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Abstract. The actual impact on vertical transport of small- drag on the large-scale flow through Reynolds stress, (iii) it
scale turbulence in the free atmosphere is still a debated isnduces irreversible transport of heat, mass and minor con-
sue. Numerous estimates of an eddy diffusivity exist, clearlystituents. However, the actual impact of small-scale turbu-
showing a lack of consensus. MST radars were, and conlence on the atmospheric dynamic — energy budget and ver-
tinue to be, very useful for studying atmospheric turbulence tical transport — is still an open issue. For instance, the ques-
as radar measurements allow one to estimate the dissipatidion as to whether the small-scale turbulence has any signif-
rates of energy (kinetic and potential) associated with turbu-icant impact on vertical transport in the upper-troposphere
lent events. The two commonly used methods for estimatingower-stratosphere (UTLS), and in the mesosphere as well,
the dissipation rates, from the backscattered power and fronis still debated.
the Doppler width, are discussed. The inference methods of Various evaluations of the turbulent diffusivi®y (m?/s)
a local diffusivity (local meaning here “within” the turbulent for the UTLS and for the mesosphere are shown in Table
patch) by using the dissipation rates are reviewed, with somén this table are reported estimations of the diffusivity in-
of the uncertainty causes being stressed. Climatological referred either from indirect methods — by combining the ob-
sults of turbulence diffusivity inferred from radar measure- servations of tracer profiles and a mathematical model for
ments are reviewed and compared. transport, production and losses — or from direct measure-
As revealed by high resolution MST radar measurementsments of energetics parameters of turbulence, are reported.
atmospheric turbulence is intermittent in space and time. ReThese estimations can hardly be directly compared however,
cent theoretical works suggest that the effective diffusivity of as they have sometimes very different meanings.
such a patchy turbulence is related to statistical parameters Some of these evaluations are bulk transport coefficients,
describing the morphology of turbulent events: filling factor, i.e. on a planetary scale. The vertical transport terms are
lifetime and height of the patches. It thus appears that a staevaluated by taking into account the production and loss pro-
tistical description of the turbulent patches’ characteristicscesses on large space and time scales (several witkssie
is required in order to evaluate and parameterize the actuaind Hunten1981, Ogawa and Shimazaki975. However,
impact of small-scale turbulence on transport of energy andhe actual impact of small-scale turbulence cannot be di-
materials. Clearly, MST radars could be an essential tool inrectly retrieved from these values, as other non-turbulent pro-
that matter. cesses might contribute to vertical transport as the (diabatic)

Key words. Meteorology and atmospheric dynamics (turbu- Bréwer-Dobson circulation.

lence; instruments and technique) — Radio science (remote A Small impact on vertical transport in the lower strato-
sensing) sphere £,~0.01-0.02 /s or less) was inferred from the

in-situ observations of filamentary structures of tracers and
by using a numerical model representing the stretching and
mixing processedfaugh 1997 Balluch and Hayne4997).

On the other hand,egras et al(2003, by combining ob-

. : served ozone profiles and a stochastic-dynamical model for
Small-scale turbulence is a very essential process of atmo-

spheric and oceanic dynamic since (i it is the sink for me_reconstructlng the profiles, found a much more significant

. R o impact (K,~0.1 /s or larger).
chanical energy through dissipative processes, (ii) it induces Further difficulties arise when comparing the diffusiv-

Correspondence tadR. Wilson ity estimates inferred from measurements. Some evalua-
(richard.wilson@aero.jussieu.fr) tions are local ones (i.e. within the turbulent patches), either

1 Introduction
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Table 1. Various estimations of atmospheric diffusivity 4s) for the UTLS and mesosphere.
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Various estimates foky (m2/s)

Indirect

In-situ

Radar

Free Troposphere ~10 (Massie and Hunteri981)

0.02-0.8
(Alisse and Sidi20009

0.3-3
(Nastrom and Eatqri997)

2-111 [mean 42] 033 (Rao et al.200])
(Kennedy and Shapird 980
0.2-2 (Kurosaki et al.1996
Lower Stratosphere  0:2.6 0.46-1.2 [eff. 0.01-0.06] 0.:-0.5 (Fukao et al.1994
(Massie and Hunteri981) (Lilly et al., 1974
~0.01-0.02 Waugh 1997 0.1-0.35 0.5-1
(Balluch and Hayned 997 (Alisse and Sidi2000g3 (Nastrom and Eatqri997)
~0.1 (Legrasetal2003 0.01-0.1 Bertinetal, 1997 0.05-0.3 (Rao et al,200))
0.2-0.3
(Woodman and Rastogio84)
Mesosphere 20200 3.5-70 (Lubken 1992 1-30 (Fukao et al.1994
(Ogawa and Shimazaki975 (Lubken et al.1993 (Kurosaki et al. 1996
3-10 (Rao et al.200)
100-200 Hocking, 1988
20-150 Roper 2000

from in-situ measurements (elglly et al., 1974 Baratand  methods used in evaluating the turbulence diffusivity from
Bertin, 1984 Lubken 1992 Alisse and Sidi20003, or from MST radar measurements. In Se2t.the main character-
radar measurements (etgpcking 1988 Fukao et al.1994 istics of turbulence in the free atmosphere are described:
Roper 2000 Rao et al. 200]). Other estimates are inferred length scales, energetics and related diffusivity. The infer-
from an evaluation of the heat (or tracer) flux across a givenence of turbulent diffusivity from radar measurements is a
height level, by using both local evaluations of turbulencetwo-step process. First, the turbulence strength is character-
strength and fractional time of turbulent events. These evaluized, usually from the KE dissipation ratg,. Second, the
ations thus take into account, in some aspects, the space-timarbulent diffusivity is evaluated by assuming a relationship
intermittency of turbulence (e.gilly et al., 1974 Woodman  between the dissipation ratg and the heat flux (or buoy-
and Rastogi19849) (the values between brackets are from ancy flux). The two commonly used methods for estimating
Lilly et al. (1974) in the table). Furthermore, some estimatese;, from the structure constant? or from the turbulent ve-
are Eulerian, as radar measurements (a fixed volume beinlpcity variance:?, are described in Se@&. We also introduce
sampled), others being performed quasi-instantaneously, ethe equations describing the (unfamiliar) turbulent potential
ther at a quasi-constant height level (instrumented aircraftsgnergy (balance equation, dissipation rate) and its relation
or along a quasi-vertical profile (balloons or rockets borneto mixing. Indeed, as noticed iyocking and Mu(1997);
instruments). Hocking (1999, the structure constardr,f is a quantity re-
In fact, there exists a certain confusion in the IiteraturelatEd o the potential energy of the turbulent TIQW' on the_
other hand, numerous authors showed that mixing events in

when comparing these “turbulent diffusivities”. - One can, a stratified flow lead to a change in the background poten-
however, observe at this stage that, beyond the natural vari: 9 9 P

ability of turbulence strength, the dispersion of these “effec-tlal energy through the dissipation of available potential en-

tive” diffusivity estimates (two to three orders of magnitude) ergy (Dillon and Park1987 Mcintyre, 1989 Winters et al.

reveals a lack of consensus about the actual impact of smalllgga' The estimation of a turbulent dlffus_,lylty frozm radar
measurements relies on measured quantitig®i( C;) but

scale turbulence on transport processes (Table ) nt
also on non-measured parameters (i.e. local stratification,

MST radars have the unique ability to allow for measure- mixing efficiency, filling factor). that have to be evaluated
ments related to the energetics of small-scale turbulence witindependently. This point will be discussed in some detail in
a high space-time resolution, in the UTLS and in the meso-Sect.4. Quantitative results are described in the following
sphere. The aim of this paper is to review and discuss the
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Fig. 1. Power spectrum of relative density fluctuations together with Tatarskii’s (1971) theoretical modeL (fbien 1992).

section. Climatological studies of turbulence diffusivity in- (Gage 1979 Nastrom and Gagel985. There is still a
ferred from radar measurements are reviewed and discussedebate about the interpretation of such a spectrure-
Comparative studies of radar methods are also reviewed. wan (1979 andVanZandt(1982 explained thet—>/3-range
A key issue in evaluating the actual diffusive properties of by a direct energy cascade of gravity waves (from large to
small-scale turbulence in the atmosphere (and ocean as wel§mall scales). On the other har@age (1979 interpreted
is the intermittency. In the last part of the paper, theoreti-thek—>/3-spectrum as the spectrum of 2-D turbulence with a
cal and semi-empirical works on the diffusive properties of negative energy flux (from small to large scales). In a recent
a patchy turbulence are presented. A few suggestions for fupaper, by considering the second and third order structure
ture radar studies will also be advanced. functions, Lindborg (1999 brought support to the first hy-
pothesis (i.e. the wave hypothesis), at least foiftiérange.

_ _ __ In any event, such &~>/3-spectrum must not be interpreted

2 Inertial turbulence in a stratified atmosphere as the spectrum of inertial turbulence, and cannot be used

Turbulent motions in a stratified medium ind fluctuation in order to infer small-scale turbulence parameters (TKE or
urbule otions in a stratified mediu uce fluctuatio Sdissipation rates).

of velocity but also of tracers, such as temperature, humidity,
or refractive index. Numerous evidences of an inertial sub-
range ‘a la Kolmogorov” were observed “in-situ” in the free
atmosphere from micro-structures measurementsga@t A variety of turbulence scales were defined. Two important
1984 Barat and Bertin 1984 Sidi and Dalaudierl99Q |ength scales are the outer scélg, characterizing the size
Lubken 1992). The inertial turbulent subrange is character- of the |argest turbulent eddies of the inertial range, and the
ized by a—5/3 spectral index for 1-D (observable) spectra jnner scald,, a transition scale between the inertial and the
of the velocity or tracers’ fluctuations (Fid, from Lubken  yiscous ranges. The outer scale (sometimes labelled the in-
1992. tegral scale) is related to the rms wind veloaityand TKE

Itis important to note that the energy spectrum of air mo- gissipation ratey in the inertial range through (e .§ennekes
tions is also characterized bya®3-range g being the hori-  and Lumley 1972 p 20):

zontal wave number) in the mesoscale region, i.e. from wave-
lengths of some few km to wavelengths of about 500kmL,, ~ u®/¢ . 1)

2.1 Turbulent scales
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Fig. 2. Inner and outer scales of turbulence in the atmosphere (ffooking 1985.

A variety of expressions exists for the outer scale, howevera dimensionless “constant”.Weinstock (1978 first pro-

A relevant scale for stratified turbulence is the buoyancyposedC=0.62, and latter suggested th&t should not be

scaleL g, which represents the displacement of a fluid parceltreated as a constaniVginstock 1992. Others used tur-

converting all its vertical kinetic energy to potential energy: bulent length scales used are the Ellison sdale and the
Thorpe scaled.r-scales related to the rms vertical displace-

Lp=w/N, (2)  ment (e.gSmyth and MoumZ2000.

Concerning the inner scale (of temperature fluctuations), a

wherew is the rms vertical velocity anty the buoyancy (or widely accepted definition was proposedHiyl (1978

Brunt-Vaisala ) angular frequency ($). The vertical scale
L is frequently expressed in a different form. By assuming L3\ 4
Ln~Lg, and combining Eq.9) and Eq. (), the buoyancy o = 7.4 (6—) =74, (5)
scale reads (e.g-ernandp2002): k

€ \1/2 wherev is the kinematic viscosity (A1s), /x being the Kol-
Lg ~ <F) =Lo, 3) mogorov microscale. Due to the fact that the Prandtl number

is not unity, the inner scale for velocity fluctuations is slightly

with L being labelled the Ozmidov scale. Alternatively to different, i.e.,~12.81.
the buoyancy scale EqR), a shear scale is sometimes used For the atmosphere (Fig, from Hocking1989:

as an outer scale (e.gennekes and Lumleyl972 pp. 48 _ 0 inner scale of the inertial subrange increases from

and 62): ~10~2m in the free troposphere to10 m in the upper
Ls= % @) mesosphere.

— the outer scale ranges from 10 m to about 1000 m, with
wheresS is the vertical shear of the horizontal mean velocity. the smaller values being observed in the stable lower

A commonly used expression for the outer scale was pro- stratosphere, the larger ones in the troposphere and
posed byWeinstock(1978: Lg=(2r/C)L¢o, whereC is mesosphere.
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Evaluations of inner and outer scales in the UTLS (5-20km) The time evolution of temperature variance read®n¢
are reported ifEaton and Nastror(l998. These scales are nekes and Lumlgyl972 p. 95)

inferred from radar estimates of the TKE and related dissipa—1 1072
tion rate. Inner scale values were observed to increase from-
1cm at 5km to about 8 cm at 20 km altitude. The outer scale
(shear scale) is found to range frorlOm (lower strato- Where ey is the dissipation rate of half temperature vari-
sphere) to~65m (free troposphere). By combining rocket ance,withV-F, being a transport term. By noting that the
and radar datajatkins et al(1988 observed an inner scale temperature variance is related to the TPE (&g.one ob-
ranging from 2 to 6 m in the upper mesosphere (80 to 90 kmtains an equation for the time evolution of TPE by multiply-

—_do
=—wo — — V-Fg, 11
dt v dz ot o (11)

height domain). ing Eq. (11) by (g/N6)?:
dEp
2.2 Energetics Tk B—e¢,+V-Fp. (12)

; o ; : The buoyancy flux is here a source term for TPE, dissipated
Typically, energy (kinetic or potential) of turbulent motions g T
ypicaty. 9y ( P ) through thermal diffusivity{, oc €). Therefore, the dissipa-

ranges from~10-2J/kg in the lower stratosphere to about " , .
on rate of temperature variancg, can be interpreted as a

1-10J/kg or so in the free troposphere and mesospherg. Lo ¢ 1abl ial
(Fukao et al. 1994 Nastrom and Eatqnl997 Alisse and Issipation rate of available potential energy.

Sidi, 2000a Lubken 1992 Hall et al, 1999. By noting that Two simplifying assumptions are typically made (likely
ex~u3/Ly (Eq.1) and assuming.,,~L g leads to: due to the lack of alternative possibilities). By assuming spa-

tial homogeneity, the divergence terms vanishes. By further

€ ~ u’N . (6) assuming stationarity, the balance equations for TKE and
TPE reduce to
The dissipation rate is thus10-2x TKE, typically. P_p— 13
The turbulence intensity is usually characterized from the® = — €k (13)
TKE per unit mass (J/Kg) B=¢,. (14)
15, 5 2 The productionP of TKE is balanced by the buoyancy flu
Ex = 5@ +v" 4w, (") (reversible conversion into TPE) and the dissipatipfirre-

versible). The production term of TPE is simply balanced

whereu, v, w are the rms turbulent velocities. One important by the dissipation rate,.

characteristic of stratified turbulence is that a fraction of TKE
is converted into available turbulent potential energy (TPE) 2.3  Turbulent diffusivity

1 2

1
Ep==N%?=:Z
p=pNE =5

IR

8 ®) The diffusive properties of turbulence are commonly ex-
NZ g2’ pressed from the heat fluds=pC,w'6’ (p is atmo-

) ] _ spheric density,C,, the specific heat at constant pres-
whered is the generalized potential temperatuBdtersten  gyre). The eddy diffusion coefficient for heat is defined as
19690, 6 being a reference state,is the rms vertical dis- Ko=—w'0/(d0/d2).

placement inferred from the potential temperature variance grom Eq. (4) an indirect evaluation of the diffusivity can

(i.e. the Ellison scale). Itis precisely that fraction of energy pe estimated from the dissipation rate of temperature vari-
which is related to the heat (and mass) transport. Indeedynce Oshorn and Cox1972)

Eqg. 8) shows that the dissipation of temperature variance in- €

duces a dissipation of TPE (later discussed). In a stratifiecKs = @o/da? (15)
medium ¢6/dz>0), the dissipation of (potential) tempera-

ture variance, in reducing the stratification, induces a down£Equivalently, with the above notations, (multiplying the nu-

N

ward heat flux. merator and denominator of EdLS) by (¢/N6)?) one ob-

The equation describing the time evolution of TKE in a tains:
stratified medium reads (Tennekes and Lumley, 1992, p. 63, — r (16)
Gill, 1982, pp. 76-78) NZ2

Another indirect evaluation, from the TKE dissipation rate,

dﬂ —P—B—¢ +V-Fx 9) is inferred from Eq. 13) (Lilly et al., 1974 Osborn 1980:

dt ' €

. Ko =y—, a7

where V-Fk is a transport term through surface fluxds, N2

is the production term through Reynolds stress acting in avherey is sometimes referred to as the mixing efficiency.
shear, andB is the buoyancy flux, expressing a reversible Under the above hypotheses of homogeneity and stationarity,
conversion of TKE into TPE, y reads

—du g— B Ry €
— — 1/ . — _ 2 rQ’ = = = —, 18
P= ww' s B = §w0. (10 r=5_3 1R, o (18)
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whereR =B/ P is the flux Richardson number. As noticed In other words, the basic assumption of this method is that
by several authors however, the efficiency of mixing shouldthe scattering process is Bragg scattering due to isotropic re-
rather be defined as the fraction of the supplied energy thafractive index inhomogeneitiesTgtarskij 1961). Support-

is actually used for mixing, that iB/ P=R, rather thary. ing this hypothesis, a direct comparison between high reso-
We therefore chose to simply labelas the dissipation rates lution in-situ measurements of refractive index fluctuations
ratio. and oblique radar backscattered power was successfully con-

ducted byLuce et al.(1996. Of course, the power method
requires a radar calibration. The power method can only
3 Radar measurements of the turbulence energetics be applied if other sources of (back)scattering can be ne-
glected. Non-turbulent causes of radio waves scattering in-
Radar measurements related to small-scale turbulence aude Rayleigh scattering (from hydro-meteors or insects, in-
usually the reflectivity and the wind velocity variance. Un- volving UHF radars) and Fresnel scattering (partial reflec-
der the hypothesis that the inhomogeneities of refractive intion, involving VHF radars). By comparing high-resolution
dex are due to homogeneous and stationary inertial turbuin-situ measurements and vertical power of a VHF radar,
lence, the reflectivity is a simple function of the structure Luce et al.(1995 showed that partial reflection from tem-
constaniC? Tatarskii(1967); Ottersten(19693. C2 can be  perature sheets, describedbglaudier et al(1994), is likely
interpreted as the mean squared-difference of refractive into be the main mechanism contributing to vertical echo en-
dex for unity distance (i.e. the value of the structure functionhancements.
for one meter separation). The wind velocity variance relates The isotropic scatterers (i.e. isotropic refractive index in-
to the TKE, provided that the non-turbulent contributions to homogeneities) are thought to be the dominant scattering
that variance can be removed. A variety of radar techniqueprocess for zenith angles larger thar10-15(e.g. Tsuda
exist for estimating the wind velocity: from the line-of-sight et al, 1986 Hocking et al, 1990, although aspect sensitiv-
velocity differences from meteorf¢per 1966; from the ity was observed in some cases for zenithal angles as large
imaging Doppler interferometry scattering positiofoper  as 20(Tsuda et al.19973, and even 30 Worthington et al.
and Brosnahgnl1997), from spaced antenna full correla- 1999ab). Aspect sensitivity has not been observed for UHF
tion analysis Briggs 1980 Manson et al.1981), and from  radars. Several authors also reported radar observations of an
the spectral broadening observed by MST Doppler radarsazimuthal anisotropy of the backscattered power of oblique
(Hocking, 1983. This last technique, applicable for nar- beams (e.gTsuda et a].1986 Hocking et al, 1990 Hooper
row beams VHF and UHF radars, was widely used fromand Thomas1995 Worthington and Thomasl997 Wor-
the troposphere to the mesosphere. The other techniquethington et al, 1999). Such an anisotropy of backscat-
mostly based on MF radars measurements, were rather usedred power is believed to be due to the tilting of aspect
in studying the mesospheric dynamics. A comparative dis-sensitive surfaces by gravity waves and vertical wind shears
cussion about these techniques is beyond the scope of thi&orthington and Thomad997, i.e. it is not a turbulence
paper. However, some of the approximations and assumpinduced effect. However, another hypothesis for the VHF
tions of the inference methods of turbulence parameters areenithal aspect sensitivity relies on the turbulence anisotropy
independent of the measurement techniques. (e.g.Tsuda et al.19978. For a review on the aspect sen-
In the following of this section, we shall mostly discuss sitivity of VHF radar echoes, seleuce et al.(2002h. In
the two commonly used measurement methods for turbuany event, such aspect sensitive scatterers may induce er-
lence studies from MST radars. Following the terminology ror (over-estimation) in evaluating the isotropic-turbulence
of Cohn (1995, the method relying on the reflectivity, or intensity.
relatedC2, to the dissipation ratey, will be labelled the Within a stratified medium, the refractive index fluctua-
“power method”. The method relying on the Doppler width tionsén are induced by vertical displacemeht (Tatarskii
to ¢, will be also labelled the “spectral width method”. New 1967
radar methods for estimating the dissipation eatwvill also Sn = Méz (19)
be briefly mentioned. Again, the subject of this paper is not ’
to review radar techniques used for turbulence measurementshere M is the gradient of generalized potential index for
(some good articles exist, e.gocking 1985 1997 Cohn unionized atmospherd@édtarskii 1961, Ottersten19691:
1995 Hocking and My 1997 but rather to discuss the meth- )
ods used to infer the turbulent diffusivity from radar mea- 3;__ g 776x 10762 |:(1_|_15 5o(ﬁ> N_155003qi| ,(20)
surements of reflectivity and wind velocity variance. T/ g 2T 9z

where P is the pressure (PaJ; the temperature (K)y the
specific humidity (g/g). If humidity can be neglected, as it is

The power method relates the radar reflectivity to the struc-the case in the stratospheaé,depends on the static stability

ture constant of refractive inde®? (VanZandt et a).1978 only:
Gage et al. 1980, by assuming that the reflecting layers PN

— —6
are due to inertial and (locally) homogeneous turbulenceM = —0.776x 10 T g (21)

3.1 The power method
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. 3/2
Note that, in the mesospherd, also depends on the electron 1 ( 1 N?<(C? >v01) / (30)

. € [ j— —_—
density. P12\ a2 M2 Fr

Vertical displacements inducing a conversion into (avail-

—\1/2
able) TPE (Eg8), and noting tha(5z2)l/ ~¢,one can ex- Theinferred dissipation rates only differ by the power of the

pressEp as a function of the variance of refractive index ¥ €m. Thee, estimate is rather more robust, showing a
fluctuationssn2: weaker dependency on the unknoyrerm, than the; es-

timate Oole and Wilson2000. Indeed, the refractive index
1 ,, 1(N 2—2 fluctuations are rather related to potential energy (depending
Ep= 2N &= 2 <M> one. (22) on vertical motions and stratification) than to kinetic energy.
Notice, however that these two expressions for the dissipa-

The dissipation of refractive index varianeg X can thus be  jgn rates (Egs29 and 30) lead to an equivalent turbulent
expressed as a function of the dissipation rate of TRE ( giffusivity K, (Egs.16 and17).

From Eq. 2):
3.2 The spectral width method

N2
€ <M> e 3) Turbulent motions induce a widening of the velocity distribu-
tion and thus a spectral broadening of the backscattered echo.
But other non-turbulent processes also contribute to the spec-
tral broadening (e.g-Hocking 1985 Gossard and Strauch
1983 Nastrom and Eatqri997):

Under the assumption of isotropic inertial turbulence, the 3D
spectrum of refractive index fluctuations is proportional to
the structure constaml,f (Tatarskii 1961, pp. 46-58), that

is:
2_ 2 ¢6n — beam and shear broadening, related to the beam geo-
Cr= 3 (24) _
€ metry;
As a function of the TPE dissipation rate Eg3), the struc- — wave or 2-D turbulence contamination.

ture function reads: . _
The non-turbulent effects must be removed. With the various

2 . >

C2— 42 ﬂ) €p (25) causes of broadening being independent of each other, the
" N e;/3 ' induced variances simply add, i.e.:

Hence, the structure constaff is related to both the dissi- 05y = 0F+0h s+ 0w, (31)

pation rates of TPE and TKE. One can therefore exp@&ss

either as a function of; (e.g.VanZandt et al.1978 Hock- whereo,s is the observed spectral width (half power-half

width in Hz), o7 being the turbulent contribution to that

ing, 1999 broadening. Beam and shear broadenigg s have to be
) » (M 2 23 evaluated from the known wind velocity profile, taking into
Ci=va <—) €k (26) account the beam geometiyastrom and Eato(lL997), Chu
(2002, andVanZandt et al(2002 presented formulae that
or as a function o€, (Dole et al, 2001 accounts for the background wind speed across a radar beam.
) The wave (or 2-D turbulence)y can be reduced a by short
C,f — 1342 <ﬂ) 612)/3. 27) mtegrgtlon time (e.gCohn 1995, or by using a wave model
N (Hocking 1988 Nastrom and Eatqri997).

. The rms turbulent velocity relates tooy as
As noticed by numerous authors (eManZandt et al.
1978 Gage et al.1980), a further complication comes from “=(*r/2)01/v/(2 In2). Nastrom and Eator(1997 ob-

the fact that the radar reflectivity, and thus the inferred served that, for the harrow beam WSMR. radgr ae
C,f, are weighted volume averagesr> o and<C,f>v01) way 3dB beamwidth), the beam broadening is generally

(a uniform reflectivity within the sampling radar volume is the Iarggst_correction term by far (WSMR stands for White
assumed): Sand Missile Range). Figurg from Nastrom and Eaton

(1997, shows mean profiles of the observed spectral width,

< C2 > 0= FrC2, (28)  compared to the applied corrections (total correction and the
different terms).

where Fr is the turbulent fraction of the sampled volume. A new radar technique for removing these non-turbulent

Therefore, the local dissipation rates (within the turbulent geterministic) effects has been recently proposed by

layer) must be expressed as a function of the volume averyanzandt et al(2009. The basic idea is to evaluate the

aged<C7>y; broadening with two different beamwidths, the correction
) ) 3/2 terms being approximately proportional to the beamwidth
o = 1 (iN_< o >vol> (209) Squared. The two beamwidth method has the advantage
y¥2\a2M2  Fr of being less sensitive than the standard single-beamwidth
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§=o0p; B2 1—(0,/0p)? if 0r <0
8=0,; B2~ 41— (0p/0r)D) if op <o)

where {

— If the outer scale of turbulence is smaller than any scale
of the sampled volume, the relationship between the
variance (i.e. TKE) and the dissipation rate is rather
dependent on the outer scdlg, (Sato and Woodman
1982 Hocking, 1983. Weinstock(1978 suggested that
this outer scale is likely proportional to the Ozmidov

— Width
—— Correc's

scaleL o
€ \1/2
N | | | | Lm~3nL0~3n(m> . (33)
0.0 0.2 0.4 0.6 0.8 1.0 Theref
m?2s™2 (for M-A-M) eretore
ex ~ 047u’ N . (34)

Fig. 3. Mean vertical profiles of the observed width with the correc-

tions due to beam broadening, shear broadening and gravity-wavghis |ast relationship is widely used in most MST radars

effects fromNastrom and Eato(1.997). studies of atmospheric turbulence. Notice, however, that the
relation betweer.,, and Lo (Eg. 33) has been questioned

. . by Weinstock(1992, as it seems to lead to too high a value
method to the necessary instrumental corrections of the Obfor the dissipation rates ratio
served spectral width, . :

- - A variant of the spectral width method, sometimes labelled
Nastrom and Tsudg2001) observed significant differ- as the “variance method”, is based on the direct estimation of

ences between the spectral \_/vi_dths from beams in two O_rthOgthe wind velocity variance from the velocity spectrum (e.g.
onal planes — zonal and meridional — at both the MU (Middle Hall et al, 200Q Satheesan and Murth002. These au-

anq Upper atmosphere) radar and the WS_MR radqr. Suph 4hors assumed that motions are turbulent for short time fluc-
anisotropy may be an effect due to the horizontal wind d'rec'tuations in order to estimate. from Eq. 34). However

tion relative to the_: antenna bean@h(, 2002). some caution must be taken in this case as543 spectral
The spectral width method has several advantages over theyey s not undoubtedly the signature of inertial turbulence.

power method. First, there is no need for an absolute calibrag;iheesan and Murti{g002 presented a comparative study
tion of the radar. Second, the radar estimate of the velocity,¢ . athods for retrieving the dissipation rate (to be dis-
variance is a reflectivity and range weighted aver&ym/{ak cussed later).

and Zrnt, 1993 pp. 109-110), i.e. the non-turbulent (non-

reflecting) regions of the sampled volume do not contribute.3.3  Direct estimation of;: the two-wavelengths method

The variance estimate is thus a weighted average on turbulent

patches only. On the other hand, the turbulent velocity vari-A new radar technique was recently proposedvapZandt
ance is related to the TKE dissipation rate. Consequentlyet al.(2000, allowing for a direct estimations of the TKE dis-
there is no need for further information about the turbulentsipation rate. These authors used the ratio of simultaneous
fraction or the dissipation ratig, in order to retrievey. If observations of radar reflectivity for two wavelengths close
concerned with mixing, however, (i.e. vertical transport of to the viscous scale, together with Hill's model of refractivity
heat or mass) the turbulent diffusivity is only indirectly re- fluctuations due to turbulencéli|l, 1978 Frehlich 1992.

lated to the TKE dissipation rate (through the energy conver\When neglecting scattering from particulates, the radar re-

sion rateB or the dissipation rates ratjo). flectivity n(1) (m?/m?) reads
qu methods were proposed (discussed Hgcking 2
1999 in order to relate the measuredto ;. nx) = 0.38/\1—’/13H()\, €, (35)

— If the radar volume is fl”ed with homogeneous turbu- where thEH(X, €r) term takes into account the departure
lence, the observed variance results from the convolufrom the standard Kolmogorov model for the temperature
tion of the velocity fluctuation field with the weighted fluctuations for scales close to the dissipation scale. With

sampling volume. By assuming a Kolmogorov spec- this dual-wavelengths technique most non-turbulent echoes
trum, as well as a Gaussian shaped sampling volumegre identified and filtered out.

the dissipation rate read&risch and Clifford 1974

Gossard and Strauch983:
4 Stratification and unknown parameters

— 3/2
€ = 1 u? (32) Detailed knowledge of the local atmospheric conditions is
8 | 1.35x[1 — p2/15] ’ needed for the correct interpretation of radar observations



R. Wilson: Turbulent diffusivity from MST radar measurements: a review 3877

(Egs.29 or 34 for instance). Furthermore, the relationships In-situ measurements — from instrumented aircrafts — in
between diffusion and energy dissipation rates rely on stratthe lower stratosphere suggesd®< Fr <0.05 (Lilly et al.,
ification (Eqs.16 and17). Depending on the method used, 1974. From six balloon soundings of temperature and wind
several additional parameters have to be evaluated: buoyanayicrostructuresAlisse and Sid{2000g observedF;~0.18
frequencyN and gradient of generalized refractive index in the UTLS. High resolution radar measurements in the
turbulent fractionFr, as well as the dissipation rates ratio  lower stratosphere indicateld< F; <0.2 ((Dole et al, 2001).

Various methods or strategies have been proposed. One difficulty in comparing these values comes from the
fact that these instruments have different detection thresh-

4.1 Local atmospheric conditions olds, Implylng different biases in thET estimations (they
are lower bounds) (see, for instan®¥ilson and Dalaudier

2003.

The local stratification (within the radar sample volume) is ) o )
A turbulent fraction parameterization based on a simple

described by and M. Both parameters are needed for re- R ! ° - >0
lating C2 to the dissipation rates (power method, EBS statistical model for wind shears (i.e. a Gaussian distribu-
n ’ .

and30). The buoyancy frequency is also used in relatingtion whose parameters are based on observed quantities) and

the TKE toe, (spectral width method, EG4). Furthermore,  BY USing an instabilityRi criterion (Ri=N2/5? s the gra-
the turbulent diffusivityKs is related to the dissipation rates di€nt Richardson number) gives typically0@5< Fr <0.5 in

throughN?2 (Egs.16 and17). the free troposphere, arftr~0.03 in the lower stratosphere
In the upper troposphere and lower stratosphere the Spe(_\/anZandt etal.1979. A simplified and SOT/]??What ad hoc

. 2_
cific humidity is negligible:M depends mainly on the buoy- Model was suggested iage et al(1980: F,’"N“=const.
ancy frequencyV. In most cases, the local is evaluated On the other handyeinstock(1981) made the assumption
from additional in-situ measurements — usually from stan-that the depth 9f a trbulent layey for developed Furbu-
dard meteorological soundings. However, as observed byENCe iS approximately equal to the outer sagje(defining
Dalaudier et al(2001), the use of in-situ soundings does Ln=3n Lo). By further assuming that there is only one tur-

not allow for valuable estimations of the local stratification PUl€nt layer within the sampled volume, thatfis~L,/Ar,

(within the radar volume) — at least for vertical resolutions (e localex reads:
of ~150 m — likely because of the large variability 8fon 9 6/7
( 1 C”Ar>

relatively small time-and-space scales. The most probable, — n2
explanation for such a rapid time and space evolution of the

stability profile is the propagation of gravity waves. A good Although interesting, the hypothesis of a close relation be-

estimator — in the sense of the mathematical expectation O{weenL andZ - has not been confirmed by hiah-resolution
a random variable — remains likely the bulk buoyancy fre- ! 0 y g

quency, obtained either from a model (climatological or nu- ?08'36 O:ji%?ﬁgfgt;rgtbi?: ?)T)Zg]rizgétbtﬁtl\:ijgnetth:lrla or
merical), or from standard meteorological soundings with a ' 9 Y

low vertical resolution. depthL; and the Ozmidov scalky.

In the tropospher@/ depends on both the Bruntdi&la 4.3 The dissipation rates ratio
frequency and humidity gradienty/dz (Eq. 20). In this
case, the humidity gradient must necessarily be estimate@hey term appears — more or less explicitly — when relating
from additional measurements. New data processing meththe TKE dissipation rate, (usually estimated) to the temper-
ods for retrieving the humidity profile by combining the ature variance (or TPE) dissipation rate. Hence, the expres-
radar reflectivity with additional measurements were recentlysions relatingpg to the dissipation rates rates dependsg/on
proposed: with RASS (Radio Acoustic Sounding System)(Egs.26-27), as well as the relation between the heat flux
(Tsuda et al.2001), GPS (Global Positioning Systen}¢s-  and the TKE dissipation rateg (Eq.17). Indeed,y appears
sard et al.1998, or balloon-borne instrumentsiphan etal.  when expressing a conversion of TKE into TPE. Such a con-
2001, Wilson and Dalaudier2003. Clearly, such combina-  version rate is quantified by the flux Richardson number
tions of instruments are very promising for future turbulenceIf homogeneity and stationarity are assumgd,andy are

a?y 3n M? (36)

studies. very closely related sincg y=y /(1+y) (Eq.18).
A variety of expressions for can be found in the literature
4.2 The turbulent fraction (see Hocking, 1999 for a detailed review). For instance by

writing R(,-:Ri/P,T (where Ri is the gradient Richardson

The turbulent fractionFy, must be evaluated in order to re- number,P the turbulent Prandtl number), reads:
trieve the localC2 from the volume-averagedC2>,,,. On 1 Ri

the other hand, as will be further discussed in Sga@statis- ¥ = 57 57 _ 5. -

tical description of turbulent events (layers depths, lifetime, ror
filling factor, intensity) is required for estimating the effec- A “canonical” R y=0.25 givesy=1/3 (Lilly et al., 1974
tive diffusivity of a patchy turbulenceHocking and Rttger, based onThorpe (1973 experiments). Under the hypothe-
200)). sis of a constant ratio of scalés,, /L o)~3m, Weinstock
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(1978 suggesty~0.8. However, an accumulation of obser-  ,
vational evidences suggest thats likely to be smaller than

0.8 on the average (e.gveinstock 1992. In fact, y is ob- oL -
served to be significantly variable. Several estimations in the ' ' ‘ " log,y R,

oceanic thermocline, lakes, or laboratory experiments (water

tank) indicate Ql<y <0.4 (e.g.McEwan 1983 Rohr et al, Fig. 5. The frequency of occurrence of the ratio of dissipation rates
1984 Gargett and Moum1995 Moum, 1996. In-situ and  (a) and the inferred flux Richardson numi{®). FromDole et al.
radar estimations in the UTLS indicatédB<y <0.3 (Alisse  (200J).

and Sidj 20004 Dole et al, 2007).

Laboratory experiments (e.qRohr and Van Atta1987,
Ivey and Imbergerl991), direct numerical simulations (e.g.
Smyth et al, 2001) or theoretical considerationg/einstock
1992, suggest thak ¢ (and thusy) evolves during the life
cycle of the turbulence event. It is usually observed #at
is decreasing with decreasimjp, the turbulent Richardson
number Rip=N?L? /q° expresses the ratio of TPE to TKE).
Weinstock(1992), giving up the hypothesis of a constant ra-
tio of scales L,,/L o), suggests that is a simple function
of Rip (Fig. 4):

5 Turbulent diffusivity inferred from MST radar mea-
surements

5.1 Climatological results

Several climatologies of turbulent diffusivity inferred from
MST radar measurements were published, all of these based
on the spectral width methodH6cking 1988 Fukao et al.
1994 Kurosaki et al. 1996 Nastrom and Eatqri997 Rao
et al, 2007). Vertical profiles of seasonal mediansKy for
the troposphere and lower stratosphere are shown in €igs.
and7. By comparing these profiles, the striking feature is the
y ~ 1.2Rip (for Rig < 2). (37) close agreement in the lower stratosphere, as well as the clear
difference in the troposphere: either increasing with altitude
over Shigarakifukao et al.1994 Kurosaki et al. 1996 of
Furthermore, experimental evidences (FHpgsuggest that  decreasing with altitude over WSMRé&strom and Eatgn
the probability density function (PDF) of the dissipation rates 1997 and GadankiRao et al.2001). Such a difference has
ratio y, inferred from the observed frequency of occurrence,yet to be explained. The median values of the turbulent diffu-
is approximately log-normadole et al, 2001). The likely sivity in the UTLS is observed to range from10to 1 n¥/s,
value observed by these authors is about 0.1, substantiallgypically. An annual cycle foKy is observed in the UTLS,
smaller than 1/3, as usually assumed. with the annual maxima being found to occur during winter
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Fig. 6. (&Y Annual median ofKy inferred from the MU radar observations from 1986 to 19R@rpsaki et al. 1996. The dotted curve
shows the diffusivity profile fronMassie and Hunte(198J). (b): Seasonal medians of I from the WSMR radar observationdgstrom
and Eaton1997).

over Shigaraki , during summer at WSMR, and during the5.2 Comparative studies of inference methods
monsoon and post-monsoon months at Gadanki.

Ky is found to be generally larger in the mesosphere, rang
ing from ~1 to some 18m?/s, typically. In the upper meso-
sphere — for altitudes ranging from 84 to 92 knHecking
(1988 does not observe any clear annual cycle (from M
radar measurementgjukao et al(1994 andKurosaki et al. e 5
(1996 observed a semiannual variation reaching one ordetncertainties on some parameteVsX N2, Fr, y).
of magnitude with solstice maxima in the middle mesosphere Satheesan and Murth{z002 compared the power, the
(around~75 km). Rao et al(2007) found a maximum of dif- spe(':tral' width, and the variance me'thods for estimating the
fusivity around about 75 km, with the annual maximum be- dissipation rates;. The obtained estimates fegy from the
ing observed during summer. These authors noticed that thBOWer method were generally lower than that from the other
observed variabilities ok, in the UTLS and in the meso- methods. They found that from the variance and spectral

sphere as well, are coincident with those of the gravity waveWVidth methods agree quite well under low background wind
activity in the considered height range (eXsuda et al. conditions, whereas under high background wind conditions,
1990. ¢ from the width methods seems to be underestimated.

Also interesting is the observation that the PDF of lo- By using very high-resolution (30 m) radar measurements,

cal TKE dissipation rates in the upper stratosphere ancPeIage et al.(1997) performed an experimental compar-

. . Ison of diffusivities obtained by three independent meth-
lower stratosphere is approximately log-normalagtrom ods: power method2@), spectral width method3d) and
and Eaton1997 Dole et al, 200]). It seems reasonable to - P » SP

assume that the distribution of the related local diffusivities by assuming comp]ete m|xmg.W|th|n the turbglent layer
. ) (Eqs.40-41), to be introduced in the next section. They
is also approximately log-normal.

] ~ found a reasonably good agreement between the various dif-
Several authors have reported the existence of persistefsjvity estimates for turbulent layers whose thickness does
layers of enhanced radar reflectivity (Npistrom and Eatan 1ot exceed 300 m. For the thicker layers, the complete mix-

2003 Luce et al, 20023. Intense turbulence in the lower jnq assumption seems to lead to overestimated local diffusiv-
stratosphere was also observed from in-situ measuremenigeg

(Pavelin et al. 2002 Luce et al, 20023. Such events are

likely to be associated with strong mixingk{>1n?/sinthe 53 Comparisons of radar and in-situ diffusivity estimates
lower stratosphere). Indeddjce et al(2002g observed that

strong radar echo enhancements are associated with nearljhe turbulent diffusivities inferred from radar measurements
neutralized layers. A climatological study of those enhancedcompare rather well with in-situ estimations. For instance,
reflectivity layers Nastrom and Eatqgr200]) indicate that  Alisse et al.(2000h, by analyzing 36 turbulent layers ob-
they are observed from 1 to 2% of the time, and that 25%served in-situ from microstructure measurements of velocity
of them last over 17 h. The actual impact on vertical trans-and temperature, foundxd0~3< Ky <0.36 n¥/s with a me-
port of such intense events has yet to be evaluated. The fadtian of ~0.1 m?/s. By comparing various estimators for the
that these intense events are rather frequent (relative to a noeddy diffusivity within a single turbulent patch in the lower
mal distribution of the reflectivities) is also a signature of stratosphereBertin et al.(1997) found 103<Ky<0.1 né/s.
intermittency. In the upper mesosphetaibken (1992 1997, from high

Cohn (1995 compared two independent methods for esti-
mating the dissipation rate,, the spectral width and the
power methods, applied to the same data set. This author
pobserved rather similar profiles in both the magnitude and
shape, though differences are also found, likely due to the
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Fig. 7. (@ Annual medians of K (1/s) inferred from the Indian MST radaRéo et al. 2001). (b): One week average of TKE dissipation
rates (left axis), rms velocities and turbulent diffusivities (right axis), as a function of time for altitude 84, 86, 88 and 92 km, during two years
(1985-1986) locking, 1988.

resolution in-situ density measurements, observed turbulentundred to about one thousand meters in the troposphere

diffusivities ranging from 3 to 100 Ats. All these values and mesosphere (e.gubken et al, 1993, and from about

compare very well with radar estimates of the local turbulentten meters to a few hundred meters in the stratosphere (e.g.

diffusivity, in the lower stratosphere and mesosphere as welBarat and Bertin1984 Alisse and Sidi20003. The typical

(Figs.6 and7). time scale is a few Brunt-&sala periods, say half an hour, or
so. As already mentioned, however, some intense and persis-
tent turbulent events are sometimes obseriak{rom and

6 Theoretical approaches Eaton 2001).

The key issue now is to express an effective diffusivity

Let us recall that the turbulent diffusivities (or related heat py combining local flux estimates (i.e. within the turbulent
and mass ﬂuxeS) inferred from diSSipation rates, are local eSpatches) and parameters describing the morpho]ogy of the
timates, that is within the turbulent patCheS. Now, the tUrbU'patches_ In other WordS, how does one quantify the vertical
lence is observed to be intermittent in space and time, pertransport — i.e. irreversible cross-isentropic transport — over
haps the most obvious feature revealed by MST radars abowcales much larger than the patch thickness? To enlighten
atmospheric turbulence (e.Gzechowsky et 811979 Sato  thjs process, one can consider that the vertical displacement
and Woodman1982 Woodman and Rastagil984 Dole  of a considered air parcel results from the encounters with
et al, 200]) An issue, considered in this Section, is to infer turbulent patchesy at random time' and with a random du-
from these local estimates, the actual (or effective) diffusiv-ration. Vertical diffusion can be seen as a continuous-time
ity, either within the sample volume (presumably not filled random walk process. The quantification of the effective dif-
with homogeneous turbulence) or for larger spatial scales. fusivity of such a patchy turbulence was addresse@hy-

Several theoretical and semiempirical works enlighten therett (1979; Dewan (1981); Woodman and RastodiL984);
diffusive properties of intermittent turbulence. These works, vaneste and Hayne@000; Alisse et al.(20008, among

in many aspects, give indications for future research. others.
o By analogy with molecular diffusion, a vertical transport
6.1 Diffusivity of patchy turbulence process can formally be considered as diffusive if the mean

. __squared displacement of an air pareélincreases linearly
Radar observations showed that turbulent events occur withigith time A (Taylor, 1921):

thin layers or patches (e.§ato and Woodmari982. The
vertical scale of these layers ranges typically from a fewo? = 2K Ar, (38)
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where K, the proportionality factor, is the diffusion coeffi- asKgfszTKQP”"'h (K Fateh being the local diffusivity), ar-
cient of the considered process. In a pioneering Wosyan  guing that complete mixing likely occurs within turbulent
(1981 addressed the following question: can patchy turbu-layers.

lence be considered — and modeled — as an actual diffusive An estimation of an effective diffusivity based on a lo-
process? With a simple numerical model, Dewan simulatectal flux evaluation was proposed byoodman and Rastogi
the dispersion of a tracer for randomly distributed mixing (1984. Considering an arbitrary level within a turbulent
layers for various initial conditions. He assumed completepatch, the flux of a tracer is evaluated across that level by
mixing within the mixing layers. The resulting distributions assuming complete mixing (Fig.0). The local diffusivity
were compared with known analytical solutions. Dewan con-(within the patch) is then a function of the layer thicknéss
cluded that random mixing can be considered as a diffusiveand of the lifetime of the patcty ;

process in the long-time limit. For instance, Fgshows the

concentration of a tracer as a function of space and time, re-, p,/cn d? 40
sulting from the mixing of randomly distributed layers, for “¢ = 127, ° (40)

an initial § function. Dewan(1981) proposed the following

expression for the effective turbulent diffusivity: An extension of the previous case is also considered: the

layer sweeps an altitude rangeduring their lifetimer :

42
KeffZF , 39
0 T8, (39) KMME?f_R+E[R_E.;L_ (41)
0 27, 2 3J1+R’

whered? is the second moment of the mixing layers depths,

T, being the mean time between successive mixing eventswhereRP =<D>/<d>. By combining radar observations
In an unpublished reporDewan(1979 gave support to the of the turbulent layers with these local estimates of diffusiv-
use of expressior8Q) rather than a simpler expression, such ity, these authors obtained a diffusivity profile for the UTLS
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sulting in random mixing layers. The initiglis as function. Com- is evaluated by combining the observations of turbulent layers with
plete mixing is assumed within the mixing layeBe{van 1981). local diffusivity estimates\doodman and Rastodi984).

The effective diffusivity depends on three parameters (i.e. on
n=ng+gz the P.D.F. of these quantities):

— d, the thickness of the turbulent layers;

— o, the vertical displacement within a turbulent patch of
heightd (i.e. turbulence intensity);

6 7 | — 1, the waiting time between successive encounters.
/
In the long time limit, by assuming complete mixing
7 _J d
z"——- h_ within each patch (that is Dewan’s assumption), they obtain
Z (Vaneste and Hayng2000:
//"‘o T off ﬁ
K,/ = — 43
0 12H7t,’ (43)

whereH is the height of the considered atmosphere. Using
the relationH t,,=dt; / Fr (Dewan 1981, Eq. @3) reads:

d3
123‘EL .
In a related workAlisse et al (20000 consider the case of

(Fig. 11). They foundKy~0.2-05m/s, with peak values a partial mixing within the patches and proposed an expres-

of qutn?t/hs.t h luation | Eulerian on it sion for the effective diffusion as a function of the turbulent
ote that such an evaluation 1S an Eulérian one, as %ractionFT, layer thicknesd and lifetimery:

inferred from the estimated flux at a fixed location, with the
turbulent layers being advected through the radar sample vol- off 43
ume. Ky* =Fr
A theoretical Lagrangian approach was recently proposed
by Vaneste and Hayne@000. They modelize the diffu- wherec characterizes the imperfection of mixing resulting
sion process as a continuous-time random walk. At randondrom the finite diffusivity and finite lifetime of the patches.
time, a fluid particle encounters a turbulent patch. It is then
vertically displaced. The variance of the resulting displace-
mentrrz2 is related to the local diffusivity (within the turbulent

Fig. 10. Sketch of a turbulent layeoodman and Rastogi984). Kgff = Fr

(44)

—(1-— 45
2er( ), (45)

6.2 An energetics point of view

Interesting points of view were developed for describing the

patch): mixing properties of stratified turbulence through the energy

o2 budget. It has been for a long time recognized that mix-

KGP‘””‘ = ? (42) ing, through destratification, results in an increase in the
m

background potential energy (eThorpe 1973. The back-
wherert,, is the mean time between successive encountersground potential energy (BPE), introducedlyrenz(1955,
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Fig. 12. Energy diagram for density-stratified Boussinesq flow. The energy within a fixed volume can be stored as kinetic, available potential
energy, background potential energy, or internal enevgniers et al. 1995.

is the minimum of the potential energy reachable throughmeasurements. Since the early developments of the MST
adiabatic rearrangement of the fluid parcels. The TPE is deradar techniqueWfoodman and Guillenl974 considerable
fined by reference to that BPE, as the difference between thprogress has been made concerning the physics of measure-
total gravitational potential energy and that minimum state. ments (understanding of scattering processes), and data pro-
Winters et al.(1995 showed how to relate the mixing cessing methods (inference of turbulence parameters). MST
properties of turbulence to the energy budget. A fraction ofradars measurements allow now for fairly consistent and re-
the energy supplied to turbulent motions is converted intoliable estimations of the energetic parameters of small-scale
TPE (buoyancy flux), an other fraction being irreversibly turbulence, TKE andC2, even though some assumptions
converted into heat at aratg. The TPE is partly irreversibly  might be questioned (isotropy, homogeneity, stationarity).
converted into background potential energy. These author#lso, MST radar measurements have revealed a lot about the
proposed an expression for the effective diffusivity for an in- morphology of atmospheric turbulence, particularly about
compressible fluid (i.e. water). Their results cannot be di-the layered structure of turbulent events.
rectly used for the atmosphere however (due to the fact that If concerned with the mixing properties of turbulence,
density is not a conservative quantity as for liquid). Never- however, several difficulties arise. The evaluation of an ef-
theless, such an energy balance sheds a new light on the isstective “turbulent diffusivity” is clearly a two-step process.
of turbulent mixing. The close relationship between mixing First, the measurements of energetic parameters of small-
and irreversible energy conversions is formally cleared. In-scale motions allow one to evaluate the local dissipation rates
deed, the dissipation rates (TPE and TKE) express the irreand related local diffusivities, with the term “local” meaning
versible conversion of energy into background potential en-here “within the turbulent patches”. Significant progress has
ergy and internal energy (i.e. heat) (Fif). been made, and continues to be made, in that direction. Then,
Mclintyre (1989 examined the mixing properties of small- because the turbulence is intermittent in space and time, the
scale turbulence through the energy budget of a breakingffective transport is very likely to be dependent on the space
gravity wave. This author found that the efficiency of mixing and time characteristics of the turbulent events. Indeed, re-
might depend on the so-called wave super-saturation (exeent theoretical approaches convincingly suggest that the ef-
pressing the excess of the wave amplitude relative to the unfective diffusivity results from the statistics of both the local
stability threshold). He further concluded that small-scaleproperties (i.e. energy dissipation and mixing) but also of the
turbulence has a negligible impact on vertical transport in thespace-and-time distribution of turbulent patches.
summer polar mesosphere. Concerning the evaluation of the local diffusivity from
radar measurements, several methodological difficulties can
be identified. The turbulent diffusivity certainly depends on
7 Discussion and concluding remarks the local turbulence “intensity” (i.e. TKE et) but not only:

This paper summarizes the inference methods of the e The turbulence intensity is usually characterized from
mixing due to small-scale turbulence from MST radar the dissipation rate of TKE¢;, that is the rate of
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