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The study reports an experimental investigation on the mechanism of the formation and development of
isolated ripple zones over sand bed under unidirectional surface wave propagation. The ripple formation
emerges due to the occurrence of vortices at the near-bed region under propagating wave fronts. A
number of ripple patches are noticed after 100 cycles of the surface wave. To characterise these patches,
Hilbert transform is used. These patches develop as a function of the number of wave cycles following
Power law. Further, the rate of development of these patches increases with the increase of surface wave
frequency as also reported in the literature. It is revealed that non-isolated turbulence singularity (random phase fractal signal) governs the erosion and deposition of sediment particles at the trough and crest
of a progressive ripple front. The anti-phase behaviour of turbulence signal increases the wave excitation
energy which may enhance the sediment erosion and transportation rate. However, it is hypothesized that
the out-of-phase behaviour with moderate wave excitation energy contributes to the sediment deposition.
Due to this, the frontal portion of the ripple does not attain a stable form and develops further.
Keywords. Ripple formation; turbulence; wave; Hilbert transform; wavelet transform.

1. Introduction
The mobilization of ripple morphology under waveinduced oscillatory Cow in the continental self-zone
and coastal regions leads to the evolution of the
seabed geometry. The process of ripple development is a well-known phenomenon. Wave ripple
structures formed due to the interaction of induced
surface wave oscillatory Cow with the sand form
undulations generate recirculation regions (Kaneko
and Honji 1979) that are primarily responsible for

ripple formation. The direction, intensity and form
of these re-circulating cells depend on the characteristics of the wave and near-bed turbulent
structures. The computation and prediction of
seabed acclimatization, coastal evolution and
transport rate of suspended sediment is of fundamental importance to coastal scientists and coastal
engineers. Also, the understanding of sand ripple
formation at near-shore region is crucial for the
quantiBcation of the dissipative wave energy and
sediment transport rate.
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QuantiBcation of the ripple patterns Bnds
importance in diverse Belds of engineering and
environmental science for the management and
protection of coastal regions. Extensive knowledge
is required concerning sand transport and concentrations due to surface wave vertical oscillatory
Cow environment in the near-shore region over
rippled sand beds. However, only a few Beld studies
(e.g., Kostaschuk and Church 1993; Kostaschuk
and Villard 1996; Venditti and Bauer 2005) and
laboratory base studies (e.g., Vincent and Green
1990; van Rijn 1993; O’Donoghue and Clubb 2001;
van Rijn et al. 2001; Venditti et al. 2005; Doucette
and O’Donoghue 2006; Pedocchi and Garcia 2009;
Wang and Yuan 2019, 2020) are available that
characterized the pattern of ripple structure over a
sand bed. An earlier laboratory study performed by
Bagnold (1946) explains the mechanics of the formation of vortex ripples over a Cat sandy bed with
the interaction of an oscillating Cow. The early
ripples often known as rolling grains are small and
with progressing time reach a quasi-stable state
known as vortex ripples (Bagnold 1946). Further,
the generation of vortices at the lee sides of the
ripple crest and ejection upward due to Cow
reversal are responsible for vortex pattern formations (Schnipper et al. 2008).
Faraci and Foti (2002) presented an experimental study that analyzed the formation of ripple
bottom due to a wave interacting Cow by image
acquisition method. Their experimental results
showed that no rolling grain ripples were observed
as a stable conBguration; while vortex ripples
appeared as a transition to equilibrium. In particular, Stegner and Wesfried (1999) performed a
series of experiments using an apparatus capable to
reproduce sand ripples in an oscillatory Cow environment. They concluded that the migration of
steep vortex ripples follows an inverse cascading
mechanism and the Bnal ripple geometry exhibits
higher shear stress. In the same context, Scherer
et al. (1999) found that rolling grain ripples were
never observed as a stable conBguration but always
as a prelude to fully developed vortex ripples. They
also intensely studied the instability arising from
the coexistence of different wavelengths. Therefore,
ripples impact the distribution of mean Cows, the
propagation of waves, and the transport of sediment, either by their migration or by the vortex
shedding induced suspension. The measurements
over the vortex ripple were performed by Thorne
et al. (2002) under induced regular and irregular
waves. Davies and Thorne (2005) used the
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experimental measurements of Thorne et al. (2002)
for the prediction of sediment transport above
vortex ripples and intra-wave Cow. Doucette and
O’Donoghue (2006) performed controlled laboratory experiments over wave-generated transient
ripple forms. They concluded that the formation of
equilibrium ripple structure is independent of primary bed geometry; even the time period to reach
stable equilibrium is also independent of initial
bed-form and size of ripples.
Due to the association of sand transport with
oscillating Cow in near-shore and coastal regions,
many investigations were undertaken to quantify
ripple structure on movable beds. In spite of the
availability of literature on ripples formation, this
Beld is still of interest to the researchers because
only partial understanding for the complex physical mechanism of ripple formation under oscillatory Cow conditions is achieved. Different studies
approached this problem primarily in the context
of quantifying the morphological parameters such
as length, steepness, and migration rate for the
vortex ripples towards improved understanding of
the near-bed sediment transport. For example,
formation mechanism of ripple structure was
studied with analytical models by some investigators (Vittori and Blondeaux 1990) and also using
one- or two-dimensional model (e.g., Block et al.
1994; Hansen et al. 1994; Perrier 1996; Andersen
et al. 2001; Chang and Hanes 2004; Li and
O’Connor 2007). These models depict the ripple
behaviour and predict the vortex structure above a
rippled bed. Further, two-dimensional numerical
models with oscillating Cow over ripples achieved
significant progress in terms of understanding the
vortex dynamics associated with sediment transport over the ripple structures. It is important to
note that these 2-D numerical models were used to
quantify Cow characteristics, sediment Cuxes and
sediment concentrations.
The work carried out by Levaslot et al. (2010)
reported an appealing phenomenon, which has not
yet been reported before. They reported that the
ripples formed under regular waves initially appear
as patch and non-patch zones. The isolated patchy
region eventually develops and progressively covers up the non-patch regions. Levaslot et al. (2010)
accounted for the formation and migration of ripple
bed as a result of spatially homogeneous growth of
small perturbations, and appearance of patches. In
order to predict the behaviour of natural sedimentary processes inCuenced by Cow, it is essential
to have the knowledge on the turbulence
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characteristics of the complex Cow regimes found
over typical bed-forms or dunes. Further, understanding the role of turbulence characteristics on
the formation of ripple patches for cohesion-less
sediment bed until the quasi-equilibrium state
under surface wave condition is a pre-requisite.
The novelty of the present work is to understand
the mechanism of the patch and non-patch formation and development due to the inCuence of
turbulence Beld resulting from the surface wave.
More specifically, the study aims to evaluate the
physics of the random Cuctuating Cow Beld due to
the interaction of the wave orbits with the sediment particles both spatially and temporally that
lead to initial patch formation, development and
progression.
2. Experimental facilities
and instrumentation
The measurements were made in the wave Cume of
the Fluid Mechanics and Hydraulics Laboratory
(FMHL), Indian Institute of Engineering Science
and Technology (IIEST), Shibpur, India. The wave
Cume is 18 m long, 0.60 m wide, and 0.9 m deep
and designed to study sediment transport under
wave-induced conditions. A reciprocating pistontype wave generator positioned at upstream of the
Cume generated regular waves which dissipated at
the downstream end with two wave absorbers
placed consecutively (Sarkar et al. 2020). For the
pure and regular oscillatory Cows, surface wave
heights (hw) and wave periods (T) were varied
between the ranges 5.5–6.3 cm and 1–1.4 s,
respectively; while the range of wave steepness
ws ð¼ hw =LÞ is 0.076–0.105 (see table 1).
Measurements of three-dimensional instantaneous velocity time series were carried out using
SonTek 16-MHz micro-acoustic Doppler velocimeter (ADV) (Bgure 1) at a sampling frequency of

40 Hz. The details of data measurement procedures
and operational principle of micro-ADV are provided in Lohrmann et al. (1994), Goring and
Nikora (2002) and Barman et al. (2016).
Further, instantaneous time-series data on bedform development were taken by a series of 32
submersible 2-MHz Ultrasonic ranging system
(URS), SeaTek Inc. A uniform sediment bed (15 m
length and 0.15 m height) was laid along the Cume,
while the used sediment was Bne sand with d50 ¼
110 lm and rg ¼ ðd84 =d16 Þ0:5 ¼ 1:37. Here, d50 is
known as the medium value of the particle size
distribution or the median diameter. However, the
sediment used in the present experiment consists of
very Bne to Bne sand, which comprises of varied
ranges of sediment grain sizes or sediment grain
diameter. Particle size distribution was carried out
using sieve analysis which revealed that 87% of
sediment grain particles were greater than 63 lm,
whereas 13% were less than 63 lm. It may be noted
here that the sediment used in the present experiment was not of a single grain diameter; rather, d50
of the particle size distribution was used instead of
the particle size parameter.
3. Results and observations
The instantaneous longitudinal, lateral and bottom-normal velocity components in the (x, y, z)
plane are represented as ut, vt, wt, respectively, and
the corresponding relations can be written as:
ut ¼ u þ u~t þ u 0 ; vt ¼ v þ v~t þ v 0 ;
wt ¼ w þ w~t þ w 0 ;

ð1Þ

where
u~t ¼ hut i  u; v~t ¼ hvt i  v; w~t ¼ hwt i  w;

ð2Þ

where ðu; v; wÞ are the time-averaged velocity
components, ðu0 ; v 0 ; w 0 Þ are the corresponding

Table 1. Characteristic parameters of the experiments.
Frequency,
f (Hz)
0.7
0.8
0.9
1.0

Water
depth
h (cm)

Sediment
grain size,
d50 (mm)

Wave
steepness,
ws

Wave
height
hw (cm)

Wave
period
T (s)

Wave
length
L (cm)

Free stream
velocity, u0
(cm/s)

Ripple
amplitude,
a (mm)

Ripple
wavelength,
k (mm)

20
20
20
20

0.110
0.110
0.110
0.110

0.076
0.084
0.095
0.105

5.5
5.8
6.2
6.3

1.4
1.25
1.11
1.0

72
69
65
60

4.38
4.95
5.145
5.491

0.996
0.985
0.91
0.874

0.6358
0.5948
0.561
0.532

126

Page 4 of 16

J. Earth Syst. Sci. (2022)131:126

Figure 1. Schematic diagram of the experimental channel.

Cuctuations and ðu~t ; v~t ; w~t Þ represent wave-induced
velocities. Here, angle bracket signiBes the
ensemble average velocity. However, the streamwise (Iu ), and vertical (Iw ) turbulence intensities
are given by the relations as:
N qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1X
ðut  hut iÞ2 =u ;
Iu ¼
N t¼0
ð3Þ
N qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1X
Iw ¼
ðwt  hwt iÞ2 =u ;
N t¼0
where N is the total number of observations for
each measuring position. The time-averaged
Reynolds shear stress component is deBned as
(Barman et al. 2018)
huwi ¼

N pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1X
ðut  hut iÞðwt  hwt iÞ=u2 ;
N t¼0

ð4Þ

where u represent the wave shear velocity and is
deBned as (Yuan 2016):
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u ¼ sw =q;
ð5Þ
where sw signify the maximum wave bottom shear
stress and is expressed as (Nielsen and Callaghan
2003):

 
sw ¼ 0:5 q cw u 02 ;

ð6Þ

where cw is the wave friction factor expressed as
(Schlichting 1968)
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð7Þ
cw ¼ ½2 xðl=qÞ=uwov ;
where uwov represents the wave orbital velocity
and is computed as (Wiberg and Sherwood 2008):
uwov ¼

xa
:
sinhðkhÞ

ð8Þ

Here, x ð¼ 2p=TÞ is the angular wave frequency,
a is the wave amplitude, k ð¼ 2p=LÞ is the wave
number, L is the wavelength and h is the Cow
depth.
Therefore, the values of wave shear velocity (u )
are 0.22, 0.24, 0.26 and 0.43 for f = 0.7, 0.8, 0.9 and
1 Hz, respectively.
The free stream velocity (u0 ) at the near sandy
bottom region is calculated from the linear theory
through the relation


x
;
ð9Þ
u0 ¼ hw =2
sinhðkhÞ
where hw is the wave height. The non-dimensional
Reynolds number Reb was used to describe the
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different Cow regime of ripple formation and is
deBned as follows:
Reb ¼

u0 b
;
t

ð10Þ

where b is the Cuid particle semi-excursion and u0 is
the amplitude of Cuid velocity at the near-bottom
region and t is the kinematic viscosity of water.
Therefore, the following dimensionless parameters
such as relative density of sediments (ds), sediment
Reynolds number (Res) and Froude number (Fs)
are deBned as:
ds ¼ qs =q;
Res ¼

u0 d50
;
t

u0
Fs ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
ðds  1Þgd50

ð11Þ
ð12Þ
ð13Þ

where qs is the sediment density, q signify water
density and g represents the gravity acceleration.

3.1 Demarcation of the ripple formation modes
It is observed from the present experiment and
existing literature (Jarno-Druaux et al. 2004;
Levaslot et al. 2010) that the ripple structures start
to evolve with two modes (with patch and without
patch) as shown in Bgure 2(a). The experimental
data of Levaslot et al. (2010) portrayed that, for a
constant value of Reb, there is a critical value of the
Froude number Fs(cr) below which ripple forms
form localized sites. While for Fs [ Fs(cr), no indication of patch is observed. However, if Fs \ Fs(cr),
the inertial eAects become more important for
increasing values of Reb (keeping constant the
value of Fs), and the bed local perturbations
lead to patches formation. It is evident from
Bgure 2(a) that the present experimental cases
follow Fs \ Fs(cr) condition and the ripple form
patches. The qualitative photographic representation of patch formation as a function of wave cycles
is shown in Bgure 3(b–d). During the experiment, it
was observed that the patches were developed for
minimum numbers of wave cycles (\400 cycles).
Further, these patches grew and joined together
forming a full ripple bed with increase in wave
cycles (400–1200 cycles). Based on the above, the
pertinent questions are: what is the mechanism of
the formation of patches? Also, how these patches
are developing? What character of turbulent eddy

Figure 2. (a) Demarcation of the ripple formation modes in
the Fs and Reb plane, the pink dashed line separates the
boundary indicating the modes with and without patch, also
compared with the Levaslot et al. (2010). Experimental
photograph of ripple formation (b) initial condition; (c) formation of patches (patch lengths P1 = 24 cm; P2 = 32 cm;
P3 = 28 cm) after 400 cycles; and (d) full ripple bed after
1200 cycles.

leads to the patch development in space and time
domain? To explore answers to these questions, it
is important to understand the patch development
and ripple parameters (such as the ripple front
velocities, ripple wavelength, and amplitude). The
ripple wavelength (k) is the distance between two
crests and the ripple amplitude (a) is the distance
from bed to crest (table 1).

3.2 Estimation of ripple front propagation
The ripple front propagation is estimated for the
different observed patches using the Hilbert
transform. Hilbert transform technique is widely
applicable for estimating the envelope of complex
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Figure 3. (a–f) The spatial distribution for the amplitude At and phase /ðx; tÞ of sand ripple fronts propagating forward
direction at different wave excitation cycles (C) for wave excitation frequency f = 0.7 Hz. The segment crossing the At and /ðx; tÞ
lines demarcated the boundary between the Cat bed and the ripple patches, according to the principle of threshold amplitude;
(g) length of the patch development as a function of C.
Table 2. Constant values for calculating ripple length within
the patch zones for different frequencies.
Frequency, f (Hz)
0.7
0.8
0.9

b

d

0.9
1.54
2.37

0.54
0.45
0.40

R2 (%)
95.5
99
100

harmonic signals. Therefore, the Hilbert envelope
is of practical use mostly for so-called single component signals, i.e., sinusoids associated with less
amplitude and frequency variation. Based on the
above-mentioned properties of the Hilbert transform, the signal of bottom elevation, S^b ðx; tÞ for
individual patch is incised into two parts for measuring the front separately. Further, the Fourier
spectra of instantaneous data series are computed;
and all unusual harmonics are Bltered. Following
this Bltering technique, one obtains
Sb ðx; tÞ ¼ Sbn ðx; tÞ cos½kx þ wðx; tÞ;

ð14Þ

where Sbn ðx; tÞ and wðx; tÞ denote the slow varying
amplitude and phase, respectively, for the bottom
measured proBle, while k signiBes the bottom wave
number.

Thereafter, applying the Hilbert transform,
Z þ1

1
S
ðx;
tÞ
b
dc
S^b ðx; tÞ ¼ PV
p
xc
ð15Þ
1
¼ Sbn ðx; tÞ sin½kx þ wðx; tÞ;
where PV represents principal value, it is admissible
to Bnd out the phase and amplitude value of sand
ripple structures on the channel bottom with
comparison with that of theoretical predicted value.
We can consider the bottom measured proBle of a
complex function taking the real part as
Sb ðx; tÞ ¼ RefB ðx; t Þ exp½iðkx Þg with
B ðx; t Þ ¼ jB ðx; t Þjei wðx;tÞ

ð16Þ

where
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Sb2 ðx; tÞ þ S^b2 ðx; tÞ;
!
S^b
 kx;
wðx; tÞ ¼ arctan
Sb

jB ðx; t Þj ¼ At ¼

ð17Þ

After extracting the module of the complex
amplitude At and phase wðx; tÞ values from the
signals, the criterion of the threshold amplitude is
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Figure 4. Qualitative and quantitative representation of ripple wavelengths: (a–d) display the photographs of quasi-static ripple
structures for wave excitation frequency f = 0.7–1 Hz, respectively, (e–h) quantitative plots of ripple wavelengths (k) as a
function of wave cycles (C); and (i–l) photographs of the amplitudes of the quasi-static ripple structures for wave excitation
frequency f = 0.7–1 Hz, respectively; (m–p) quantitative plots of ripple amplitudes (a) as a function of wave cycles (C).

applied. The threshold amplitude is taken where
the amplitude of the ripple wave fronts starts to
decrease indicating progression towards Cat-bed
region and vanishing at the plane bed. It is
important to mention here that the phase of the
signal is used to indicate the local symmetry at the
point where the amplitude falls down below the
threshold value (set for the indication of Cat-bed).
At that point, the phase angle is ± p/2 with (+)
indicating rising anti-symmetric edge, while ()
indicating falling anti-symmetric edge.
With the help of this concept of threshold
amplitude as proposed in Levaslot et al. (2010), it
may be stated that the segment crossing the At and
wðx; tÞ lines demarcate the boundary between the
Cat-bed and the ripple patches. It is observed from
Bgure 3(a–f) that the ripple development length
(xl) is a function of wave excitation cycles (C).
Further, it is evident from Bgure 3(g) that the
growth of the xl follows the Power law distribution,
and is written as:
xl ¼ b  C d ;

ð18Þ

where b and d are the constants given in table 2. It
is also important to note here that, the progression

of the xl largely depends on the wave excitation
frequency (Bgure 3g).
3.3 Evolution of ripple wavelength
and amplitude
To understand the patch development mechanism,
the evaluation of ripple parameters (k and a) as a
function of wave cycles (C) is important. Figure 4(a–d) portrays the photographs of the quasiequilibrium state of ripple structures for different
wave frequencies tested here. Further, Bgure 4(e–h)
shows the wavelength of ripple structures as a
function of C for different wave frequencies.
Interesting Bndings are observed from these
Bgures. In Bgure 4(a, e), i.e., the ripple formed for f
= 0.7 Hz, it is observed that the ripple grew up to
200 wave cycles where the wavelength of the ripple
k ranged between 2 and 2.5 cm while after 200
cycles, i.e., between 200 and 400, C the wavelength
acquired a plateau (showing wavelength in the
range k = 2.7–3.3 cm) which represents the transition between rolling grain to vortex ripples.
Further with increasing C (600–1000) the wavelength of the ripples became larger in the range
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k = 3.5–4.5 cm wherein the ripples attained a
quasi-equilibrium state for C * 600. Similar
observations were also perceived from the experiments conducted at different wave frequencies
(Bgure 4f–h). However, with increasing frequency,
it is observed that the quasi-equilibrium state of
the ripple is acquired at lower C. From
Bgure 4(f–h), it is noted that the quasi-equilibrium
state of the ripple reached at C * 500 for f = 0.8
Hz; C * 400 for f = 0.9 Hz and C *300 for f = 1.0
Hz. The measured k after reaching quasi-equilibrium condition for different cases studied herein are
3.5–4.5, 3.5–4.2, 3.4–4 cm for f = 0.8, 0.9 and 1.0
Hz, respectively.
These results portray that the quasi-equilibrium k
decreases with increasing wave frequency, which are
well in agreement with the experimental results of
O’Donoghue et al. (2006). It may be due to the turbulent eddies that are generated by wave excitation
which may play an important role in sediment erosion, propagation and deposition. Figure 4(i–l) represents the qualitative photographs of ripple
amplitude formed for different wave frequencies,
and the variations of ripple amplitude (a) as a
function of wave cyclic (C) are represented in
Bgure 4(m–p). Figure 4(m) shows that ripple
amplitude a for f = 0.7 Hz gradually increases for
increasing C. Critical interpretation of Bgure 4(m)
reveals that the variations of amplitude
av ðamax  amin Þ are 0.3, 0.3 and 0.2 cm, which is
minimum for C *300–500 and 800–1000, where av =
0.2, 0.3 and 0.3 cm. The minimum av at C represents
the transition between rolling grain to vortex ripples
acquiring nearly a plateau type distribution. Similar
observations were also perceived from the experiments conducted at different wave frequencies
(Bgure 4n–p). However, it is observed that the net
calculated av (= 0.3, 0.35, 0.4, 0.45 cm) acquiring
quasi-equilibrium state increases with increasing
frequency f = 0.7, 0.8, 0.9, 1.0 Hz, respectively.
It may be noted here that with increasing wave
excitation frequency, the wavelength decreases.
Wave excitation energy can be deBned as the
addition of a discrete amount of energy generated
due to the surface waves. Similar observations are
found in the ripple formation. These observations
suggest that there may be a synchronisation
between the wave excitation energy and the ripple
formation. Thus, it can be concluded that wave
excitation energy is a controlling parameter of the
movement of the rolling grains resulting into vortex ripple formation. Observations from the literature (Umeyama 2005; Roy et al. 2018) suggest
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that turbulent eddies are generated due to the
wave orbital velocity. It is hypothesized that the
ripple formation is associated with the eddy generation, and the eddy generation is governed by the
wave excitation energy. Thus, there is a need to
understand the mechanism of the ripple formation
in the perspective of turbulent eddy distribution.
To explore these, turbulence parameters and
distribution of eddies and their similarity in the
spatio-temporal domain are discussed.
3.4 Characterization of the turbulent statistics
Figure 5 represents a comparative study of normalized velocity (\ut[/\ut[(max)) as a function of
phase angle (radian) including the data of earlier
studies (Sleath 1970; Du Toit and Sleath 1981) at
the near-bed region over quasi-static ripple
formation.
Figure 5 shows the normalized velocity cycle
over wavy ripple bed. It is observed from Bgure 5
that the present experimental results with Du Toit
and Sleath (1981) Bnd reasonable conformity in the
results for the artiBcial ripple bed and ripple
formed due to surface wave.
Figure 6 displays the bottom-normal and longitudinal phase-averaged turbulence intensity (\Iu[
and \Iw[) against z/h for frequency of wave 0.7
and 1.0 Hz. In general, the value of \Iu[ is significantly higher in comparison with the value of
\Iw[ for both the frequency cases for the entire
Cow depth. The surface wave frequencies used in

Figure 5. Comparative study of normalized velocity (\ut[/
\ut[(max)) as a function of phase angle (radian) at the near
bed region over quasistatic ripple formation.

J. Earth Syst. Sci. (2022)131:126

Page 9 of 16 126

Figure 6. Normalised longitudinal and wall-normal turbulent intensities and Reynolds shear stress as a function of z/h for
(a–c) frequency f = 0.7 Hz; (d–f) frequency f = 1.0 Hz at a plane bed on the centre line of the Cume (i.e., 11 m from inlet).

Umeyama (2005) are identical with that of the
present experiment (f = 0.7 and 1.0 Hz) and thus
used for comparison. It may be noted here that the
minor variation in \Iu[ and \Iw[ is observed
throughout the Cow depth is due to the difference
in the surface wave frequency.
The normalised phase-averaged Reynold’s stresses distributions are shown in Bgure 6(c, f) for f = 0.7
and 1.0 Hz, respectively, and compared with
Umeyama (2005). However, it is noticed from
Bgures 6(c and f) that the Reynold’s stress is negative
at the near-bed region and tends to zero-positive
with increasing z/h. As evident, the present experimental results conform well to earlier experimental
results of Umeyama (2005). Figure 7 shows the nearbed statistics of the longitudinal and wall-normal
phase-averaged turbulent intensity (\Iu[and\Iw[)
and normalised Reynold’s stress (\uw[) as a function of z/h for surface wave frequency f = 0.7, 0.8, 0.9
and 1.0 Hz for plane bed and for quasi-equilibrium
state. As observed, for the entire water depth,\Iu[
values are much larger compared to \Iw[ for all
surface wave frequency cases studied herein. Further
the values of \Iu[ and \Iw[ are larger at quasiequilibrium state than that obtained for plane bed
tests at different surface wave frequency cases tested

here. It is also of interest to note that the \Iu[and
\Iw[ values increase with the increase in surface
wave frequency. Increasing wave frequency generates more eddies resulting higher level of turbulence.
Due to this, the increasing turbulence intensity has
been observed. The normalised Reynold’s stresses
(\uw[) for f = 0.7, 0.8, 0.9 and 1.0 Hz for plane bed
condition show that the values of\uw[are slightly
negative to zero (Bgure 7i–l). Whereas at quasiequilibrium state, a sudden increase in the values of
\uw[ is observed at near-bed region which with
increasing water depth acquires a negative value up
to a certain depth. Negative shear stress depicts the
upward momentum Cux. Formation of eddies near
the bed is restricted due to the rigid surface and
experiences an upward momentum. With further
increase in depth,\uw[attains a positive value for
all the frequency cases studied herein. It is observed
that the turbulent intensity at the crest region is
larger than the trough region. Also, the occurrence of
negative Reynolds shear stress is found in the trough
region of the ripple. The normalised distribution of
the longitudinal mean velocity, u~ is plotted in
Bgure 7(m–p) for the plane bed and quasi-equilibrium state. As observed from Bgure 7(m–p), the
deviation in u~ starts to increase towards the free
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Figure 7. Near-bed statistic of the normalised longitudinal and wall-normal turbulent intensities and Reynolds shear stress as a
function of z/h for (a, e, i) frequency f = 0.7 Hz, (b, f, j) frequency f = 0.8 Hz, (c, g, k) frequency f = 0.9 Hz, (d, h, l) frequency f
= 1.0 Hz and (m–p) displays the normalised longitudinal mean velocity, u~ as a function of z/h for frequency f = 0.7, 0.8, 0.9 and
1.0 Hz at a plane bed and at quasi-equilibrium state over the ripple bed.

surface. The results for the plane bed case for different frequencies are in good agreement with the
results produced by Umeyama (2005). An increase in

u~ is observed at quasi-equilibrium state throughout
the water depth which increases with increasing
surface wave frequency.

Page 11 of 16 126

J. Earth Syst. Sci. (2022)131:126
3.5 Distribution of eddies

with lag-1 autocorrelation of red noise process was
evaluated with (Allen and Smith 1996):

3.5.1 The continuous wavelet transforms
During the development of the ripple, different
scales of turbulence interact with the sediment bed.
Therefore, decomposition of the time series of
velocity Cuctuation into local scale is helpful to
understand the turbulence interaction mechanism
with the ripple structures. A wavelet function
associated with zero mean characterizes the frequency (Df ) and time scale (Dt) of the signal
(Farge 1992). In addition, the continuous wavelet
transform (CWT) is convenient to detect the local
differentiability of the stationary and non-stationary functions and evaluate its transients or singularities. In this ripple structure study, the complex
Morlet function is chosen to balance among time
domains and frequency localizations. This is capable of extracting the oscillatory features of turbulent Cows over ripple structures. The Morlet
wavelet is deBned as
2

w0 ðt0 Þ ¼ p0:25 eif0 t0 e0:5t0 ;

ð19Þ

where f0 and t0 are the dimensionless frequency and
time.
The CWT technique is used to process the time
series as a bandpass Blter. The wavelet is elongated
in time through its scale (ts ), so t0 = ts  t, and to get
unit energy, it is normalized. The CWT of a timevarying signal (xn0 , n 0 = 1, … ,N) with equal time
periods dt, is demarcated as the convolution integral
of xn0 as:
WnX ðts Þ

rﬃﬃﬃﬃ
¼

dt
ts

N
X
n0 ¼1

h
i
dt
xn0 w0 ðn 0  nÞ ;
ts

BPs ¼

1  b2
j1  be2ipk j

2

;

ð21Þ

where b is the autocorrelation coefBcient at time
lag 1 which is calculated from the observed time
signal and k indicates the Fourier frequency index.
Torrence and Compo (1998) used Monte Carlo
algorithm to convey that this estimation is good for
the AR1 spectrum process. Therefore, the given
wavelet spectrum can be correlated to the wavelet
spectrum of the red noise procedure with the help
of a chi-square test. The distribution of the local
wavelet power spectrum of a red noise procedure is
given by (Torrence and Compo 1998)
!
 X

W ðts Þ2
1
n
\p ¼ BPsv2m ðpÞ;
ð22Þ
D
2
2
rX
where v2v signiBes the chi-square distribution with
second degrees of freedom and m ranges from 1 for
real and 2 for complex wavelets. Figure 8(a–f) represents the contour plots of continuous wavelet
transform of u 0 ; w 0 at the nearest point (0.24 cm from
the bed) of locations P1, P2 and P3. It is observed
from Bgure 8(a–f) that the concentration of largescale eddies is present at wavelet frequency 0.9 Hz
for all the locations. Close inspection of Bgure 8(a
and d) reveals that eddies are in-phase within u–w
plane at P1. While, eddies are in anti-phase within
u–w plane at P2 (trough region of a migrating ripple). Further a phase shift by almost 90 is observed
at P3 (crest region of a migrating ripple).

ð20Þ

The wavelet power jWnX ðts Þj2 is considered where
the complex argument of WnX ðts Þ conceivably is
characterized by the local phase space (Torrence
and Compo 1998).
The statistical significance of wavelet spectrum is
assessed from a time signal to a suitable null
hypothesis. The null hypotheses of the observed
time series are obtained via a stationary process
following a speciBed background power spectrum
(BPs) (Torrence and Compo 1998; Grinsted et al.
2004). Since many time series of physical processes of
geophysical and environmental applications exhibit
distinctive temporal autocorrelation, we have used
here a Brst-order autoregressive (AR1) model to
characterize a temporally auto-correlated red noise.
Particularly, the power spectrum of an AR1 method

3.5.2 Wavelet coherence
Wavelet coherence is a measure of the correlation
between signals u0 and w 0 in the time-frequency plane.
Wavelet coherence is useful for analyzing nonstationary signals. Cross wavelet power aDrms
areas through high common power. Following the
procedure of Torrence and Webster (1999), the
wavelet coherence of two-time series is deBned as:
 1 XY

Rðt W ðts ÞÞ2
s
n
2
 
Wcn ðts Þ ¼  
2
2 ;
R ts1 WnX ðts Þ  R ts1 WnY ðts Þ
ð23Þ
where R is a smoothing operator. It may be noted
that the wavelet coherence closely resembles a
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Figure 8. Contours of continuous wavelet transform: (a–c) stream-wise Cuctuation (u 0 ), (d–f) vertical Cuctuation (w 0 ) at the
nearest point of location P1 (crest), P2 (trough) and P3 (crest); and wavelet coherency of (u 0 ; w 0 ): (g) crest of a ripple (P1),
(h) trough of a ripple (P2), (i) crest of a ripple (P3). 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 w 0 over u 0 by 90.

traditional
localized
frequency
operator R

correlation coefBcient, which is a
correlation coefBcient in timespace. We deBne the smoothing
as:

RðW Þ ¼ Rscale ðRtime ðWn ðts ÞÞÞ;

ð24Þ

where Rscale and Rtime represent smoothing in the
wavelet scale axis and in time, respectively.

However, Morlet wavelet is a suitable smoothing
operator (Torrence and Webster 1998) and is
demarcated as:
!
t 2

2
2t
ð25Þ
Rtime ðW Þjts ¼ Wnðts Þ  c1 s ts ;
Rtime ðW Þjts ¼ðWn ðts Þ  c2 Pð0:6ts ÞÞjn ;

ð26Þ
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3.6 Behaviour of turbulence singularity
over ripple development
The development of Bnite-time singularity in fullydeveloped turbulence overestimates the nonlinear
eAects (Frisch 1995) since nonlinearity diminution
mechanisms via local arrangement of vorticity and
the resulting coherent structure generation appear to
be functional (Constantin 1994; Frisch 1995).
Further improved coherence of the vorticity Beld
synthesizes the conditions for the singularity development stronger. Furthermore, Bonnet et al. (1996)
noted that the integral over all locations of the
absolute values of the wavelet transform (aw ) can be
written as:
Figure 9. Average value of wavelet transformation (awðN Þ ) for
f = 0.7, 0.8, 0.9 Hz at location P3.

where c1 and c2 are the normalization constants and
P is the rectangle function. The factor of 0.6 is the
empirically calculated scale de-correlation length for
the Morlet wavelet (Torrence and Compo 1998).
Figure 8(g–i) represents the contour plots of
coherency of the wavelet coefBcient in time and
period domain at ripple crest (P1), trough (P2) and
crest (P3). The wavelet coherency at the point P1
is concentrated in the period of 100–120 s (pseudo
frequency domain) in the entire time domain
and the phase angles represented by arrows are
in-phase (the right arrow pointing in-phase).
However, wavelet coherency at P1 is also observed
to be randomly distributed in the time domain of
2500–15000 ms and the phase angles represented
by straight down arrow lead to the dominance of w 0
over u 0 by 90 resulting in less wave excitation
energy. Thus, the ripple crest (P1) is formed and
there is no movement of the ripple crest. On the
contrary, the coherency of the wavelet coefBcients
is distributed in the entire time domain in the
period of 100–120 s with anti-phase angle at the
ripple trough (P2; Bgure 8h). Concentration of the
wavelet coherency signiBes the similarity of both
the velocity components u 0 and w 0 with relative
phase showing that anti-phase behaviour increases
the wave excitation energy and may enhance the
sediment erosion and transportation rate. Further,
the maximum concentration of the wavelet coherency at the ripple crest P3 occurs in the period of
100–120 s in the entire time domain having antiphase to out-phase behaviour with moderate wave
excitation energy. Thus the ripple at P3 (Bgure 8i)
does not attain a stable form and migrates further.

aw ¼

Z

 X

W ðts ; vL0 Þ dvL0 ;
n

ð27Þ

where WnX ðts ; vL0 Þ signiBes the wavelet transform
at different data segments (vL0 ). Please note that
the computed average value of wavelet transformation of small-scale turbulent structures for N
numbers of realisation (or different data segments
together) is deBned as awðN Þ . In this regard, Bonnet
pﬃﬃﬃﬃﬃ
et al. (1996) stated that, if awðN Þ decrease as 1 N ,
overall turbulent length scales portray non-isolated
turbulence singularity. However, if awðN Þ is independent of N, then the isolated turbulence singularity
maybe an indication of small-scale spiral structures.
According to Vassilicos and Brasseur (1996), isolated
singularity is imitated due to a spiral distribution of
vortices within a vortex tube. However, non-isolated
singular Cow structure is generated due to the chaotic
advection of the small scales due to the random larger scale motions. These small scales are out of phase
and randomly create fractal Cow structures. Based on
this concept and evidence from the present experimental cases (shown in Bgure 9; location P3) it is
stated that the non-isolated turbulence singularity
(random phase fractal signal) is achieved for a large
value of awðN Þ within a wide range of N. On the
contrary, the isolated turbulence singularity is present for a small value of awðN Þ within a narrow range
of N, which corresponds to the coherent components,
and this separates them from the background Cow
that corresponds to the incoherent components.
Thus, it may be stated that the development of ripple
within a patch zone at location P3 (Bgure 9) is governed by the non-isolated turbulence singularity
(random phase fractal signal) and the generation of
the sinusoidal geometry of ripple is due to the
isolated turbulence singularity. Further, the
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development of the sinusoidal ripple structure takes
place due to the spiral turbulent structures.
4. Discussion and conclusion
The importance of studying the appearance and
evolution of these small regular patterns of ripples
arises with reference to some typical problems of
coastal regions related to Cuid–sediment interaction such as sea wave damping and sediment
transport. Formation of ripples under surface
waves is subjected to sand transport with complex
interactions between the Cow structures and the
suspended sand (O’Donoghue et al. 2006). Also,
the ripples geometry plays a vital role in the
suspension process and sand transport. It was
found that the increment of the spatial period of
sand is proportional to the ripple’s amplitude
(Levaslot et al. 2010). Surface wave propagation
can enhance the near-bed Cow velocity, which
creates vortices, modulates the suspended-load
sand transport over the ripple. Further, the vortex shedding behind a ripple crest creates turbulence, which moves along the ripple until it
dissipated and diffused into background turbulence. Yuan and Wang (2019) stated that the
coherent vortex encompasses larger turbulence
intensity than the ambient Cow when it is shaded
behind the crest of the ripple. It is found from the
present experiment that the turbulent intensities
are larger over the ripple than that obtained for
plane beds. It is also of interest to note that the
turbulent intensity values increase with the
increase in surface wave frequency. Also, a significant increment in Reynolds shear stress is
observed in the near-bed region over the ripples.
The increment of Reynolds stress is proportional
to surface wave frequency and the spatial periods
of ripples. From the previous and present experimental studies, it can be stated that the spiral
turbulent structures due to the vortex shedding
behind the lee side of the ripple crest play an
active role in the ripple geometrical forms. Several
conclusions and Bndings can be drawn from this
study:
• Ripple patches propagate as a function of the
number of wave cycles following Power law.
• The development of patch increases with the
increase in surface wave frequency.
• The development of the sinusoidal ripple structure takes place due to the spiral turbulent
structures.
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• Erosion and deposition of sediment particles at
the trough and crest of a progressive ripple front
are governed by the non-isolated turbulence
singularity (random phase fractal signal) and
the dune shape of the ripple structure forms due
to the isolated turbulence singularity.
• The anti-phase behaviour of (u0 ; w 0 ) increases the
wave excitation energy which may enhance the
sediment erosion and transportation mechanism.
However, out-of-phase behaviour with moderate
wave excitation energy contributes to sediment
deposition. Due to this, the frontal portion of the
ripple does not attain a stable form and migrates
further.
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