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Abstract. Waves and currents influence nearly all nearshore
physical processes. Their complex interaction gives birth to
complex turbulence features that are far from being com-
pletely understood. In this regard, previous studies mainly
focused on mean flow or inferred turbulent features from av-
eraged velocities, seldom examining turbulent fluctuations.
Moreover, the dynamics of wave–current flow have mostly
been replicated in experimental channel setups, i.e., over-
looking the natural occurrence of waves and longshore cur-
rents intersecting at a near-orthogonal angle. In the present
work, the hydrodynamics of near-orthogonal wave–current
interaction are investigated through a physical model study.
Experiments were carried out in a laboratory basin in the
presence of fixed sand and gravel beds, where current-only,
wave-only, and combined flow tests were performed. Flow
velocities were measured by means of acoustic Doppler ve-
locimeters, through which time-averaged, phase-averaged,
and turbulent velocities were obtained. Results revealed two
main features of the wave–current flow. First, we observed
that the superposition of waves does not necessarily induce
an increase in the current bed shear stresses. Indeed, depend-
ing on bed roughness, current freestream velocity and wave
orbital velocity, enhancements or reductions of the current
bed shear were observed. Moreover, application of quadrant
analysis revealed a periodic evolution of the current turbulent
bursts. Specifically, the number of current turbulent ejections
and sweeps is reduced or increased as the wave phase pro-
gresses from antinodes to nodes and from nodes to antinodes,
respectively.

1 Introduction

Waves and currents are usually simultaneously present in
coastal waters. The turbulent activity generated by their com-
bined flow plays a fundamental role in several physical pro-
cesses such as mixing, diffusion, sediment dynamics, and
pollutant transport (Grant and Madsen, 1986; Soulsby et al.,
1993; Blondeaux, 2001). In the last decades, several stud-
ies have contributed to the present knowledge of nearshore
wave–current hydrodynamics, with most of them acknowl-
edging the strong nonlinearity of their interaction, but with
widely different conclusions on how the two forcings influ-
ence their respective flow fields (Simons et al., 1988, 1993;
Lodahl et al., 1998; Olabarrieta et al., 2010; Yuan and Mad-
sen, 2014; Lim and Madsen, 2016; Zhang et al., 2022). The
vast majority of those works focused almost exclusively on
the mean flow or derived turbulence properties from time-
averaged velocities. In this regard, studies that investigate
wave–current turbulent flow by means of turbulent veloci-
ties are very limited (Singh et al., 2016, 2018; Raushan et al.,
2018; Faraci et al., 2018; Marino et al., 2020; Peruzzi et al.,
2021).

Moreover, although waves and longshore currents gen-
erally cross each other with a near-orthogonal angle, most
of the existing laboratory studies were conducted in wave
flumes or oscillating water tunnels, i.e., with waves propa-
gating in the same (Kemp and Simons, 1982; Simons et al.,
1993; Umeyama, 2005; Yuan and Madsen, 2014) or in the
opposite direction of the current (Kemp and Simons, 1983;
Asano and Iwagaki, 1985; Mathisen and Madsen, 1996; Roy
et al., 2018). These studies have been used over the last 50
years to validate analytical and numerical models (Grant and
Madsen, 1979; Fredsøe, 1984; Styles et al., 2017). In this
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regard, recent laboratory investigations of near-orthogonal
wave–current interaction have reported significant devia-
tions of current velocities predicted by the abovementioned
models from the experimental evidence (Fernando et al.,
2011a, b; Lim and Madsen, 2016), leading to deviations of
the predicted wave-altered current velocity of up to 30 %
(Faraci et al., 2021).

In the present work, we aim to investigate the hydrody-
namics of wave–current interaction by studying turbulence
properties of a near-orthogonal combined flow field. In par-
ticular, we focused on (i) investigating turbulence activity
through turbulent velocity measurements, with a specific fo-
cus on boundary layer coherent structures, and (ii) under-
standing the nonlinear behavior of orthogonal wave–current
flow by analyzing current bottom shear stresses and how
they are altered by the superposition of surface waves. Ex-
periments in a shallow water basin were carried out, in
which waves and currents were generated over smooth (sand)
and rough (gravel) beds. Flow velocities were measured
by acoustic Doppler velocimeters. Measurements of turbu-
lent velocities were analyzed by means of quadrant analysis
(Wallace, 2016), which shed light on how the superposition
of waves affects the current turbulent ejection–sweep mecha-
nism (Kim et al., 1987). Such a technique has rarely been em-
ployed in near-orthogonal wave–current flow investigations
but has potential to allow a comprehensive interpretation of
the evolution of the turbulent structures.

The paper is structured as follows: Sect. 2 describes the
experimental setup and plan. Section 3 describes the method-
ology through which velocity time series were pre-processed
and analyzed. Results of the velocity data analysis are shown
in Sect. 4, which are then discussed in Sect. 5. A conclusive
section closes the work.

2 Experiments

A laboratory campaign was carried out at DHI Water and
Environment (Hørsholm, Denmark) in a shallow water basin
in the framework of the Hydralab+ Transnational Access
project wings (Waves plus currents INteracting at a right
anGle over rough bedS), funded by the EU Commission
through the Hydralab+ program. The basin, schematized in
Fig. 1a, is 35.00m× 25.00m× 1.00 m in the x, y, and z di-
rections, respectively.

On one side, the basin is provided with a multi-paddle
piston-type 18.00 m long wavemaker. The wavemaker front
is 18.00 m wide and consists of 36 paddles, with each paddle
being 1.20 m high and 0.50 m wide. The wavemaker is able to
generate waves with wave height in the range 0.05÷ 0.45 m.
To reduce wave reflection, a 18.75 m barrier made up of
15 parabolic steel absorbers is positioned 12 m away from
the wavemaker. For the same purpose, a C-shaped coarse-
grained material beach is located at the side opposite to the
wavemaker.

A recirculation system allows the generation of a current,
which is conveyed into (out of) the basin through a 12 m inlet
(outlet). An electromagnetic flowmeter with a 10−4 m3 s−1

precision allowed monitoring the recirculating discharge.
The still water level in the basin is measured by means of
a meter stick. The bottom of the basin is horizontal and made
of smooth concrete. In order to reproduce two different rough
bottom conditions, a series of wood panels with fixed grains
glued on top were positioned on the basin floor. Specifically,
sand bed (SB) and gravel bed (GB) panels, with a 50 % frac-
tion grain diameter d50 = 0.0012 and d50 = 0.025 m, respec-
tively, were installed. The panels cover a rectangular area
of 7.50× 5.00 m, which hereinafter is called the controlled
roughness area.

Water surface elevation was measured by means of 24 re-
sistive wave gauges (WGs; Fig. 1b). The wave gauges were
connected to a series of analog data loggers, which allowed
the adjustment of gauge resolution and sensitivity. The WGs
were distributed all over the area in front of the wavemaker
in order to give detailed spatial information about the wave
field. Four out of 24 WGs (specifically WG11 to WG14)
were positioned in order to measure the wave reflection co-
efficient with the Faraci et al. (2015) method.

Flow velocities were measured by means of five acoustic
Doppler velocimeters (ADVs); the model is the Vectrino+,
manufactured by Nortek (Nortek, 2009). The ADVs were
held together on a square chassis attached to a micrometer
with a 0.0001 m precision, which allowed them to be slid
vertically. The micrometer was then fixed to a bridge above
the acquisition area. The distance between the ADVs in the
x and y direction is larger than that recommended by the
manufacturer of 0.12 m in order to ensure no acoustic inter-
ference between ADV transducers and receivers. The ADVs
measured velocities within a cylindrical sampling volume of
0.001 m high, with a resolution of 0.001 m s−1. The accuracy
is ±0.5% of the measured value. The sampling frequency is
set to 100 Hz. The ADV positions are shown in Fig. 1c. The
performed plan of experiments is shown in Table 1.

The experimental plan included current-only (CO), wave-
only (WO), and wave-plus-current (WC) conditions. A total
of 36 runs were carried out: Runs 1–18 over SB and Runs 19–
36 over GB. Two different steady currents were generated by
maintaining the current discharge constant (Q= 1 m3 s−1)
while changing the water depth h to 0.40 m or 0.60 m, cor-
responding to a mean current velocity of U = 0.21 and
0.14 m s−1, respectively. The Froude number Fr for the two
current conditions is Fr = 0.106 (for U = 0.21 m s−1) and
Fr = 0.058 (for U = 0.14 m s−1). Different regular wave
conditions were considered, with wave height H = 0.05÷
0.18 m and wave period T = 1.0÷ 2.0 s.

Each run consists of 16 tests, with each test having 3D ve-
locity components measured at a different distance from bed
z, in order to recover 16 positions along the vertical profile
for each run with a specific wave–current configuration. A
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Figure 1. Schematization of the experimental wave basin (a); positioning of the measurement instruments (b); detail on the positioning of
acoustic Doppler velocimeters (c).

total of 576 tests were carried out. The measurement point
distance from the bed is shown in Table 2.

In order to achieve a steady current, the current recircula-
tion system was activated 1 h before starting the experiments.
The sampling duration for CO tests is equal to 2 min. The
sampling duration of WO and WC tests is 2 min for tests with
wave period T = 1.0 s and 4 min for tests with T = 2.0 s, in
order to collect 120 wave cycles for each test. The wave-
maker is switched on 2 min before the start of the sampling
process in order to achieve a stable wave field.

The model validation, in terms of variability of wave
height, steadiness of the current, near orthogonality of the
wave–current flow, development of the boundary layer, and
other details, is thoroughly described in a previous study by
Faraci et al. (2021).

3 Methodology

3.1 Reynolds decomposition to obtain turbulent
velocities

In order to obtain turbulent velocities, the measured velocity
time series were decomposed into mean, phase-averaged, and
turbulent components by means of Reynolds decomposition:

u= u+ ũ+ u′, (1)

where u is the measured velocity, u is the time-averaged ve-
locity, ũ is the phase-averaged velocity, and u′ is the turbulent
(or fluctuating) velocity in the current direction. The same
applies for v and w, respectively, in the wave and vertical
upward direction. The time-averaged velocities u, v, and w
were obtained by time-averaging the instantaneous velocity
time series measured by all the ADVs. Phase-averaged veloc-

https://doi.org/10.5194/os-20-1479-2024 Ocean Sci., 20, 1479–1493, 2024



1482 M. Marino et al.: Turbulent features of nearshore wave–current flow

Table 1. Plan of experiments. Runs 1–18 are carried out over a sand bed (SB), whereas runs 19–36 are carried out over a gravel bed (GB).
CO: current only, WO: wave only, WC: waves plus current, h: water depth, U : current velocity, H : wave height, T : wave period.

Sand bed (SB) Gravel bed (GB)

Run Type h [m] U [m s−1] H [m] T [s] Run Type h [m] U [m s−1] H [m] T [s]

1 CO 0.40 0.21 – – 19 CO 0.60 0.14 – –
2 WO 0.40 – 0.18 2.0 20 WC 0.60 0.14 0.05 1.0
3 WO 0.40 – 0.12 2.0 21 WC 0.60 0.14 0.08 1.0
4 WO 0.40 – 0.08 2.0 22 WC 0.60 0.14 0.08 2.0
5 WO 0.40 – 0.08 1.0 23 WC 0.60 0.14 0.12 2.0
6 WC 0.40 0.21 0.18 2.0 24 WO 0.60 – 0.05 1.0
7 WC 0.40 0.21 0.12 2.0 25 WO 0.60 – 0.08 1.0
8 WC 0.40 0.21 0.08 2.0 26 WO 0.60 – 0.08 2.0
9 WC 0.40 0.21 0.08 1.0 27 WO 0.60 – 0.12 2.0
10 CO 0.60 0.14 – – 28 CO 0.40 0.21 – –
11 WC 0.60 0.14 0.08 2.0 29 WO 0.40 – 0.08 2.0
12 WC 0.60 0.14 0.12 2.0 30 WO 0.40 – 0.08 1.0
13 WC 0.60 0.14 0.18 2.0 31 WO 0.40 – 0.05 1.0
14 WC 0.60 0.14 0.08 1.0 32 WC 0.40 0.21 0.05 1.0
15 WO 0.60 – 0.08 2.0 33 WC 0.40 0.21 0.08 2.0
16 WO 0.60 – 0.08 1.0 34 WC 0.40 0.21 0.12 2.0
17 WO 0.60 – 0.12 2.0 35 WC 0.40 0.21 0.08 1.0
18 WO 0.60 – 0.18 2.0 36 WO 0.40 – 0.12 2.0

Table 2. ADV measurement distance from the bed z for each test.

Test z [m] Test z [m]

1 0.001 9 0.025
2 0.002 10 0.035
3 0.003 11 0.050
4 0.005 12 0.075
5 0.008 13 0.120
6 0.011 14 0.150
7 0.015 15 0.200
8 0.020 16 0.250

ities in the current direction, ũ, and wave direction, ṽ, were
computed as follows:

ũ=
1
Nw

Nw∑
i=1
(ui − u), (2)

ṽ =
1
Nw

Nw∑
i=1
(vi − v), (3)

where Nw is the number of waves used for the phase aver-
age. Waves were generated for 4 min for the wave period
T = 2.0 s and for 2 min for T = 1.0 s in order to generate
120 waves per test, which is fairly larger than the minimum
of 50 waves necessary for phase averaging (Sleath, 1987).

Turbulent velocities u′, v′, and w′ in the x, y, and z di-
rections, respectively, were then obtained by subtracting the
time-averaged and phase-averaged velocities from the instan-
taneous velocity time series.

This type of decomposition is, however, subject to pos-
sible contamination due to fluctuations of the wave height.
In other words, if the oscillatory flow is not perfectly regu-
lar, fluctuations of wave height will contaminate the turbulent
velocity component. To account for the incidence of oscilla-
tory flow contamination, turbulent velocities were also com-
puted using the empirical mode decomposition method, or
EMD (Huang et al., 1998). EMD is a promising approach
to decompose the signal and remove oscillatory contamina-
tion in the turbulent component from a time series due to
large wave height variability. The procedure of EMD used
in the present work follows the one described by Peruzzi
et al. (2021), which employed EMD in wave–current inter-
action experiments characterized by substantial wave height
variability. Figure 2 shows turbulence intensity profiles Iu

(=
√
u′2/u), which are an indication of the turbulence activ-

ity along the water column, for Run 22 (WC, H = 0.08 m,
T = 2.0 s) and Run 21 (WC, H = 0.08 m, T = 1.0 s), ob-
tained with the Reynolds decomposition (black circles) and
EMD (gray crosses).

Run 22 (Fig. 2a) and Run 21 (Fig. 2b) have a wave-
height-normalized standard deviation σH /Hm of 0.05 and
0.16, respectively, which are respectively the smallest and
the largest wave height variability of the entire dataset. The
decomposition of turbulence velocities using both Reynolds
decomposition and EMD reveals that, despite variations in
wave height, both methods produce similar turbulence inten-
sity profiles. However, the EMD method consistently shows
slightly higher turbulence intensity values. If the turbulent
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Figure 2. Turbulence intensity profiles Iu (=

√
u′2/u) for Run 22 (WC,H = 0.08 m, T = 2.0 s) (a) and Run 21 (WC,H = 0.08 m, T = 1.0 s)

(b), obtained with Reynolds decomposition (black circles) and with the EMD (gray crosses).

velocity time series were contaminated by Reynolds decom-
position, an increase in Reynolds turbulence intensity rela-
tive to EMD would be expected. Instead, the opposite oc-
curs: Reynolds decomposition results in lower turbulence in-
tensity, suggesting that turbulence contamination from wave
motion is not occurring. This finding is consistent across all
experiments.

3.2 Turbulent velocity data pre-processing

Turbulent velocity data were processed in order to remove
spikes in the time series. The presence of spikes is a com-
mon issue in acoustic velocimetry, and their removal (known
as despiking) is considered an essential operation in velocity
data processing (McLelland and Nicholas, 2000). However,
a problem arises in turbulent flows as distinguishing spikes
between actual turbulent fluctuations is crucial. Several de-
spiking methods have been developed over the last decades
(Goring and Nikora, 2002; Cea et al., 2007). The selected
technique in this study is the one by Islam and Zhu (2013).
This method employs a bivariate kernel density function to
generate a density map of the data, effectively isolating the
turbulent data cluster from surrounding spike clusters. This
technique outperforms previous methods that rely on univer-
sal noise thresholds, especially in the presence of turbulent
flows, ensuring the preservation of the−5/3 slope of the tur-
bulent velocity frequency spectrum. The maximum percent-
age of removed data is 15 %.

3.3 Space-averaged velocities

In rough flows, velocity flow fields are strictly related to the
location of the point where they are measured. To investigate
the spatially averaged characteristics of the flow, the velocity
field close to a rough boundary can be made globally homo-
geneous by means of space averaging. The time-averaged ve-
locities u, v, and w, obtained by time-averaging the instanta-

neous velocities measured by all the ADVs, were further av-
eraged in order to obtain time- and space-averaged 〈u〉, 〈v〉,
and 〈w〉 according to the following:

〈u〉 =
1

NADV

NADV∑
i=1

ui, (4)

where NADV is the number of ADVs. The procedure of aver-
aging by time and space is referred in the text as double av-
eraging and allows filtering out the heterogeneous flow char-
acteristics that depend to the specific position of the ADV.

3.4 Dimensional and nondimensional parameters

Significant dimensional quantities and nondimensional pa-
rameters were computed from double-averaged velocities to
characterize the flow field. Current freestream velocity Uc
was computed by depth-averaging the double-averaged cur-
rent velocities above the expected current boundary layer up-
per limit (Fredsøe et al., 1999). Wave orbital velocity Uw
was computed by considering the phase-averaged velocity
maximums at the first measurement point above the wave
boundary layer thickness. According to Fredsøe (1984), the
expected wave boundary layer thickness in rough flows de-
pends on the relative wave orbital amplitude Abm/k, where
Abm is the wave orbital amplitude (equal to Uw/ω) and k
is the bottom roughness. Once the expected wave bound-
ary layer thickness is computed, the wave orbital velocity is
measured considering the lowest measurement point above
the wave boundary layer thickness in the crest velocity pro-
file. Then, the orbital velocities measured by each ADV were
space-averaged in order to obtain double-averaged orbital ve-
locity Uw. Once Uc and Uw were obtained, current and wave
Reynolds numbers were computed with the following set of
equations:

Rec =
Uch

ν
, Rew =

UwAbm

ν
, (5)
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where Abm is the wave orbital amplitude (Uw/ω, where
ω = 2π/T is the wave frequency). A nondimensional wave–
current parameter Uw/Uc was computed as an indicator of
the relative importance of the waves compared to the current.
Moreover, the wave–current parameter is used to distinguish
two wave–current regimes: the current-dominated regime
(Uw/Uc < 1) and the wave-dominated regime (Uw/Uc > 1).

Current shear velocity u∗ and equivalent roughness ks
were computed through a best-fitting technique (Sumer,
2007).

The best-fit procedure is different depending whether on
the flow is hydraulically smooth, i.e., when the viscous sub-
layer thickness is larger than the bed grain size, or hydrauli-
cally rough, when the viscous sublayer is destroyed as the
grains are larger than the supposed thickness of the viscous
layer. In hydraulically smooth flow, the velocity profile in the
logarithmic region follows the law of the wall,

u

u∗
=

1
κ

ln
(
zu∗

ν

)
+ 5.0, (6)

where κ is the von Kármán constant (= 0.4). In hydraulically
rough flow, the near-bed velocity distribution follows a loga-
rithmic law:

u

u∗
=

1
κ

ln
z

zo
, (7)

where z0 = ks/30, with ks being the equivalent roughness. In
this case, a hypothesis on the position of the theoretical bot-
tom needs to be made. The procedure follows the one sug-
gested by Sumer (2007) by distinguishing between different
hypotheses of theoretical bottom distance: the one that grants
the larger logarithmic profile. Then, shear velocity was ob-
tained from the slope of the linear fitting of u and log(z),
whereas ks was obtained through its intercept.

The computations to obtain the shear velocity and related
quantities are subject to uncertainty. Especially ks may be
very different depending on the measurement chosen to be
part of the logarithmic profile linear fitting. A 95 % confi-
dence interval for the slope was computed by means of a
Student’s t distribution to assess the uncertainty range of the
slope. A similar procedure was applied to ks . From the shear
velocity the Reynolds shear number was then computed, ac-
cording to the relation

Re∗ =
u∗d50

ν
. (8)

Table 3 shows u∗ and ks alongside their confidence inter-
val values and Re∗ for all CO and WC runs.

This specifically includes measured freestream current
velocity Uc, measured orbital velocity Uw, wave–current
regime parameter Uw/Uc, current Reynolds number Rec,
and wave Reynolds number Rew. Their values are shown
in Table 4. Target current velocities were chosen to have
a relatively “weaker” (Fr = 0.058) and a “stronger” (Fr =

0.106) current, both in subcritical flow (Fr < 1). The current
Reynolds number Rec is greater than 4000 for all the exper-
iments; therefore, the regime is fully turbulent, whereas the
wave boundary layer is laminar as Rew < 2× 105 according
to Sumer et al. (2010).

4 Results

4.1 Bed shear analysis

Current velocity profiles in the case of current only and
waves plus current are compared in Fig. 3 to investigate the
hydrodynamic effects of the waves superposed to the current.

Shear velocity u∗ and equivalent roughness ks are reported
in the figure, alongside the fitting lines used for their com-
putation (Sumer, 2007). Subscripts CO and WC indicate
current-only and wave-plus-current conditions, respectively.

Figure 3a, which reports a comparison between runs 1
(CO) and 8 (WC, H = 0.08 m, T = 2.0 s), both of them over
a sand bed and with Fr = 0.106, shows that the superposi-
tion of the waves determines an increase in resistance ex-
perienced by the current, revealed by the increase in shear
velocity by 14 % and an increase in equivalent roughness by
more than an order of magnitude.

Analogously, Fig. 3b shows the comparison of Run 28
(CO) and Run 33 (WC,H = 0.08 m, T = 2.0 s) over a gravel
bed with Fr = 0.106. With respect to the sand bed case in
Fig. 3a, a similar behavior is observed over the gravel bed,
although in this case the CO shear velocity is more than dou-
bled in comparison with that of the sand bottom runs due
to the presence of the rough bottom. Also in this case shear
velocity and equivalent roughness increase as waves are su-
perposed to the current by 17 % and 35 %, respectively.

In comparison with the experiments shown in Fig. 3a
and b, the experiments shown in Fig. 3c and d were carried
out with a larger water level (from 0.40 to 0.60 m) in order to
generate a weaker current (Fr = 0.058). Specifically, Fig. 3c
shows a comparison between Run 10 (CO) and Run 11 (WC,
H = 0.08 m, T = 2.0 s), both of them over a sand bed.

In this case, the superposition of waves determines a re-
duction of bottom shear, with a decrease in u∗ of 40 % and a
decrease in ks of an order of magnitude.

Similarly, Fig. 3d illustrates a comparison between Run
19 (CO) and Run 22 (WC, H = 0.08 m, T = 2.0 s) over a
gravel bed with Fr = 0.058. In this case a slight decrease is
observed for both u∗WC (6 %) and ks,WC (57 %).

In order to provide an overall view of how the wave mo-
tion affects the current bottom flow, Fig. 4 shows the wave–
current parameter Uw/Uc versus the shear Reynolds number
ratio Re∗WC/Re

∗

CO for all the wave-plus-current tests.
The wave–current parameter indicates the relative strength

of the wave motion compared to the current flow, separating
the current-dominated regime (Uw/Uc < 1) and the wave–
dominated regime (Uw/Uc > 1). The shear Reynolds number
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Table 3. Shear velocity u∗, equivalent roughness ks , and Reynolds shear number Re∗. Confidence intervals for u∗ and ks are also reported.

Run Bed Type u∗ [m s−1] ks [m] Re∗

1 SB CO 0.0109± 0.0009 0.0004± 0.0001 13
6 SB WC 0.0128± 0.0021 0.0029± 0.0011 17
7 SB WC 0.0115± 0.0015 0.0012± 0.0004 15
8 SB WC 0.0124± 0.0013 0.0022± 0.0006 15
9 SB WC 0.0120± 0.0014 0.0022± 0.0006 14
10 SB CO 0.0100± 0.0012 0.0141± 0.0034 12
11 SB WC 0.0066± 0.0014 0.0008± 0.0005 8
12 SB WC 0.0071± 0.0011 0.0011± 0.0005 9
13 SB WC 0.0081± 0.0008 0.0027± 0.0007 10
14 SB WC 0.0055± 0.0014 0.0003± 0.0002 7

19 GB CO 0.0159± 0.0034 0.1418± 0.0372 398
20 GB WC 0.0152± 0.0015 0.1299± 0.0161 381
21 GB WC 0.0169± 0.0020 0.1535± 0.0219 421
22 GB WC 0.0156± 0.0018 0.1316± 0.0183 390
23 GB WC 0.0150± 0.0014 0.0900± 0.0118 375
28 GB CO 0.0242± 0.0070 0.0645± 0.0212 606
32 GB WC 0.0265± 0.0054 0.1006± 0.0214 662
33 GB WC 0.0284± 0.0024 0.0877± 0.0072 710
34 GB WC 0.0286± 0.0013 0.0844± 0.0036 716
35 GB WC 0.0273± 0.0031 0.0698± 0.0072 682

ratio is an expression of the shear experienced by the current
relative to the current-only case. Re∗WC/Re

∗

CO < 1 indicates
a shear stress reduction compared to the current-only case,
whereas Re∗WC/Re

∗

CO > 1 indicates a shear stress enhance-
ment.

In the presence of a stronger current (Fr = 0.106, full
markers), the superposition of the oscillatory flow always
determines an increase in bed resistance, as shown by the
Re∗WC/Re

∗

CO always being greater than 1, no matter the bed
roughness. The superposition of the laminar wave boundary
layer seems to determine a stress enhancement, proved by the
increase in shear velocity and equivalent roughness. This is
in accordance with most of experimental evidence in the lit-
erature (Grant and Madsen, 1979; Fernando et al., 2011a).
As the relative importance of the waves increases, i.e., as
Uw/Uc increases, the shear seems to be enhanced in a non-
monotonous fashion, with a plateau around Uw/Uc ≈ 1.

In the presence of a weaker current (Fr = 0.058, empty
markers), a different trend is observed, since the superposi-
tion of waves determines a decrease in flow resistance com-
pared with the current-only case, as the ratio Re∗WC/Re

∗

CO is
always below 1. Specifically, two behaviors are reported de-
pending on the bed roughness. Over SB, the shear increases
with a linear trend asUw/Uc increases, whereas over GB, the
shear experienced by the current remains fairly constant as
Uw/Uc increases, with values of relative shear stress closer
to 1.

4.2 Turbulent flow analysis

An analysis of the turbulent velocity data was carried out and
is presented in this section. Figure 5a shows turbulence inten-

sities Iu

(
=

√
u′2/u

)
along the current direction for Run 1

(CO), Run 7 (WC, H = 0.12 m, T = 2.0 s), and Run 8 (WC,
H = 0.08 m, T = 2.0 s). All runs are over a sand bed with
Fr = 0.106.

It can be observed that the presence of the waves always
enhances turbulence intensity, both close to and far from the
bottom. Nevertheless, even though the relative importance of
the waves to the current increases, turbulence intensity pro-
files tends to collapse on top of each other. This is supported
by the fact that the two cases have a very similar value of
Re∗WC/Re

∗

CO.
Figure 5b shows turbulence intensities in the current di-

rection Iu for Run 28 (CO), Run 33 (WC, H = 0.08 m,
T = 2.0 s), and Run 34 (WC, H = 0.12 m, T = 2.0 s) over a
gravel bed with the same current velocity Fr = 0.106. The
presence of the GB determines larger gradients of turbu-
lence intensities in comparison with the corresponding SB
case (Fig. 5a) with the sameU . Notwithstanding the different
wave–current regime, the two WC profiles show a very simi-
lar behavior. However, the increase in turbulence intensity in
the larger-Uw/Uc case (Run 34) seems to extend to a larger
part of the water column (approximately up to 0.03÷ 0.04
z/h).

Figure 5c shows turbulence intensities Iu in the current
direction of Run 10 (CO), Run 11 (WC, H = 0.08 m, T =
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Table 4. Dimensional and nondimensional parameters for each experiment. Runs 1–18 are carried out over a sand bed (SB), whereas runs
19–36 were carried out over a gravel bed (GB). CO: current only, WO: wave only, WC: waves plus current; h is water depth, H is wave
height, T is wave period, Uc is the freestream current velocity, Uw is the wave orbital velocity, Fr is the current Froude number, Rec is the
current Reynolds number, and Rew is the wave Reynolds number.

Run Bed Type h [m] U [m s−1] H [m] T [s] Uc [m s−1] Uw [m s−1] Uw/Uc Fr Rec Rew

1 SB CO 0.40 0.210 – – 0.226 – – 0.106 90 225 –
2 SB WO 0.40 – 0.18 2.0 – 0.412 – – – 54 031
3 SB WO 0.40 – 0.12 2.0 – 0.325 – – – 33 621
4 SB WO 0.40 – 0.08 2.0 – 0.218 – – – 15 127
5 SB WO 0.40 – 0.08 1.0 – 0.124 – – – 2447
6 SB WC 0.40 0.210 0.18 2.0 0.237 0.387 1.63 0.106 94 814 47 645
7 SB WC 0.40 0.210 0.12 2.0 0.242 0.319 1.32 0.106 96 923 32 350
8 SB WC 0.40 0.210 0.08 2.0 0.239 0.203 0.85 0.106 95 520 13 066
9 SB WC 0.40 0.210 0.08 1.0 0.223 0.107 0.48 0.106 89 255 1819
10 SB CO 0.60 0.140 – – 0.15 – – 0.058 89 726 –
11 SB WC 0.60 0.140 0.08 2.0 0.152 0.146 0.96 0.058 91 031 6791
12 SB WC 0.60 0.140 0.12 2.0 0.157 0.219 1.39 0.058 94 366 15 236
13 SB WC 0.60 0.140 0.18 2.0 0.159 0.313 1.97 0.058 95 497 31 276
14 SB WC 0.60 0.140 0.08 1.0 0.137 0.053 0.39 0.058 81 921 454
15 SB WO 0.60 – 0.08 2.0 – 0.145 – – – 6696
16 SB WO 0.60 – 0.08 1.0 – 0.041 – – – 270
17 SB WO 0.60 – 0.12 2.0 – 0.212 – – – 14 315
18 SB WO 0.60 – 0.18 2.0 – 0.33 – – – 34 713

19 GB CO 0.60 0.140 – – 0.142 – – 0.058 85 063 –
20 GB WC 0.60 0.140 0.05 1.0 0.146 0.027 0.19 0.058 87 437 118
21 GB WC 0.60 0.140 0.08 1.0 0.153 0.052 0.34 0.058 91 973 425
22 GB WC 0.60 0.140 0.08 2.0 0.144 0.147 1.02 0.058 86 552 6900
23 GB WC 0.60 0.140 0.12 2.0 0.168 0.218 1.30 0.058 100 873 15 136
24 GB WO 0.60 – 0.05 1.0 – 0.042 – – – 281
25 GB WO 0.60 – 0.08 1.0 – 0.061 – – – 592
26 GB WO 0.60 – 0.08 2.0 – 0.143 – – – 6509
27 GB WO 0.60 – 0.12 2.0 – 0.233 – – – 17 281
28 GB CO 0.40 0.210 – – 0.245 – – 0.106 97 957 –
29 GB WO 0.40 – 0.08 2.0 – 0.199 – – – 12 605
30 GB WO 0.40 – 0.08 1.0 – 0.116 – – – 2142
31 GB WO 0.40 – 0.05 1.0 – 0.061 – – – 592
32 GB WC 0.60 0.210 0.05 1.0 0.246 0.058 0.24 0.106 98 286 534
33 GB WC 0.40 0.210 0.08 2.0 0.281 0.186 0.66 0.106 112 209 11 002
34 GB WC 0.40 0.210 0.12 2.0 0.28 0.293 1.05 0.106 111 937 27 253
35 GB WC 0.40 0.210 0.08 1.0 0.262 0.11 0.42 0.106 104 742 1915
36 GB WO 0.40 – 0.12 2.0 – 0.259 – – – 21 290

2.0 s), and Run 13 (WC, H = 0.18 m, T = 2.0 s) over a sand
bed with Fr = 0.058. As Uw/Uc increases, a turbulence in-
tensity enhancement is observed in proximity to the bed,
while there is a decrease in the upper part of the water col-
umn. The increase in the parameter Uw/Uc also seems to
affect the profile gradient in close proximity to the bottom
boundary, determining an increase in the bottom turbulence
intensity gradient.

Figure 5d shows turbulence intensities Iu of Run 19 (CO),
Run 21 (WC, H = 0.08 m, T = 2.0 s), and Run 22 (WC,
H = 0.12 m, T = 2.0 s) over a gravel bed with Fr = 0.058.
The figure shows a larger gradient of Iu in comparison with

the corresponding sand bed case with the same U in Fig. 5c,
approximately up to z/h= 0.10 m. The CO case shows a
larger turbulent intensity very close to the bottom boundary
compared with all the corresponding WC cases. This could
confirm the results of Fig. 3d, which shows a slightly larger
shear experienced by the current in the absence of waves.
However, such a behavior was not observed in the SB case in
Fig. 5c. Moreover, slightly larger gradients of the turbulence
intensity profiles are observed in the CO case.

Turbulence at a wall boundary in a steady flow is mainly
generated by the succession of two cyclic events: ejections
and sweeps (Corino and Brodkey, 1969). These events are
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Figure 3. Velocity profiles: (a) Run 1 (CO, SB, Fr = 0.106, circles) and Run 8 (WC, SB, Fr = 0.106, H = 0.08 m, T = 2.0 s, triangles);
(b) Run 28 (CO, GB, Fr = 0.106, circles) and Run 33 (WC, GB, Fr = 0.106, H = 0.08 m, T = 2.0 s, triangles); (c) Run 10 (CO, SB,
Fr = 0.058, circles) and Run 12 (WC, Fr = 0.058, H = 0.12 m, T = 2.0 s, triangles); (d) Run 19 (CO, GB, Fr = 0.058, circles) and Run
23 (WC, GB, Fr = 0.058, H = 0.12 m, T = 2.0 s, triangles).

mainly responsible for turbulent vertical momentum trans-
port and determine most of the generation of Reynolds
shear stress (Wallace, 2016). Quadrant analysis is a well-
established technique to study the ejection–sweep cycle
(Wallace et al., 1972; Lu and Willmarth, 1973; Kim et al.,
1987). In quadrant analysis the turbulent events, defined as
the fluctuating velocities (u′(t),w′(t)) at an instant t , where
u′ and w′ are the streamwise and vertical upward direction
turbulent velocities, are subdivided into four quadrants (Q1–
Q4) depending on their signs. The second (u′ < 0, w′ > 0)
and the fourth (u′ > 0 and w′ < 0) quadrants are the ones as-
sociated with the ejections and sweeps, respectively.

Figure 6a and b show the quadrant analysis for a current-
only case (Run 1 SB, Fr = 0.106) and a wave-plus-current
case (Run 8, SB, Fr = 0.106, H = 0.08 m, T = 2.0 s), re-
spectively, both at the same relative depth z/h= 0.040.

The blue number inside each quadrant indicates the per-
centage of turbulent events that fall into the quadrant, ex-
cluding a central region defined by a hyperbolic threshold

(Wallace, 2016), which excludes turbulent events not intense
enough to be considered ejections or sweeps.

The dispersion of u′ and w′ around their mean value can
be quantified by computing the determinant of the covariance
matrix S:

dS = det(S)= σ 2
u′σ

2
w′ −Cov(u′,w′)2, (9)

where σu′ and σw′ are the standard deviations of u′ and w′,
respectively, whereas Cov(u′,w′) indicates the covariance of
u′ and w′. While larger variances indicate more dispersion,
a large covariance (whether positive or negative) indicates
a stronger linear relationship between u′ and w′, which re-
duces the overall dispersion. Thus, the determinant decreases
as covariance increases, reflecting the reduced spread in the
2D space due to the linear dependency between the variables.
The determinant dS was computed for all tests and is shown
in Fig. A1 in Appendix A.

Comparison between Fig. 6a and b illustrates that the pres-
ence of waves determines an increase in the intensity of tur-
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Figure 4. Wave–current parameter Uw/Uc vs. the shear Reynolds
number ratio Re∗WC/Re

∗
CO.

bulent activity, shown by the turbulent events being more dis-
persed, with dS increasing from 5× 10−8 to 5× 10−7. How-
ever, the number of turbulent events above the hyperbolic
threshold is almost halved in both ejection and sweep quad-
rants, with the number of events inside the hyperbolic hole
reaching 62 %. Such a result indicates that the presence of
the waves determines a decrease in the number of ejections
and sweeps but at the same time an increase in their intensity.

In order to observe the occurrence of turbulent bursts dur-
ing a wave phase, Fig. 7d illustrates the phase-averaged num-
ber of ejections and sweeps for Run 6 (WC, H = 0.18 m,
T = 2.0 s) at z/h= 0.04. Figure 7c shows the correspondent
phase-averaged wave velocity.

As the wave phase progresses, a clear oscillation in the
number of turbulent bursts is observed. Turbulent bursts pro-
gressively increase when the wave phase progresses from
nodes to antinodes, i.e., towards crest and through phases,
whereas as wave phase progresses from antinodes to nodes, a
reduction of the number of ejections and sweeps is observed.
The reported pattern seems to follows the nonlinearity of the
wave, with the increase in the number of bursts during the
crest stage being shorter and more intense than the ones in
the trough stage. This behavior appears to be consistent for
both ejections and sweeps (black and gray line, respectively).
This occurrence was observed for all the runs with larger
wave height cases (H = 0.12 m) but not easily recognizable
for the cases with lower H , which showed no recognizable
oscillation in the number of ejections and sweeps along the
wave phase.

5 Discussion

Results of our analysis highlighted that, depending on the
bed roughness, freestream current velocity, and wave orbital
velocity, current bottom shear stress can be enhanced or re-
duced due to wave motion. While current shear enhance-
ment due to wave-generated turbulence is a well-documented
occurrence in the literature, shear reduction is debated, al-
though experimental evidence supports its occurrence under
specific conditions. Lodahl et al. (1998) conducted experi-
ments in a oscillating water tunnel and measured velocity
fluctuations with a laser Doppler anemometer in wave- and
current-dominated conditions. They observed that a turbu-
lent current can be re-laminarized by the superimposition of
the oscillatory flow, with the transition being dependent on
the oscillatory flow Stokes’ layer thickness. Lodahl and co-
authors attributed this occurrence to the presence of the lam-
inar wave boundary layer, which is experienced by the cur-
rent as a decrease in bottom hydraulic roughness. In fact, the
stress patterns reported by Lodahl and co-authors are rem-
iniscent of the ones shown in Fig. 4. However, differently
from Lodahl and co-authors, we also clearly observed a shear
stress decrease in wave-dominated conditions. In this regard,
an analogous finding was reported in the near-orthogonal
wave–current experiments by Musumeci et al. (2006), which
attributed the phenomenon to a re-laminarization process as
well but also reported it in wave-dominated conditions. In
accordance with Musumeci and co-authors, shear reduction
is observed only in smooth conditions in our experiments as
well, which resonates with analogous findings by Faraci et al.
(2012), although in a very different model setup (waves and
currents interacting over a sandpit).

Another main finding of our work regards turbulence fea-
tures that emerged through the application of quadrant anal-
ysis, revealing a substantial difference when the wave mo-
tion is superposed to the current with respect to the current-
only case. The analysis showed a reduction of the number
of turbulent bursts, which was systematically accompanied
by an increase in their intensity. A possible explanation in-
volves the laminar to progressively more turbulent transition
of the wave boundary layer. In fact, the presence of the (tem-
porarily) laminar wave boundary layer might induce a shear
reduction, which suppresses the current ejection and sweep
production. As the wave boundary layer transitions to a more
turbulent state, i.e., as the wave phase progresses from nodes
to antinodes, the ejection–sweep cycle resumes and the inten-
sity of the bursts increases due to wave-generated turbulence.
This interpretation is corroborated by the cyclic increase–
decrease in the turbulent bursts observed in Fig. 7b. This oc-
currence would explain both the overall decrease in the num-
ber of turbulent events in the current flow and the increase in
the turbulence intensity fluctuations.
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Figure 5. Turbulence intensities Iu in the current direction. (a) Run 1 (CO), Run 7 (WC, H = 0.12 m, T = 2.0 s, Uw/Uc = 0.85), and Run
8 (WC, H = 0.08 m, T = 2.0 s, Uw/Uc = 1.32) over a sand bed with Fr = 0.106. (b) Run 28 (CO), Run 33 (WC, H = 0.08 m, T = 2.0 s,
Uw/Uc = 0.66), and Run 34 (WC, H = 0.12 m, T = 2.0 s, Uw/Uc = 1.05) over a gravel bed with Fr = 0.106. (c) Run 10 (CO), Run 11
(WC, H = 0.08 m, T = 2.0 s), and Run 13 (WC, H = 0.18 m, T = 2.0 s) over a sand bed with Fr = 0.058. (d) Run 19 (CO), Run 21 (WC,
H = 0.08 m, T = 2.0 s), and Run 22 (WC, H = 0.12 m, T = 2.0 s) over a gravel bed with Fr = 0.058.

Figure 6. Quadrant analysis of u′ and w′ for Run 1 (current only, SB, Fr = 0.106) (a) and Run 8 (waves plus current, SB, Fr = 0.106,
H = 0.08 m, T = 2.0 s) (b).
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Figure 7. Dimensionless phase-averaged wave velocity for Run 6
(z/h= 0.040) (a); phase-averaged number of ejections and sweeps
for Run 6, with the dashed line indicating wave crest and trough (b).

6 Conclusions

In the present work, an investigation of the hydrodynamics
of near-orthogonal wave–current flow turbulence was car-
ried out through a laboratory campaign. The hydrodynam-
ics of the wave–current flow were investigated through a
comparison of current-only experiments with experiments in
the presence of superposed waves. Turbulent flow properties
were investigated by studying fluctuating (turbulent) veloci-
ties. The data analysis highlighted the following main results.

1. Current bed shear is enhanced or reduced by wave mo-
tion depending on bed roughness, current freestream ve-
locity, and wave orbital velocity, with a maximum cur-
rent Re∗ increase of 31 % and a maximum decrease of
42 %. A decrease in bed shear is induced by the pres-
ence of the laminar wave boundary layer, which deter-
mines a decrease in shear velocity.

2. The current turbulent ejection–sweep mechanism fol-
lows an oscillatory pattern determined by the superpo-
sition of the wave motion. As the wave boundary layer
develops, the number of turbulent bursts progressively
increases (up to 47 phase-averaged events) or decreases
(up to 16 phase-averaged events) from nodes to antin-
odes and from antinodes to nodes, respectively.

The results of this study have implications for the mod-
eling of sediment entrainment, suspension, and transport in
nearshore environments. These findings can be implemented
in analytical and numerical models to predict sediment dy-
namics under the influence of both waves and currents. Fu-
ture experimental studies should focus on (i) extending the
range of experimental angles and Fr number to provide an
extensive analysis of the influence of the wave motion on the
current velocity profile and (ii) recovering direct measure-
ments of bottom shear stresses rather than inferring them via
indirect methods, for instance by using innovative methods
based on ferrofluids of bioluminescence (Foti et al., 2010;
Musumeci et al., 2018; Stancanelli et al., 2020).
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Appendix A: Determinant of the covariance matrix ds

Figure A1 shows the determinant of the covariance matrix of
u′ as well as w′ and dS for all tests.

Figure A1. Determinant of the covariance matrix of u′ as well as w′ and ds for all tests: SB with Fr = 0.106 tests (a); SB with Fr = 0.058
tests (b); GB with Fr = 0.106 tests (c); GB with Fr = 0.058 tests (d).
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