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Abstract. In this paper, we discuss estimating anisotropy Sukoriansky and Galperin, 2008). In our paper, we will fol-
of air density irregularities (ratio of characteristic horizon- low this definition of the anisotropy coefficient.

tal and vertical scales) from satellite observations of bi- The irregularities in atmospheric density and temperature
chromatic scintillations of a double star whose componentdields are generated by internal gravity waves (GW) and tur-
are not resolved by the detector. The analysis is based ohulence. From the dispersion relation for medium- and low-
fitting experimental auto- and cross-spectra of scintillationsfrequency gravity waves (e.g. Fritts and Alexander, 2003),
by those computed using the 3-D spectral model of atmothe anisotropy can be estimated &gw (N is the Brunt-
spheric irregularities consisting of anisotropic and isotropic Vaisala frequencyg is intrinsic frequency of gravity waves).
components. Application of the developed method to theln case of low-frequency GWs witta ~ f (f is the Corio-
scintillation measurements of the double sta€ru by GO-  lis parameters), this gived /f ~ 100-200, and these esti-
MOS (Global Ozone Monitoring by Occultation of Stars) fast mates are related to the scales close to the dominant wave-
photometers results in estimates of anisotropy coefficient ofengths, i.e. close to the outer scale of the GW spectrum.
~ 15-20 at altitudes 30-38 km, as well as other parameter®ominant vertical and horizontal wavelengths of the grav-
of atmospheric irregularities. The obtained estimates of thdty wave field have been experimentally estimated using ra-
anisotropy coefficient correspond to small-scale irregulari-diosonde data, rocket soundings and satellite data (Wang et
ties, close to the buoyancy scale. al., 2005; Ern et al., 2004; Alexander et al., 2008; Wang
and Alexander, 2010). Despite different assumptions and ap-
proximations used in analyses, all these data give large val-
ues for anisotropy estimates: 100—-300 from radiosondes

1 Introduction (Wang et al., 2005);- 50-300 from satellite measurements
_ _ o N by CRISTA (Ern et al., 2004) and HIRLDS (Alexander et
1.1 Anisotropy of air density irregularities al., 2008),~ 180-1000 from radio occultation measurements

by COSMIC (Wang and Alexander, 2010), with a tendency
Under conditions of stable stratification, the buoyancy forcetq |arger anisotropy in the equatorial region. These observa-
gives special characteristics to the vertical direction. Thistions confirm the abovementioned theoretical predictions of
means that atmospheric stratified flows are anisotropic. Perypisotropy at large scales.
turbations in the stratified flows, which are usually consid-  The concept of variable anisotropy (Dalaudier and Gur-
ered as random and allow the spectral description, are alsgich, 1997; Gurvich, 1997; Gurvich and Chunchuzov, 2008)
anisotropic. In the spectral description, the anisotropy ofassumes reduction of anisotropy towards small scales. The
air density irregularities is usually defined as the ratio of model with variable anisotropy proposed in Gurvich and

characteristic horizontal and vertical scales (e.g. Dalaudiechunchuzov (2008) gives different slopes of 1-D vertical
and Gurvich, 1997; Gurvich and Brekhovskikh, 2001,
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and horizontal spectra, in accordance with observations. Thal. (2005), Kan (2004) and Kan et al. (2001). Gurvich et

anisotropy of air density irregularities in the buoyancy sub-al. (2005) have shown that coherency and correlation can
range is poorly explored experimentally. The only analy- be used for estimating the ratio of anisotropic and isotropic
sis of the angular dependence of the radar cross section afomponents of scintillations.

backscattering (Gurvich and Kon, 1993) results in the esti-

mates of anisotropy 10-15, for the vertical scales of afew 1.3 Scintillations of double stars and the work objective

meters at the altitude 20 km. ] ] o
The influence of extended light sources on scintillations has

been studied in Tatarskii (1961, 1971), Cohen et al. (1967)
and Little and Hewish (1966). Tatarskii (1961, 1971) gave the
guantitative explanation of the known fact that planets scin-

Random irregularities of air density cause fluctuations intillate less than stars for the same zenith angles. In Little and

light intensity (scintillation), when a star is observed through Hewish (1966) and Cohen et al. (1967), scintillations of ex-
the Earth atmosphere. Statistical properties of scintillationd€nded radio-sources in the interplanetary plasma, including
are defined by the structure of air density irregularities angdouPle sources, have been discussed. In these papers, theo-

by properties of the light source. Satellite measurements ofetical relations for variance, spectra and correlation function
stellar scintillation have been used for remote sensing of'ave been obtained for point and extended sources, and large
irregularities in the atmospheres of planets and their sateldatasets have been analysed to determine the angular size and

lites (Hubbard et al., 1988; Raynaud et al., 2004) and in theStructure of the sources. - S
Earth atmosphere (Gurvich and Kan, 2003a,3b; Sofieva etal., SPecific features of single-wavelength scintillations of
2007a,b, 2009b). The theory of weak scintillation developeddoUble stars during occultation in the Earth atmosphere

by Tatarskii (1961, 1971) allows a relatively simple analysis (with its characteristic irregularities) have been considered in
of measurement data. Sofieva et al. (2009a) based on exemplary scintillation mea-

Based on observations of stellar scintillations on boardSurements by GOMOS in occultation of the double star
the MIR station, a model of 3-D wavenumber spectrum of Cru. The double structure of the star leads to modulation of

atmospheric irregularities has been developed. This modetcintillation spectra and reduced variance of scintillation.

consists of two components: anisotropic irregularities (the 1 he objective of this paper is to demonstrate additional ca-
model of saturated gravity waves) and isotropic irregular-pab'“t'es of the scintillation method when using cross and
ities (the model of Kolmogorov turbulence) (Gurvich and coherency scintillation spectra in occultations of a double

Brekhovskikh, 2001; Gurvich and Kan, 2003a). The theo-unresolved star. We propose a method for estimating the
retical scintillation auto-spectra for a single star have beerfnisotropy coefficient in the 3-D spectral model of saturated

analysed in detail in Gurvich and Brekhovskikh (2001), Gur- GW and apply this method to GOMOS observations of the
vich and Kan (2003a) and Sofieva et al. (2007a). The methoddouble star-Cru. The paper is organised as follows. Sec-
ology for reconstruction of the parameters of 3-D-spectrumtion 2 briefly presents the main approximations used in the
of atmospheric irregularities from experimental scintilla- 2nlysis. In Sect. 3, we consider the properties of chromatic
tion auto-spectra has been used successfully for analyses §p|ntlllat|ons of QOub.Ie unresolved stars and the pOSS|p|I|_ty of
scintillation data from the MIR station (Gurvich and Kan, their use for estimating the parameters of atmospheric irreg-
2003a,b) and then (revisited and adapted) for bulk reconularities. The measurement results and their comparison with
struction of GW and turbulence parameters using Scinti”a_theoretical calculations are presented in Sect. 4. The discus-
tion measurements by GOMOS on board Envisat (GurvichSion and summary conclude the paper.

et al., 2007; Sofieva et al., 2007a,b, 2009b). This method al-

lows reconstruction of all parameters of the spectral model2 Assumptions and approximations

except for the anisotropy coefficient of anisotropic irregular-

this parameter provided it is large. Detailed discussion of theysed (Gurvich and Kan, 2003a,b; Sofieva et al., 2007a,b,
methods, their possibilities and limitations is presented in theogpgp):

review (Sofieva et al., 2012).
Simultaneous scintillation measurements by two GOMOS - two-component model of the 3-D spectrum of atmo-

1.2 Using scintillation measurements for studying air
density irregularities

photometers in blue (473-527 nmg~500nm) and red spheric inhomogeneities;
(646—698 nmAr ~ 672 nm) wavelengths with the sampling h o
frequency of 1000 Hz (Bertaux et al., 2010; Kia et al., — Pphase screen approximation;

2004) allow analyzing also cross-spectra and coherency
spectra of bi-chromatic scintillations in addition to scintil-
lation auto-spectra. Theoretical evaluation of cross-spectrdhe properties of the random medium are described by the
and coherency spectra has been discussed in Gurvich &D spectrumd, of relative fluctuations of refractivity (or

— weak scintillation assumption.
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density) of air, which consists of two statistically indepen- atmosphere, which is a few hundreds of kilometers, is small

dent components, anisotropigy and isotropicdk : compared to the distance from the phase screen to ob-
server. Intensity fluctuations at the exit from the atmosphere
D, (k) = Pw(k) + Pk (k). (1)  are negligibly small and they are formed during the propaga-

) o .. tion of light waves from the phase screen to the detector. The
The componen®yy corresponds to anisotropic iregularities ,gherties of the phase screen and conditions of its applica-

generated by an ensemb.le of internal gravity waves (Gurvicthjjity to satellite measurements are discussed in detail in, for
and Brekhovskikh, 2001; Gurvich and Kan, 2003a; SOf'evaexample, Gurvich (1984), Gurvich and Brekhovskikh (2001)

etal., 2007a); it has a power spectrum with the slefe and Dalaudier et al. (2001). The effect of changing aspect

B 2l 2 2o 5 \~5/2 5/ 2 \-L angles of anisotropic irregularities along the ray is taken into

Pw = Cwn ("z Tkl + Kz,W) (1 K /"z,W) ; account in computation of the theoretical scintillation spectra
K2 =n?k? + KZZ’ K2 =K?+ Kf (2) (Gurvich, 1984; Gurvich and Brekhovskikh, 2001).

Assumption of weak scintillation (scintillation variance is

This spectrum is a generalisation of a well-known 1-D modelmych smaller than unity; Tatarskii, 1961, 1971) provides
of the saturated gravity waves (e.g. Smith et al., 1987) for ir-a fairly simple relations between the 3-D spectrum of at-
regularities having a statistical structure symmetric with re-mospheric irregularities and the measured 1-D scintillation
spect to the vertical (Gurvich, 1997). The anisotropic spec-spectrum (Gurvich and Brekhovskikh, 2001; Gurvich and
trum ®w is defined by the following parameters: inner Kan, 2003a; Sofieva et al., 2007a). The regime of weak scin-
lw=2m/k; wandoutelLw =27 /K w vertical scales;w tillations for low-orbit satellites is realised for the ray perigee
andK; w are the corresponding characteristic wavenumbers|titudes above 30 km (Gurvich and Kan, 2003a,b; Sofieva et
that bounds the part of the spectrum with the sleg®),  al., 2007a). It is important to note that for model (1), spectra
the structure characterist@y (intensity of anisotropic fluc-  of weak scintillations can also be considered as a sum of sta-
tuations) and the anisotropy coefficient In this work, tistically independent spectral components corresponding to
we use a simple model with =Const>1 (Gurvich and  anjsotropic and isotropic irregularities. The frequency scin-
Brekhovskikh, 2001; Sofieva et al., 2007a). The anisotropytillation spectra can be transformed into spatial wavenumber
coefficientn is assumed to be constant for all scales of thespectra using the hypothesis of “frozen” field of irregulari-
anisotropic spectruny, but the method used is mostly sen- ties, which is valid due to the large velocity of the line of
sitive to small scales. The corresponding 1-D vertical specsijght. For strong scintillations (ray perigee altitudes less than
trum has a slope-3, as the saturated GW spectrum (Smith 30 km), the consideration becomes much more complicated.
etal., 1987). Properties of strong scintillation spectra in occultation ex-

Isotropic component®k having the slope of the 3- periments and some possibilities for retrievals of the infor-
D power spectrum-11/3 corresponds to the Kolmogorov mation about the structure of atmospheric irregularities are

model of locally isotropic turbulence (Monin and Yaglom, discussed, in particular, in Gurvich et al. (2011).
1975):

_ ~11/3 _ 2\ 2
Pk () = 0.033Ck« exp( (1 /rec) ) » K 3 A qualitative analysis — method of estimating
— Kf + Kyz + Kzz_ A3) atmospheric parameters

For scintillations, it is characterised by two parame- Figure 1 shows schematically the geometry of occultation
ters: the structure characterist@ and the inner scale measurements. The left panels shows the plane containing
Ik =27 /kk (Tatarskii, 1971). Insufficient sampling fre- blue and red rays for one component of a double star and the
guency of GOMOS photometers does not allow re-satellite. The right panel shows the phase screen, the plane
trievals of [ (Sofieva et al., 2007a), therefore we assumeperpendicular to light rays, with the trajectories of red and
Ik K pp=+/27t A D ~3.5m, wherepr is the Fresnel scale blue rays of a double star that are recorded simultaneously
and D is the distance from ray perigee to a detector (for by the detector. Due to dispersion of regular refraction, light
GOMOS, D ~ 3225 km) for computing theoretical isotropic rays of different colours have different trajectories in the at-
spectra. mosphere, which are shifted vertically with respect to each
Analysis of the scintillation is greatly simplified by using other (rays 1 and 3 and 2 and 4 corresponding to the compo-
the phase screen approximation, which assumes that the iments of the double star). This chromatic siiftdepends on
fluence of extended atmosphere is replaced by a phase screamvelengths and on ray perigee altitude. For GOMOS pho-
that produces the same phase modulation of the propagatedmetersA¢~5.5m at 34 km (Dalaudier et al., 2001). Note
light waves. This screen is a plane placed perpendicular tdhat vertical scales and velocities in the phase screen differ
the incident rays and passing through the Earth centre. Th&om those at the observation plane by the fagtpthe re-
use of the phase screen approximation is justified by the facfractive attenuation (Dalaudier et al., 2001). Since 0.9
that the effective length of interaction of stellar light and the above 30 km, we set=1 in the present qualitative analysis.

www.atmos-meas-tech.net/5/2713/2012/ Atmos. Meas. Tech., 5, 22122 2012
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satelite
| trajectory

L y

Fig. 1. Left panel: illustration of occultation geometry. Yellow plane represents the phase screen. Blue and red lines denote coloured ray
trajectories for a single star, which are recorded simultaneously by the instrument. Right panel: a sketch of ray trajectories of binaries in the
phase screen during occultations. The points 1-4, which are located in a vertices of a parallelogram, are the points of intersection of light
rays with the phase screen (1-2 for the blue photometer and 3—4 for the red photometeithe chromatic shift, i.e. the vertical distance
between red and blue rays (1-3 for the first component of a double star, 2—4 are for the second component). Atmospheric irregularities are
schematically shown by grey circles and ellipses. Anisotropic irregularities are oblate spheroids with horizontal isotropy and small axis along
the vertical.

In case of a single star, the observation geometry is deterENVISAT orbit can provide a separation of binaries trajecto-
mined by the obliquity angle (the angle between the ray ries from zero to a maximum value (Sofieva et al., 2009a).
trajectory in the phase screen and the local vertical) (Gurvich If the rays from binaries pass successively through the
and Brekhovskikh, 2001; Gurvich and Kan, 2003a). In the same irregularities, then the signal in each photometer is the
considered GOMOS observationseefCru, — 19 <y < 36° sum of the same (accurate within amplitudes) but shifted in
with an annual cycle. time random realisations. If this time shift is larger than the
In case of a double star, there are two additional tra-inverse frequency band of scintillations (inverse Nyquist fre-
jectories of blue and red rays (2 and 4 in Fig. 1) of the quency), then the spectral density of shifted realisations will
second component of star, which are parallel to the tra-be cosine modulated with the maximal modulation coeffi-
jectories of the first component. The additional parameterscient (contrast) (Sofieva et al., 2009a):
that define geometry of double star observations are angu- 2101 1oz
lar 6 or spatialp =0 D separation of binaries and the an- Cmax = —5——»
gle B betweenp and the local vertical (orientation of bi- Toy + 1oz
naries) (Sofieva et al., 2009a). According to the coordinatesvherely; and Iy are vacuum intensities of binaries. For
of componentsy-Crua and «-Crug presented in The Hip- Cru, which has binaries of similar intensitig&nax~ 0.9. In
parcos and Tycho Catalogues (ESA, 1997); Tycho Doublehis regarda-Cru is of greatest interest among all occulta-
Star Cataloguehttp://vizier.u-strasbg.fr/viz-bin/VizieRthe  tions of double stars available in GOMOS database.
separation of binaries in 2002—2003 was: 4.0 arcsec and For large-scale anisotropic irregularities, the modulation
p~62.6m. The anglg has an annual cycle because of the of scintillation spectra is close to maximal even in case of
precession of Envisat orbit. The minimal distance betweermoderate anisotropy. However, for small scales (high fre-
the ray trajectories of the same color corresponding to binaguencies), the modulation can be significantly reduced in
ries isl| = p|sin(y — B)| and their horizontal separation is case of moderate anisotropy and/or sufficiently large sepa-
Ih=L, /cosy (see Fig. 1). Thus for a double star, two GO- rations/y, that exceed the characteristic horizontal scale of
MOS photometers allow probing the atmosphere along tharregularitiesn/«,. This modulation reduction can be used
four spaced paths. While the chromatic refraction separatefor estimating the anisotropy of small-scale irregularities.
the rays of different colors along the vertical, the separationThe modulation frequency is defined by the vertical velocity
of trajectories of binaries can be in any direction. Chang-v, of the satellite and by the vertical separation of binaries
ing geometry of observations due to the precession of they |cospg| (Sofieva et al., 2009a):

fma= w/(plcospl). %)

(4)

Atmos. Meas. Tech., 5, 2713722 2012 www.atmos-meas-tech.net/5/2713/2012/
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Under our assumptions, the scintillation spectra correspond4 Experimental data and retrieval results

ing to isotropic irregularities are defined by the Fresnel scale

o in the whole frequency range (Tatarskii, 1971). The mod-The information about occultations afCru chosen for the
ulation of scintillation spectra corresponding to isotropic ir- analysis is presented in Table 1. For clarity, we selected oc-

regularities is observed when cultations where the frequency modulation of the scintilla-
_ tion spectra is approximately the sanfg,a~ 50-60 Hz. To
pF > 2wl =27 p[sin(y — B)I. (6)  analyse the modulation, the observations with sufficiently

separated trajectories are preferred. Therefore, we used oc-

cultation withl, from 70 m (this is close to the maximal sep-

aration fore-Cru) down to 30 m. Furthermore, the occulta-

: _ M=oEl . tions with high values of the coherency spectrum were se-
Coherency of bi-chromatic scintillations has been dis-|octaq pecause the uncertainty of cross- and coherency spec-

cussed in Kan et al. (2001), Kan (2004) and Gurvich ety is inversely proportional not only to the number of aver-

al. (2005). For GOMOS occultations of-Cru (available 5404 periodograms but also to the values of coherency spec-
for |y| < 36°), coherency of anisotropic scintillation above trum (Bendat and Piersol, 1986).

30km (where the weak scintillation assumption is valid) is |, the selected occultations, the values of the coherency

close to maximal. Isotropic scintillations are non—coherentSpectrum (smoothed over modulations) are not less than
below 40km forly | > 15° (and at higher altitudes for larger 4 55_g 3 for frequencies up to 350 Hz. This frequency range
v). Therefore, the measured cross-spectrum is related only ¢\ sed for analyses (the Nyquist frequency is 500 Hz). The
to anisotropic scintillations, in the altitude range80-40km 5,016 g characterizing the orientation of binaries was esti-
for |y|=15°. (Note that the cond|t|om;_/| > 15" is satisfied 546 from the known vertical velocity of the satellite and
for about half of all GOMOS observations @fCru). the measured modulation frequency, according to Eq. (1).
We use the coherency of anisotropic scintillations andryg experimental values @ agree with the theoretical bal-
non-coherency of isotropic scintillations o#Cru at alti- jigtic model that uses the parameters of the Envisat orbit and
tudes SQ—4O km (fory| > 15°) for 'separatlng anisotropic o coordinates of the-Cru components.
Va and isotropicV; components in the measured (total) ~ \ye have used experimental data at altitudes 30-38 km,
scintillation spectraV’ =Va+Vi. By subtracting the auto- \ynare scintillations are pronounced and, at the same time,
spectrum of isotropic scintillations (in the adopted ap- gatisfy the weak scintillation assumption (as seen in Table 1,
proximation, it is defined by the single parameter, thehe relative scintillation variance does not exceed 0.25). First,
turbulent structure characteristiG = Vi(Ck)) from experi-  gamples corresponding to the vertical length of 2 km were
mental auto-spectra, we get the anisotropic component Ofiseq The chromatic shift was compensated by the shifting
scintillation auto-spectra. We perform fitting of air den- ¢ yhe sample. The periodograms were averaged with a win-
sity irregularities parameters in two steps. First, the esyq, of variable width: at low frequencies with window of
timate of Ck is obtgined b%/ fitting the coherency spec- constant qualityf/Af =2 and with the window of the con-
trum, cohy(f)= % (where Va(f, A, AR) IS  stant widthAf.~12Hz at higher frequencies, in order to
the experimentaﬂ cross-spectrum of bi-chromatic scintil- resolve the modulation of frequengi 2> 50 Hz. Then the
lations, Va(f, A8)=V(f, Ae)—V,"™(f, ag, Ck) and  estimates of auto-spectra and the components of the cross-
Va(f, AR)=V(f, Ar) =V, mOd(f, AR, Ck) are the exper- spectra were averaged over the whole considered altitude
imental auto-spectra of anisotropic scintillations) to the the-rangeAh = 30-38 km. The total number of independent peri-
oretical value~1 in the whole range of the analysed fre- odograms in the spectral windatwf. was 36. The scintilla-
quencies. Her#, mod (£ 3, Ck) stays for the modeled auto- tion spectra were corrected for instrumental noise, which was
spectrum of isotopic scintillations. This constitutes the first estimated using the measurements above the atmosphere.
step of our retrieval; it gives the estimates of the turbulent Figure 2 shows exemplary experimental scintillation spec-
structure characteristi€x and the spectrum of anisotropic tra at two orbits, which are characterised by enhanced co-
scintillations V. Then, at the second step, the detected autcherency (separation of trajectorigsis twice larger for the
spectraVa(f, AR), Va(f, Ag) of anisotropic scintillations  orbit 04728 than for 05051). Modulation of the scintillation
and the cross-spectruivi( f, A, Ar) are used for fitting auto-spectra is due to the fact that the 2-D fields of rela-
the parameters of the anisotropic compon€at, Lw, lw tive intensity fluctuations at the satellite plane correspond-
andp. In this paper, for demonstrating the capabilities of theing to each component of the double star are identical and
method and obtaining initial estimates of the parameters obnly shifted by p with respect to each other (Sofieva et
atmospheric inhomogeneities, we have applied visual fittingal., 2009a). The modulation depth depends on character-
The reconstruction of the parameters can be also formulategtic scintillation scales and the shift of scintillation fields
in the form of non-linear optimization analogous to Sofieva in the corresponding directions. In the considered altitude
et al. (2007a), if needed. The retrieval process is illustratedange, only anisotropic component of scintillations is mod-
below. ulated, while the isotropic component is not modulated. The

Because > pf for a-Cru, this condition is satisfied only for
very small range of anglegy — 8| < 1°-2° and we will not
consider such occultations in the present analysis.

www.atmos-meas-tech.net/5/2713/2012/ Atmos. Meas. Tech., 5, 22122 2012
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Table 1.Information about the selected occultationste€ru.

Date and orbit  Ray perigee Scintrms,  Obliquity Modulation ~Orientation Horizk -10° Cw-10r Ly, iw, Anisotropy

bluelred% y,deg freq. B,deg Separ. m/3 m2 km m n
fma Hz Ih, M

3 Jan 2003 72S,69.7E 21/23 30.8 64 —38.0 68 0.57 40 15 16 20

#04418

3 Jan 2003 72S,43.9E 20/22 30.8 64 —38.0 68 0.53 4.0 19 20

#04419

21 Jan 2003 14N, 95.60 E 37/41 35.0 53 —-20.2 63 3.2 95 25 10 16

#04675

21 Jan 2003 15N, 45.3 E 35/38 35.0 53 —-20.2 63 2.2 126 2.0 16 16

#04677

25 Jan 2003 32N, 132.8 W 29/32 35.2 52 —-13.5 58 2.2 6.4 25 15 18

#04727

25 Jan 2003 32N, 157.6 W 33/37 35.3 52 -135 58 2.5 8.4 11 17

#04728

31 Jan 2003 538N, 60.5 W 43/47 35.2 50 -8.0 51 3.8 16.0 2.0 14 16

#04810

31 Jan 2003 62N, 2.2 W 43/48 35.2 50 —-7.5 51 4.8 20.0 25 14 13

#04822

10 Feb 2003 105N, 334.8 W 28/31 33.8 50 2.0 40 1.0 9.2 15 15 15

#04964

10 Feb 2003 104N, 0.CC E 27/30 33.8 50 2.5 39 0.70 121 15 25 20

#04965

11 Feb 2003 107N, 108.2 E 29/33 33.6 50 35 38 2.0 100 2.0 11 13

#04975

11 Feb 2003 109N, 83.3 E 21/22 33.6 50 35 38 0.73 5.4 16 14

#04976

15 Feb 2003 12%N, 147.2 E 35/40 32.3 50.5 7.6 31 2.3 100 25 11 17

#05045

15 Feb 2003 129N, 96.9 E 29/32 32.3 50.5 7.6 31 1.6 77 25 12 14

#05047

15 Feb 2003 12%N, 3.7 W 23/24 32.2 50.5 7.5 30 0.45 56 1.6 18 19

#05051

cross-spectrum contains only anisotropic (coherent) compotheoretical anisotropic coherency spectra). The retrieved esti-
nent. As observed in Fig. 2, moduli of cross-spectra havemates ofCk for the selected dataset are presented in Table 1.
a deeper modulation than auto-spectra. This is due to the Left and centre panels show detected auto-spectra of
presence of isotropic (non-modulated) component in auto-anisotropic and isotropic scintillations, and right panels
spectra, in contrast to cross-spectra. The modulation of coshow moduli of cross-spectra and coherency spectra of the
herency spectra is defined by the ratio of the scintillationanisotropic component.
components: anisotropic (fully coherent, with a modulated The detected auto-spectra and the measured modulus of
auto-spectrum) and isotropic (non-coherent, with a non-cross-spectra of anisotropic scintillations are used then for
modulated auto-spectrum). At maxima, the anisotropic com-estimating the parameters of the 3-D spectrum of atmo-
ponent prevails, while the isotropic component is significantspheric irregularitiesbdy. The fitting parameters are the
at minima. The systematic reduction of coherency with fre- structure characteristi€yy, outer and inner scaleby and
quency is related to reduction of the anisotropic scintillation/yy, and the anisotropy coefficiemt Cy is defined by the
share at high frequencies (scales less thgn amplitude of the spectrd,, and/w — by the characteris-
Figure 3 illustrates detecting anisotropic and isotropictic limiting frequenciesy — by the modulation of anisotropic
components of scintillation auto-spectra in the frequencyspectra. In the occultation 05051, spectra have a larger mod-
range below 350 Hz. The values of the structure characterulation depth in high-frequency domaifi> 150 Hz, com-
istic Cx were obtained by fitting the coherency spectra of pared to that in 04728. This is due to the twice larger hori-
anisotropic scintillations to the theoretical value close to 1:zontal separation of binaries trajectories in 04728 (while the
grey lines in the right panels show the original measuredanisotropy coefficients are similar in these two occultations).
coherency spectra, while black lines show the coherencylhe estimates of anisotropy coefficient correspond to small
of the anisotropic component (black dashed lines show the
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scales close tfyy: in the considered occultations, of vertical enhanced coherency and have used a limited frequency range
scales 10-20m, as seen in Fig. 3. in the estimated spectra. Thus, our parameter estimates corre-
The retrieved paramete®y, Lw, lw andn for the se-  spond to cases where the anisotropic component is prevailing
lected occultations are presented in Table 1. MisdiRg over the isotropic one in the 3-D spectrum of atmospheric ir-
estimates for some occultations in Table 1 are because theegularities.
outer scale is not detected in these occultations (a reduc- In our work, the use of a simple model with the constant
tion of spectra amplitude at large scales). In computing scin-anisotropyn = Const is based on the fact that the modula-
tillation spectra, we have taken into account the effects retion of thea-Cru scintillation spectra gives information about
lated to bandwidth of the optical filters and to the finite in- the anisotropy for small-scale irregularities with the verti-
tegration time (1 ms) of the GOMOS instrument (Kan et al., cal scales< 20 m. Irregularities of larger scales provide the
2001). The aliasing effect (Bendat and Piersol, 1986) has alsmaximal modulation for = Const, especially ify increases
been taken into account. In particular, some reduction of thewith increasing scales as assumed in the variable anisotropy
theoretical coherency spectrum from 1 at high frequenciesnodels.
(dashed lines in Fig. 3) is due to aliasing. The presented method uses only a limited altitude range
The estimates of the parameters of irregularities presente80—-40 km, which is needed for the proposed two-step re-
in Table 1 exhibit rather large variations, which exceeds sig-trievals in order to ensure non-coherency of isotropic scintil-
nificantly uncertainty of the estimated parameters. This fealations. This sequencing makes the data analysis transparent
ture noticed in earlier works; it is related to the natural vari- and useful for demonstrating the capability of the method.
ability (intermittency) of the parameters of gravity waves The proposed method can be further improved with one-step
and turbulence in the atmosphere (Gurvich and Kan, 2003ainversion of the parameters of the two-component spectral
Sofieva et al., 2007a). In general, the estimated structurenodel of air density irregularities. This might allow the re-
characteristic€x andCy, the innerlyy and outerLyy scales  trievals of the anisotropy coefficient also at higher altitudes,
of anisotropic irregularities are in good agreement with thewhere the isotropic bi-chromatic scintillations are partially
previous results of the reconstruction of parameters fromcorrelated. The feasibility study for such retrievals will be
scintillation data (Gurvich and Kan, 2003a,b; Sofieva et al.,the subject of future work.
2007a), especially if one takes into account that30 has The method of detecting anisotropic and isotropic com-
been set in these previous retrievals. As can be seen in Tgonents by using the coherency spectra (the first step of the
ble 1, anisotropic inhomogeneities are characterised by g@roposed retrieval method) can be applied also to the occul-
rather strong anisotropy=15-20 for the small scales com- tations of single stars, in addition to the method described in
parable with the GW inner scale. Gurvich and Kan (2003a) and Sofieva et al. (2007a).
Our analysis has shown that anisotropic inhomogeneities
are characterised by a rather large anisotrgpy15—20
5 Summary and discussion for the small scales comparable with the inner GW scale.
The previous estimate; >25 presented in Alexandrov
In this paper, we have demonstrated how bi-chromatic scinet al. (1990) is a qualitative estimate. The estimates of
tillation of double unresolved stars can be used for study-anisotropy at small scales are of high interest, because this
ing the structure of air density irregularities. Specific fea- range corresponds to the transition of the saturated GW spec-
tures of double star scintillation (the modulation of auto- trum to the turbulent spectrum. However, the anisotropy at
and cross-spectra) allow estimation of the anisotropy coefsmall scales is practically unexplored experimentally for the
ficient n of the 3-D spectral model of anisotropic air den- considered altitude range. The estimates10-15 at verti-
sity irregularities, in addition to other parameters of GW cal scales of a few meters obtained using MST radar mea-
and turbulence spectra retrieved in previous studies from theurements (Gurvich and Kon, 1993) correspond to lower al-
monochromatic scintillations of single stars (Gurvich and titudes,~ 20 km, and smaller scales.
Kan, 2003a; Sofieva et al., 2007a). Our analysis is based on The other measurements at such small scale are very
fitting the parameters of the 3-D spectral model of air den-scarce in the considered altitude range 30—-40 km. Another
sity irregularities to the experimental auto- and cross-spectraource of information about anisotropy of small-scale atmo-
of scintillations. spheric irregularities is quasi-horizontal observations of sin-
The main limitation in using chromatic scintillations is a gle stars (in such occultationg,~90° at the minimal ray
larger uncertainty of experimental estimates of cross- and coperigee altitude). The method for estimating the anisotropy
herency spectra (compared to that of auto-spectra). Therezoefficient by using auto-spectra and coherency spectra in
fore, their use is possible only for scintillation measurementssuch occultations is discussed in Kan (2004). However, there
with high coherency or/and with large averaging of peri- are only a few such occultations in the whole GOMOS
odograms. In the considered case, the periodogram averaglataset.
ing is limited by the frequency window f; and the altitude The previous analyses and theoretical estimates reviewed
interval Ah. Therefore, we have selected occultations within the introduction show that the anisotropy is large,
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~100-300 at large scales close to the dominant wavelengthsurvich, A. S.: Fluctuations in the observations of extraterres-
Our analysis has shown that the irregularities with relatively trial cosmic sources through the earth’s atmosphere, Radiophys.
small vertical scales~10-20m still preserve sufficiently Quant. Electron., 27, 665-672, 1984.

strong anisotropy- 15-20. This can be interpreted as reduc- Gurvich, A. S.: A heuristic model of three-dimensional spectra of
tion of anisotropy towards small scales, and thus can serve as temperature inhomogeneities |r_1 the stably stratified atmosphere,
an experimental argument in favor of the variable anisotropy ANM- Geophys., 15, 856-8680i:10.1007/500585-997-0856-x
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