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Abstract

Wind–waves play a relevant role in the downward flux of mass, momentum and heat, and in their balances. Thus, they
are quite significant in small- and large-scale processes like global warming, especially in continental shelf. There is
still no consensus on the effectiveness of different mechanisms in enhancing, e.g., the carbon dioxide (CO2) uptake in
the continental shelves with respect to the open ocean . To our best knowledge, the role of partial reflections of short
and long waves in the budget has been largely neglected without a specific justification, even though reflection in water
waves is a recurring phenomenon. Presumably, this is a consequence of the difficulties in performing experiments with
variable reflection coefficient and phase shift of the waves approaching coastal structures. We report experiments on
the vertical momentum transfer in partially reflecting waves propagating on a flat horizontal bottom. We measured the
free surface level and the fluid velocity, and estimated the Reynolds wave–generated shear stress. A set of experiments
using paddle waves or a paddle plus wind waves and a reflection coefficient ranging from 0.10−0.75, with a phase shift
of π/4 − π rad, confirms the theoretical model. The results indicate that reflection must be carefully considered in the
correct interpretation of data, particularly when considering momentum transfer in the vertical. The new contributions
in the paper are (i) the adoption of a generation–absorption system that controls the reflection coefficient and phase
shift between incident and reflected waves; (ii) the quantification of the phase shift influence on the vertical momentum
transfer and its horizontal variability; (iii) the consequences for locally–generated wind–waves and wind generated
surface currents. To our knowledge, these are the first experiments where the characteristics of the reflected waves
have been imposed, allowing a thoroughly analysis of their effects on the flow field.
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1. Introduction

Reflection and partial reflection of waves, wave groups, infra gravity waves, long waves are widespread and
diffused in coastal regions and, more broadly, in continental shelf areas. In fact, in the continental shelf sediment
transport, bed forms morphology and chemical exchanges, both in the sea–bed interface and in the air–sea interface
to and from the atmosphere, play major roles in the overall scenario.

The role of continental shelves in the global cycles of several chemicals, like carbon dioxide (CO2), is widely
recognised as important and is subject to numerous analyses [e.g., 10]. The carbon cycle has been influenced by human
activities and from changes of the fluxes at the air–sea interface, in particular near the coasts [20]. The quantification
of the changes is generally subject to a large uncertainty (50-100%) [5], due to the numerous phenomena influencing
the balance and to the reduced accuracy of field measurements, in particular in the Arctic shelves areas. The regional
studies on CO2 balance are highly dispersed, due, e.g., to non-homogeneity in the definitions of continental shelf
and to different methodologies used in these studies. However, even taking into account the relevant data dispersion,
bulk evaluations indicate that the average flux densities in the continental shelf area (−0.7 to − 1.2 mol C m−2 yr−1)
are higher than in the open ocean (−0.5 mol C m−2 yr−1) [14]. This trend has been confirmed by more sophisticated
approaches, where the balance of CO2 is obtained by including direct surface ocean CO2 measurements, atmospheric
CO2, in a model with gas transfer inferred from wind speed, salinity and temperature. These last recent models [see
14] confirm that sink of CO2 in the continental shelf areas is larger than in open ocean (up to 40%, with an estimated
uncertainty of less than 30%).
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In general, there is still no consensus about many aspects involved in continental shelf areas budget of CO2.
The adoption of a global model is limited by the low grid resolution for simulating many processes, since coarse-
resolution global models fail in reproducing coastal-ocean circulation [11], upwelling, coastal currents, which affect
the variability of air–sea CO2 fluxes in these areas [6, 13]. Notice that reflection, in natural environments, is always
partial reflection and often takes place in the coastal areas and generally in the continental shelf areas for long waves.
We infer that partially–reflected waves play a role in the circulation and locally affect carbon dioxide (and other
chemicals) exchanges.

Reflection also contributes to the structural change of the bottom boundary layer in shallow water, with conse-
quent effects on sediment transport and on bed forms. Partial reflection introduces a further scale in a flow field
already controlled by several effects [29], and may cause toe erosion and the generation of rhythmic bed forms [28].
The interaction between incoming and reflected wave trains can modify the sediment transport mechanism. This
event eventually enhances scouring and favors the failure of break waters and protective structures [2]. In the real
world, breakwaters and sea-walls always generate wave reflection (rubble-mound breakwaters generally reflect ap-
proximately 30–40%, vertical break-waters always higher than 70%), thus partial reflection and its effects are almost
ubiquitous. Non-linear waves modulated by partial reflection, and currents (always present in the field) change the
intensity of sediment transport [26].

In the past decades numerous researchers have performed the analysis of vertical momentum transfer in sea gravity
waves in different conditions, with waves subject to growth due to the wind action, to shoaling or to decay. This
transfer is quite important to describe the flow field and to quantify all the exchanges inside the water column and
at the interface with the air. Wave growth mechanism in the presence of wind has been long debated [24, 22, 18].
Whatever is the action of the wind (tangential stress, fluctuating pressure and resonance phenomena), a net transfer of
momentum from the air side toward the water is expected.

The general description of the flow field takes advantage of the triple decomposition [see 25] in the sense of [30].
The variables of interest are split in a time–averaged, a periodic (organized) and a fluctuating (turbulent) component,
e.g., u = u + ũ + u′ for the horizontal velocity, and w = w + w̃ + w′ for the vertical velocity. The fluctuating component
is calculated as the difference between the raw signal and the sum of the time average and of the phase average terms.
By combining these expressions in the horizontal momentum equation and time averaging, it results that the shear
stress in the vertical is the combination of several covariances between the velocity components. Among them, we are
specifically interested in the term −ũw̃, herein defined Reynolds wave(–generated) shear stress, which in the present
experiments is more than one order of magnitude larger than the turbulent shear stress −u′w′. In progressive waves
advancing on a flat horizontal bottom without source or sink of energy, the term −ũw̃ is null, since ũ and w̃ are in
quadrature. In dissipative water waves [9] the change of wave conditions in the direction of propagation gives an
out–of–quadrature contribution to −ũw̃, which is used to explain the fluxes of energy and the efficiency of vertical
momentum exchange. In particular, the vertical profile of the Reynolds wave shear stress is linear for dissipation
near the surface and near the bottom. The sloping bottom also acts inducing a linear profile of the Reynolds wave
shear stress [8]. [27] analyzed the contribution of various sources to −ũw̃ and gave an interpretation of this term by
introducing the oscillatory vorticity w̃ω̃ (ω̃ is orthogonal to the plane of u and w). Their results collapse to the results
of other researchers for irrotational flows. See also the analysis in [7] for irregular shoaling waves.

A recent paper by [23] is focused on Reynolds wave–generated shear stress in wind–generated waves. The Au-
thors describe some contradicting experimental results in literature, showing variegate data on the contribution of the
Reynolds wave shear stress to the momentum transfer under wind generated waves. They suggest the reflection effects
as responsible of varying sign and magnitude of the experimental values of −ũw̃, in addition to possible contamination
due to recirculation cells in the experimental channels. However, they do not consider the phase and their results are
horizontally averaged.

In this research we analyze the Reynolds wave shear stress in a flow field where a partial reflection takes place.
We separate the role of the module of the reflection coefficient Kr, of the phase shift and the contribution, if any, of
the local generated wind wave (period, length and height, and if is breaking or not) and of the water surface current.
This flow field is quite diffuse in natures, since porous structures, beaches, uneven bottom, are all sources of reflected
waves, but it is quite complex to reproduce in the laboratory since the variation of the reflection coefficient requires a
change of the end wall characteristics of the flume, and the control of the phase shift is almost impossible to realize.
We take advantage of a two–paddle flume recently installed in Granada, where the paddle control allows a variation of

2

post-print accepted in Coastal Engineering, Elsevier, 25 April 2018



the reflection coefficient from zero to unity, also in presence of wind and with current recirculation, offering numerous
combinations of flow conditions. Here we analyze regular waves without or with wind action. The extension to
random waves and to waves plus currents is left for future work.

We remark the importance of our laboratory data, since the same type of information is hard to be obtained in the
field, due e.g. the complex pattern of natural waves or to the structure of the reflecting elements.

The paper is structured as follows. In Section 2 the theoretical problem is set, evaluating the covariance −ũw̃ and
the radiation stress component useful for estimating the mean water level profile. In Section 3 the experimental set-up
and the procedure for executing the experiments are illustrated, while in Section 4 the measured covariances and mean
water levels are compared with theory. The conclusions are reported in Section 5.

2. Theory

2.1. Wave induced Reynolds stress for regular reflected waves in uniform depth

In this section we consider only the (potential) wave-induced terms mainly following the approach by [12]. The
potentials of intersecting waves can be expressed by the sum of the independent potentials for linear theory. However,
non-linear theory requires a more in–depth analysis to include the interaction terms, often described as “bound”
waves. The potential and the free surface elevation of two trains of finite amplitude waves propagating in the opposite
direction are

Φ = Φi + Φr + Φb, η = ηi + ηr + ηb, (1)

where i, r and b stand for “incident”, “reflected” and “bound”, respectively. The potential and the free surface elevation
are expanded in series as

Φi = aΦ
(0)
i + a2Φ

(1)
i , Φr = KraΦ(0)

r + K2
r a2Φ(1)

r , Φb = a2Φ
(1)
b , (2)

ηi = aη(0)
i + a2η(1)

i , ηr = Kraη(0)
r + K2

r a2η(1)
r , ηb = a2η(1)

b , (3)

where Kr is the ratio of the reflected wave amplitude to the incident wave amplitude, and a is the incident wave
amplitude. The incident and the reflected waves satisfy the classical differential problem

Φ,xx + Φ,zz = 0, −h < z < η, ∀x,

gη + Φ,t +
1
2

[
(Φ,x)2 + (Φ,z)2

]
on z = η,

Φ,z = η,t + η,xΦ,x on z = η,

Φ,z = 0 on z = −h,


(4)

with the additional conditions ∫ 2π/k

0
η(x, t)dx = 0, (5)

∇Φ(x, z, t + 2π/ω) = ∇Φ(x + 2π/k, z, t) = ∇Φ(x, z, t), (6)

where x is the horizontal coordinate, z is the vertical coordinate positive upward with the origin at the still water level
(z = −h is the horizontal bottom), t is the time, g is gravity acceleration, k = 2π/L is the wave number, L is the wave
length, ω = 2π/T is the angular frequency and T is the wave period. The comma in the subscript indicates the partial
derivative. The solution to the second order is

Φ j =
a jω j

k j

cosh[k j(z + h)]
sinh(k jh)

sin(k jx − ω jt + ϕ j)+

3a2
jω j

8
[coth4(k jh) − 1] cosh[2k j(z + h)]

cosh(2k jh)
sin[2(k jx − ω jt + ϕ j)] −

a2
jω

2
j

4 sinh2(k jh)
t, (7)
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for the potential, and

η j = a j cos(k jx − ω jt + ϕ j) +
a2

j

4k j
[3 coth3(k jh) − coth(k jh)] cos[2(k jx − ω jt + ϕ j)], (8)

for the elevation, where j = i, r, ϕ j is a phase shift and the dispersion relation ω2
j = gk j tanh(k jh) holds. Eqs (7–8)

can be specialized for the incident and for the reflected wave component by imposing that ki = −kr ≡ k, ar = Krai,
ωi = ωr ≡ ω and specifying the phase shift ϕi and ϕr, respectively. We also define θi = kx−ωt+ϕi and θr = kx+ωt−ϕr,
with θi + θr = 2kx + ϕi − ϕr and θr − θi = 2ωt − ϕi − ϕr.

The bound wave potential and elevation is obtained by imposing that the potential and the elevation in eq. (1),
with components expressed by (2–3), satisfy the differential problem (4) and the conditions (5-6). The result to second
order is (to the first order is null)

Φb =
Kra2

i ω

4
[3 + coth2(kh)] sin(θr − θi), ηb = Krka2

i coth(2kh) cos(θi + θr). (9)

We notice that the potential of the bound wave (Φb) does not contribute to the velocity field (it depends only on t)
and that the bound wave (ηb) is stationary. By differentiating the potential, the horizontal and vertical velocities are
computed:

ũ(x, z, t) ≡ Φ,x =
gaik
ω

cosh[k(z + h)]
cosh(kh)

(cos θi − Kr cos θr) +

3
4

ga2
i k2

ω

cos[2k(h + z)]
cosh(kh) sinh3(kh)

[cos(2θi) − K2
r cos(2θr)],

(10)

w̃(x, z, t) ≡ Φ,z =
gaik
ω

sinh[k(z + h)]
cosh(kh)

(sin θi − Kr sin θr) +

3
4

ga2
i k2

ω

sinh[2k(h + z)]
cosh(kh) sinh3(kh)

[sin(2θi) − K2
r sin(2θr)],

(11)

where the tilde indicates wave orbital velocity. The instantaneous free surface level is

η(x, t) = ai(cos θi + Kr cos θr) +
ka2

i

4
[3 coth3(kh) − coth(kh)]×

[cos(2θi) + K2
r cos(2θr)] + Krka2

i coth(2kh) cos(θr + θi). (12)

Considering only the linear contribution (the first term on the r.h.s.), nodes and antinodes can be detected at xn =

mL/4 − (ϕi − ϕr)L/(4π), and xa = mL/2 − (ϕi − ϕr)L/(4π), m = 0, 1, 2, . . . ; the second order and the bound wave
contributions render the nodes and the antinodes fluctuating around the sections at xn and xa. Time averaging the
covariance −ũw̃ from eqs (10–11) yields

−ũw̃ = Krgka2
i

sinh[2k(z + h)]
sinh(2kh)

sin(θi + θr) +
9

16
K2

r gk3a4
i

sinh[4k(h + z)]
sinh6(kh) sinh(2kh)

sin(2θi + 2θr). (13)

In presence of reflection the covariance is different from zero, with maximum values achieved for Kr → 1 (perfect
reflection). Moreover, there is a spatial variation of −ũw̃ which supports a mean water level variation. The radiation
stress can be used for estimating the mean water level.

2.2. The radiation stress for regular reflected waves in uniform depth and the mean water level
Following [19] we evaluate the component S xx of radiation stress as

S xx =

∫ ζ

−h
ρũ2dz +

∫ 0

−h
(p − p0)dz +

∫ ζ

0
pdz ≡ S (1)

xx + S (2)
xx + S (3)

xx , (14)

4

post-print accepted in Coastal Engineering, Elsevier, 25 April 2018



where ζ = ζ + η and ζ is the mean water level. Upon evaluating all terms in eq. (14) up to second order yields

S xx = E
(
G +

1
2

)
(1 + K2

r ) − EGKr cos(θi + θr) cosh(2kh) + ρghζ, (15)

where E = ρga2
i /2 is the energy density of the incident wave and G = 2kh/ sinh(2kh). S xx must be equal to its horizon-

tal average over a wavelength since momentum cannot accumulate, thus eq. (15) reduces to S xx = E (G + 1/2) (1+K2
r ).

For progressive waves the reflection coefficient is null (Kr → 0), and it yields S xx = E (G + 1/2). For standing waves
with perfect reflection (Kr → 1) it yields S xx = 2E (G + 1/2), which recovers the result in [19]. The mean water level
is computed by imposing the balance between the two last terms on the r.h.s of eq. (15):

ζ = ka2
i Kr coth(2kh) cos (θi + θr) + const ≡ ηb + const, (16)

where the constant can be evaluated by imposing mass conservation in the channel. See also [21] for wave induced
mean quantities with permeable submerged breakwaters, where the mean water level is raised at the antinodes and
lowered at the nodes. In the limit Kr → 1 and φi = φr, eq. (16) reduces to the expression given in [19].

3. Experiments

In order to verify the theory, several experiments were conducted in the Atmosphere-Ocean Interaction Flume
(CIAO) at IISTA (Instituto Interuniversitario de Investigación del Sistema Tierra). The CIAO is a wave flume 100 cm
wide, 1600 cm long and 70 cm deep. It allows the generation of regular waves (up to second order) and irregular waves
with period from 1 to 5 s and height up to 25 cm. A closed-circuit wind-generation system (wind tunnel) with wind
speed up to 12 m s−1 directly generates waves with an effective fetch length approximately equal to 1000 cm; a current-
generation system allows currents up to 75 cm s−1. A main feature is the presence of two paddles at the opposite sides
controlled by a software for the complete absorption or for a partial reflection of waves, including a possible phase
shift of the reflected wave. All the actions can be made in both direction (except for the wind generation) and are
controlled independently from each other.

For the present experiments, paddle waves and paddle plus wind waves were generated, taking advantage of
the control system for changing the reflection coefficient and the phase shift of the reflected component. Figure
1 shows the experimental set-up. Eight UltraLab ULS 80D acoustics wave gauges were employed for water level
measurements along the flume, with a maximum repetition rate equal to 75 Hz, a declared space resolution of 0.18 mm
and a reproducibility of ±0.15%. Measurements of the wind speed were performed with a Pitot tube in the LDV
section, at ten different levels in the vertical in air and for each angular speed of the fan adopted in the tests. The
signal was acquired for ≈ 60 s with a data rate of 1 kHz. Measurements of fluid velocity in the water side were
performed with a two-component Laser Doppler Velocimeter by TSI Inc., with fiber-optics probe, moved in the
horizontal (x) and vertical (z) directions by a PC controlled traverse system. Water was seeded with glass particles
and measurements were taken in ten points in the vertical for each section, with data rates from hundreds to over a
thousand hertz. Further details on LDV and traverse system used can be found in [17].

3.1. Data analysis

Velocities measured by LDV are analyzed decomposing the data into the time average u(x, z) = (1/Nacq)
∑

u(x, z, t)
where Nacq is the number of samples. The periodic (organized) velocity is obtained by phase averaging the raw signal,
after subtracting the time average term, ũ(x, z, t) = 〈u − u〉 = (1/Nw)

∑Nw
n=1

[
u(x, z, t + nT ) − u(x, z)

]
, 0 ≤ t < T ,

where T is the regular wave period and Nw is the number of waves. The fluctuating term is the difference between
the raw signal and the sum of the time average and of the phase average. The reflection coefficient Kr, the phase shift
ϕi −ϕr and the height of incident waves are estimated by using the Baquerizo’s method [see 1]. In the present analysis
the three sensors used to estimate the reflection parameters were taken adjacent to the LDV measurement points. The
wave period T is the theoretical value imposed by the paddle (and further checked with a zero crossing analysis). The
wavelength L derives from the linear dispersion relation ω2 = gk tanh(kh).

Free surfaces levels are acquired during all the LDV measurements belonging to each vertical profile, hence
numerous independent realizations of the same experiment are available. It allows the evaluation of the statistical
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Figure 1: A sketch of the experimental set-up with the instruments layout. For the present experiments, paddle 1 was used for generation and
paddle 2 for active reflection control.

Figure 2: The phase-averaged free surface levels measured at the LDV measurements section. The dashed curves are the phase average value ±
one standard deviation.

estimators of the wave characteristics as true ensemble averages. The confidence bands of the theoretical Reynolds
wave shear stress are evaluated through a Montecarlo simulation. Each measurement lasted ≈ 330 s, a time interval
sufficient for achieving the consistency of the second order statistical estimators.

4. Experimental results

The experiments are listed in Table 1, with parameters computed through the statistical analysis of the water
elevation measurements. All the velocities are scaled with respect to HtT−1, where T is the regular wave period and
Ht the total height. When LDV is co-located with a wave gauge, Ht represents root mean square value Hrms from the
statistics of the corresponding sensor. In different sections Ht is calculated as [see 4, 3]:

Ht = Hirms

√
1 + K2

r + 2Kr(2kx + ϕi − ϕr), (17)

where Hirms is the root-mean-squared height of the incident wave. Figure 2 shows the phase averaged surface levels
for all the experiments. The variability of the wave profile is generally limited for paddle waves , which have standard
deviation of less than a tenth millimiter. It is more evident in presence of wind, which have standard deviation of
several millimiters. An increasing asymmetry between crest shape and trough shape is also evident for increasing
Hi/L, see Figure 2. The horizontal mean velocity (not shown) is negative and ≈ 0.5HtT−1 for most experiments. As
expected, in presence of wind, the horizontal velocity is positive, i.e. cocurrent with the wind near the free surface.
The wind waves superimposed to the paddle waves (not shown) have a wave length of less than ≈ 10 cm, thus their
orbital motion has effects for ≈ 5 cm, less than 10% of the water column.
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Expts Ure f x Hi Ht T Kr ∆ϕ
(m s−1) (cm) (cm) (cm) (s) (rad)

PW1 0 70 5.5± 0.1 6.1± 0.1 1.6 0.108± 0.002 3.14± 0.04
2p 0 76 7.5± 0.3 8.6± 0.1 1.6 0.325± 0.004 2.23± 0.02
3a 0 76 5.7± 0.1 4.5± 0.1 1.6 0.272± 0.004 0.91± 0.03

4 0 76 5.9± 0.2 3.0± 0.1 1.6 0.556± 0.004 0.69± 0.04
5s 0 76 7.9± 0.1 3.6± 0.1 2.0 0.743± 0.001 0.72± 0.01
6s 0 76 7.4± 0.1 4.2± 0.1 2.0 0.495± 0.002 0.83± 0.01
7s 0 76 7.1± 0.1 6.1± 0.1 2.0 0.175± 0.003 1.4± 0.1
3b 0 122 5.7± 0.1 6.7± 0.1 1.6 0.253± 0.006 0.87± 0.09
3c 0 105 5.6± 0.1 5.7± 0.1 1.6 0.249± 0.003 0.86± 0.01
3d 0 90 5.6± 0.1 5.2± 0.1 1.6 0.247± 0.009 0.94± 0.09
3e 0 58 5.6± 0.1 4.2± 0.1 1.6 0.254± 0.003 0.93± 0.05

WW1 3.65 70 5.2± 0.4 6.2± 0.1 1.6 0.113± 0.007 2.97± 0.09
2 5.14 70 5.4± 0.1 6.4± 0.1 1.6 0.118± 0.007 2.9± 0.1
3 5.88 70 5.3± 0.1 6.2± 0.1 1.6 0.110± 0.01 2.67± 0.06
4 6.62 70 5.5± 0.1 6.5± 0.1 1.6 0.114± 0.007 2.58± 0.03

5p 4.85 76 7.6± 0.1 8.9± 0.1 1.6 0.34± 0.01 2.23± 0.02
6p 5.78 76 7.2± 0.1 8.1± 0.1 1.6 0.295± 0.004 2.05± 0.02
7p 7.65 76 6.9± 0.1 7.9± 0.1 1.6 0.299± 0.004 1.95± 0.01

Table 1: Parameters of the experiments, PW stands for “paddle generated waves” and WW stands for “wind plus paddle generated waves”. Ure f is
the air velocity measured by a Pitot, Hi is the incoming wave height, Ht is the total wave height as defined in eq. (17), T is the period of the paddle
oscillation, Kr and ∆ϕ = ϕi −ϕr are the reflection coefficient and the phase lag, respectively. LDV measurements at x = 70−76 cm. Expts PW3a–e
refer to the same experimental set-up but with fluid velocity measured in sections (x = 76, 122, 105, 90, 58 cm, respectively). p and s indicate a
passive absorption and a second order generation, respectively. All the other experiments were with a first order generation and an active absorption
system.
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Figure 3: Expts PW1–7, paddle waves. Comparison between measured (triangles) and theoretical (solid lines) covariances −ũw̃ non dimensional
with respect to the total local wave height Ht including incident and reflected wave trains and taking into account the phase shift. For Expt PW2
also Reynolds turbulent shear stress (circles) is shown, note the different scale. Dashed lines and bars represent 95% confidence limits.

4.1. Vertical and horizontal variability of the Reynolds wave shear stress −ũw̃

Figures 3–4 show the theoretical and experimental values of −ũw̃ for paddle waves and paddle plus wind waves,
respectively. The agreement is fairly good, with overlap between the error bars and the 95% confidence limits for the
great majority of the experimental points. It is clear that for paddle waves the combination of experimental parameters
gives both positive and negative values of the covariance. For paddle waves plus wind the values are only negative but
we expect that a different section of measurements would have given also positive values. We notice that the Reynolds
turbulent shear stress (shown only for Expts PW2 and WW2; note that it is on a different scale) is much smaller than
the Reynolds wave shear stress, i.e. at least one order of magnitude. It should be true far from the free surface, where
turbulence related to free surface fluctuations even without breaking can be dominant [see 15, 16]. We remark the fact
that, following the structure of eq. (13), the vertical profile of the Reynolds wave shear stress can assume positive or
negative values. Furthermore it is predictable by theory, depending on the reflection parameters and on the section of
the velocity measurements along the channel (coordinate x). It explains why some test shows a negative profile, while
others (like PW5 and PW6) exhibit positive vertical profiles.

A further assessment of our model is obtained by repeating velocity measurements at different sections x for a
single experiment. Figure 5 shows the spatial variability along x of the covariance −ũw̃ for test PW3a–e at different
levels z. This is a clear indication that the section of measurement modulates the value and the sign of the Reynolds
wave shear stress. A last check of the model is based on the mean water level given by eq.(16). Figures 6 shows
the comparison with theory of the experimental data for the paddle waves (Expts PW2–6) and for some experiments
with paddle plus wind waves (Expts WW5–7), respectively. Notice that the experimental mean water level (MWL)
for a finite-length channel is very hard to be evaluated. That is due to several factors. Above all, the MWL is strongly
influenced by the boundary conditions due to the finite length of the channel, which is just 4–5 times the experimental
wave length, while the theoretical model considers an indefinitely long channel. Furthermore, there is no feedback
system to control the mass conservation, thus part of water may accumulate locally in the inner or in the outer part of
the paddle position. In this sense, the comparison is again fairly good, with a peak–to–peak value well predicted and
with an acceptable spatial coherence between theory and experiments.
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Figure 4: Expts WW1–7, paddle waves plus wind. See Figure 3 for caption.

Figure 5: Spatial variability along x of the covariance −ũw̃ at different levels z. The continuous lines are the theoretical values, the symbols refer to
experiments PW3a–e. For an easy visualization only one level in two is shown.

Figure 6: Mean water level measured (symbols) and theoretical value calculated by eq. (16) (solid line). The symbols A-H in the upper left panel
indicate the location of the Ultrasonic gauges.
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5. Discussion and Conclusions

The flume equipped with a generation-absorption system with control of the reflection coefficient and phase shift
represents a step in advance in physical modeling of complex phenomena. It is a matter of evidence that controlling
the flow field for a sufficient long time allows detailed measurements, difficult to obtain in standard wave flumes and
in the field. Having simplified the scenario gives the tools to analyze more complex situations (the standard situations
in the field), where currents, bottom effects, local morphology also contribute to the overall dynamics of water and of
sediments. In particular, the sediments dynamics is strongly influenced by the (minor) effects of the composite waves
(incident and partially reflected) on the bottom boundary layer. We bring in mind that bed forms are often described
as the answer of the bottom to small perturbations, which eventually grow up and evolve with the shape of ripples,
sandbars etc.. Hence, very small changes in the flow field can significantly alter the sand bottom evolution. We have
limited the analysis to momentum transfer in the vertical, but we expect that also vorticity, diffusion, currents profiles
are affected by partial reflection and phase shift. Hence, the free surface elevation modification induced by reflection
is only one and not even the most relevant effect.

We have experimentally analyzed the vertical profiles and the horizontal variability of the Reynolds wave shear
stress for mechanically generated waves and mechanically plus wind generated waves, in partial reflecting conditions.
The analysis includes the phase shift between the incident and the reflected wave, which is a novelty.

As a caveat for experiments analysis, the technique for separating “waves” from “turbulence” becomes quite
important to avoid pseudo-turbulence artifacts due to leakage from the organized to the fluctuating motion. Having
clear the effects of partial reflection helps in the correct separation.

We have found that reflection plays a dominant role in modulating the Reynolds wave shear stress, which is zero
only for progressive waves. Reynolds wave shear stress is usually much larger than Reynolds turbulent shear stress,
even for very small reflection coefficient. As a consequence, the transport properties usually attributed to turbulence,
can also be considered as a characteristic of reflected waves in a fluid domain mostly non-turbulent.

Reflection controls the spatial variability of the mean quantities and creates a sequence of alternating sign vertical
profiles for the Reynolds wave shear stress. The horizontal spatial average of Reynolds wave shear stress is expected
to give null contribution only if it is extended for several wave lengths and for rigorously homogeneous conditions.
These conditions seldom occur in the laboratory and are absent in the field, hence a phase resolved analysis of the
mean quantities is compulsory.

The expected effect on locally–generated wind–waves is an enhancement of the efficiency in energy and momen-
tum transfer from the wind to the water.
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