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For understanding the sediment removal mechanism from the bank face, Beld measurements of the
dominating turbulent Cow structures under the inCuence of Cood and ebb tide were carried out at the
middle reach 98 km upstream of the mouth of Rupnarayan River, India where the bank erosion activity
was highly dynamic. Measurement of the three-dimensional temporal variation of velocity was carried out
using a 16-MHz Micro-ADV during the transition period of Cood to ebb tide. Results from the present
Beld study depict that during the transition of the onset of the ebb tide, the velocity Beld showed reduced
values that gradually acquired negative values at the near bank region. This manifested the existence of
an anti-clock circulation during Cood tide and clock-wise circulation during ebb tide at the near bank Cow
Beld. It was also pertinent that the velocity gradient during ebb tide was greater as compared to the
velocity gradient during Cood tide. Accordingly, the turbulent bursting analysis revealed that the ejection
and sweep events were prominent during ebb tide resulting in the dislodgement of sediment from the bank
face at a larger rate. Further, the similarity of the wavelet patterns revealed that a good correlation
existed between the stream-wise and transverse velocity component during ebb tide that enhanced the
erosion process during the ebb tide event.
Keywords. Bank erosion; Cood and ebb tide; turbulent Cow; Reynolds stress function; bursting events;
cross wavelet function.

1. Introduction
Riverbank erosion (particularly within the middle
reach of an alluvial river channel) leads to land loss
that impacts the agricultural and other socio-economic sectors all over the world. The problem of
bank erosion and downstream sedimentation is of
great challenge to the freshwater ecosystem managers. Liu et al. (2013) related the concentration of

sediment to the bank failure for Yellow River at
Shanxi–Shaanxi province. The morpho-dynamic
characteristics of the natural cohesive river banks
are characterized by bank line retreat resulting
from channel expansion, contractions, and variable
bank roughness and are a direct function of bank
material composition such as clay–silt–sand content devoid of any indurated rocks. The middle to
lower reach of the alluvial rivers mostly comprises
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of cohesive sediments. The steady Cow of the
channel is often disrupted due to tidal inCuence at
time scales ranging from hours to days. The longterm temporal variation in tidal amplitude induces
randomness in the river Cow by generating
sub-tidal (averaged over a lunar day) water level
variations up to the middle reach of the river
(Buschman et al. 2009; Sassi and Hoitink 2013).
The coupled dynamics between the streamCow and
tides are controlled by the oscillatory feature of the
tidal river. The tidal motion is attenuated by the
river discharge (acting as a barrier to it) and
increases the tidal-mean friction in the river
(Horrevoets et al. 2004).
The complex Cow structures are produced across
the stream channels for varying time lags allied
with different Cows (Wegen et al. 2008). This may
lead to enhancement of Reynolds shear stress near
the river bank region. In this regard, Blanckaert
et al. (2010, 2012), Engel and Rhoads (2017) and
Das et al. (2020a) investigated the eAect of Reynolds stress at the outer bank region under Beld
condition using acoustic Doppler current proBler
(ADCP). They stated that the variation of Cow
structures, sediment entrainment patterns, bed
shear stress and high-velocity gradient increases
the bank erosion rate. Leng et al. (2018) conducted
Beld measurements in the tidal bore of the Garonne
River (France) where they reported that during the
bore passage, the velocity drops and Cow reversal
occurs with large turbulent stresses. However,
these studies lacked information on the turbulence
characteristic under the tidal inCuences.
LeBlond (1979) and Godin (1991) reported that
a frictional eAect is generated due to river-tide
interaction causing exchange of spectral energy
density between the tidal frequency and sub-tidal
frequency bands. Thus, in tidal environments, the
variation of erosion rate among ebb and Cood tide
is more likely to be caused by Cow conditions than
the sediment composition (Dinehart 2002). Further, Vanoni and Brooks (1957), Cheng and Chua
(2005), Debnath et al. (2007a, b), Das et al.
(2019a, b), and Roy et al. (2019) reported that the
shear stress distribution is inCuenced by the lateral
wall of the bank, which may enhance the transverse
bottom shear stress at the in-bank region. The
propagation of the tidal wave, up the river undergoes distortion and damping due to the river discharge and the friction oAered by the riverbed and
bank. These features lead to the generation of
secondary currents by creating an unbalanced
turbulent stress distribution along the tide-
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dominated alluvial river channel (e.g., Godin 1999;
Ervine et al. 2000; Horrevoets et al. 2004; Constantinescu et al. 2013). The generation of the
secondary currents leads to the formation of the
meandering of the alluvial river channel. The secondary currents lead to the formation of helicoidal
Cow (Blanckaert 2010; Engel and Rhoads 2012)
which erodes the bank and bed sediments from the
outer bend of the meandering channel close to the
bank toe leading to a localised deepening of the
bathymetry. Thus, it may be noted that the outer
bend of the rivers over time changes their planform as bends migrate and evolve due to erosion
caused by unbalanced shear stress. The process of
plan-form evolution due to bank erosion is a function of several parameters such as bed morphology,
hydraulic inconsistency, turbulent Cow patterns,
and sediment transportation (Pizzuto 1994; Hooke
1995; Seminara 1998, 2006; Parker et al. 2011;
Engel and Rhoads 2012; Roy et al. 2020). In addition, the velocity Beld and the lateral shear stress
distribution are aAected by river bank sidewall
properties (Tominaga and Nezu 1991).
Canestrelli et al. (2010) reported that the variations in sea level also modify the distribution of
bed shear stress, both because of changes in water
depth and tidal propagation speed. They also stated that higher shear stresses were responsible to
promote the lateral bank erosion and bank line
widening, especially during ebb-dominated tide.
Further, Tambroni et al. (2005) reported that the
Cow is faster during ebb tide as a large amount of
the discharge is concentrated at the center of the
channel. Further, it is important to mention that
all these studies were mainly carried out at the
river mouth where the river meets the ocean.
Horrevoets et al. (2004) mention that tidal eAects
are present up to *150 km upstream of the river
mouth wherein violent bank erosion activity is
prevalent at many locations. Furthermore, investigation carried out by Maity and Maiti (2017) at
the Rupnarayan River reported that considerable
erosion takes place at the tidal middle reach
(98 km upstream from the river mouth) due to
which a large bank line retreatment occurs leading
to large amount of sedimentation (26.57 million m3
shoaling in the last 25 years) at the lower reach.
There is a need to understand the physical
behaviour of the tide aAecting the riverbank erosion at the river bend with dynamic bank erosion
activity. The present study is intended to bridge
this gap in understanding. Since larger erosion rate
at the toe region of the river leads to the river bank
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failure causing land loss (Darby and Throne 1996;
Chu-Agor et al. 2008), it is of our primary interest
to understand the turbulent Cow structures
near the toe region of the river bank under tidal
inCuence. Recent literature suggests that the
downstream (i.e., longitudinal) and transverse
Cuctuating components of velocity play a crucial
role on the river bank face pertaining to sediment
entrainment (Roy et al. 2019; Das et al. 2020b).
Further, Barman et al. (2019) recently reported
that strong momentum Cux and coherent structures play a key role in river bank erosion. Das
et al. (2019a), in their experimental study, identiBed different under-cut morphological patterns
developed due to the Cow characteristics, resulting
in the propagation of erosion of the cohesive bank.
However, these studies lack information about the
turbulence characteristic on the riverbank erosion
under the Beld study.
The previous literature suggests that the
understanding of bank erosion and turbulence
characteristics on the lower reach river has been
carried out by many researchers. It is worthwhile
mentioning here that the previous studies did not
focus on the tidal eAect at a river channel and the
associated turbulence characteristics. Thus, an
attempt has been made to understand the causes
and mechanisms of erosion process under the tidal
inCuence in the middle reach of the Rupnarayan
River where active erosion is observed under the
inCuence of tidal current. Further, the study
attempts to provide insight into the understanding
of the cross-correlations of the vortices or eddies
formed due to tidal inCuence that may strongly
contribute to the removal of riverbank materials
under the inCuence of tide. To characterize the
bank erosion process under tidal inCuence, velocity
Cuctuation and Reynolds shear stress are evaluated. Further, to determine the contribution of
velocity Cuctuation to the total shear stress at a
speciBc point as a sum of contributions from different bursting events, joint probability density
function is carried out based on bursting events.
The turbulent shear Cow near the boundary is
generally characterized by the concept of turbulent
burst-sweep cycle (Kline et al. 1967). The small
scales turbulence is developed when low-velocity
Cuids interact with the high velocity eddies or
vortex called sweep near the boundary to cause
acceleration. These accelerated Cuids are ejected as
a turbulent burst after it is lifted from the boundary into the Cow region. The high-speed Cuid
streaks or sweeps are the inrushes at a shallow

angle towards the wall, while the low-speed Cuid
streak are the bursts with violent ejections outward
from the vicinity of the wall (Corino and Brodkey
1969; Grass 1971; OAen and Kline 1975).
The bursting phenomenon consists of events
named ‘ejection’, ‘sweep’, ‘inward interaction’ and
‘outward interaction’, and can be evaluated based
on the conditional sampling of longitudinal (u 0 ) and
transverse (v 0 ) Cuctuating velocity components
which are divided into four quadrants in the u0 –v 0
plane (Nakagawa and Nezu 1977; Wallace et al.
1972; Raupach 1981). Here the events deBned by
the four quadrants Q as outward interaction
(Q = 1; u0 [ 0, v 0 [ 0), ejection (Q = 2; u0 \ 0,
v0 [ 0), inward interaction (Q = 3; u0 \ 0, v0 \ 0),
and sweep (Q = 4; u0 [ 0, v0 \ 0), respectively.
Along with the contribution of bursting events, the
spatial and temporal distributions of the velocity
Cuctuation are quantiBed to understand the similarity of the wavelet coefBcient and its correlation
components. Thus, the present study may be useful
for advancing the knowledge on riverbank erosion
process under inCuence of tide.

2. Study area
The Rupnarayan River with its sub-tributaries
comprising the Damodar, Dwarakeswar, Kangsabati, and Silabati Rivers (Bgure 1) is the most
significant tributary of the River Hoogly. The
Rupnarayan at Geonkhali joins river Hoogly
(Bgure 1) draining the entire Trans-Damodar area.
Based on the channel geometry and the sediment
properties of the rivers, Maity and Maiti (2017)
divided the entire Rupnarayan River into three
reaches (Upper, Middle, and Lower reach)
(Bgure 1d). The extension of the upper reach starts
from the Bandar to Jassar covering up to 28 km.
The middle reach is 10 km long and covers between
Jasar and Kolaghat (Dainan), whereas a length of
40 km of the lower reaches extend from Kolaghat
to Geonkhali (Bgure 1d).
According to Mukhopadhyay and Dasgupta
(2010), the Rupnarayan River at the upper reach is
relatively narrow with maximum width of
*280 m. However, it gradually widens downward
attaining maximum width of *4250 m. The average rainfall of the area is 1320–1630 mm having
tropical monsoonal type of weather with the temperature varying from 11C to 45C. The lower
reach of the Rupnarayan River undergoes continuous sedimentation due to the eAect of riverine and
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Figure 1. Satellite view of the study area.

marine processes (Maity 2015). During the last
25 years, the lower reach accomplished a net sediment deposition of 26.57 million m3 leading to the
development of shoal area (projected by Kolkata
Port Trust, 1990–2015). However, bars and mudCats were observed at the inner bank with no shoal
area at the middle reach of the Rupnarayan River.
The radius of curvature from Bgure 2(a) was estimated to be 1.92 km with an arc angle of 114. The
bend length and width of the studied area were

about 3.11 and 2.96 km, respectively, thereby
showing low sinuosity of 1.14.

3. Materials and methods
3.1 Methodology
Near bank turbulence characteristics were measured at the outer bend (at 60) of Rupnarayan
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Figure 2. Study area and data collection site: (a) Plan view of the river; (b) Bathymetry of the river; (c) Experimental set-up
during no tide; and (d) Experimental set-up during Cood tide.

River (Bgure 1d, e). The width of the study bend at
the time of measurement was 833 m and the depth
was 9.5–10 m. The data collection region was
nearly vertical, unvegetated bank comprising
mainly of clay to silt (table 1). The ss was measured by the vane method, and the samples were
collected from the river bank in a cylindrical core
to determine the bulk density (qb ), dry density (qd )
and water content (Wc ) of the bank using the
standard procedure similar to Debnath and
Chaudhuri (2010a, b, 2011, 2012) (table 1).
The Beld investigations were carried out on 24th
(Day 1), 26th (Day 2), and 28th (Day 3) February
2018. The velocity measurements were carried out
during the transition period of Cood and ebb tide

for the total duration of 90 min for each day. The
time-averaged velocity data were sampled using
16 MHz Micro-ADV during the transition period of
Cood and ebb tides for a total duration of 90 min.
Measurements were deployed on custom mount
carriage, which was supported by metal poles
(Bgure 2c, d). The mount consisted of a metal
frame 8 m long and 0.9 m wide. The metal poles
were deeply buried to support each side of the
mount. Measurements of three-dimensional (3-D)
velocities using ADV were carried out 6 m away
from the measuring station (22280 42.7900 N;
87540 20.3200 E) (Bgure 2b). The data of the nearbed region (toe region of the river bank) were
procured at a Bxed sampling height, i.e., 15 cm
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Table 1. Properties of the Rupnarayan river sediments.
Properties

Rupnarayan river
sediment

SpeciBc gravity
d \ 4 lm
4 lm\ d B 63 lm
d [ 63 lm
Median size
Water content (Wc )
Bulk density (qb )
Dry density (qd )
Liquid limit
Plastic limit
Plasticity Index
Maximum dry unit weight
Optimum moisture content
ss at optimum moisture content

2.64
28.7%
63.4%
7.9%
15.8 lm
39.12%
1.387 g/cm3
0.581 g/cm3
39%
24%
18.9%
1.8 g/cm3
21%
14.2 kN/m2

To measure the velocity (all the three components
of the instantaneous Beld), a 16-MHz micro-ADV
was used. The mean and Cuctuating part of any
turbulent Cow Beld can be decomposed as (Schlicting 1960; Nezu and Nakagawa 1993; Barman
et al. 2016):
ð1Þ

where u; v; w are the time-averaged velocity
components and u0 ; v 0 ; w 0 are the corresponding
velocity Cuctuations in x, y, and z directions. The
time-averaged velocity components (u, v, w) are
given as:
n
1X
ui ;
n i¼1

n
1X
v¼
vi ;
n i¼1

w¼

n
1X
wi ;
n i¼1

ð3Þ

where u represents the shear velocity and was
obtained from least square Bt of the velocity data to
the universal log law distribution for only current
Cow case. The working principle of the bed shear
stress u can be acquired from Barman et al. (2016).

3.2 Data processing

u¼

n
qX
ðui  uÞðvi  vÞ:
n i¼1

All the shear stress components can be evaluated
similar to equation (3). The normalized Reynolds
shear stresses suv , suw and svw are given by
9
suv ¼ u0 v 0 =u2 >
=
2
0
0
ð4Þ
suw ¼ u w =u ;
>
2;
0
0
svw ¼ v w =u

above the bed during the transition period of Cood
and ebb tide (Bgure 2b) similar to the techniques
discussed in Das et al. (2020b). The detailed data
on the water level variation as well as the shear
stress variation are given in table 2.

u ¼ u þ u0 ; v ¼ v þ v 0 ; w ¼ w þ w 0

suv ¼ qu 0 v 0 ¼ 

ð2Þ

where n is the number of observation.
The time-averaged Reynolds shear stress component (u, v) are deBned as:

4. Results
4.1 Tidal range
The tide in Hooghly is a progressive type of wave.
The tidal span is deBned as the variation between
the high water (HW) and low water (LW) levels
and follows:
dTr dd HW dd LW
¼

dl
dl
dl

ð5Þ

where Tr is the tidal range, l is the distance in
the upstream direction from the river mouth,
dHW (stream depth at HW) = d0 þ Tr =2 is the
water depth at high water, dLW (stream depth at
LW) = d0  Tr =2 is the water depth at low water.
Figure 3(a, b) represents the change in water
depth due to the tidal activity on 24th, 26th and
28th February 2018. During the onset of the Cood
tide, an increase in velocity near the bank is
observed (Bgure 3c). Moreover, at the transitional
zone during the onset of the ebb tide, the velocity
tends to be decreasing and the negative velocity is
acquired at the near bank region (Bgure 3c). It is
also pertinent that the velocity gradient during ebb
tide was higher as compared to the velocity gradient during Cood tide. Further, the components of
the Reynolds shear stress suv and suw manifest
similar behaviour as that of velocity component
(Bgure 3d, e). However, the magnitude of suv is
greater than that of suw .
pﬃﬃﬃﬃﬃ
The Froude number (Fr ¼ u= gd ) was calculated along the near bank region with the variation
of the tidal eAect (Gordon et al. 1994) and are given
in table 2.
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Table 2. Variation of the Cow characteristics.
Water depth (m)
Time Day Day Day
2
3
(min) 1
0
3
6
9
12
15
18
21
24
27
30
33
36
39
42
45
48
51
54
57
60
62
64
65
67
69
71
73
74
75
77
79
80
81
82
84
86
88
90

0.94
0.94
0.95
0.95
0.96
0.96
0.97
0.98
0.98
0.99
0.99
1.00
0.99
0.96
0.96
0.95
0.95
0.94
0.93
0.92
0.91
0.90
0.89
0.88
0.87
0.86
0.85
0.84
0.83
0.82
0.81
0.80
0.79
0.78
0.77
0.76
0.75
0.74
0.73

0.92
0.92
0.93
0.93
0.94
0.94
0.95
0.96
0.97
0.97
0.97
0.98
0.98
0.97
0.95
0.94
0.93
0.93
0.92
0.91
0.89
0.89
0.87
0.86
0.85
0.84
0.83
0.82
0.81
0.80
0.79
0.78
0.77
0.76
0.75
0.74
0.73
0.72
0.71

0.96
0.96
0.97
0.97
0.97
0.97
0.98
0.99
0.99
1.00
1.00
1.01
1.00
0.99
0.98
0.98
0.97
0.95
0.94
0.93
0.92
0.91
0.90
0.89
0.88
0.87
0.86
0.85
0.84
0.83
0.82
0.81
0.80
0.79
0.78
0.77
0.75
0.74
0.73

Mean velocity (cm/s)

Turbulent shear stress
(suw) [cm2/s2]

Turbulent shear stress
(suw) [cm2/s2]

Day
1

Day
2

Day
3

Day
1

Day
2

Day
3

Day
1

Day
2

Day
3

Day
1

Day
2

Day
3

11.83
18.92
19.55
20.95
21.21
23.10
24.80
26.65
27.33
28.48
29.73
30.76
28.07
27.16
23.74
20.48
16.86
11.34
8.70
5.25
3.75
1.36
0.19
–2.24
–4.51
–5.61
–5.06
–4.82
–5.61
–5.71
–6.86
–7.61
–8.00
–7.39
–10.02
–9.36
–10.35
–11.58
–13.68

9.24
17.84
18.47
18.02
19.23
21.12
23.55
24.67
25.35
27.40
26.33
28.78
26.09
25.18
24.01
20.37
15.78
10.26
8.02
4.03
2.07
–0.32
–1.49
–3.92
–5.59
–6.69
–6.14
–5.90
–6.69
–6.79
–7.94
–9.20
–9.90
–10.60
–11.30
–12.00
–12.70
–13.40
–14.10

13.03
20.00
19.25
22.03
22.29
25.37
25.88
27.73
29.35
29.56
31.25
31.84
30.21
28.24
27.25
25.21
22.33
17.25
12.25
7.25
5.75
3.36
2.19
–0.24
–2.51
–3.61
–3.06
–2.82
–3.61
–3.71
–4.86
–6.06
–7.26
–8.46
–9.66
–10.86
–12.06
–13.26
–14.46

0.36
0.48
0.56
0.68
0.75
0.82
0.89
0.92
1.20
1.25
1.38
1.30
1.21
1.14
1.05
0.94
0.92
0.91
0.83
0.75
0.67
0.55
0.47
0.45
0.41
0.35
0.26
0.19
0.12
0.08
–0.02
–0.06
–0.03
–0.06
–0.03
–0.05
–0.04
–0.15
0.02

0.28
0.40
0.40
0.52
0.59
0.66
0.73
0.76
0.84
0.92
1.00
1.08
1.16
0.98
0.89
0.78
0.76
0.75
0.75
0.67
0.59
0.39
0.31
0.29
0.25
0.19
0.10
0.05
0.04
0.00
–0.10
–0.14
–0.19
–0.22
–0.19
–0.21
–0.20
–0.31
–0.06

0.52
0.64
0.72
0.76
0.83
0.98
1.05
1.16
1.36
1.41
1.54
1.38
1.37
1.30
1.21
1.02
1.00
0.99
0.91
0.83
0.75
0.63
0.55
0.61
0.57
0.51
0.42
0.35
0.28
0.16
0.06
0.02
0.05
0.02
0.13
0.11
0.12
0.01
0.18

0.62
0.77
0.94
1.08
1.12
1.27
1.43
1.75
1.97
2.13
2.58
2.13
2.01
1.90
1.81
1.73
1.62
1.50
1.18
1.17
1.02
0.91
0.75
0.62
0.48
0.31
0.25
0.19
–0.01
0.00
0.03
0.06
0.06
–0.08
–0.03
–0.03
–0.16
–0.13
0.04

0.54
0.69
0.86
1.00
0.89
0.68
1.15
1.16
1.49
1.60
1.67
1.74
1.81
1.88
1.73
1.57
1.46
1.34
1.02
1.01
0.86
0.75
0.59
0.46
0.24
0.15
0.09
0.03
–0.17
–0.08
–0.05
–0.10
–0.10
–0.24
–0.19
–0.19
–0.24
–0.21
–0.04

0.70
0.93
1.18
1.32
1.36
1.35
1.51
1.91
2.13
2.29
2.21
2.37
2.25
2.14
1.97
1.81
1.70
1.58
1.26
1.25
1.18
1.07
0.91
0.78
0.64
0.47
0.41
0.35
0.07
0.08
0.19
0.22
0.22
0.08
0.13
0.13
0.00
–0.05
0.12

0.04
0.06
0.06
0.07
0.07
0.08
0.08
0.09
0.09
0.09
0.10
0.10
0.09
0.09
0.08
0.07
0.06
0.04
0.03
0.02
0.01
0.00
0.00
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.03
0.04
0.03
0.04
0.04
0.05

0.03
0.06
0.06
0.06
0.06
0.07
0.08
0.08
0.08
0.09
0.09
0.09
0.08
0.08
0.08
0.07
0.05
0.03
0.03
0.01
0.01
0.00
0.01
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.04
0.04
0.04
0.04
0.05
0.05
0.05

0.04
0.07
0.06
0.07
0.07
0.08
0.08
0.09
0.09
0.09
0.10
0.10
0.10
0.09
0.09
0.08
0.07
0.06
0.04
0.02
0.02
0.01
0.01
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.03
0.03
0.03
0.04
0.04
0.05
0.05

pﬃﬃﬃﬃﬃ
Fr ¼ u= gd ;
where u = mean column velocity, g = acceleration
due to gravity, and d = water column depth under
tidal inCuence.
It is pertinent from table 2 that the Froude
number is observed to be less than 1 and is, in
general, less than 0.1. It is observed that as the
water depth changed due to the tidal Cux, the

Froude number
(Fr)

velocity of the Cow changed accordingly. The
velocity was observed to increase during Cood tide,
whereas the velocity decreased and acquired a
negative velocity during the ebb tide. However, the
velocity gradient during ebb tide was observed to
be greater than Cood tide. As both the velocity and
water depth varied under tidal inCuence, a change
in Froude numbers was also observed. However,
this change was not significant.
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Figure 3. (a) Variation of tidal water level for the duration of
16 hr; (b) variation of tidal water level for the duration of 90
min time window; (c) variation of the stream-wise velocity for
90 min time window; (d) variation of the Reynolds shear stress
(suw ) for 90 min time window; and (e) variation of the
Reynolds shear stress (suv ) for 90 min time window.

4.2 Characterization eAect of turbulence
during tidal Cow on bank erosion
The sediment properties such as clay–sand network
structure, cohesion and local shear stresses are the
prime factors, which control the riverbank erosion
(Darby and Throne 1996). The Reynolds stresses
provide an insight into the momentum Cuxes
through turbulent Cuctuations at the bank sediment interface. It is pertinent from the work of Roy
et al. (2019) that the higher value of suv at the
lateral bank sediment surface interface leads to
concentration of large-scale vortices which play an
essential role in initiating the bank erosion process.
Blanckaert (2010) and Blanckaert et al. (2012)
reported that the near-bank values of Reynolds
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shear stress suw and svw at the river bends are of
comparable magnitude which implies that the
sidewall shear stresses have a strong inward component. This added inward component noticeably
increases the sediment erodibility in comparison to
a Cow parallel to the bank. The approaching Cow
has a propensity to maintain a straight path and to
strike the outer bank at an oblique angle of the river
bend. Therefore, the Cow rotates in opposition to
the outer bank, dominating the bottom-normal
down-welling velocities (Blanckaert et al. 2012).
Frothingham and Rhoads (2003), Ferguson et al.
(2003), and Blanckaert (2010) perceived that
extreme bank erosion and bed scour arise when the
approaching Cow strikes the region of the outer
meander bank which is situated at about 60 in the
bend. In the reported experiments, the region at
about 60 (Bgure 1e) in the meander bend is selected, which makes it to coincide with the region
where the width and the strength of the outer-bank
region reach their maximum values. The suv values
observed at the near bank region in the present Beld
study was relatively large as compared to suw
(table 2; Bgure 3d, e). From Bgure 3(c), it is clear
that velocity gradients during the ebb tide are relatively greater compared to the velocities during
Cood tides. It might be due to the phase-lag among
the water levels and velocities, which may enhance
the erosion rate by induced landward Stokes’ drift
(Wegen et al. 2008) and also for larger water depth
gradients at the time of ebb tide. Observations from
the above literature and recent studies show that
the transverse and downward velocity components
at the near bank region of the outer river bend are
dominant. The mutual interaction of these velocity
components (v and w) with the stream-wise velocity
component (u) may lead to the prominence of both
suv and suw at near bank region under the tidal
inCuence (table 2; Bgure 3d, e). Thus, it may be
hypothesized that the downward momentum Cux
towards the river bed and the lateral momentum
Cux towards the bank face are responsible for
maximum erosion rate at the toe region of the river
bank. Therefore, to explore the physical mechanism
involved in bank erosion process at the middle
reach of an alluvial river under tidal inCuence, an
understanding of the detailed Cow characteristics is
established in terms of joint probability density
function, cross co-relation, and wavelet transformation of the turbulent velocity Cuctuations in the
proximity of the lateral river bank face.
According to the previous literature, as the Cow
accelerates over the lateral bank sediment
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interface, it generates large-scale turbulent structures producing a shearing eAect (Blanckaert 2010;
Blanckaert et al. 2012; Engel and Rhoads 2012;
Barman et al. 2020; Das et al. 2020c). To further
explore the shearing action of the Reynolds shear
stress, joint probability density function (jpdf) of
the u and v velocity Cuctuations were analyzed.
The jpdf is presented to estimate the occurrence of
bursting events and the contribution of those
events to the total shear.
Along with the contribution of bursting events,
the spatial and temporal distribution of the u 0 and
v 0 need to be quantiBed to understand the similarity of the wavelet coefBcient and the correlation
of u 0 and v 0 components. Please note that the
similarity of the wavelet coefBcient is essential to
grasp the large Cow structural variations that may
take place in small time intervals. It is helpful to
compare the spatial or temporal discontinuities
between two signals (Sun et al. 1993). Moreover, it
is hypothesized that under the inCuence of tidal
eAect, there may exist a strong similarity between
two velocity signals which may project the occurrence of large shear stress causing excessive erosion. Further, the phase angle between two velocity
components needs to be quantiBed to explore the
coherency to understand the eAect of velocities
Cuctuation on riverbank erosion under tidal
inCuence.

4.3 Joint probability density function
In the present section, we mainly emphasize on the
importance of Cuctuating velocities on instantaneous Cow Reynolds shear stress (suv ). It may be
worth mentioning that velocity data were collected
on 24th, 26th, and 28th February, 2018. Here, only
the analyses based on velocity measurements on
26th February, 2018 are shown for brevity for
cases: no tidal inCuence, Cood tide, and ebb tide
events. It may be mentioned here that analysis of
the data collected on the other two days produced
similar results as that of 26th February, 2018. The
large Cuctuations in the longitudinal, as well as
lateral velocities resulted in the formation of
extreme values of suv . The jpdf, P ðu 0 ; v 0 Þ was
determined using the methodology of Sukhodolov
et al. (1998). The jpdf of P ðu0 ; v 0 Þ of the stream-wise
and lateral velocity Cuctuations can be found in
detail in Roy et al. (2018).
It is observed from Bgure 4(a) that the contribution of u 0 and v 0 to the total shear stress is equally
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distributed at all the four quadrants without tidal
inCuence case. However, a distinct bias in quadrants
Q2 and Q4 are observed during Cood and ebb tide
(Bgure 4b, c; table 3). These results signify that the
ejection (Q2) and sweep events (Q4) dominate over
Q1 and Q3 events (table 3). It is pertinent from the
work of Roy et al. (2019) that the ejection and sweeps
events are responsible for higher sediment removal
rate from the bank face. Thus, it may be noted here
that the turbulent bursting events (ejection and
sweep) play a vital role in sediment dislodgement
from the river bank during the tidal activity.
Observation from Bgure 4(a–c) and table 3 portrays
that the probability of the occurrence of ejection and
sweep events are more pronounced during ebb tide
(Bgure 4c). Since the ejection and sweep events are
responsible for sediment dislodgement, the temporal
distribution of the u 0 and v 0 needs to be analyzed. In
this context, the continuous wavelet transform may
be an eAective tool herein. Fourier decomposition of
the turbulent velocity signal is a convenient method
to understand the different scales associated with
the turbulent Cows in the frequency domain (e.g.,
Comte-Bellot and Corrsin 1971). Berry and Greenwood (1975) reported that the structure of the
intermittent eddy structures that vary in space and
time cannot be extracted by the Fourier decomposition. Thus, to overcome this, Farge (1992) and
Grinsted et al. (2004) applied wavelet decomposition for the characterization of the localized intermittent oscillations simultaneously in space, time,
and frequency domain. Further multi-scale decomposition can eAectively be carried out by wavelet
analysis as stated by Kumar and Foufoula-Georgiou
(1997) and De Stefano and Vasilyev (2012). The
wavelet analysis also was used for studying the
localized deviations of power within a time series
(Grinsted et al. 2004).
Roy et al. (2019) used the wavelet decomposition
to determine the local intermittency measure in
both time and frequency domain for different eddy
scales. They reported that the turbulent eddies
persist intermittent nature that exerts a periodic
pounding eAect on the bank face thereby resulting
in the dislodgement of the sediment particles from
the bank surface. Further, they stated that the
scales of eddies have a direct impact on the sediment erosional behaviour, where large eddies have
the potential to erode larger chunks, while smaller
eddies contribute to the detachment of smaller
particles from the bank face. Moreover, Das et al.
(2020a) observed that for wave superimposed on
current cases, an alternating sequence of high and

62

Page 10 of 18

J. Earth Syst. Sci. (2021)130:62

Figure 4. Joint probability distribution and velocity Cuctuations scatter plot for (a) without tidal inCuence, (b) during Cood
tide, and (c) during ebb tide.
Table 3. The percentage contribution of all the four events to the total shear stress.
Without tidal
inCuence (%)

Flood tide
(%)

Ebb tide
(%)

30.6
21.4
31.3
16.7

12.8
37.3
16.4
33.5

6.2
41.4
6.9
45.5

Outward interaction (Q1)
Ejection (Q2)
Inward interaction (Q3)
Sweep (Q4)

low wavelet coefBcients exists thereby revealing
that a kicking eAect on the bank face persists that
result in an accelerated erosion rate.
4.4 The continuous wavelet transform (CWT)
Wavelet is illustrated by localizing in time (Dt) and
frequency bandwidth (Df ) which is a function of
zero mean. With suitably specifying Dt and Df , it
may be noted that there exists a limit on the scale
of the ambiguity product DtDf . Here, the Morlet
wavelet is used which is mathematically given as:
2

w0 ðt0 Þ ¼ p0:25 eif0 t0 e0:5t0

The concept of using the continuous wavelet
transform (CWT) is to relate the wavelet as a
bandpass Blter into the time-series domain. The
wavelet is extended in time by changing its scale
(ts ), where t0 = ts  t, and then normalized it to have
unit energy. Fourier period (kwt) is nearly equal to
the scale (kwt = 1.03 s) for the Morlet wavelet. The
CWT explains as the convolution of a time-series
(xn, n = 1, …, N) with identical time steps dt,
where the normalized wavelet is deBned as:
rﬃﬃﬃﬃ N
h
i
X
dt
dt
X
Wn ðts Þ ¼
xn0 w0 ðn 0  nÞ :
ð9Þ
ts

ð8Þ

where f0 and t0 are dimensionless frequency and
time, respectively.

n0 ¼1

ts

Here, the wavelet power term is deBned as
 X

W ðts Þ2 where the complex argument of W X ðts Þ
n
n
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is expressed as the local phase. Further details can
be acquired from Grinsted et al. (2004).
Figure 5 shows the wavelet coefBcient of u0 and v 0
velocity components for without tidal inCuence
case as well as during Cood and ebb tide near the
river bank (table 4). The comparison of Bgure 5(a,
c) and (b, d) reveals that the u0 component has a
higher wavelet power (represented by wavelet
coefBcient) in the band period of 8–64 s for time
2500–15000 ms (Bgure 5c; table 4). Thus, it may be
noted that the similarity between the portrayed
wavelet coefBcient of u0 and v 0 components for the
period of 8–64 s is significantly low. However,
during Cood tide event, the similarity between the
portrayed wavelet coefBcients was observed for
period 0–10 s (table 4).
Further, a strong power of wavelet coefBcients is
noticed within a band of period 16–40 s for both
the u0 and v 0 velocity components in the entire time
scale during ebb tide (Bgures 5i, k and j, l; table 4).
The similarity of the wavelet coefBcient patterns
during ebb tide may signify a good correlation
between the two velocity components. Thus, it is
important to understand the cross-correlation
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between these velocities’ components. In this
regard, the cross-wavelet transform of random
velocity Cuctuations is investigated.
4.5 The cross-wavelet transforms
The cross-wavelet transforms (XWT) is given as
WXY = WXWY * for the two time-series xn and yn,
where * represents complex conjugation, while the
cross-wavelet power is deBned as —WXY—. The
complex argument arg(Wxy) is deduced as the local
relative phase among xn and yn. Further, the crosswavelet power distribution of two time-series
associated with background power spectra BPSX
and BPSY is given by Torrence and Compo (1998)
as:

 X

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Wn ðts ÞWnY  ðts Þ
Cv ðpÞ
D
\p ¼
BPSX BPSY
v
rX rY
ð10Þ
where Cv ðpÞ denotes the conBdence level with the
probability p for a pdf and it is the square root of
the product of two v2 distributions.

Figure 5. Continuous wavelet transforms of the temporal variation of u and v components (a–d) without tidal inCuence, (e–h)
during Cood tide, and (i–l) during ebb tide.

1
1
1
16–64
8–128
4–128
0–15000
0–15000
0–15000
4–8
8–32
16–64
8–32
20–128
16–50
2500–10000
0–15000
0–15000
12
16–64
32
16
16–128
16–50
7500
0–15000
0–15000
8–24
16–64
8–64

Period
(s)
Time
(ms)
Wavelet
coefBcient
Time
(ms)

Period (s)

v0
Continuous wavelet transform

Wavelet
coefBcient

2500–15000
0–15000
0–15000

Cross-wavelet power represents the nature of
coherent cross-wavelet transform with time-

Without tidal inCuence
Flood tide
Ebb tide

4.7 Wavelet coherence

Table 4. Summary of the wavelet transformation for the tidal variation.

where R = H(X2+Y2).
Figure 6(a–c) represents the contour plots of crosscorrelation wavelet coefBcient in time and period, for
without tidal case, during Cood and ebb tide near the
river bank. For without tidal inCuence case, no significant concentration of cross-wavelet coefBcient is
observed (Bgure 6a), also the phase angles represented by arrows are randomly distributed. It may
signify that the phase angles in the entire time and
period domain are out of phase resulting in lower
Reynolds shear stress. However, during Cood tide
event, the cross-wavelet coefBcients are concentrated
within a range of period 32–128 s in the entire time
scale where the phase angles are in anti-phase
(table 4). A similar pattern of the cross-wavelet
coefBcient is also observed during ebb tide with strong
concentrations of the cross-wavelet coefBcient present within a band period of 16–50 s (table 4). Thus, it
may be noted that the relative phase angle relationship between u0 and v 0 velocity components are in
anti-phase, which results in a higher Reynolds shear
stress due to tidal inCuence leading to dislodgement of
the sediment from the river bank face.

Wavelet
coefBcient

However, difBculty arises to determine the
conBdence interval of the mean angle due to the
independence of phase angles. Moreover, it is
exciting to recognize the scatter angles about the
mean. Therefore, the circular standard deviation
varies in the range zero to inBnity as:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð12Þ
ts ¼ 2 lnðR=nÞ

8–64
0–10
16–40

sinðAiÞ:

i¼1

Period
(s)

ð11Þ

Period
(s)

and Y ¼

n
X

cosðAiÞ
Cross wavelet transforms

i¼1

u

n
X

0

Am ¼ argðX; Y Þ with X ¼

Wavelet coherence

To calculate the mean and conBdence interval of
the phase difference, it is important to understand
the phase difference between the two time-series
components. To estimate the phase relationship,
we took the circular mean of the phase, maintaining statistical significance higher than 5%.
Further, the circular mean, Ai ; I ¼ 1; . . .; n of a
set of angles is expressed as (e.g., Zar 1999):

Time
(ms)

4.6 Cross-wavelet phase angle

Wavelet
coefBcient
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Time
(ms)
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Figure 6. Cross co-relation transforms of the temporal variation of u and v components (a) without tidal inCuence, (b) during
Cood tide, and (c) during ebb tide. The relative phase relationship is shown by the arrow marks; here the right arrow pointing
in-phase, left arrow indicating anti-phase and straight down leading the dominance of v over u by 90.

frequency space domain. Following the procedure
of Torrence and Webster (1998), the wavelet
coherence of two time-series is expressed as:
 1 XY

Rðt W ðts ÞÞ2
s
n
Wcn2 ðts Þ ¼  
2   
2 
R ts1 WnX ðts Þ  R ts1 WnY ðts Þ
ð13Þ
where R is a smoothing operator. It may be
noted that the set correlation coefBcient is
useful to localize the correlation coefBcient in
time and frequency domain of wavelet coherence. Here, we deBne the smoothing operator R
as:
RðW Þ ¼ Rscale ðRtime ðWn ðts ÞÞÞ;

ð14Þ

where Rscale and Rtime indicate smoothing across
the wavelet scale axis and time, respectively.
To formulate the smoothing operator, we used a
similar type of footprint as the wavelet. For the
Morlet wavelet, a proper smoothing operator is
given by Torrence and Webster (1998) as:

t 2
2ts2

!
jts

ð15Þ

Rtime ðW Þjts ¼ðWn ðts Þ  c2 Pð0:6ts ÞÞjn

ð16Þ

Rtime ðW Þjts ¼ Wn ðts Þ  c1

where c1 and c2 are constants and P is the rectangle function. The factor of 0.6 is the estimated
scale of de-correlation span of the Morlet wavelet
(Torrence and Compo 1998). The statistical significance level of the wavelet coherence is determined using Monte Carlo methods similar to
Grinsted et al. (2004).
Figure 7(a–c) represents the contour plots of
coherency of the wavelet coefBcient in time and
period domain, for without tidal case and during
Cood and ebb tide events near the river bank. For
without tidal inCuence case, the wavelet coherency
is distributed discretely in the period from 0 to 64 s
and the phase angles are randomly oriented
(Bgure 7a). On the contrary, the coherency of the
wavelet coefBcients is distributed in the entire
period range with anti-phase angle during the Cood
tide event (Bgure 7b). It is observed from
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Figure 7. Wavelet coherency of the temporal variation of u and v components (a) without tidal inCuence, (b) during Cood tide,
and (c) during ebb tide.

Bgure 7(c) that the maximum concentration of the
wavelet coherency occurs in the period of 16–60 s
in the entire time domain having anti-phase

behaviour (table 4). Concentration of the wavelet
coherency signiBes the similarity of both the
velocity components u 0 and v 0 with relative phase

Figure 8. Conceptual diagram of riverbank erosion during tidal inCuence (a) during Cood tide and (b) during ebb tide.
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showing anti-phase behaviour and thus increasing
the Reynolds shear stress, thereby enhancing the
erosion rate.

5. Discussion
•
Figure 8 portrays the schematics on riverbank
erosion scenario during tidal inCuence. From the
present Beld study, it is observed that the bank
protection measures such as riprap, geobags, and
boulder crates are positioned above the toe region
of the bank. However, during ebb tide events, the
maximum erosion occurs at the toe region forming
undercuts. These undercuts with time, grow progressively forming, cantilever which collapses
under the gravitational force leading to mass failure. Measured velocity signal reveals that there
exist two modes of Cow circulations. During Cood
tide, the Cow circulation is in anti-clockwise
direction, whereas during ebb tide it is clockwise.
The shear stress resulted during anti-clockwise Cow
circulation loosens the sediment particles that are
further ripped from the bank face due to the Cow
reversal in clockwise direction during ebb tide.
These activities enhance the bank erosion at the
toe region under tidal inCuence of the middle reach
of the river. Further, the entrained sediment particles are transported with ebb current and are
deposited at the lower reach of the river leading to
development of shoal area and causing rapid sedimentation. Thereby, negligible amount of the sediment deposition occurs at the middle reach with
formation of mudCat/bar at the inner region of the
river bank.

•

•

•
6. Conclusion
This Beld study examined in detail the structure of
the turbulence in the proximity of the bank of a 60
meander outer bend region of Rupnarayan River,
India, 98 km upstream from the river mouth.
Results portray the physical mechanisms involved
in bank erosion process at an alluvial river meander
bend with highly active bank erosion activity
under tidal inCuence. Important conclusions from
the study can be summarized as follows:
• Velocity increases during Cood tide in the near
bank channel whereas the negative velocity is
acquired during the ebb tide event. The velocity gradient during ebb tide is higher as

compared to the velocity gradient during Cood
tide thereby enhancing the riverbank erosion
process. Further, the components of the
Reynolds shear stress in stream-wise and
transverse directions are larger in magnitude
during ebb tide.
The turbulent bursting analysis shows that the
ejection and sweep events are more prominent
during tidal inCuence resulting in dislodgment of
sediment from the bank face at a greater rate.
The probability of occurrence of ejection and
sweep events is greater during the ebb tide
event. Further, the anti-clockwise Cow circulation generates shearing action which loosens the
sediment particles that eventually tear oA and
are dislodged from the bank face due to the Cow
reversal in clockwise direction during ebb tide.
The entrained sediment particles are carried by
the ebb currents and are deposited at the lower
reach of the river channel leading to enhanced
sedimentation.
The similarity of the wavelet patterns reveals
that a good correlation exists between the
stream-wise and transverse velocity component
during ebb tide event which enhances the erosion
process during the ebb tide event.
The phase angles for without tidal inCuence case
are randomly distributed and are also out of
phase resulting in lower Reynolds shear stress.
However, the phase angles are in antiphase
during the tidal inCuence cases resulting in
larger shear stress which may lead to enhanced
dislodgement of the sediment from the river
bank during tidal inCuence mainly during ebb
tide.
The wavelet coherency is distributed discretely
with random phase angles for without tidal
inCuence case. The concentration of the wavelet
coherency during the tidal inCuence signiBes the
similarity of both the velocities component u 0
and v 0 with relative phase showing anti-phase
behaviour increasing the Reynolds shear stress
thereby enhancing the erosion rate.

The present study was intended to acquire better
understanding of the eAect of tidal inCuence on
near bank region and the erosional behaviour
during Cood and ebb tide situation. For detailed
information on the turbulence characteristics at
the meander curve bend, the turbulent velocity
Beld needs to be measured at different angles along
the river cross-section of the bend. This would aid
in the determination of the outer bank secondary
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circulation cells in detail. Thus, further work needs
to be carried out at the meander curve bend to
provide insight into the Cuxes of momentum produced by turbulent Cuctuations. The present work
is an initial attempt to explore the behaviour of the
tidal Cuxes on the near bank turbulence characteristics. Further investigation needs to be carried
out to perceive the eAect of tidal inCuence on the
curve meander bend in detail. Furthermore,
experiments need to be carried out at laboratory
scale in order to develop insight into the physics of
tidal Cow causing riverbank erosion under controlled conditions. Regardless of this restriction,
the presented analysis and measurements shed
important contribution to the tidal inCuence on
riverbank erosion.
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