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ABSTRACT: The present study investigates the effectiveness of waves in mixing the layers of the water
column, a phenomenon that is particularly evident in coastal areas where thermal and salinity stratification
are prominent. These conditions have a considerable impact on the quality of the water, as well as on the
local flora and fauna. The process is particularly pronounced in deltaic and estuarine areas, where a
freshwater river meets the salt water of the sea.

From a theoretical standpoint, the turbulent diffusion of sodium chloride, a prevalent chemical species,
poses a significant challenge. The stable structure exhibits denser layers at the bottom, while turbulence
functions to homogenise the mixture. A comparable process occurs with heat, whereby the coldest layers
near the bottom are mixed with the warmer and less dense layers near the surface.

The present experimental activity is focused on the generation of a steady state buoyancy flow within a
channel equipped with paddles, with the objective of generating regular waves. This configuration is
analogous to that adopted by Petrolo & Woods (2018) and Petrolo & Longo (2020), with differences in the
source of turbulence. The experimental setup involves the injection of high salinity fluid near the base of
the channel, followed by extraction in a different section. Concurrently, the injection of fresh water near
the free surface is followed by its extraction in another section. The resulting wave action generates a flow
of salt, thereby rendering the water extracted at the surface less fresh than the water that is introduced,
and vice versa for the water extracted at the bottom, which is less salty than the brine that is introduced.
The initial series of experiments has been completed for a single wave action, measuring the supplied salt
flux, equal to the resulting total vertical buoyancy flux. The salt flux was evaluated from the measured flow
rate and the difference in density and salinity between the fluid injected at the bottom and the freshwater
inflow. Similarly, the vertical buoyancy flux was also derived using the measured flow rate and the
difference in density and salinity between the outflowing fluid at the top layer and the freshwater inflow.
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1984; Muchowski et al., 2023). Furthermore, it

TINTRODUCTION

Diapycnal mixing is defined as the vertical
transport of water and its properties, including
heat and salt, across isopycnal ocean surfaces
(Muchowski et al., 2023; Masunaga et al., 2022).
In contrast to isopycnal mixing, diapycnal
mixing is driven by small-scale turbulence and
internal wave breaking. This phenomenon
results in vertical exchanges of water between
different layers, thereby directly influencing
global ocean overturning circulations, such as
the  Atlantic = Meridional =~ Overturning
Circulation (AMOC). This redistribution of
climatically significant tracers, including heat
and carbon, in turn affects global pathways and
ventilation timescales (Muchowski et al., 2023;
Qian et al,, 2022; Zhou et al., 2017; Radko &
Edwards, 2016; McDougall, 1984). This
phenomenon impacts ecosystem functioning,
the structure and transformations of water
masses within the ocean interior (McDougall,
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facilitates the transfer of buoyancy and tracers
between different density layers, a process that
is otherwise constrained by stable stratification.
The mechanisms driving diapycnal mixing
include turbulence, internal wave breaking,
double-diffusive processes, and interactions
with rough bathymetry (Muchowski et al,
2023; Qian et al., 2022; Zhou et al., 2017; Radko
& Edwards, 2016). The efficiency and rate of
this mixing influence large-scale ocean
processes such as the thermohaline circulation
and the structure of water masses (Muchowski
et al., 2023; Radko & Edwards, 2016).

Apart from shaping the strength and
structure of the AMOC and influencing the
water mass transformation, particularly in the
North Atlantic Deep Water (NADW),
diapycnal mixing leads to the buoyancy
increases and significant vertical displacement
of water masses. This, in turn, affects where and
how tracers like heat and carbon upwell in the



Southern Ocean and circulate globally (Cimoli
et al., 2023; Xu et al., 2018).

Furthermore, diapycnal mixing and its
interaction with surface buoyancy fluxes are
linked to the intensity of the AMOC and the
northward  heat  transport  that is
involved (Saenko et al., 2003). It is a matter of
evidence that global biogeochemical cycles and
air-sea carbon fluxes require a
precise simulation of these mixing
processes (Ellison et al., 2023).

The formation of water masses, the
functioning of ecosystems, and circulation
patterns are all directly impacted by diapycnal
mixing, which is necessary for the vertical flow
of salt, heat, nutrients, and other dissolved
substances in  coastal and  estuarine
environments (Muchowski et al.,, 2023). In
coastal regions, particularly those exhibiting
high stratification, the presence of rough, small-
scale bathymetric features can significantly
enhance diapycnal mixing through the
formation of topographic wake eddies and the
disruption of internal waves. The dynamics of
internal waves are further influenced by tidal
interactions with topography, which in turn
modify the structure of the water column and
enhance productivity by increasing nutrient
and salt fluxes (Tuerena et al., 2019; Tian et al.,
2009).

In aquatic systems, the presence of
stratification has been shown to limit the
vertical mixing and transport of materials (Jones
et al., 2022). The presence of surface waters has
been shown to impede the mixing of deeper
layers when stratification increases, thereby
reducing the efficacy of vertical heat, salt, and
nutrient exchange (Li et al., 2020; Chen et al.,
2016). During periods of heightened
stratification, such as conditions of low river
flow or elevated water levels, this phenomenon
becomes particularly evident (Hong & Shen,
2012; Haddout et al., 2019; Chen et al., 2016).

Stratification has been demonstrated to play
a significant role in the process of salt intrusion
in estuaries and aquifers. This process enables
stronger stratification to propel saltwater
farther upstream, a phenomenon that can be
attributed to either decreasing river discharge
or increasing sea levels (Chen et al., 2016).
However, events that enhance vertical mixing,
such as storms or human interventions, have
been shown to disrupt stratification, thereby
reducing the amount of salt incursion (Geerts et
al., 2025; Wang et al., 2022).

The breaking of tidally generated internal
waves is recognized as one of the most efficient
diapycnal mixing methods. When these
internal waves encounter marine topography,

such as canyons or uneven bathymetry, they
transfer energy across ocean basins and deposit
it as turbulent mixing when they break. This
process leads to substantial mixing across
density surfaces (Nazarian et al., 2021; Tian et
al., 2009). The upper ocean may experience
turbulence due to wind-driven processes such
as surface wave breaking, which facilitates
diapycnal mixing at the surface (Zhang et al.,
2019).

In specific regions, diapycnal mixing is
enhanced by processes such as salt fingering,
which occurs when warm, saline water covers
cooler, fresher water, resulting in the formation
of staircase-like structures and increased
vertical transmission of salt and heat (Schmitt
et al., 2005). In particular, within coastal and
deep ocean zones, the presence of small-scale
bathymetric features has been observed to
generate topographic wake eddies. These eddies
have been shown to amplify internal wave
breaking, leading to an increase in turbulence
and diapycnal mixing (Muchowski et al., 2023).

In controlled conditions, diapycnal mix
processes can be better understood through the
use of flume tanks and microstructure profiler
investigations. In the context of variable
turbulence and stratification conditions, these
configurations permit direct observation of the
processes of mixing and entrainment (Odier et
al., 2014; Petrolo & Longo, 2020).

It has been demonstrated by laboratory and
field studies that the phenomenon of diapycnal
entrainment and mixing can exhibit a marked
increase in the presence of turbulence or
vertical shear. Parameterization approaches
that include observed vertical shear or
turbulence can provide more accurate estimates
of mixing rates and entrainment speeds (Odier
et al,, 2014).

In stratified fluids, molecular diffusivity ()
and buoyancy frequency (/V) interact to
determine mixing structure and efficiency.
Higher /Vvalues have been shown to suppress
vertical mixing and result in thinner mixing
layers, thereby reducing entrainment
velocities. (Venayagamoorthy & Stretch, 2006).
The Richardson number, a dimensionless
parameter which quantifies the balance of
stabilising stratification versus destabilising
shear, is crucial in defining mixing regimes
(Venayagamoorthy & Koseff, 2016).

The intricacies inherent in these processes
suggest that elementary experiments may offer
insights into more complex configurations,
where the estimation of most parameters is
challenging. In accordance with the established
protocol in analogous research activities, a
series of experiments was accurately planned
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within a channel, wherein wave action was
replicated through the adoption of a paddle
wave-maker. It is asserted that a steady state is
guaranteed by means of the injection and
extraction of salt water, fresh water, and less
salt water and fresh water, respectively,
through four pumps. The synthetic results are
represented by the salinity of the outflows
compared to the salinity of the inflows, with
internal fluxes modulated by turbulence. The
estimate is of the integral type, without
detailing the interface processes. This is both a
weakness and a strength of the adopted
techniques, where the robust integral estimate
is the key element of our approach.

The manuscript is structured as follows. The
second section presents the methodological
framework, explaining the experimental set-up
and the associated uncertainties. The third
section describes the experimental
observations, highlighting the key results
developed from the study. The fourth section
engages with the discussion and conclusion,
interpreting the findings within their
respective  contexts, emphasizing their
implications, summarizing the major results
and signposting potential avenues for future
research.

METHODOLOGY

The experimental configuration employed
for this study was designed to simulate steady-
state buoyancy flow in a rectangular channel
with a paddle. This configuration was chosen to
generate regular waves of varying wave heights
and periods. The channel was divided into two
distinct layers: an upper layer of freshwater and
a lower layer of high-salinity water. This
configuration is analogous to that employed by
Petrolo & Woods (2018) and Petrolo & Longo
(2020).

1.1 Experimental Setup

Fig. 1 shows the schematic diagram of the
experimental setup. The channel is a rectangular
flume of length 135 cm, width 8 cm, and height
10 cm. Using a computer-controlled piston paddle
with a stepper motor, regular waves were
generated with an average wave period of 0.45 s
and average height of 1 cm. The process of fluid
dynamics within the channel was characterized by
the continuous pumping of fresh water into the
top layer, near the surface, concurrent with the
steady injection of a saline solution at the
channel's base. The fluids were then collected at
designated sites using outflow pumps.
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Figure 1. Schematic of the experimental set-up.

The implementation of two outflow pumps is
pivotal to the effective functioning of the
apparatus. The positioning of one pump at the
channel's head facilitates the collection of less
saline water, while the second, situated at the
channel's base, is responsible for the collection of
saltier water. This phenomenon is attributed to the
potential for these waves to induce salt flow
through turbulence generation, as previously
documented by Petrolo & Longo (2020) in a
different device and according to the schematic
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Figure 2. Schematic of the fluxes.

shown in Fig. 2, where turbulence acts against
gravity to force a buoyancy flux between the
bottom and the top layer. Mixing two layers of
different densities — the denser layer below and
the lighter layer above — and equal heights £/2
into a single layer of height 4, requires an energy
equal to Ap g h*/8 per unit surface area.

The evaluation of vertical buoyancy flux
(Fy), buoyancy flux at the bottom (F,,) and salt
flux (F), is based on the following equations:

F; = Qg(ppiSpi — PtiSti)/Peis (1)
Fy = Q9g(PtoSto — PeiSti) /Peis (2)
Fy = Q9 (PpoSpo — PtiSei)/Peis 3)



where Q is the flow rate injected at the bottom,
g is gravity, py; and Sjy; are the density and the
salinity of the fluid injected at the bottom, py;
and S;; are the density and salinity of the fresh
water, Py, and S;, are the density and the
salinity of the outflowing fluid at the top layer
and pj, and S;, are the density and the salinity
of the outflowing fluid at the bottom layer.

In order to distinguish the impact of wave-
induced mixing on vertical salinity fluxes, it
was necessary to maintain constant wave
characteristics, including wave height, period,
and water flow rate, during each experimental
iteration. Subsequently, the analysis was
conducted using varying flow rates and wave
heights across different salinity levels.

The Anton Paar DMA 5000M density meter
was utilized in order to record the temporal
variations in inflow and outflow density at the
lower and upper layers. In addition, a
thermometer was installed in the channel,
thereby incorporating temperature as a
parameter to control in the system, where
measurements were taken at an interval of 15
minutes. Fig. 3 shows the typical evolution of
the densities during the experiments, with an
initial strong gradient for the bottom outflow
density, followed by some oscillations. The top
outflow density slowly evolves toward the
steady state. The decrease in bottom outflow
density with time indicates dilution due to
vertical mixing, which entrained fresher water
from above downward and reduced the density
of the bottom layer; the increase in top outflow
density over time reflects saltwater intrusion
from below due to wave-induced mixing,
which brought denser saline water upward into
the upper layer.

The data collected were then analyzed in
order to evaluate the relationship between
supplied salt fluxes and the resulting buoyancy
flux under wave action. The primary objective
of the data analysis was to identify trends and
patterns in the temporal evolution of density
and saltiness. In addition, the analysis sought to
assess the effectiveness of wave-induced mixing
in homogenizing the stratified layers.

UNCERTAINTY ANALYSIS

The flow rates of the pumps show minor
fluctuation during the experiment. In order to
avoid the errors caused by such fluctuation, the
flow rate was evaluated periodically throughout
the experiment. The uncertainties in the flow
rate are estimated within the range of +4.5 %.
The density of inflow and outflow measured
using the Anton Paar DMA 5000M Density
meter has an accuracy of approximately +0.1 %.
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Figure 3. Typical time evolution of the density for
the top and the bottom layer.

Temperature, which was continuously
monitored using a digital thermometer installed
within the system, influences water density and
consequently, the buoyancy flux calculations.
Temperature also shows an uncertainty in the
range of +0.5 %. Salinity was derived from
measured density and temperature using the
standard equation of state for seawater (Millero
& Huang, 2009). Based on the propagated
uncertainties in density and temperature, the
resulting uncertainty in salinity was estimated
to be within +0.5 %.

In order to understand if the equilibrium
condition was reached, we estimated the error
in balance as:

Error in balance = +(—F,, — F, + E)/F,
(4)

The error in balance should remain within
the range of +5 %.

EXPERIMENTAL OBSERVATIONS

A series of 25 experimental runs was
performed with varying wave heights and flow
rates (2.0-3.0 cm3/s), while keeping the wave
period as 0.45 s with minimal fluctuations;
temperature varied slightly between runs
(18.6-21.2 °C) (See Tab. 1). The density
gradients were established by maintaining
constant freshwater and saltwater levels (80
mm and 35 mm, respectively).

The mixing fluxes were defined in terms of
vertical buoyancy flux F,;, buoyancy flux at the
bottom F, and salt flux F;. All fluxes were
normalized by the control volume to yield
values on the order 106 m*/s3.
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turbulence at mid-to-high significant wave
heights (10.3 — 6.3 mm). Error in balance values
(< +2%) in most runs indicate that flux
conservation was not violated except for a few
cases where >10% discrepancies arose, possibly
because of accumulation or dispersion
anomalies at longer durations. Increasing /s

Figure 4. Deformation of an internal interface induced
by surface waves in the stratified flume tank.

from 6.3 to 10.3 mm significantly increased F;
and F;, due to stronger mixing caused by the
increased wave-induced shear. At higher flow
rates (e.g., 3 cm3/s), salt flux increased but was
also threshold-like, with advection eventually
dominating over diffusion. At Hs=9.5 mm and
3 cm?/s, fluxes were very large (F,=8.510x107°
m*/s3) and support this conclusion; however,
when the discharge was reduced to 2.0 cm3/s at
the same wave height, F, decreased to
2.740x107® m*/s® illustrating how sensitive
fluxes can be to inflow conditions.

Fig. 4 shows the wave-induced internal
interface deformation in the stratified flume tank
(denser saline layer dyed blue at bottom; lighter
freshwater on top), where a vertical ruler is placed
on the right side to quantify wave height and
thermocline displacement, while the dye helps to
visualize density gradients and interface
dynamics. The stratified flume tank setup allows
for monitoring of the processes of vertical mixing
and internal wave propagation.

DISCUSSION AND CONCLUSIONS

This study provides clear experimental
evidence of the ability of wave-induced mixing to
alter the salinity structure of a two-layer stratified
system. These results enhance our understanding
of buoyancy transport processes in geophysical
flows. The resulting observations of salinity and
buoyancy flux show that surface waves can
promote vertical mixing through the halocline.
This is often observed in estuarine and coastal
environments, where density stratification arises
from the interaction between freshwater and
saltwater.

The flume-based approach with surface wave
forcing complements the Taylor—Couette-based
methods employed in the reference studies.
Petrolo and Woods (2019) and Petrolo and Longo
(2020), for example, generated turbulence using
rotating cylinders in a cylindrical annulus to study

interfacial transport. In contrast, our wave-driven
experiments simulate mixing mechanisms that are
more representative of coastal and estuarine
environments, in which swell and wind waves are
prevalent. Nevertheless, both experimental
systems exhibit fundamentally similar mixing
behaviour, which is governed by the interactions
between turbulence and stratification.

An important result of our study is that wave
height was a key factor in controlling mixing
intensity. As H; increased from 6.3 to 10.3 mm,
both F; and F,, increased dramatically which is
illustrated in Fig. 5. This is consistent with
previous observations (Petrolo & Woods, 2018;
Petrolo & Longo, 2020), which have shown that
surface-generated turbulence can propagate
below the interface. This process involves salt
being entrained into the upper layer and
freshwater into the lower one. Our results also
demonstrate these processes, showing that
maximum fluxes occurred at mid-to-high heights.
This is presumably due to greater shear and
turbulent dissipation at the interface.

We also observed that the system was sensitive
to inflow discharge rates. At high discharge rates
(e.g. 3.0 cm?/s), increased advection initially led
to higher salt fluxes. However, above a certain
threshold, our results suggest that advection
dominance may begin to suppress diffusive
mixing. This is likely an example of nonlinear
mixing efficiency not scaling linearly with flow
rate. Therefore, caution must be exercised when
controlling hydraulic inputs in real-world
estuarine  systems to manage  salinity
distributions.

Although the total error in the balance of fluxes
was generally within +2% for most runs, a few of
the longer experiments (>400 min) had higher
errors (>6%), possibly due to accumulation
effects or limitations in the measurements over
time.
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Figure 5. Summary of results for experiments
performed with constant period waves and increasing
wave amplitude.
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Therefore, longer runs should be better
controlled with respect to boundary conditions.

Notably, these results from the controlled
flume tank can be generalised to natural estuarine
and coastal environments which are regularly
disturbed by wave-driven turbulence. This
turbulence prevents stratification from forming
and thus changes nutrient cycling, pollutant
dispersion and aquatic habitats. The observation
that waves can cause significant vertical
buoyancy flux even in stable, stratified conditions
suggests that they may act as a natural mixing
mechanism, particularly in shallow, wave-
agitated areas.

It will be interesting to extend these
experiments to include various wave periods,
multi-layer stratifications and rotational effects in
order to model more realistic geophysical
situations. Coupling these experiments with
numerical simulations could enable the results to
be generalized and predictive tools to be

developed for natural estuarine dynamics. The
experiment measured the degree of mixing and
stratification  caused by  wave—current
interactions using measurements of the inflow
and outflow salinities. The salinity of
freshwater inflow (S;;) was low (generally
between 0.04% to 0.14%) in all runs, indicating
nearly pure freshwater introduced; however,
the salinity of freshwater outflow (S;,) was
much higher (1.3% to 4.4%), reflecting the
intrusion of salt into the freshwater zone driven
by wave-induced mixing and the stratified
shear at the interface. In general, a larger
difference between S;, and S;; indicates greater
salinity intrusion into the freshwater layer.

In the case of saline water, the decrease from
Spi to Sy, indicates a dilution effect resulting
from freshwater entrainment as the saltwater
layer flows through the domain. All of these
indicate  bidirectional mixing. That is,
freshwater becomes increasingly salty (as
expected in stratified systems), while the
saltwater is diluted by the vertical and lateral
mixing processes.

Runs that lasted >400 min had larger errors
for accumulating salt (>6%) and short-duration
runs (105-180 min) showed lower error in
balance and better mass conservation.

The complexity of the experiments and the
requirement to reach steady-state conditions
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within a relatively short timeframe resulted in
the selection of a relatively small channel.
Therefore, we must expect scale effects
substantially linked to the model's lower
Reynolds number compared to realistic
situations. The effects of viscosity and
turbulence that is not fully developed suggest
that it would be advisable to perform tests on a
larger geometric scale. This is part of future
developments.

Interpreting the results to find relationships
between fluxes, particularly in the saturation
regime, is also part of this study's development
prospects. The need to extend the range of
experimental parameters further has already
been highlighted.
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