20
Turbulence in the Environment*

G.N. Ivey
University of Western Australia

20.1 Introduction..............................................................................................................................255
20.2 Principles................................................................................................................................... 256
20.3 Methods of Analysis................................................................................................................ 257
20.4 Applications.............................................................................................................................. 259
20.5 Major Challenges..................................................................................................................... 260
References............................................................................................................................................. 260

20.1 Introduction

AQ1

Turbulence and the enhanced mixing it causes, above and
beyond molecular mixing rates, is of great importance in controlling the transport of heat, salt, momentum, chemical tracers,
suspended particles, and biological matter in environmental
flows. While some environmental flows can be steady, such
as riverine flows or industrial jets and plumes discharges into
the atmosphere or ocean, most observations of turbulence in the
environment show it to be characterized by its variability in both
space and time. It is this variability, along with the inherently
statistical nature of turbulence, which makes it challenging to
quantify the effects of turbulent mixing in the environment.
Turbulent fluxes of quantities, such as heat, salt, or tracers,
result from the correlation between fluctuations of the fluid
velocity and the quantity itself. The greater the intensity of the
turbulence, the greater is the flux. As turbulence is an inherently dissipative process, it requires a continual supply of energy
to sustain it, and in environmental flows this is typically provided by either a drain of kinetic energy from the mean flow
or by potential energy losses associated with an unstable mean
density stratification, as in the case of convective turbulence
driven by surface cooling. If the rate of supply of energy from the
mean flow or background density stratification is unsteady, then
the small-scale turbulent mixing will also be unsteady. In the
vertical, ambient density stratification is almost always
present; buoyancy effects thus inhibit vertical motion, and, as
a consequence, the characteristic vertical length-scales of the
motion are often small compared with the total depth. For this
reason, as well as the generally small vertical depth compared to
the lateral dimension of most water bodies, environmental flows
usually have large horizontal scales of motion relative to the
vertical scales. Mean currents are strong in the horizontal and

weak or negligible in the vertical. As a consequence, the mean
flow tends to be the dominant transport process for fluxes of
tracers in the horizontal, whereas fluxes in the vertical are much
more likely to be dominated by turbulent processes.
Turbulence in the environment is generated by a wide variety of mechanisms and Burchard et al. (2008) provide a recent
review, with particular focus on the oceans. The surface boundary layer is directly in contact with the atmosphere and typically highly turbulent as it is stirred by the direct action of the
wind, surface waves, and thermal fluxes across the air–water
interface. As a consequence, a surface well-mixed layer is often
present (e.g., Krauss 1977); and when nutrients are abundant,
then due to the high light levels near surface, biological productivity is typically high. With the exception of very shallow
or highly energetic systems, there is a region of stable density
stratification below this surface layer due to decreasing temperature with depth and often saline effects, as in the ocean.
While stable in density, this region experiences mean flows
in the horizontal and is also inevitably perturbed by internal
waves. The vertical shears associated with these flows can drive
turbulent mixing in the region, and much effort is devoted to
understanding the connection between the mean flow, internal
waves, and turbulence (e.g., Burchard et al. 2008). Finally, adjacent to the sediment–water interface, a bottom boundary layer
of well-mixed or weakly density stratified fluid is present where
high levels of turbulent mixing can also be observed, forced by
tidal flows, internal waves, and local mean flows. If the system
is shallow, then the surface and bottom boundary layers overlap
and this is typical of estuarine systems, for example (e.g., Jones
and Monismith 2008).
The quantification of the vertical flux of active tracers, passive
tracers, and momentum due to small-scale turbulent processes
in these environments represents an ongoing challenge. In water
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bodies such as lakes and oceans, in the density stratified interior
direct estimates of vertical fluxes are generally an order of magnitude smaller than those required to close bulk estimates, suggesting that the majority of the mixing may occur elsewhere,
either at boundaries or in under-sampled “hot spots” in the interior where mixing rates are considerably higher (e.g., Wunsch
and Ferrari 2004). Questions regarding overall energetics and
mixing efficiency (e.g., Ivey et al. 2008) are especially important
in efforts to calculate the state of a particular environment under
climate-change scenarios, for example. The issue arises both in
the context of simple models of the natural environment as well
as the need for quantitative descriptions of mixing in numerical
models of circulation and mixing.
It is thus crucial to be able to describe small-scale turbulent
mixing with high accuracy in the environment. Due to computational constraints, numerical models of the ocean circulation,
for example, have typical model resolution in the range of 1–10 m
in the vertical and often 1 km or coarser in the horizontal. Using
information from resolved grid-scale motions, models must
therefore employ parameterizations to describe the action of
subgrid-scale turbulent processes.
Many subgrid-scale closure schemes have been proposed, and
there is a particular focus on the performance of these models in
boundary and coastal regions (e.g., Burchard et al. 2008). These
regions of the ocean are particularly challenging to model due
to the topographical complexity, strong density stratifications,
the often intense local mean flow fields, and the rapid changes
(compared to the interior) in these quantities that can occur
in time as well as in space (both vertically and horizontally) in
the density and velocity fields. Comparison of different closure
schemes (e.g., Warner et al. 2005) showed they can produce significantly different solutions, and in the coastal region and in
confined water bodies like estuaries and lakes these issues can
become severe.
As the gravitationally influenced vertical component of the
turbulent mixing is highly unsteady and inhomogeneous, this
leads to fundamental measurement and interpretation problems.
In the environment we have a mix of essentially quiescent and
patchy turbulent regions (see the example in Figure 20.1),

and the turbulence intensity is highly variable even within
the turbulent patches. Historically, our understanding of turbulent mixing has come from the study of flows characterized
by high Reynolds number, with no spatial or temporal variability. Away from the energetic surface and bottom boundary layers, environmental flows are often at the weaker end
of the turbulent state, defined here to mean that the effective
diffusivities are typically only 1 order of magnitude greater
than molecular rates. This appears to be the state in the interior of many natural geophysical flows and is the range where
the role of internal waves and turbulence coexist. In the time
domain at a fixed location, the flow field can vary from laminar to turbulent and back again. There is, thus, an ongoing
challenge to both describe these flows as well as to develop
models that can capture the complex mixing processes in the
environment. The field is vast, and the focus here is on the
mixing of tracers and pollutants, of central importance to
environmental flows.

20.2 Principles
It is useful to examine mixing in environmental flows in the
context of some fundamental variables and simple dimensionless numbers. Consider the case where the largest turbulent eddy in the flow is characterized by a turbulent velocity
scale q and length-scale l and the ambient fluid has a kinematic viscosity ν. Environmental flows are typically density
stratified, and, hence, an additional necessary parameter is
the strength of the vertical density stratification as quantified
by the buoyancy frequency N = ((−g/ρ0)(dρ/dz))1/2 where ρ0 is
a reference density. This parameter list suggests two independent dimensionless numbers are needed to characterize the
flow and, with meaning analogous to their mean flow counterparts, these are the turbulent Reynolds number Re T and the
Froude number FrT
ReT =

ql
ν

(20.1)

FrT =

q
Nl

(20.2)

Introducing the turbulent kinetic energy dissipation rate ɛ, then
an additional dimensionless parameter commonly referred to as
the buoyancy Reynolds number Reb may be defined as

20 mm

Figure 20.1 Planar laser–induced fluorescence image from a laboratory experiment showing developing turbulent mixing due to a breaking
internal wave at a density interface in a two-layer fluid. (From Troy, C.D.
and Koseff, J.R., J. Fluid Mech., 53, 107, 2005. With permission.)
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Reb =

ε
νN 2

(20.3)

The parameter Reb has many interpretations in the literature,
but here we may think of it as simply the ratio of the Ozmidov
length-scale lO   =  (ɛ/N3)1/2 to the Kolmogorov length-scale
lK = (ν3/ɛ)1/4.
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Providing one can write the turbulent dissipation rate as
ɛ  =  q3/l, then (20.1), (20.2), and (20.3) are related (Ivey and
Imberger 1991) by
Reb = ReT FrT2

(20.4)

While three dimensionless numbers can thus be defined, only
two are necessary and sufficient to characterize these flows.
Unlike many engineering flows, owing to variability in the
mean flow or the presence of internal waves in the environment, the forcing may be variable in time T. Furthermore, the
turbulent fields are typically spatially inhomogeneous and
we characterize this by the scale L, and as we are interested in
the vertical fluxes we think of L as a vertical length-scale. Two
further dimensionless numbers are thus potentially required,
and one choice would be
l
(l /q)
and
L
T

(20.5)

Thus five dimensionless numbers (four of which are independent) can be important for characterizing the turbulent mixing. Given this complexity, one of the challenges is to try and
simplify the dynamics by identifying the dominant parameters
needed to quantify environmental mixing.

20.3 Methods of Analysis
Approaches to measuring turbulent mixing can conveniently
be divided into two: indirect and direct measurements of the
vertical flux. Indirect measurements do not measure the vertical turbulent density flux −w′ρ′ (where primes denote turbulent quantities), rather they typically measure either ɛ or χ,
the turbulent dissipation rates for momentum and temperature
variance, respectively, and then use models to infer the vertical
eddy diffusivities.
The first commonly used indirect model, due to Osborn and
Cox (1972), is based on the temperature variance equation:
 ∂θ ′ 
∂θ ′ 2
∂θ ′ 2
∂θ
∂ 
∂θ ′ 2 
2
+ uj
+ 2u′jθ
−
 u ′jθ′ + κ
 = −2κ 

∂t
∂x j
∂x j ∂x j 
∂x j 
 ∂x j 

where the subscript j denotes the coordinate direction and κ is
the thermal diffusivity. If l/L = 0 and (q/l)/T = 0, then one can
neglect unsteadiness, advection by the mean flow, and the divergence terms; hence, (20.6) simplifies to
2
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 ∂θ ′ 
∂θ
= −2κ 
 =χ
∂x j
 ∂x j 

Kθ =

(∂θ′ / ∂n)2
−w′θ′
= 3κ
∂ θ / ∂n
(∂ θ / ∂n)2

(20.8)

In the field n is always assumed to be in the z direction.
The second commonly used indirect model, due to Osborn
(1980), is based on the turbulent kinetic energy (TKE) equation:
−

1 ∂ui′ 2 1 ∂ui′ 2
∂u
− uj
− ui ′u j ′ i
2 ∂t
2 ∂x j
∂x j
−



∂ 1
1
∂u ′
 u′jui′u′ i + u j ′ p′ + νui ′ i  = −b + ε
ρ
∂x j  2
∂x j 



(20.9)

where all of the terms on the left-hand side of (20.9) can produce TKE, the buoyancy flux b = ( g /ρ0 )w ′ρ′ represents the
loss of TKE to irreversible mixing of the background density
stratification, and ɛ the irreversible loss of TKE by viscous dissipation. Again if l/L = 0 and (q/l)/T = 0, then one can neglect
unsteadiness, transport of TKE by the mean flow, and all
the divergence terms, and (20.9) reduces to a simple balance
between local shear production, buoyancy flux, and dissipation:
−ui ′u j ′

∂ui
= −b + ε
∂x j

(20.10)

Osborn (1980) showed that if the flux Richardson number is
defined as R f = −b / −ui ′u j ′ (∂ui / ∂x j ) , then the vertical eddy dif-

fusivity for the density stratifying species Kρ may be obtained
from (20.10) as
Kρ = −

 Rf  ε
b
=
 2
2
N
 1 − Rf  N

(20.11)

2

(20.6)

2u j ′θ

Assuming further that the turbulence is isotropic at the smallest
scales, that all mean and turbulent density gradients are taken
in the direction n normal to the isothermal surfaces, and that
the mean gradient is defined with respect to the sorted state of
minimum potential energy, then from (20.7) the eddy diffusivity
for heat Kθ is

(20.7)

The mixing parameter is defined from (20.11) as Γ = Rf /(1 − Rf).
The earlier definition of the flux Richardson number Rf is overly
restrictive as it assumes that only the shear production term
∂u
−ui ′u j ′ i can produce TKE. As all of the terms on the left-hand
∂x j
side of (20.9) can produce TKE, a more fundamental definition
of Rf (Ivey and Imberger 1991) may be defined from (20.9) as
Rf =

−b
−b + ε

(20.12)

and this should be used in (20.11), which is still valid in this generalized case.
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Entirely analogous to the derivation in (20.11), Crawford
(1982) showed that an expression for the vertical eddy diffusivity
for momentum Kν can also be developed from (20.9), and this is
u ′w ′  1 
ε
Kν = −
Ri 2
=

S
N
 1 − Rf 

104

(20.13)

where the gradient Richardson number Ri = N2/S2 and
S = dU/dz is the vertical shear in the mean horizontal velocity U.
Instrumentation has been developed to measure ɛ directly in the
field (e.g., Stips 2005), thus (20.11) and (20.13) are attractively
simply to use. However, the flux Richardson number Rf must be
independently determined to utilize either expression.
On the basis of laboratory experiments at the time, Osborn
(1980) suggested Rf ≤ 0.17 (and, hence, Γ ≤ 0.2). If temperature is the sole contributor to density, it is tempting to equate
Kθ in (20.8) with Kρ in (20.11) and infer the unknown mixing
efficiency Rf (Oakey 1982). However, apart from needing simultaneous and independent measurements of both the turbulent
velocity and temperature fluctuations, this also requires that
all the assumptions leading to (20.8) and (20.11) are satisfied at
the same point in the environment, and this is not possible to
evaluate in the field. While the mixing efficiency remains to be
determined, note also that the formulations in both, (20.11) and
(20.13) do not answer the fundamental question: as the turbulence intensity decreases, when do the turbulent diffusivities Kρ
and Kν revert to their respective molecular values of κ and ν?
As suggested earlier, when the flow is steady and homogeneous, two independent dimensionless parameters are both
necessary and sufficient to characterize the flow, and one choice
is ɛ/νN2 and ReT. Barry et al. (2001) conducted laboratory experiments using a mechanical grid to steadily and uniformly mix
a stratified fluid. Shih et al. (2005) conducted direct numerical
simulations (DNS) experiments in a linearly sheared and stratified flow. Bluteau et al. (2011) conducted field experiments in
the turbulent bottom boundary layer in 420 m of water on the
Australian North West Shelf where turbulence was generated
by an oscillatory tidal flow with a dominant period of 12.4 h.
In the latter case, the data have been analyzed in segments of
17 min lengths—very small compared to the timescale of the
background flow—and we thus assume that the flow is effectively steady and the background stratification does not change
on such short timescales. In each of the three cases, turbulent
dissipation rates and overturning length-scales were estimated,
and in Figure 20.2 we plot the results from the three very diverse
sets of experiments in ɛ/νN2 vs ReT parameter space.
There are several features of note in this plot. First, the very
large range of parameter space covered with both ɛ/νN2 and ReT
ranging from 10 0 to 105. The DNS experiments from Shih et al.
(2005) have the most modest range of ReT, with a maximum of
about 102. Not surprisingly, the field data have the highest values
of ReT, with some values approaching 105. The laboratory experiments lie between these two extremes, although it is interesting to
note that the most energetic cases have ɛ/νN2 > 104 and ReT = 103.
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Figure 20.2 Results from three sets of observations in ɛ/νN2 vs.
ReT parameter space. (The data are from ( ): Barry, M.E. et al., J. Fluid
Mech., 442, 267, 2001; ( ): Shih, L.H. et al., J. Fluid Mech., 525, 193, 2005;
( ): Bluteau, C. et al., J. Geophys. Res., 116, 2011. With permission.)

While there are some trends evident in individual data sets, the
most interesting aspect of the plot is the way the data points tend
to cluster around the line shown where FrT = 1. Despite the diverse
nature of the turbulent fields in the three datasets, there appears,
on average, a preference for a turbulent state where FrT ≈ 1, or
equally l ≈ l0 = (ɛ/N3)1/2.
This suggests that the two optimal dimensionless numbers
which display the most dynamic range are in fact ɛ/νN2 and ReT.
Accordingly, in Figure 20.3 we examine the dependence of the
mixing parameter Γ on both ɛ/νN2 and ReT with data from Shih
et al. (2005) and Barry et al. (2001) (Bluteau et al. [2011] did not
measure buoyancy flux). Dissipation is computed differently in
the two cases, directly from the full dissipation tensor for Shih
et al. (2005) and indirectly from an external energy balance
by Barry et al. (2001). When ɛ/νN2 < 10 and ReT < 10, there are
negative values of Γ in the DNS results, and these are a result of
re-stratification effects at small levels of turbulent activity (see Shih
et al. 2005). Above these very low levels of turbulence intensity,
both experiments show there is an increase of Γ to a maximum of
approximately 0.20, and then a subsequent decrease with a further
increase in the turbulence intensity. Note that when ɛ/νN2 = 104,
the parameter Γ is only 0.02—an order of magnitude smaller than
the mean value traditionally used. The peak in Γ is at a slightly
higher value of ɛ/νN2 for the laboratory experiments compared to
the DNS experiments but, most importantly, above the threshold
value of ReT ≈ 10, there appears to be no systematic dependence
of mixing efficiency on ReT. In the extreme when ɛ/νN2 → ∞, this
limit corresponds to the case where there is no background density stratification; without a background stratification there can be
no buoyancy flux, and, hence, Γ → 0 (e.g., Linden 1979).
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Figure 20.3 (See color insert.) Mixing parameter Γ = Rf/(1 − Rf) as a function of ɛ/νN2. The color scale on the right represents the turbulent
Reynolds number ReT as it ranges from 5 to 4 × 103 (see also Figure 20.2). (Data are from ( ): Barry, M.E. et al., J. Fluid Mech., 442, 267, 2001;
( ): Shih, L.H. et al., J. Fluid Mech., 525, 193, 2005.)

This last point is significant as for natural environmental flows
one would naturally expect large values of ReT. Indeed, most field
scale values will likely be in the region where both ReT > 100 and
ɛ/νN2 > 100 (e.g., Bluteau et al. 2011). Recent field measurements
of buoyancy flux by Davis and Monismith (2011), where the mixing efficiency was estimated out to values of ɛ/νN2 ≈ 104, appear
consistent with the laboratory and DNS results. In general, however, there are very limited field measurements of the buoyancy
flux, and hence the mixing parameter Γ, at large values of ɛ/νN2
and ReT. Available computing power restricts the use of DNS
methods to relatively low values of ɛ/νN2 and ReT. However, the
clear implication from Figure 20.3 is that the mixing parameter Γ,
or equally the mixing efficiency Rf, has little dependence on turbulent Reynolds number ReT but a strong dependence on ɛ/νN2.
In summary, this result lends supports to the contention
(e.g., Shih et al. 2005, Ivey et al. 2008) that the mixing efficiency
Table 20.1 Predicted Total Vertical Mixing Rates
in Continuously Stratified Fluids where K ρtot = κ + K ρ
and K νtot = κ + K ν
Regime

ε Range
νN 2

K ρtot

K νtot

Molecular

ε
<7
νN 2

κ

ν

Transitional

7<ε
< 100
νN 2

 ε 
0. 2 ν 
 νN 2 

Energetic

ε
> 100
νN 2

 ε 
2ν 
 νN 2 

1

12

 ε 
0. 2 ν 
 νN 2 

1

 ε 
1. 5 ν 
 νN 2 

12

Source: Shih, L.H. et al., J. Fluid Mech., 525, 193, 2005. With
permission.
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can be described simply as a function of ɛ/νN2. In Table 20.1, we
summarize the predicted values for, both, vertical diffusivity of
a tracer and, in the absence of any internal waves in the flow,
the vertical diffusivity of momentum, from very weak to highly
energetic stratified turbulent flows.

20.4 Applications
The analysis described earlier yields direct insight into the
nature of turbulent mixing at the process level. Providing one
knows the parameters ɛ, l, ν, and N (and, hence, ReT and ɛ/νN2),
an outcome of this analysis is that the vertical eddy diffusivity
for a tracer can be computed to high accuracy. There are considerable challenges associated with the measurement of dissipation and length-scale in the field (e.g., Stips 2005), and there
are also statistical averaging issues in order to get representative values over space and time. However, as our measurements
improve, it is an ongoing challenge to apply this knowledge to
model turbulence within the context of numerical circulation
models of environmental flows.
There are a number of approaches to turbulence modeling
and they can conveniently be divided into four categories: integral models, DNS, large eddy simulation (LES), and Reynoldsaveraged Navier Stokes (RANS) models. Integral models (e.g.,
Krauss 1977) rely on good observations and are typically applied
to describe the near-surface or near-bottom boundary layers. By
integrating over the boundary layer thickness, they are able to
provide estimates of layer-averaged or slab properties and their
evolution in time. In direct contrast, DNS makes no assumptions about structure but rather models all scales of the flow
from the largest to the smallest by solving the discretized versions of the Navier Stokes equations. Given the current levels of
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computing power, these are limited by the Reynolds numbers
they can access and, while they cannot model field scale environmental flows, are finding increasing use at laboratory-scale
modeling and to improve our process understanding (e.g., Shih
et al. 2005). LES modeling does not attempt to model the full
scale of motions, but rather resolves the larger energy containing scales of motion, spatially filters out the smaller scales of
motion, and parametizes these unresolved scales (Ferziger and
Peric 2001).
RANS models compute the mean flow by averaging, almost
always in time, the turbulence components and thereby introducing into the equations of motion the Reynolds stress terms
which must, in turn, be specified or parameterized. This is by
far the most common approach. In recent decades, the development of 3D, free surface, hydrostatic, numerical circulation
models has occurred. These models are useful for a wide variety
of environmental flows and use RANS averaging to describe the
turbulence. The particular RANS model used, along with the
choice of numerical scheme, has important implications for the
model results and can affect their ability to simulate environmental flows.
While many schemes have been proposed for RANS models,
Umlauf and Burchard (2003) proposed a generic length-scale
(GLS) scheme that included the most popular RANS schemes
within a single numerical scheme. The GLS scheme solves two
equations describing the turbulent flow and has been implemented in the Regional Ocean Model System (ROMS) (Warner
et al. 2005). The GLS scheme describes turbulent mixing by solving a two-equation turbulence model: the TKE equation for q,
and a second equation for a generic turbulent length-scale l, and
then this is used to specify the eddy diffusivity from the classical
Prandtl concept of eddy diffusivity as K ∝ q1/2l.
The GLS scheme of Umlauf and Burchard (2003) takes advantage of the similarities in four previous formulations to develop
a single model with user selectability of scheme. Two things are
worthy of note here. While there is no debate over the form of the
TKE equation, there is debate over the second equation for the
length-scale. Furthermore, the length-scale l is assumed to have
an upper bound given by the Ozmidov scale l0 = (ɛ/N3)1/2 (e.g.,
Warner et al. 2005). This assumes that FrT = q/Nl = (l0/l)2/3 ≤ 1,
an assumption not consistent with the data shown in Figure
20.2, for example. There is also ongoing debate over the choice
of which mixing schemes to use and this translates into some
uncertainty in the coefficients that must be specified (e.g.,
Warner et al. 2005).
Applying these models to the particular case where there is a
steady-state balance between shear production, buoyancy flux,
and dissipation, they effectively apply a fixed mixing efficiency
of approximately 10% (Warner et al. 2005). Again, that is not
consistent with the data in Figure 20.3, and not consistent with
the constant 17% (i.e., Rf = 0.17) often assumed in processing
microstructure observations of turbulence in the field. When
applying RANS closure schemes in models such as ROMS,
there is of course the assumption that the diffusivities derived
from the closure schemes are large compared to the numerical
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diffusivities inherent in the models; and this poses a particular
challenge in flows with low levels of environmental turbulence.
Given these challenges, it is no surprise to find that all models do
not yield the same results (e.g., Warner et al. 2005). The choice of
model, the choice of closure scheme to apply, and the comparison and evaluation with field data must be taken thoughtfully.
There have been attempts to simplify these turbulence closure schemes. For example, in a study of breaking internal
waves, Klymak and Legg (2010) simply proposed that l = l0 and
the mixing parameter was fixed at Γ = 0.2. As Figures 20.2 and
20.3 show, this is an oversimplification, but reflects the ongoing debate about how best to incorporate the descriptions of the
turbulent mixing into practical and simple models of environmental flows. Really none of the numerical models that are in
use captures the dependence of the mixing on ɛ/νN2 discussed
earlier and summarized in Table 20.1.
The earlier analysis suggests that providing one is not close
to a solid boundary or a very strong density interface, where the
turbulent length-scale is controlled by distance from the boundary or density interface, then the earlier analysis is applicable.
Second, if the turbulent Reynolds number is above a threshold,
then as the results in Table 20.1 suggest the mixing rate is dependent only on dissipation and ambient properties and does not
appear to depend on an independent length-scale. This concept
is, of course, implicit in (20.11), above which may be written as
13 4 3
K ρ = ΓεN −2 = Γε l0 . This suggests that perhaps solving only
a single equation for dissipation is necessary in the interior of
stratified water bodies. At the very least, the assumption that
mixing efficiency is fixed is an over simplification.

20.5 Major Challenges
We have limited experimental measurement of buoyancy flux,
and hence mixing efficiency, at high ReT. This is clearly needed
in order to examine the hypothesis that mixing efficiency can be
determined as a function of ɛ/νN2 only. This likely requires time
series field measurements from a fixed array in either the ocean
or the strongly stratified atmosphere, and these measurements
are difficult to make and interpret. One difficulty in the measurements is the separation of the internal wave and turbulence
components. This separation is not only an ongoing challenge
for measurements but also a challenge in numerical models of
turbulent mixing (e.g., Burchard et al. 2008). On the other hand,
effecting a careful marriage between observations and models,
and models that are as simple as possible but no simpler, appears
to be the key to understanding turbulence in the environment.
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