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Abstract. Approaches for estimations of effective turbu- 1 Introduction
lent diffusion and energetic parameters from characteris-
tics of anisotropic and isotropic spectra of perturbationsinternal gravity waves (IGWs) with energy propagating up-
of atmospheric refractivity, density and temperature arewards are important for dynamical processes and mixing in
developed. The approaches are applied to the data olthe middle atmosphere (Fritts and Alexander, 2003). Break-
tained with the GOMOS instrument for measurements ofing IGWs produce turbulent mixing and kinetic energy dis-
stellar scintillations on-board the Envisat satellite to es-sipation and effectively influence the global circulation and
timate turbulent Thorpe scaleg,r, diffusivities, K, and composition in the middle atmosphere.
energy dissipation rates;, in the stratosphere. At low IGW studies use different in situ, ground-based and satel-
latitudes, effective values aréy~ 1-1.1m, &~ (1.8— lite measurements (Fritts and Alexander, 2003; Wu et al.,
2.4)x 10°Wkg1, andK ~ (1.2-1.6)x 10 2m2s1atal-  2006; Alexander et al., 2010). Key advantages of satellite
titudes of 30-45km in September—November 2004, de-measurements are their global coverage. To examine atmo-
pending on different assumed values of parameters ofpheric mesoscale variations, Fetzer and Gille (1994) used
anisotropic and isotropic spectra. Respective standard devisatellite data of LIMS (Limb Infrared Monitor of the Strato-
ations of individual values, including all kinds of variabil- sphere). Eckermann and Preusse (1999) presented the re-
ity, are§ L7 ~0.6-0.7 mge ~ (2.3-3.5)x 10 °Wkg1,and  sults of data processing of the satellite CRISTA (Cryo-
8K ~(1.7-2.6)x 1072m?s~1. These values correspond to genic Infrared Spectrometer and Telescopes for the atmo-
high-resolution balloon measurements of turbulent characsphere) experiment. Wu and Waters (1996) and McLan-
teristics in the stratosphere, and to previous satellite stellagdress et al. (2000) studied mesoscale temperature pertur-
scintillation measurements. Distributions of turbulent char-bations and obtained their global distribution in the strato-
acteristics at altitudes of 30—45 km in low latitudes have max-sphere and mesosphere from the data of MLS (Microwave
ima at longitudes corresponding to regions of increased gravkimb Sounder) instrument on-board the satellite UARS.
ity wave dissipation over locations of stronger convection. Extensive information on atmospheric mesoscale fluctua-
Correlations between parameters of anisotropic and isotropitions were given by the GPS/Microlab satellite (Tsuda et
spectra are evaluated. al., 2000; Alexander et al., 2002; Gavrilov et al., 2004;
Gavrilov and Karpova, 2004). Studies of mesoscale varia-
tions using a GPS radio occultation technique were contin-
ued with satellite CHAMP launched in April 2001, and later
with COSMIC group of satellites launched in 2006 (Schmidt
et al.,, 2008; Alexander et al., 2008; Wang and Alexander,
2010). Ern et al. (2004, 2011) obtained global distributions
of IGW momentum fluxes in the middle atmosphere from
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global temperature measurements with the satellite instru1971). Sofieva et al. (2007, 2009) considered structures of

ments High Resolution Dynamics Limb Sounder (HIRDLS) relative fluctuations = N/ / N, ~ —T'[ T of refractivity N,

and Sounding of the Atmosphere using Broadband Emissiormnd temperatur@& (overbars and primes denote the statisti-

Radiometry (SABER). cal means and perturbations, respectively). These structures
Recent observations of stellar scintillations from satellitescould be described with the three-dimensional spectral den-

(Gurvich and Kan, 2003a, b; Sofieva et al., 2007, 2009, 2010¥ity function ®,(k), wherek is the wave vector with com-

provided new information about small-scale perturbations inponents K, ky, k;) along horizontal axes, y and vertical

the stratosphere. The intensity of stellar light going throughaxisz, respectively. Gurvich and Kan (2003a) and Sofieva et

the atmosphere fluctuates (oscillates), when a satellite obal. (2007) approximated, with a sum

serves a star. Relative intensity fluctuations can be as stron

as several hundred percent (see Sofieva et al., 2010). Thesew = Pw + Pk, @)

scintillations are due to air temperature and density irregu

!a_lr|t|es E_ror(]:iuced by IGWs, turpulencfe and d|ffhere_nt mfstab.ll— and isotropic components, respectively. The comporant
ities, which produce perturbations of atmospheric refractiv-resnonds to anisotropic perturbations, produced, for ex-

ity. The smallest scales measurable by an optical scintillatiorhmple by random IGWs (Smith et al., 1987). Gurvich and

method may be less than a meter. Scintillation measurements, | (2003a) and Sofieva et al. (2007) approximated this
provide information about IGW-breaking and turbulence in three-dimensional spectrum as '

the stratosphere.

First measurements of stellar scintillations with the Rus- @y (k,) = Cwn?(k2 + k3) ™ 2¢ (k, / kw), )
sian space stations Salyut and Mir provided spectral anq(z = 22 4 K22 = k2 4 K2
statistical characteristics of perturbations (Gurvich et al., h ot T R Ty
2001), and also confirmed the theory of scintillations (Gur-whereCy andkg are parameters, is the anisotropy coeffi-
vich and Brekhovskikh, 2001). These measurements also akient, and the functios (k/kw) describes the decay dfy
lowed determinations of IGW and turbulence spectra characat k > ky,. Integration of Eq. (2) gives the one-dimensional
teristics (Gurvich and Kan, 2003a, b; Gurvich and Chunchu-vertical spectruny, (k. ):
zov, 2003). o -

Multi-year measurements were performed with the Global or 2, 232
Ozone Monitoring by Occultation of Stars (GOMOS) instru- Vw (ks) = / / Py (ka)dkdky ~ ?CW(": R ©)
ment from the Envisat satellite (Bertaux et al., 2010). GO- —00—00
MOS contains two photometers recording stellar light at aThjs expression does not depend on the anisotropy coeffi-
sampling frequency of 1kHz synchronously in 473-527nMijent;). At k, > ko the spectrum (Eq. 3) corresponds to the
and 646-698 nm spectral bands during star sets behind the-3 gjope known for saturated IGWs (Smith et al., 1987). As

Earth’s limb. These measurements were used to estimate pagr as Vi (—k;) = Vi (k;), one can use the symmetric one-

rameters of anisotropic and isotropic spectra of temperaturgjmension spectrum, (see Monin and Yaglom, 1975, §12)
perturbations produced by IGWs and small-scale turbulence 4
in the stratosphere (Gurvich and Kan, 2003a; Sofieva etal.i- . (11 1y — 2y (k) = —= Cyy (k2 + k2)~3/2 4
2007, 2009, 2010) w (k) w(kz) w (kS +kg) < 4)

In this paper, we dev_elop_ed approaches_ to use these SPe¢he second componentpg, in Eq. (1) corresponds to
tral parameters for estimating turbulent kinetic energy dis-jsotropic turbulent irregularities produced by breaking IGWs

sipation rates and turbulent diffusivities produced by small-3nq py other sources. Gurvich and Kan (2003a) and Sofieva
scale isotropic turbulence. We estimated the mentioned turg; 5. (2007) used a theory of locally isotropic turbulence,
bulent characteristics at altitudes of 30-45 km in Septemberyhich gives

November 2004 at latitudes 26—20 N and in January 2005
at middle latitudes 34—-3@\ and compared them with avail- @k (k) = 0.033Cx k™ 3exp—(k/kx)?]; k? = ki + k2, (5)

able satellite, balloon and high-resolution radiosonde data. i i L
wherekg is a parametex is the structure characteristic of

the random refractivity field (see Monin and Yaglom, 1975,
§23). The isotropic one-dimension spectréij(|k,|) can be
obtained by integration of the locally isotropic spectrdm

Sofieva et al. (2007, 2009) estimated scales of isotropic andS€€ Monin and Yaglom. 1975, §21), andj&d] < kx has
anisotropic parts of atmospheric perturbation spectra usingn€ following form:

observations of stellar scintillations with the GOMOS instru- Ex (Jk|) ~ 0.25Ck [k, |53, ®)
ment on-board the Envisat satellite. Scintillations produced

by density perturbations along the light path give infor- which corresponds to the known5/3 power law for Kol-
mation about small-scale atmospheric dynamics (Tatarskiimogorov’s turbulence (see Monin and Yaglom, 1975, §21).

‘where®y and®g are statistically independent anisotropic

2 Atmospheric perturbation spectra
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The structure functio®y (r) of the locally isotropic temper- 10-2 _ E
ature field at displacements(Tatarskii, 1971) has the form [ e
7] E, +E,
10~4 ] ko, Ky ko,
Dr(r) =[T(@+r) —T@P=C5r?3, (7) e Evexp(-k k)
where C2 is the structure characteristic of the temperature 10 -
field. According to Monin and Yaglom (1975, §13.3) for lo- -~
cally isotropic turbulence N -
y p ~ .
) - 1 0 7]
_ N g
Dr(r) =2 / (1—cosk'r)Ex (K)dk' = Cx T?r?/3, (8) W -
0 10" -
Comparing in Egs. (7) and (8), one can get . .
- -12 \
CKZC%/TZ (9) 10 T IIIIIII T lIlIIIlI T IIlIIllI T IIIIIIII
_ _ _ 0.001 0.01 0.1 1 10
Sofieva et al. (2007, 2009) developed algorithms for estimat- k |. m-
ing the four parameters of anisotropic and isotropic spectra I z|’

\(/\I/E;/Sénlzjrr?t))é:gciy S;r:gt];rlevﬁ?i?;aifrrrl::;@pﬁngnt((j) Ci'rv]vr;e?n;n d Fig. 1. One-dimension anisotropic (Eg. 4) and isotropic (Eq. 6)
outer scales of the anisotropic spectrum (Eq. 2). These algog?;g?:;r;;:t:rzrgf g,rtiattjﬂispffrt;(figi':nsgﬁig:f Téi?é i) for av-
rithms were used to obtain these four parameters from obser- '
vations of stellar scintillations with the GOMOS instrument

on-board the Envisat satellite (Sofieva et al., 2007, 2009). which we denote as a wavenumligr below. An important
characteristic of turbulence in stably stratified layers is the
Thorpe lengthL = [672/(36/32)%]Y/2, whered is potential
temperature (see Gavrilov et al., 2005). The contribution to
In Sect. 3.1 below, we obtain formulae connecting turbu-the relative temperature variance produced by turbulent per-
lent energy dissipation rates, diffusivities and other turbulenttUrbations havingk.| > k., can be calculated by integrating
characteristics with parameters of anisotropic and isotropid"€ iSotropic spectrum (Eq. 6) as follows:

parts of atmospheric perturbation spectra (Egs. 4, 6). We use_  «

these formulae for estimations of turbulent characteristics inT_/2 _ / Ex (K)dk' = 0.37C 23 (11)

the stratosphere from GOMOS satellite data in Sect. 3.2. Pos72 ] =~ TSR

sible correlations between anisotropic and isotropic spectral

parameters are considered in Sect. 3.3. Taking account ob’/6 ~ T'/T (see Tatarskii, 1971) and us-
ing (Eq. 11), one can get the following expression for the
Thorpe scale:

3 Estimation of turbulence characteristics

ki

3.1 Relations between turbulent and spectral
characteristics

—2/3\1/2 )
Some theories of turbulent spectra (for example, Lumley,z . ~ 8(0.37Cxkn™") SN2— 5%,
0 0z

1964) introduce the “buoyancy” wavenumbky for the NZ

crossover between vertical anisotropic (Eq. 4) and isotropica similar expression was obtained by Gavrilov et al. (2005).
(Eq. 6) spectral regimes;y (kp) = Ex (kp) SO that To estimateL;, one can also use the expression based
on the consideration of turbulent energy balance by Otter-
sten (1969) with the hypotheses of incompressibility and
cijsotropic and stationary turbulence (see Gauvrilov et al. 2005),
which, taking account of Egs. (6)—(8), has the form

(12)

bl

kp ~ (16.8Cy /Cg)%/4. (10)

This parameter could be a useful addition to the discusse
above parameters of anisotrop€y, ko, kw) and isotropic
(Ck) parts of refractivity perturbation spectra (Egs. 1-6).
Figure 1 shows an example of vertical anisotropic (Eq. 4)7,. — (0.88Cx g2)%4/N®. (13)

and isotropic (Eqg. 6) components of the temperature pertur-

bation spectrum (Eg. 1) and the above-mentioned scales. Th€his formula contains the only one paramet€g of
buoyancy wavenumbety,, as well asky, correspond to a the isotropic perturbation spectrum (Eq. 4). Gavrilov et
transition from anisotropic to isotropic perturbation spectra,al. (2005) obtained reasonable agreement between (Eq. 13)
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and direct measurements d@fy from the data of high- Sirius and Canopus in September—November 2004 at lati-
resolution MUTSI balloon measurements in the tropospherdgudes between 20N and 20 S, which give the highest sig-
and stratosphere. For steady-state turbulence, energy dissial to noise ratios. We selected four groups of measurements
pation rateg, and turbulent diffusivityk , are related to the at altitudes within 3 km-thick layers centered at 30, 35, 40
Ozmidov scaleLo, by and 45 km altitudes. The second set of analyzed data is the
2 3 2 Canopus occultations for January 2005 at 30 km altitude and
£~ LoN" K~ BLGN. (14) latitudes 34—-3BN, which allows comparisons with high-
where 8 is a constant. According to a review by Fukao et resolution radiosonde turbulence measurements by Clayson
al. (1994)'ﬂ may vary between 0.2 and 1. The frequent]y and Kantha (2008) The method by Sofieva et al. (2007, 2009,
used approximatiom8 =Rf/(1—Rf), where Rf is the flux ~ 2010) also gives estimations of errors of the spectral param-
Richardson number, often takenRis~ 0.25, gives8 ~ 1/3. eters. In the present study, we used values of spectral param-
AssumingLo = cL7, Caldwell (1983), and more recently, €ters having relative errors smaller than 50 %. Table 1 shows

Galbraith and Kelley (1996), also Fer et al. (2004) proposedthe numbers of measurementsised in our analysis in each

the following formulae for estimations efand X : altitude layer and data set.
) 3 ) For each set of measured paramet€ys and Cg, using
e~ (cLT)"N7 K ~ B(cLT)°N. (15  Eq. (10), we estimated the buoyancy wavenumberThe

Values of the empirical constantvary in different studies Tho.rpe scalesr, and Lry are obte}med from Eq. (12)
(see discussions by Gavrilov et al., 2005 and Clayson an@Utting km = ko andk, =k, respectively, as well as the
Kantha, 2008). After Gavrilov et al. (2005), considering the Thorpe scaleLr, from Eq. (13,)' The_n, Eq. (15) gives val-
result given by Alisse (1999) for stratospheric data, we below"€S of the t_urbL_Jlg_nt energy dissipation raﬁgng' Ee and
usec = 1.15 and8 = 1/3. Formulae Egs. (15) and (10), (12) turbulent diffusivities K, KW,_ K., after subs_t|tut|ons of

or (13) one can use for estimationslof, ¢ andK depending L7 =Lte, Ltw, Lre, réspectively. Table 1 gives average
on a set of spectral parameters available experimentally. m/alues and standard deviations of spectral scales and turbu-

the case of GOMOS scintillation observations. we have thelence characteristics for all used sets of experimental data.
entire set of paramete€sy, ko, kw andCx Which,is enough To increase numbers of measurements for statistical compar-

for the usage of any combinations of formulae (Egs. 10_15).isons of different approaches used for estimating turbulent

This allows us to compare the results obtained with differentcharacteristics, Table 1 includes results obtained for com-

approaches using Egs. (15) and (10), (12) or (13) in the nexpined altitude range of 30-45km in September—-November
sgf:)tion. g Egs. (15) (10), (12) or (13) 2004. Standard deviations shown in Table 1 take into account

all kinds of variability (time, latitude, longitude and altitude)
3.2 Turbulent diffusivities and energy dissipation rates of individual values. Considering Table 1, one should keep in
mind that if atmospheric turbulence differs from locally ho-

The methods of estimating the paramet€kg, ko, kw of mogeneous and isotropic conditions, estimations of spectral
anisotropic (Eq. 2) and'x of isotropic (Eq. 5) spectra of at- scales from GOMOS data and our estimations of turbulent
mospheric temperature perturbations from GOMOS satelliteparameters should be considered as some “effective” values
observations of star scintillations were described by Sofievanly.
et al. (2007, 2009, 2010). The retrieval uses the standard Because of the large spatial and temporal variability of
maximum-likelihood method with a combination of non- the turbulent parameters, their statistical distributions could
linear and linear optimization. The authors made nonlin-be more informative than just averages and standard disper-
ear fits of two parametersy andky using the Levenberg— sions. Figure 2 presents histograms of the spectral parame-
Marquardt algorithm (Press et al., 1992). The parametersers and turbulence characteristics for September—November
Ck andCy were calculated with the linear weighted least- 2004 at 40km altitude. Respective histograms for other
squares method. Atmospheric parameters required for théeights layers have forms similar to Fig. 2, and their pa-
spectral parameter retrievals are taken from the ECMWHFRameters are given in Table 1. All histograms in Fig. 2 have
meteorological reanalysis model. Sofieva et al. (2007, 2009strongly non-Gaussian shapes.
2010) presented examples of the experimental scintillation For January 2005 Table 1 gives estimations of the av-
spectrums. Usually, experimental scintillations agree to theerage Thorpe scales by different approaches in the range
proposed modeled scintillation spectra, but sometimes peakd,; ~ 0.34-0.44m at 30km altitude at latitudes 34=B6
possibly related to quasi-periodic disturbances in the atmoRespective average turbulent energy dissipation rates in Ta-
sphere, may occur and special filtering of these peaks wable 1 ares ~(1.8-2.9)x 10-Wkg~! and turbulent diffu-
applied by Sofieva et al. (2007, 2009, 2010). sivities K ~ (1.3-2.0)x 103 m2s~1. Dispersions in these

In the present paper, we use two sets of four parametersstimations are caused by usage of differept= kp and
Cyw, ko, Cx andky from GOMOS scintillation measure- &, = kw in Eq. (12) for calculation ofL7, and Ly and
ments by Sofieva et al. (2007, 2009, 2010). The first set in-usage of Eq. (13) to calculater., also by possible uncer-
cludes data obtained for occultations of the brightest stardainties in semi-empirical coefficients in these formulae.
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Table 1. Averages and standard deviations of the spectral parameters and turbulence characteristics.
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Year 2004 2004 2004 2004 2004 2005
Months 9-11 9-11 9-11 9-11 9-11 1

z, km 30 35 40 45 30-45 30
Latitudes, DEG 20S—20N 20°S—20N 20°S-20N 20°S—20N 20°S-20N 34°N-36°N
n 594 596 597 587 2374 147

N2 107452 513+0.29 514051 501038 4.36:0.37 4.80:051 4.94-0.48
Cw,10011m=2  378+1.08 4.26:1.63 574255 4514242 4574219 452+£1.39
kg, 103 m~1 4.02+3.31 3.43:325 2.75£3.30 1774199 299313 5.34:3.32
Ck,109m=2/3 1.36+£0.74 337155 5.72:3.68 3.02£2.65 3.37:-2.91 0.80:0.32
ky, m1 0.41+0.09 0.34:0.10 0.22£0.08 0.13-0.06 0.27:0.14 0.47:0.09
kp, m~1 0.62+£0.19 0.34:0.12 0.34:0.20 0.48-0.28 0.44:0.23  1.04:-0.30
L7p, M 0.514+0.19 1.00:0.35 1.37- 0.66 1.04-0.59 0.98:0.58 0.34£0.10
Lrw, m 0.57+0.15 0.98:0.26 1.47:0.55 1.41063 1.114059 0.44£0.11
Lo, m 0.53+£0.20 1.070.42 1.60:0.82 1.19:0.75 1.10:£0.72 0.38:0.13
e, 10°Wkg1  046+046 1.66:1.10 3.37+3.11 1.64t2.24 1.78:2.32  0.18:0.10
ew,100°Wkg~1 053+0.30 1.52:0.74 3.58:2.62 2.83t3.72 211290 0.29+0.13
e, 10°Wkg™l  0.49+048 1.92:1.46 4.66:4.45 233:3.81 2.35:354 0.23:0.14
Kp, 102m?s~1  0.30+£0.30 1.10£0.78 2.28:2.12 1.26:1.75 124165 0.13:0.07
Kw,102m2s~1  0.34+£0.20 1.0H052 242:1.81 2.18:2.99 149224 0.20:0.09
Koy 102m2s~1  0.32+£0.32 1.29-1.08 3.16:3.08 1.79:3.06 1.64-2.62 0.16:0.10

Clayson and Kantha (2008) estimated turbulent characrates in September—November 2004 at 40 km altitude. One

teristics in 2005 at middle latitudes 3039 and lon-

can see similar distributions of all estimatgssy ande,, al-

gitudes 84-104W from high-resolution radiosonde data. though values of, are generally larger in Fig. 3. According
At altitudes of about 25km they found average valuesto Table 1, the differences between averages,pty and

of L <1m, e~10%-10°Wkg ! and K <102m?s 1, &, could be smaller at other altitudes, than that at 40 km al-
which are consistent with average turbulent characteristicditude in September—November 2004. Therefore, all expres-
for January 2005 presented in Table 1. Because our GOMOSions (Eq. 12) witlk,, = k, andk,, = kw, as well as Eq. (13)
data are just for January 2005, for higher altitude (30 km) andcan be used for estimations of distributions of Thorpe scales
for entire longitudinal circle, further comparisons with bal- and subsequent estimations of turbulent energy dissipation
loon and radiosonde turbulence measurements that are betteates and turbulent diffusivities (Eqg. 15), depending on spec-
collocated in time and space are required. tral parameters available from experiments.

Consideration of Table 1 for September—November 2004 Figure 4 shows latitude-longitude distributions of turbu-
shows monotonic decrease in stability and averdgealues  lent diffusivity estimateKy in September—November 2004
from 30 km to 45 km altitude at low latitudes. Average char- at different altitudes. One can see substantial variability of
acteristic wavenumberg andky of the anisotropic spec- these distributions in altitude. Latitude-longitude distribu-
trum (Eqg. 2) also decrease in height in Table 1, while param+ions similar to Fig. 4 were obtained f@x and other es-
etersCy andCg in Eqgs. (2) and (5) have maxima at 40 km timates of turbulent diffusivity and turbulent energy dissipa-
altitude. Estimated average buoyancy wavenumhgirs Ta- tion rate. Although maxima oKy are concentrated at the
ble 1 are generally larger than wavenumbers of anisotropicame longitudes aSx maxima in Fig. 3, their distributions
spectrum decreagsy (see also Fig. 1). Estimates of Thorpe may vary at different altitudes in Fig. 4.
scalesL.rw andL7, averaged over altitudes of 30-45km are
quite close in Table 1, while averadg-, is little bit smaller.

At particular altitudes in Table 1, differences betwdes,,
Lrw andLr, are larger and could be partly caused by un- parametersCyy, ko, kw of anisotropic (Eq. 2) and’x of
certainties in semi-empirical constants in Egs. (12) and (13)isotropic (Eq. 5) spectra may be related to each other. For ex-
Relative differences between maximum and minimum valuesample, increasing small-scale isotropic turbulence can cause
&b, ew, €. do not exceed 30-50 % at different altitudes in Ta- increased dissipation of larger scale anisotropic motions in
ble 1, and respectively,, Kw, K. do not differ more than  the atmosphere, also instabilities of anisotropic motions can
20-40 %. cause generation of increased isotropic turbulence. At num-

Figure 3 shows a comparison of latitude-longitude distri- bers of recorded values>580 at different altitudes for
butions of different estimates of turbulent energy dissipationseptember—November 2004 in Table 1, the hypothesis about

3.3 Correlations between spectral parameters.
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Fig. 3. Latitude-longitude distributions of different estimates of tur-
5 10 0 4 8 bulent energy dissipation rates in September—November 2004 at
07 C10°m23 607 K, 102m?s 40 km altitude.

40 of turbulent characteristics, their local values can be substan-
tially different from those effective values.

Figure 5 shows scatter plots for pairs of spectral param-
eters presented in Table 2 for September—November 2004
at 40km altitude. Dependences between these parameters
in Fig. 5 can be approximated with power laws= aC/,,

0 5 10 0 2 4 where y represents any of quantiti€g, ko, or ky. Corre-

Fig. 2. Histograms of anisotropic and isotropic spectral parame-s'porldlng power law parametegsand y for these quanti-

ters and turbulent characteristics in September—November 2004 &{es, obtain-ed with Iegst-square fit-ting (in logarithmic coordi-
40 km altitude. nates) at different altitudes, are given in Table 2.

20

nonzero linear dependence between two variables has confit Discussion

dence> 0.999 when the absolute values of cross-correlation

coefficients between them are|>0.1 (see Press et al., Average values of different Thorpe scalég; are about,
1992). Table 2 shows cases, whieh were larger 0.1 and or smaller than 1m in Table 1 at altitudes of 30—
r had the same signs at all altitudes for data sets presente8b km. Respective average turbulent energy dissipation
in Table 1. One can see that the largest positive correlationsates ares; <2 x 10°°Wkg~! and turbulent diffusivities
exist between parametefgy andCx. Smaller positive cor-  K; <1.3x 102m2s1. Gavrilov et al. (2005) obtained the
relations exist betwee@'y andkg and negative correlation same orders of magnitude for these quantities from the anal-
betweenCy andky in Table 2. One should keep in mind ysis of high-resolution temperature profiles obtained dur-
that the regressions shown in Table 2 represent some effeéag the MUTSI campaign. High-resolution radiosonde mea-
tive values of respective parameters. Due to big dispersionsurements by Clayson and Kantha (2008) also gave average
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Table 2. Cross-correlation coefficients and parameters of power dependences between parameters of anisotropic and isotropic component
of atmospheric perturbation spectra.

Year 2004 2004 2004 2004 2004 2005
Months 9-11 9-11 9-11 9-11 9-11 1
7, km 30 35 40 45 30-45 30
Latitudes, DEG ~ 20S—20N 20°S-20N 20°S—20N 20°S-20N 20°S-20N 34°S-36 N
n 594 596 597 587 2374 147
Cw.,101m=2 3-8 3-8 2-9 2-9 2-11 2-8

Ck ~a(Cy)”
r 0.24 0.37 0.32 0.36 0.44 0.49
a 2.05x 1074 517x 1074 48.7 0.068 55.1 0.69
% 0.47 0.50 0.97 0.72 1.00 0.87

ko ~a(Cy)”
r 0.13 0.33 0.38 0.15
a 50.0 1.10E6 61.6 0.39
0.42 0.85 0.45 0.22

kw ~a(Cw)”
r ~0.36 ~0.20 ~0.20 ~0.25 —0.45
a 8.12 7.48<1073 5.18x103 1.26x10°% 1.74x10°3
% -0.35 -0.14 -0.13 -0.32 -0.23

values ofLr, &, and K, which are consistent with the av- partly due to procedures of GOMOS data processing. For ex-
erage turbulent characteristics for January 2005 presented iample, parameteiGy, ko, kw are calculated simultaneously
Table 1 (see above). and could have relations through mathematical expressions.
Gurvich and Chunchuzov (2003) estimated parameter®©n the other hand, there are physical reasons for observed
of anisotropic (Eq. 2) and isotropic (Eq. 4) spectra at alti- correlations between parameters of anisotropic and isotropic
tudes of 25-70km from measurements of stellar scintilla-spectra. One of the sources of turbulence in the middle atmo-
tions performed on-board the space stations Mir and Salyutsphere could be breaking IGWs (Lindzen, 1981; Fritts and
They found a systematic decrease in averagefrom 0.5  Alexander, 2003). This could explain the positive correlation
to 0.1m 1 and an increase i@k from 1079 to 108 m—2/3, between parameterSy andCk in Table 2 and Fig. 5. It is
when altitude changed from 30 to 50 km. This is generallyusually supposed that anisotropic spectra (Egs. 2 and 3) are
consistent with the behavior @&y and Cx at different al-  mainly composed of saturated IGWs (Fritts and Alexander,
titudes between 30 and 45km in Table 1 for September-2003; Sofieva et al., 2007, 2010). Larg®y can cause more
November 2004. The parametéy, of anisotropic spectrum intensive breaking of these IGWs and can produce larger am-
obtained by Gurvich and Chunchuzov (2003) is less variableplitudes Cx of isotropic spectra of small-scale turbulence.
in height andCy ~ (5-7)x 10~11m~2 with a maximum at  Increased turbulence generated by stronger IGWs could pro-
altitudes of about 40 km, which is similar ©y behavior  duce stronger dissipation of shorter vertical scale waves or
in Table 1. Gurvich and Kan (2003b) estimated turbulent ki- reduce their amplitudes through neutralization of the stable
netic energy dissipation rates usihg from the same obser- stratification and thus decrease the cutoff wavenumber of
vations on-board the space stations Salyut and Mir. Their avanisotropic spectrury (see negative correlation between
erages increased with height from 1§ to 5x 10°Wkg=!  Cy andky in Table 2).
between altitudes of 30 and 50 km. Valugs$n Table 1 gen- In Fig. 4, distributions oKy at different altitudes in low
erally correspond to this behavior. Differences in exact val-latitudes have maxima concentrated at longitudes close to lo-
ues of mentioned parameters and characteristics in Table &ations where maxima of IGW intensity and potential en-
and those estimated by Gurvich and Chunchuzov (2003) anérgy at altitudes of 15-25km in the stratosphere were ob-
Gurvich and Kan (2003b) might arise from the differences intained with low-orbit GPS satellite measurements (Gavrilov,
years, seasons, latitudes and longitudes of observations with007; Alexander et al., 2008; Wang and Alexander, 2010).
GOMOS and the space stations Salyut and Mir. Similar maxima exist in the results of satellite measurements
Correlations between parameters of anisotropic andwith microwave (MLS) and infrared limb instruments (e.g.,
isotropic perturbation spectra considered in Sect. 3.3 can bdiang et al., 2004; Ern et al., 2011; Ern and Preusse, 2012).
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K, m?s™, z = 45 km Variability of latitude-longitude distributions of turbulent
20 \V/ \/ U T0.034 characteristics in Fig. 4 may show that interactions between
:\VJ[/@( 0 k I anisotropic IGWs and isotropic turbulent spectra could be
0 N\ Z0.024 complicated. For example, dissipation inside intensive tur-
v \ 0 B bulent zones can suppress amplitudes of propagating wave
20 |10 | | | \ | :0_01 4 spectral components. Therefore, above intensive turbulent
40 km zones, spectra of upward propagating IGWs may become
g 20 BJ U /N \_,JC U \ 0.033 weaker than those spectra above laminar layers. The latter
© /‘/\ ( @ AN become unstable and can generate turbulence there. Such in-
h 0 —%i\\' N //\\://E 0.025 teractions between IGW and turbulent spectra could produce
/) \\‘\\\/§fﬁ\7/\// interspersed locations of intensive IGWs and turbulence at
o -20 (\ | f\, A , , 0.017 different altitudes. Additional variability may arise from us-
o 20 35 km ing values of Brunt—Vaisala frequency from meteorological
- I/ & (E7 D002 models during processing the GOMOS data.
- Qf (/\ ) &ﬁ g In this paper, we used three approaches to estimate the
— 0 /VO \’\‘ \[/ o~ | 0.0 Thorpe scales from Egs. (10), (12) and (13), namely=
<« 20 7\\ / /\ — N Eo s (Lj'Tb" LT_W, L., and respective values of Furbglgpt energy
B T - - - . issipation rates:b,.ew, e ap_d turbulent diffusivitiesk,
20 30 km 00061 Kw, K.. These estimates utilize different sets of spectral pa-
/ ) V 0 \ /J @ g rametersCy, Ck for Ly, Ck, kw for for L7y, and justCg
0 A f\\,\_l ( d for Lr.. Table 1 shows that 7, ¢, K} are usually smaller
§0-0035 than respectivd. 7w, ew, Kw. This is the result of gener-
| 0 ( <f\\ %ﬁ\\ //\\ H ally larger buoyancy wavenumbekg compared tay (see
-20 — L 70.0029 Fig. 1). As was mentioned in Sect. 3.2, differences between
-180 -90 0 90 180 considered estimates of turbulent characteristics are usually
LONGITUDE, deg not large, and one can use any of these approaches depending

on available sets of anisotropic and isotropic spectral scales.
Fig. 4. Latitude-longitude distributions of turbulent diffusivity esti-
mateKy in September—November 2004 at different altitudes.

5 Conclusions
100 C,,10° m23
In this paper, we developed approaches for estimations
of effective turbulent diffusion and energetic parameters
from characteristics of anisotropic and isotropic spectra
of perturbations of atmospheric refractivity, density and
temperature. We use required spectral parameters from
GOMOS satellite measurements of stellar scintillations
to estimate turbulent Thorpe scaldsy, diffusivities, K,
1 10 100 1 10 100 1 10 100 and energy dissipation rates, in the stratosphere. At low
C,, 10" m?2 C, 10" m?2 C., 10" m?2 latitudes, average effective values for altitudes of 30—45km
) ) _in September—November 2004 ate ~1-1.1m,e ~ (1.8—
e e o a2 10 SWkg L and K ~(12-16)c10 2
P ' depending on different sets of used parameters. Re-
spective standard deviations of individual values due to
all kinds of variability aresLy ~0.6-0.7m, §e ~ (2.3—
This could confirm hypotheses about turbulence generatior8.5)x 10 °Wkg=!, and §K ~(1.7-2.6)x 10 2m?s 1.
by breaking IGWSs, which can propagate to the middle atmo-These values correspond to high-resolution balloon mea-
sphere from tropospheric orographic and convection wavesurements of turbulent characteristics in the stratosphere,
sources. Gurvich et al. (2007) presented latitude-longitudeand to previous satellite stellar scintillation measurements.
distributions of the structure characteristic of the temperatureAt latitudes 20 S—20 N, distributions of turbulent charac-
field C% obtained from GOMOS observations for January—teristics have maxima at longitudes, which correspond to
March and June—September 2003 at 42 km altitude. At lowregions of increased gravity wave dissipation over continents
latitudes, they obtaine(f% maxima at the same longitude and locations of stronger convection. Largest positive
ranges, where the maxima f&fyy are concentrated in Fig. 4. correlations exist between paramet€ig andCg. Smaller
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positive correlations may exist betwe&hy and kg, also Fer, I., Skogseth, R., and Haugan, P. M.: Mixing of the Storjor-
negative correlation betweeny andky . den overflow (Svalbard Archipelago) inferred from density over-
turns, J. Geophys. Res., 109, 1-14, 2004.
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