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Abstract The energy pathways from propagating internal waves to the scales of irreversible mixing in
the ocean are not fully described. In the ocean interior, the triadic resonant instability is an intrinsic
destabilization process that may enhance the energy cascade away from topographies. The present study
focuses on the integrated impact of mixing processes induced by a propagative normal mode-1 over long-
term experiments in an idealized setup. The internal wave dynamics and the evolution of the density profile
are followed using the light attenuation technique. Diagnostics of the turbulent diffusivity KT and
background potential energy BPE are provided. Mixing effects result in a partially mixed layer colocated
with the region of maximum shear induced by the forcing normal mode. The maximum measured turbulent
diffusivity is 250 times larger than the molecular value, showing that diapycnal mixing is largely enhanced
by small-scale turbulent processes. Intermittency and reversible energy transfers are discussed to bridge
the gap between the present diagnostic and the larger values measured in Dossmann et al. (2016a). The
mixing efficiency g is assessed by relating the BPE growth to the linearized KE input. One finds a value of
C512219%, larger than the mixing efficiency in the case of breaking interfacial wave. After several hours of
forcing, the development of staircases in the density profile is observed. This mechanism has been
previously observed in experiments with weak homogeneous turbulence and explained by Phillips (1972)
argument. The present experiments suggest that internal wave forcing could also induce the formation of
density interfaces in the ocean.

1. Introduction

Internal waves are involved in diapycnal mixing processes in the stratified ocean. The role played by break-
ing internal waves in sustaining the meridional overturning circulation (MOC) is still under debate,
which emphasizes the need for an accurate description of their contribution to mixing (Ferrari et al., 2016;
McDougall & Ferrari, 2017).

Simulations of the MOC require parameterizations of mixing processes that occur at spatial scale much
smaller than the spatial resolution. A common parameterization for internal wave induced mixing relies on
a turbulent diffusivity KT which is orders of magnitude larger than the molecular diffusivity m. To assess tur-
bulent diffusivity in the ocean interior from direct observations, assumptions must be made on the fate of
energy transported away by the internal wave field. Osborn (1980)’s parameterization relates the turbulent
diffusivity to the turbulent kinetic energy dissipation � via the equation

KT 5
g
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�
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introducing the mixing efficiency g, which is the fraction of the IW energy input participating to irreversible
mixing of the flow. In Osborn (1980)’s seminal paper, the flux Richardson number Rif, which is the ratio of
the turbulent buoyancy flux to the turbulent energy production was used instead of g. As discussed below,
recent studies argued that this definition may account for a reversible component to KT. Hence, Osborn
(1980)’s parameterization has been slightly modified in equation (1) to unambiguously evaluate the irrevers-
ible diapycnal mixing (Mashayek et al., 2017).

The canonical value of g51=6 based on homogeneous turbulence experiments is often used in mixing
parameterizations, while it has been observed that g varies substantially with the mixing processes
(Mashayek et al., 2017).
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Idealized studies using laboratory experiments and numerical modeling provide useful insights on mixing
processes. The limited number of controlled physical parameters (forcing structure and initial stratification)
and high-resolution density measurements allow for an extensive description of the effects of mixing and
to refine existing parameterizations.

The mixing of an initially linear stratification has been widely studied using homogeneous turbulence
experiments (Park et al., 1994; Rehmann & Koseff, 2004; Ruddick et al., 1989; Thorpe, 1982). These experi-
ments provided diagnostics of the mixing efficiency and permitted to investigate in details the layering
mechanism (Fincham et al., 1996; Holford & Linden, 1999; Pelegr�ı & Sangr�a, 1998), first described by Phillips
(1972) and Posmentier (1977). Experiments on interfacial waves breaking over a topography have been per-
formed by Hult et al. (2011a, 2011b). The wave dynamics was followed using Planar Laser Induced Fluores-
cence, while the evolution of the background stratification was followed by conductivity probe
measurements. A bulk mixing efficiency of 328% was found, this relatively small value being attributed to
the spatial variability of the mixing events. In recent laboratory experiments, a ridge was towed through a
linear stratification to model the interaction of a quasisteady abyssal oceanic flow with a submarine ridge
(Dossmann et al., 2016b). Density measurements using the light attenuation technique showed that local
mixing in the wake of the ridge largely overcomes the remote mixing induced by emitted lee waves in a
large range of parameters. It implies that local mixing processes induced by a quasisteady flow may have
been underestimated with respect to remote mixing.

Energy transfers toward the scales of mixing can also occur away from any topography. Joubaud et al.
(2012) and Bourget et al. (2013) studied the generation of secondary internal waves from a primary
mode-1 internal wave via the triadic resonant instability process (TRI) using the synthetic Schlieren tech-
nique. Through this instability, two secondary waves, verifying temporal and spatial resonant conditions
with the primary wave, are generated. These waves have lower frequency and, in general, smaller wave-
lengths than the primary wave. Therefore they participate to an energy transfer toward smaller scales,
where irreversible mixing through diffusion is more likely to happen. For this reason, this mechanism is a
potential pathway toward the scales of mixing in the ocean (MacKinnon et al., 2013). To assess the contri-
bution of TRI to mixing, velocity-density measurements with the simultaneous use of PIV and PLIF were
performed (Dossmann et al., 2016a). It allowed for the assessment of the eddy diffusivity field KT ;<q0w0>

based on the vertical buoyancy flux. The TRI process yielded values of KT ;<q0w0> at least an order of magni-
tude larger than in the case without TRI. Mixing effects reflected on the evolution of the background den-
sity profile, as a progressive decrease of the Brunt-V€ais€al€a frequency was measured in the central part of
the flow. This evolution, as we will show in this article, will modify the propagation of the waves, ques-
tioning the long-term behavior of the TRI mechanism.

While parameterizations commonly rely on Reynolds-averaged buoyancy flux as a prognostic value for irre-
versible mixing properties, recent studies argue that reversible processes such as large-scale stirring may
also contribute to the buoyancy flux (Venayagamoorthy & Koseff, 2016; Zhou et al., 2017). To evaluate the
irreversible component of the buoyancy flux that eventually contributes to raise the center of mass of the
flow, it is important to provide a diagnostic of mixing processes based on the evolution of the stratification
between subsequent mixing events.

In the present study, we perform long-term internal wave forcing experiments in a configuration that favors
the TRI process. Contrary to mixing induced by convection processes or breaking large amplitude waves in
laboratory experiments, the ratio between the energy available in the forcing and the amount of energy
locked up in the ambient initial potential energy is rather small in this experiment, so that forcing by a qua-
silinear internal wave field must occur over a much larger duration to induce a measurable evolution of the
stratification as the energy fluxes at play are much smaller. Experiments lasting typically 5,000 forcing peri-
ods using high-resolution density measurements will follow the impact of internal wave mixing on the
long-term dynamics of the stratification, and provide important diagnostics for mixing events, such as the
mixing efficiency and the turbulent diffusivity. In particular, the comparison between the eddy diffusivity
based on velocity-buoyancy correlations and the turbulent diffusivity assessed from the vertical mass flux
will allow us to discuss some aspects of reversibility in mixing processes.

Section 2 introduces the setup and the diagnostics for mixing. The flow dynamics and the evolution of the
stratification are described in section 3. Mixing diagnostics based on the background potential energy and

Journal of Geophysical Research: Oceans 10.1002/2017JC013309

DOSSMANN ET AL. MIXING INDUCED BY A NORMAL MODE 2



turbulent diffusivities are presented in sections 4 and 5. The formation of staircases in the stratification is
discussed in section 6. Conclusions are presented in section 7.

2. Setup and Approach

2.1. Apparatus
Experiments are conducted in a 80 cm long, 17 cm wide tank (Figure 1). It is filled with a linearly stratified
fluid to a depth of H 5 32 cm using the double bucket technique (Oster & Yamamoto, 1963). The stratifying
agent is salinity. The initially uniform Brunt-V€ais€al€a frequency is N0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2g=q0Þðd�q=dzÞ

p
� 1 rad s21, where

g 5 9.8 m s22 is the gravity acceleration, q051; 000 kg m23 the reference density, �qðzÞ is the density profile,
and z is the vertical coordinate oriented upward. Internal waves are forced by a custom-made wavemaker
placed on the left side of the tank (Gostiaux et al., 2007; Mercier et al., 2010). The geometry, amplitude, and
frequency of the forcing are computer controlled using a LABVIEW program. A normal mode-1 consisting in
a sinusoidal wavelength with node at mid depth is forced.

The light attenuation technique infers local density from absorption measurements at a high spatial resolution
(Allgayer & Hunt, 1991; Hacker et al., 1996; Sutherland et al., 2012). This method has previously been used in a
similar geometry to describe the dynamics of internal waves generated in the lee of a moving topography as
well as the induced mixing (Dossmann et al., 2016b). The tank is backlit with a white luminescent panel and a
small volume of blue food dye is added to the brine drum as a passive tracer for density. Images are recorded
with a 14 bits, 2,452 3 2,054 pixels CCD Pike camera (Allied Vision), placed at 280 cm from the tank. The cam-
era is mounted with a 35 mm lens, producing a 40 cm by 60 cm field of view. To optimize the measurement
sensitivity, a high-pass optical filter with a cutoff wavelength 550 nm is added in front of the camera lens and
the camera exposure is set to maximize the greyscale level range in the dyed fluid.

The light absorption Aðx; z; tÞ5log ðI0=IÞ is measured using the intensity field from a reference image
(I0ðx; z; tÞ) and from an image recorded in the course of the experiment Iðx; z; tÞ. The initial absorption profile
is calibrated against the initial stratification measured with a conductivity probe. This calibration is then
applied at each pixel in the tank to infer cross-tank averaged density anomaly fields from light absorption. The
reader can refer to Dossmann et al. (2016b) for a detailed description of the light attenuation technique.

2.2. Experiments
Experiments are performed over typical forcing durations larger than 1,000 periods and up to 5,000 periods.
These durations allow for the quantitative measurement of the effects of irreversible mixing on the back-
ground stratification. Forcing parameters and the background stratification are chosen to favor the genera-
tion of Triadic Resonance Instability (TRI) that potentially contributes to energy transfers toward mixing
scales. The maximum displacement amplitude of the wavemaker is 9 mm and the forcing period T is 7.5 s,
which corresponds to an initial value for nondimensional forcing frequency of x=N50:9. In a given experi-
ment, the flow is forced during regular sequences of 100 periods (’15 min) to 400 periods (’ 1 h)

Figure 1. (left) Sketch of the experimental apparatus. Initial density profile measured with the Light Attenuation
Technique (solid red) and conductivity probe (dashed blue).
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separated by resting periods of 15 min. Three experiments are carried out with the same forcing parameters
and initial Brunt-V€ais€al€a frequency to vary the duration of forcing sequences and the total duration of the
experiment. The evolution of stratification does not appear to depend on the duration of the forcing
sequences in the present experiments. At the end of the resting periods, visible turbulent motions have
vanished and the flow is assumed to be at rest. The background stratification is measured to quantify the
effects of irreversible mixing.

2.3. Irreversible Mixing
2.3.1. Background Potential Energy
The physical framework of Winters et al. (1995) is adopted to quantify the effects of mixing in terms of
changes in the background potential energy of the flow. For a density field qðx; z; tÞ in a volume V, the
potential energy per unit horizontal area is

PEðtÞ5 1
Ab

ð
V

gqðx; z; tÞzdV ; (2)

with Ab the bottom area of the tank. The potential energy is partitioned between the background potential
energy BPE(t), the minimum potential energy that can be reached through an adiabatic sorting of the density
field at each time, and the available potential energy APEðtÞ5PE2BPE. By construction, BPE(t) can only change
through diabatic processes such as irreversible mixing while APE(t) is associated with reversible fluid motions.
The density field is similarly expressed as qðx; z; tÞ5�qðz; tÞ1q0ðx; z; tÞ, where �qðz; tÞ is the slowly varying back-
ground density profile and q0ðx; z; tÞ is the density anomaly associated with fluid motions. In the present experi-
ments, the background potential energy is measured at the end of each resting period. Once flow motions
have ceased, APE ’ 0 and the background potential energy per unit horizontal area is simply expressed as

BPEðtÞ5PEðtÞ5
ðH

0
g�qðt; zÞzdz: (3)

The difference

DBPEðtÞ5BPEðtÞ2BPEð0Þ (4)

is the irreversible increase of BPE with respect to the initial stratification. This method has been widely used
in laboratory experiments to diagnose the effects of irreversible mixing in both stably (Fragoso et al., 2013;
Hughes & Linden, 2016; Hult et al., 2011a, 2011b; Micard et al., 2016; Prastowo et al., 2008, 2009) and con-
vectively unstable stratified flows (Dalziel et al., 2008; Lawrie & Dalziel, 2011; Wykes & Dalziel, 2014) for
which values of mixing efficiencies up to 75% were measured.
2.3.2. Turbulent Diffusivity
A key parameter in assessing the effects of mixing is the turbulent diffusivity. In this work, the turbulent dif-
fusivity is diagnosed from the irreversible evolution of the background density profile as follows. The equa-
tion of mass conservation is used to derive the vertical density flux Fqðz; tÞ:

@�qðz; tÞ
@t

1
@Fqðz; tÞ
@z

50: (5)

The time derivative of the quasilinearly evolving background density is assessed using @�qðz;tÞ
@t ’

�qðz;tÞ2�qðz;0Þ
t .

Hence, one can assess Fq by a vertical integration of equation (5)

Fqðz; tÞ52
1
Dt

ðz

0
ð�qðz0; tÞ2�q0ðz0ÞÞdz0; (6)

and deduce the turbulent diffusivity assuming that the vertical mass flux behaves like a diffusive process

KT ;Fq ðz; tÞ52
Fqðz; tÞ
@�qðz;tÞ
@z

: (7)

The turbulent diffusivity and BPE evolutions are used as diagnostic for internal wave induced mixing in the
remainder of the paper. These two quantities are not independent, as the turbulent diffusivity distribution
controls the diabatic transfers within the fluid and hence changes in BPE. In fact, Barry et al. (2001) relates
the average turbulent diffusivity to the rate of BPE change. Here, the distribution of KT ;Fq is used as a
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diagnostic for local mixing processes and their link to the internal wave field, while BPE describes the bulk
effect on the stratification.

3. Flow Dynamics

3.1. Internal Wave Field
Propagating density anomalies characteristic of a mode-1 internal wave develop at the beginning of the
forcing as seen in Figure 2a. After a few forcing periods, the emitted and reflected waves interact to form a
quasisteady wave pattern. Later on, secondary waves issued from the TRI process superimpose to the pri-
mary wave field (Figure 2b). Propagating secondary waves are visible over the whole tank length after ’ 50
T. The flow dynamics is similar to the one captured in Dossmann et al. (2016a) using PIV/PLIF combined
measurements and an earlier version of the internal wave generator as recalled in Figure 3. We focus here
on the long-term evolution of the background stratification by internal wave induced mixing.

3.2. Background Stratification
We first examine an experiment with forcing sequences of 100 period duration for which the stratification evo-
lution is shown in Figure 4a. Upon forcing, the background stratification undergoes a regular steepening in the
central region B (222 cm<z < 212 cm), corresponding to a decrease in the Brunt-V€ais€al€a frequency, while the
density gradient remains unchanged in the top and bottom part of the flow. The density of fluid particles in
regions A and C, respectively, increases and decreases owing to an upward mass flux Fqðz; tÞ. The measured
mass of salty fluid is conserved within 0.2%, which validates the accuracy of density measurements using the
light attenuation technique. Note also that the vertical position of the inflection point in the density profile is
conserved over time. Region B corresponds to the largest values of the horizontal shear induced by the normal
mode-1. Despite the presence of secondary waves propagating over the whole tank, shear-induced turbulence
forced by the normal mode structure appears to preferentially induce fluid homogeneization in the central
region. Complementary experiments performed with a normal mode-2 (not shown) indicate the presence of
two steepening regions colocated with the local maxima in horizontal shear of the forcing mode.

Figure 2. Density anomalies after (a) 27 T and (b) 101 T measured with the light attenuation technique. The generation of secondary waves via the TRI process is
visible in panel 2b.

Figure 3. (left) Instantaneous density anomaly (kg/m3) and velocity fields. (right) Turbulent diffusivity (1026 m2/s)
assessed from the buoyancy/velocity correlation. Measurements using PIV/PLIF from Dossmann et al. (2016a).
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4. BPE Evolution and Mixing Efficiency

Turbulent mixing induces a partial homogeneization and a raise of the center of mass of the flow. This
reflects in a regular increase of the background potential energy of the fluid observed in Figure 4b, at a typi-
cal rate of 3 mJ/m2/s. An estimate of the mixing efficiency can be provided by assessing the kinetic energy
horizontal flux carried into the flow by the forcing normal mode-1. It is defined as

FKE5

ðH

0
<~p>T �~ndz; (8)

where~p5P0~v is the energy density flux and <>T denotes a time average over a forcing period T, P0ðx; z; tÞ
and~vðx; z; tÞ are the pressure anomaly and velocity fields of the flow. The unit vector ~n is along the direc-
tion of propagation (Ox) of the mode-1 wave, as shown in Figure 1. A linear model assuming a normal
mode-1 forcing by the generator is used to assess P0 and~v . The vertical velocity expresses as

wðx; z; tÞ5Aw sin ðmzÞcos ðkx2xtÞ; (9)

where Aw is the velocity amplitude, k and m5 p
H are the horizontal and vertical wavenumbers, respectively.

Using the incompressibility and horizontal momentum equations, one obtains

uðx; z; tÞ52Aw
m
k

cos ðmzÞsin ðkx2xtÞ; (10)

P0ðx; z; tÞ52q0Aw
mx
k2

cos ðmzÞsin ðkx2xtÞ: (11)

The kinetic energy flux therefore expresses as

FKE5
pq0mx

4k3
A2

w: (12)

Using the continuity equation, one can eventually relate Aw to the density anomaly amplitude Aq0

Aw5
gx

q0N2
Aq0 ; (13)

and hence

FKE5
pg2mx3

4q0N4k3
A2

q0: (14)

Figure 4. (a) Background density (b) background potential energy, and (c) turbulent diffusivity profiles, spaced by sequen-
ces of forcing.

Journal of Geophysical Research: Oceans 10.1002/2017JC013309

DOSSMANN ET AL. MIXING INDUCED BY A NORMAL MODE 6



A fraction a of the kinetic energy flux is lost to large scale viscous
decay that is not associated with the mixing event, such as vis-
cous damping at the side boundary layers and in the fluid interior
(Troy & Koseff, 2006). Hult et al. (2011a) estimated a value of a5

40260% in the case of breaking interfacial waves (their Figure 3).
This fraction is to be removed from the kinetic energy flux to
assess the mixing efficiency. The dimensionless mixing efficiency
expresses as

g5
Lx3DBPE

Dt
3

1
FKEð12aÞ ; (15)

where Lx is the tank length. The quantities Aq0 and k are measured in
the density anomaly field at the beginning of the experiment, before
the generation of secondary internal waves via TRI. Typical values of
FKE535250 mJ/m2/s are measured, which leads to a mixing effi-
ciency g512219%. This range contains the canonical value used in
paramaterizations of internal wave induced mixing and is slightly

larger than the value found by Hult et al. (2011a, 2011b) for mixing induced by an interfacial wave break-
ing over a topography.

In an experimental study, McEwan (1983) used a similar setup as the present one to assess the mixing
efficiency of a standing internal wave in a linearly stratified fluid. The power input was measured using
coupled force and displacement transducers connected to the forcing device and the BPE change was
measured in a similar manner as in the present work. A mixing efficiency of g520232% was assessed.
Although these values are of the same order of magnitude in the two sets of experiments, the difference
in the forcing devices structure, which consists in a flat paddle in McEwan (1983) setup, and the evalua-
tion method for the kinetic energy input can help explaining the discrepancy between the two estimates
of mixing efficiency. In particular, the interaction between the reflected waves and the wavemaker are
not accounted for in the present experiments, which may lead to a slight overestimation of the kinetic
energy input. Friction at the boundaries occur in both setups, but its contribution to the energy losses
changes with the (different) tank geometries. This can also lead to a small discrepancy in the evaluation
of mixing efficiency.

After a moderate increase during the first 2 h of forcing, g undergoes a regular weak decay as seen in
Figure 5. This decay can be explained by the progressive decrease of the Brunt-V€ais€al€a frequency in the cen-
ter of the tank, at a measured rate of 0.1 rad/s/h. After around 350 T, the forcing frequency x overcomes

N in a central region that extends upward and downward with time,
as shown in Figure 6. Hence, the large-scale mode 1 forcing is limited
to the two narrowing regions A and C, while it is evanescent in the
increasing central region B, as shown in Figure 7. On the other hand,
the smaller frequency secondary waves could still be transporting
some of the energy through region B (Ghaemsaidi et al., 2016). Once
the evanescent region is formed, the amount of mixing present in the
central region is reduced, but does not vanish completely due to sec-
ondary waves. The progressive widening of the evanescent region
progressively diminishes the mixing efficiency in the flow with
increasing time.

5. Turbulent Diffusivities

The turbulent diffusivity profile is stable over the total duration of the
experiment. It reaches 0 at the top and bottom boundaries due to the
no-flux condition, and increases symmetrically from regions A and C
to region B, where it reaches a value of 5:1027m2/s. The maximum tur-
bulent diffusivity is 2 orders of magnitude larger than the molecular

Figure 5. Time series of mixing efficiency.

Figure 6. Time series of the x=N profile. Shear-induced mixing causes a pro-
gressive spreading of the central region where internal waves are evanescent.
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value for salt diffusion, indicating that turbulent processes are prominent in mixing the stratified fluid.

The turbulent diffusivity profile and maximum value are fairly comparable to the ones measured by
McEwan (1983) in a similar configuration (their Figure 4).

The value of 5:1027m2/s is however an order of magnitude smaller than the maximum values of KT ;<qw>

measured using buoyancy/velocity correlations with similar forcing parameters in Dossmann et al. (2016a).
This discrepancy indicates that the two definitions of KT are not fully equivalent. Two possible causes can be
suggested to explain this difference.

First, it was shown in Dossmann et al. (2016a) that the spatial distribution of the regions of large KT was not
uniform throughout the tank. In addition, this distribution also evolved with time. Therefore, this time inter-
mittency and spatial heterogeneity in KT ;<qw> can lead, through an integrated effect, to irreversible mixing
that is smaller than the instantaneous value.

Second, the buoyancy flux, as defined, potentially transports a reversible component. In fact, the largest
values of KT ;<qw> are measured in the case where the triadic resonant generation is favored, leading to
the oblique propagation of secondary waves with spatial scale smaller than the forcing scale. These waves
participate in the direct energy cascade toward the scales of mixing and contribute to enhance KT ;<qw>,
by comparison with the case of weak TRI (Dossmann et al., 2016a) However, while a fraction of the sec-
ondary waves energy participates to irreversible mixing, some of this energy is involved in reversible trans-
fers between the potential and kinetic energy compartments of the flow (e.g., Hughes et al., 2009;
Venayagamoorthy & Koseff, 2016; Zhou et al., 2017), such as wave-induced stirring. These reversible trans-
fers occur at spacetime scales that are different from the forcing scales over which the buoyancy/velocity
correlations are averaged and are visibly accounted for in KT ;<qw>. A simple scaling argument permits to
assess a scale l for irreversible mixing processes. Assuming a timescale x21, one obtains l �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KT ;Fq=x

p
� 1

mm. This lengthscale is smaller than the secondary wave wavelength by at least 1 order of magnitude.
Hence, the buoyancy fluxes associated with the TRI process occur at scales larger than the ones of irrevers-
ible mixing. Consequently, the eddy diffusivity based on these buoyancy fluxes calculated in Dossmann
et al. (2016a) contains both a reversible and irreversible contribution, whose partition is still to determine
in future works.

The effects of intermittency and reversibility together contribute to the smaller values of KT ;Fq compared to
KT ;<qw>. Hence, KT ;<qw> and KT ;Fq provide complementary information on mixing processes. The former is
an instantaneous proxy for the dynamics of stirring at scales larger than irreversible mixing, some of which
eventually leading to irreversibly mix the stratified flow. The latter is a diagnostic of the effects of an irre-
versible mixing event on the background stratification.

The evolution of the background stratification together with the turbulent diffusivity profile highlights that
the secondary waves generated by TRI, despite enhancing KT ;<qw>, may not be the primary process leading
to irreversible mixing. If so, one could expect a homogeneous value of KT ;Fq (or analogously a homogeneous
decrease in N) occuring over the tank depth. As discussed before, the colocation of the forcing mode largest

Figure 7. Density anomalies after 2,000 T measured with the light attenuation technique. Internal waves are confined to
the top and lower part of the flow.
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horizontal shear stress and the region of intense mixing indicates that the forcing structure controls the irre-
versible evolution of the stratification.

6. Staircases Formation

The dynamics of mixing is strongly controlled by the forcing internal wave structure over durations up to
3,000 T, as shown by the strong correlation between the largest values of vertical mass flux and the horizon-
tal shear of the forcing normal mode-1. In order to study the longer-term effects of mixing on the stratifica-
tion, in several experiments the flow was forced over longer durations up to 5,000 T.

The result is displayed in Figures 8a and 8b which show that the central region extends and remains
surrounded by two linearly stratified regions at the top and bottom of the flow after 8 h of forcing. In
the mixed region, local gradient increases in the density profile, regularly spaced by 3.5 cm start form-
ing after around 8 h (3,000 T). The first pair of perturbations form around mid depth (z 5 13.5 cm and
z 5 17 cm), and subsequent pairs appear above (z 5 20.5 cm) and below (z 5 9.5 cm) the first pair. The
local gradients strengthen with time, evolving in a series of interfaces of 5 mm thickness in the stratifi-
cation profile, separated by quasihomogeneous layers of 3 cm. After 12 h of forcing, the typical density
jump in the staircases is 0.5 kg/m3. The stratification stays linear in the regions A and C, with a value of
N similar to the initial value. The evaporation process at the free surface and no flux condition at the
tank base has generated two mixed layers of centimetric height at the boundaries of the stratified
regions (not shown in Figure 8) which do not seem to interact with the stratification in the fluid
interior.

The staircases formation strongly reminds of the mechanism independently suggested by Phillips (1972)
and Posmentier (1977), for which stable step-like structures can form in an initially linear stratification per-
turbed by turbulent processes. Linden (1979) provided a review of these ideas in the light of laboratory
experiments on mixing.

Note that double-diffusion processes are another potential cause for the formation of interfaces in the
ocean. The stratifying agent is salinity in the present experiments, while the water temperature remains
constant within 60:1�C, which permits to exclude double diffusion as a cause for layering.

The Phillips-Posmentier mechanism is based on the assumption that the mixing intensity has a nonmonoto-
nous evolution with the Richardson number, Ri, which compares stratification effects to turbulence inten-

sity. This assumption can be justified considering that at small Ri,
there is little stratification, therefore little to mix, while at large Ri, the
stratification dominates over turbulence, preventing mixing. For this
reason, one expects the existence of an optimal (or critical) value of Ri,
Ric, for which mixing is maximum, decreasing to zero at both limits of
small and large Ri. In the region of ‘‘weak turbulence’’ (Ri > Ric), mixing
intensity decreases with increasing Ri, so that when a local perturba-
tion to the initially smooth density profile exists, the region of the per-
turbation where density gradient is lower than ambient (lower Ri) will
undergo more mixing, resulting in a tendency toward even lower den-
sity gradient, while the region of the perturbation where density gra-
dient is larger than ambient (larger Ri) will undergo less mixing,
therefore keeping a strong gradient. The overall result will be to
amplify the perturbation, leading to the development of staircases in
the density profile.

The Phillips-Posmentier mechanism has been used to describe layer-
ing in several experiments, for which mixing was induced by homoge-
neous stirring of the flow using traversing vertical rods (Park et al.,
1994; Ruddick et al., 1989) or grids (Rehmann & Koseff, 2004; Thorpe,
1982).

In the former experiments, homogeneous turbulent mixing induces
an important growth of the mixed layer at the top and bottom of the

Figure 8. (a) Formation of staircases in the density profile after long-term forc-
ing. The first set of staircases appears in the central part of the flow, and subse-
quent staircases form above and below the first set. (b) Zoom in the staircase
formation region.
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flow, followed by the appearance of staircases spread over the linearly stratified region. The staircases can
merge and decay, and the stratification eventually ends up in two mixed layers of constant densities, issued
from the continuous growth of the top and bottom mixed layers. Since these experiments were performed,
some extended mechanisms have been proposed to explain the formation of layers. The dynamics of their
generation is not only controlled by the bulk Richardson number as described in the original mechanism,
but also forced by local dynamical structures, such as vortical mixing (Fincham et al., 1996; Holford & Linden,
1999) or localized regions of intense mixing in shear flows (Pelegr�ı & Sangr�a, 1998). Thorpe (2016) offers a
review of the various generation mechanisms for layer generation, arguing that the Phillips-Posmentier
mechanism can sustain layers forced by other processes. The conditions for formation and stability of a
layer have been recently refined relying on numerical studies in a stratified shear flow (Taylor & Zhou, 2017;
Zhou et al., 2017). Precise stratification budgets have allowed for the identification of nondimensional
parameters for layer formation.

In the present case, contrary to previous experiments, the intensity of turbulent mixing varies in the vertical
direction, as it depends on the structure of the forcing normal mode (sections 4 and 5). The first set of stair-
cases forms in the central region B of the flow where the largest shear stress is induced, but where turbu-
lence is still sufficiently weak for the staircase instability to develop. The second set of staircases develops
more slowly, as it is generated in a region of weaker shear stress than the first set. An important difference
compared to the experiments using homogeneous forcing is that the vertical extent of the top and bottom
mixed layers remains narrow in the present case. The boundary mixed layers are not affected by turbulent
mixing over similar forcing durations as in the homogeneous mixing experiments (� 10 h). In fact, internal
wave induced shear stress is the smallest at the two boundaries and hence does not enhance the mixed
layer growth.

We conclude that the dynamics of staircase formation is strongly sensitive to the structure of the forcing.
For the first time in laboratory experiments, the generation of staircases in a linearly stratified fluid is initi-
ated by an internal wave field. The internal wave energy cascades down to the scales of turbulent mixing
through local wave overturning and contributes to generate and sustain the layers.

7. Conclusions

Mixing induced by a forcing normal mode has been investigated in long-term experiments. The dynam-
ics of the internal wave field was followed using the light attenuation technique, in a configuration
favoring the generation of secondary waves via the triadic resonance instability process. The latter are
responsible for an enhancement of the eddy diffusivity KT ;<qw> as measured in Dossmann et al. (2016a).
Secondary waves of smaller spatial scale were indeed observed after ’ 50 T, indicating energy transfers
toward smaller spatial scales. The progressive decrease of the background Brunt-V€ais€al€a frequency in
the central region B is an evidence of irreversible mixing quantified by KT ;Fq . The largest value of KT ;Fq is
colocated with the maximum velocity shear of the forcing internal waves, which indicates that the struc-
ture of the normal mode controls the vertical distribution of mixing. This idea is further supported by
the dynamics of staircase formation discussed in section 6. Although the formation of layers appears to
be induced by a mechanism analogous to Phillips-Posmentier, some differences in the mixed layer
growth rate and the order of layer formation with respect to the case of homogeneous mixing are
highlighted (Park et al., 1994; Ruddick et al., 1989). They can be explained by the vertical heterogeneity
of the normal mode shear stress in the present experiments. A precise evaluation of the different terms
in the stratification budget with a similar approach as in Zhou et al. (2017) is needed to quantitatively
describe the relation between internal wave induced mixing and the generation of layers. Of particular
interest is the link between the formation of a forbidden zone for internal wave propagation and the
emergence of layers.

The discrepancy between KT ;Fq and KT ;<qw> underscores the important questions of the irreversibility of tur-
bulent buoyancy fluxes in mixing processes and their accurate assessments. Both quantities are useful in
the study of mixing by waves, since one brings a local assessment of the stirring dynamics, while the other
diagnoses the effects of mixing on the global energy balance. Future experimental studies combining these
two measurements could help to better predict the effect of turbulent buoyancy fluxes on the background
stratification.

Journal of Geophysical Research: Oceans 10.1002/2017JC013309

DOSSMANN ET AL. MIXING INDUCED BY A NORMAL MODE 10



References
Allgayer, D. M., & Hunt, G. R. (1991). On the application of the light-attenuation technique as a tool for non-intrusive buoyancy measure-

ments. Experimental Thermal and Fluid Science, 38, 257–261.
Barry, M. E., Ivey, G. N., Winters, K. B., & Imberger, J. (2001). Measurements of diapycnal diffusivities in stratified fluids. Journal of Fluid

Mechanics, 442, 267–291.
Bourget, B., Dauxois, T., Joubaud, S., & Odier, P. (2013). Experimental study of parametric subharmonic instability for internal plane waves.

Journal of Fluid Mechanics, 723, 1–20.
Dalziel, S. B., Patterson, M. D., Caulfield, C., & Coomaraswamy, I. A. (2008). Mixing efficiency in high-aspect-ratio Rayleigh–Taylor experi-

ments. Physics of Fluids, 20(6), 065106.
Dossmann, Y., Bourget, B., Brouzet, C., Dauxois, T., Joubaud, S., & Odier, P. (2016a). Mixing by internal waves quantified using combined

PIV/PLIF technique. Experiments in Fluids, 57(8), 132.
Dossmann, Y., Rosevear, M. G., Griffiths, R. W., Hughes, G. O., & Copeland, M. (2016b). Experiments with mixing in stratified flow over a topo-

graphic ridge. Journal of Geophysical Research: Oceans, 121, 6961–6977. https://doi.org/10.1002/2016JC011990
Ferrari, R., Mashayek, A., McDougall, T. J., Nikurashin, M., & Campin, J.-M. (2016). Turning ocean mixing upside down. Journal of Physical

Oceanography, 46(7), 2239–2261.
Fincham, A., Maxworthy, T., & Spedding, G. (1996). Energy dissipation and vortex structure in freely decaying, stratified grid turbulence.

Dynamics of Atmospheres and Oceans, 23(1–4), 155–169.
Fragoso, A., & Patterson, M., & Wettlaufer, J. S. (2013). Mixing in gravity currents. Journal of Fluid Mechanics, 734, R2.
Ghaemsaidi, S., Joubaud, S., Dauxois, T., Odier, P., & Peacock, T. (2016). Nonlinear internal wave penetration via parametric subharmonic

instability. Physics of Fluids, 28(1), 011703.
Gostiaux, L., Didelle, H., Mercier, S., & Dauxois, T. (2007). A novel internal waves generator. Experiments in Fluids, 42(1), 123–130.
Hacker, J., Linden, P. F., & Dalziel, S. B. (1996). Mixing in lock-release gravity currents. Dynamics of Atmospheres and Oceans, 24, 183–195.
Holford, J. M., & Linden, P. (1999). Turbulent mixing in a stratified fluid. Dynamics of Atmospheres and Oceans, 30(2), 173–198.
Hughes, G., & Linden, P. F. (2016). Mixing efficiency in run-down gravity currents. Journal of Fluid Mechanics, 809, 691–704.
Hughes, G. O., Hogg, A. C., & Griffiths, R. W. (2009). Available potential energy and irreversible mixing in the meridional overturning circula-

tion. Journal of Physical Oceanography, 39(12), 3130–3146.
Hult, E. L., Troy, C. D., & Koseff, J. R. (2011a). The mixing efficiency of interfacial waves breaking at a ridge: 1. overall mixing efficiency. Jour-

nal of Geophysical Research, 116, C02003. https://doi.org/10.1029/2010JC006485
Hult, E. L., Troy, C. D., & Koseff, J. R. (2011b). The mixing efficiency of interfacial waves breaking at a ridge: 2. local mixing processes. Journal

of Geophysical Research, 116, C02004. https://doi.org/10.1029/2010JC006488
Joubaud, S., Munroe, J., Odier, P., & Dauxois, T. (2012). Experimental parametric subharmonic instability in stratified fluids. Physics of Fluids,

24(4), 041703.
Lawrie, A. G., & Dalziel, S. B. (2011). Rayleigh–Taylor mixing in an otherwise stable stratification. Journal of Fluid Mechanics, 688, 507–527.
Linden, P. (1979). Mixing in stratified fluids. Geophysical & Astrophysical Fluid Dynamics, 13(1), 3–23.
MacKinnon, J. A., Alford, M. H., Sun, O., Pinkel, R., Zhao, Z., & Klymak, J. (2013). Parametric subharmonic instability of the internal tide at

298N. Journal of Physical Oceanography, 43(1), 17–28.
Mashayek, A., Salehipour, H., Bouffard, D., Caulfield, C. P., Ferrari, R.., Nikurashin, M., . . . Smyth, W. (2017). Efficiency of turbulent mixing in

the abyssal ocean circulation. Geophysical Research Letters, 44, 6296–6306. https://doi.org/10.1002/2016GL072452
McDougall, T. J., & Ferrari, R. (2017). Abyssal upwelling and downwelling driven by near-boundary mixing. Journal of Physical Oceanogra-

phy, 47(2), 261–283.
McEwan, A. (1983). Internal mixing in stratified fluids. Journal of Fluid Mechanics, 128, 59–80.
Mercier, M. J., Martinand, D., Mathur, M., Gostiaux, L., Peacock, T., & Dauxois, T. (2010). New wave generation. Journal of Fluid Mechanics,

657, 308–334.
Micard, D., Dossmann, Y., Gostiaux, L., & Venaille, A. (2016). Mixing efficiency in a lock exchange experiment, Paper presented at VIIIth

International Symposium on Stratified Flows (Vol. 1) San Diego, CA.
Osborn, T. (1980). Estimates of the local rate of vertical diffusion from dissipation measurements. Journal of Physical Oceanography, 10,

83–89.
Oster, G., & Yamamoto, M. (1963). Density gradient techniques. Chemical Reviews, 63(3), 257–268.
Park, Y.-G., Whitehead, J., & Gnanadeskian, A. (1994). Turbulent mixing in stratified fluids: Layer formation and energetics. Journal of Fluid

Mechanics, 279, 279–311.
Pelegr�ı, J., & Sangr�a, P. (1998). A mechanism for layer formation in stratified geophysical flows. Journal of Geophysical Research, 103(C13),

30679–30693.
Phillips, O. (1972). Turbulence in a strongly stratified fluid? Is it unstable? Deep Sea Research and Oceanographic Abstracts, 19, 79–81.
Posmentier, E. S. (1977). The generation of salinity finestructure by vertical diffusion. Journal of Physical Oceanography, 7(2), 298–300.
Prastowo, T., Griffiths, R., Hughes, G., & Hogg, A. M. (2008). Mixing efficiency in controlled exchange flows. Journal of Fluid Mechanics, 600,

235–244.
Prastowo, T., Griffiths, R., Hughes, G., & Hogg, A. M. (2009). Effects of topography on the cumulative mixing efficiency in exchange flows.

Journal of Geophysical Research, 114, C08008. https://doi.org/10.1029/2008JC005152
Rehmann, C. R., & Koseff, J. R. (2004). Mean potential energy change in stratified grid turbulence. Dynamics of Atmospheres and Oceans,

37(4), 271–294.
Ruddick, B., McDougall, T., & Turner, J. (1989). The formation of layers in a uniformly stirred density gradient. Deep Sea Research Part A,

36(4), 597–609.
Sutherland, B. R., Lee, B., & Ansong, J. K. (2012). Light attenuation experiments on double diffusive plumes and fountains. Physics of Fluids,

24, 066605.
Taylor, J., & Zhou, Q. (2017). A multi-parameter criterion for layer formation in a stratified shear flow using sorted buoyancy coordinates.

Journal of Fluid Mechanics, 823(R5), 1–13.
Thorpe, S. (1982). On the layers produced by rapidly oscillating a vertical grid in a uniformly stratified fluid. Journal of Fluid Mechanics, 124,

391–409.
Thorpe, S. (2016). Layers and internal waves in uniformly stratified fluids stirred by vertical grids. Journal of Fluid Mechanics, 793, 380–413.
Troy, C., & Koseff, J. (2006). The viscous decay of progressive interfacial waves. Physics of Fluids, 18(2), 026602.

Acknowledgments
We thank Ross Griffiths, Sylvain
Joubaud, Antoine Venaille, and Kraig
Winters for insightful discussions, and
Pascal Metz for the technical backup
with the wavemaker. We thank two
anonymous reviewers for their
relevant suggestions. This work was
supported by the LABEX iMUST (ANR-
10-LABX-0064) of Universit�e de Lyon,
within the program ‘‘Investissements
d’Avenir’’ (ANR-11-IDEX-0007),
operated by the French National
Research Agency (ANR). Data are
archived at the PSMN server at the
Laboratoire de Physique (ENS Lyon)
and available through registration.

Journal of Geophysical Research: Oceans 10.1002/2017JC013309

DOSSMANN ET AL. MIXING INDUCED BY A NORMAL MODE 11

https://doi.org/10.1002/2016JC011990
https://doi.org/10.1029/2010JC006485
https://doi.org/10.1029/2010JC006488
https://doi.org/10.1002/2016GL072452
https://doi.org/10.1029/2008JC005152


Venayagamoorthy, S. K., & Koseff, J. R. (2016). On the flux Richardson number in stably stratified turbulence. Journal of Fluid Mechanics,
798(R1), 1–10.

Winters, K. B., Lombard, P. N., Riley, J. J., & Dasaro, E. A. (1995). Available potential energy and mixing in density-stratified fluids. Journal of
Fluid Mechanics, 289, 115–128.

Wykes, M. S. D., & Dalziel, S. B. (2014). Efficient mixing in stratified flows: Experimental study of a Rayleigh–Taylor unstable interface within
an otherwise stable stratification. Journal of Fluid Mechanics, 756, 1027–1057.

Zhou, Q., Taylor, J., Caulfield, C., & Linden, P. (2017). Diapycnal mixing in layered stratified plane couette flow quantified in a tracer-based
coordinate. Journal of Fluid Mechanics, 823, 198–229.

Journal of Geophysical Research: Oceans 10.1002/2017JC013309

DOSSMANN ET AL. MIXING INDUCED BY A NORMAL MODE 12


	l
	l
	l
	l

