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Abstract. In this paper, we discuss scintillation time-spectra to meters/fraction of a meter. The theory of weak scintil-
of the double staw Cru, which were measured by the GO- lation (Tatarskii, 1961, 1971) allows the analysis of scintil-
MOS/Envisat photometer. The component&dEru are not  lations measured aboard low-orbiting satellites for altitudes
resolved by the angular field of view of the detector. The above~25-30km (Gurvich and Kan, 2003a, b; Sofieva et
double structure of the light source reveals itself in the mod-al., 2007a, b).
ulation of the observed scintillation spectra; this modulation Scintillations data with global coverage became available
is caused by anisotropic irregularities of the stratospheric aiwith the launch of the GOMOS (Global Ozone Monitoring
density. We present a qualitative and quantitative explanatioby Occultation of Stars) instruments on board the Envisat
of the properties of the double-star scintillation spectra. Possatellite (Kybla et al., 2004). GOMOS is equipped with two
sibilities of using double star scintillations for studying at- fast photometers, which record the stellar flux synchronously
mospheric air density irregularities are also discussed in thén the blue (473-527 nm,z~500 nm) and red (646—-698 nm,
paper. ARA672 nm) wavelength ranges with a sampling frequency
of 1kHz, as a star sets behind the Earth limb (for illustra-
tion of the occultation geometry, see Fig. 1 in Kix et al.,
2004). The scintillation measurements are used for the cor-
rection of scintillations in the spectrometer data to achieve
o ) o ) ) ~_ a better accuracy of trace gases retrievals (Dalaudier et al.,
Statistical properties of scintillation (i.e. fluctuations in in- 2001: Sofieva et al., 2009b), for temperature profiling with
tensity when a light source is observed through the atmo high vertical resolution (Dalaudier et al., 2006), and for
sphere) are defined by the structure of air density in the atgy,qying small-scale processes in the stratosphere (Gurvich
mosphere, and by the spatial structure of the light sourceg; al., 2005, 2007; Sofieva et al., 2007a, b; 2009a).
Scintillations measured during star occultations have a broad Recently, the algorithm for the reconstruction of gravity
application for carrying out research on the atmospheres of;5,e (GW) and turbulence spectra parameters was devel-
planets and their satellites (Hubbard et gl., 1988.; Raynauq)ped (Sofieva et al., 2007b). During the data analyses, we
etal.,, 2004), and they had been used actively during the lastaye noticed that the scintillation spectraco€ru are often
decade for satellite sounding of Earth air density irregular-y5gically different from those of other stars. This is illus-
ities (Gurvich and Kan, 2003a, b; Sofieva et al., 20074, b)yrated in Fig. 1, which shows the scintillation spectra for the
For the Earth’s atmosphere, photometers with an effectivenean artitude of 35km. The left panel a shows the “stan-
aperture of~20cm can register stellar scintillations in the 44" scintillation spectrum from occultations of Canopus.
altitude range~10-60km with a vertical resolution down  The majority of scintillation spectra of Cru are quite differ-
ent: a deep quasi-harmonic modulation of scintillation spec-
Correspondence tov. F. Sofieva tra_ |s_|::le_arly observ(exs éas ||n Fklg. 1b). IHlé)_wezer, sometimes
= (viktoria.sofieva@fmi. i) scintillation spectra ru look normal (Fig. 1c).

1 Introduction
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Fig. 1. (ay “standard” scintillation spectra (from occultations of Canop(s); scintillations spectra from several occultationsxo€ru

carried out on 21-22 January 200@8): scintillation spectra ofr Cru on 14-15 November 2002 (usual spectra). Red lines: individual

scintillation spectra estimations, black line: mean spectra, for altitude 35 km. GOMOS successive occultations of each star are performed

nearly at the same latitude and at nearly the same local time. Locations of the selected night-time occultations are indicated in the figure.
Scintillation spectra are presented on a linear scale.

These features of the Cru scintillation spectra are be- of a double star with the components unresolved by a detec-
causex Cru is a multiple (triple) star. Only two compo- tor, let us take into account (Tatarskii, 1971, 842 and 854)
nents ofa Cru, which are separated l#}y=4.4 arcsec, are that the components create distributions of intenajiy. (r)
visually distinguishable. They have comparable visual mag-and Ip2l2(r) in the observation plane. Hereis the vector
nitudesmvi;=1.4 andmv,=2.09. The GOMOS field of view in this plane,lp1 and Ip> are spatially constant intensities
is 138.4x49.4 arcsec (the larger angle is in the vertical di- without refractivity fluctuations, and {r) and b(r) are ran-
rection), thus the components @fCru are not resolved by dom functions with mean value 1. Provided the angular dis-
the detector. The intensity fields from the two componentstancefy between the components is sntih 1, we can con-
of « Cru, which are shifted with respect to each other, aresider b(r)=11(r+p) (Little and Hewish, 1966; Cohen et al.,
registered simultaneously by GOMOS. 1967; Ishimaru, 1978), where the components of the vector

In this paper, we explain qualitatively and quantitatively p=60 D are p,=D6o ./q, py=Dbo,y, q is the refractive dilu-
the specific features and time evolution of scintillation spec-tion (Dalaudier et al., 2001 is the distance between obser-
tra of double unresolved stars. The paper is organized agation plane and the phase screen. In other words, the fields
follows. Properties of scintillation spectra of double unre- of relative intensity fluctuations corresponding to the com-
solved stars are explained in Sect. 2. Section 3 is dedicated tponents of a double star are only shifted with respect to each
the comparison of experimental scintillation spectra with thatother. Then the 2-D spatial spectrufi («) of the sum of
computed using a two-component spectral model of air denthe signalsx=/Io1l1(r)+1Io2l2(r) registered by the detector
sity irregularities. A discussion of the possible use of doubleis equal to (the shifting theorem for the Fourier transform)

star scintillations for studying atmospheric air density irreg-
Igl+152+210110200116 p)

ularities and a short summary conclude the paper. Fs (k)= F1 () (1)
(Io1+102)?
S where Fj(k), k=(x;,k,) is the 2-D scintillation spec-
2 Scintillation spectra of double unresolved stars trum of a single star discussed in detail in (Gurvich and

Brekhovskikh, 2001; Gurvich and Kan, 2003a; Sofieva et al.,
Satellite stellar scintillation measurements in the occultation2007b).
geometry have been discussed in many papers (e.g. Gurvich, In occultation experiments, we obtain estimates of a 1-D
1984; Dalaudier et al., 2001). We will use the phase screercintillation spectrum along the occultation trajectory with
approximation for the description of light wave propagation an angley to the local vertical (Gurvich and Brekhovskikh,
through the atmosphere (Little and Hewish, 1966). This2001; Gurvich and Kan, 2003a):
means that the influence of the atmosphere is replaced by a
plane screen that produces the same phase modulation of the e
propagated light waves. Such screen is placed in the plané/s (ks,y)= / dk Fs, (—ksiny +kscosy, kcosy +k;siny).(2)
which is perpendicular to the incident light rays and contains 0
the Earth’s centre. For calculations of scintillation spectra
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The angley=0 corresponds to a vertical spectrum (and to3 GOMOS observations ofe Cru: a quantitative
a vertical, in-orbital-plane occultation). Therefore, the ad-  account
ditional parameters that define properties of the scintillation
spectra of double unresolved stars are: the ratio of intensitie# this section, we present the comparison of the experimen-
Io1/ 1o, of the star components, the angudar(or spatialp) tal scintillation spectra af Cru, from the GOMOS measure-
separation, and the angtebetweeryp and the local vertical. ~ments, with that computed using the two-component spectral
As follows from (1), the scintillation variance for a double model of air density irregularities.
star is smaller than the variance of a single star of intensity Information about four occultations ef Cru, selected for
(Io1+102). Previously, the reduction of scintillation variance illustration, is collected in Table 1. The anglehanges from
in the turbulent media caused by the finite angular size of the~90° to ~30° during the selected time interval. The angle
light source was already discussed by Tatarskii (1961, 1971)was computed using the information about vertical velocity
In particular, the known fact that planets scintillate less thanand the observed modulation period of the scintillation spec-
stars for the same zenith angles has received its quantitativéa, Eq. (3). The experimental values of the anglegree
explanation in these works. well with the theoretical estimations of this parameter, which
Another specific feature of unresolved double star scintil-can be calculated using the occultation geometry. The spa-
lation spectra, which is caused by the factor(egs in the tial separation oft Cru components ip=0pD~69m. The
Eg. (1), is a modulation. The modulation of the 1-D scin- spatial sampling of GOMOS is from 3 to 8 m, depending on
tillation spectra observed by GOMOS photometer depend®bliquity of an occultation. For processing, we used scin-
not only on the orientation of the star components and ocdillation measurements corresponding to an altitude of ray
cultation geometry (angleg and 8), but also on the struc- perigee of~34 km, to satisfy the condition of weak scintilla-
ture of atmospheric irregularities. It is known that there tions (rms of scintillations are given in Table 1).
are two types of air density irregularities in the Earth at- Figure 2 shows the experimental scintillation spectra for
mosphere: anisotropic irregularities, which are of relatively the selected occultations (red lines). The experimental spec-
large scale (generated by gravity waves), and isotropic irtra were computed using the method of smoothed peri-
regularities (turbulence), which appear as a result of gravityodograms. The periodogram smoothing was performed with
wave breaking and due to different instabilities. The two- the window of variable width, analogous to that discussed
component spectral model of air density irregularities wasin (Gurvich and Chunchuzov, 2005; Sofieva et al., 2007b).
proposed in (Gurvich and Brekhovskikh, 2001; Gurvich and Instrumental noise was removed in computing experimental
Kan, 2003a). The scintillation spectra corresponding to thisscintillation spectra.
spectral model, for a single star, were discussed in detail in The width of anisotropic scintillation spectra is defined
(Gurvich and Brekhovskikh, 2001; Gurvich and Kan, 2003a; by the vertical inner scalBy: f, max=v./Iw (see Table 1).
Gurvich and Chunchuzov, 2005; Sofieva et al., 2007b). DueFor frequencies higher thafy max the anisotropic scintilla-
to the limited sampling frequency of GOMOS photometers, tion spectra rapidly decrease. The strong modulation of the
relatively large-scale anisotropic irregularities play an impor- scintillation spectra at frequencigs< f, max for orbits 4677,
tant role in forming the scintillations observed by GOMOS. 4200 and 3945 (Fig. 2) is caused by prevailing anisotropic
As a result, scintillation spectra afCru are often modulated scintillations over isotropic ones in this spectral range. At
(Fig. 1b). frequenciesf > f,.max, SCintillations caused by isotropic ir-
When oscillations in the 1-D anisotropic scintillation spec- regularities prevail, thus the modulation of scintillation spec-
trum are observed, the modulation perigin the frequency  tra rapidly decreases fof> f; max-
space increases with increasifglt is defined by the verti- Depending ong, the modulation period changes from
cal component of the projection of the satellite velocity onto 53 Hz for the orbit 4677 to 192 Hz for the orbit 3945. For
the observation plane,,, and the vertical component of the the orbit 3705, the components @fCru are located nearly

stellar separation: horizontally, their vertical separation was much smaller than
Iw. In this case, the anisotropic component of the scintilla-
Tn=vy/(pCOSB). (3)  tion spectrum is nearly the same as for a single star, while

the spectral density of the isotropic component is approxi-
mately twice as small as that of a single star. The observed
scintillation spectrum in this case is not modulated, as seen
2101102 in Fig. 2.
mzm. 4) Black lines in Fig. 2 ;hqw the fit of the expgrlmental spec-
017702 tral to the modeled scintillation spectra, which were com-
puted using the two-component spectral model of air den-
sity irregularities, including anisotropic (saturated gravity
waves) and isotropic (Kolmogorov turbulence) components
(Gurvich and Kan, 2003a; Sofieva et al., 2007b). A brief

The maximal modulation coefficient (contrast) for the
anisotropic spectrum is

Fora Cru, which has two stars of similar intensiti@s,is
close to unityn~0.9.
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Fig. 2. Experimental scintillation spectra on a linear scalecd@@ru (red lines) and their fit using the two-component spectral model of air
density irregularities (black lines). Vertical gray lines correspond to modulation pefipds

description of this model is given in Appendix A. The com- 4 Summary and discussion
putation of theoretical scintillation spectra was discussed in
detail in (Gurvich and Brekhovskikh, 2001; Gurvich and We have considered the properties of scintillation spectra of
Chunchuzov, 2005; Sofieva et al., 2007b). This model anddouble stars, which are not resolved by the field of view of
Egs. (1) and (2) were used for fitting 1-D modeled spec-the detector. The main features of the double-star scintilla-
tra to the observations. The estimates of the three parameion are (i) reduction of scintillation variance (compared to
ters of the spectral model — the structure charactergic  that of a single star) and (ii) modulation of the scintillation
of anisotropic irregularities, vertical inner scdlg, and the  spectra. Itis the consequence of shifted intensity fields corre-
structure characteristi€x of Kolmogorov turbulence — re-  sponding to the components of a double star. The period and
trieved in the fitting, are presented in Table 1. As seen inthe depth of the modulation depend on the structure of atmo-
Fig. 2, the modeled and experimental scintillation spectra arespheric irregularities, separation of the star components, ratio
in rather good agreement. The obtained estimates of gravitpf their intensities, and on the observation geometry. The
waves and turbulence parameters are within the range of pranodulation of the observed scintillation spectra is caused
vious results of the parameter reconstruction (Gurvich andmainly by anisotropic irregularities of air density (due to lim-
Kan, 2003b; Sofieva et al., 2007b, 2009a). ited resolution of the GOMOS fast photometers, such irreg-
ularities play an important role in forming the scintillations
observed by GOMOS).

Atmos. Chem. Phys., 9, 8968973 2009 www.atmos-chem-phys.net/9/8967/2009/
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Table 1. GOMOS occultations selected for the comparison.

Date and Ray Scintillation ¥, B,  Modulation f,max Cw-10Y, Iy, Cg-10°
orbit perigee rms, % deg deg periog T (Hz) m-2 m m?23
coordinates (H2)

21 Jan 2003 15N 35 345 31.2 53 210 8.25 15 5.8
# 04677 45.3E

19 Dec 2002 143S 25 23.0 593 92 215 3.7 15 2.2
# 04200 162.8E

1 Dec 2002 21.2S 26 9.4 75.5 192 470 2.5 7 14
# 03945 94.4E

14 Nov 2002 25.%S 64 -7.1 ~90 >500 130 28.9 25 4.3
# 03705 7.7E

The experimental scintillation spectra obtained by GO- perform the sounding of the atmosphere along four separated
MOS in occultations of the double star Cru under dif- trajectories. The chromatic separation is variable (in the ver-
ferent observation conditions are adequately (qualitativelytical direction), while the separation of stars can be in any di-
and quantitatively) explained, if existence of anisotropic andrection. Smooth changes of occultation obliquityand the
isotropic irregularities of air density is assumed. Therefore,angle of stellar separation with respect to the local vertical
the performed analysis can serve as an additional confirmag in successive occultations (due to satellite precession), can
tion of the existence of such irregularities in the atmosphereprovide data with the distance between the sounding trajec-

The scintillation spectra of double stars are more compli-tories ranging from zero tp (depending ory andg). A fea-
cated compared to that of a single star, but they are morgibility study on using double star scintillations for obtaining
informative. For example, in (Gurvich and Kan, 2003a, information about the structure of air density irregularities
b; Sofieva et al., 2007b), the amplitude of the isotropic might be carried out in the future.
component (and the turbulent structure characteriStiq
was estimated using the high-frequency part of the scintilla- ]
tion spectraf> f, max. Although the reconstruction of grav- APPeNdix A
ity wave and turbulence spectra parameters is formulated via S -
the solution of the corresponding inverse problem in (Sofieval "€ Spectral model of refractivity irregularities
et al., 2007b), the information about the turbulent compo-iN the atmosphere. Scintillation spectra
nent is actually contained only in the high-frequency part
of the scintillation spectrumy > f, max. FOr occultations
close to vertical and /or provided the inner schjeof the

For the optical wavelength range, relative fluctuations of re-
fractivity v=86N/(N) (N is refractivity, angular brackets de-

anisotropic component is small, the turbulence parameterg_m'(eJI the_tstau;tlcgl mea:jn) are ﬁ?fﬂ to riLatt'Xe ﬂltJCtuat'r? ns of
cannot be retrieved reliably. For double stars, the detectiorfl” density. (V) depends on altitude wi € almospneric

of the isotropic component (and thus its parameters) can bgcale.height of 6-8km. The depende@@) on wayelength
done in the whole spectral range. is defined by the known dispersion relation for air.

The availability of two photometers at different wave- The properties of the refractivity field are characterized

lengths allows a simultaneous sounding of the atmospher%)y the 3-D spectrumb, (k) of relative refractivity fluctua-

. X ) . S ions, k=(kx, ky, k;) being a wave vectorz(is the vertical

along the trajectorles, separated in the .vertlc_:al direction du(?:oordinate). Following (Gurvich and Brekhovskikh, 2001;
to chromatic refraction. The chromatic shift between the . .

) . . . — .~ Gurvich and Kan, 2003a), we assume tfigtis the sum of
sounding trajectories is defined by the mean refractivity; it Wo statistically independent components:
depends on altitude. For GOMOS photometers, it does no% y P P '
exceed 10m above 30km (Dalaudier et al., 2001). Gurvichg —q,, +d (A1)
et al. (2005) have shown that bi-chromatic scintillations open
new possibilities in studies of air density irregularities by us- The anisotropic componerty, corresponds to the saturated
ing the chromatic effects. In particular, it was shown that gravity wave model (Smith et al., 1987). It has the slef®e
the coherency spectra and cross-correlation function can bbetween the inner scalg and the outer scaley . The struc-
used for indicating regions with high intensity of isotropic ture characteristiCy defines the power of anisotropic irreg-
turbulence. For a double star, the two GOMOS photometerailarities. The anisotropy coefficientis defined as a ratio of

www.atmos-chem-phys.net/9/8967/2009/ Atmos. Chem. Phys., 9, 89832009
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the characteristic horizontal and vertical scales. Itis assumealaudier, F., Sofieva, V., Hauchecorne, A., &, E., Blanot,
thatn=consts>>1 (Gurvich and Brekhovskikh, 2001; Gurvich L., Guirlet, M., Retscher, C., and Zehner, C.: High-resolution
and Kan, 2003a; Sofieva et al., 2007b). The associated one- density and temperature profiling in the stratosphere using bi-
dimensional vertical spectrum has the slop8, as in the chromat.ic scintillation measurements by GOMOS, Proceedings
model of saturated gravity waves. The isotropic component of the First Atmospheric Science Conference, European Space
@ corresponds to locally isotropic turbulence (Monin and _ 29€ncy, ISBN 92-9092-939-1-ISSN 1609-042X, 2006.

. Gurvich, A. S.: Fluctuation during observation of extraterrestrial
Yaglom, 1975) with the slope 11/3 of power spectral den- sources from space through atmosphere of the Earth, Radiophys.

sity. It has two parameters: the structure charactertic Quantum EI., 27, 665-673, 1984.

and the inner (Kolmogorov) scalg. The one-dimensional  Gyrich, A. S. and Brekhovskikh, V. L.: Study of the turbulence
spectrum corresponding tx follows the well-known-5/3 and inner waves in the stratosphere based on the observations of
power law. stellar scintillations from space: a model of scintillation spectra,

The scintillation spectra at the observation plane can be Waves Random Media, 11, 163-181, 2001.
computed using the theory of wave propagation in a randonfSurvich, A. and Chunchuzov, I.: Estimates of characteristic scales
media. The main approximations used in the evaluation of in the spectrum of internal waves in the stratosphere obtained

the scintillation spectra are: from space observations of stellar scintillations, J. Geophys.
Res., 110, D03114, doi:10.1029/2004JD005199, 2005.
— frozen field approximation; Gurvich, A. S., Dalaudier, F., and Sofieva, V. F.: Study of strato-
spheric air density irregularities based on two wavelength obser-
— phase screen approximation; vation of stellar scintillation by Global Ozone Monitoring by Oc-

S ) _ S cultation of Stars (GOMOS) on Envisat, J. Geophys. Res., 110,
— weak scintillation assumption (i.e. rms of scintillationis  p11110, doi:10.1029/2004JD005536, 2005.
significantly smaller than 1). Gurvich, A. S. and Kan, V.: Structure of Air Density Irregularities

) ) o o in the Stratosphere from Spacecraft Observations of Stellar Scin-
The computation of theqretlcal SCIntIIIatlon_Spectra is dis- tillation, 1. Three-Dimensional Spectrum Model and Recovery
cussed in detail in (Gurvich and Brekhovskikh, 2001; Gur-  of Its Parameters, Izvestiya, Atmos. Ocean. Phys., 39, 300-310,

vich and Kan, 2003a; Sofieva et al., 2007b). 2003a.

Since the inner vertical scalgy varies from~10m to Gurvich, A. S. and Kan, V.: Structure of air density irregularities
a few tens of meters in the stratosphdig; or for satel- in the stratosphere from spacecraft observations of stellar scin-
lite measurements, whepg =/ D /27 is the Fresnel scale, tillation: 2. Characteristic scales, structure characteristics, and

(pr~0.5m for GOMOS). In this case, the diffractive ef- kinetic energy dissipation, Izvestiya, Atmos. Ocean. Phys., 39,
fects are not important and the vertical scale of scintillations, 311-321, 2003b.

which are generated by anisotropic irregularities, is definedGurV'Ch’ A. ., Sofieva, V. ., and Dalaudier, F.: Global distri-

Sl i L bution of (‘,2[ at altitudes 30-50 km from space-borne observa-
by lw. In contrast, scintillations caused by isotropic irregu- tions of stellar scintillation, Geophys. Res. Lett., 34, L24813,
larities are defined by the diffractive effects whei>/x. In doi:10.1029/2007GL031134. 2007.

this case, the characteristic scale of isotropic scintillations isqypbard, W. B., Lellouch, E., Sicardy, B., Brahic, A., Vilas, F.,
the Fresnel scale. Scintillations caused by Kolmogorov tur- Bouchet, P., McLaren, R. A., and Perrier, C.: Structure of scin-

bulence are not sensitive to the outer sdajeof turbulence tillations in Neptune’s occultation shadow, Astrophys. J., 325,
(Tatarskii, 1961, 1971; Gurvich and Chunchuzov, 2005). 490-502, 1988.
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