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We present experimental measurements of a wall-bounded gravity current, motivated
by characterizing natural gravity currents such as oceanic overflows. We use particle
image velocimetry and planar laser-induced fluorescence to simultaneously measure
the velocity and density fields as they evolve downstream of the initial injection
from a turbulent channel flow onto a plane inclined at 10◦ with respect to horizontal.
The turbulence level of the input flow is controlled by injecting velocity fluctuations
upstream of the output nozzle. The initial Reynolds number based on the Taylor
microscale of the flow, Rλ, is varied between 40 and 120, and the effects of
the initial turbulence level are assessed. The bulk Richardson number Ri for the
flow is ∼0.3 whereas the gradient Richardson number Rig varies between 0.04
and 0.25, indicating that shear dominates the stabilizing effect of stratification.
Kelvin–Helmholtz instability results in vigorous vertical transport of mass and
momentum. We present baseline characterization of standard turbulence quantities
and calculate, in several different ways, the fluid entrainment coefficient E, a quantity
of considerable interest in mixing parameterization for ocean circulation models. We
also determine the properties of mixing as represented by the flux Richardson number
Rif as a function of Rig and diapycnal mixing parameter Kρ versus the buoyancy
Reynolds number Reb. We find reasonable agreement with results from natural flows.
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1. Introduction
Gravity currents are observed in many geophysical flows (Simpson 1982; Huppert

2006) including the important category of oceanic overflows such as the Denmark
Strait/Faroe Bank Channel overflows in the North Atlantic (Hansen & Østerhus 2000;
Girton, Sanford & Kase 2001; Girton & Sanford 2003) or the Mediterranean Outflow
(Price et al. 1993). The North Atlantic overflows from the Norwegian–Iceland–
Greenland Sea are important components of the global thermohaline circulation
which plays a key role in overall climate evolution (Broecker 1997; Wunsch &
Ferrari 2004). In such currents, the flow is stably stratified but the shear between the
gravity current and the quiescent fluid lying above the current can produce instability
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(e.g. Kelvin–Helmholtz (KH)) and vertical mixing (Morton, Taylor & Turner 1956;
Istweire et al. 1993). Modelling of these overflows (see, e.g., Bacon 1998; Willebrand
et al. 2001) relies on understanding and characterizing the mixing and entrainment
of the ambient fluid into the denser gravity current which occur at smaller spatial
and temporal scales than can not be captured in large-scale numerical simulations.
Capturing the essential physics in subgrid parameterizations of entrainment (Legg,
Hallberg & Girton 2006; Jackson, Hullberg & Legg 2008) is critical in determining
the uncertainty of net transport of the thermohaline circulation with its associated
impact on overall climate evolution (Willebrand et al. 2001).

There are a number of important non-dimensional measures that characterize
gravity currents and the more general problem of stratified shear flow turbulence. We
introduce these parameters and the equations they enter before discussing results about
such systems. A gravity current, in the incompressible Boussinesq approximation and
in non-dimensional form, is described by equations for velocity and dynamic density
θ(x, t)≡ (ρ1 − ρ(x, t))/(ρ1 − ρ0)

∂u
∂t
+ u · ∇u = −∇Pd + 1

Re0
∇2u− (1− θ) Ri0 ẑg (1.1)

∂θ

∂t
+ u · ∇θ = 1

Re0Sc
∇2θ (1.2)

where ẑg is the direction of gravity (magnitude g), Pd is the normalized pressure, and
ρ0 (ρ1) is the initial density of the light (heavy) fluid such that θ has values between
0 (ambient fluid, ρ= ρ1) and 1 (non-diluted gravity current, ρ= ρ0). The fact that the
heavy fluid is defined here as the ambient fluid is related to the experimental set-up
used in our study, which is reversed compared with most geophysical gravity currents:
light fluid moves underneath an upwardly inclined plate into a dense environment
whereas in geophysical contexts the dense fluid flows down inclined topography into
a less dense environment. The physics for these two scenarios is the same within
the Boussinesq approximation, which is valid for our conditions and for oceanic
applications.

The non-dimensional parameters in these equations are the Reynolds number
Re0=U0H/ν, Schmidt number Sc= ν/κ and Richardson number Ri0=gH

(
ρd0/ρ0

)
/U2

0
resulting from choosing characteristic initial values of velocity U0, current thickness
H, density difference ρd0 = ρ1 − ρ0 and reference pressure P0 = ρ0U2

0 combined with
fluid parameters kinematic viscosity (ν) and mass diffusivity (κ). The Reynolds and
Richardson numbers provide non-dimensional measures of the relative importance of
inertia to dissipation and buoyancy to shear (potential to kinetic energy), respectively.

The fundamental problem of mixing and entrainment in gravity currents has roots
in early theory and experiments (Morton et al. 1956; Ellison & Turner 1959; Turner
1986) which motivated detailed experimental characterization of stably stratified shear
flows (Stillinger, Helland & Atta 1983; Strang & Fernando 2001a, etc.) and to
increasingly detailed numerical simulations (Özgökmen et al. 2004). The entrainment
rate E is defined by the ratio of the velocity of the flow perpendicular to the
current direction, we, to the downstream gravity current velocity U, i.e. E = we/U.
The Morton–Taylor–Turner entrainment assumption empirically relates E as a
function of Ri where smaller Ri values correspond to more unstable flows: E =
(0.08− 0.1Ri) / (1+ 5Ri) for Ri < 0.8 and 0, otherwise (Turner 1986). Extensions
of this early work include research on eddy formation and mixing structures
(e.g. Hallworth et al. 1993; Kneller, Bennett & McCaffrey 1999; Baines 2001,
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2002; Sutherland 2002; Baines 2005), the effects of rotation (Shapiro & Zatsepin
1997; Lane-Serff & Baines 1998; Cenedese et al. 2004; Cenedese & Adduce 2008,
etc.), and the development of the gravity current front and its speed (e.g. Lowe,
Linden & Rottman 2002; Thomas & Linden 2007). Other laboratory experiments
are described by Simpson (1987), Ilicak et al. (2008) and Ivey, Winters & Koseff
(2008), and references therein. In several of these experiments, flow visualization
techniques were used to obtain global measurement of parameters such as the current
thickness, whereas others have used point-wise measurement techniques (e.g. hot-wire
anemometry or Laser Doppler Velocimetry) for more local quantitative studies. Our
work applies techniques of particle image velocimetry (PIV) and planar laser-induced
fluorescence (PLIF) to simultaneously determine velocity and density fields.

Some considerations are important in connecting laboratory experiments and in situ
field measurements. In particular, many laboratory experiments on the stability of
stratified flows (e.g. Koop & Browand 1979; Strang & Fernando 2001a, and others)
start with laminar gravity currents, very different from the turbulent conditions of
ocean currents where the bulk Reynolds number is of order 108. In overflows, a
relatively stable gravity current accelerates over a ridge or sill and the stability
conditions change but the internal turbulence properties of the gravity current persist.
Achieving similar conditions in the laboratory is challenging because establishing a
steady-state turbulent boundary layer takes time, i.e. distance downstream. Using water
with U0∼ 10 cm s−1 (a typical value for our study, as well as for other experimental
studies of the same kind), an isolated boundary layer would need ∼5 m to undergo
turbulent boundary layer transition (Pope 2000). We create a turbulent channel flow
over a short distance using an active grid which acts to trip the boundary layer
so that the output flow is characteristic of a developed turbulent channel flow with
Re≈ 3500. Without the injectors, the bulk Re is the same (same U0 and H) but the
turbulent fluctuations are reduced because the output flow has not reached a turbulent
steady state. Over the relatively short extent of our experiments of ∼1/2 m, these
considerations are important. With downstream distance, fluctuations generated by KH
instability will begin to populate the gravity current, reducing the difference between
the two initial conditions, but this process will depend sensitively on Ri.

Although existing laboratory experiments provide significant information about
gravity currents, our simultaneous velocity and density field measurements on an
initially turbulent flow allows access to new properties of gravity currents with better
correspondence to high-Re environments such as occur in the ocean. Elsewhere, we
described a Prandtl mixing length representation of the momentum and buoyancy
fluxes (Odier et al. 2009). We also discussed the dependence of various length scales
on Ri, with a detailed analysis of fluxes including their probability distributions, and
presented a local interpretation of entrainment and detrainment (Odier, Chen & Ecke
2012).

In the present paper, we report experimental measurements of mixing and
entrainment of a less dense gravity current flowing into a dense non-rotating
environment with a controlled initial density difference of 0.26 %. Our objective
is to quantitatively test to what degree common assumptions such as the isotropy
of the flow, the steady-state nature of the turbulence, or using bulk parameters as
opposed to parameters determined from the turbulent dynamics (e.g. Re versus Rλ,
etc.) affect measures of mixing and entrainment. In particular, the structures and
energetics of the turbulent gravity current are examined to quantify the interaction of
stratification and turbulence and comparison is made with other laboratory experiments
on stratified turbulence and with results from geophysical systems. Details about the
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FIGURE 1. Schematic illustration of the experimental apparatus.

experimental apparatus are presented in § 2. Instrumentation techniques are introduced
in § 3. The experimental conditions are characterized in § 4. In § 5, we detail the
overall flow properties of the current to provide proper context for our measurements
and analysis of entrainment, presented in § 6 and mixing properties, presented in § 7.
Section 8 provides summary remarks and a discussion of the connection of our work
to geophysical situations.

2. Experimental facility
A schematic of the experimental facility is shown in figure 1. The central part of

the facility is a water tank, with dimensions of 180 cm (length)× 48 cm (height)×
52 cm (width), made of acrylic side walls and an aluminum bottom plate. Prior
to each experiment, this main tank is filled with dense fluid (salt water, 308 l).
A secondary tank is filled with light fluid (ethanol solution, 101 l). The density
difference between the fluids in the main and secondary tanks is precisely controlled
as discussed below. An acrylic plate, 1.2 cm thick and 150 cm long, spans the entire
width of the tank and is inclined at an angle α = 10◦ with respect to horizontal. A
glass plate is nested seamlessly in the acrylic plate to provide better optical access
to the test section. The origin of the coordinate system is set on the bottom face
of the inclined plate at the nozzle exit. The x direction points downstream along
the inclined plate, and the z direction is down, perpendicular to the plate. The
coordinate system, {xg, yg, zg}, where zg is vertical upwards, is also shown in figure 1.
This system, adopted for analysing buoyancy-related terms as discussed in § 7, has
x̂g= cos α x̂+ sin α ẑ and ẑg= sin α x̂− cos α ẑ. Parameters in this system are denoted
by the subscript g.

A pump injects the light fluid with adjustable initial speed from the secondary tank
into the main tank through an expander–nozzle combination (width in y direction
48 cm and height H= 5.0 cm). Thus, a gravity current with less density is introduced
into a denser environment. Twelve layers of 0.5 mm thick plates perforated with
0.6 cm holes, placed vertically inside the expander, generate a fairly uniform flow
pattern along the y direction. One end of the inclined plate is attached to the nozzle.
The curvature of the nozzle is designed to provide a smooth transition and match with
the inclined plate. A locking gate, installed near the tip of the nozzle, is closed during
the experiment preparation process to prevent fluid exchange between the main tank
and the secondary tank. It is opened just before the experiment starts. The temperature
in both tanks is the same (20–22 ◦C) to within 0.1 ◦C. Each experimental run lasts
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for 40–80 s, depending on the injection speed. After each data set is acquired, both
tanks are emptied, thoroughly rinsed and refilled with dense and light fluids for the
next data set. Independent runs (between 5 and 10) were taken for each set of given
experimental conditions.

To increase turbulent fluctuations in the gravity current, four active grids (see
figure 1), driven at 200 r.p.m., are located along the y direction between the expander
and the nozzle. The respective direction of rotation for each of the four grids is
optimized to minimize the creation of lateral (in the y direction) large scale velocity
gradients. Similar active grid techniques were used to obtain nearly homogenous and
isotropic turbulent velocity fields with relatively high Reynolds number based on the
Taylor microscale of the flow, Rλ (see the definition in table 1 see also, e.g., Makita
1991; Mydlarski & Warhaft 1996; Kang, Stuart & Meneveau 2003; Chen, Meneveau
& Katz 2006).

In the present paper, we consider three sets of data. The first, ‘turbulent-stratified’
(TS) conditions, is acquired when the active grids are deployed and a density
difference is present. In the second, ‘laminar-stratified’ (LS) conditions, the active
grids are absent (thus, the turbulence level is lower) but the density difference is
the same. The third is referred to as ‘not stratified’ (NS), where the active grids
are used but with no density difference between the fluids. Comparing TS and LS
helps understand the role of Reynolds number, whereas comparing TS and NS helps
elucidate the influence of stratification.

3. Instrumentation and methods
A combination of PIV and PLIF is used for simultaneous velocity and density

measurements (Hu et al. 2000; Borg, Bolinder & Fuchs 2001; Hjertager et al. 2003;
Feng et al. 2007), as illustrated in figure 2(a). A dual-head Nd:YAG pulse laser
(532 nm, maximum intensity 90 mJ/pulse) is used for both PIV illumination and
PLIF excitation. Through PIV optics, the laser beam is expanded into a 1 mm
thick laser sheet illuminating the sample area in the x–z plane along the centre
line of the tank. To avoid interaction with the free surface, the laser enters the
water through a partially immersed acrylic box (see figure 1). To implement the
simultaneous PIV/PLIF measurement, the camera lens, beamsplitter, PIV filter, PLIF
filter and two cameras are mounted in an optical housing shown in figure 2(a).
The PIV filter (bandpass, 525 ± 20 nm) blocks most of the fluorescence and passes
scattered light from PIV seeding particles. The PLIF filter (high pass in wavelength
with cut-off 550 nm) blocks the scattered light and only passes the fluorescence
signal. The housing allows the two cameras to be aligned to record the same sample
area (9.0 × 9.0 cm2) to within ±5 pixels (45 µm). A Schneider lens combination
(Componon-S 150/5.6 50 mm mount and Unifoc 58 focus mount) is used to image the
test section. We measure at five consecutive downstream frames from 3 to 48 cm in
the x direction (labelled as F0 to F4 in figure 1) by translating the cameras and optical
housing in front of the tank at an inclination angle α matching the plate inclination
angle. The laser sheet optics is similarly adjusted. An image acquisition and
laser control system synchronizes the measurements with a sampling rate of 4 Hz.

3.1. Particle image velocimetry
For velocity measurements, both the dense fluid and the light fluid are uniformly
seeded with hollow glass beads (median diameter dp = 10 µm, specific gravity
ρp = 1.1). The Stokes number is St = τp/τηK ∼ 0.0001, where the particle response
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FIGURE 2. (Colour online) (a) Schematics of combined PIV/PLIF system. (b) Absorption
and emission spectra of rhodamine 6G using data from Du et al. (1998).

time (e.g. Raffel et al. 2007) is τp = d2
pρp/18µ (µ is the dynamic viscosity of the

fluid) and τηK is the Kolmogorov time scale (see table 1). Since St� 1, the seeding
particles follow turbulent fluid motion with good fidelity.

A RedLake ES 4020 digital camera, with 2048 × 2048 pixel2 resolution and
operated in triggered double-exposure mode, is used to record two consecutive particle
images (12-bit greyscale) separated by 4000 µs. A corresponding velocity field is
obtained using standard PIV analysis (Roth & Katz 2001) with a PIV interrogation
window of 48× 48 pixels with 67 % overlap. The resulting vector spacing is 0.53 mm
(0.1 pixels), and 163× 163 vectors are obtained from each image pair.

An estimate of uncertainty of an instantaneous PIV velocity measurement
is 0.1 cm s−1 in the present experiments; 2 % using a characteristic velocity
U= 5.0 cm s−1. The uncertainty in variables involving the mean downstream velocity
computed from an ensemble set of 500 instantaneous measurements is ∼0.09 %,
whereas root-mean-square (r.m.s.) values of downstream velocity have an uncertainty
of 0.6 %. More on uncertainties in PIV analysis can be found in Keane & Adrian
(1990), Huang, Diabiri & Gharib (1997), Raffel, Willert & Kompenhans (1998), Roth
& Katz (2001) and Chen et al. (2006).

3.2. Planar laser-induced fluorescence
When PLIF is used to measure the concentration field, the fluorescent dye is a
surrogate for the stratifying scalar of interest (e.g. concentration of ethanol solution).
The dye must have approximately the same diffusivity (κ , usually measured by
Schmidt number Sc = ν/κ) as the ethanol solution or the mismatched diffusivities
cause the dye concentration to differ from the concentration of the ethanol solution
(the so-called ‘double-diffusivity’ problem; see, e.g., Troy & Koseff (2005) and
references therein). The Schmidt numbers for our water solutions are 600 for
rhodamine 6G, 540 for ethanol and 770 for salt water. For a typical fluid element
staying at the most a time t of a few seconds in the field of view, the corresponding
molecular diffusion length is l ∼ √κt ∼ 0.1 mm and the differential diffusion is at
most 20 % of that value, much smaller than the interpolated velocity and density
grid spacing of 0.5 mm. Thus, the effects of differential molecular diffusion can be
ignored in this measurement technique.
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The fluorescent dye is uniformly mixed into the light fluid in the secondary
container prior to each experiment. The dye absorbs excitation light around 530 nm
and emits broadband fluorescence with a peak at 555 nm (see figure 2b). The
procedure used to convert the recorded greyscale image to a density field is described
below. Photobleaching is negligible because of the 3 ns duration of the laser pulses
(Crimaldi 1997). A photodiode placed in the laser path showed no systematic
shot-to-shot power variations.

3.3. Refraction index matching
Optical flow diagnostics techniques in a stratified environment require closely
matching the refraction indices of the dense and light fluids (see McDougall 1979;
Hannoun, Fernando & List 1988; Alahyari & Longmire 1994; Daviero, Roberts &
Maile 2001). To accomplish this matching, we use salt water for the heavy fluid
and ethanol water mixture for the light fluid. The density and index of refraction
of the fluids at different concentrations are measured using a densitometer (Anton
Paar DMA5000) and a refractometer (Milton Roy Company). The densities of the
dense fluid ρ1 and the light fluid ρ0 are selected to obtain a density difference of
ρd0 = ρ1 − ρ0 = 2.6 g l−1. The matching of refractive indices is accurate to ∼0.01 %:
circulation pumps facilitate the mixing of salt and ethanol in tanks and, because
density is also dependent on temperature, temperature differences between the fluids
are maintained at less than 0.1 ◦C.

3.4. Density field from greyscale PLIF image
For an excitation illumination Io(x, z) and with no absorption along the laser path,
there is a linear relationship between the intensity of fluorescence emission and
the dye concentration (Borg et al. 2001), consistent with our measurements at dye
concentrations ranging from 0 to 100 µg l−1. For low enough laser intensities (the
so-called ‘weak excitation assumption’ (Crimaldi 2008), which we have checked, see
later), the pixel greyscale values at each location in the fluorescence image, go(x, z, t),
are linearly related to the dye concentration at that location, c(x, z, t), and to Io(x, z)
via go(x, z, t) = Γ Io(x, z)c(x, z, t) + gb(x, z), where gb(x, z) is the background noise
or camera dark-response. The constant Γ accounts for the system-specific optical
collection efficiency (conversion of photons into digital signal recorded by the camera)
and the effective quantum yield of the fluorescent dye. Here the subscript ‘o’ denotes
the non-absorption case. The equation above accounts for inhomogeneous laser
illumination. The values of Γ Io(x, z) and gb(x, z) are determined from a calibration
process discussed below.

When laser light passes through the test section the dyed solution attenuates
the laser intensity and this attenuation must be corrected to obtain accurate
dye concentrations from PLIF images (see, e.g., Ferrier, Funk & Roberts 1993;
Atsavapranee & Gharib 1997; Karasso & Mungal 1997). In the present set-up, the
propagation of the laser sheet in the field of view is nearly parallel to the z axis
(maximum angular deviation less than 1.5◦), as illustrated in figure 3(a).

According to the Bouguer–Lambert–Beer law, the laser intensity in such an
absorbing medium is

I(x, z, t)= Io(x, z) exp
(
−ε
∫ z

0
c(x, z′, t) dz′

)
, (3.1)
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where ε is the extinction coefficient of the dyed solution. With this attenuation, the
recorded greyscale value is g(x, z, t)= Γ I(x, z, t)c(x, z, t)+ gb(x, z). Substituting (3.1)
into this last equation leads to

g(x, z, t)= Γ Io(x, z) exp
(
−ε
∫ z

0
c(x, z′, t) dz′

)
c(x, z, t)+ gb(x, z). (3.2)

To perform PLIF calibration, the main tank is filled with rhodamine 6G solution
with uniform concentrations (c = 0.0, 7.0, 14.0, 21.0, 28.0, 42.0 and 63.0 µg l−1).
The zero concentration measurement gives the camera dark-response gb(x, z). The
laser optics and recording cameras are not changed between the calibration and the
experimental runs. For each concentration, 50 calibration images are recorded, and
the ensemble-averaged greyscale information is analysed. For a uniform concentration
c, from (3.2), we obtain (g(x, z)− gb(x, z))/exp (−εcz)= Γ Io(x, z)c, where gb(x, z)=
g(x, z)|c=0. The extinction coefficient, ε = 1.6 ± 0.3 × 10−4 (cm µg l−1)−1, is also
determined from the calibration data. Figure 3(b) shows three typical PLIF calibration
curves at different locations inside the field of view. The slope of each curve
represents the corresponding local value of Γ Io(x, z). The linearity of the curves
is consistent with our PLIF system operating in the weak excitation limit (Crimaldi
2008).

In a real measurement, from (3.2) and the values of Γ Io(x, z), gb(x, z) and ε
measured through calibration analysis, one obtains the concentration field:

c(x, z, t)= g(x, z, t)− gb(x, z)
Γ Io(x, z) exp

(− ∫ z
0 εc(x, z′, t) dz′

) . (3.3)

The determination of c(x, z, t) implies knowing c(x, z′, t) for z′ < z. This is done
iteratively for each line of the grid along x, assuming that there is no absorption for
the first line (z≈ 0). The validity of this assumption is ensured by a transparent box
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located above the inclined plate, on top of the field view (see figure 1), preventing
any dyed fluid from intercepting the laser sheet above the inclined plate. One then
has c(x, 0, t)= (g(x, 0, t)− gb(x, 0))/Γ Io(x, 0). The non-dimensional dynamic density
is related to the measured dye concentration by θ(x, z, t) = c(x, z, t)/co, where co is
the dye concentration in the injected light fluid.

The aforementioned static calibration procedure is applied independently to each of
the five measurement frames F0 to F4. In an additional dynamic calibration step, we
extract dyed samples next to the bottom surface of the inclined plate (z ' 0) using
syringe needles. Direct density measurements of these samples show that the fluid
close to the plate (within a few millimetres in the wall boundary layer) is not diluted
by the ambient fluid in the main tank, i.e. θ(x, z = 0) = 1 within the downstream
locations of the present experiments. If the measured θ(x, z = 0) displays variations
from unity, a global correction factor is applied along the path of each light ray (nearly
parallel to z direction) to ensure that θ(x, z = 0) ' 1 (within 5 %) for each frame
separately. This procedure results in a consistent global density field from frames F0
to F4.

The uncertainty of the PLIF measurement includes the jitter of laser intensity,
background noise drift of the CCD sensors, nonlinear effects of the fluorescence
emission, etc. We estimate the statistical uncertainty by analysing the calibration
data. At a maximum dye concentration of c ∼ 63 µg l−1, the standard deviation
of the calibration data is ∼1 %. Based on averaging 50 images, the relative
error of an instantaneous measurement under the same experimental conditions is
∼1 %×√50' 7 %.

4. Characterization of experimental conditions
The x–z planar components of velocity and density fields are obtained from PIV

and PLIF measurements, respectively. We focus on the quasi-steady regime: data
acquisition is triggered after the front of the gravity current moves out of the
sample area. The velocity and non-dimensional dynamic density are then ensemble
averaged to obtain the mean and fluctuating parts: ui(x, t) = 〈ui〉(x) + u′i(x, t) and
θ(x, t) = 〈θ〉(x) + θ ′(x, t) where 〈·〉 denotes ensemble averaging and superscript ′
denotes the corresponding fluctuating part. Note that in our previous publication (Odier
et al. 2009), · represents ensemble averaging and 〈·〉 denotes spatial averaging. This
adjustment in nomenclature is made to be consistent with popularly used notation
(e.g. Pope 2000). The ensemble-averaging procedure consists of averaging, for each
spatial grid point, all of the images of a given experimental run, then averaging over
all runs with the same experimental conditions. This procedure yields statistically
steady quantities. Table 1 lists initial averaged parameters of the current (next to
the nozzle outlet) of TS, LS and NS, respectively, including the mean velocity and
r.m.s. fluctuations. These parameters are calculated from measurement data at the
downstream location x = 3.0 cm (x/H = 0.6); although the actual injection starts at
x = 0.0 cm, the laser sheet could not be placed closer than 3 cm from the nozzle
outlet owing to other design considerations. The mixing zone (region of strong
gradients, we will define it more precisely later) has increased, typically by ∼1.0 cm,
by this location in TS, but the majority of the injected gravity current has not been
disturbed, as shown in figure 4, which represents vertical profiles of various quantities
in TS, at x = 3.0 cm. One can indeed observe that the injected gravity current for
TS is nearly homogenous in the z direction with the density at its maximum value.
This is true in the range of 0.1 < z/H < 0.8, i.e. over most of the current height.
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FIGURE 4. (Colour online) Mean velocity components and mean density anomaly of the
injected current and their r.m.s. counterparts measured for TS evaluated at x= 3.0 cm.

The profiles are similar for the non-stratified case (not shown) but for LS (not shown),
the z profile of 〈u〉 displays more variation near the nozzle outlet (∼20 % across the
entire nozzle height), but its r.m.s. fluctuations do not. As can be seen in table 1,
the injected current is fairly isotropic, i.e. the degree of anisotropy is urms/wrms ∼ 1.3.
The Taylor microscale λ given in table 1 is estimated by fitting the autocorrelation
function of the downstream velocity u, calculated near the nozzle outlet, by a parabola
around zero.

Some values given in table 1 rely on the estimation of turbulence dissipation rate ε.
There are two major difficulties in obtaining ε directly from PIV data (see, e.g., Doron
et al. 2001; Tanaka & Eaton 2007, and references therein): (i) the spatial resolution of
PIV measurement must be close to the smallest turbulence scale or ε is significantly
underestimated, and (ii) the unresolved third component (y component in the present
study) terms must be approximated using resolved terms. Our PIV resolution (∆ =
0.53 mm) is close to the Kolmogorov length scale (ηK ∼ 0.3 mm, estimated to first
approximation using ε ∼ u′3/H with ηK ∼ ε1/4 being very insensitive to this rough
approximation). Thus, a direct calculation of ε is feasible. Assuming local isotropy
(e.g. Monin & Yaglom 1971; Tennekes & Lumley 1972) yields ε = 15ν

〈
(∂u′/∂x)2

〉
,

where only one gradient of velocity fluctuation is needed. Because we have velocity
gradients in both x and z, we use all of the available velocity gradients in calculating
ε (Doron et al. 2001):

ε= ν
〈

4
(
∂u′

∂x

)2

+ 4
(
∂w′

∂z

)2

+ 3
(
∂u′

∂z

)2

+ 3
(
∂w′

∂x

)2

+ 4
∂u′

∂x
∂w′

∂z
+ 6

∂u′

∂z
∂w′

∂x

〉
. (4.1)

The quantitative difference between assuming total isotropy and using the less
constrained expression in (4.1) can be appreciable. For example, at the inlet of the
injected gravity current (from z/H = 0 to 1), the isotropic approximation gives an
averaged turbulent dissipation rate ε0= 2.2 cm2 s−3 whereas (4.1) (anisotropic) yields
ε0= 1.1 cm2 s−3. Thus, at least for the cases considered here, the isotropy assumption
significantly overestimates ε. We use (4.1) to estimate ε in the present study and
discuss in appendix A how this anisotropic approximation remains roughly consistent
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FIGURE 5. Instantaneous vorticity y-component for (a) TS and (b) NS. (c) Dynamic
density for TS. Arrows highlight examples of entrainment and detrainment events.

with other estimates in the text that are based on the isotropic, homogenous turbulence
assumption.

The initial turbulent dissipation rates ε0 for the three flow conditions reported
here, calculated using (4.1) at x/H = 0.6 and averaged over the height of the nozzle
(0 6 z/H 6 1), are listed in table 1. The values obtained are consistent with other
experimental data of a similar nature (Rohr et al. 1988; Hult, Troy & Koseff 2011).
The performance of the active grids is reflected in several parameters listed in table 1.
Comparing the two turbulent cases and the laminar case, the characteristic velocity
fluctuations, the turbulent dissipation and the Taylor-microscale Reynolds number
increase by ∼200 %, whereas the bulk Reynolds numbers are nearly the same.

5. Kinematic description of the flow
We first present our results using mean quantities measured in our flow to give a

kinematic description of our gravity current. This picture serves as background for the
rest of our analysis. Individual snapshots of vorticity, shown in figure 5(a,b), reveal
the evolution of the gravity current in the quasi-steady regime. A typical vorticity field
of TS (figure 5a) is less active than that of NS (figure 5b) because of the stabilizing
effect of stratification (light fluid moving on top of dense fluid) which reduces the
mixing activity. The mixing process is observed in the density field (figure 5c) with
KH instability. However, the image does not have the signature characteristic of well-
formed vortical structures associated with KH instability at small initial amplitude
because the flow has become strongly nonlinear with fluctuations as large as the layer
depth. One can observe ambient dense fluid entrained into the main current while light
fluid filaments detach (detrain) from the main current. A local measure of entrainment
and detrainment is described elsewhere (Odier et al. 2012).

The ensemble-averaged values of different parameters are shown in figures 6
and 7. Within the gravity current, the mean stream-wise velocity (x component) is
significantly larger than the z component (not shown), i.e. 〈u〉 � 〈w〉. From figure 6,
one sees the expansion of the gravity current owing to mixing and entrainment as it
moves downstream, as reflected in the plug-like upper-stream profile being broadened
as x increases. The flow domain has four regions in order of their distance from the
boundary plate: the plate boundary layer, the nearly undisturbed core region where
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FIGURE 6. (Colour online) Evolution of (a,c,e) mean velocity component 〈u〉/U0 and (b,
d, f ) z profiles of 〈u〉/U0 at different downstream locations: (a,b) TS, (c,d) LS and (e,f )
NS.

〈u〉 ≈ constant, the mixing zone where ∂〈u〉/∂z≈ constant and the nearly undisturbed
ambient region where 〈u〉 ≈ 0. The boundary layer is not well resolved in frames
F0 to F4 owing to interface laser reflections but its existence is seen in the rapid
decrease of 〈u〉 as z approaches 0. A self-consistent estimate of the boundary layer
structure yields a viscous boundary length of ∼0.025 cm, a viscous sublayer length
of ∼0.12 cm and a log-layer over a narrow region at ∼0.6 cm.

The nearly undisturbed core regime gradually shrinks with downstream distance
owing to the development of the mixing zone. This regime disappears around x/H' 5
in TS and x/H ' 7 in LS. A noticeable increase (15–20 %) of the peak value of 〈u〉
(denoted as Umax thereafter) is observed as a function of downstream distance in both
stratified cases, because the injection speed is slightly lower than the velocity imposed
by buoyancy. Therefore, the current accelerates slightly and becomes thinner as its
driving force changes from pump pressure gradient to buoyancy.

For comparison, the development of 〈u〉 in NS is plotted in figure 6(e,f ), where the
mean flow structure is significantly different. Because there is no gravitational forcing
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profiles of 〈θ〉 at different downstream locations: (a,b) TS and (c,d) LS.

for the unstratified flow, 〈u〉 decreases and the mixing zone increases as functions of
downstream distance over the entire measurement range. There is no increase of Umax,
and the momentum decays quickly owing to mixing and dissipation. The peak value
of 〈u〉 at x/H = 9.0 is only 40 % of its value at x/H = 0.6. The decay of the peak
velocity is more rapid than for an initially laminar wall jet (Wygnanski, Katz & Horev
1992), presumably because of the initially turbulent conditions of the wall jet in our
experiments. While for the stratified conditions we catch the full field of interest over
the whole range of downstream distances, in NS the degradation of the sharp initial
velocity gradient is only fully captured for upstream locations, x/H < 3.0. Note that
in the three cases, near the bottom part of the mixing zone 〈u〉 is noticeably negative.

The downstream expansion of the mixing zone, shown in figure 6, can also be
observed in figure 7 which shows the density profiles. In the upper portion of the
mixing zone, both 〈u〉 and 〈θ〉 have nearly linear z profiles in the mixing region.
The majority of the expansion occurs upstream, x/H 6 5 in TS, and is postponed to
x/H ' 7 in LS. In these upstream regions, the magnitude of the velocity and density
gradients decreases rapidly with x. Further downstream, they approach a non-zero
asymptotic value. In contrast, in NS, ∂〈u〉/∂z continues to decrease and approaches
zero. These observations indicate that without stratification the injected current fully
mixes with ambient fluid whereas the nearly saturated structure in the stratified cases
explains why this kind of gravity current can travel very long distances in nature.

We next consider the development of the mixing zone arising from KH instability.
In particular, we compute the out-of-plane vorticity component (y component),
〈Ωy〉 = ∂〈u〉/∂z − ∂〈w〉/∂x for the three cases considered here. The vertical shear
S = ∂〈u〉/∂z dominates the contribution to 〈Ωy〉, i.e. S � ∂〈w〉/∂x, so that Ωy ≈ S.
The development of mean vorticity 〈Ωy〉 is plotted in figure 8. In all three cases,
〈Ωy〉 is negative in the mixing zone region, 0.5 < z/H < 1.5, corresponding to
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FIGURE 8. (Colour online) The z-profiles of mean vorticity y-component 〈Ωy〉H/U0 at
different downstream locations: (a) TS, (b) LS and (c) NS.

the strong mixing associated with KH instability, and is strongly positive for
z/H < 0.2, consistent with wall boundary-layer shear. The first upstream measured
peak value of vorticity is highest for LS and is about the same for TS and NS.
The downstream evolution of 〈Ωy〉 is very similar for the stratified cases, reaching
values of ∼− 1.2U0/H for x/H = 9.0 whereas vorticity is rapidly dissipated for the
unstratified flow, resulting in values of less than −0.2U0/H for x/H = 9.0. Since the
generation of vorticity is dominated by S, the similar upstream behaviour of TS and
(turbulent) NS case is consistent with turbulent vertical momentum diffusion more
rapidly dissipating the sharp velocity gradient near the exit nozzle as compared with
the laminar flow. Further downstream, the velocity gradient evolves to a similar shape
for the stratified flows owing to the down-plane forcing of gravity whereas the lack
of stabilization for the unstratified flow leads to a rapid and continual dissipation of
momentum and associated vorticity. Although KH instability plays an important role
in degrading the shear gradient, its direct signature is difficult to see in the averaged
vorticity 〈Ωy〉.

To characterize the centre line of the mixing zone, as explained by, for example,
Pope (2000), a cross-stream location z0.5(x) is defined such that 〈u(x, z0.5)〉 =
0.5Umax(x). Furthermore, to quantify the structural development of the mixing zone,
we define envelopes of the mixing zone, hb and ht, corresponding to the intercepts of
the linear curve fitting of 〈u〉 at z0.5 to the vertical axis 〈u〉 = 0 and to the maximum
mean velocity 〈u〉 =Umax(x), respectively, as described in figure 9(d).

Wells, Cenedese & Caulfield (2010) used a different definition for the edge of the
gravity current:

hc(x)= 2
(∫ ∞

0
z〈u(x, z)〉 dz

)/(∫ ∞

0
〈u(x, z)〉 dz

)
, (5.1)

where integration is truncated at z= 9.0 cm (bottom of field view).
The development of z0.5, hb, ht and hc shows, figure 9, the expansion of the mixing

zone along the x direction. The centre of the mixing zone, well described by either
hc or z0.5, is nearly constant with x for both stratified flows. For NS, the flow spreads
vertically at a rate dz0.5/dx= 0.07± 0.01, consistent with previous measurements of a
wall jet with zero ambient velocity (Schwarz & Cosart 1961; Launder & Rodi 1983;
Wygnanski et al. 1992).

Stratification competes with turbulence and shear to determine the shape and
entrainment characteristics of gravity currents. The degree of stratification is quantified
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by the Brunt–Väisälä frequency (e.g. Knauss 1978) N=√g′∂θ/∂z, shown in figure 10.
Here N decays gradually as x increases and mixing reduces the density difference. At
short downstream distance, N is larger for the LS case, owing to the sharper density
gradient, which has not been eroded by the initial turbulence. The velocity gradient
is, however, also initially steeper in the LS case for the same reason (see figure 6),
inducing stronger KH instability, so that further downstream, N becomes comparable
between LS and TS cases. In this figure, N is computed using vertical averages of the
density gradient within the mixing zone (between z= hb and z= ht, see figure 9(d)).
At this point, an explanation is necessary on how vertical averages are computed in
this paper: for quantities involving gradients of velocity and density, the averaging
height should be limited to the mixing zone because the gradients vanish outside the
mixing region. We define this zone using the heights hb and ht. On the other hand,
vertical averages of the velocity and density, which will be used later in the article,
are defined by averaging over the whole height of the current.

6. Entrainment
In this section, we use mean quantities to compute the entrainment coefficient,

commonly used in oceanographic applications to account for the ambient fluid
entrained by a gravity current. We start by discussing in detail the definition of the
main control parameter, the Richardson number.
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FIGURE 10. (Colour online) Brunt–Väisälä frequency N versus x/H averaged over the
mixing zone.

6.1. Richardson number
The amount of ambient fluid entrained by the current depends on the Richardson
number (Ellison & Turner 1959) but there are several ways to define this parameter,
and we will explore these differences in detail. The bulk Richardson number Ri0
ignores the evolution of the flow with x. Inside the mixing zone, mixing is produced
by an instability whose strength depends on the magnitude and structure of the shear
in the z direction of the streamwise velocity component (see, e.g., Peltier & Caulfield
2003) as measured by the gradient Richardson number:

Rig = g′
∂〈θ〉/∂z
(
∂〈u〉/∂z

)2 =
N2

S
2 (6.1)

the · notation indicates vertical averaging over the mixing zone, defined between
the height ht(x) and hb(x).

Another way to measure the balance between stratification and shear effects is to
define a local bulk Richardson number, using local quantities defined at the top of the
mixing region:

Ri(x)= g′
〈θ(x, z= ht)〉(ht(x)− hb(x))

〈u(x, z= ht)〉2 . (6.2)

For idealized velocity and density profiles, flat between the plate and ht, linear
between ht and hb and zero below hb, the definitions (6.1) and (6.2) are mathematically
equivalent. The development of the Richardson numbers computed using both
definitions is shown in figure 11 for TS and LS. Both definitions give very similar
values along the whole range of downstream distance. This observation would allow
the use of definition (6.2) in the computation of a local Richardson number in oceanic
situations where access to accurate gradient quantities is sometimes difficult.

The Richardson number is always larger in TS compared with LS, implying a
more stable current in TS with respect to KH instability. In figures 6 and 7, both the
velocity and density gradients are lower in TS, owing to stronger erosion by turbulent
fluctuations. Because the velocity gradient enters as the square in the definition of
Rig, one expects a larger value for TS, as is observed. Here Ri and Rig increase with
x, for both TS and LS, attributable to the degradation of the initially strong mean
velocity gradient by turbulent fluctuations dominating the weakening of the stabilizing
density gradient. Contrary to the convergence of N with increasing x between LS and
TS, values of Ri remain distinctly different at large x.
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Because many existing experiments do not have detailed profile information, the
Richardson number is often defined using accessible quantities averaged over the
thickness of the gravity current, e.g.

Ric = g′
(1− θc(x))hc(x)

U2
c (x)

(6.3)

where Uc(x) and θc(x) are defined as

Uc(x)= 1
hc(x)

∫ hc(x)

0
〈u(x, z)〉 dz and θc(x)= 1

hc(x)

∫ hc(x)

0
〈θ(x, z)〉 dz,

and averages in this case directly involve velocity and density, which do not vanish
close to the inclined plate, so the averaging zone is defined differently from averages
involving gradient quantities. The integrals are calculated from the inclined plate
(z= 0) to the centre of the mixing region defined by hc. The resulting Ric is similar
to Ri0 with a small decrease at intermediate x, quite different from Ri and Rig, see
figure 11. The non-monotonous behaviour of Ric with downstream distance, especially
in the TS case, is rather surprising. It might suggest that the Ric parameter is not
the most appropriate to describe the downstream evolution of the current stability.
The choice of the definition of Richardson number is important in determining the
entrainment parameterization because different definitions produce different values of
the control parameter. From our results, the good agreement obtained between Rig
and Ri suggests that these two numbers are most suitable.

6.2. Entrainment analysis
The rate of fluid entrainment is an important parameter in many inhomogeneous
turbulent flows including gravity currents and oceanic overflows. In large-scale
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ocean simulations in which the mixing process is not fully resolved, entrainment
is often parameterized using an entrainment assumption (i.e. E = f (Ri)) using some
definition of Ri. There have been significant efforts to measure the Ri dependence of
E using laboratory and field experiments (Strang & Fernando 2001a; Cenedese et al.
2004; Strang & Fernando 2004; Princevac, Fernando & Whiteman 2005). Cenedese &
Adduce (2008) found a bulk Reynolds number dependence with increasing entrainment
at higher Re. As discussed in § 1, however, the bulk Reynolds number may not provide
a good representation of the flow because of the relatively long distance it takes for
the flow to reach steady state. In our experiments, the active grids in the TS case
accelerate the development of a fully turbulent current, compared with the LS case,
providing a better understanding of the influence of turbulence in the gravity current
on entrainment.

In Odier et al. (2012) we studied entrainment–detrainment balance based on the
correlation of local measurements of density flux and density fluctuations. Here, we
compute a global measurement of the entrainment coefficient using two different
approaches.

(i) In a first approach E is determined from the global balance of incoming and
outgoing volume flux from a defined control volume assuming incompressibility,
i.e. volume flux conservation (the complete derivation is in § B.1). The entrainment is
then defined using the volume flux crossing the bottom limit of the control volume,
defined at a distance h from the inclined plate where the velocity is a given fraction
of the initial velocity. If we denote by Sv the length of the bottom contour integrated
from 0 to the downstream distance x, the entrainment velocity is

|Wd
v (x)| =

1
Sv

∫ x

0
(〈u〉 sin φ − 〈w〉 cos φ)(s,h(s)) ds, (6.4)

where an absolute value is used because the entrainment direction is opposed to the
orientation of the z axis. This notation W is somewhat misleading, but widely used,
since part of the incoming flux is related to the downstream component of velocity.

A second, indirect estimate of entrainment velocity uses the difference between the
input and output fluxes in the control volume:

|W i
v(x)| =

1
Sv

(∫ h(x)

0
〈u(x, z)〉dz−

∫ H

0
〈u(0, z)〉 dz

)
. (6.5)

(ii) The second approach uses the dilution of a scalar quantity entering and leaving a
similar control volume, where the bottom limit of the volume is now defined as a line
of constant θ (scalar non-diffusive advection, i.e. dynamic density flux conservation).
The direct estimate is (see § B.2)

Wd
s =

1
Ssθc

∣∣∣∣θc|Wv|Sv −
∫ x

0
(−〈θ ′u′〉 sin φ + 〈θ ′w′〉 cos φ)|(s,h(s)) ds

∣∣∣∣ , (6.6)

where Ss is defined similarly to Sv, using the constant θ contour. The indirect estimate
is

W i
s =

1
Ssθc

∣∣∣∣
∫ h(x)

0
〈θ〉〈u〉|(x,z) dz−

∫ H

0
〈θ〉〈u〉|(0,z) dz

∣∣∣∣ . (6.7)

This effective entrainment velocity is not equal to that defined from the volume
conservation, since it is a balance between the volume entrainment defined earlier,
and a turbulent transport contribution, with opposite effects as described in appendix B.
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FIGURE 12. (Colour online) (a) Bottom limit of the control volume used for the volume
flux conservation study: u(x, z= hu)= 0.1 Uin. (b) Bottom limit of the control volume used
for the scalar dilution study: θ(x, z= hθ )= 0.5.

For Wv or Ws, each direct and indirect estimate has a different source of error: in
the direct case, the dominant contribution comes from the measured vertical velocity,
which is the least accurately measured component of the velocity field. For the indirect
case, the uncertainty arises from the small differences between two large quantities,
i.e. input and output fluxes.

Since our measurements start at x = 3 cm (x/H = 0.6), the actual input side of
the control volume has been defined at this value of x and the actual origin of the
x coordinates has been redefined accordingly in the computation of (6.4)–(6.7). For
this reason all of the curves that we present start at x/H = 0.6.

For the volume flux conservation, we define the bottom contour as the line
hu(x) for which the ensemble averaged horizontal velocity is 10 % of the initial
velocity: 〈u(x, z = hu)〉 = 0.1 Uin, where Uin is the vertically averaged velocity at
x= 3 cm (x/H = 0.6):

Uin = 1
H

∫ H

0
〈u(x/H = 0.6, z)〉 dz.

We define the contour using a fraction of the averaged initial velocity and not an
averaged local velocity because a local average cannot be defined until the contour
is defined. The choice of a fraction equal to 10 % allows the control volume to
encompass most of the current, with smaller measurement error. The resulting contour
is shown in figure 12(a). The quantity hu is actually very similar to hb defined earlier
(see figure 9).

The entrainment coefficient is then defined by dividing the entrainment velocities
in (6.4) and (6.5) by Uin although another possible choice would be to divide by the
local averaged velocity at x. Owing to the weak dependence of the u profile with
downstream distance, the difference between choices is smaller than our error bars.
figure 13(a) shows the entrainment computed from the direct and indirect estimates.
There is a discrepancy between the estimates: the direct calculation gives larger
values, with a more pronounced difference for TS. In addition to sources of error
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FIGURE 13. (Colour online) (a) Entrainment coefficient computed from volume
conservation, as a function of downstream distance. (b) Entrainment coefficient computed
from dilution, as a function of downstream distance. Dashed lines: direct calculation, solid
lines: calculation for the input/output difference.

mentioned above, systematic errors may explain this difference: the velocity profiles
are assumed to be uniform in the cross-stream direction. This assumption is, however,
only approximate because the initial lateral width (y direction) of the flow exiting
the nozzle is only 90 % of the full channel width and because there is a lateral
boundary layer where the vertical velocity goes to zero. Therefore, the direct flow
rate calculation yielding Wd

v , based on the vertical velocity measured in the centre of
the tank, overestimates the real flow rate from the bottom. On the other hand, W i

v

is underestimated: the initial flow rate at the nozzle output is overestimated because
of the narrower width at this position. Both effects tend to increase the difference
between direct and indirect calculations.

For x/H< 2, strong fluctuations result from the division by Sv in the expression for
the entrainment velocity. We obtain an average entrainment coefficient by averaging
over x for x/H>2. According to the discussion above about possible systematic errors,
however, a fair approximation would be to take an average of both estimates (direct
and indirect), with an error bar equal to their difference divided by 2

√
2. With this

averaging we obtain E= 0.04± 0.01 for TS and E= 0.032± 0.002 for LS.
In the case of the scalar conservation model, we show in figure 13(b) the

entrainment coefficients computed from (6.6) and (6.7), again dividing by Uin. There
is also a difference between direct and indirect calculations, larger than for the
volume fluxes, especially for TS. It is perhaps related to the correction from frame to
frame made to the PLIF measurement of density (see § 3.4). Although this correction
seemed to give good results for local measurements in a given frame, it might prove
more delicate to apply to the measurement of an integral quantity, over the whole
downstream distance (the ‘jumps’ observed in the figure are related to a remaining
mismatch between the frames). In addition, the systematic errors of the volume
flux measurements influence the dilution measurements as well. It is therefore more
delicate to estimate the entrainment from these quantities. Values range between 2
and 8 %, with larger values for the indirect calculation.

The entrainment constant can be calculated by plugging the measured Rig, Ri, Ric
and Ri0 into the Ellison and Turner equation, which was given in § 1. The results
are shown in figure 14 together with our data, which have been averaged in three
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FIGURE 14. (Colour online) Entrainment constants at different downstream locations
estimated from experimental results (average of direct and indirect measurements, from
volume flux and scalar mixing). Here we show E(Rig),E(Ric),E(Ri0) and E(Ri) using the
Ellison and Turner equation.

downstream sections of length 2.5 H. The Ellison and Turner’s entrainment constant
determined using the gradient Richardson number Rig (or the local Richardson
number Ri) see figure 11, gives larger values than those obtained using Ri0 or Ric.
Our data, within our experimental error bars, fall generally in between these two
groups of values, except for the dilution estimate in TS, which is slightly larger. Our
measurements are consistent with a recent study in a similar set-up (Krug et al. 2013).

Cenedese & Adduce (2008) systematically described the Froude number (Fr =
1/
√

Ri) dependence of E using data from various sources including in situ field
experiments and laboratory experiments. These data were compared with the
predictions of entrainment parameterization schemes. Our measurements fall within the
broad range of experimental values measured around the same Richardson number,
see figure 15, but are in the upper range, probably owing to our relatively large
Reynolds number. We used our computed Rig to compute the Froude number, since it
seems more appropriate than Ric, as explained in the conclusion of previous section,
and than Ri0, which does not take into account the downstream evolution of the
current. Within experimental error, our results for TS and LS indicate that E depends
on more than just Fr and that a Re dependence is needed to describe our data.
Cenedese & Adduce (2010) propose such a parameterization which we apply to our
data in figure 15 using our bulk value of Reynolds number (Re= 3500) (dashed-dotted
curve, shown in red online). Our results for the TS data are compatible with this
parametrization but the LS data lie below this curve. Adjusting the Reynolds number
to Re = 1000 in the Cenedese & Adduce (2010) parameterization produces a curve
(dashed line, shown in blue online) compatible with our LS data. For Fr > 1.5, this
lower Reynolds curve is also very close to the Ellison and Turner parameterization
which was obtained from data at lower Reynolds number. We conclude that, as
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FIGURE 15. (Colour online) Relationship between E and Fr using the local value of
Ri to determine Fr. Solid and open symbols are used for observational and laboratory
data, respectively. Plot is generated using data from Cenedese & Adduce (2008) with
data points from the present study added. The solid curve is the Ellison and Turner
classical parametrization and the other curves correspond to the Cenedese & Adduce
(2010) parametrization, with two different values of Re. The shaded areas represent the
Ellison & Turner (1959) and the Alavian (1986) data.

discussed in § 1, our active grid allows the turbulence to develop faster so that the
flow coming out of the injection nozzle is representative of a developed channel flow
at Re = 3500. In the LS case, however, with the same bulk Reynolds number, the
turbulence characteristics, at least in terms of entrainment, are closer to those of a
channel flow at Re= 1000.

7. Characterizing stratified turbulence and associated mixing
The entrainment of ambient fluid into the current is directly related to the local

mixing induced by the turbulent boundary between the gravity current and its
surrounding fluid. The characterization of the mixing properties of stratified turbulence
is thus an important ingredient contributing to the understanding of geophysical flows.
In this section, we present measurements of quantities related to the turbulent kinetic
energy (TKE) budget in our flow and then use these quantities to compute the
mixing efficiency of the flow and to determine length scales associated with stratified
turbulence. Finally, we compute the diapycnal turbulent diffusivity, a quantity widely
used in oceanic or atmospheric numerical models, and compare it with experimental
results, in situ measurements, numerical simulations and associated parameterizations.

7.1. Turbulent transport and energetics
The TKE is defined (as in table 1) using the measured velocity fluctuations:
K = (〈u′2〉 + 〈v′2〉 + 〈w′2〉) /2 ' (〈u′2〉 + 2〈w′2〉)/2. With stratification, the governing
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equation for TKE in steady state (e.g. Turner 1973) is

〈uj〉∂K
∂xj
+ ∂Tj

∂xj
=−〈u′iu′j〉

1
2

(
∂〈ui〉
∂xj
+ ∂〈uj〉

∂xi

)
− g′〈θ ′w′g〉 − ε, (7.1)

where Tj = 1/2〈u′jK〉 + 1/ρ0〈u′jp′〉 − 2ν∂〈Ku′j〉/∂xj, and w′g = w′ cos α + u′ sin α
represents the velocity fluctuations antiparallel to the gravitational direction (along
the ẑg direction in figure 1).

The first term on the right-hand side of (7.1) is the turbulence production P . When
∂〈u〉/∂z is the dominant velocity derivative, P can be approximated using all resolved
components, i.e. P '−〈u′2〉∂〈u〉/∂x − 〈u′w′〉∂〈u〉/∂z− 〈u′w′〉∂〈w〉/∂x − 〈w′2〉∂〈w〉/∂z,
in which the first two terms contribute the most to P , and the last two terms are
negligible. The buoyancy flux B = g′〈θ ′w′g〉, the second term on the right-hand side
of (7.1), only appears when density stratification is present. It quantifies the TKE
production/destruction via mixing caused by degradation of local density gradients.
For stable (unstable) stratification, B has a positive (negative) value (sink (source)
term in (7.1)) corresponding to the suppression (amplification) of turbulent fluctuations
by stable (unstable) stratification and resulting in an upward (downward) mass flux.
The last term on the right-hand side of (7.1) is the turbulent dissipation ε. The vector
Tj sums the transport of TKE by turbulent velocity fluctuations (1/2)〈u′ju′iu′i〉, pressure
gradient work (1/ρ0)〈u′jp′〉, and viscous stresses −2ν〈u′isij〉. The term (−∂Tj/∂xj)
represents the redistribution of energy from one point to another with no energy
production or dissipation associated with it.

To examine the energetics and energy exchange that occur within the gravity current,
equation (7.1) is vertically averaged over the mixing zone, between ht(x) and hb(x),
as was done in § 5 for N and in § 6.1 for the computation of the gradient Richardson
number. Denoting the vertical average of the first and second left-hand term of (7.1)
by Lc and LT , respectively, we obtain the averaged balance: Lc+LT =P − ε −B.

The terms in this equation are plotted in figure 16. The buoyancy flux is small
in both stratified cases compared with production and dissipation. Significantly more
turbulence is produced for NS compared with TS in the upstream portion of the flow
near the nozzle exit (x/H < 0.6) as indicated by the four-times larger P despite
the ostensibly equal initial conditions. P remains larger in NS along the whole
downstream distance. ε is also significantly higher for NS than for TS. For NS, P
and ε decrease rapidly as x increases because the lack of stable stratification allows
unimpeded dissipation by turbulent processes. On the other hand, in both stratified
cases, P and B decrease more gradually.

Many turbulence closure models for geophysical problems are based on an
assumption of balanced production and dissipation, i.e. P ' ε +B (see, e.g., Mellor
& Yamada 1982). This balance is likely to occur in a closed system in steady-state
conditions such as an ocean or lake thermocline, but is not expected in general
for shear flows (Tennekes & Lumley 1972), and in particular for our experiment,
since (7.1) was integrated over a cross-section through which TKE transport can take
place, so that the transport terms Lc and LT are not necessarily small. Indeed, the
results in figure 16 show that this balance is not satisfied for TS or NS, except at
far downstream locations for TS. On the other hand, the LS case is closer to the
balanced production and dissipation assumption.

Because the Tj term in (7.1) involves pressure-fluctuation correlations and higher-
order moments, it is not possible to obtain this term directly from experimental data.
Nevertheless, we can indirectly evaluate its importance within the gravity current by
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FIGURE 16. (Colour online) (a,c,e) Plots of P, ε and B as functions of x/H. (b,d,f )
Plots of P − ε −B,Lc and their difference, equal to LT , versus x/H. The right axis
indicates values normalized by ε0, with respectively ε0=1.1, 0.6 and 1.8 cm2 s−3 from top
to bottom, whereas the left axis shows unnormalized values. (a,b) TS. (c,d) LS. (e,f ) NS
(the vertical scale in e,f is larger to accommodate the entire data range).

calculating the difference between P − ε − B and Lc. The results are shown in
figure 16(b,d,f ). The Lc term, which represents the overall advection of TKE within
the gravity current, is nearly zero for both stratified cases, except in the very upstream
region for TS (x/H < 2). For NS, this term is mostly smaller than LT and P − ε
but is not negligible. Thus, at least in the stratified cases, the unknown turbulent
transport term LT can be approximated, except just out of the nozzle, by the value
of P − ε −B. In TS, it is non-zero upstream but tends toward smaller values with
increasing x/H. This result is noteworthy since the Tj term is generally neglected in
most studies of the turbulent energy budget. In LS, however, LT is zero everywhere.
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For NS, LT is smaller than in TS, except very close to the inlet. In this configuration,
however, the accessible downstream range is limited to x/H<3.5 because the width of
the mixing zone becomes larger than the field of view (see its evolution in figure 9).

7.2. Flux Richardson number
To quantify turbulent mixing in stratified flows, Linden (1979) introduced the flux
Richardson number, defined in our case

Rif = B

P
(7.2)

using the energetic quantities computed in the previous subsection. Rf is the fraction
of available TKE which is converted into potential energy of stratification. Within the
gravity current, its value is roughly constant for TS, ∼0.11 ± 0.01. In the LS case,
it is also almost constant (0.1 ± 0.01) except in the very upstream region, where it
decreases to 0.05.

For turbulent stratified geophysical flows, 〈u′w′〉 and B are often modelled using an
eddy viscosity/diffusivity hypothesis. Thus, the flux Richardson number, which relates
these two parameters, is of special significance. It is ideal to express Rif in terms of
Rig which is related to the solvable unknowns (〈θ〉 and 〈ui〉) in numerical simulations.
In a separate study using the same data (Odier et al. 2009), we show that the turbulent
momentum flux and the buoyancy flux are well described by a mixing length model
with 〈u′w′〉 = L2

m (〈∂u/∂z〉)2 and 〈θ ′w′〉 = L2
ρ〈∂u/∂z〉 〈∂θ/∂z〉, where Lm and Lρ are

characteristic lengths for the mixing processes. We also measured Lm and Lρ in various
configurations (changing injection velocity and/or initial density difference) and find
that they are always close to one another (Odier et al. 2012). As a result, using the
mixing length relations above in the expression for Rif and the dominant term for P ,
and assuming 〈θ ′w′g〉 '−〈θ ′w′〉, one can write

Rif = B

P
= g′ 〈θ ′w′〉
〈u′w′〉〈∂u/∂z〉 =

g′ L2
ρ〈∂u/∂z〉 〈∂θ/∂z〉
L2

m〈∂u/∂z〉3 = L2
ρ

L2
m

Rig ' Rig. (7.3)

This approximate equality between Rif and Rig is observed for low values of
Rig (Rig < 0.1) in figure 17, showing our measurements of Rif as a function of
Rig, for TS and LS.

In turbulence closure schemes, the relationship between Rif and Rig has been
considered in more detail by several groups. Mellor & Yamada (1974, 1982) propose

Rif = 0.659
(

Rig + 0.178−
√

Ri2
g − 0.322Rig + 0.0316

)
, (7.4)

whereas Townsend (1958) derives the relation:

Rif = 1
2

(
1−√1− Rig/Rig,cr

)
, (7.5)

where Rig,cr = 1/12η is a critical gradient Richardson number, with η a coefficient
related to the ratio of θ ′w′ to u′w′. Townsend assumes η' 1, yielding a critical Ri of
1/12. This prediction is, however, larger than our experimental data by about a factor
of four. Another possibility is choosing a critical Richardson number Rig,cr = 1/4,
which is the standard value for the onset of KH instability. Finally, a direct calculation
of the factor η using our data gives η' 0.2, yielding Rig,cr = 1/(12× 0.2)= 5/12.
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FIGURE 17. (Colour online) Plot of Rif versus Rig, for our data, other experimental data,
in situ measurements and for various parametrizations.

Figure 17 shows our experimental data and the predictions from (7.4) and (7.5) (the
latter using critical values Rig,cr = 1/4 and Rig,cr = 5/12). The Mellor and Yamada
prediction, as well as the Townsend prediction using Rig,cr = 1/4, are larger than our
results by roughly 50 %. The Townsend prediction using Rig,cr = 5/12 falls close to
our measurements, although the curvature in the evolution of Rif with Rig is different.

For comparison, we also plot in figure 17 two other data sets in our Rig range: a
laboratory experiment (Strang & Fernando 2001b) and an atmospheric gravity current
experiment (Pardyjak, Monti & Fernando 2002). Our data are consistent with the other
experimental measurements, except at large Rig where they differ slightly from the
Pardyjak data. The consistency at small Rig with the data from Pardyjak et al. (2002)
is noteworthy, since these data comes from measurements performed in a macroscopic
large-scale atmospheric flow (Reynolds number of ∼107) whereas ours is a laboratory
experiment. This observation indicates that the Reynolds number dependence of the
flux Richardson number is weak, in our range of Reynolds number, which are amongst
the largest obtained for a laboratory gravity current.

7.3. Turbulent length scales
One way to describe stratified turbulence is to compute length scales which
characterize the typical sizes of the turbulent cascade in the stratified flow. Istweire
et al. (1993) defined three length scales which are used in several recent studies based
on laboratory and in situ measurements (Hult et al. 2011; Bouffard & Boegman 2013;
Bluteau, Jones & Ivey 2013):

LO =
( ε

N3

)1/2 ; LE = ρrms

∂ρ/∂z
; ηK =

(
ν3

ε

)1/4

. (7.6)

The first, the Ozmidov scale LO, is the scale at which the buoyancy forces become
of the same order of magnitude as inertial forces, i.e. the largest overturning scales in
the flow. The second, LE, introduced by Ellison (1957) represents the typical vertical
distance travelled by a fluid particle before either returning towards its equilibrium
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FIGURE 18. (Colour online) (a) Length scales LO, LE and ηK versus x/H. (b) Length
scales as a function of Reb, compared with results from an oscillating grid experiment in
a stratified fluid (Barry et al. 2001).

level or mixing. The last is the Kolmogorov scale ηK which gives the smallest
overturning scale not strongly dissipated by viscosity.

Figure 18(a) shows these three length scales, measured for TS and LS, plotted as
functions of x/H. As expected, LE falls between LO and ηK , since buoyancy does not
permit larger scales than LO whereas viscosity prevents scales smaller than ηK . LO
and LE increase with x/H, especially close to injection, because the density gradient
decreases as one goes downstream (the reduction in ε with x/H has a smaller effect
because it appears only to the 1/2 power in the Ozmidov scale).

The intensity of turbulence can be characterized by comparing the largest to smallest
overturns, i.e. LO to ηK , typically in terms of a buoyancy Reynolds number:

Reb =
(

LO

ηK

)4/3

= ε

νN2
(7.7)

which can also be interpreted as the ratio between the typical timescale associated
with buoyancy, 1/N, and the timescale for a turbulent event to fully develop,

√
ε/ν.

Figure 18(b) shows the evolution of the three lengths scales as functions of Reb. Here
Reb is concentrated around a narrow range between 55 and 60 for LS and between
125 and 160 for TS. Only the region of the flow at small x (lower values of LO)
correspond to lower Reb (down to 30 in LS and 90 in TS). These smaller values may
arise from the non-steady-state nature of the flow for small x. Because of the small
variation of ηK in our flow, the dependence of LO with Reb is naturally linear on a log
scale, with an expected 4/3 slope. Here LE has a similar dependence on Reb with a
larger slope, especially for the LS data. For comparison, data from a grid turbulence
experiment in a stratified fluid (Barry et al. 2001) is shown in figure 18(b). For LO and
ηK , the values and behaviours obtained in the grid experiment are very comparable to
ours. For LE, their values are slightly smaller. A turbulent Froude number can also be
defined using the ratio of the Ozmidov to the Ellison lengths: FrT = (LO/LE)

2/3. Using
our data, we find values in the range 1–1.5 for LS and 1–1.3 for TS, concentrating
around a value of 1 for most of the data.

7.4. Diapycnal turbulent diffusivity
At small scale, entrainment is directly related to the mixing of the fluids of different
density. Another common way to parameterize this mixing in ocean simulations is to
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FIGURE 19. (Colour online) Turbulent diffusivity, normalized by the molecular diffusivity
of salt in water, versus Reb = ε/νN2.

use a linear relation between buoyancy flux and density gradients, in the same way
an eddy viscosity is used in turbulence closure schemes to parameterize Reynolds
stress. This relation defines a turbulent eddy diffusivity Kρ , also known as diapycnal
diffusivity:

〈ρ ′w′〉 =−Kρ

〈
∂ρ

∂z

〉
. (7.8)

Using our data, the diapycnal diffusivity is computed directly: Kρ = ρ0B/g〈∂ρ/∂z〉.
Figure 19 shows our direct measurements versus Reb, together with experimental data
from other sources. For TS, Kρ is generally above the oscillating grid experiment
(Barry et al. 2001) by about a factor of two; in contrast, our low Reb events,
corresponding to measurements close to injection, are very close to the Barry
measurements. In the LS case, our data in most of the current is closer to the Barry
data, except close to the inlet, which it is lower. Our measurements are compatible
with ocean data (Bouffard & Boegman 2013), which has a rather large scatter. Data
by Bluteau et al. (2013) are slightly higher than ours, at larger values of Reb.

It is often difficult to perform a direct measurement of Kρ in the ocean so several
parameterizations have been developed. Assuming that the flow is in steady state, the
balance between sources and sink terms of the TKE equation, P =B + ε, implies
writing Kρ in terms of the flux Richardson number:

Kρ = Rif

1− Rif

ε

N2
. (7.9)

Ocean models often assume a constant value of 0.17 for Rif , yielding a constant
value of 0.2 for the mixing efficiency defined by the ratio Γ = Rif /(1− Rif ) (Osborn
1980). Our flux Richardson numbers yield a lower value of Γ , equal to 0.12± 0.015
for TS and 0.11 ± 0.01 for LS except close to the injection nozzle where it goes
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down (in the LS case) to 0.05. In figure 19, we show Kρ computed from (7.9)
using our measured values of Rif . It is slightly lower than our direct estimate. The
difference is attributable to the lack of TKE balance between production and sink
terms in our flow, particularly at small x/h. The difference P −B− ε being positive
(see figure 16(b,d,f )) explains the lower estimate of Kρ from (7.9).

Several studies, experimental (Barry et al. 2001) and numerical (Shih et al. 2005),
have proposed parameterizations of the relation between diapycnal diffusivity and
buoyancy Reynolds number:

Barry et al. (2001)

{
Reb < 300 :Kρ = 0.9ν2/3κ1/3Reb

300< Reb :Kρ = 2ν2/3κ1/3Re1/3
b

(7.10)

Shih et al. (2005)

{
7< Reb < 100 :Kρ = 0.2νReb

100< Reb :Kρ = 2νRe1/2
b .

(7.11)

The Barry parameterization, similar to the Barry data on which it is based, falls
slightly below our data. On the other hand, the Shih parameterization agrees very well
with our TS data and relatively well with our LS data for x/H> 4. The low branch of
the Shih parametrization corresponds to the Osborn model with Γ = 0.2. The change
of behaviour predicted by this parametrization occurs at Reb= 100, which is between
the ranges of our TS and LS data. An extension of any of the branches in the other
region would lead to an overestimate of the diffusivity, confirming the need for a two-
regime parameterization.

8. Conclusions
This experimental study explores the structural development and dynamics of a

wall-bounded gravity current characterized by wall boundary layer turbulent processes,
mixing zone mechanisms and stratification effects. The indices of refraction of
light fluid and dense fluid are matched while maintaining a density difference of
0.26 %. A combined PIV/PLIF system is used to simultaneously measure the planar
velocity and density fields along the central plane of the test section, covering
a total area of 9.0 × 45.0 cm2 in five adjacent downstream locations. The initial
turbulence level of the gravity current is controlled by four active grids with little
modification of the mean flow. Three experimental conditions were examined for
understanding the interaction of turbulence and stratification: turbulent-stratified (TS)
case (Ri0 = 0.27, Rλ0 = 100), laminar-stratified (LS) case (Ri0 = 0.31, Rλ0 = 42) and
unstratified (NS) case (Ri0 = 0.0, Rλ0 = 120).

The evolution of the gravity current for our three cases has many features consistent
with past measurements. In particular, in NS the spreading of the mixing zone and
the deceleration of the current after the velocity profile has eroded from its initial
plug shape reflects the vertical turbulent momentum transport of a wall jet (Wygnanski
et al. 1992) with approximately the same spreading rate but with faster decay of peak
velocity, the latter apparently the result of an initially turbulent wall jet. The flow with
stable stratification reflects the negative buoyancy of the current with respect to the
quiescent fluid in that it accelerates slightly after exiting the nozzle and the broadening
of the mixing zone slows appreciably for x/H > 5. d〈u〉/dz approaches a non-zero
asymptotic value at far downstream locations in both stratified cases whereas it rapidly
decreases for NS.

We carefully consider different definitions of the Richardson number and its
downstream evolution. A Richardson numberdefined in terms of the initial parameters
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Ri0 overestimates Rig by from 1.5 to 3 with the ratio decreasing as the current
broadens. To better reflect Rig, we define a local bulk Richardson number Ri in terms
of the width of the mixing zone instead of the whole current height. The behaviours
of Ri and Rig with respect to downstream distance are similar, and this new definition
should be easier to incorporate into simulations than Rig.

Analysis of the entrainment coefficient E using both volume conservation and scalar
mass anomaly conservation yields values that are compatible within our error bars,
although in the TS case, the scalar conservation is systematically higher. The LS
data give estimates comparable to the Ellison and Turner parameterization, computed
using our different definitions of the Richardson number, whereas the TS estimate of
entrainment is slightly higher. Our results for TS are consistent with the Cenedese
& Adduce (2010) parameterization using our bulk Reynolds number, but for LS one
needs a Reynolds number three times smaller.

The measured velocity–density data is used to analyse the budget of turbulent
kinetic energy (TKE). In both stratified cases one has B/P ' 10 %, and the classic
assumption of balanced production and dissipation (P ' ε+B) in turbulence closure
models does not hold, particularly in upstream locations. A number of mixing and
entrainment properties, however, do not seem to be sensitive to this imbalance except
perhaps at upstream regions with x/H < 2.

We investigate the flux Richardson number, various turbulent lengths scales of
the flow and the diapycnal turbulent diffusivity, several quantities that are widely
used for modelling stratified turbulence in the ocean. The mixing efficiency in the
gravity current is explored through the dependence of Rif on Rig. Our data show that
the classic model proposed by Townsend (1958), as well as the Mellor & Yamada
(1974, 1982) model, over-predicts the value of Rif in both stratified cases. Our
results are quantitatively consistent with measurements of an atmospheric gravity
current (Pardyjak et al. 2002) and another laboratory stratified shear flow (Strang &
Fernando 2001a).

We then compute various length scales associated with stratified turbulence and
find them to be in good agreement with other experimental data in a different set-up
(oscillating grid turbulence), except for the Ellison scale, which is slightly higher
in our case. Finally we study the dependence of the diapycnal turbulent diffusivity
with the ratio of the Ozmidov to the Kolmogorov scale, known as the buoyancy
Reynolds number. Our results show reasonable agreement with both in situ oceanic
measurements and other experimental data.

Overall, the behaviour of the stratified and unstratified flows are well explained. In
addition, the role of turbulence in the gravity current has only partially been clarified.
In ocean flows, the gravity current Re is much higher so the gravity current is much
more turbulent relative to turbulence generated via Kelvin–Helmholtz (KH) instability,
quite different from what happens here where the KH part is large (or of equal
weight) compared with the initial current turbulence conditions. Further analysis of
gravity currents using detailed experimental probes would be useful in continuing the
characterization of these complex flows.
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Appendix A. Consistency checks
We often estimate quantities using formulas based on the homogeneous, isotropic

turbulence assumption. On the other hand, we demonstrated that the isotropic
assumption for turbulent energy dissipation overestimates a calculation that includes
all of the measured spatial gradients in the flow, i.e. (4.1). Here we examine the
internal consistency of our parameterization. Our main independent measurements
are the velocity fluctuations, u′ and w′, the dissipation rate ε, and the Taylor
microscale λ obtained from the velocity autocorrelation function. The combination
of u′ and ε yields the integral length ` = u′3/ε and the Reynolds number based on
turbulent fluctuations Re`= u′`/ν (ignoring small factors such as computing the mean
fluctuations using both u′ and w′). The Taylor Reynolds number is determined from
the combination of u′ and λ, Rλ = u′λ/ν. The isotropic homogeneous assumption
leads to several relationships among these quantities, for example Rλ =

√
15Re` and

`/η=Re3/4
` (e.g. Tennekes & Lumley 1972; Pope 2000). A consistency check can thus

be made by computing the ratios Reλ/
√

15Re` and (`/η)Re−3/4
` , which should yield

order 1 factors near the nozzle outlet where the turbulence is nearly isotropic and
homogenous. For the former ratio, we find 1.1 (TS), 1.2 (LS) and 1.2 (NS). The latter
ratio is equal to 1.2± 0.05 for all three flows. We thus observe that using quantities
derived from independent measurements yields a self-consistent parameterization
(within an order-one coefficient of ∼1.2) despite the apparently anisotropic nature
of ε.

Appendix B. Derivation of the entrainment expressions
We base our analysis on the assumption that there is no cross-stream transport and

perform a two-dimensional analysis so that computed quantities are considered per
unit length along the cross-stream direction. We use a control volume (actually a
control area) defined in figure 20. The bottom limit is defined as a line of constant
velocity 〈u〉 (to be precise, it is a constant fraction of the input velocity) for the
volume conservation and constant 〈θ〉 for the dilution study, defining in each case a
height z= h(x), as shown in figure 20. The exact choice of the bottom contour will
be discussed later.

B.1. Volume flux conservation
Using the notation of figure 20, the integration over the control volume of the
incompressibility condition, ∇ · u= 0, gives

∫

`0

u · n0 d`0 +
∫

`2

u · n2 d`2 +
∫

`3

u · n3 d`3 = 0. (B 1)

The normal vectors are defined in the following way: n0 = −x and n2 = x.
In addition, if φ is the angle between n3 and the downward pointing vector z
perpendicular to the inclined plate, we have n3 =− sin φx+ cos φz and u= ux+wz,
so that u · n3 =−u sin φ +w cos φ. Time averaging (B 1), we obtain

−
∫ H

0
〈u(0, z)〉 dz+

∫ h(x)

0
〈u(x, z)〉 dz=

∫ x

0
(〈u〉 sin φ − 〈w〉 cos φ)(s,h(s)) ds, (B 2)

where the right-hand side integral is computed along the current bottom line. Using
the notation Sv for the length of the bottom contour integrated from 0 to the
downstream distance x, we can write the right-hand side of (B 2) as

∣∣Wd
v (x)

∣∣ Sv and
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u0(x, z)

u(x, z)

h(x)

x

z
A
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n2

n3(x)

u(x, h(x))

w
(x

, h
(x

))

FIGURE 20. Schematics of the control volume (area) defined by the plate (`1), two cross-
sections perpendicular to the plate, `0 at x = 0, `2 at x, and the bottom contour of the
current, `3 at z= h(x).

the left-hand side as
∣∣W i

v(x)
∣∣ Sv. We then obtain two estimates for E=W/U based on

volume conservation ((6.4) and (6.5)). The estimation of entrainment velocity depends
on the choice of the bottom contour of the control volume: if one chooses a contour
such that the angle φ (angle between the normal to the contour and the vertical
direction) is defined as tan φ = w/u,

∣∣Wd
v (x)

∣∣ vanishes by definition. In other words,
such a choice would result in a contour everywhere tangent to the velocity, so that
no fluid crosses this contour (on average). By continuity, a less steep contour yields
a positive entrainment velocity, whereas a steeper contour yields a negative velocity.

B.2. Scalar mixing
We now calculate entrainment based on scalar dilution and mixing. The advection–
diffusion equation for θ is (1.2), which, in steady state, neglecting molecular diffusion,
and using ∇ · u = 0, can be written as ∇ · (θu) = 0. Again this equation can be
integrated over the control volume, yielding

∫

`0

θu · n0 d`0 +
∫

`2

θu · n2 d`2 +
∫

`3

θu · n3 d`3 = 0. (B 3)

As before, we assume no cross-stream dependence and transform (B 3) into a single
integral equation. Since time averaging is used, the Reynolds decomposition gives
〈θu〉 = 〈θ〉〈u〉 + 〈θ ′u′〉 and similarly for 〈θw〉 so we obtain

−
∫ H

0
〈θ〉〈u〉|(0,z) dz+

∫ h(x)

0
〈θ〉〈u〉|(x,z)dz+

∫ x

0
(−〈θ〉〈u〉 sin φ + 〈θ〉〈w〉 cos φ)|(s,h(s)) ds

+
∫ x

0
(−〈θ ′u′〉 sin φ + 〈θ ′w′〉 cos φ)|(s,h(s)) ds= 0. (B 4)

The bottom limit of the control volume is defined as a line of constant 〈θ〉 = θc so
that the factor 〈θ〉 can come out of the integral of the third term of (B 4). We then
obtain

∫ h(x)

0
〈θ〉〈u〉|(x,z) dz−

∫ H

0
〈θ〉〈u〉|(0,z) dz

= θc|Wv|Sv −
∫ x

0
(−〈θ ′u′〉 sin φ + 〈θ ′w′〉 cos φ)|(s,h(s)) ds. (B 5)
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The left-hand terms of (B 5) represent the variation of the flux of dynamic density,
between the injection upstream and any position downstream. In other words, it
represents the mixing, which can have two different sources: the first right-hand term
of (B 5) represents the contribution to mixing from the volume of fluid entrained in the
current, causing a dilution of the initial scalar concentration. The second right-hand
term contains the contribution to the mixing owing to turbulent fluctuations. Even in
the absence of entrainment as defined in the previous subsection (no net variation of
the volume flux), mixing takes place because of turbulent fluctuations. This turbulent
quantity is not present in the volume flux conservation (B 2) because there is no
correlation term that remains after averaging. But, of course, the influence of the
turbulence is implicitly present in (B 2), since the velocity field is a result of the
turbulent mixing of momentum, as represented by the Reynolds stress.

In (B 5), the dominant contribution in the turbulent mixing term comes from the
product 〈θ ′w′〉, which is related to B defined in § 7.1. It is positive, corresponding to a
sink term in the energy equation. Therefore, the turbulent mixing term in (B 5), taking
into account the minus sign in front of the integral, is negative. It thus contributes to
decrease the flux of dynamic density since it provides a decrease of θ by mixing with
no added volume flux. Its effect is then opposed to the increase of flux of dynamic
density by the contribution of the term θc|Wv|Sv. For any non-zero value of θc, one can
then define an effective entrainment velocity based on scalar dilution, Ws, using either
side of (B 5). This yields definitions for Wd

s and W i
s in (6.6) and (6.7), respectively.

REFERENCES

ALAHYARI, A. & LONGMIRE, E. K. 1994 Particle image velocimetry in a variable density flow:
application to a dynamically evolving microburst. Exp. Fluids 17, 434–440.

ALAVIAN, V. 1986 Behavior of density currents on an incline. ASCE J. Hydraul. Engng 112, 27–42.
ATSAVAPRANEE, P. & GHARIB, M. 1997 Structures in stratified plane mixing layers and the effects

of cross-shear. J. Fluid Mech. 342, 53–86.
BACON, S. 1998 Decadal variablity in the outflow from the Nordic seas to the deep Atlantic Ocean.

Nature 394, 871–874.
BAINES, P. G. 2001 Mixing in flows down gentle slopes into stratified environment. J. Fluid Mech.

443, 237–270.
BAINES, P. G. 2002 Two-dimensional plumes in stratified environments. J. Fluid Mech. 471, 315–337.
BAINES, P. G. 2005 Mixing regimes for the flow of dense fluid down slopes into stratified

environment. J. Fluid Mech. 538, 245–267.
BARRY, M. E., IVEY, G. N., WINTERS, K. B. & IMBERGER, J. 2001 Measurements of diapycnal

diffusivities in stratified fluids. J. Fluid Mech. 442, 267–291.
BLUTEAU, C. E., JONES, N. L. & IVEY, G. N. 2013 Turbulent mixing efficiency at an energetic

ocean site. J. Geophys. Res.-Oceans 118, 4662–4672.
BORG, A., BOLINDER, J. & FUCHS, L. 2001 Simultaneous velocity and concentration measurements

in the near field of a turbulent low-pressure jet by digital particle image velocimetry – planar
laser-induced fluorescence. Exp. Fluids 31, 140–152.

BOUFFARD, D. & BOEGMAN, L. 2013 A diapycnal diffusivity model for stratified environmental
flows. Dyn. Atmos. Oceans 61–62, 14–34.

BROECKER, W. S. 1997 Thermohaline circulation, the Achilles heel of our climate system: will
man-made CO2 upset the current balance? Science 278 (5343), 1582–1588.

CENEDESE, C. & ADDUCE, C. 2008 Mixing in a density-driven current flowing down a slope in a
rotating fluid. J. Fluid Mech. 604, 369–388.

CENEDESE, C. & ADDUCE, C. 2010 A new parameterization for entrainment in overflows. J. Phys.
Oceanogr. 40 (8), 1835–1850.



532 P. Odier, J. Chen and R. E. Ecke

CENEDESE, C., WHITEHEAD, J. A., ASCARELLI, T. A. & OHIWA, M. 2004 A dense current flowing
down a sloping bottom in a rotating fluid. J. Phys. Oceanogr. 34, 188–203.

CHEN, J., MENEVEAU, C. & KATZ, J. 2006 Scale interactions of turbulence subjected to a straining–
relaxation–destraining cycle. J. Fluid Mech. 562, 123–150.

CRIMALDI, J. P. 1997 The effect of photobleaching and velocity fluctuations on single-point LIF
measurements. Exp. Fluids 23 (4), 325–330.

CRIMALDI, J. P. 2008 Planar laser induced fluorescence in aqueous flows. Exp. Fluids 44 (6),
851–863.

DAVIERO, G. J., ROBERTS, P. J. W. & MAILE, K. 2001 Refractive index matching in large-scale
stratified experiments. Exp. Fluids 31, 119–126.

DORON, P., BERTUCCIOLI, L., KATZ, J. & OSBORN, T. 2001 Turbulence characteristics and dissipation
estimates in the costal ocean bottom boundary layer from PIV data. J. Phys. Oceanogr. 31,
2108–2134.

DU, H., FUH, R. A., LI, J., CORKAN, A. & LINDSEY, J. S. 1998 PhotochemCAD: a computer-aided
design and research tool in photochemistry. Photochem. Photobiol. 68, 141–142.

ELLISON, T. H. 1957 Turbulent transport of heat and momentum from an infinite rough plane.
J. Fluid Mech. 2 (5), 456–466.

ELLISON, T. H. & TURNER, J. S. 1959 Turbulent entrainment in stratified flows. J. Fluid Mech. 6,
423–448.

FENG, H., OLSEN, M. G., HILL, J. C. & FOX, R. O. 2007 Simultaneous velocity and concentration
filed measurements of passive-scalar mixing in a confined rectangular jet. Exp. Fluids 42,
847–862.

FERRIER, A. J., FUNK, D. R. & ROBERTS, P. J. W 1993 Application of optical techniques to the
study of plumes in stratified fluids. Dyn. Atmos. Oceans 20, 155–183.

GIRTON, J. & SANFORD, T. 2003 Desent and modification of the overflow plume in the Denmark
Strait. J. Phys. Oceanogr. 33, 1351–1364.

GIRTON, J., SANFORD, T. & KASE, R. 2001 Synoptic sections of the Denmark Strait overflow.
Geophys. Res. Lett. 28, 1619–1622.

HALLWORTH, M. A., PHILLIPS, J. C., HUPPERT, H. E., STEPHEN, R. & SPARKS, J. 1993
Entrainment in turbulent gravity currents. Nature 362, 829–831.

HANNOUN, I. A., FERNANDO, H. J. S. & LIST, E. J. 1988 Turbulent structure near a sharp density
interface. J. Fluid Mech. 189, 189–209.

HANSEN, B. & ØSTERHUS, S. 2000 North Atlantic–Nordic seas exchange. Prog. Oceanogr. 45,
109–208.

HJERTAGER, L. K., HJERTAGER, B. H., DEEN, N. G. & SOLBERG, T. 2003 Measurement of turbulent
mixing in a confined wake flow using combined PIV and PLIF. Can. J. Chem. Engng 81,
1149–1158.

HU, H., KOBAYASHI, T., SEGAWA, S. & TANIGUCHI, N. 2000 Particle image velocimetry and planar
laser-induced fluorescence measurements on lobed jet mixing flows. Exp. Fluids (Suppl.),
S141–S157.

HUANG, H., DIABIRI, D. & GHARIB, M. 1997 On the error of digital particle image velocimetry.
Meas. Sci. Technol. 8, 1427–1440.

HULT, E. L., TROY, C. D. & KOSEFF, J. R. 2011 The mixing efficiency of interfacial waves breaking
at a ridge: 2. Local mixing processes. J. Geophys. Res.-Oceans 116, C02004.

HUPPERT, H. E. 2006 Gravity currents: a personal perspective. J. Fluid Mech. 554, 299–322.
ILICAK, M., ÖZGÖKMEN, T. M., BAUMERT, H. Z. & ISKANDARANI, M. 2008 Performance of

two-equation turbulence closures in three-dimensional simulations of the red sea overflow.
Ocean Model. 24, 122–139.

ISTWEIRE, E. C., KOSEFF, J. R., BRIGGS, D. A. & FERZIGER, J. H. 1993 Turbulence in stratified
shear flows – implications for interpreting shear-induced mixing in the ocean. J. Fluid Mech.
23 (7), 1508–1522.

IVEY, G. N., WINTERS, K. B. & KOSEFF, J. R. 2008 Density stratification, turbulence, but how
much mixing? Annu. Rev. Fluid Mech. 40, 169–184.



Entrainment and mixing in a laboratory model of oceanic overflow 533

JACKSON, L., HULLBERG, R. & LEGG, S. 2008 A parameterization of shear-driven turbulence for
ocean climate models. J. Phys. Oceanogr. 38, 1033–1053.

KANG, H., STUART, C. & MENEVEAU, C. 2003 Decaying turbulence in an active-grid-generated flow
and comparisions with large-eddy-simulation. J. Fluid Mech. 480, 129–160.

KARASSO, P. S. & MUNGAL, M. G. 1997 Plif measurements in aqueous flows using the Nd:YAG
laser. Exp. Fluids 27, 82–87.

KEANE, R. & ADRIAN, R. 1990 Optimization of particle image velocimeters, part I, double pulsed
systems. Meas. Sci. Technol. 1, 1202–1215.

KNAUSS, J. A. 1978 Introduction to Physical Oceanography. Prentice-Hall Inc.
KNELLER, B. C., BENNETT, S. J. & MCCAFFREY, W. D. 1999 Velocity structure, turbulence and

fluid stresses in experimental gravity current. J. Geophys. Res. 104, 5381–5391.
KOOP, C. G. & BROWAND, F. K. 1979 Instability and turbulence in a stratified fluid with shear.

J. Fluid Mech. 93 (01), 135–159.
KRUG, D., HOLZNER, M., LUETHI, B., WOLF, M., KINZELBACH, W. & TSINOBER, A. 2013

Experimental study of entrainment and interface dynamics in a gravity current. Exp. Fluids
54 (5), 1530.

LANE-SERFF, G. F. & BAINES, P. G. 1998 Eddy formation by dense flows on slopes in a rotating
fluid. J. Fluid Mech. 363, 229–252.

LAUNDER, B. E. & RODI, W. 1983 The turbulent wall jet – measurements and modeling. Annu.
Rev. Fluid Mech. 15, 429–459.

LEGG, S., HALLBERG, R. W. & GIRTON, J. B. 2006 Comparison of entrainment in overflows
simulated by z-coordinate, isopycnal and non-hydrostatic models. Ocean Model. 11, 69–97.

LINDEN, P. F. 1979 Mixing in stratified fluids. Geophys. Astrophys. Fluid Dyn. 13, 2–23.
LOWE, R. J., LINDEN, P. F. & ROTTMAN, J. W. 2002 A laboratory study of the velocity structure

in an intrusive gravity current. J. Fluid Mech. 456, 33–48.
MAKITA, H. 1991 Realization of a large-scale turbulence field in a small wind tunnel. Fluid Dyn.

Res. 8, 53–64.
MCDOUGALL, T. J. 1979 On the elimination of refractive-index variations in turbulent density-

stratified liquid flows. J. Fluid Mech. 93, 83–96.
MELLOR, G. L. & YAMADA, T. 1974 A hierarchy of turbulence closure models for planetary boundary

layers. J. Atmos. Sci. 31, 1791–1806.
MELLOR, G. L. & YAMADA, T. 1982 Development of a turbulence closure model for geophysical

fluid problems. Rev. Geophys. Space Phys. 20, 851–875.
MONIN, A. & YAGLOM, A. 1971 Statistical Fluid Mechanics. MIT Press.
MORTON, B. R., TAYLOR, G. I. & TURNER, J. S. 1956 Turbulent gravitational convection from

maintained and instantaneous sources. Proc. R. Soc. Lond. A234, 1–23.
MYDLARSKI, L. & WARHAFT, Z. 1996 On the onset of high-Reynolds-number grid-generated wind

tunnel turbulence. J. Fluid Mech. 320, 331–368.
ODIER, P., CHEN, J. & ECKE, R. E. 2012 Understanding and modeling turbulent fluxes and

entrainment in a gravity current. Physica D 241 (3, SI), 260–268.
ODIER, P., CHEN, J., RIVERA, M. & ECKE, R. 2009 Fluid mixing in stratified gravity currents: the

Prandtl mixing length. Phys. Rev. Lett. 102, 134504.
OSBORN, T. R. 1980 Estimates of the local-rate of vertical diffusion from dissipation measurements.

J. Phys. Oceanogr. 10 (1), 83–89.
ÖZGÖKMEN, T. M., FISCHER, P. F., DUAN, J. & ILIESCU, T. 2004 Three-dimensional turbulent

bottom density currents from a high-order nonhydrostatic spectral element model. J. Phys.
Oceanogr. 34, 2006–2026.

PARDYJAK, E. R., MONTI, P. & FERNANDO, H. J. S. 2002 Flux richardson number measurements
in stable atmosphere shear flows. J. Fluid Mech. 459, 307–316.

PELTIER, W. & CAULFIELD, C. 2003 Mixing efficiency in stratified shear flows. Annu. Rev. Fluid
Mech. 35, 135–167.



534 P. Odier, J. Chen and R. E. Ecke

POPE, S. 2000 Turbulent Flows. Cambridge University Press.
PRICE, J., BARINGER, M., LUECK, R., JOHNSON, G., AMBAR, I., PARRILLA, G., CANTOS, A.,

KENNELLY, M. A. & SANFORD, T. B. 1993 Mediterranean outflow mixing and dynamics.
Science 259, 1278–1282.

PRINCEVAC, M., FERNANDO, H. J. S. & WHITEMAN, C. D. 2005 Turbulent entrainment into natural
gravity-driven flows. J. Fluid Mech. 533, 259–268.

RAFFEL, M., WILLERT, C. & KOMPENHANS, J. 1998 Particle Image Velocimetry – A Practical
Guide. Springer.

RAFFEL, M., WILLERT, C. E., WERELEY, S. T. & KOMPENHANS, J. 2007 Particle Image Velocimetry
– A Practical Guide. 2nd edn. Springer.

ROHR, J. J., ITSWEIRE, E. C., HELLAND, K. N. & VAN ATTA, C. W. 1988 Growth and decay of
turbulence in a stably stratified shear-flow. J. Fluid Mech. 195, 77–111.

ROTH, G. & KATZ, J. 2001 Five techniques for increasing the speed and accuracy of PIV interrogaton.
Meas. Sci. Technol. 12, 238–245.

SCHWARZ, W. H. & COSART, W. P. 1961 The two-dimensional turbulent wall-jet. J. Fluid Mech.
10, 481–495.

SHAPIRO, G. I. & ZATSEPIN, A. G. 1997 Gravity current down a steeply inclined slope in a rotating
fluid. Ann. Geophys. 15, 366–374.

SHIH, L. H., KOSEFF, J. R., IVEY, G. N. & FERZIGER, J. H. 2005 Parameterization of turbulent
fluxes and scales using homogeneous sheared stably stratified turbulence simulations. J. Fluid
Mech. 525, 193–214.

SIMPSON, J. E. 1982 Gravity currents in the laboratory, atmosphere, and ocean. Annu. Rev. Fluid
Mech. 14, 213–234.

SIMPSON, J. 1987 Gravity Currents: In the Environment and the Laboratory. Ellis Horwood Ltd.
STILLINGER, D. C., HELLAND, K. N. & ATTA, C. W. VAN 1983 Experiments on the transition of

homogeneous turbulence to internal waves in a stratified fluid. J. Fluid Mech. 131, 91.
STRANG, E. J. & FERNANDO, H. J. S. 2001a Entrainment and mixing in stratified shear flows.

J. Fluid Mech. 428, 349–386.
STRANG, E. J. & FERNANDO, H. J. S. 2001b Vertical mixing and transports through a stratified

shear layer. J. Phys. Oceanogr. 31, 2026–2048.
STRANG, E. J. & FERNANDO, H. J. S. 2004 Shear-induced mixing and transport from a rectangular

cavity. J. Fluid Mech. 520, 23–49.
SUTHERLAND, B. R. 2002 Interfacial gravity currents. I. Mixing and entrainment. Exp. Fluids 14,

2244–2254.
TANAKA, T. & EATON, J. K. 2007 A correction method for measuring turbulence kinetic energy

dissipation rate by PIV. Exp. Fluids.
TENNEKES, H. & LUMLEY, J. 1972 A First Course in Turbulence. MIT Press.
THOMAS, P. J. & LINDEN, P. F. 2007 Rotating gravity currents: small-scale and large-scale laboratory

experiments and geostrophic model. J. Fluid Mech. 578, 35–65.
TOWNSEND, A. A. 1958 The effects of radiative transfer on turbulent flow of a stratified fluid.

J. Fluid Mech. 361–372.
TROY, C. & KOSEFF, J. 2005 The generation and quantitative visualization of breaking internal waves.

Exp. Fluids 38, 549–562.
TURNER, J. S. 1973 Buoyancy Effects in Fluids. Cambridge University Press.
TURNER, J. S. 1986 Turbulent entrainment: the development of the entrainment assumption, and its

application to geophysical flows. J. Fluid Mech. 173, 431–471.
WELLS, M., CENEDESE, C. & CAULFIELD, C. P. 2010 The relationship between flux coefficient

and entrainment ratio in density currents. J. Phys. Oceanogr. 40 (12), 2713–2727.
WILLEBRAND, J., BARNIER, B., BÖNING, C., DIETERICH, C., KILLWORTH, P. D., LE PROVOST,

C., JIA, Y., MOLINES, J. -M. & NEW, A. L. 2001 Circulation characteristics in three eddy-
permitting models of the North Atlantic. Prog. Oceanogr. 48, 123–161.



Entrainment and mixing in a laboratory model of oceanic overflow 535

WUNSCH, C. & FERRARI, R. 2004 Vertical mixing, energy and thegeneral circulation of the oceans.
Annu. Rev. Fluid Mech. 36, 281–314.

WYGNANSKI, I., KATZ, Y. & HOREV, E. 1992 On the applicability of various scaling laws to the
turbulent wall jet. J. Fluid Mech. 234, 669–690.


	Entrainment and mixing in a laboratory model of oceanic overflow
	Introduction
	Experimental facility
	Instrumentation and methods
	Particle image velocimetry
	Planar laser-induced fluorescence
	Refraction index matching
	Density field from greyscale PLIF image

	Characterization of experimental conditions
	Kinematic description of the flow
	Entrainment
	Richardson number
	Entrainment analysis

	Characterizing stratified turbulence and associated mixing
	Turbulent transport and energetics
	Flux Richardson number
	Turbulent length scales
	Diapycnal turbulent diffusivity

	Conclusions
	Acknowledgements
	Appendix A. Consistency checks
	Appendix B. Derivation of the entrainment expressions
	Volume flux conservation
	Scalar mixing

	References




