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Abstract. In the present review, we make an attempt to at-studies, spectral characteristics of a turbulent passive scalar
tract attention to the effect of non-Kolmogorov behavior of field are described by Obukhov-Kolmogorov’s theory, which
turbulence in various scales on the characteristics of elecleads sometimes to a serious discrepancy between the theory
tromagnetic waves propagation through a turbulent atmo-and experimental data.

sphere on the example of certain atmospheric experiments. In the present review, we discuss some experimental data
We discuss the interpretation of experimental data based opbtained both recently and rather long ago, on the propaga-
the model of spectral behavior of a passive scalar field withintion of electromagnetic waves in the Earth’s atmosphere. We
a broad range of scales, which has been developed recentlymention experimental results that have not been explained
by classical OK theory and examine them on the basis of
a broader approach comprising OK model modification and
present-day studies of the spectral behavior of turbulent fluc-
tuations at large scales.

1 Introduction

As known since long ago, atmospheric turbulence properties

can considerably differ from those described by the clas-

sic Kolmogorov's theory, and in case of a passive scalar?2 Some results of radio wave propagation in the Earth’s

by Obukhov-Kolmogorov's (OK) theory. However, here we ~ atmosphere

should specify that this observation refers, in the main, to the ] ) ]

spectral behavior of structure functions of turbulent fields. APout 40 years ago (Tatarski, 1967), when discussing the re-

Up to now, many works have been published examining nonSults of the studies of long-range propagation of ultra-short

Kolmogorov's behavior of turbulent velocity field in various Fadio waves in the Earth’s troposphere, Bolgiano (1957) em-

media and under various impacts. It becomes especially imPhasized that the theory of electromagnetic waves scatter-

portant at the study of the generation of large-scale cohererif!d On atmospheric inhomogeneities satisfactorily explains

structures arising in the Earth’s atmosphere. However, as ¥arious properties of a passing signal (rapid signal fading,

rule, spectral dependencies of structure functions of turbulenfifoP Of antenna power gain, etc.) (Tatarski, 1967). How-

fluctuations on the wave vector (frequency) do not appear irfver, itwas impossible to explain the dependence of the scat-

these theories. tered field power on the frequency within the framework of
On the other hand, optics is one of significant areas wherd!is theory. The discrepancy between the theory and exper-

it is important to know these spectral dependencies, whicmental data is due to the fact that while describing spectral

are widely used. When studying the propagation of elec-Characteristics of the turbulent field of atmospheric inhomo-

tromagnetic radiation through turbulent media, it becomesdeneities using this theory, spectral density of the temper-

necessary to know spectral characteristics of both turbu@ture field fluctuations obtained on the basis of Obukhov-

lent velocity and passive scalar fields (e.g., temperature ofelmogorov’s theory was used. For the temperature tur-

aerosol concentration fluctuations in the Earth’s atmospherefulent field (which mainly affects the propagation of ra-
(Tatarski, 1967). Until now in practically 99% of applied di0 waves in the case under study), according to Obukhov
(1949), the intensity of heat flux over the spectrum in the

Correspondence tdz. Golbraikh temperature field; and kinetic energy flux from large to
(golbref@bgu.ac.il) small scaleg, are governing parameters in the dissipative
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and inertial intervals, and the correlation function of temper-  On the other hand, in the spectrum of the passive scalar we
atureD7, (k) acquires the form: deal with different regions characterized by different govern-
Dro(k) = c2,k~5/3 1) ing parameters. If the parametgracquires different val-

Te ’ ues in different parts of the spectrum, we can speak about
Wherec%é‘zconsth/gi'/s_ its effective value. Of course, in the experimental data we re-
Application of Eq. (1) for computing the dependence of ceived the effective value ¢f. As noted above, in about 50%

the relative power of the scattered fiek{)) on the wave-  of experimental casegg>3. Therefore, we can suppose that
lengthA leads to the spectral structure is more complicated than siny@.
P() ~ 313 @) Such spectrum can arise when, side by side with the inertial
) interval, even smaller scalds<max(L¢, L) affect the be-
However, special experiments (Bolgiano, 1957) have showrhavior of the scattered signal power. Rt <<1, an interval
that in 99% of cases the exponentin Eq. (2) exceeds the valugé->L> L arises, wheres>17/3 (Gibson and Schwartz,
—% (i.e., the exponenty in Eq. (1) was below-5/3). Be- 1963; Gibson et al., 1988; Elperin et al., 1996; Golbraikh
sides, in 50% of cases, the exponent in Eq. (2) exceeded &nd Kopeika, 2004). And this steep slope in the small-scale
(i.e.,y>3), and in 1% of cases — exceededy>{). Its av- part of the spectrum increases the effective slope of the struc-
erage value was close to $43). Thus, the theory referred ture function spectral density.
to by Tatarski (1967) did not describe even qualitatively the The influence of the small-scale interval with>17/3 on
behavior of P (1.). the resulting effective spectrum (obtained experimentally),
The existence of the spectrum of passive scalar fluctuawhich can be written, according to (Elperin et al., 1996; Gol-
tions with y~3 in the Earth’s troposphere was recently con- braikh and Kopeika, 2004) as
firmed by experiments of lidar sounding of the troposphere
(Zilberman et al., 2005) at the altitudes of 2-8km. It was D (k) ~ C10(k — ko)k > + C20 (ko — k)k~17/3,
obtained that spectra of similar type are observed in the tro-
posphere starting from the altitudes around 6 km. Besideswhere C1 and C> are constant depending on the passive
such spectra of atmospheric inhomogeneitigs fluctuations argeqlar gradientko~Li, and 0 (k—ko)= 1, k>ko . de-
characteristic of the stratosphere, too (Gurvich and Belen'kii, c 0, k<ko
1995; Belen’kii et al., 1997). The model suggested in these?€nds on the value df, which decreases with decreasing
works combining temperature fluctuations at tropospheric alPr (while the scale grows). Apparently, atmospheric con-
titudes in a “standard” OK way, and in the stratosphere — inditions corresponding to a sufficiently strong warming at a
a non-OK way, — is, apparenﬂy, the first modified OK model weak wind were rarely observed in the experimentS under
in the atmospheric optic studies. consideration, where the effective value of the expomneint
Spectra withy=3 in the turbulent velocity field have Ed. (1) was practically close to 3 and very rarely reached 4
been known since long ago; they are characteristic of two{approximately in 1% of cases).
dimensional turbulence. However, as to the passive scalar Approximately at the same time, experiments on the study
field, they are due to other factors. On the one hand, it isof phase fluctuations of centimeter radio waves were per-
known (Gurvich and Belen’kii, 1995) that gravity waves lead formed (Herbstreith and Thompson, 1955; Deam and Fan-
to such fluctuation spectra. On the other hand, as demondin, 1955; Norton, 1959). The route length was 18.5 km; it
strated earlier by Elperin et al. (1996), the=3 spectrum  passed at the altitudes of about 2000 to 4500 m above the
is connected with the following fact: the behavior of the sea level. The measured frequency spectrum of phase fluc-
passive scalar field is determined only by parameters contuations of centimeter radio wavéss ( f) was described to
nected with the latter, whereas the velocity field parametersa good precision by the functiofi=8/2 directly connected
e.g., such as the energy or helicity flux along the spectrumwith the spectrum (1).
do not affect it. Thus, it takes place only Bt=v/D<1 However, at the transition to spatial fluctuation spectra tak-
(wherev andD are kinematic viscosity and molecular dif- ing into account Taylor's hypothesis and mean wind velocity
fusion coefficient, respectively). In this case, this in- in experimental conditions:3 m/s, the authors came to the
terval (with y=3) appears within the scalesp<L<Lc, conclusion that this spectrum referred to large-scale fluctua-
whereL=(D3/¢)Y/4 is a scalar differential microscale, and tions with the scales from 100 m to 10 km, and significantly
Lp=(DI$)Y2 at p=(e/v)Y/2. However, this spectrum mani- exceeded the external turbulence sdajez100m. Thus, in
fests itself most completely when the passive scalar distrithis case, spectrum (1) characteristic of the inertial interval
bution becomes anisotropic (although the turbulent velocitydescribes also a large-scale spectrum of turbulent fluctuations
field remains homogeneous and isotropicPak1. In this  of the passive scalar (Tatarski, 1967).
case, the interval =3 greatly expands up th,>L> max The behavior of large-scale turbulent fluctuations of the
(L¢, Lk ), whereL,, is the characteristic scale of turbulent passive scalar near the outer scade as well as similar fluc-
velocity field, andL x ~Re~3/4L,, (where Re is the Reynolds tuations of the velocity field, are until now an object of sepa-
number). rate research that is far from being completed.

Nonlin. Processes Geophys., 13, 290% 2006 www.nonlin-processes-geophys.net/13/297/2006/



E. Golbraikh et al.: Non-Kolmogorov atmospheric turbulence 299

On the other hand, as demonstrated by Branover eshould manifestthemselves not only at the propagation of ra-
al. (2004), in the vicinity of the outer scale of a turbu- dio waves. We consider below some of these manifestations
lent velocity field, a universal spectrum arises determinedin optical experiments.
by an integral energy fluxy= [ ¢,dV. In this case, tur-

\%4

o _ 3.1 Experiments using Shack-Hartmann wave-front sensor
bulent velocity field has an energy spectrum in the large

scalesk (k)~k*/3. Assuming, as in case of the inertial in- A Shack-Hartmann wave-front sensor constitutes a set of
terval, that in these scales, and ey are determining pa-  small lenses arranged on a common plane. Diameters of
rameters of the passive scalar field, we obtain the passivehese lenses are much smaller than that of the telescope,
scalar spectrum in the vicinity dfo with y=8/3 (Golbraikh  \hich are A sensor located in the plane of the telescope pupil
and Kopeika, 2004). However, under atmospheric condi-measures the average phase difference along each lens. Then,
tions, turbulent fluctuations of the velocity and passive scalaipn the basis of this set of measurements, a phase pattern over
can be anisotropic. In the case, for example, of a quasi-twothe telescope pupil cross-section is made up taking into ac-
dimensional model, we can introduce two weakly connectedcount all the lenses. This phase pattern makes it possible to
integral fluxes: ev.= [ e,dz in height andey.= [e.dS  evaluate the phase structure function (PSF). This method was

over the area normal io z (Golbraikh and Kopeikaf 2004). used in various experiments aimed at the study of the effect

At the same time, we can introduce governing parameter$! atmospheric turbulent fluctuations on the propagation of
for passive scalar field in the outer scales:y= [ erdV, optical signals (Boreman and Dainty, 1996; Stribling et al.,
% 1995; Nicholls et al., 1995; Rao et al., 1999).

and in an anisotropic caseyz= ferz andsu:fsTdS, As follows from these experiments, side by side with the
OK behavior, NOK behavior of PSF is also observed. How-
' ever, the fine structure of the structure function of the re-
fractive index was not investigated in these works, but it was

~assumed that it has a certain indexwhich can, therefore,

sive scalar field spaced over the scales. It means that, for ing regarded as the effective inde?. On the other hand
stance, large-scale fluctuations of the velocity field can affect, , .., gain some information about. the fine structure if,we

fluctuations of the passive scalar flelo! fro_m the inertial inter-, ., « into account that here the sub-aperture amounted, as a
val. Hence, outer scales of the velocity field and of the pas-

. . . . ~rule, to about 10-20cm. Hence, in these experiments, the
sive scalar can differ greatly, which leads to various combi-

; fth . Golbraikh and ik structure function spectrum is limited from below by suffi-
nations of the governing parameters (Golbraikh and Kope: acientlysmallscales. As follows from experimental dat&t

2004), and various types of spectra from a sufficiently steep | ¢'is actually located within the above-mentioned interval
one decreasing with (y=8/3) atLoscala< <Lovelocity 0 an ¢ 5/3>ySH>1.

increasing oney(=—4/3) atLoscala> > Lovelocity CaN arise. Thus, the available experimental data indicate that under
Thusj Iarge-_scale spectrg of the atmospheng temper_aturgertam conditions, the effective spectrum of passive scalar
fluctuations W.'thyz5/3’ .Wh'Ch were observed in the dis- fluctuations in the inertial interval becomes flatter than it fol-
cus.sed experiments, arise whep anderz become gov- lows from OK model. On the other hand, as demonstrated by
Batchelor (1959) and Batchelor et al. (1959)Pat-1 in the
icinity of the diffusive interval, a region witlr=1 arises in

z N
by analogy with the velocity field (Golbraikh and Kopeika
2004).
In a general case, the effect of the velocity field on the pas

anisotropy of turbulent temperature field. This conclusion

made on the basis of the study of governing parameters o, he passive scalar spectrum. In this case, the “effeciig”

:ﬁrb}[ﬂent flelfdsl mt the trop(:_s phere comriltet_ely figiﬁes ;N'thmagnitude of the entire spectrum, covering amwdl spec-
€ theory of eleclromagnetic waves scattering In thé almoy,; e comes somewhat smoothed (Golbraikh and Kopeika,

sphere. In fact (Tatarski, 1967), we know that at the scatter- )

ing of radio waves, the wave vector of scattering equal to the

. - Besides, in the range of relatively large scales that are
difference of the wave vectors of the incident and scatter'echsua”y considered in OK approximation, the passive scalar

\fllvagr?self)’f aZr?cralljlleirdgte ?teegf\;i::ga"%e::'.ihn;%koese;h;t.'g'spectrum can be represented in the following form (Moiseev
u Jorvertical structu . spheric 9enelli®S,nd Chkhetiani, 1996; Golbraikh and Moiseev, 2002) de-
and their vertical spectra on this process rather essential. Thi

- . . . ending on helical properties of the velocity field turbulence:
is just what we have obtained in our analysis of the data orﬁ g prop vy

phase fluctuation spectra obtained in the above-described ex- C% k—5/3
periments. Dri(k) = ————73-
1+ (kﬁo)

wherekozg , N=— ("d’f) and H=<u'-rotu’> is the mean

Obviously, if there exist deviations in the behavior of spectralhelicity («’ is a turbulent component of the velocity field).
characteristics of the passive scalar in the atmosphere, thein this case, “effective” exponemtess in the inertial interval

®)

3 Optical experiments
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varies from 5/3 to 4/3 and depends on the ragtioand the It is noteworthy that with increasing telescope diam-
spectrum (3) is flatter than OK spectrum, which should leadeter d, the contribution of small-scale fluctuations de-
to even greater flattening oferr (Golbraikh and Kopeika, creases (Tatarski, 1967), and the role of large-scale ones
2004). grows. Therefore, von Karman’s spectrum or semi-empirical
Thus, experimentally obtained values of the effective specspecrum (Sasiela and Shelton, 1993) describe sufficiently
tral index 5/3-y 7 >1 can be attributed to the fact that turbu- well the behavior ot2(d) at respectivel.g. However, one
lent velocity field in the inertial interval, in contrast to purely should keep in mind that these spectra do not allow us to state
Kolmogorov's case, is described by two parametgrandy, that Lo determined from experimental data constitutes an ac-
and not byg, only. Besides, in the vicinity of the diffusive tual outer scale. But at the same time, relative anisotropy of
interval, an interval withy=1 is formed. In combination with L is, apparently, actual.

the inertial interval, this leads to the observed valueg™t. Assuming that the spectral function in Eqg. (8) can be de-
) B scribed usingd = Bett which can be represented in the form
3.2 Studies of stellar jitter (Golbraikh and Kopeika, 2004):

Another manifestation of NOK behavior of the atmospheric k=#</f ~ 6 (ko — k) k™" 4+ BO (k — ko) 6 (kp — k) k™72, (7)

turbulence was found during the experiments on the mo-

tion of stellar image (stellar jitter) described by Belenkii et WhereB is constantko~ -, y1is the indexy corresponding

al. (1997, 1999). Experimental data show that the depent0 the contribution of large scales, apd is the indexy in

dence of tilt variance on the telescope diameter does not folthe inertial interval. The wave vector valiég depends on

low the predictions of the Kolmogorov model. the telescope aperturéf~1/d) and, thus, determines the
It is well known (Tatarski, 1967) that2, mean square of slopeBei. It follows from experimental data that in all cases

relative fluctuations of luminous flux through the telescope, the effective spectrum of a relatively small aperture is smaller

depends on its diametgrand the structure functioB(p) as  than OK atBer=5/3, and the slope af?(d) curves atd<1-
follows: 1.5m corresponds to the spectral index583¢#>4/3, i.e. is

4 close to Eq. (3).
2 1 p , On the other hand, assuming that in the saturation region

o(d) = 22 / (D7 (p) + D(p)) f(p/d)dp (4) (atd>1-1.5)0%(d) becomes a weak function @f Bef~2

0 or is close to this value, which corresponds to the shift of the
where the apostrophe sign denotes derivatives with respe@@rameteko towards smaller values or, respectively, larger
to p, and f(p/d) is a certain function independent bf(p).  Scales. Integral powery (or its analoguesy. andey )
On the condition that spectral function describing turbulentbecomes one of governing parameters, which leads td)
atmospheric fluctuations obeys Eq. (&2 dependence on flattening and even growth (Golbraikh and Kopeika, 2004).
the diameter acquires a well-known form:

o?(d) = Ad™Y3 (5) 4 Conclusion

However, as demonstrated by Belen'kii et al. (1997, 1999),| this brief review of the studies of the influence of at-

the experimental dependencé(d) is steeper than one ob-  ogpheric turbulence on electromagnetic waves propagation
tained using Eq. (5), and at=0.75m it becomes slightly i, the Earth’s atmosphere, we have mentioned some well-
dependent on the aperture and even somewhat grows with ignown  experiments whose results remained unexplained
creasingd. As the authors of these studies have pointed out,,ithin the framework of “standard” Obukhov-Kolmogorov's
the application of Karman's model or semi-empirical model ,qqe. Of course, these are not the only experiments reveal-
(Sasiela and Shelton, 1993) allows one to approximate the, the deviation of atmospheric turbulence from OK model.
experimental data at<0.7 m using the external scale param- \ye have chosen them because these experiments cover prac-
eter Lo~3-6m for one model ando~6-12m for another.  ica|ly the entire spectrum of scales of passive scalar fluctu-
However, no efforts allow the description of(d) depen-  4tions in the Earth's atmosphere. Depending on observation
dence ai/=0.75m. _ _ _ methods, problems to be solved, geophysical conditions, in-
On the other hand, following Eq. (4) and introducing & gtryments applied and many other factors, different sections
certain effective value of the spectral indéxf the structure ¢ the spectrum of passive scalar fluctuations (different sizes

function D (p) for o%(d), we can write of inhomogeneities) affect electromagnetic radiation propa-
d gation through the atmosphere.
o2(d) = dﬁtff*Z/ F(xPrr=2)dx (6) On the other hand, in many problems of radiation transfer
through a turbulent medium, it is not necessary to know
0 the fine structure of the passive scalar spectrum. A sort of
where F (x#f=2) is a function of e andx only. In Kol- its effective form is sufficient, since it appears in various
mogorov’s caseBesf=5/3, and we obtain Eqg. (5). integral convolutions in scales or frequencies. In our
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opinion, the development of such efficient semi-empirical Gibson, C. H. and Schwarz, W. H.: The universal equilibrium spec-
models is among rather urgent problems. Here one should tra of turbulent velocity and scalar fields, J. Fluid Mech., 16,
find a sufficiently universal spectral form that can take into 365-384, 1963. _ .
account principal features of actual spectra in various scales?iPson, C. H., Ashurst, W. T., and Kerstein, A. R.. Mixing of
strongly diffusive passive scalars like temperature by turbulence,
. . J. Fluid Mech., 194, 261-293, 1988.
Edited by: N. S. Erokh . ’ ' ’ . .
led by roxhin Golbraikh, E. and Kopeika, N.: Behavior of structure function of
refraction coefficients in different turbulent fields, Appl. Opt.,
43, 6151-6156, 2004.
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