fine and coarse materials. Fine fractions of the particles (clay) are transported in both low
and high energy environments, while coarser particles are only transported under high energy
environments of the rivers. Climatological analysis (2000-2016) of the sediment influx data from the
seven rivers revealed that the contribution of clay particles (Fig.10.1 & 10.2) was significant during
pre-monsoon (2-10 mg/l), monsoon (5-40 mg/l) and post-monsoon (4-45 mg/l). However, the rates of

silt (3.27 x10°t/yr.) and sand (1.37x10° t/yr.) transport were relatively low.

Even though the sediment contributions from the rivers were meagre during the pre-monsoon, the long
(90 day) residence time (John et al., 2020) plays a significant role in depositing it in the upstream
regions. Nevertheless, the contribution of sediment during the monsoon and post-monsoon is capable
of exporting to the downstream parts of VL when the residence time is much shorter (25 days)
compared to the pre-monsoon. The contribution of sand, silt and clay (mg/l) were found to be higher
in the Achankovil River, while the discharge (< 50 m*/ s) was significantly lower than in the other six
rivers. Therefore, the contribution of sediment input to VL becomes minimal from the Achankovil
River. The significant portion of the sediment to VL is contributed by the rivers Periyar and

Muvatupuzha due to the higher discharge and high sediment load.

Sediment characteristics may be subject to changes during the transport processes in VL, and
segregation is possible according to size, shape, mineralogy, and density (Oyedotun, 2016). Grain size
data from VL (Fig. 11) shows the spatial distribution of sedimentation patterns with coarser particles
(> 400 um) near the Cochin inlet (by tidal action and littoral drift) and upstream regions (southern half
and upper reaches). High settling velocities were noted for the rivers Muvattupuzha (southern half),
and Meenachil, Manimala, Pamba and Achankovil (upper reaches), which favoured the deposition of
coarser sediments in the southern part of VL. The spatial distribution of sediment showed coarser
particles (>150 um) deposited in the left/eastern bank and finer particles (<150 pum) on the
right/western bank of VL. It is well known that coarser sediments tend to be transported during high
energy flow conditions, while finer sediments will settle in a low energy environment (Folk, 1966;
Friedman, 1967, 1962; Moiola and Weiser, 1968). CA analysis revealed that the left/western banks of
the southern region (southern half and upper reaches) were dominated by modified ebb asymmetry
that promotes a steady uniform flow towards the sea, limiting the settling of the fine fraction of the

particles. This result corroborates the sediment grain size distribution seen in VL.



5 Discussion

CA analysis demonstrates the spatio-temporal variability (pre-monsoon, post-monsoon, monsoon) of
the tidal asymmetry in VL. The asymmetry index delineates the distinct flood-ebb dominance in VL
only for the pre-monsoon period, attributed to the substantial prevalence of tidal currents in the pre-
monsoon compared with the other two seasons. During the monsoon and post-monsoon period, all the
locations exhibited ebb dominance in the asymmetry index. This is because of the effect of peak flood
on the average velocity by high fresher water influx to the system during the monsoon and post-
monsoon period. However, in the case of flood-ebb asymmetry ratio, distinct flood-ebb dominance is
observed in the monsoon and post-monsoon periods. Differential dominance over the channel cross-
section shows that for particular cases, zones with maximum depth are characterised by ebb dominance
and minimum depth zones by flood dominance. Hence, it may be concluded that the generating
mechanism of CA is related not only to the interaction between the M2 and M4 tidal constituents but
is also influenced by geometry, uneven topology, and freshwater influx to VL. These are explicitly
illustrated by the flood-ebb asymmetry ratio proposed by Brown and Davies, 2010. In this study, it is
evident that the residual flow becomes a predominant factor responsible for generating modified ebb
asymmetry, which accounts for the effect of river discharge, bathymetry and geometry. Central water
and power research station (2016) reported that the rate of siltation in the Ernakulam channel varied
significantly between 2.3 — 3.2 m per year from 2010-2013 and more than 60% siltation occurred
during monsoon periods. This also may be attributed to the river reinforced residual currents that
interact with tidal currents and enhance the ebb currents thereby generating significant tidal residual
sediment transport towards the sea (Guo et al., 2014). However, asymmetry analysis revealed that
several isolated pockets on the eastern bank of VL attained flood dominance during all seasons. The
magnitude of the velocity and the duration asymmetries between the flood/ebb periods significantly
controls the net transport of dissolved and suspended material in VL. Thus CA is one of the most
critical processes affecting residual sediment transport and associated large-scale morphological
changes in tidal environments including estuaries, tidal inlets and lagoon systems, and coastal waters
(De Swart and Zimmerman, 2009). Van de Kreeke and Robaczewska (1993) investigated the residual
transport in the direction of the highest peak velocity in two cases, one for bedload transport
(proportional to a power law of flow velocity) and other for suspended transport (proportional to the

squared velocity via bed shear stress).
5.1 Significance of Current asymmetry in accretion and erosion in VL

Spatial velocity gradients largely control the process of erosion and deposition in the lake. John et al.,

2020 revealed that maximum flushing occurs through the navigation channel (left bank) in the



southern part of VL. The spatial analyses demarcated the accretional zones on the right bank
(minimum depth) and eroded zones on the left bank (maximum depth) of VL (Fig.8a, b, ¢ & d). In the
asymmetry index, VL exhibits ebb asymmetry during the monsoon and post-monsoon periods, but
there is no great increase in the surface area of the lake between 1973-2008. This corroborates the
findings of Bruun (1978) that 80% of the sediment transport takes place between 85% and 100% of
the peak velocity. Therefore, the most significant current asymmetry in residual transport is the
difference between the maximum current velocities occurring during the flood-ebb period, which
controls the long-term morphological stability. Even though the asymmetry index depicts ebb
dominance, the variation in the peak current velocity during the flood-ebb period has a significant role
in residual transport in VL. Hence, at times the maximum velocity is higher during the flood than in
the ebb (Fig.8) promoting deposition. At other times, the maximum velocity is higher during the ebb
compared with the flood period promoting erosion.

This assumption is well supported by the heavy siltation (CWPRS 2016) noticed in the Cochin inlet,
even though this region is under the influence of ebb asymmetry. Comparison of demarcated eroded
/accreted zones (Fig.8) in VL with the ratio of peak flood-ebb velocity and its duration (Fig.5) revealed
one-to-one correspondence identified with flood/ebb dominated zones in accreted/eroded zones. In
accordance with peak flood-ebb velocity (Fig. 5), distinct channels were identified in several locations
in VL; these were more vulnerable to deposition/erosion processes. Sustained flood dominance was
identified on the right (B, F, H, M, N, O) and left banks (B, D, N, L) of VL. These regions showed
flood dominance in the asymmetry analysis and are confirmed as accretional zones (Fig.8) through
spatio-temporal satellite image analysis. Similarly, modified ebb asymmetry was identified on the left
(E,F, G, H, I,J,K)and right (E, G, D) banks of VVL; this is documented as eroded zones (Fig.8). From
the above results, major anthropogenic encroachments in VL have primarily taken place in regions
where a minimum flow velocity is observed. This is evident as a rapid alteration of the shoreline in the
remote sensing data. It is worth mentioning that the flood dominated /accreting regions were invariably
collocated with areas subject to decadal geomorphological changes on the eastern bank of VL. The
modified ebb dominated/eroded regions are on the western bank of VL. The grain size distribution of
sediments also revealed that coarse particles reside on the ebb dominated channel/western bank and
finer particles reside on the flood dominated channel/eastern bank of VL (Fig.11), in good agreement
with earlier reports by Sarkar et al., 2016; Veerayya and Murty, 1974. Due to channel orientation
(orientation shifted from north-south to northwest-southeast), the flood-ebb channel is transposed in
the meandering region L-Lr, resulting in sediment texture shifting westward to coarse particles and

fine particles on the east side of VL.



From a global perspective, several studies have considered tidal asymmetry in estuaries, which confirm
its importance in erosion and accretion processes. In a comparative analysis (Table.3 and Fig.12) of
the flood/ebb dominance of the world estuaries, landward/seaward transport is found to be higher for
coarse bed materials/suspended particles. Brown and Davies (2010) studied Dyfi estuary and
elucidated the role of flood/ebb dominance in the relative extent of the channel and formation of
sandbanks/flat. Nguyen et al.,(2008) identified the large scale of residual circulation between flood-
ebb channels in the western Scheldt estuary. However, a nonlinear relationship was observed in the
concentration of suspended particulate and flood-ebb velocities in Paranagua Bay (Mantovanelli et al.,
2004). The suspended flux seen for ebb-dominated estuaries such as the Gironde estuary, Changjiang
estuary and Johor estuary is net seawards and relatively higher during the ebb than the flood period
(Castaing and Allen, 1981; Hasan et al., 2012; Zhanhai et al., 2016). Similarly, coarse bedload
transport was relatively higher in the flood period than in the ebb in flood-dominated estuaries. In
general, a shallow wider flood channel promotes landward transport/accretion, and a narrow deeper
ebb channel maintains seaward transport/erosion, which clearly aligns with the findings of the present
study. The existence of separate paths is maintained for peak ebb and flood velocities in Chesapeake
Bay and hugs opposite shores for a meandering geometry. This similar pattern is also achieved in the
present study in the strongly meandering regions of VL (L.-Lr, N.-Nr). Most of the regions in the VL
experienced modified ebb asymmetry, and this feature was also found in the Dyfi and Charente estuary.
Our own pioneering work to address the erosion-accretion process in Vembanad Lake based on current
asymmetry combines modelling, observation, remote sensing & GIS techniques. The present study
will pave the way for an integrated approach to address the sediment transport process in  flood/ebb

dominated estuaries around the world.
6 Conclusions

An open-source hydrodynamic model (FVCOM) was used to simulate the flow dynamics for
understanding the spatial-temporal variation of flood-ebb dominance in VL. The reliability of the
model was ascertained in terms of the Coefficient of determination (R?), root mean square error and
index of agreement. These skill measurements reveal that the model was well correlated with the
observed water level (> 90%) and current data (>80%). This study has revealed the existence of flood-
ebb asymmetries in VL, driven by the freshwater influx, geometry and bottom topography. Alpy values
suggest that ebb dominance prevailed over the entire system except at Cherai and Vallarpadam;
however, there were several isolated pockets on the right bank of the system (shallow depth) where
the peak flood velocity exceeds the ebb, favouring accretion. The region where the peak flood velocity

exceeds the ebb was prone to accretion while the region where the peak ebb velocity exceeds the flood



was prone to erosion. The findings also lend credence to the morphological variation of VL over three
decades (1973-2008) as identified by Landsat imagery of VL. Rapid Morphological changes can be
attributed to anthropogenic alterations, while slow and steady changes are caused by natural processes.
These slow and steady morphological changes in the VL are explicitly demonstrated in terms of

Current asymmetry.
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Fig. 1.1 Digital elevation (The Shuttle Radar Topography Mission (SRTM) - 90-meter resolution data) map
shows model domain (red box), Central Water Commission river gauge stations (red dots), Major locations in
the VL (cyan dots) and River Catchment boundaries (black line). Numerous rivulets join to stream and then

rivers in the catchment area of each river can be seen in the map.
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Fig. 1.2. Vembanad lake map shows the model domain over the satellite image with interpolated
bathymetry and marked the observation locations for model validation (Tides & Currents).
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Fig. 1.3 Sixteen cross-sections (red line) perpendicular to the channel geometry are marked in the map
and their respective depth-averaged velocities at three lateral stations (left, center and right of the
channel) of VL are taken for the asymmetry analysis. The east and west shores of the lake are
considered to be the left and right lateral stations of the channel cross-section except at A.-Arand Fi-
Fr. The south and north shores of the AL-Ar and F-Fr are considered to be left-right lateral station,

as the boundary of the lake faces west-east directions.
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Fig. 2.1. Schematic diagram to understand the lateral variation of CA in VL and its implication on the

morphological changes for the 3 decades.



Peak Flood Velacity Peak Flood Velocity

Longer Ebb Duration Longer Flood Duration

FLOOD (m/s)

r—

EBB

Maximum Velocities ratio (Up)

Duration ratio (Td)

Peak Ebb Velocity Peak Ebb Velocity

Longer Flood Duration
Longer Ebb Duration

FLOOD (mvs)

FLOOD (nvs)

‘BB
EBB
<—

Fig. 2.2. The schematic diagram for representing four zones proposed by Davis and Brown (2010)

in terms of CA.



MUNAMBAM 2009

2
oo

—— Model
—— Obserevd

\

=
<3

-y
z

Elevation(m)
é =i <o
E [ £
>
2

-0.8

2009-09-22  2009-09-25 2009-09-28 2009-10-01 2009-10-04 2009-10-07 2009-10-10 2009-10-13 2009-10-16 2009-10-19
Dates

CHERAI 2009

—— Model
= Obserevd

e il
w o o

Elevation(m)
b
fe=]

Lo
2=
N W

2009-09-22 2009-09-25 2009-09-28 2009-10-01 2009-10-04 2009-10-07 2009-10-10 2009-10-13 2009-10-16 2009-10-19
Dates
FORT KOCHI 2009

= Model
= Obsereyd

Elevation(m)
S o o
W N O

|
e 2
L o

) J

|
e
o

2009-09-22 2009-09-25 2009-09-28 2009-10-01 2009-10-04 2009-10-07 2009-10-10 2009-10-13 2009-10-16 2009-10-19
Dates

AROOKUTTY 2009

——— Model
—— Obserevd

=l —
W N O

Elevation(m)
Lo
=

>
>
=
~—-

|
&=
o

2009-09-22  2009-09-25 2009-09-28 2009-10-01 2009-10-04 2009-10-07 2009-10-10 2009-10-13 2009-10-16 2009-10-19
Dates

MAKAYILKADAVU 2009

—— Model
= Obserevd

o el e il —d
o W o ©

(o8]

Elevation(m)

|
o
>

2009-09-22  2009-09-25 2009-09-28 2009-10-01 2009-10-04 2009-10-07 2009-10-10 2009-10-13 2009-10-16 2009-10-19
Dates

THANNEERMUKKOM 2009

et
=)

—— Model
= Obserevd

e e o
o W o

Elevation(m)

| |
e o
N W

2009-09-22 2009-09-25 2009-09-28 2009-10-01 2009-10-04 2009-10-07 2009-10-10 2009-10-13 2009-10-16 2009-10-19
Dates

Fig. 3. Validation of tides at six locations of VL



FORT KOCHI 2009 (SURFACE)

.
b

—— Model
= Opserved

)

o o o
[ RN

l ‘ ‘ ’ | i ‘ I )
/ ‘ ny “ R l\ b | L 'y i\ “ \ ‘ \; f I\
o UL URA \‘.?Mf!“\\h“ | ‘y “f "f’a,‘ w,- iy 1 ", il

2009-09-22  2009-09-25  2009-09-28  2009-10-01  2009-10-04  2009-10-07  2009-10-10  2009-10-13  2009-10-16
Dates

FORT KOCHI 2009 (SURFACE)

along channel (m/s)

[

—— Model
= Observed

e & < v
o r o v

cross channel (m/s)
S
'S

|
o
)

2009-09-22  2009-09-25  2009-09-28  2009-10-01  2009-10-04  2009-10-07  2009-10-10  2009-10-13  2009-10-16
Dates

FORT KOCHI 2009 (BOTTOM)

eaiin! hOA A A VARARA |

2009-09-22  2009-09-25  2009-09-28  2009-10-01  2009-10-04  2009-10-07  2009-10-10  2009-10-13  2009-10-16
Dates

FORT KOCHI 2009 (BOTTOM)

1.2
-~ —— Model
g 0.8 —— Observed
&
3 04
=
3 00
=
<
v —0.4
%
I
S 0.8

2009-09-22  2009-09-25  2009-09-28  2009-10-01  2009-10-04  2009-10-07  2009-10-10  2009-10-13  2009-10-16
Dates

Fig. 4.1. Validation of surface and bottom currents at Fort Kochi (2009)



AROOKUTTY (2009)

1.2
~ —— Model
< 08 ——Oserved
&
< 04
= y ! b f ] ¢ . A g \ i \
S 00 WA, A, ! \ A N AL ‘A’lf‘ A‘)‘/ \ LAY Y
= : ! /| iy ‘VL‘ 4 lll | YAyl \ ‘ \ U y W il \{
S0-04 H'L"y'\\""'\.v\w\w- J V'Y ¥V Y T v*\v\l‘
3
=< 08
2009-09-22 2009-09-25 2009-09-27 2009-09-30 2009-10-02 2009-10-05 2009-10-07 2009-10-10 2009-10-12 2009-10-15
Dates
£ AROOKUTTY (2009)
- ’ — Model
< 08 —— Observed
e 0.4
3 O A 1 AAAAAANAA AA A A
= " A AN AR A WA R FA A Wy ALY A TAN: "‘«" fh
S X { \ 3 \ vV i Y v
'% {d ( { ! U Y V W ’ u \/ \J \ i| ‘
v —0.4
2
5-08
2009-09-22 2009-09-25 2009-09-27 2009-09-30 2009-10-02 2009-10-05 2009-10-07 2009-10-10 2009-10-12 2009-10-15
Dates
12 THANNEERMUKKOM (2009)
= ’ —— Model
§ 0.8 —— Obgserved
N
< 04{A A AR A
2 | n A ARAAONNA NAR AAR
2 A A MAR ARNRRNARARAA RA M A AARAAA
I 0.0 \ y
< J ARANANAR'AR AR AR Y
50—0.4
=
=08
2009-09-22  2009-09-25  2009-09-28  2009-10-01  2009-10-04 2009-10-07 2009-10-10  2009-10-13  2009-10-16
Dates
12 THANNEERMUKKOM (2009)
= —— Model
08 —— Observed
&
3 04
: &
g 00
=
<
504
e
5 -0.8
2009-09-22  2009-09-25  2009-09-28  2009-10-01  2009-10-04  2009-10-07  2009-10-10  2009-10-13  2009-10-16
Dates

Fig. 4.2. Validation of surface currents at Arookutty and Thanneermukkom (2009)



a) Pre-monsoon

-0.3

1 R R ,
-9 i 3] o lﬂ 3 9 n
! - ] - i
IIIIIIIIIIIIIII |nlllIIIIIIIIIIIIIIIIIIIII i o s D i bl e o A O o o 2 o i e o e e e e e e o e e e e e e e e e e o e
1 ~ ~ l
o i 9] o u ) (@) ]
............... - PTOONUUREETORPIN o S W e sy s OO, oo
= ~ Jul ~ =
Z S Z [ ] @] Z ||
| 1 = R
............... " N e T
= 3) %)
1 : g o : = —
o ™ o e s o S e o LA o T, mEmee e —mm—————— | e ——— o
~ i ~
— Ir o] - o &} — r
— = | ===
||||||||||||||| [ —————— 00 40 0 o oot o e A A G SO0 D o ol B ot a5 s S o i B o o s e o e B b
~ ~
M ll S M ﬂ O M r
E—— - | = _—
||||||||||||||| o ] o o o ] e o e
| Co— -4 == -4 [
— | i— O —_ || ] — T
............... | I = _ e
............... e s e ey
_I ﬂ 2 ) m i ==
& a =$ - —n S8 - =
............... e e ettt ECEEEEEEEELETEEEEEEEETE S B L e L e
= T S35 = J 53 = I“
)
5 = ©a
IIIIIIIIIIIIIII L S S S e i i i i i i i i o i S O . . i i S e ————————
o L 8 3 .
&) &) ) O
..I | Ji=s] ) |
...................................................... o NP . s RS
— o~ e I~ I
o9 | S % il S B~ —
............... ... AR o ... T I .. —
- i m = ~ ]
)
= 2 = —] 2 a —
............... e B mmr e e
~ ~
0 w @] o w @] @) w
= —
||||||||||||||| i ey S | TR | ESRERRRS S, m o e s e s e
_ g “ g £ :
0] O () &) @ @)
I = g 1 = g u
............... ] © | S Y. | N
= ~ g — I = =
m = o = m — ) - aa] [z}
(e A m = - 2 !
||||||||||||||| b ot o e e o e et i el e e e e o e e e e e e B e e et
< E— m ~ | I | W, 5 —
)
] o = — b o ——
o - S = N © N - S - a P a - = - a
(s/w) £3100[a A Jedd Wi ddoudYJIQ (s/ur) K390[3 A YA Ul 2dULI] (s/w) K3100[DA Yad Ul QUL

LCR LCR LCR LCR LCR LCR LCR LCR LCR LCR LCR LCR LCR LCR LCR LCR
Locations

Fig. 5. Difference in the peak velocities along the 16-channel cross-section (A to P) during pre-monsoon (a), Monsoon (b)
and post-monsoon (c). Positive value of the graph refers to the peak velocity was comparatively higher in flood than ebb
and negative value refers to the peak velocity was comparatively higher in ebb than flood. 3 lateral stations of each channel

cross-sections are marked inside of the blue dotted line (L-left, C-center, R-right



a) Pre-monsoon

1.0 mE Ay EHE A, EE Ap
05
0.0 |- ——____ - O - _____ -..--..—.---.- E 5 -.-.--.- E
-5

A B C D E F G H 1 T K L M N (6] r
L0
5 (TJ
ool MmO e gy B o e R §
05

A B C D E F G H I T K L M N 8] P
1.0
0.5 i
ool L e pmaas-——~ -———»l————-.———»- —————————— S o - — - - p - e - -] §‘
0.5 .

A B C D E F G H ! J K L M N [¢] P

b) Monsoon
1.0
[U8)
l_- _____ . _____ o W - . _____ e W . e .
0.5 b
A B G D E F G H 1 T K L M N 6] P
1.0
i 1 a
o g gy O = o e W - W owm _ om R E
ol

A B (& D E F G H 1 4 K L M N 6] r
1.0
il | 1
0.01- A ' ————— - 77777 -,,ﬁ_”” R e e -—”—-””.””-f”—. 77777 - ————— L;\
N

Left

05

A B C D E F G H 1 T K L M N [e] P
1.0
i | X a
M e W owm o= o= W - = e
05

N -
|

-

m
Right

Fig. 6. Time duration asymmetry (Ap), Mean velocity asymmetry (Av) and Asymmetry index (Alpv)
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(b) and post-monsoon (c).
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Fig.9. Climatological (2000-2016) daily sediment yield from the seven river basins to the VL.
Daily sediment yield from the rivers are computed in the unit of tonnes/day. The average annual
sediment yield is 22 x10° t/yr. Seasonal transport of sediment yield to the VL is 0.85 x 10°
tonnes in pre-monsoon (January-May), 16.38 x 10° tonnes in Monsoon (June-September) and
5.02 x 10° tonnes in post-monsoon (October-December).
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Fig.10.1 Climatological (2000-2016) daily river discharges and sediment concentration (Sand,
Silt & Clay) of the river a) Chalakudy, b) Periyar, ¢) Muvattupuzha and d) Meenachil.
Discharge and sediment data were obtained from the Central Water Commission, Government
of India from the river gauge stations near VL (please refer the Fig 1.1 for the river gauge
locations).
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Fig.10.2 Climatological (2000-2016) daily river discharges and sediment concentration (Sand,
Silt & Clay) of the river €) Manimala, f) Pamba, and f) Achankovil. Discharge and sediment
data were obtained from the Central Water Commission, Government of India from the river
Gauge stations near VL (please refer the Fig.1.1 for the river gauge locations).
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Fig. 11. Spatial distribution of sediment grain size of the VL. Seventy-five sediment samples collected along with the VL
during the period of August 2013 for understanding the lateral (Left, Centre, Right) distribution of grain size (black-hollow
circle on the figure represents the sampling locations around the VL). Among these, twenty-four sampling locations are exact
points which we discussed for the CA analysis (FL-Fr, GL-Gr KL-KRg, LL-Lr, ML-Mg, NL-Ng, OL-Or & PL-PR).
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Fig. 12. A schematic diagram represents a comparison of the world estuaries (Thirteen different
estuaries in the world) having flood/ebb dominance and its erosion/accretion process. The
flood/ebb dominance of the estuaries are classified into four subdivisions (flood dominance,
ebb dominance, flood-ebb dominance and flood/ebb inversion)
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Tables:
Table 1
Statistical significance of predicted surface water elevation using Coefficient of Determination-

R?, Root Mean Square Error and Index of agreement (d).

Stations RMS Index of agreement
(m) R?
Munambam 0.06 0.89 0.94
Cherai 0.07 0.91 0.95
Fortkochi 0.07 0.99 0.97
Arookutty 0.07 0.89 0.94
Makayilkadavu 0.06 0.79 0.89
Thanneermukkom 0.07 0.75 0.85

Table 2
Statistical significance of predicted velocity using the Coefficient of Determination-R?, Root

Mean Square Error and Index of agreement (d).

. 2 § RMS Index
Stations S o
= g_ (m) R? of agreement
> 5
O
along- channel
Fortkochi g 0.14 065 o8
(surface) cross- channel 0.14 0.68 0.75
along- channel 0.15 0.64 0.80
Fortkochi
(Bottom) cross- channel 0.10 0.65 0.78
along- channel 0.12 0.81 0.95
Arookutty cross- channel 0.12 0.88 0.71
along- channel 0.11 0.62 0.92
Thaneermukkom cross- channel 0.04 0.81 0.60




Table 3

Comparison of the world estuaries (fourteen different estuaries in the world) having flood/ebb
dominance and its erosion/accretion process

SI.No Estuary Dominance Findings

1 Nauset Inlet, USA (Speerb and Flood Promotes Landward transport of coarse & near-bed materials
Aubrey, 1985)

2 Mandovi and Zuari estuaries, Flood Mandovi and Zuari estuaries are not frictionally dominated estuaries
India (Manoj et al., 2009)

3 Gironde estuary, France Ebb Net seaward flux is more than 100 times that measured during lean freshets
(Castaing and Allen, 1981)

4 Changjiang estuary, China Ebb suspended sediment flux during the ebb was notably larger than during the
(Zhanhai et al., 2016) flood

5 Dyfi estuary, UK (Brown and Ebb Flood/ebb dominance is attributable to the relative extent of the channels
Davies, 2010) and sandbanks/flats

6 Johor estuary, Malaysia (Hasan Ebb Ebb dominant sediment transport at narrow deep channel
et al., 2012)

7 Okat ee Creek, USA Ebb Strongly stratified during ebb than the flood period.

8 Charente estuary, France Asymmetry  Sediment accumulation in an intermediate zone between mouth and
(Toublanc et al., 2015) inversion upstream

9 Paranagua Bay, Brazil Flood-Ebb  The nonlinear relationship between Velocities and SPM concentrations
(Mantovanelli et al., 2004)

10 Yangtze, China (Wang et al., Flood-Ebb  volume and geometrical parameters of the channel have close relationships
2008) with the dynamic factors in the estuary

11 Western Scheldt Estuary, Flood-Ebb  Large-scale residual circulation through ebb and flood channels
Netherlands (Nguyen et al.,
2008)

12 Port Stephens, Australia Flood-Ebb  Shallow wider region are flood dominated and narrower deeper channel are
(Austin et al., 2009) ebb dominant

13 Chesapeake Bay(Ahnert, 1960)  Flood-Ebb  The existence of separate paths are maintained for the peak ebb and flood

velocities in Chesapeake bay
14 Vembanad Lake, India Flood-Ebb  Peak flood/ebb velocity exceeds the ebb/flood having the tendency to the
accretion/erosion process




