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Abstract. There exist two central measures of turbulent1 Introduction

mixing in turbulent stratified fluids that are both caused

by molecular diffusion: 1) the dissipation rat®(APE) As is well known, turbulent diffusive mixing is a physical

of available potential energy APE; 2) the turbulent rate of process that it is crucially important to parameterise well in
changeW, wrbulent Of background gravitational potential en- numerical ocean models in order to achieve realistic simula-
ergy GPE. So far, these two quantities have often beentions of the water mass properties and of the so-called merid-
regarded as the same energy conversion, namely the irrdonal overturning circulationGregg 1987, which are two
versible conversion of APE into GREowing to the well  essential components of the large-scale ocean circulation that
known exact equalityD(APE)=W, wrmulent fOr a Boussinesq —may interact with Earth climate. For this reason, much effort
fluid with a linear equation of state. Recently, however, has been devoted over the past decades toward understanding
Tailleux (2009) pointed out that the above equality no longerthe physics of turbulent mixing in stratified fluids, one impor-
holds for a thermally-stratified compressible, with the ratio tant goal being the design of physically-based parameterisa-
E=W, wrbuleny D(APE) being generally lower than unity and tions of irreversible mixing processes for use in numerical
sometimes even negative for water or seawater, and arguegcean climate models.

that D(APE) and W, wrbulent actually represent two distinct At a fundamental level, turbulent molecular diffusion in
types of energy conversion, respectively the dissipation ofstratified fluids is important for at least two distinct — al-
APE into one particular subcomponent of internal energythough inter-related — reasons: 1) for transporting heat dif-
called the “dead” internal energy ¢Eand the conversion be- fusively across isopycnal surfaces — a process often referred
tween GPE and a different subcomponent of internal en- to as “diapycnal mixing”; 2) for dissipating available poten-
ergy called “exergy” lxergy In this paper, the behaviour of tial energy, which contributes for a significant fraction — of-
the ratiog is examined for different stratifications having all ten called the mixing efficiency — of the total dissipation of
the same buoyancy frequendyvertical profile, but different  available mechanical energy ME, i.e., the sum of total ki-
vertical profiles of the parameté&t=a P/(poC,), wherewx is netic energy KE and available potential energy APE, which
the thermal expansion coefficiert,the hydrostatic pressure, are defined by:

p the density, and”, the specific heat capacity at constant

pressure, the equation of state being that for seawater for difg, = _ / pv—zdv @
ferent particular constant values of salinity. It is found that v o2
and W, wrbulentdepend critically on the sign and magnitude
of dY/dz, in contrast withD(APE), which appears largely /

. E= 1 — 1, 2
unaffected by the latter. These results have important conse- v plez+DdV v plezr +1)dV, 2)
quences for how the mixing efficiency should be defined and P Pr

measured in practice, which are discussed.

wherep is the densityp=(u, v, w) is the three-dimensional
velocity vector,g is the acceleration of gravity, is the ver-
tical coordinate increasing upward, ahdhe specific inter-

Correspondence tdR. Tailleux nal energy. The APE is defined asliorenz (1959 as the
BY (r.g.j-tailleux@reading.ac.uk) difference between the potential energy PE of the fluid (i.e.,
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272 R. Tailleux: Is mixing efficiency affected by nonlinear equation of state?

the sum of the gravitational potential energy GPE plus inter-for stratification profiles in the Pacifidylunk (1966 con-

nal energy IE) minus the potential energy,Ri a reference  cluded that the canonical vaILIép:lO*4 m2/s was appar-
state that is the state of minimum potential energy achievablently needed to explain the observed structure of the oceanic
in an adiabatic re-arrangement of the fluid parcels. As showrthermocline. Subsequently, however, the validityMidink

by Winters et al(1995, the APE and PEplay a fundamen-  (1966's approach was questioned, as several observational
tal role in the modern theory of turbulent mixing owing to the studies found, in the ocean interior to be typically smaller
fact that by construction RHs only affected by irreversible by an order of magnitude than Munk’s value, e.g., ked-
processes; as a result, measuring the time evolution of thevell et al.(1998 and the review by¥sregg(1987. However,
reference state provides a direct and objective way to quanit seems widely recognised today th&f is highly variable

tify the amount of irreversible mixing taking place during spatially, promptingiunk and Wunscl§1998§ to re-interpret
turbulent mixing events, which is now commonly exploited the vaIuer=10‘4 m?s~1 as resulting from the overall ef-

to diagnose mixing in numerical experiments, eRgltier  fect of weak interior values combined with intense turbulent
and Caulfield2003. mixing in coastal areas or over rough topography.

In the oceans, turbulent diapycnal mixing is required to While the above approach is useful, it does not exploit
transfer heat downward from the surface at a sufficientlythe link betweenk, and the mechanical sources of stirring
rapid rate to balance the cooling of the deep ocean by highsuggested by Eq.3]. Clarifying this link was pioneered
latitudes deep water formation. In the oceanographic literaby Munk and Wunsch(1998, who translated the advec-
ture, the most widely used approach to parameterise the vetion/diffusion balance into one for the gravitational potential
tical (diapycnal) eddy diffusivityk , is based on the Osborn- energy budget, which they argue must be a balance between
Cox model Osborn and Cox1972): the rate of GPE loss due to cooling and the rate of GPE in-

crease due to turbulent diffusive mixing, i.e.,

‘d(GPE,) d(GPE,)
dt dt

€p _ Ymixing €K

Ke=3z2= "Nz

®3)
: ®)

mixing

~
~

which expresse& , in terms of either the turbulent viscous cooling
kinetic energy dissipationg or turbulent diffusive dissipa-
tion of available potential energy, whereN? is the squared
buoyancy frequency, anghixing=¢p/ex is the ratio of the
APE to KE dissipation, which is often called the “mixing
efficiency”, e.g Lindborg and Brethouwe(2009. Express- z the vertical coordinate pointing upward. The subsorijst

ing K, in terms ofex appears to have been first proposed added here because it can be shown habk and Wunsch

by Lilly et al. (1974 and Weinstock(1978 in the context ( :

h s 1998 must actually pertain to the background GPEdget,
of stratospheric turbulent mixing, and adapted to the oceano: :
graphic case bsborn(1980. The definition of mixing ef- rather than the AGPE budget, as showriTaylleux (2009.

ficiency as a dissipations ratio adopted in this paper appearéhis follows from the fact that cooling and turbulent molecu-
to have been first proposed Bakey(1982). r diffusion act as a GPE sink and source only for the back-

, bothe q linked to the dissipati ground GPE, as it is the opposite that holds for AGPE. If

hS|nce| othep anfethrﬁ Inke ;Ot e dissipation oLme- one assumes that density is primarily controlled by tempera-
chanical energy ot whic KE and APE represeqt the WOy re for simplicity, the effect of mixing on GREs thus given
main dynamically important forms, Eq3)(makes it clear
far very rarely exploited in numerical ocean models. Rather dt

K, is often regarded as a tunable parameter whose value

(1966, who assumed the stratification to obey the vertical
advective/diffusive balance:

this result being obtained by multiplying Edt) (by o pogz,
after some manipulation involving integration by parts and
the neglect of surface heating, wheteis the thermal expan-
sion, g the acceleration of gravityy a reference density, and

that turbulent diapycnal mixing is directly related to the me- by:
chanical energy input in the oceans, but this link has been s¢4(GPE.) 9 96

T— = —/ 0009 87— (Kp—> dv

' mixing v 0z 0z
is adjusted to reproduce the main observed features of the 2 da
oceanic stratification. Such an approach was useilliyk = / ,oOKPN2 (1 + a__"> dv, (6)

v
by using the result tha¥?=cy gd6/dz in absence of salinity
a0 0 a0 effects, and by assumingO0 at the ocean surface, and no flux

Ya: T a2 <K/’ 8_z> ’ () through the ocean bottom. In their pagdynk and Wunsch

(1998 neglected the nonlinearities of the equation of state,
whered is the potential temperature, andthe vertical ve-  which amounts to regardy as constant, in which case the
locity. Physically, Eq. 4) states that the upward advection above expression becomes:
of cold water is balanced by the downward turbulent dif-

fusion of heat, the rate of upwelling being set up by the
rate of deep water formation. By using Ed) @s a model

d(GPE)
dt

~ / poK ,N%dV. (7)
mixing 14
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By using Eq. 8), assuming/mixing cOnstant, this formula can of C,, or £ to be used in Eq.9) is beyond the scope of this
be rewritten as follows: paper. Note, however, that it is possible to construct strati-

d(GPE) fications wi?hs not qnly smaller than one but also possibly
'T = / poepdV = Vmixingf pocxdV  (8) even negative, as discussed bgfonoff (1998 2001). The

v < latter cases are interesting, because they are such that GPE

D(APE) D(KE) decreasesipon mixing, notincreasesin contrast to what is
where D(APE) and D(KE) are the total volume-integrated Usually assumed.
diffusive dissipation of available potential energy and vis- The main reason that GPEs often assumed to increase
cous dissipation of kinetic energy, respectively. To conclude @S & result of turbulent mixing stems from that for an incom-
Munk and WunscH{1998 linked the dissipation to produc- pressible fluid with a linear equation of state, ES8). §tates
tion terms by assuming the balanféKE)=G(KE), where  that:
G(KE) is the work rate done by the mechanical forcing due d(GPB
to the winds and tides. As a result, the above formula yields: a1

1 d(GPBE
Ymixing dt

mixing

= D(APE), (12)

mixing

G(KE) = . (9 i, that GPEincreases at the same rate that APE decreases,
cooling which is classically interpreted as implying that the diffu-
By estimating the rate of GPE loss due to cooling to besively dissipated APE must be irreversibly converted into
0.4 TW, and by using the canonical valugixing=0.2, Munk GPE,, e.g.,Winters et al.(1999. Tailleux (2009 pointed
and Wunscl{1998 concluded thaG(KE)=0(2 TW) of me-  out, however, that Eq1¢) is at best only a good approxima-
chanical energy input was required to sustain turbulent diapytion, not a true equality, since in reality the rates of GRE
cnal mixing in the oceans. Since the work of the wind stresscrease and APE decrease are never exactly equal, and some-
against the surface geostrophic velocity is widely agreed tdimes even widely different, because of the nonlinear charac-
be O(1TW), Munk and Wunsch(1998 suggested that the ter of the equation of state.
shortfall should be explained by the work rate done by the In order to better understand how the net change in,GPE
tides. The issue remains controversial, however, because theorrelates with the total amount of APE diffusively dissipated
role of the surface buoyancy forcing is not sufficiently well during an irreversible turbulent mixing event, it is useful to
understood, as discussedTailleux (2009. examine the process of turbulent mixing in the light of clas-
Another important issue in assessing the uncertainties assical thermodynamic transformations. To make progress, the
sociated with Eq.9) concerns the importance of the non- conditions under which the diffusive exchange of heat be-
linearities of the equation of state, neglectedMdynk and  tween fluid parcels takes place need to be known, but in prac-
Wunsch(1998. As is well known, the nonlinearities of the tice this is problematic, for it would require solving the full
equation of state are mostly responsible for the fluid “con-compressible non-hydrostatic Navier-Stokes equations down
tracting upon mixing”. This contraction is responsible for to the diffusive scales. Fortunately, it is often the case that
the actual increase in GREue to mixing to be less than for stratified fluids at low Mach numbers are close to hydrostatic
a linear equation of state. In Edp)( this can be seen from equilibrium, suggesting that the diffusive heat exchange be-
the fact thabag /37 is usually positive for a stably stratified tween parcels may reasonably be assumed to occur at ap-
fluid. Sincez is negative by assumption, it follows that a proximately constant pressure. If so, irreversible diffusive
correction factor is required that modifies Eg) &s follows: ~ mixing must then be close to be a process conserving the total
4(GPB potential energy PE=APE+RBf the system, which implies

= (1- C,,)D(APE) that any amouni\APEyj; <0 of diffusively dissipated APE
dt  |mixing must be irreversibly converted into background. PEz.,
= (1= Cn)¥mixingD (KE). (10) APE. = —AAPEgi > 0. (13)

(1998's constraint (Eq9) as follows: be determined from the definitions PRESPE+IE,,
1 d(GPB APE=AGPE+AIE, and IE=AIE+IE, which imply:

& Ymixing dt

G(KE) = (11)

cooling AGPE. = —AAPEi — AIE, (14)
whereé=1-C,,<1. Based on the above argumeniynk
and Wunsch1998’s results are expected to underestimate
the constraint orG(KE), to the extent thaymixing and the
rate of GPE loss due to cooling can be kept fixed. This point
was first pointed out bsnanadesikan et 82005 who em- AGPE. AIE,
phasised the importance of cabelling. Discussing the valu€ = |AAPE;| = |AAPEqs|

whereAIE, is the net change in background internal energy
taking place during the irreversible mixing event. As a result,
the quantitieg andC,, previously defined become:

(15)
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Cn = i (16) (a) New view of energetics of turbulent mixing (Tailleux, 2009)
| AAPEgif |
D(KE)
Equations {5) and (L6) are important, because they establish KE IEo |Eexergy
that the nonlinearities of the equation of state — which are re- W laminar

sponsible for the temperature and pressure dependence of C(KEAPE
— can give rise to internal energy changel&, comparable

in magnitude withAAPEg# and AGPE. during a turbulent APE GPEr
mixing event. Such large JEchanges must in turn be as-

sociated with potentially large compressibility effects whose b) Classical view of energetics of turbulent mixing (Winters et a, 1995)
work against the pressure field may also expected to be large,

as first demonstrated Biailleux (2009. In other words, the ‘e D(KE) .
above formula suggest that the nonlinearities of the equation

D(APE) + ED(APE)

of state may give rise to significant non-Boussinesq effects. ,
. . Wr,laminar
So far, however, most numerical ocean models still make the C(KEAPE)
incompressible and Boussinesq approximations, while at the Apg |Vrturbulent [[F
same time using some version of the nonlinear equation of = D(APE)

state for seawater. Such an approach yields valuésanfd

that are predicted by E but since those values ulti-
Com P y Eco) Fig. 1. (a) New view of the energetics of freely decaying turbu-

mately derive from initially making the Boussinesq approx- g - :
. . . . lent stratified mixing as proposed by Tailleux (2009) verg)ghe
imation, it is unclear whether they can take into account the g.as prop y ( ) verg)

. - . . earlier interpretation proposed by Winters et al. (1995). In the new
nonlinear character of the equation of state in a fully consis-ie\y, internal energy IE is subdivided into a dead pag ¢#&d ex-

tent manner. ergy part IRxergy The double arrow linking IBxergy and GPE
In fact, even when the net changelE, appears to be means that both, jaminarand W;. wurbulentcan be either positive or

small or negligible, seemingly justifying the incompressible negative in general.

assumptionTailleux (2009 argues that compressible effects

may still be large, because one may show thHE, can be

decomposed as follows: effects may be important even®IE,~0 is because volume
changes are primarily determined ByEexergy Not by AIEg
AIEr = AIEexergy+ AlEO, (17) or AlEr

where I and |Esyergy=IE, —|Eo are two subcomponents of As regards to the empirical determination of the mix-

“ ,, “ " . ing efficiency ymixing=¢p/ck, the above remarks are im-
IE, called the “dead” and “exergy” components. Physically, 9 _ ;
IEq represents the internal energy of a notional thermody—fhoorbar;]ttbtzcaﬁsgfaiﬁg‘?ﬁ:}ifﬁg|§;rengurije:rtllt>i/tvwdfgn i-
namic equilibrium state of uniform temperatufg whereas 9 phy y rep 9 Y. promp

IEexergy represents the internal energy associated with the'd many studies to actually estimate from measuring the

vertical stratification of the reference state. An important re-ggtr 22:?2:2;8635?'%‘S"ggi\ggnélag?’aeb)éfiz (ﬁ]g?(je)é sense
sult of Tailleux (2009 is that the net changes indfergyand Iscu Ve, NOWEVer, thi

. only if & can be ascertained to be close to unity, as if not
IEg are rel leading order 9GP nd AAPEg; X . T '
o are related at leading orde E and Eaif as the relevant value of is then required. One of the main ob-

follows: jective of this paper is to establish that the behaviouy of
AGPE. ~ — AlEexergy (18)  closely connected to the sign and amplitude of the following
parameter:
AlEg ~ — AAPEgis > 0, (29)
4 (ﬂ) (20)
to a very good approximation in a nearly incompressible fluid dz \ oC)p,

such as water or seawater. These relations state that turbulen . . - .
o T . .+ Whereq is the thermal expansion coefficier,is the pres-
molecular diffusion primarily dissipates APE into “dead” in- . . . o
S . sure, p is the density, andC,, is the specific heat capac-

ternal energy Ig, while simultaneously causing a transfer . N

. ity at constant pressure, while salinity is assumed to be
between GPEand |Beergy Physically, the former effectre- ‘i B o) ahout the domain. Physically, the parameter
sults in an increase of the equivalent thermodynamic temper: 9 ' y Y P

ature Tp, whereas the latter effect results in the smoothing széze/ r(lﬂt)scztﬁ)ej;gt/igr; (\)/\;Tﬁge;n:zJzteoa;cﬁ:gsggelﬁgzebra;e’
out of dT,/dz. This contrasts with the standard interpreta- P y

tion that turbulent molecular diffusion irreversibly converts parcel in an isobaric process that can be converted into work.

. . As a result, Y is expected to be the main parameter control-
A.PE Into GPE, as proposed_ byvinters _et al (1999 The_ ling the net change in GREdue to the turbulent diffusive
differences between the two interpretations are schematlcall¥1eat exchanae between fluid parcels
illustrated in Fig. 1. The main reason why compressibility 9 P '
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R. Tailleux: Is mixing efficiency affected by nonlinear equation of state? 275

From the viewpoint of turbulent mixing, the main diffi- As shown byWinters et al.(1995 (using somewhat dif-
culty posed by a nonlinear equation of state is to make itferent notations), the energetics of freely decaying turbu-
possible for different vertical stratification to share the samelence in an insulated domain is based on the following evolu-
profile N(z) without necessarily having the sarifgz) ver- tion equations for the volume-integrated kinetic energy (KE),
tical profile. From a dynamical viewpoint, this is not ex- available potential energy (APE), and background gravita-
pected to be a problem as long as the dynamical evolution ofional potential energy (GRIE
KE and APE, as well a®(KE) and D(APE), remain mostly
controlled byN(z) at leading order, as is usually assumed. d(KE) — —C(KE. APE) —

(KE, APE) — D(KE), (21)
If so, the dissipations rati®(APE)/D(KE), and hence the dt
bulk mixing efficiencyymixing, can then be assumed to be (APE)
unaffected by the nonlinearities of the equation of state at
leading order. The main objective of this paper is to verify
that D(APE) appears indeed to be largely insensitive to the ;(GPE.)
Y (z) vertical profile, and hence mostly controlled by(z). ~ —— = Wrmixing = Wrlaminar+ Wr.urbulens (23)
If so, we can safely conclude that it must also be the case for
D(KE), since there is even less reasons to believe that the latvhere C(KE,APE) is the so-called buoyancy flux, which
ter could be affected by (z). This could be directly verified physically represents the reversible conversion between KE
through direct numerical simulations of turbulent stratified and APE, while all other terms represent irreversible pro-
mixing using a fully compressible Navier-Stokes equationscesses, wittD(KE) denoting the viscous dissipation of KE,
solver, which we hope to report on in the future. On the D(APE) the diffusive dissipation of APE, anil;, mixing the
other hand, the net change in GPE expected to be ex- rate of change of GRElue to molecular diffusion, which is
tremely sensitive tor(z). Most of the paper is devoted to customarily decomposed into a turbulent and laminar contri-
verify that this is indeed the case, and to find ways to relatebution. Note that the above equations are domain-averaged,
the net change in GREo the sign and magnitude afr /dz. not local formulations, which are expected to be well suited
Section 2 provides a theoretical formulation of the issue dis-for understanding laboratory experiments of turbulent mix-
cussed. Section 3 discusses the methodology, while the réng for which lateral fluxes of APE and KE can be ignored.
sults are presented in Sect. 4. Finally, Sect. 5 summarises As discussed byailleux (2009, Eqgs. 1)—(23) provide
and discusses the results. a unifying way to describe the energetics of both the in-
compressible Boussinesq and compressible Navier-Stokes
) . equations, by adapting the definitions of the energy reser-
2 Theoretical formulation of the problem voirs and energy conversion terms to the particular set of
equations considered. Explicit expressions IfAPE) and
W, mixing @re given byTailleux (2009 in the particular cases

A key issue in the study of turbulent mixing is understand- ©f: 1) @ Boussinesg fluid with a linear and nonlinear equa-
ing the links between stirring and mixing. As first discussed tion Of state in temperature; 2) for a compressible thermally-
by Eckart(1948, the two processes can be rigourously Se|o_st'ratlfled fluid obeymg the Nawer-Stokes'equatlons of state
arated if one notes that the probability density functions (pdfVith @ general equation of state depending on temperature
in short) of the adiabatically conserved quantities (i.e., en-2"d Pressure. These expressions are recalled further be-
tropy and salt for seawater) are only affected by the irre-I0W for case 2). WhileW, jaminar is well understood to be
versible mixing due to the molecular diffusion of heat and @ conversion between IE and GREhe nature of the en-
salt, but not by the adiabatic shuffling of the parcels due to€9Y conversions associated witHAPE) andW. twurbutentiS
the stirring process. The link withorenz (1955's avail- still a matter of debate. Currently, it is W|dely_assumed that
able potential energy framework comes from the fact that?(APE) @ndW;.wrouient represent the same kind of energy
Lorenz’s reference state, i.e., the state whose potential er£Onversion, namely the irreversible conversion of APE into
ergy is minimised by an adiabatic re-arrangement of the fluid®PE- 0Wing to the fact that for a Boussinesq fluid with a lin-
parcels, coincides with the above-mentioned pdf, which waar equation of state (referred to as the L-Boussinesq model
exploited byWinters et al.(1995 to provide a new way to  nereafter), one has the exact equallfAPE)=W.wrbuient
rigourously quantify irreversible mixing simply from diag- !t Was pointed out byTailleux (2009 that this equality is
nosing the temporal evolution of the reference state. In & Serendipitous artifact of the L-Boussinesq model, which
Boussinesq fluid with a linear equation of state, the role ofd0€S not hold for more accurate forms of the equations of
entropy is played by either temperature or density. In the fol-motion. More generaIIyTallleux (2009 foun'd that the ratio
lowing, the fluid will be assumed to be either freshwater or é=Wr.wrbuien? D(APE) is not only systematically lower than
seawater with uniform salinity throughout the fluid. gnlty for water or se_awater,_ but can in fact also takes on nega-
tive values, as previously discussedfnfonoff (1962 1998
2007 in a series of little known papers. In other words, the

= C(KE, APE) — D(APE), (22)

2.1 Energetics of mixing

WwWw.ocean-sci.net/5/271/2009/ Ocean Sci., 5, ZBB-2009
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equality D(APE)=W, wrbulent IS Only a mathematical equal- the case for a turbulent mixing event developing from a
ity, not a physical equality, by defining a physical equality unstable stratified shear flow for instance, eRgltier and

as a mathematical equality between two quantities that perCaulfield(2003. This point can be further clarified by com-
sists for the most accurate forms of the governing equationparing the energetics of turbulent mixing events developing
of motion. To clarify the issu€Tailleux (2009 sought to un-  from the shear flow instability with that developing from the
derstand the links betweeR(APE), W, mixing @and internal  Rayleigh-Taylor instability, treated next, which by contrast

energy, by establishing the following equations: can be regarded as having the idealised signankK&~0
and AAPE<O.
d(IEo) ~ D(KE) + D(APE), (24) In the case of the stratified shear flow instability, assumed
dt to be such thahKE <0 andAAPE~0, integrating the above

d(IE ) energy equations over the time interval over which the turbu-

exergy .. .

- ~= — [Wy.laminar+ Wr.turbulends (25)  lent mixing event takes platgields:

W mixing AKE = —C(KE, APE) — D(KE), (27)

which demonstrate that the viscously dissipated KE and dif-0 = C(KE, APE) — D(APE), (28)
fusively dissipated APE both end up into the dead part of in- o o o
ternal energy |5, whereasV, mixing represent the conversion AGPE: = Wi mixing = W . wrbulent+ W r.laminar (29)

rate between GBEand the “exergy” component of internal
energy Ikxergy A schematic energy flowchart illustrating the
above points is provided in Fig. 1.

where the overbar denotes the time integral over the mixing
event. For a Boussinesq fluid with a linear equation of state,
Winters et al.(1995 showed thatD (APE)=W , wurbulent I

we combine the latter result with the APE budget (i.e.,

Eqg.28), one sees that one has the triple equality:

The APE_ framewprk i_ntrodu_ced hp(/inter_s et al(1995 for C(KE, APE) = D(APE) = W wurbulent (30)

a Boussinesq fluid with a linear equation of state, and ex-

tended byTailleux (2009 to a fully compressible thermally- The triple equality Eq.30) suggests that any of the three
stratified fluid, greatly simplifies the theoretical discussion quantitiesC(KE, APE), D(APE), or W, wrbulent Can a pri-

of the concept of mixing efficiency. To that end, it is useful ori serve to measure “the fraction of the kinetic energy that
to start with the evolution equation for the total “available” appears as the potential energy of the stratification”, which
mechanical energy ME=KE+APE, obtained by summing theis the traditional definition of the flux Richardson number

2.2 Efficiency of mixing and mixing efficiency

evolution equations for KE and APE, leading to: proposed byinden (1979. Historically, the buoyancy flux
C(KE, APE) is the one that was initially regarded as the nat-
dME) _ —[D(KE) + D(APE)]. (26) _ure_ll quantity to use for that purpose.ir.1 an overwhelming ma-
dt jority of past studies of turbulent mixing. As a result, most

Equation 26), along with Eq. 24), are very important, for existing studies of turbulent mixing define the turbulent di-
they show that both viscous and diffusive processes conapycnal diffusivity, mixing efficiency, and flux Richardson
tribute to the dissipation of ME into deal internal energy Number in terms of the buoyancy flux as follows:
IEg. From this viewpoint, understanding turbulent diapyc- STRE APE

o i fux  C(KE, APE)
nal mixing amounts to understanding what controls the ra-K,”” = —————,
tio ymixing=D(APE)/D(KE), that is, the fraction of the total
a_vailable mechanical energy di_ssipa}ed by molecular diffu- iux _ C(KE, APE) 32
sion rather than by molecular viscosity. The amount of ME Ymixing = W» (32)
dissipated by molecular diffusion, i.)(APE), is important,
because it is directly related to the definition of turbulent di- . = C(KE, APE)
apycnal diffusivity, as said above in relation with E8).( I~ C(KE APB 1 DKE) (33)

The link between the dissipation mixing efficiency and _ - _ _
more traditional definitions of mixing efficiency can be clar- |t_|5 easily Ve“fl_ed that the above equations are consistent
ified in the light of the above energy equations, by inves-With those considered bpsborn(198Q for instance. Phys-
tigating the energy budget of a notional “turbulent mixing ically, however, there are fundamental problems in using the

event’, defined here as ar_l eplsodg .Of |nt.ense mixing .f0|_ Lit is usually assumed that the time average should be short
lowed and prece.d(.ad by Iamlnar cqndltlons (i-e., CharaCter'Segnough that the viscous dissipation of the mean flow can be ne-
by very weak mixing), during which KE and APE undergo giected. Alternatively, one should try to separate the laminar from
a net change changeKE<0 andAAPE<OQ. As far as we  the turbulent viscous dissipation rate. The following derivations as-
understand the problem, most familiar definitions of mix- sume that the viscous dissipation is dominated by the dissipation of
ing efficiency appear to implicitly assum®APE~OQ, as is the turbulent kinetic energy rather than that of the mean flow.

2 (31)
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buoyancy flux to quantify irreversible diffusive mixing, be- paper, wherea€ (KE, APE) is easily shown to be negative
cause as pointed out ISjaulfield and Peltief2000, Staquet  in the case of a turbulent mixing event for which all mechan-
(2000 andPeltier and Caulfield2003, C(KE,APE) repre- ical energy is initially provided entirely in APE form. In that
sents a reversible energy conversion, which usually takes onase, assumina APE<0 and AKE~O0 in the above energy
both large positive and negative values before settling on itdbudget equations yields:

long term average)(APE). Moreover, as pointed out be-
low, the buoyancy flux is only related to irreversible diffusive

mixing only if AAPE~O holds to a good approximation, for - \yhich shows that this time( (KE, APE) directly measures
otherwise, it becomes also related to the irreversible vis:cou§he amount of viscously dissipated kinetic energy, rather

dissipation rate as shown by the KE budget (9. Equa- 5 dgiapycnal mixing. The latter case is relevant to under-

tion (30) makes it possible, however, to use eithRAPE) or - gianq the energy budget of the Rayleigh-Taylor instability,
W wrbuientinstead ofC (KE, APE) in the definitions§l) and  geepaiziel et al. (2008 for a recent discussion of the latter.
(32). For this reason, botBaulfield and Peltie(2000 and

Staque{2000 proposed to measure the efficiency of mixing 2.3  Link between D(APE) and W,.
based oW, wurbulens i-€-,

C(KE, APE) = D(APE) + AAPE = —D(KE), (38)

mixing

In order to help the reader understand or appreciate why the

K GPE _ W' turbulent (34) ratio & =W, wrouleny D(APE) is generally lower than unity for
r NZ water or seawater, and hence potentially significantly differ-
— ent from the predictions of the L-Boussinesq model, it is use-
Vn?iziﬁg — M{ (35)  fulto examine the structure &¥,. mixing and D(APE) in more
D(KE) details. As shown byailleux (2009, the analytical formula
— for the latter quantities in a fully compressible thermally-
R;‘epﬁ _ _ Wrwrbulent , (36)  stratified fluid are given by:
Wr,turbulent+ D(KE) o P
rtr
such a definition being motivated Minters et al(1995's ~ "Vr.mixing = /v 0rCr V- (kpCpVT)dv, (39)
interpretation thaD (APE) andW,. wrbulentrepresent the same
_engrgy co_nversmn wher(_eby the diffusively dISSIDaéepdEAPED(APE) _ _/ T Trv ) (KpCpVT) av. (40)
is irreversibly converted into GRE The parameter ; v

was called the “cumulative mixing efficiency” BBeltier and . . L
Caulfield (2003 and modified flux Richardson number by Where as before is the thermal expansion coefficiert,is
Staque(2000. As argued ifTailleux (2009, it is D(APE), the pre_ssureC,,. is thg specific hea_t cgpgcny at constant pres-
rather thar, wurbulens that directly measures the amount of sure,p is density, with the subscriptindicating that values

KE eventually dissipated by molecular diffusion via its con- 2Ve t0 be estimated in their reference state. The parame-
ter Y=aP/(pCp) plays an important role in the problem.

version into APE, suggesting that the flux Richardson num- ; ) X i i )
ber should actually be defined as: Physmally, it can be shown thgt inan |spbar|c process during
which the enthalpy of the fluid parcel increasesddy, the
DAPE D(APE) parameterY represents the fraction @fH that is not con-
Ry = : (37) verted into internal energy, i.e., the fraction going into work
D(KE) + D(APE) al energy, I1.e., going

. . ~_(and hence contributing ultimately to the overall net change
While the above formula makes it clear that all above defini-in GPE.). As a resulty plays the role of a Carnot-like ther-
tions of R y are equivalent in the particular case considered, itmodynamic efficiency. In Eq30), Y, denotes the value that
is easily realized that they will in general yield different num- v would have if the corresponding fluid parcel was displaced
bers if one relaxes the assumptiadPE~0 in Eq. £8), as adiabatically to its reference position.
well as the assumption of a linear equation of state, yielding | order to compare these two quantities, we exparas
unity and sometimes even negative for water or seawater. For

this reason, it is crucial to understand the physics of mixing? = 7, + I'; (P — Pr) + ... (41)
efficiency at the most fundamental level. From the litera- . : .
ture, it seems clear that most investigators's idea about thd” herel’,=a, 1,/ (prCpr) is the adlapatlc lapse rate. At.Iead-
flux Richardson number is as a quantity comprised between "9 order, therefore, one may rewrii(APE) as follows:

0 and 1. From that viewpoint, the dissipation flux Richardson o (P — P) T,

numberk ?APE is the only quantity that satisfies this property D(APE) = /v ,Or—(jpr?v ~(kpCpVT)AV ...

under the most general circumstances, as cases can easily be

constructed for which botW,,turbMemandC(KE, APE) are (T, — T) a,P,
negative. Indeed, cases for whigk0 are described in this ~ "'7-mixing +/v T pCp

V- (kpC,VT)dV

WwWw.ocean-sci.net/5/271/2009/ Ocean Sci., 5, ZBB-2009



278 R. Tailleux: Is mixing efficiency affected by nonlinear equation of state?

o T, P .
— V- C,VT)dV + ... 42 x10™ -2
/V pGCrT (K’O p ) ( ) 6 T 10

These formula shows thad(APE) can be written as the

sum of W, mixing plus some corrective terms. One sees

that the L-Boussinesq model’s results derivedVidinters et

al. (1995 can be recovered in the limt~T,, P~—pogz,

ar/(prCpr)=an/(poCpo), pCppoC o, Where the subscript

0 refers to a constant reference Boussinesq value, yielding: ¢ st
z

10°F

iN
T

107}

o Pl(p Cp)

D(APE)% Wr,mixing— r,laminar= Wr,turbulent (43)

These results, therefore, demonstrate that the strong correla
tion betweenD (APE) and W, mixing Originates in both terms
depending on molecular diffusion in a related, but neverthe-
less distinct, way, the differences between the two quantities
being minimal for a linear equation of state. The fact that 9, 5 o 0% s 10
the two terms are never exactly equal in a real fluid clearly P~Pin (@02 PP pp (A02)
refutesWinters et al(1995’s widespread interpretation that

D(APE) and W, twrbulent Physically represents the same en-

_ergy Co.nverS|on Whergby the d|ffu3|vely dissipated APE Sto all stratifications considered. (Right panel) The thermodynamic
irreversibly converted into GRE In reality, D(APE) and  fficiency-like quantitye P/(pC ) corresponding to the 27 differ-

W, wrbulentrepresent two distinct types of energy conversionsent cases considered. Note that the Fofonoff regime, i.e., the case
that happen to be both controlled by stirring and molecularfor which G P E decreases as the result of mixing, is expected when-
diffusion in related ways, which explains why they appear toever the latter quantity decreases for increasing pressure. The clas-
be always strongly correlated, and even exactly equal in thesical case considered by the literature, i.e., the case for vhieh
idealised limit of the L-Boussinesg model. If one accepts theincreases as the result of mixing corresponds to the case where the
above point, then it should be clear that what is now requiredatter quantity increas_es with increasing pressure on average (see
to make progress is the understanding of what controls thd@ble 1 for more details).

behaviour of the parametér since the knowledge of the lat-

ter is obviously crucial to make inferences about turbulent

diapycnal mixing from measuring the net changes of GPE for the « P/(pC),) parameter illustrated in the right panel
for instance. The purpose of the numerical simulations de-Of Fig. 2. In all cases considered, the pressure varied from

scribed next is to help gaining insights into what contgals ~ Pmin 10 Pmax=Pmin+10 dbar, withPni, taking the three val-
ues (Odbar, 1000 dbar, 2000 dbar). In all cases, the salin-

ity was assumed to be constant, and taking one of the three
3 Methodology possible values=(30 Psu, 35 psu, 40 psu). With regard to

the temperature profile, it was determined by imposing the
To get insights into how the equation of state of seawater af'particular valueTmax=T (Pmin) at the top of the fluid, with
fects turbulent mixing, we comparé(APE) andW,.wrbulent  all remaining values determined by inversion of the buoy-
for a number of different stratifications having the same gncy frequencyNV2 common to all profiles by an iterative
buoyancy frequency vertical profil®, but different verti-  method. The imposition of a fixed buoyancy profie salin-
cal profiles with regard to the parameteP /(o C)), as illus- ity S, pressure range, and minimum temperatfitg, was
trated in Fig. 2. The quantitieB(APE) andW, mixing Were  found to yield widely different top-bottom temperature dif-
gstimated from Eqs3Q) and @0), while W,.wrbulentWas €S- ferencesT (Pmin)—T (Pmax), ranging from a few tenths of
timated from degrees to about’€ depending on the case considered, as
seen in Fig. 3. In each case, the thermodynamic properties
of the fluid were estimated from the Gibbs functionFeis-
whereW, jaminarwas obtained by taking =7, in the expres- tel (2003 Specific details for t_he temperature, pressure, and
sion for W, mixing: The quantitiesD(APE) and W, wurbulent salinity in each of the 27 experiments can be found in Table 1
were estimated numerically for a two-dimensional square do2long with other key quantities discussed below.
main discretised equally in the horizontal and vertical direc- Numerically, the two-dimensional domain used to quan-
tion. In total, 27 different stratifications were considered, tify D(APE) andW,. wurbulent Was discretised intdv,; x N, ;
all possessing the same squared buoyancy frequRal points in the horizontal and vertical, witN,;=N,;=100.
lustrated in the left panel of Fig. 2, but different mean tem- Mass conserving coordinates were chosen in the vertical, and
perature, salinity, and pressure resulting in different profilesregular spatial Cartesian coordinate in the horizontal. For

10 %

Fig. 2. (Left panel) The squared buoyancy frequen&y common

Wr,turbulent= Wr,mixing - Wr.laminar, (44)
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Fig. 3. Distribution of the top-bottom temperature difference

T (Prmin)—T (Pmax) as a function of the experiment number. Fig. 4. (Left panel) The dissipation rate of APE as a function of
APE, each point corresponding to one particular experiment. Note

that there is no obvious dependence on the stratification. (Right
practical purposes, the vertical mass conserving coordinat@anel) The rate of chang#,. wrbulentas @ function of APE. This
can be regarded as standard heighass the differences be- time, each stratification is associated with a different curve.
tween the two types of coordinates were found to be insignif-

icant in the present context, and thus chase=Az. In or- yo4ree of freedom to the problem, which is responsible for
der to computeD(APE) andW.wrbulentfor turbulent condi- 0" hhearance of a linear relationship betwB6APE) and
tions, we modelled the stirring process by randomly shuffling o i Fig. 4. It is easy to convince oneself, however, that
the fluid parcels adiabatically from resting initial conditions. ¢ ~iiti~ations can be constructed which have the same value
Shuffling the parcels in such a way requires a certain amounfc Ape byt widely different values ab(APE).

of stirring energy, which is equal to the available potential In orl:ler to understand how the equation of state affects

energy APE of the randomly shuffled state. Wy turbulens it is useful to rewrite Wy.mixing as given by
Eq. 39) as follows:

P
Wi mixing = _/ kpCpVT -V ( A )dV
1%

For each of the 27 particular reference stratifications consid- PrCor
ered, synthetic turbulent states were constructed by gener- P ar P\ 9T,
ating hundreds of random permutations of the fluid parcels,™ — /v P"Cpg <p C )

. . . . . .. r r - pr
thus simulating the effect of adiabatic shuffling by the stirring
process, in each case yielding a particular valu®GAPE), by using an integration by parts, assuming insulated bound-
Wi mixing: Wr wrbulent and APE. One way to illustrate that aries, and using the approximati®? ~V7T,4+0(T—T,), by
W wrbulentdepends more sensitively on the equation of statenoting that the reference quantities depend only upon
than D(APE) is by plotting each quantity as a function of Equation 45) suggests thal,, mixing and W;. wrbulentare pri-
APE, as illustrated in Fig. 4. Interestingly, the figure shows marily controlled by the vertical gradient af=a P /(0C)),
that all values of D(APE) appear to be close to a linear and that bothW, mxing and W;. wrbulent are likely to be posi-
straight line, with no obvious sensitivity to the particular tive only whendY /dz is negative. This is obviously the case
value of Y. In contrast, the right panel of Fig. 4 demonstrates when the vertical variations ef/ (o C) can be neglected, as
the sensitivity ofW,. wroulentto Y, as a separate curve is ob- in this casedY'/dz~a/(pCp)d P /dz~—ag/C,<0, assum-
tained for each different stratification. Note that one shoulding the pressure to be hydrostatic. The case when the vertical
not construe from Fig. 4 tha(APE) is a linear function of ~ gradient ofw P /(pC ) is positive was extensively discussed
APE. Physically,D(APE) depends both on the APE, as well by Fofonoff (1962 1998 2001), and can be easily encoun-
as on the spectrum of the temperature field. It so happentered in the oceans.
that the method used to randomly shuffle the parcels tends In all experiments considered, we found the ratio
to artificially concentrate all the power spectrum at the high-§=W, wrouleny D(APE) to be systematically lower than unity,
est wavenumbers, the effect of which being to suppress onas already pointed out ifilleux (2009. In order to better

4 Results

IVz 12dV +---  (45)
0z,
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Table 1. Averaged values of the two ratigs=W, yrhuleny D(APE) and AGPE/APE for the 27 different types of stratifications considered

in this paper. The quantitigdY'/dz]min and AY refer to the minimum value of the vertical derivative b&=a P /(oC)) and top-bottom
difference ofY, respectively.s is the salinity used in the equation of state for seawdtds,the mean temperature of the profile considered,

and Ppin denotes the minimum value of the vertical pressure profile. The top-bottom temperature differences are displayed in Fig. 3, while
the pressure interval is 10 dbar in all cases. The tabulated values demonstrate that increasingly negativé valinesdaf with increasingly

large positive values af Y/dz, as well as with with the increasing importance of non-Boussinesq compressible effects associated with an
increasing discrepancy between AGPE and APE. The standard case fotwiiiéh achieved close to atmospheric pressure. The maximum
negative value of occurs for the lowess, lowestT, and largesPp, values considered.

Expt £ AGPE/APE  [dY/dzlminx10® ATx10® S(psu) T(°C) Ppin(dbar)

1 0.98 1.0003 —6.70 —-0.64 40 22.6 0

2 0.98 1.0003 —6.53 —0.63 35 22.6 0

3 0.98 1.0003 —6.36 —0.61 30 22.6 0

4 0.95 1.0005 —4.50 —-0.40 40 12.5 0

5 0.95 1.0005 —4.23 —0.37 35 12.5 0

6 0.94 1.0006 —-3.95 -0.33 30 12.4 0

7 0.71 1.0015 —-1.20 0.03 40 1.9 0

8 0.55 1.0018 —0.51 0.15 35 1.6 0

9 0.10 1.0026 0.67 0.35 30 12 0
10 —-2.41 1.0369 5.07 242 40 22.6 1000
11 —2.67 1.0391 5.89 2.61 35 22.6 1000
12 —2.96 1.0416 6.76 2.81 30 22.6 1000
13 —4.93 1.0682 14.42 4.87 40 22.7 2000
14 —5.36 1.0724 15.72 5.18 35 22.7 2000
15 —-5.84 1.0768 17.09 5.51 30 22.6 2000
16 —6.35 1.0772 14.05 4.44 40 125 1000
17 —7.35 1.0835 15.97 4.89 35 12.5 1000
18 —8.53 1.0905 18.10 5.40 30 125 1000
19 -10.73 1.1372 27.10 7.87 40 12.6 2000
20 -—12.17 1.1476 30.02 8.58 35 12.5 2000
21 -13.86 1.1591 33.23 9.37 30 125 2000
22 -30.73 1.2109 42.67 11.36 40 21 1000
23 —38.06 1.3306 63.86 16.93 40 2.3 2000
24 —-41.26 1.2482 51.06 13.42 35 2.0 1000
25 —47.46 1.3751 73.20 19.26 35 2.2 2000
26 -58.84 1.3010 63.09 16.37 30 1.9 1000
27 —61.06 1.4318 85.31 22.28 30 21 2000

understand how Y /dz controls the behaviour d¥; wrbulens average ratio AGPE/APE for each particular reference strat-
the ratio§=D(APE)/W, wrbulent Was averaged over all ran- ification. Interestingly, we find that the classical cgsel
domly shuffled states separately for each stratification, thecoincide with APEcAGPE, as expected in the Boussinesq
results being summarised in Fig. 5 and Table 1, along withapproximation. We find, however, that the decreasg io-

the minimum value ofi Y /dz, as well as with the top-bottom incides with AGPE being an increasingly bad approximation
difference AY=" (Pmin)— Y (Pmax). Panels a and ¢ show of APE. As the latter implies that AIE becomes increasingly
that as long that/Y <0, the equalityW; wrbulente D (APE) important, it also implies that compressible effects become
holds to a rather good approximation, up to a factor of 2, theincreasingly important. This suggests, therefore, that the ef-
approximation being degraded at the lowest temperature anficts of a nonlinear equation of state are apparently strongly
salinity. Note, however, that in the cases consideged) connected to non-Boussinesq effects, a topic for future ex-
only at atmospheric pressure, withbeing systematically ploration.

negative atPmij=1000 dbars and’yin=2000 dbar, respec-
tively. Both Table 1 and Fig. 5a and ¢ show tabecomes
increasingly negative aglY /dz]min becomes increasingly
large and positive, the worst case being achieved for the low L . e )
estT, lowest salinity, and highest pressure. As a further a,[_about turbulent mixing in a Boussinesq fluid with a linear

tempt to understand this behaviour, we also computed th&auation of state, thert_a\ also (_aX|st stratification for which
W, wrbulentand D(APE) differ radically from each other. The

The key point of the present results is that while there ex-
ist stratifications such thaW, wyroulent>D(APE) to a good
approximation, and hence that conform to classical ideas

Ocean Sci., 5, 271283 2009 Wwww.ocean-sci.net/5/271/2009/
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main reason why this is not more widely appreciated is sug- i @

(b)

281

gested by the results summarised in Table 1, which shows¥
that W; turbulent> D(APE) appears to hold well under nor-

mal temperature and pressure conditions, which are usually
those encountered in most laboratory experiments of turbu-z
lent mixing. In that case, the classical results of Boussinesquf
theory are applicable, and there is no problems in measurincé _
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the mixing efficiency of turbulent mixing events from mea-

suring the net change in GRPEas often done, e.gBarry ©10° ©
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(2001), in accordance with the definition of mixing efficiency
proposed byCaulfield and Peltief2000 andStaque(2000),
since&~1 to a good approximation. Temperature, salinity,
and pressure conditions in the real oceans can be very differ-
ent than in the laboratory, however, especially in the abyss.
In the latter case, the present results suggest not only: that
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can potentially become very large and negative, but that the
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discrepancy between AGPE and APE can become significant

to the point of making the Boussinesq approximation and the

neglect of compressible effects very inaccurate. This pointFig. 5. (a) The averaged rati®=W, yrbuleny P (APE) as a function

seems important in view of the current intense research efforef the experiment numbe(p) The averaged ratio AGPE/APE as

devoted to understanding tidal mixing in the abyssal oceang function of the experiment numbe(c) The minimum value of

that was prompted a decade ago by the influential study by//4l¢P/(pCp)] as a function of the experiment numbgd) The

Munk and Wunsch1998. The point is also important be- top-bottom difference at P/(pC ) as a function of the experiment
g _ . . . number.

cause values of mixing efficiency published in the literature

have been traditionally been reported without mentioning the

_associateql value d&f, which may explain part of _the spread represent two physically distinct kinds of energy conversion,
in the published values, and adds to the uncertainty surroundhe former associated with the dissipation of APE into “dead”
ing this crucial parameter. The present results suggest that gjternal energy, and the latter associated with the conversion
important project would be to seek to reconstruct the missyetween GPEand the “exergy” part of internal energy. The
ing values ofé, which is in principle possible if sufficient  former is always positive, while the latter can take on both
information about the ambient conditions are available. signs, depending on the particular stratification.

From the viewpoint of turbulence theory, the present re-
sults indicate that the equalify(APE)=W,. wrbulent Obtained
in the context of the L-Boussinesq model Wyjinters et al.
] . ) (1995 should only be construed as implying a strong corre-
The nonlmegrmes qf the equation pf state fqr walter or s€@1ation betweenD(APE) andW,.wrbuiens NOt as an indication
water make it possible for a stratification with given mean 4t the diffusively dissipated APE is converted into GPE
vertical buoyancy profilev to have widely different verti- - Ag the present results show, the correlation between the two
cal profiles of the parametéf =a P/(pCp), depending on  rates strongly depends on the nonlinearities of the equation
particular oceanic circumstances. The main result of this pay¢ siate. Fundamentallyp(APE) andw,. wrbulent@ppear to be
per is that the sign and magnitude &' /dz greatly affect  ¢orelated because they both depend on molecular diffusion,
Wr.urbulent — the turbulent rate of change of GPE while 44 on the gradient of the adiabatic displacengent—z, of
they correspondingly little affecD(APE), the dissipation  the jsothermal surfaces from their reference positions. Based
rate of APE. As a result, the ratio=W;.wruien/ D(APE) IS o the present results, the raie=W,. wrbueny D(APE) ap-
in general lower than unity, and sometimes even negative, fobears to be determined at leading order mostly by the sign
water or seawater. For t'hIS reason, the fact gh(al-tPE) qnd' and magnitude of Y /dz=d /dz[a« P /(pC,)]. Further work
Wr.wrbulenthappen to be identical for a Boussinesq fluid with s required, however, to clarify the precise link betwéemd
a linear equation of state appears to be a very special casgqy ;. under the most general circumstances, which will be
which is rather misleading in that it fails to correctly address reported in a subsequent paper.
the wide range of values assumed by the parangeterthe The present results are important, because they show that

actual oceans, while also leading to the widespread erroneoygg 1 following ways of defining a flux Richardson number
idea that the diffusively dissipated APE is irreversibly con- R and mixing efficiencymixing, Viz.,

verted into GPE and hence that turbulent mixing always
increase GPE. As far as we understand the problem, based, ...  D(APE)
on the analysis oTailleux (2009, D(APE) and W, wurbulent Ymixing = —D(KE) )

5 Conclusions

(46)
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R?APE - D(APE) (47) salinity constant. In practice, however, many studies of tur-
D(APE) + D(KE) bulent mixing are based on the use of compositionally strat-
called the dissipation mixing efficiency and flux Richardson fied fluids. Understanding whethércan be significantly
number byTailleux (2009, and different from unity in that case remains a topic for future
study.
GPE __ Wr,turbulent 48
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