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Abstract. Turbulence parameters in the tropo-stratosphere
are analyzed using high-resolution balloon temperature mea-
surements collected during the MUTSI (MU radar, Temper-
ature sheets and Interferometry) campaign which took place
near the Middle and Upper atmosphere (MU) radar (Japan,
35◦ N, 136◦ E) in May 2000. Vertical profiles of the spe-
cific dissipation rate of turbulent kinetic energy,ε, and tur-
bulent diffusivity,K, are estimated from the Thorpe length-
scale,LT . The last is obtained by using two methods. The
first one consists of measuring directlyLT by reordering the
potential temperature profiles. The second method is based
on estimates of the temperature structure constant,C2

T . A
relationship betweenLT and C2

T can be found by assum-
ing either adiabatic vertical displacements or a model based
on turbulent energy balance consideration. Analysis shows
that the adiabatic assumption gives indirect estimates ofLT

more consistent with direct measurements. We also found
that vertical profiles of analyzed turbulence characteristics
show substantial intermittency, leading to substantial scatter
of the local, median and average values. General trends cor-
respond to a decrease inε andK from the boundary layer
up to altitudes 20–25 km. Layers of increased turbulence are
systematically observed in the tropo-stratosphere, which may
be produced by instabilities of temperature and wind profiles.
These maxima may substantially increase local values of tur-
bulence diffusivity.

Keywords. Meteorology and atmospheric dynamics (Turbu-
lence)

1 Introduction

Atmospheric turbulence is an important subject in the atmo-
spheric sciences. Accurate estimates of the dissipation of en-
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ergy by turbulence and increased heat conduction by turbu-
lent diffusion are important for a full understanding of at-
mospheric energetic and dynamic processes. Turbulent mix-
ing and diffusion of natural and anthropogenetic gas species
control atmospheric composition below the turbopause (nor-
mally located above an altitude of 100 km). For these rea-
sons, effects of turbulence are now involved into practically
all theoretical and numerical models of atmospheric circu-
lation, dynamics, energetics and composition. The most es-
sential turbulence parameters for such models are the spe-
cific rate of dissipation of kinetic energy,ε, and turbulent
diffusivity, K. These turbulence parameters describe the ef-
ficiency of turbulent mixing at small scales. They need to
be accurately quantified for estimating the turbulence effect
on atmospheric chemistry, and in particular, on the vertical
distribution of chemical species.

Estimates ofε andK in the atmosphere have been per-
formed using different experimental techniques. Some in-
situ measurements of turbulence in the middle atmosphere
made before 1990 are cited by Fukao et al. (1994). More re-
cent studies were made using rockets (Roper, 1996; Khana-
nian, 1996; L̈ubken, 1997, L̈ubken et al., 2002;), balloons
(Hocking and Mu, 1997; Luce et al., 2002) and aircrafts
(Strunin and Shmeter, 1996; Pavelin et al., 2002; Cho et
al., 2003). Systematic measurements ofε andK at different
altitudes were made using MF, MST and UHF radars (e.g.
Kurosaki et al., 1996; Naström and Eaton, 1997; Hall et al.,
1998; Bertin et al., 1999; Dole and Wilson, 2001; Satheesan
and Krishna Murthy, 2002; Kelly et al., 2003; Zink et al.,
2004), and with acoustic (Agrovskii and Kukharets, 1998;
Furumoto and Tsuda, 2001) and optical measurements (Kao
et al., 2002; Hecht et al., 2004). Recently, extensive informa-
tion about profiles of turbulence characteristics was obtained
from optical observations of star scintillations from satellites
(Gurvich et al., 2001).
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Despite a large amount of experimental data, there are sub-
stantial discrepancies between the estimates from the differ-
ent methods and experiments. This may be explained by
differences between experimental techniques used, and by
the complex structure of nonlinear intermittent turbulence
in the atmosphere (see reviews by Hocking, 1999 and Wil-
son, 2004). Therefore, the application of different meth-
ods for estimating turbulence parameters from the same data
sets would give extra credence to the results if they are self-
consitent. In the present paper, we compare methods of es-
timations of ε and K from vertical profiles of (potential)
temperature. To this end, we use the results of high resolu-
tion (10 cm) and high-accuracy (2 mK) balloon temperature
measurements in the tropo-stratosphere obtained during the
MU Radar, Temperature Sheets and Interferometry (MUTSI)
campaign performed in May 2000 in Shigaraki, Japan, 35◦ N,
136◦ E (Luce et al., 2001).

Methods used for estimatingε andK are based on char-
acteristic lengthscales of steady-state turbulence. Ozmi-
dov (1965) defined a scaleLO corresponding to the equi-
librium between the inertia and buoyancy forces as follows:

LO=

√
ε
/
N3, whereN the Brunt-V̈ais̈alä frequency. As a

substitute forLO , the Thorpe lengthscaleLT was recently
used in stably stratified fluids, such as lakes and ocean (e.g.
Thorpe, 1977, Caldwell, 1983, Smyth and Moum, 2000). It
quantifies the vertical overturns in density or potential tem-
perature profiles. Some experimental and numerical stud-
ies have been performed to relate the Ozmidov scaleLO to
the Thorpe lengthscaleLT (e.g. Smyth et al., 2001). Such a
relationship would permit us to estimateε andK from the
sole potential temperature (or density) profile, as explained
in Sect. 2.

We use two methods for estimating the Thorpe lengthscale
LT . The first method consists of measuring directlyLT , as
already proposed by Caldwell (1983), Dillon and Park (1987)
and Fer et al. (2004), for turbulent mixing in ocean. The
second method consists of estimatingLT indirectly from the
temperature structure constantC2

T using two different mod-
els. The parameterC2

T , can be estimated from balloon tem-
perature measurements with horizontal pairs of distant sen-
sors. The second method may be also useful for experiments,
when LT cannot be measured directly, butC2

T and N are
available.

In Sect. 2, we describe the basics of the methods used for
the comparisons. Section 3 is devoted to the practical aspects
of analysis of MUTSI balloon data. Results of the analysis
of vertical profiles of turbulence characteristics in the tropo-
stratosphere are given in Sect. 4 and discussed in Sect. 5, in
light of other methods and estimations of turbulence param-
eters found in the literature.

2 Methods of turbulence parameter estimations

As explained in Introduction, turbulent kinetic energy dis-
sipation rate,ε, and turbulent diffusivity,K, are estimated
from the Thorpe lengthscaleLT , which is related to the

Ozmidov lengthscaleLO . Indeed, it is usually found from
in-situ experiments thatLO/LT ≈1 (in a statistical sense)
in oceanic or lake data (e.g. Dillon, 1982; Moum, 1996;
Ferron et al., 1998; Gargett, 1999). Dillon (1982) found
LT ≈1.25LO in the oceanic thermocline. Ferron et al. (1998)
proposedLT ≈(0.95±0.6)LO from equatorial oceanic data
and Alisse (1999) found experimentalLT =1.15LO for ho-
mogeneous stratospheric turbulent layers. These observa-
tions are in agreement with the “continuous creation” the-
ory (e.g. Caldwell, 1983), according to which fluctuations of
kinetic energy and temperature are permanently created on
many scales: All the driving energy is converted into tur-
bulent kinetic energy such thatLT is proportional toLO .
Another theory proposed by Gibson (1982) and called the
“big bang” theory supposes that “active” turbulence is a rare
and localized event and that most of the observations would
reveal remnant structures. Our measurements cannot distin-
guish between active and remnant turbulence. Most of our
data are obtained for convectively stable temperature pro-
files, where remnant turbulence should be subject to a fast
decay due to work of buoyancy forces.

In our consideration we use only formulae for a dry atmo-
sphere, because high resolution measurements of humidity
are not available. They are good approximations for the up-
per troposphere and stratosphere, where humidity is weak.
But the reader must keep in mind that only the contribution
of the dry atmospheric component is considered for the tro-
posphere data shown below.

2.1 Direct measurements ofLT

For steady-state turbulence, energy dissipation rate,ε, and
turbulent diffusivity,K, are related to the Ozmidov scale by:

ε ≈ L2
ON3 (1)

K ≈ βL2
ON, (2)

where β is a constant, and local values ofN are deter-
mined for the same layer altitudes. According to a review
by Fukao et. al. (1994), β may vary between 0.2 and 1. The
frequently used approximationβ=Rf /(1−Rf ), whereRf

is the flux Richardson number, often taken asRf ≈0.25,
gives β≈1/3. AssumingLO=cLT , estimations ofε and
K can be made from the following formulae proposed by
Caldwell (1983) and more recently by Galbraith and Kel-
ley (1996) and Fer et al. ( 2004):

ε≈ (cLT )2 N3 (3)

K ≈ β (cLT )2 N. (4)

For adiabatic random vertical motions of fluid particles, the
Thorpe lengthLT can be obtained from high resolution
balloon potential temperature measurements by calculating
the standard deviation of displacementsl′ obtained from
re-ordering potential temperature profiles (e.g. Luce et al.,
2002). Considering the result given by Alisse (1999) for
stratospheric data,c=1.15 will be used. One should keep



N. Gavrilov et al.: Turbulence parameter estimations 2403

in mind that this value has been obtained from selected “sta-
tistically homogeneous turbulence layers” and may thus be
different in other situations.

From numerical simulations of turbulent flows, Smyth and
Moum (2000) found that the ratioLO/LT could increase
with time for turbulence generated by shear instability: it
may be significantly smaller than 1 at the beginning stage
of mixing and larger than 1 for the mature (when turbulence
already decays). They used the ratioLO/LT for estimating
the age of a KHI-generated turbulent layer. Therefore, esti-
mates Eqs. (3) and (4) may contain errors in regions where
turbulence is not in a developed stage. In particular,LO�LT

may be expected in nearly mixed layers because they may
correspond to a mature stage of turbulence, which is not usu-
ally considered in the “continuous creation” theory. Also,
LT estimates may be not reliable in layers with smallN2,
due to the contribution of instrumental noise (Galbraith and
Kelley, 1996). These two limitations have to be taken into ac-
count when interpreting the experimental results in regions of
weak stability, which are more frequent in the troposphere.

2.2 Indirect estimates ofLT from C2
T

A first approach is based on the above-mentioned model
of adiabatic vertical displacements corresponding to fluctu-
ations of potential temperatureθ ′. These vertical displace-
ments are assumed to be small enough so that:

θ ′
= −l′dθ0/dz, (5)

wherel′ denotes the vertical displacement andθ0(z) denotes
the vertical background (non perturbated) potential tempera-
ture profile. Since the Brunt-V̈aiss̈alä frequencyN is defined
as:

N2
=

g

θ0

dθ0

dz
, (6)

one can modify Eq. (6) as follows:

θ ′

θ0
= −l′

N2

g
. (7)

Taking the variance of the random variablesθ ′ andl′, it fol-
lows that:

θ ′2

θ2
0

= L2
T

N4

g2
, (8)

whereL2
T =l′2 is the so-called Thorpe lengthscale. From

Eq. (8), we obtain:

LT '
g
√

T ′2

N2T0
(9)

by usingθ ′2
/

θ2
0≈T ′2

/
T 2

0 (see Tatarskii, 1971). The tem-

perature variance involved in Eq. (9) can be related to the
temperature structure function (Tatarskii, 1971). Balloon
measurements from the MUTSI campaign provided vertical

profiles of temperature with pairs of sensors horizontally sep-
arated byr=1 m. An estimate of the structure function can be
obtained assuming a homogeneous and isotropic temperature
field:

DT (r) = [T (x + r) − T (x)]2 = 2T ′2 [1 − R(r)] , (10)

where the averaging is performed over an altitude layer and
R(r) is the cross-correlation function defined as:

R(r) = T ′(x + r)T ′(x)/T ′2. (11)

It follows from Eq. (10):

T ′2 = DT (r)/[2(1 − R(r))]. (12)

It can be noted that ifR(r)→0, thenT ′2=D(r)/2. In the
inertial subrange of isotropic and homogeneous turbulence
DT (r)=C2

T r2/3, then Eq. (9) can be expressed in terms of
C2

T :

Lr
T =

[
0.5α(r)C2

T g2T −2
0

]1/2

N2
, α(r) =

r2/3

1 − R(r)
, (13)

where the functionα(r) is introduced for simplifying the for-
mula.

2.3 Remarks about the proposed methods

Expression (13) is only justified for the inertial subrange
of homogeneous and isotropic turbulence which can be de-
scribed by correlation functions (and variances). A slightly
more general expression could be obtained for non-inertial
turbulence by combining Eqs. (9) and (12), i.e. by express-
ing Lr

T as a function ofDT (r). Using Eq. (13), the Thorpe
lengthscaleLT (and thus in some wayLo) can be estimated
from C2

T , N2, T0 andR(r). The most difficult point concerns
R(r) which cannot be estimated without high-resolution tem-
perature measurements. Forr larger than the outer scale of
turbulence, one may supposeR(r)→0. For r=1 m this ap-
proximation is not valid for many cases and in this study we
estimateR(r) from MUTSI balloon high-resolution temper-
ature measurements (see Sect. 4).

Another model is available in the literature for estimatingε

from (potential) temperature data (e.g. Ottersten, 1969; We-
instock, 1981; Bertin et al., 1997). It is based on the consider-
ation of turbulence energy balance (see Ottersten, 1969) with
the hypothesis of incompressibility, isotropic and stationary
turbulence. In our notations and in the absence of humidity,
this approach is equivalent to the following formula:

εe≈

[
(1 − Rf )

Rf

C2
T g2

a2T 2
0 N2

]3/2

, (14)

where a2
≈2.8 is a universal constant. Hocking and

Mu (1997) gave a more in-depth discussion of this formula,
and also included different variations of it from other authors.
After Lilly et al. (1974), one may assumeRf =0.25, even
though it is believed to be smaller in regions of turbulence
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production. Using Eq. (3), one can obtain from Eq. (14) the
following expression for the Thorpe length:

Le
T ≈

[
0.88C2

T g2T −2
0

]3/4

N3
. (15)

Expression (15) has a general structure similar to Eq. (13),
since it depends on the same parametersC2

T , N2 and T0.
However, Eq. (15), contains higher powers ofCT andN in
the denominator compared to Eq. (13). Comparison of esti-
mations ofLr

T andLe
T using Eqs. (13) and (15) with directly

measured Thorpe lengthscaleLT (see Sect. 2.1), are given in
Sects. 4 and 5.

It is worth noting that Eq. (4) gives estimates of local tur-
bulent diffusivity at small scales only. At larger scales, turbu-
lence intermittency is important (see discussion in Sect. 5);
also additional mechanisms of diffusion, such as stokes dif-
fusion, may exist (see review by Hocking, 1999).

3 Processing MUTSI balloon data

The methods of estimating turbulence characteristics de-
scribed in the previous section were applied to the avail-
able high-resolution temperature profiles. Ten instrumented
balloons labeled here as M1,. . . , M10 for these temperature
measurements were launched near the MU radar. We used
temperature (and pressure) profiles obtained during balloon
flights M1, M8 and M9 launched on 13 May, 22/23 May and
25/26 May 2000, respectively. The detailed description of
the instrumentation was made by Luce et al. (2001, 2002).

3.1 Direct measurements of Thorpe lengths

First, vertical potential temperature profiles at a vertical res-
olution of1z=10 cm are calculated from profiles of temper-
ature and pressure. Thorpe-reordered profiles are then ob-
tained and fluid particle displacements needed for that re-
ordering are calculated, as described by Luce et al. (2002).
Thorpe lengthscales are finally deduced as standard devi-
ations of these displacements for data within vertical seg-
ments, with thicknessδz=12.8 m shifting with a step of
6.4 m. A small segment thickness of 12.8 m is chosen for ob-
taining sufficiently high vertical resolution while keeping a
sufficient number of data points in each segment. Inspection
of the Thorpe displacement profiles reveals that this value
of δz generally corresponds to typical thicknesses of strato-
spheric turbulent layers, where overturning of fluid particles
occur. In case of thick turbulent layers, when the Thorpe
length is much larger thanδz, the calculation of turbulent
characteristics for thin segments may produce increased vari-
ability within the layers and especially near their edges. Our
verification shows that increase in the thickness of data seg-
mentsδz does not affect qualitatively the results and thus our
conclusions, but gives lower vertical resolution in the strato-
sphere, where turbulence is highly intermittent.

EstimatingN2 is made after Galbraith and Kelley (1996)
from the reordered potential temperature profile (see above).

For each 12.8-m thick vertical segment, a linear fitting is
applied to the reorderedθ profile. The slope of the linear
curve used for∂θ0/∂z and N2 is estimated by calculating
from Eq. (6) with θ0 in the denominator, taken as the mean
value ofθ in the selected segment.

Estimating C2T is made for each vertical segment of thick-
nessδz. The structure functionDT (r) for r=1 m is estimated
by calculating the variance of the differences in temperature,
measured by two horizontal sensors separated by a distance
of 1 m. The temperature differences with vertical step of
0.1 m are first calculated and then their mean value over the
segment is calculated and subtracted in order to suppress pos-
sible absolute decalibration between the sensors. This decal-
ibration may slowly vary with height, but inspection of the
temperature profiles shows that it is usually quite constant
within segments withδz=12.8 m. The numerical value of
DT (r) at r=1 m is equal to the numerical value ofC2

T , pro-
vided that the scale 1 m belongs to the inertial subrange of
the Kolmogorov turbulence. Use of a data segment of thick-
nessδz is equivalent to a numerical filter suppressing scales
larger thanδz=12.8 m. This can slightly underestimateC2

T

but should not significantly affect our analysis (see Luce et
al., 1997 for a discussion in a similar context).

3.2 EstimatingR(r)

The reorderedθ profiles are first converted into reordered
T profiles using measured pressure profiles. The tempera-
ture differencesT ′

1(z) andT ′

2(z) between the original and re-
ordered temperature profiles are then calculated for the two
horizontal distant sensors 1 and 2. The cross-correlation

R=T
′

1T
′

2/

√
T

′2
1 T

′2
2 is finally estimated for each altitude seg-

ment with thicknessδz=12.8 m.

3.3 Rejecting noise contribution

Measured temperature and pressure data may contain ran-
dom instrumental noise, which is normally assumed to be
white and then noncorrelated for all sensors. In this case,
the measured temperature may be represented asTobs=T +n,
wheren is the noncorrelated noise. The observed tempera-
ture structure function for a separationξ may be represented
as follows (see Gavrilov et al., 1994):

DT obs(ξ) = DT (ξ) + 2σ 2
n , (16)

whereσ 2
n is the noise variance. For atmospheric temperature

it is supposed thatDT (ξ)→0 at ξ→0. Therefore, one may
suppose that

DT obs(ξ)≈2σ 2
n at smallξ. (17)

Balloon measurements have data sampling with vertical step
1z=10 cm. Using estimates of the vertical structure function
DT obs(1z), one may obtain the simplest estimation

σ 2
n≈DT obs(1z)/2. (18)

However, in this case the estimate ofσ 2
n may contain not only

contributions from the uncorrelated noise but also possibly
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Table 1. Noise standard deviations and numbers of selected data points according to different criteria for flights M1, M8 and M9.

Parameter
Troposphere Stratosphere
M1 M8 M9 M1 M8 M9

σn, mK 2.1 2.4 2.4 2.2 2.2 2.3

Ntot 1792 1787 2152 2238 2434 1968

N(C1), C1≡DT obs(r)>4σ2
n 976 (54%) 826 (45%) 1121 (52%) 1263 (56%) 1406 (58%) 1011 (51%)

N(C2),C2≡LT dθ0/dz>2σn 1256 (70%) 1284 (72%) 1577 (73%) 2188 (98%) 2319 (95%) 1946 (99%)

N(C1∩C2) 883 (49%) 762 (43%) 1059 (49%) 1251 (55%) 1403 (57%) 1009 (51%)

some variance due to the turbulence at scales less than1z.
Therefore, Eq. (18) may be not valid in regions of strong tur-
bulence, and peaks ofDT obs(1z) are indeed found in regions
of large temperature fluctuations. Therefore, in our analysis,
we estimate for each profile the mean values ofσn, calcu-
lating after the exclusion of values exceeding 3 mK, which
we suppose to have a substantial contribution of geophysi-
cal signal, in accordance with the inspections of measured
vertical profiles ofDT obs (1z). After calculatingσ n from
Eq. (18), the elimination of noise contribution is applied by
the correction of the observed structure function Eq. (10) as
follows:

DT (r) = DT obs(r) − 2σ 2
n . (19)

Also, all data for whichDT obs(r)<4σ 2
n (or DT (r)<2σ 2

n ) are
rejected from the analysis, since they may be strongly af-
fected by instrumental noise. Similarly, all direct estimates of
LT for whichLT ∂θ0/∂z<2σ n are rejected, since the Thorpe
lengths can be strongly affected by instrumental noise for this
condition, as it was shown using a numerical simulation by
Alisse (1999). Both conditions are used below when com-
paring the directly estimated and reconstructed turbulence
parameters.

3.4 EstimatingLr
T , ε andK

ReconstructedLr
T values are estimated using Eq. (13) with

values ofN2, C2
T andR(r) given by the methods described

above. The turbulent parametersε andK are then estimated
from Eqs. (3) and (4), using the directly measured Thorpe
length LT . Also, valuesεr and Kr are calculated from
Eqs. (3) and (4) from Lr

T reconstructed with Eq. (13). The
valueβ=1/3 is used for estimatingK in Eq. (4). For com-
parison, we also calculated valuesεe andKe with Eqs. (3)
and (4), usingLe

T given by Eq. (15).

4 Results of the analysis

4.1 Elimination of data affected by noise

Average standard deviations of noise fluctuationsσ n, deter-
mined from Eq. (18) for MUTSI flights M1, M8 and M9,

are shown in Table 1 for the troposphere and stratosphere.
The values differ only slightly between the flights. Also
given in Table 1 are the total numbers of registered data
segments (12.8 m) for the stratosphere and troposphere, for
each flight, and the numbers of data for which the conditions
C1≡DT obs(r)>4σ 2

n at r=1 m and/orC2≡LT (∂θ0/∂z)>2σ n

are fulfilled. When the conditions are valid, we assume that
estimates of turbulence parameters are more reliable (i.e. less
affected by the noise – see Sect. 3). One can see from Ta-
ble 1 that the proportions of reliable values ofC2

T andLT are
smaller in the troposphere than in the stratosphere, because
the layers with small∂θ0/∂z andC2

T are more frequent in the
troposphere.

Table 1 shows that our requirementC1 removes more data
points than the requirementC2. But analysis shows that these
conditions do not necessarily break down in the same altitude
segments. Therefore, determination of turbulent parameters
using temperature variances may give more reliable results in
the regions where∂θ0/∂z → 0, where the conditionC2 is not
fulfilled, but the conditionC1 may still be valid. According
to Table 1, such cases are more frequent in the troposphere.
Also, estimations of turbulent parameters from temperature
variances using Eqs. (3), (4) and (9) may be useful for ex-
periments having smaller resolution in altitude, when direct
measurements of the Thorpe length are not possible.

4.2 Cross-correlation

Expression (13) for Lr
T involves the determination of the

cross-correlationR(r) of temperature fluctuations. Experi-
mental study of this parameter from balloon measurements
has never been performed previously. Values ofR(r) for a
pair of temperature sensors located at horizontal distances
r=1 m are calculated as described in Sect. 3. Figure 1 rep-
resents the measured dependence ofR(r) on LT for data
collected during the flight M1. All data affected by noise
have been rejected, using both criteriaC1 andC2 described
above. Thus, the tendencies revealed by Fig. 1 are supposed
to be relevant to geophysical processes. Figure 1 shows that
R(r) increases withLT . Black squares indicate median val-
ues ofR(r) for different intervals ofLT values. They can
be approximated by a semi-empirical function. A large num-
ber of analytical functions can fit the experimental values of
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Figure 1. Dependence of cross-correlation of temperature fluctuations for a pair of sensors 
horizontally separated with distance r = 1 m on measured Thorpe length in different altitude segments 
during flight M1. Solid line shows approximation with formula (20) at a = 0.49 and Lc = 10 m and 
thick black squares are median values of R(r) in different bands of LT values. 
 
 
    

Fig. 1. Dependence of cross-correlation of temperature fluctuations
for a pair of sensors horizontally separated with distancer=1 m on
measured Thorpe length in different altitude segments during flight
M1. Solid line shows the approximation with Eq. (20) at a=0.49
andLc=10 m, and thick black squares are median values ofR(r) in
different bands ofLT values.

 27

 
 
 

Figure 2. Comparisons of directly measured and estimated with eq. (13) Thorpe lengthscales 
for troposphere, below 11.5 km (left) and stratosphere above 11.5 km (right) during flight M1.  
 

Fig. 2. Comparisons of directly measured and estimated Eq. (13)
Thorpe lengthscales for the troposphere, below 11.5 km (left), and
the stratosphere, above 11.5 km (right), during flight M1.

Fig. 1. For example, a possible compact formula may have
the following form:

Rr=1m(LT ) = a
[
erf (log10(LT /Lc)) + 1

]
, (20)

whereerf (x) is the error function,a andLc are constants.
The solid curve in Figure 1 corresponds to relation (20) with
values ofLc=10 m anda=0.49. Empirical formulas, such as
Eq. (20) may be useful for estimatingR(r) when there is no
possibility for its experimental determination. Dependencies
similar to Fig. 1 are obtained with a good approximation by
Eq. (20) for all analyzed MUTSI balloon flights.

The increase in cross-correlation withLT revealed by
Fig. 1 may be explained by changes in scales of turbulent ed-
dies. For isotropic turbulence, vertical and horizontal scales
of turbulence should be equal. Therefore, when the verti-
cal Thorpe lengthscale is smaller thanr=1 m, the horizon-
tally spaced sensors may be generally influenced by differ-
ent small-scale isotropic eddies and the correlation between
them is small. When the Thorpe length increases, the propor-
tion of larger-scale eddies also increases and the correlation
between temperature fluctuations at two distant sensors in-

creases. The contribution of anisotropic turbulence, having
horizontal scales larger than vertical, may increase the cor-
relation between two horizontally distant sensors, even for
small Thorpe lengths, which may explain points with rela-
tively large cross-correlation at smallLT in Fig. 1.

4.3 Turbulence parameters

Figure 2 shows scatter plots of “indirect” Thorpe lengthLr
T ,

estimated using Eq. (13), versus directly measured values
LT for tropospheric and stratospheric data from the MUTSI
flight M1. Similar tendencies have been obtained for data
from flights M8 and M9. Also, similar plots (not shown)
have been obtained for the turbulence parametersε and K
obtained from Eqs. (3) and (4), respectively.

First, one can see that both distributions ofLT andLr
T in

Fig. 2 extend over several decades, revealing a strong verti-
cal variability and intermittency of turbulence in the tropo-
stratosphere. The comparison ofLT andLr

T shows that val-
ues are located near the diagonal, corresponding toLT =Lr

T ,
and the agreement is even slightly better for stratospheric
data (means and standard deviations of the ratioLT /Lr

T are
1.90 and 2.53, respectively, for the tropopsheric data and 1.39
and 0.91 for the stratospheric data). This supports the pos-
sibility of estimating indirectly the Thorpe lengthscale using
Eq. (13). In the troposphere, the directly measuredLT values
are often significantly larger than the indirectLr

T values. One
assumption may be a possible overestimation of the Thorpe
length directly measured in the layers of small∂θ0/∂z due
to the influence of noise. Also, smallN2 generally corre-
sponds to small C2T values, which can become only slightly
larger than the noise level, andLr

T could be underestimated
after the noise correction used in our study and described in
Sect. 3.

Average and median values of the direct and indirectLT , ε

and K parameters for the three MUTSI flights are given
in Table 2, even though theK values may not represent
the effective turbulent mixing in intermittent patches (see
Sect. 2.3).

The median values in Table 2 for all turbulence param-
eters are substantially smaller than the mean values. This
means that small individual values of turbulence parameters
are more frequent than large values. This is a known feature
of turbulence (Kolmogorov, 1962). On the other hand, rela-
tively rare cases of strong turbulence may give a substantial
contribution into energetic balance and diffusion processes in
the atmosphere, which may be reflected by the mean values
of the turbulence parameters.

Figures 3 and 4 show examples of vertical profiles ofLT

andLr
T , respectively, in the troposphere and stratosphere. In

these plots, no rejection criterion is applied, but the profiles
are smoothed using a 3-point running window, in order to
emphasize the main tendencies. The temperature,C2

T and
N2 profiles corresponding to the selected altitude ranges, are
also given for interpreting the results. First, one can note an
agreement between the positions ofLT andLr

T maxima in
both Figs. 3 and 4. This result gives extra credence to the
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proposed models of turbulence parameter estimation. Sec-
ond, the agreement in the magnitudes ofLT andLr

T is better
in the stratosphere (Fig. 4) than in the troposphere (Fig. 3),
where LT is generally larger thanLr

T , as expected from
Fig. 2. Comparing the profiles shown in Figs. 3 and 4 shows
that in some regions of largeN2, associated with maxima of
C2

T , the magnitudes ofLT andLr
T agree well.

At altitudes around 17.1, 17.6, 17.9, and 18.25 km in
Fig. 4, one can see increased temperature fluctuations even
visible in the temperature profile. In contrast, in regions of
smallN2 (i.e. nearly adiabatic gradient), which are more fre-
quent in the troposphere (Fig. 3), the maxima of measured
LT usually corresponds to small values ofC2

T and smaller
values ofLr

T .

This case is also seen around altitudes 17.2 and 18.5 km
in Fig. 4. One reason for larger measuredLT magnitudes
in the layers of smallN2 may be their overestimation due to
noise effects. Also, despite smallN2, Lr

T may be smaller
thanLT because usuallyC2

T is also small. Therefore,Lr
T

may contain uncertainties because(C2
T )1/2/N2 may become

a poorly defined ratio of small values. One has to keep in
mind thatLr

T may be smaller thanLT in Figs. 3 and 4 be-
cause the standard deviation of noise was subtracted from
the observedDT obs(r) (see Eq. (19)) when estimatingC2

T ,
while the measuredLT values were not corrected for noise
contribution.

Vertical profiles of turbulence parameters (LT , ε, K),
wind speed and direction, and the squared Brünt-Väısala fre-
quencyN2 (calculated using the method explained in Sect. 3)
are shown for the flights M1, M8 and M9 in Figs. 5, 6 and
7, respectively. The profiles of turbulence parameters con-
tain only reliable estimates that were selected using criteria
C1 andC2 (see Table 1), and both the directly measured and
indirect values are plotted in green and red dots, respectively,
because they may complement each other in numerous lay-
ers, where only one of the estimates is reliable, according
to the criteria of Sect. 3. One can see general decreasing
trends of these parameters from the boundary layer up to
the altitudes of 20–25 km in Figs. 5–7. A striking fact is
the strong inhomogeneity of the profiles, indicating that tur-
bulence is most of the time confined within thin localized
patches. However, regions favorable to stronger turbulence
may superimpose on the decreasing trends, as indicated by
increased values ofLT , ε andK. Such regions can be found
for flight M9 between altitudes 10–12 km, where clear max-
ima of (LT , ε, K) are observed, associated with a maximum
of N2 andC2

T . A less pronounced, but a significant maxi-
mum for flight M9 can be noted around 18.5 km, associated
with a minimum ofN2. For flight M8, the largest local max-
ima of (LT , ε, K) can be found at altitudes 7–8 (associated
with minima of N2) and 18–20 km (associated with maxima
of N2 andC2

T ) . For flight M1, one may find local maxima of
(LT , ε, K) within altitudes 10–12 and 14–16 km, (associated
with maxima ofN2 andC2

T ), for example. These maxima
may substantially increase local median and mean values of
turbulence characteristics.
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Figure 3. Examples of (left) directly measured (solid line) and indirect (dashed line) Thorpe 
length and corresponding values (center) of CT

2 (solid line) and N2 (dashed line) and  
temperature (right) for flight M8 in the troposphere. 

 

Fig. 3. Examples of (left) directly measured (solid line) and indirect
(dashed line) Thorpe length and corresponding values (center) of
C2

T
(solid line) andN2 (dashed line) and temperature (right) for

flight M8 in the troposphere.

Wind speed and direction for flights M1 and M9 were ob-
tained by Luce et al. (2001) from balloon measurements av-
eraged for obtaining the same height resolution as the MU
radar. For flight M8, balloon wind data are not available. The
wind profiles shown in Fig. 6 have been obtained from MU
radar observations at a radial resolution of 150 m averaged
over 20 min, corresponding to the time when the balloon al-
titude was between 18 and 20 km.

Analysis of the wind profiles reveals that the layers of
enhanced turbulence parameters sometimes correspond to
regions of large variations of wind speed and/or direction,
which may create shear instabilities in the atmosphere if the
local Richardson number is small enough. For example, the
well-defined maxima ofLT , ε, K andC2

T in M9 data around
11–12 km seems to correspond to a large increase in wind
speed as a function of height. Zones of shear instabilities
may be more frequent in the lower and upper parts of the
tropo-stratospheric jet stream. They may create layers of in-
creased turbulence in the tropopause region. For flight M8,
around 18–20 km, the well-defined maximum seems to be
related to changes in both wind speed and direction (even
though they are not found exactly at the same altitude) and
then to a possible strong shear. A more thorough analysis of
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Table 2. Median and average turbulence parameters for flights M1, M8 and M9.

Parameter
Troposphere Stratosphere
M1 M8 M9 M1 M8 M9

Lm
Tmed&Lm

Tmean,m 5.4 & 19.3 3.9 & 9.3 5.4 & 24.6 1.0 & 1.6 1.0 & 1.7 0.6 & 1.1

Lr
Tmed&Lr

Tmean,m 3.6 & 18.3 2.8 & 7.7 3.4 & 24.3 0.8 & 1.5 0.8 & 1.6 0.6 & 1.0

εmed&εmean
,10−5m2s−3 2.2 & 110 1.5 & 18 3.3 & 360 0.6 & 3.0 0.7 & 4.7 0.4 & 1.7

εrmed&εrmean
,10−5m2s−3 1.2 & 80 0.8 & 9 1.5 & 210 0.5 & 1.7 0.5 & 3.2 0.4 & 1.1

Kmed&Kmean
,m2s−1 0.1 & 3.8 0.5 & 0.56 0.11 & 8.1 0.007&0.027 0.0067 &0.033 0.0033&0.013

Krmed&Krmean
,m2s−1 0.047 & 6.07 0.027 & 0.47 0.043 & 12.5 0.0033&0.02 0.0033 & 0.03 0.0033 &0.01

C2
Tmed&C2

Tmean,10−4K2m−2/3 0.18 & 5.20 0.11 & 4.0 0.08 & 1.51 0.11 & 1.02 0.12 & 0.40 0.15 & 2.41
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the dynamic stability conditions around the maxima ofε, K

andC2
T will be given in a subsequent work.

5 Discussion

Figures 2–4 showed that directly measuredLT andLr
T es-

timated fromC2
T measurements using Eq. (13) agree well,

especially within layers associated with large random tem-
perature irregularities. This good agreement suggests that
the proposed model, based on the hypothesis of homoge-

neous inertial turbulence, despite its unreality, can constitute
a good approximation, especially within such layers. An-
other model relatingε to C2

T has been proposed in the liter-
ature (see Eq. (14)) from which another estimateLe

T can be
deduced from Eq. (15). The top panel of Fig. 8 represents
a comparison ofLe

T with directly measuredLT for M1 in
the troposphere and stratosphere. One can see that the gen-
eral trends of data points are different from the diagonals in
Fig. 8. For small values, directly measuredLT are generally
larger than the indirectLe

T while this ratio is generally oppo-
site for larger values ofLT in Fig. 8. Thus, the agreement is
worse than the one between directly measuredLT with Lr

T ,
estimated using Eq. (13) in Fig. 2. The difference may reflect
the difference in the power ofN in denominators of Eqs. (13)
and (15): SmallerLT values generally correspond to larger
N2 values and vice versa. Due to the larger power ofN in the
denominator of Eq. (15), one should expectLe

T >Lr
T at small

N andLe
T >Lr

T at largeN (cf. Figs. 2 and 8). Thus, estima-
tions of LT from C2

T using Eq. (13) give results which are
more consistent with directly measured values than the esti-
mations from Eq. (15). It is worth noting however that for the
most commonly encountered values ofLT (in the range 0.3–
3 m), the results of both Eqs. (13) and (15) are of the same
order.

Figures 5–7 show that the altitude ranges of enhanced lo-
cal turbulence parameters are observed primarily between 8
and 12 km for all balloon flights. These ranges and intensities
vary with observation days, in accordance with local distribu-
tions of temperature and winds. Multi-year systematic stud-
ies ofε andK with the MU radar in Shigaraki (Fukao et al.,
1994; Kurosaki et al., 1996) indeed showed maxima of these
turbulence parameters between 8 and 12 km. Therefore, the
presence of enhanced turbulence mixing in the tropopause
region may likely be almost a permanent feature above Shi-
garaki. These turbulent layers may be produced by convec-
tive instabilities in the layers ofN2

→0, which frequently
exist below the tropopause. Other sources of turbulence near
the tropopause may be produced by shear instabilities due to
large vertical gradients of wind in the tropo-stratospheric jet
streams (Joseph et al., 2003, 2004).
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Figure 5. Vertical distributions of turbulence parameters (from left to right): Thorpe length 
TL , energy dissipation rate ε, diffusivity K, temperature structure constant 2

TC with their 
median (thick solid lines) and mean (thin solid lines) values for segments of 1 km in 
thickness, wind speed (solid line) and direction (dashed line) and squared Brünt-Vaïsälä 
frequency 2N  for flight M1. Both directly measured and estimated values of TL , ε, and K are 
shown with green and red dots, respectively. The horizontal dashed line shows the 
temperature gradient tropopause height. 

Fig. 5. Vertical distributions of turbulence parameters (from left to right): Thorpe lengthLT , energy dissipation rateε, diffusivity K,
temperature structure constantC2

T
with their median (thick solid lines) and mean (thin solid lines) values for segments of 1 km in thickness,

wind speed (solid line) and direction (dashed line) and squared Brünt-Väis̈alä frequencyN2 for flight M1. Both directly measured and
estimated values ofLT , ε, andK are shown with green and red dots, respectively. The horizontal dashed line shows the temperature gradient
tropopause height.
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Figure 6. Same as Figure 5, but for flight M8 Fig. 6. Same as Fig. 5, but for flight M8.
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Figure 7. Same as Figure 5, but for flight M9. 
 

 
 
 
 
 

Fig. 7. Same as Fig. 5, but for flight M9.

The layers of turbulence maxima at altitudes 10–12 ob-
served for flights M1 and M9 in Figs. 5 and 7 illustrate
the different kinds of instabilities in the atmosphere. In the
flight M1 the maxima of measured and reconstructed Thorpe
lengths at altitudes 10–12 km are located within a broad layer
of small convective stability with averageN2

≈2.6 10−5 s−2.
In the strong turbulent layer observed at these heights for
flight M9, the mean static stability wasN2

∼1.7 10−4 s−2

with larger local maxima (Fig. 7), but a large vertical gradi-
ent of horizontal wind of|∂u0/∂z| exceeding 35 ms−1km−1

which can be deduced from wind, exists in the lower part of
the tropo-stratospheric jet stream.

A comparison of all turbulence parameters in the men-
tioned layers for M1 and M9 in Figs. 5 and 7 reveals some
differences caused by the differences in the mechanisms of
their excitation. In the possible convectively unstable turbu-
lent layer observed during the flight M1 a large maximum of
Thorpe length is associated with the maxima ofε andK and
with the minimum ofC2

T . This may indicate that in a con-
vectively unstable layer, the Thorpe length reflects the thick-
ness of the layer rather than the actual displacements of fluid
particles; also, a small amount of turbulence energy here is
enough to produce substantial vertical displacements of fluid
parcels. But according to Eq. (7), these large vertical dis-
placements are not associated with strong temperature fluc-
tuations, as far asN2

∼0 in this layer. Relatively small tur-
bulent energy and potential temperature gradients inside the
unstable region may also suppress the processes of heat diffu-
sion there (but not constituent diffusion). In a more convec-
tively stable turbulent layer at altitudes of 10–12 km during

the flight M9 in Fig. 7 all turbulent characteristics have strong
maxima. In the case ofN2>0, large vertical displacements of
fluid parcels require substantial turbulent energy and produce
large temperature fluctuations and turbulent diffusivities.

For the flight M8 (Fig. 6), substantial maxima of turbu-
lence parameters were observed around 18–20 km. Maxima
are also observed above the tropopause in the other profiles
but they are not so strong. Statistical analysis ofε andK

with the MU radar (Fukao et al., 1994; Kurosa et al., 1996)
also reveals some local maxima at altitudes 16–20 km. The
turbulent altitude range around 18–20 km in M8 occurs in the
convectively stable layer, possibly with a significant vertical
shear of horizontal wind. This case would be similar to the
case observed in M9 around 10–12 km.

Figures 5–7 show that the horizontal wind speed above
the altitude 15 km is generally smaller than that in the tropo-
stratospheric jet stream and reveals frequent wave-like struc-
tures which are more pronounced in the stratosphere, espe-
cially for flight M1. They may be produced by gravity waves
propagating from the troposphere or may be generated by
geostrophic adjustment near the jet stream, for example. Lo-
cal increases in the wave sources and their amplitudes may
produce substantial wind shears capable of making turbulent
layers. One of the reasons for an increase in the amplitudes
of atmospheric waves propagating from the troposphere and
in turbulence generation could be the sharp increase inN2 in
the tropopause region (VanZandt and Fritts, 1989; Gavrilov
and Fukao, 2004).

Frequent observations of strong turbulent diffusivities near
and above the tropopause (see Figs. 5–7 and discussion



N. Gavrilov et al.: Turbulence parameter estimations 2411

above) are very important for a further understanding of
processes of transport of natural and anthropogenetic at-
mospheric gas and aerosol species between the troposphere
and stratosphere. For example, at present, the atmospheric
“Brewer-Dobson” general circulation is assumed to be the
most important mechanism for the stratospheric ozone trans-
portation to the troposphere (Holton, 1986). The role of
mesoscale motions and turbulence in global ozone transport
is unclear (Lamarque and Hess, 2003). The combined ef-
fect of the “Brewer-Dobson” circulation and quasi-horizontal
mixing by large-scale eddies is equivalent toK∼0.2 m2 s−1

in the tropopause region (Holton, 1986). Distributions of
Figs. 5–7 show that the localK near and above 10 km
may be frequently much larger (up toK∼100

−102 m2 s−1).
Large local values ofK in the tropopause region were also
measured using radar techniques, for example, by Fukao
et al. (1994), Kurosaki et al. (1996), Pavelin et al. (2002),
Whiteway et al. (2003), etc.

Such strong local turbulent diffusivities may produce sub-
stantial local turbulent fluxes of ozone, and other gas and
aerosol species. Distributions ofK in Figs. 5–7 show that
turbulence is very intermittent andK is very variable in the
tropo-stratosphere. This may produce substantial variability
of local turbulent fluxes of atmospheric species (see Gavrilov
et al., 2004 for turbulent ozone fluxes). There is a problem
of estimation of the contribution of these local fluxes pro-
duced by intermittent turbulence into the mean transport of
admixtures. There are doubts whether the median and av-
erage values ofK given in Table 2 correctly represent ef-
fective mixing by intermittent turbulence. A number of ap-
proaches were developped to account for random and wave
intermittency of turbulent diffusion (see review by Fritts and
Alexander, 2003). Dewan (1981) and Woodman and Ras-
togi (1984) suggested that the random occurrence of turbu-
lent layers may produce a random process of intermittent dif-
fusion and an effective turbulent diffusivity of this ensem-
ble should be introduced. Fritts and Dunkerton (1985) and
Gavrilov and Yudin (1992) showed that the intermittency of
turbulence generated by gravity waves may lead to the dif-
ference in diffusivity of momentum and heat thus making an
increase in the effective Prandtl number. Stokes diffusion
may also contribute to atmospheric mixing (Hocking, 1999).

6 Conclusions

In the present paper, turbulence parameters in the tropo-
stratosphere have been estimated using high-resolution bal-
loon temperature measurements from the MUTSI campaign.
Vertical profiles of the specific dissipation rate of turbulent
kinetic energy,ε, and turbulent diffusivity,K, are estimated
from Thorpe lengthscale,LT . The last may be directly mea-
sured by the sorting of potential temperature profiles or es-
timated from measured temperature structure constant,C2

T ,
using Eq. (13), assuming adiabatic vertical displacements or
Eq. (15), based on turbulent energy balance consideration.
Both values show satisfactory agreement and may be used
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Figure 8. Thorpe lengths directly measured and reconstructed with (15) (top left) for flight M1 for the 
troposphere (left) and stratosphere (top right), also directly measured (solid lines), reconstructed with 
(13)  (dashes) and reconstructed with (15) (dots) for the same ranges as in Figure 3 (bottom left) and  
Figure 4 (bottom right). 
 
 

Fig. 8. Thorpe lengths directly measured and reconstructed with
Eq. (15) (top left) for flight M1, for the troposphere (left) and strato-
sphere (top right), also directly measured (solid lines), reconstructed
with Eq. (13) (dashes) and reconstructed with Eq. (15) (dots) for the
same ranges as in Fig. 3 (bottom left) and Fig. 4 (bottom right).

for estimating turbulent characteristics. Estimations show
that Eq. (13) gives estimations of the Thorpe length that are
more consistent with direct measurements, than the estima-
tions given by Eq. (15).

Vertical profiles of analyzed turbulence characteristics
show substantial intermittency of turbulence, giving large
dispersion of their local, median and average values. General
trends correspond to a decrease inε andK from the boundary
layer up to altitudes 20–25 km. Layers of increased turbu-
lence are systematically observed in the tropo-stratosphere,
which may be produced by instabilities of temperature and
wind profiles mostly associated with gravity wave propaga-
tion. These maxima may substantially increase local val-
ues of turbulence characteristics, which may influence dif-
fusion and mixing of atmospheric gas species in the tropo-
stratosphere. Existence of substantial local turbulent diffu-
sivities in Fig. 8 makes solving the problem of estimating
effective diffusion by intermittent turbulence more important
and requires further balloon, MST radar and other observa-
tions of turbulence in the tropo-stratosphere. In a subsequent
paper, we are planning to compare the present estimations
of turbulence parameters with those provided simultaneously
by MU radar.
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tive, Th̀ese de doctorat. Univ. Paris VI, 1999.

Bertin, F., Barat, J., and Wilson, R.: Energy dissipation rates, eddy
diffusivity, and the Prandtl number: an in-situ experimental ap-
proach and its consequences on radar estimates of turbulent pa-
rameters, Radio Sci., 32, 791–804, 1997.

Bertin, F., Van Velthoven, P. F. J., Bessemoulin, P., Ney, R., and
Massebeuf, M.: Wave-turbulence interactions observed in the
lower stratosphere by the PROUST UHF radar and GPS ra-
diosoundings, J. Atmos. Solar-Terr. Phys., 61, 663–673, 1999.

Caldwell, D. R.: Oceanic turbulence: big bangs or continuous cre-
ation?, J. Geophys. Res., 88, 7543–7550, 1983.

Cho, J., Newell, Y. N., Anderson, R. E., Barrick, B. E., Thornhill,
J. D., and Lee, K.: Characterizations of tropospheric turbulence
and stability layers from aircraft observations, J. Geophys. Res.,
108(D20), 8784, doi:10.1029/2002JD002820, 2003.

Dewan, E. M.: Turbulent vertical transport due to thin intermittent
mixing layers in the atmosphere and other stable fluids, Science,
211, 1041–1042, 1981.

Dillon, T. M.: Vertical overturns: a comparison of Thorpe and
Ozmidov length scales, J. Geophys. Res., 87, 9610–9613, 1982.

Dillon, T. M. and Park, M. M.: The available potential energy of
overturns as an indicator of mixing in the seasonal thermocline,
J. Geophys. Res., 92, 5345, 1987.

Dole, J. and Wilson, R.: Turbulence dissipation rates and vertical
diffusivity in the stratosphere from radar observations, Physics
and Chemistry of the Earth, Part B, 26, 225–229, 2001.

Fer, I., Skogseth, R., and Haugan, P. M.: Mixing of the Storjor-
den overflow (Svalbard Archipelago) inferred from density over-
turns, J. Geophys. Res., 109(C01005), 1–14, 2004.

Ferron, B., Mercier H., Speer K., Gargett A., and Polzin K.: Mix-
ing in the Romanche Fracture zone, J. Physic. Ocean., 28, 1929-
1945, 1998.

Fritts, D. C. and Alexander, M. J.: Gravity wave dynamics
and effects in the middle atmosphere, Rev. Geophys. 41, 1,
doi:10.1029/2001RG000106.

Fritts, D. C. and Dunkerton, T. J.: Fluxes of heat and constituents
due to convectively unstable gravity waves, J. Atmos. Sci., 42,
549–556, 1985.

Fukao, S., Yamanaka, M. D., Ao, N., Hocking, W. K., Sato, T.,
Yamamoto, M., Nakamura, T., Tsuda, T., and Kato, S.: Seasonal
variability of vertical eddy diffusivity in the middle atmosphere,
1. Tree-year observations by the middle and upper atmosphere
radar, J. Geophys. Res., 99, 18 973–18 987, 1994.

Furumoto, J. and Tsuda, T.: Characteristics of energy dissipation
rate and effect of humidity on turbulence echo power revealed by
MU radar-RASS Measurements, J. Atmos. Solar-Terr. Phys., 63,
285–294, 2001.

Galbraith, P. S. and Kelley, D. E.: Identifying overturns in CTD
profiles, J. Atm. Ocean. Tech., 13, 688–702, 1996.

Gargett, A. E.: Velcro measurement of turbulent kinetic energy dis-
sipation rateε, J. Atmos. Oceanic Tech., 16, 1973–1993, 1999.

Gavrilov, N. M., Richmond, A. D., Bertin, F., and Lafeuille, M.:
Investigation of seasonal and interannual variations of internal
gravity wave intensity in the thermosphere over Saint Santin, J.
Geophys. Res., 99, 6297–6306, 1994.

Gavrilov, N. M. and Fukao, S.: Numerical and the MU radar esti-
mations of gravity wave enhancement and turbulent ozone fluxes
near the tropopause, Ann. Geophys., 22, 3889–3898, 2004,
SRef-ID: 1432-0576/ag/2004-22-3889.

Gavrilov, N. M., Fukao, S., Hashiguchi, H., Kita, K., Sato, K.,
Tomikawa, Y., and Fujiwara, M.: Study of Atmospheric Ozone
and Turbulence From Combined MU Radar and Ozonesonde
Measurements in Shigaraki, Japan., Proc. XX Quadrennial
Ozone Symp., Kos, Greece, 1–8 June 2004, 1, 41–42, 2004.

Gavrilov, N. M. and Yudin, V.A.: Model for Coefficients of Turbu-
lence and Effective Prandtl Number Produced by Breaking Grav-
ity Waves in the upper Atmosphere, J. Geophys. Res., 97, 7619–
7624, 1992.

Gibson, C. H.: On the scaling of vertical temperature gradient spec-
tra, J. Geophys. Res., 87, 8031–8038, 1982.

Gurvich, A. S., Kan, V.,. Savchenko, S. A, Pakhomov, A. I.,
Borovikhin, P. A., Volkov, O. N., Kaleri, A., Yu., Avdeev, S.
V., Korzun, V. G., Padalka, G. I., and Podvyaznyi, Ya. P.: Study-
ing the turbulence and internal waves in the stratosphere from
spacecraft observations of stellar scintillation: I. Experimental
technique and analysis of the scintillation variance, Izvestiya, At-
mospheric and Oceanic Physics, Izvestia Russian Acad Sci., 37,
436–451, 2001.

Hall, C. M., Meek, C. E., and Manson, A. H.: Turbulent energy
dissipation rates from the University of Tromso/University of
Saskatchewan MF radar, J. Atmos. Solar-Terr. Phys., 60, 437–
440, 1998.

Hecht, J. H., Liu, A. Z., Bishop, R. L. Clemmons, J. H., Gardner,
C. S., Larsen, M. F., Roble, R. G., Swenson, G. R., and Wal-
terscheid, R. L.: An overview of observations of unstable layers
during the Turbulent Oxygen Mixing Experiment (TOMEX), J.
Geophys. Res., 109, D02S01, 2004.

Hocking, W. K.: The Dynamical Parameters of Turbulence Theory
as they apply to Middle Atmosphere Studies”, Earth, Planets and
Space, 51, 525–541, 1999.

Hocking, W. K. and Mu, K. L.: Upper and Middle Tropospheric Ki-
netic Energy Dissipation Rates from Measurements of Cn2 - Re-
view of Theories, in-situ Investigations, and Experimental Stud-
ies using the Buckland Park Atmospheric Radar in Australia, J.
Atmos. Terr. Phys., 59, 1779–1803, 1997.

Holton, J. R.: A dynamically based transport parameterization for
one-dimensional photochemical models of the stratosphere, J.
Geophys. Res., D91, 2681–2686, 1986.

Joseph, B., Mahalov, A., Nikolaenko, B., and Tse, K. L.: High reso-
lution DNS of jet stream generated tropopausal turbulence, Geo-
phys. Res. Lett., 30, 1525, doi:10.1029/2003GL017252, 2003.

Joseph, B., Mahalov, A., Nikolaenko, B., and Tse, K.L.: Variability
of turbulence and its outer scales in a model tropopause jet, J.
Atmos. Sci., 61, 621–643, 2004.

Kao, C.-Y. J., Cooper, D. I., Reisner, J. M., Eichinger, W. E.,
and Ghil, M.: Probing near-surface atmospheric turbulence with
high-resolution lidar measurements and models, J. Geophys.
Res., 108, doi:10.1029/2001JD000746, 2002.

http://direct.sref.org/1432-0576/ag/2004-22-3889


N. Gavrilov et al.: Turbulence parameter estimations 2413

Kelley, M. C., Kruschwitz, C. A., Gardner, C. S., Drummond, J.
D., and Kane, T. J.: Mesospheric turbulence measurements from
persistent Leonid meteor train observations, J. Geophys. Res.,
108(D8), doi:10.1029/2002JD002392, 2003.

Kolmogorov, A. N.: A refinement of previous hypotheses concern-
ing the local structure of turbulence in a viscous incompressible
fluid at high Reynolds number, J. Fluid. Mech., 13, 82–85, 1962.

Khananian, A. A.: Some results of investigating small-scale turbu-
lence of middle atmosphere with artificial luminous and smoke
clouds, Advances in Space Research, 17, 49–52, 1996.

Kurosaki, S., Yamanaka, M. D., Hashiguchi, H., Sato, T., and
Fukao, S.: Vertical eddy diffusivity in the lower and middle at-
mosphere: a climatology based on the MU radar observations
during 1986–1992, J. Atmos. Terr. Phys., 58, 727–734, 1996.

Lamarque J. F. and Hess P.: Stratosphere-troposphere exchange:
Local processes, Enciclopedia of Atmospheric Sciences, edited
by: Holton, J. R., Academic Press, Amsterdam-New York-
Tokyo, 2143–2150, 2003.

Lilly, D. K., Waco, D. E., and Adelfang, S. I.: Stratospheric mixing
estimates from high-altitude turbulence measurements, J. Appl.
Meteorol., 13, 488–493, 1974.
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