10

15

20

Fluctuations of radio occultation signals in sounding the Earth’s
atmosphere

Valery Kan', Michael E. GorbunoV?, and Viktoria F. Sofieva

LA.M.Obukhov Institute of Atmospheric Physics Russian Asrag of Sciences, 119017, Moscow, Pyzhevsky per. 3
2Hydrometeorological Research Centre of Russian Federdt®8242, Moscow, B. Predtechensky per., 11-13
3Finnish Meteorological Institute, Erik Palménin aukio 108560, Helsinki, Finnland

Correspondence to: Michael Gorbunov (gorbunov@ifaran.ru)

Abstract. We discuss the relationships that link the observed fluictnapectra of the amplitude and phase of signals used
for the radio occultation sounding of the Earth’s atmosphwiith the spectra of atmospheric inhomogeneities. Oulyaisa
employs the approximation of the phase screen and of wedkiditions. We make our estimates for the following charéstier
inhomogeneity types: 1) the isotropic Kolmogorov turbaleand 2) the anisotropic saturated internal gravity walesobtain
the expressions for the variances of the amplitude and pghe$eations of radio occultation signals, as well as thsiimeates
for the typical parameters of inhomogeneity models. FraeGRPS/MET observations, we evaluate the spectra of the @il
and phase fluctuations in the altitude interval from 4 tdkbin the middle and polar latitudes. As indicated by theogdtic
and experimental estimates, the main contribution intoréttio signal fluctuations comes from the internal gravitwes
The influence of the Kolmogorov turbulence is negligible. tégive simple relationships that link the parameters adrimél
gravity waves and the statistical characteristics of thikoraignal fluctuations. These results may serve as the fmsike
global monitoring of the wave activity in the stratosphemne apper troposphere.

1 Introduction

The regular radio occultation (RO) monitoring of the Easthtmosphere was for the first time implemented with the aid of
the low Earth orbiter (LEO) Microlab-1, which was equippedhna receiver of high-stable GPS signal at wavelengths of
A1 =19.03 cm and A\ = 24.42 cm at a sampling rate of 50 Hz (Ware et al., 1996). In processi@goBservations, neutral
atmospheric meteorological variables are retrieved framplaude and phase measurements (Gorbunov and Lauriteés; 2
Gorbunov et al., 2005; Gorbunov and Lauritsen, 2006), wifiteionospheric contribution is removed by using the double
frequency linear combination at the same ray impact heidhtop’ev and Krasil’nikova, 1994; Gorbunov, 2002b). The-im
pressive success of the GPS/MET experiment stimulatedeudevelopment of RO satellites and constellations, dioky
CHAMP and COSMIC experiments. Currently, RO sounding ismapartant method of monitoring meteorological parameters
of the Earth’s atmosphere; RO data are assimilated by thiel'wéeading numerical weather prediction centers (Roaktes.,
2000; Yunck et al., 2000; Steiner et al., 2001; Pingel andd®hd2009; Poli et al., 2009; Cucurull, 2010; Poli et al., 201
Rennie, 2010).
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The stability of GPS signals, complemented with its globaverage and high vertical resolution, draws the atten-
tion of researchers to the study of inhomogeneities in apinesc refractivity in addition to the retrieval of mean pro
files (Belloul and Hauchecorne, 1997; Gurvich et al., 2008yda et al., 2000; Wang and Alexander, 2010; Cornman et al.,
2004, 2012; Shume and Ao, 2016; Gubenko et al., 2008, 201dgul@tion-based methods of sounding atmospheric inho-
mogeneities have a long and successful history. Initistlgy were used for sounding the atmospheres of other plafiets
the Solar system, using occultations of stars and artifgaggllites (Yakovlev et al., 1974; Woo et al., 1980; Hubbetrdl.,
1988). For the Earth’s atmosphere, occultation obsemsitad stellar scintillations were performed at the orbitatisn Mir
(Alexandrov et al., 1990; Gurvich et al., 2001a, b; Gurvidd &an, 2003a, b). The observations of stellar scintillaiondi-
cated that the Earth’s atmosphere is characterized by Hogfog two types of inhomogeneities: 1) isotropic fluctoats and
2) strongly anisotropic layered structures. On the basthese data, an empirical two-component model of 3D inhomege
ity spectrum was developed, the anisotropic componentithestcby the model of saturated internal gravity waves (IGihg,
isotropic component as Kolmogorov turbulence (Gurvich Brekhovskikh, 2001; Gurvich and Kan, 2003a, b). The metlod o
the retrieval of these parameters from the observationeb@sscintillations was successfully employed for thieipretation
of the experimental data acquired at the Mir station. Thitheewas further enhanced and applied for the bulk retriefias\W
and turbulence parameters from the observations made byHatometers at the GOMOS/ENVISAT satellite (Sofieva et al.
2007a). The retrievals are performed in the altitude rang® 50—-60km down to 30km (Sofieva et al., 2007b). The upper
limit was determined by the radiation shot noise, the lowmaitlwas determined by the applicability condition of thetBy
weak fluctuation/scintillation theory.

In the radio band, the amplitude fluctuations are much smihlén in the visible band, therefore, the weak fluctuati@otl
may be applicable down to altitudes of several kilometehg main limitation is due to the humidity fluctuations, whoslke
becomes significant in the troposphere. The upper boundaheaneasurable fluctuation of RO signals is about 30ki35
where residual ionospheric fluctuations and measuremés# hecome dominant. Optical and radio monitoring of atrhesp
inhomogeneities complement each other in the regard of Heght ranges. For the visible band, stratospheric IGW and
turbulence make approximately equal contributions intgriictuations (Gurvich and Kan, 2003a, b; Sofieva et alQ721).

In the radio band, the leading cause of the inhomogenesgissturated IGWs, whose spectra are characterized by a steep
power spectral decrease with increasing wavenumber. Nepyga@n increasing number of papers discuss the use of GPS for
the study of atmospheric inhomogeneities. Some papersiamiuctuations of the amplitude and the phase of radio Edna

the stratosphere to IGWs (Tsuda et al., 2000; Steiner andh&mgast, 2000; Wang and Alexander, 2010; Khaykin et al5201
while other papers attribute this part to isotropic turbgkein the lower stratosphere and troposphere (Cornmar 208,

2012; Shume and Ao, 2016). Therefore, it is necessary toflate clear criteria for determining what type of inhomoejéies,
isotropic or anisotropic, dominate radio signal fluctuasio

The aims of this paper are to clarify the role of the two inhgereity types and to evaluate their actual contributions in
the amplitude and phase of RO signals. Our analysis is basd¢ddeophase screen approximation and the weak fluctuation
theory. In the framework of these approximations, we obsgaimple analytical relationships for the variance of flutims of
radio signals for anisotropic and isotropic inhomogeasitiAt this stage of our study, we confined the analysis ofraxgatal
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data to height range from 25 down tc# in the middle and polar latitudes, in order to exclude theugrilce of complicated
dynamics of lower-tropospheric humidity. Our aim is not thentitative study of RO signal fluctuations, but rather madie-
stration of the qualitative principal differences betwdlee manifestations of turbulence and IGWs in RO signals. &pep
is organized as follows. In Section 2, we consider the 3D risodeanisotropic and isotropic atmospheric inhomogeesiti
the phase screen approximation, the weak fluctuationi¥&iian theory, and the approximations entailed. In Smtis, we
apply these methods to derive simple relationships for tétgstical characteristics of RO signal fluctuations. Ict®m 4, we
consider the experimental variances and fluctuation spetthe amplitude and phase for the lower stratosphere guet tio-
posphere. In Section 5, we discuss the relative contributito RO signal fluctuations coming from isotropic and atrigpic
inhomogeneities. In Section 6, we offer our conclusions.

2 Basic Models and Approximation

For RO signal analysis, we employ the following approximas:
1) a two-component model of the 3D spectrum of the atmosphefiactivity fluctuations;
2) the approximation of the equivalent phase screen;
3) the first order approximation of the weak fluctuation tlygine Rytov approximation).

2.1 3D Models of Refractivity Fluctuation Spectra

For the description of the wave propagation, we define theacheristics of the random media by its 3D spectrum of theired
fluctuations of refractivity’ = (N — N) /N, whereN = n — 1, n is the refractive index, and the overbar denotes the refjiona
and seasonal statistical average estimate. We assumegtilarratmospherey, to be locally spherically symmetric. In the
visible band, refractivity fluctuations depend only on temgiure fluctuations. In the radio range, humidity flucturadi make

an additional contribution into refractivity fluctuatignshich may be crucial in the lower troposphere (Eaton etl&i88).

Stellar occultations indicated that the atmosphere isattiarized by two types of density fluctuations: 1) largdesca
anisotropic ones and 2) isotropic ones (Gurvich and Kan320; Sofieva et al., 2007a). Based on these observationacGu
developed a 3D model of the spectrum of relative fluctuatadmefractivity, which includes two statistically-indepgent com-
ponents: 1) anisotropic fluctuatiofs;, and 2) isotropic fluctuation® - (Gurvich and Brekhovskikh, 2001; Gurvich and Kan,
2003a, b):

D, (KZ) = oy (K‘;) + g (KZ) (1)

wherek is the 3D wave number. It is assumed that the random figgdocally homogeneous in a spherical layer. This allows
taking the anisotropy of refractivity irregularities indecount (Gurvich, 1984; Gurvich and Brekhovskikh, 2001).
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Both components of the spectrum have a power law interval v power of-p, which is confined between the outer scale
Lw, i and the inner scalgy i of the inhomogeneities. Both components can be expresshd following general form:

—n/2 K
B = Dyysc = ACY P (K2 + 122 + K ge) ™ qs( )
KW, K

2 =r2 40?5, K2 :niJrnf! (2)
Wherecgvﬁ i are the structure constants determining the fluctuati@msityr, » > 1 is the anisotropy coefficient characterized
the ratio of the characteristic horizontal and verticalesga . is the vertical wavenumbex,, ,, are the horizontal wavenum-
bers, the direction of axis coincides with that of the incident rafyw, x = 27/ Lw, x andkw, x = 27 /lw i are wavevector
parameters corresponding to the outer and inner scalggatdgely. Functiony determines the damping of the spectrum for
the smallest scales. We will use the following functiens= exp (—+? /sy x ).

Forpu=>5,n>1, A=1 the spectrum (2% = ¢y is a 3D generalization of the known model of saturated IGW& wie
vertical 1D spectrum with the slope3 referred to as the "universal spectrum" (Dewan and Goodg;196ith et al., 1987;
Fritts, 1989). We will use a model of the IGW spectrum with agtant anisotropy = const > 1, although the latest studies
of stellar scintillations (Kan et al., 2012, 2014) indictitat the anisotropy increases and saturates with incigasile; the
saturation value being about 100 for vertical scales of ath6Qm. Below, we will see that the characteristic scales of IGW
model, determining RO signal fluctuations are the Fresraegg- and the outer scale. For radio waves witk- 20 cm at a
GPS-LEO pathpr equals about km, while the vertical outer scalby;, is severakm. For inhomogeneities with scales1
km, the anisotropy) significantly exceeds its critical valug, = \/R./H, ~ 30, whereR, is the Earth’s radius, antl, = 6-8
km is the atmospheric scale height (Gurvich and Brekhovskiki91). Due to sphericity, different orientations of anispic
layered inhomogeneities with respect the line of sightltésiuhe saturation of eikonal, or phase fluctuationg at 7..... For
a larger anisotropy) > 7., their dependence omdegrades, and they remain at the value corresponding tcsttmepdotic
case of spherically-layered inhomogeneities (Gurvict841%urvich and Brekhovskikh, 2001). In more detail, the capt
of the critical anisotropy).,- will be duscussed below (see Egs. (7) and (8)). ThereforeR@ sounding, the approximation
of strongly anisotropic IGW inhomogeneitigs= const > 7., is acceptable. The structure characteristic for dr)ﬁﬁg dry
is expressed in terms of the conventional parameters dgiegrthe 1D vertical spectrum of temperature fluctuationthie
IGW model, V7 (k.) = B“%-V- k53 (Smith et al., 1987; Fritts, 1989; Tsuda et al., 1991), de\id (Sofieva et al., 2009):

g2

35@%;.‘/.

47 g?

®)

2 _
CW,dry -

where 8 ~0.1 is the coefficient introduced in the IGW model; . is the Brunt—Vaisala frequency, andis the gravity
acceleration. More discussion on the modig} is presented below in Section 5.

To obtain the value of the structure characteristf in the radio band(, ., must be multiplied with the coefficient
K2, which takes humidity into account (Tatarskii, 1971; Gobdlg 1982; Tsuda et al., 2000). The inner sdagjemay vary
in the stratosphere from several meters to several tens @irsn@urvich and Kan, 2003b; Sofieva et al., 2007a). Forlipca
homogeneous random fields, the power exponent of purely iplawespectra must lie in the following limits3 < u <5
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(Rytov et al., 1989a, b). This dictates the necessity obahiction of the outer scale, although the variance of aomsit
fluctuations only indicates a weak dependence from the satdes up tg. <6 (Gurvich and Brekhovskikh, 2001).
Foru=11/3,n=1, A=0.033, andC% = C2/N?, whereC? is the structure characteristic of refractivity fluctuato
spectrum (2)d = ¢, is a model of the Kolmogorov isotropic turbulence (Monin afadjlom, 1975). In a stably stratified
atmosphere, turbulence is developed mostly in separagedayith vertical scales from several tens of meters to ooendter.
We use the characteristic scale of these layers as the éstiftne outer scale of isotropic turbulence. The innerestathe

3

spectrum of the Kolmogorov turbulence can be definetkas 6.5\ = 6.5ya/4e,;1/4, where)\ is the Kolmogorov scale,

v, is the kinematic molecular viscosity; is the kinetic energy dissipation rate (Tatarskii, 1971).
2.2 Approximations of Phase Screen and Weak Fluctuations

Due to the exponential decay of air density with the altifualeay propagating in the atmosphere is mainly affected by th
vicinity of the ray perigee, with the effective size along tlay of about several hundreds of kilometers. The distarwa f
the perigee to the LEO is much greater, and equals aboutid@0This allows the approximation of the atmosphere as a thin
screen that only introduces phase variations, includirtg kegular and random ones, and is referred to as a phas@é sthee
amplitude fluctuations are formed due to the diffractionimiyithe propagation in the free space from the screen to tever.

We position the phase screen in the plane crossing the Eaethter and perpendicular to the incident rays. The odmrita
geometry has been discussed in many papers: (Vorob’ev aaslliWikova, 1994; Ware et al., 1996; Gorbunov and Lauritse
2004; Cornman et al., 2004; Pavelyev et al., 2012, see furdferences and Figures therein). The phase screen has been
discussed in (Hubbard et al., 1978; Woo et al., 1980; Gunié4; Gurvich and Brekhovskikh, 2001). The use of the phase
screen allows a significant simplification of the RO signattibation analysis, and makes it possible to take into adcien
regular variation of refraction with the altitude. In theakyation of the equivalent phase shift (eikonal), it is reseey take into
account the Earth’s sphericity.

The amplitude fluctuations are considered weak, if theiravere is less than unity (Tatarskii, 1971; Ishimaru, 1978)
weak fluctuation approximation makes it possible to deriwgpte linear relationships linking the 3D spectrum of thmat
spheric refractivity fluctuations with the 2D spectrum ofgditude and phase fluctuations of RO signal (Rytov et al.,.9598
b; Gurvich and Brekhovskikh, 2001; Sofieva et al., 2007ajh&wisible range, fluctuations are weak for ray perigeéualts
above 25-3Gkm (Gurvich and Kan, 2003a, b; Sofieva et al., 2007b). For GP® signals, amplitude fluctuations are sig-
nificantly weaker, because the Fresnel scale is about thdugaes greater than that in the visible range. At low atiés)
refractive attenuation also reduces amplitude fluctuati&elow, we will show that the weak fluctuation condition ®PS
RO observations can be fulfilled down to an altitude of sdvdlameters. In the lower troposphere, especially in tospithe
influence of humidity is strong, and amplitude fluctuationsynbecome strong due to multipath propagation. Complicated
non-linear relationships for strong fluctuations may digantly aggravate the data analysis. Some of options ofdtreval
of inhomogeneity parameters under strong fluctuation ¢mmdi are discussed, for example, by Gurvich et al. (2006).

A high velocity of the ray immersion in satellite observaticallows using the hypothesis of “frozen” inhomogeneitas
mapping measured temporal spectra of signal fluctuatidnsspatial spectra.
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3 Relationships for Statistical Moment of RO Signal Parametes

The approximations of phase screen and weak fluctuatioow akériving simple expressions for the statistical momefits
RO signal fluctuations. In this Section, we will discuss tationships that link the measured variances and 1D spe€tr
RO signal fluctuations with 3D spectra of atmospheric reivig fluctuations for IGW and turbulence models, as weltlas
model profiles of variances of RO signal fluctuations.

3.1 Correlation Functions and Spectra

For a satellite-to-satellite path, using the approxim&iof phase screen and weak fluctuation, it is possible toel¢ne
following 2D correlation functions in the observation péafg, yo) (Rytov et al., 1989b):

Bx,S (AZO, Ayo) =

_ } 5 L B / N ot k~y o 2 ki o 2 / /

=5 {BS (Az,Ay)F pE—v //BS (AZ',Ay")sin {4$1q (A2 —Az)" + s (Ay' — Ay)”" | dAZ dAy

Bys (Azo,Ayo) =

- }L/ Bs (A2, Ay cos il (A —Az)° + Ll (Ay — Ay)?| dAZ dAy (4)
2 4y ql/? ’ 4x1q 4z

wherey is the logarithmic amplitude$ is the phasek = 27/, axisx is collinear with the incident ray direction, axig
is verticaly = %ﬁl x,; IS the distance from the transmitter to the phase scregiis the distance from the phase screen
to the receivery is refractive attenuation coefficienfyz, Ay are the scales in the phase screen, defined as the coordinate
differences of the phase stationary points, and linked ¢octirresponding scales in the observation plane by thenfimltp
relationshipsAz = %AZQ,Ay = %Ayo, Bg (Az, Ay) is the correlation function of the phase in the phase sctBeg,is the
mutual correlation function of the logarithmic amplitudedaphase. The negative sign in the upper formula in (4) appiie
the amplitude, and the positive sign applies to the phase.

Taking the Fourier transform, we arrive at the following esgsions for the 2D fluctuation spectra of the received &igna

_k? O UASS- B I A
FX75(/<;z,ny)7? 1 F cos H(anrq ko) | Fip (Kzyhiy)

Fis (ks ky) = kjsin {mq (/93 +q1m§)] ﬁlp (Kzsky) (5)
Y

Whereflz, (K., ky) is the 2D spectrum of the fluctuation of eikorak= S/k in the phase screen. For the sake of convenience,
relationships (5) are written in terms of wavenumbersx, in the phase screen, which are linked to the wavenumber in the
observation plane by the inverse scale relations.

In the general case, the relationship between the 2D spedaifuihe eikonal fluctuations in the phase scréénand 3D
spectrum of the atmospheric refractivity fluctuatich$or a random field- that is locally homogeneous in a spherical layer
can be written down as follows (Gurvich, 1984; Gurvich anélrovskikh, 2001):

~ - R HO dk
P (izsty) = 02 [ @ (1 J12 402 ) exp =2 : 6
o (FzyKy) / Kzy\/ K3 + K3 | exp 1+/€§H§H$ N (6)
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whereU is the mean eikonal. In particular, for the exponential apherel = /27 R.H,N. The eikonal, or the optical path,
characterizes the propagation media, while the phase afsends on wavelength. In the RO terminology, the excesefbas
phase excess) refers to the eikonal of the observed fieldthatisubtraction of the satellite-to-satellite distandee Excess
phase, therefore, characterizes the atmospheric effébtinbserved eikonal. The excess phase (eikonal) is motgléue
phase screen. Accordingly, in the observation plane weyshelfluctuations for both eikonal and phase.

Formula (6) takes into account the sphericity of the atmesphwhich is essential, if) > ... Figure 1 in
(Gurvich and Brekhovskikh, 2001) provides a good illustratof the influence of the Earth’s sphericity upon the eikona
fluctuations in sounding isotropic and anisotropic atmesighnhomogeneities. A general expression (G)ﬁ‘gris derived in
(Gurvich and Brekhovskikh, 2001). Here, we will discuss artpnt particular cases.

1. Moderate anisotropy < n < 7. =~ 30. In this case the Earth’s sphericity is insignificant, argsumingR. Hy — oo
and performing integration, we arrive at the following kmowelationship, applicable for random inhomogeneitiesally
homogeneous in the Cartesian coordinate system (TatatSKii; Rytov et al., 1989b), which we dencffg:

™
R.Hy

ﬁz;("@z»"fy)%\i/z @(Iiz,lﬂjy,()) (7)

For the isotropic turbulence, we substitdie= @ x with = 11/3 andn = 1.
2. Strongly anisotropic inhomogeneitigs> ... For 4=5, this case corresponds to the model of saturated IGWh#or t
large-scale part of the spectrum. In this case, we can vin@éallowing expression for the eikonal spectrliﬁ‘p:

/2 -1
e (KR bR ) T ()
FSO ("iza"ﬁy)z\y2 1—|—/€§H§ nr(%y) . Qw(/ﬁz,fﬂy,(}) (8)

For strongly anisotropic inhomogeneities, functi&g has a sharp peak with respect to its argumegptand it only differs

from 0 in a small area near, = 0; this corresponds to the asymptotic case of sphericallynsgiric inhomogeneities. This

function can thus be approximatedég(nz,ny) ~ Vi (k2) 6 (ky), wheref/; (k) is the 1D vertical spectrum of the eikonal

in the phase screen, avﬁgl(nz) is evaluated by integrating (8) with respect to horizontal@numbers:

—1 2
“a Fa 72,2 | ™ F(H2 ) K 2 2\ —5+1
th (HZ):/Fw(“zvﬁy)d’{y:\P Ciy 1—|—I€§H02 T]F(%) €Xp _le/v (KW'F‘%z) ’
1 1 -4 K? 2
r(=\u(=-~2 w 9)
2 2 2 Ky,
The variance of the logarithmic amplitude fluctuation isedetined by the scales of the order of the Fresnel zone (Kitars

1971). The vertical Fresnel scale = /mAx1q/~ for A =19.03 cm varies from 1260n at a ray height of about 30m to
about 500m at a ray perigee height of 2m; therefore, in our caser > ly. The variances of eikonal and refraction angle

whereU («, 5;t) denotes the hypergeometric function.

fluctuations, and the mutual correlation function of anyalé and phase for such steep 3D spectral with5 are determined
by scales of the order of the outer scélg . Therefore, for the IGW model, the fluctuations of all the R@nal parameters
under discussion are determined by inhomogeneities widlives large vertical scales, significantly exceedingtiner scale:
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k. < k. Then, using the expansion of the hypergeometric functiosrall arguments it is possible to derive the following

expression (Gurvich, 1984):
—5+1

N B K2 2
7 () ~ 202, S 1)

’ (n—2)\/1+r2Hg

In this case, the vertical fluctuation spectraspfvhich corresponds to relative temperature fluctuatiahgl” for dry atmo-

(10)

sphereVi} (k.), and the eikonal fluctuation spectffg (k.) /¥?% in the phase screen are linked by the following relationship
(Gurvich, 1984):

L
2 2\~ 2+l
KW+/£Z)

VV(%/ (l{z) = 47TCI%V((ILL—2) =1/ 1 -+ HEHS V£¢E§Z) (11)

Relationship (11) is written for single-sided spectrador> 0.

In the observations, we obtain a 1D realization of the sigiwig the receiver trajectory. During a RO event, the change
the satellite positions are small with respect to theiratise from the phase screen. Moreover, the fluctuation etioelscale
along the ray significantly exceeds the correlation scakhéntransverse direction (Tatarskii, 1971). Therefore,easnred
realization corresponds to the ray displacement in thegoba®en by distaneealong the projection of the satellite trajectory
arc. In the phase screen model, we have to take into accoemefractive deceleration of ray immersion, and the velrtica
compaction of the scales. The observation geometry will éterchined by the obliquity angle of the occultation plane,
defined as the angle between the immersion direction of thpeegee and the local vertical in the phase screen. 1D 1spect
of amplitude and phase fluctuation measured along atcanglea can be expressed as follows (Gurvich and Brekhovskikh,
2001):

Vys (ks) = /FX7S (kssina + K’ cosa, ks cosa — k' sina) dk’ (12)

Angle o = 0° corresponds to a vertical occultation, and= 90° corresponds to a horizontal, or grazing occultation. The
frequency of amplitude fluctuationsis linked to the wavenumbey, by the following relationship:

ks =27 f [vg (13)

whereuv; is the velocity of the ray perigee projection to the phaseestr

For isotropic inhomogeneities, the characteristic fregpies are determined by the corresponding scales and ehl@acity
vs in the direction at anglev. Strongly anisotropic inhomogeneities are intersectedhieyline of sight, effectively, in the
vertical direction, because the effect of the horizontddeiy component is much smaller. The condition of suchafiely
vertical occultations is as follows (Kan, 2004)n « < 7. Forn > 50, this condition is fulfilled up to angles ~ 89°, which
applies, eventually, to any occultation. For strongly atrigpic inhomogeneities, the 1D vertical spectra of amgitand phase

fluctuations at the receiver, are descirbed by the follovgingple relationships:

o k2 r1q ~
Vs (k2) = ) {1 F cos (k;mi)} |2 (Kz) (14)
wheref/; (k.) is determined by (10). As above, the negative sign appliése@amplitude, and the positive sign applies to the

phase.
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3.2 Variance of Logarithmic Amplitude Fluctuations

For the fluctuations of logarithmic amplitude, in both maded the 3D spectrum of inhomogeneities, the principle sisalee
Fresnel scale, which significantly exceeds the inner scale. In additi@suaning that the outer scale is much greater than
pr, We can omit the outer and inner scale in the Eq. (2) for thef2Bum and use it as a pure power law.

In the case of strongly anisotropic inhomogeneitjes- 7., using (10), (14), and condition, Hy 1, we can derive the

following expression for the variance of logarithmic anydie (Gurvich, 1984):
2 ~ k2 1 T —-1,2 Va d d
oy (> 1) = 5 q1—cos k"y (F& +q 'k ) (K2) 0 (ky) dkydk
23
2

T2C2, 02k N
2Ho(,u 2)T (&) sin (7472) <7kj) (15)

which, forp = 5, correspond to the model of saturated IGWSs.
For a moderate anisotrogy< n < 7., the corresponding expression can also be found in (Gurtsd):

k2
ai (N <K Nep) = 1 {1 — cos [3];1;] (ng —|—q1,£2)} o (ny,mz)dnydmz} =

An?\/mC?W2k%y (qzl>g_1 (16)
4\/R HOF( )sln( ) vk

ForC? =C%, 1 =11/3, A= 0,033, andn = 1, Eq. (16) corresponds to a locally homogeneous turbulence.

In order to analyze the influence of anisotropy upon ampditiactuations, consider the ratio of (15) and (16) with thesa

power exponent::

(77 > nrr) _ 2 Ner (17)

)24(77<<776T) B VT(p—2) n

Forn =1 andu = 5, this ratio equals 12, and for=11/3, it equals 20. Therefore, the variance of logarithmic atagk

g

fluctuations increases with increasing anisotrggdgr 1 < 7., and saturates foy ~ 7.,., and for the extreme case of spheri-
cally layered inhomogeneities~ 100 > 7., the ratio in question is about 10-20. This is a consequehtteeqeometry of
occultations: rays are oriented lengthwise with respeptétonged inhomogeneities.

3.3 Variance of Phase (Eikonal) Fluctuations

The main contribution into phase fluctuations comes fronoimbgeneities with vertical scales close to the outer sGélere-
fore, it is possible to use the geometric optical approxiomefor formulas (5) and (14). To this end, we expand the cofin
small arguments into series and neglect the inner scale.

For the variance of phase fluctuations for strong anisotrppyn., and outer scalé(;vl ~ H,/2m, we obtain:
2m Tk O T (“52) | i

(1—2) HoT (£ 1) w

U% (0> Ner) = (18)
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For = 5, the variance depends on the outer scalK g$.
For a moderate anisotropy< 7., using (5) and (7), we obtain the following expression:

27r\f7rk2AC'2\Il2n _
2 p+2
o5 (N <K Ney) = Ky

S( ) (‘“ —2) \/Relio

(19)

ForC? =C%,=11/3, A= 0,033, andn = 1, this corresponds to the model of isotropic turbulencehisitase, the variance
of phase fluctuations depends on the outer scaIé;§é3 (Tatarskii, 1971). The ratio of (18) and (19) for the samén way
similar to amplitude fluctuations, is proportional to théoaf 7., /7.

3.4 Variance of Ray Incident Angle Fluctuations

For a strong anisotropy > 7., the incident ray direction fluctuations are nearly veiti€ae vertical fluctuation spectrum of
the ray incident angle is equal to that of eikonal, multigli® x2. Then, replacing the cosine in (14) by unity, we arrive at the
following expression for the variance of ray incident anfijetuations:
471'03‘/\1/2 —p+4

=2 (u— D Hy W (20)

o2 (0> ner) =

and fory, = 5, the variance depends on the outer scalﬁa,é.

For the case = 1, the variance of incident angle fluctuations is determinethb inner scale of inhomogeneities, unlike the
case of a strong anisotropy. Moreover, the term with thengoisi (5) gives a small contribution, as compared toff—k‘?fi > 1.
Using (5) and neglecting the cosine term, we arrive at tHeviahg expression for the fluctuations of the full incidengie 0:
1~ T /TACEL T (2 4) e
2v/R.H, K
For the Kolmogorov turbulence, the variance of incidentlafigctuations depends on the inner scale%g. Introducing the
effective thickness of the atmosphere along the ray, whighats L.y = /7 R. H, ~ 400 km, we see that (21) coincides with
the corresponding formula in (Tatarskii, 1971) for an olsagon distance oL s in a homogeneously random medium.

(21)

S

e

=
Il
2

3.5 Mutual Correlation of Logarithmic Amplitude and Phase

For the case of a strong anisotropy> 1., the single-point correlatiof.S) = B,.s(0) is determined by the outer scale of
inhomogeneities. Using (5) and (10), and expanding theisioeseries, we arrive at the following formula:

27703‘,\1!2/42 T1q 5, —pta

T Ho(u—2)(n—4) by W (22)

(xS (7> 1er))

For 1 = 5, the correlation depends on the outer scal&gs, which is the same dependence as that of variance of bending
angle fluctuations.

For isotropic inhomogeneities,= 1, the most important scale determining the correlation efltigarithmic amplitude and
phase, is the Fresnel scale > . Under the assumption that- is small compared to the outer scale, it is sufficient to
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consider a 3D spectrud in a purely power form. This results in the following formula

w2 /7 AC2 V2|2 51 —
<><S(n:1)>=4\/?}[\§<g)ii<];w) (3;1;]) :ai(nzl)tan(w“42> (23)

For ;o = 11/3, the relation between correlatigiy.S(n = 1)) and the variance of amplitude fluctuations is the same as for a
homogeneously random medium (Tatarskii, 1971).

3.6 Model Variance Profiles

The profiles were evaluated for a GPS—-LEO system with ortiiides of 2000&km and 800km, respectively, for a wavelength
of 19.03cm. The parameters of the regular atmosphere, includingatefeaindex NV, the height scale of a homogeneous
atmospherdd,, the average eikonal, bending angle, and refractive attenuation coefficieptcorrespond to the standard
model of the atmosphere.

The structure characteristic of the relative fluctuatiohsefractive index was specified for the model of saturatedk3n
a dry atmosphere, according to relation (3). Numerous satide profiles and observations of stellar occultationsate that
this relation is met with a good accuracy for the troposplaee stratosphere. For the radio band, the structure cleaistict
was multiplied byK? in order to take humidity into account. We were using the Hlityiprofile, typical for spring and autumn
in middle latitudes, with the gradient scale of Zin. As shown above, the inner scale of the inhomogeneitiesignificant
in the IGW model. The outer scale, corresponding to vericale of dominant waves, was assumed to edyal= 4 km
(Smith et al., 1987; Tsuda et al., 1991).

For the isotropic turbulence at heights of 44h, we used numerous data of radar measurements of the sgwttarac-
teristic performed during years 1983—-1984 in Plattevillelorado (Nastrom et al., 1986). From the monthly averagefilgs
of C2 shown in Fig. 10 of the cited paper, we chose the maximum sahea mostly correspond to August, in order to obtain
the upper estimate of turbulent fluctuations of RO signats.teights of 15-3&m, where humidity is negligible, we used
model dataC? from (Gracheva and Gurvich, 1980), which generalizes tealte of numerous observations and models for
the dry optical turbulence (Gurvich et al., 1976), as welledgevals ofC? from stellar occultations (Gurvich and Kan, 2003b;
Sofieva et al., 2007a). For the outer scale we used the valli&wf The inner scale is assumed to increase froemdat 4
km to 0.75m at 30km. The mean value of refraction angi@nd refractive attenuation coefficieptvere evaluated using the

exponentially decaying atmospheric air density profile:

= _ o\ -1
S q:(l_@“lg) (24)

Figure 1 shows the model profiles of rms fluctuations of theulitgmic amplitude, eikonal, incident angle, as well as the
correlation of the logarithmic amplitude and eikonal, fatsated IGWSs and isotropic turbulence. For the assumednedeas
of the 3D inhomogeneity spectra, all the rms for saturated/$@&xceed the corresponding values for the isotropic tunicele
by an order of magnitude or even more, and this differenceeases with the altitude. This especially applies to therek
fluctuations and amplitude-eikonal correlation, where dfierence in rms exceeds two orders of magnitude. The kifiee o
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Figure 1. RMS fluctuations of logarithmic amplitude, eikonal, incident angle, and sipgiet correlation of logarithmic amplitude and

phase for the model of saturated IGWSs (blue lines) and for the modettmilence (red lines).

the profiles at an altitude of 1Bm for the turbulence model is linked to the peculiarity of theasured profiles of’?
(Nastrom et al., 1986). In (Nastrom et al., 1986) it is, hosrewoted that the increase Gf above 10km is not corroborated
by other observations in Platteville (Ecklund et al., 19a8) can be attribute to measurement noise. For the IGW mibel,
knee is explained by the abrupt change of the Brunt-Vaisétfuency near the tropopause, according to (3).

For the turbulence model, we assumed the outer scale to lagtedikm. However, for stable stratification, which is typical
for the stratosphere, the outer scale may be significargitiean this value, down to hundreds or even tens of metersgthe
2004). The saturation of the 3D spectrum of turbulence abther scale, which is less than the Fresnel zone size, gililre
in the decrease of the turbulent fluctuations of RO signat®agpared to the estimates fokin, and the difference with IGW
fluctuations will be even larger. Due to the fact that the agarg over the Fresnel scale results in much smaller andglitu
fluctuations of RO signal as compared to the visible bandwiek fluctuation condition is fulfilled down to the lower linaf

the altitude range under discussion.
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It is known that local profiles of atmospheric inhomogemsitexhibit large natural variability. Furthermore, eveaitth
average profiles significantly vary depending on latituéasen, orography, regions etc. The turbulence structamcteristic
for different observations, even in a free atmosphere, naay by up to two orders of magnitude (e.g. Gracheva and Goyvic
1980; Wheelon, 2004). A significant variability is observed the intensity of saturated IGWs (e.g. Sofieva et al., 2007a,
2009), which depends both on the sources producing the veaxksn the propagation and breaking conditions. Eq. (3hier t
saturated IGW only reflects the most general relation beiviee structure characteristic and the atmospheric stabilhe
latitudinal variability of the structure characteristigmificantly exceeds that af% ,, (Sofieva et al., 2009). However, on the
average, the variations of refractivity fluctuations aeréefore, the amplitude fluctuations are determined by xpereential
decay of the atmospheric density with altitude. Becausenauk is aimed at a qualitative distinction of the contriloutiof
turbulence and IGWs to the fluctuations of RO signals, we demginly averaged vertical profiles of the structure charésttc
of turbulence and IGWs for the theoretical estimates. Qtativé studies of IGW parameters and wave activity for défe
latitudes, seasons, and regions in the stratosphere arat trpposphere are planned for the future work. Despiteilpless
inaccuracies in the assumed values of the structure cleaistitt, the variance estimates obtained in this work, defin
indicate the dominant role of saturated IGWs under the cmmditin question.

4 Experimental Fluctuation Spectra of Amplitude and Phase

The mostimportant difference between turbulence anda@uitGWs is the anisotropy of the latter. The variances ofigas
parameter fluctuations, being single-point charactesstio not contain an immediate information on the anisgtofphe 2D
field of RO signal fluctuation in the observation field. Thifoimmation can be extracted from an ensemble of 1D spectr®of R
signal fluctuations measured at different obliquity angldsen categorized according to frequency or to verticalemavnber.
For turbulence, due to its isotropy, the fluctuation freques/ of the signal are determined by the characteristic scalé$rsmn
obliqgue movement velocity, of the line of sight defined as the velocity of the projectiéthe ray perigee to the phase screen
plane. For anisotropic IGW inhomogeneities, the fluctuafrequencies of the signal are determined by the vertidalcity
v, for the majority of occultations. These velocities and trexcies coincide for a vertical occultation, but they mdfedi
several tens of times for a highly oblique occultation. Thégjuency discrimination of isotropic and anisotropic fliations
in oblique occultations allows for a separate estimate eir tbontribution into signal fluctuation spectra (Gurvictde&Kan,
2003a, b; Sofieva et al., 20074, b).

Figures 2 and 3 show the spectra of relative fluctuationsenathplitude for the wavelength = 19.03 cm from GPS/MET
observations acquired on February 15, 1997. Figure 2 shesptectra for the low stratosphere at altitudes frorkigslown
to the upper boundary of the tropopause located at @x13-igure 3 shows the spectra for the upper troposphere atdst
from 8-12km down to 4km. As noted above, the analysis is based on occultation evetitdifferent obliquity angles, in
middle and polar latitudes. We selected events with a loellefionospheric fluctuations at altitudes below 60%7n0 Under
these conditions, below 25-36n neutral atmospheric signal fluctuations will supersedeidhespheric fluctuations and
measurement noise. Noise correction was performed undexsttumption that the noise source is the receiver, and tbe no
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properties remain constant during an occultation everg. fidise spectrum was estimate from the occultation datadeed
altitudes of 70-5&m with a low level of neutral atmospheric and ionospheric flations. The mean amplitude profiles were
determined by linear fitting.. Figure 2 and 3 (as well as Fégirand 5 below) show 30 examples of stratospheric events and
20 examples of tropospheric events. For the stratospheralliquity angles changed within the range20f — 87°, for the
troposphere they changed in the rang8®f — 88°. Therefore, for strongly anisotropic inhomogeneitiegsth occultations
were effectively vertical.

The amplitude fluctuation spectra are represented as tligrof wavenumber and spectral density, normalized to the
variance. Such a product will be hereinafter referred thaspectrum, as distinct from the spectral density. Thetspicicate
a maximum corresponding to the Fresnel scale. The thealsfiectra for both inhomogeneity types have asymptotitts avi
slope of+1 for low frequencies; for IGWs, the asymptotics correspoidfi¢ conditionLy, — co. For the high frequencies,
at the diffractive decline, the slope of the spectrajs+ 2, i.e. —3 for the IGW model, according to formulas (10) and (14),
and —5/3 for turbulence (Tatarskii, 1971; Gurvich and BrekhovskiRR01; Woo et al., 1980). For the chosen fragments of
realizations, we used the Hann cosine window. This winddemel the minimization of distortions of spectra with a steep
decrease (Bendat and Piersol, 1986). The Fourier periadwgwere averaged with a spectra window with a variable width
A f: first with a window of a constant qualitfy/ A f = 2, then with a window of a constant width. The spectra were atized
to the variance, evaluated as the integral of the spectraityeover frequency. The spectra in Figures 2 and 3 aregulatttwo
forms. In panels A, they are plotted as functions of the aldivavenumber, according to the isotropy hypothesis; irelgan
B, they are plotted as functions of the vertical wavenumbecording to the anisotropy hypothesis for effectivelyticat
occultations. The ray perigee velocities and obliquitylesgvere evaluated from the satellite orbit data. The wanwdrais
were normalized on the Fresnel scale in the correspondiegtdin, i.e., the values along the horizontal axisare,pr («)
for the isotropy hypothesis artkrx, pr (o = 0) for the anisotropy hypothesis. For this normalization, $pectral maxima
must correspond to the argument equal to 1.

Figure 2 and 3 indicate that for the isotropy hypothesisgfsA, the spectral maxima are spread over about 1.5 decade of
frequencies. With the increasing obliquity angle, the nmaxisystematically shift to lower frequencies, althougk, ablique
velocities, on the contrary, increase. In panels B, all feza are peaked near wavenumber 1, which representssttierés-
nel zone. This favors the anisotropy hypothesis. For thdieation of the isotropy/anisotropy hypotheses, strongique
occultations should be most informative. If the amplitudecra contained a significant isotropic component, it khmani-
festitself in oblique spectra as an additional maximumaglbér frequencies. In stellar scintillation spectra, sudbable-hump
structure is typical (Gurvich and Kan, 2003a, b; Sofieva ¢28l07a). The absence of the second high-frequency maximum
Figures 2 and 3 indicates that the amplitude fluctuationsezhby the isotropic turbulence in these measurements \gere s
nificantly weaker compared to those caused by the anisctiopomogeneities. The experimental amplitude spectramels
B are in a good agreement with the theoretical spectrum {@@)®4). The variance of amplitude fluctuations weakly dejsen
on the outer scal&yy, if it significantly exceeds the Fresnel scale. Nevertlgld® influence ofyy results in a faster than
+1 decrease of the spectrum at low frequencies. This effastwtilized for the retrieval of internal gravity wave andbiur
lence parameters from stellar scintillations (Sofieva eR8l07a). For the theoretical spectrum in the stratosphereised the
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Figure 2. Amplitude fluctuation spectra for the lower stratosphere: panel A: theojsptiypothesis (Kolmogorov turbulence); panel B: the
anisotropy hypothesis (saturated IGWSs). The color map red—greenetrresponds to the increasing obliquity angles, which are subdivided
into three groups. The black solid line in panel B presents the theoretidalatespectrum for the saturated IGW model; the dashed lines
present the asymptotics of this spectrum for low and high frequenciesowhfrequency asymptotic is evaluated by — co. For the

comparison, red dashed lines show the high-frequency spectrapsstyc of the Kolmogorov turbulence model.
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Figure 3. Amplitude fluctuation spectra for the upper troposphere: panel A: thigohypothesis (Kolmogorov turbulence); panel B: the
anisotropy hypothesis (saturated IGWSs). The notations are the samEigsria 2

value of Ly = 2.0 km; for the troposphere, we used the valudgf = 1.2 km. The fringes of the theoretical spectrum in the
high-frequency region are caused by diffraction on the plsaseen. The slope of the spectrum at high frequenciessagite
the theoretical value-3; note, the diffractive slope of the spectral density equals The fact that all the spectra in panels B
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group together means that all the obliquity angleset the condition of effectively vertical occultations rkg, ., = 88°, we
can estimate anisotropy> tan (amax) =~ 30 for the inhomogeneities, whose vertical scale equals therfel scale.

The measured RMS values of the relative fluctuations of thgliaude in the stratosphere are 0.08-0.20, which is in a fair
agreement with the IGW model (Figure 1), which equals 0.1th@middle of the height range. For the upper troposphere,
the measured RMS values are 0.12—-0.35 and, therefore, tbstynexceed the theoretical estimate, which equals 0.6. T
experimental RMS values proves the applicability of therapimation of weak fluctuations for the interpretation oése
data.

The phase in RO observations is presented as the excess whadeequals the difference between the full eikonal ard th
straight-line satellite-to-satellite distance. We wéfer to the excess phase as to the eikonal. Double-frequahssrvations
allow for the exclusion of the ionospheric component of th@mal under the assumption that the trajectories of thertws
coincide. The ionospheric corrected eikonal consists of tamponents: 1) the neutral atmospheric eikonal evaluegdtie
integral along a straight ray, which in Section 3 was denatell, and 2) the addition to the geometrical length of the ray due t
refraction (Vorob’ev and Krasil’'nikova, 1984; Gurvich dt,2000). The second component is approximately equaletdiitst
one at a height of 1km, and it rapidly increases for lower altitudes. In the firaler approximation of the perturbation method,
the eikonal variations are determined by the refractivexndariations of the neutral atmosphere (Vorob’ev and Krakova,
1984). Strong regular variations of the eikonal with théwdie, and its relatively small fluctuations, which amountenths of
percent, aggravate the separation of fluctuations, edlyedige to the difficulty of the evaluation of the mean eikopabfile
(Gurvich et al., 2000; Cornman et al., 2012; Tsuda et al.020@ this study, we use the smooth eikonal profile evaluéded
the MSISE-90 model (Hedin, 1991) complemented with a sinmpbelel of humidity: the relative humidity has a constant
value of 80% below 1%m. These profiles are evaluated for the real observation gepraed they correctly represent both
the atmospheric eikonal and the geometrical length of thieStll, both before and after the subtraction of the model p
files, the eikonal realizations contained low-frequenentis, due the model inaccuracy. We applied an additionegmuiding
square-polynomial term to the eikonal deviation from thedeloThis procedure smooths the spectral components walesc
exceeding the half-length of the realization. Similar te #mplitude spectra, we used the Hann cosine window alsdnéor t
eikonal (Bendat and Piersol, 1986).

Figures 4 and 5 present the normalized spectra of the atraosfluctuations of the eikonal for the same events andidkit
ranges as for the amplitude spectra. The eikonal fluctusii@ttra are also represented as the product of wavenumtber an
spectral density. In this representation, the slope oftiberetical eikonal spectra equalg +2 and, correspondingly, it equals
—3for IGWs and—>5/3 for turbulence. The eikonal spectra normalized accordirige anisotropy hypothesis have a somewhat
large spread compared to the amplitude spectra, still, dlsycorroborate the dominant role of anisotropic inhomegees.
These spectra are in fair agreement with the theoreticiiteéspectrum (14). For the evaluation of the theoretipaicsrum,
we used the same value of the outer scale as for the amplipedéra.

For the stratosphere, the measured RMS values of the eikonalations are 3—10m, while their estimate was &n. For
the upper troposphere, the measured RMS were 4 5vhile their theoretical was aboutcrn.
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Figure 5. The normalized eikonal fluctuation spectra for the upper tropospRarel A: the isotropy hypothesis; panel B: the anisotropy
hypothesis. The notations are the same as in Figure 4.

The atmospheric inhomogeneity models have not only diffea@isotropy, but also different slopeu of the 3D spectra,
which determines the diffractive decay: + 2 in the presented spectra of RO amplitudes and phases. Thg iddast, which
aggravates the derivation of accurate estimates. Nevesté-igures 2-5 indicate that the diffractive decayse&tkperimental
spectra are in a better agreement with the IGW model, as aetpa the turbulence model.
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5 Discussion

In this study, we discussed the 3D spectra of atmospheramioigeneities of two types: 1) isotropic Kolmogorov turlnde,
and 2) anisotropic saturated IGWs. For RO observations,darafiproximations of the phase screen and weak fluctuations,
we derived the relationships that link the observed 1D flatdtin spectra of the amplitude and phase with empirical 3D in
homogeneity spectra. This allowed us to obtain the analy&gpressions for the variances of the amplitude, phaskran
incident angle fluctuations, as well as the single-pointlaoge-phase correlation for both inhomogeneity type< fieoret-
ical estimates of the variances of RO amplitude and phastiétions for different values of the parameters of atmosphe
inhomogeneity model, including the structure charadiessand vertical scales, for middle latitudes in the ssplere and
upper troposphere, indicate that the major contributiom RO signal fluctuations comes from saturated IGWs. The itantr
tion of the Kolmogorov turbulence, under these conditiansmall. Even taking into account a significant spread ofjnbs
values of the structure characteristics and typical sazl@shomogeneities, it is hard to expect that this can corsptnthe
difference between the IGS and turbulence in this altitzgye. Moreover, the averaging of RO signal fluctuationsgatbe
whole ray inside the atmosphere damps the influence of iitterme, which is typical for turbulence under stable #icattion
conditions.

For anisotropic inhomogeneities we employ an empirical ehoflsaturated IGWs (2). Models of this type are widely used
for the analysis of stellar and radio scintillations, thgalar dependence of the back-scattering of radar sigmedsetrieval of
model parameters from occultations etc. 1D vertical anizbotal spectra of this model follow the3 power. However, air-
borne observations (e.g. Nastrom and Gage, 1985; Bacmeisik, 1996) indicate that the horizontal spectra of terafpee
fluctuations in the troposphere and stratosphere, have argpectrum with a slope close t65/3 in a wide range of scales
from severakm to several hundred km (see also Dewan, 1994, the "satucatszhde" model). In addition, the model (2) has
a constant anisotropy. As noticed in section 2.1, obseamatbf stellar occultations with grazing geometry (Kan gt2614),
together with the data about the anisotropy of dominant IG8\Wg. Ern et al., 2004, the description of CRISTA experiment)
GPS occultations in (Wang and Alexander, 2010) have redehbd the anisotropy coefficient is not uniform. It increafem
about 10-20 for the IGW breaking scale (10+20n the vertical direction) to the saturation value of sel/érandred for
dominant IGWs.

The use of the simple model (2) for the problem in questionussified as follows. As shown above, the most important
scales for the IGW model (the Fresnel scale and the outeg)sedahich determine the RO signal fluctuations, equal or ectce
the value of about km in the vertical direction. For inhomogeneities with suchtieal scales, the anisotropy significantly
exceeds the critical value. Therefore, the amplitude arg@ifiuctuations do not any longer depend on the anisotrdpgva
and reach the saturation level, as if the inhomogeneities sgherically symmetric. This explains why it is possildese the
model with a strong constant anisotropy. Due to this, the R€eovation geometry can be assumed effectively vertical, a
the amplitude and phase fluctuations only depend on thecaksiructure of saturated IGWs (Egs. (10) and (14)), which is
adequately described by model (2). In some cases, for dyrobtique occultation events, the condition of effectivgértical

18



10

15

20

25

30

35

observation geometry may be broken, in the lowest few kilense due to the strong refraction, which decreases theakrt
component of the ray immersion velocity.

Following the ideas of Dalaudier and Gurvich (1997), Guménd Chunchuzov (2008) developed an empirical 3D model
of saturated IGWSs, with the anisotropy increasing as a fanabf the vertical scale. The vertical spectrum follows the
power law, while the horizontal spectrum can have-ttig'3 power law for the corresponding choice of anisotropy patanse
This model is in a good agreement with the known air-bornenfadions of horizontal spectra of IGWs. Scintillation sjpac
evaluated on the basis of the variable anisotropy model@uand Chunchuzov, 2008) are in a good agreement with those
evaluated on the basis of the constant anisotropy modeb{2ffectively vertical occultations (Kan, 2016).

Joint observations of the amplitude and phase of RO sigimaa aew prospective for the development and application of
radio holographic methods. These methods allow enhanlegngetrieval accuracy and resolution (e.g. Gorbunov and/iGur
1998a, b; Gorbunov, 2002a; Gorbunov and Lauritsen, 20@4yell as obtaining new information on the structure of the
atmosphere (Pavelyev et al., 2012, 2015, and referenaesrihen particular, Pavelyev et al. (2015) demonstrateddotential
of the locality principle for the localization and estinatiof the parameters of layered structures, as well as treatigmn of
the contributions of layered structures and turbulence@nsiRynals. In our study, we use the power spectra of the obderv
fluctuations of the amplitude and phase, correlated witlobiiguity angle, in order to estimate and separate the itrions
of anisotropic inhomogeneities (saturated IGWs) and igitraurbulence. The application of radio holographic mehéor
the enhancement of the accuracy and resolution is our ptaatiore work.

From GPS/MET data acquired on February 15, 1997, we evaluihgevariances and spectra of the relative fluctuations of
amplitude and the fluctuations of phase for the lower stpdtee, comprising the altitudes from & down to the upper
boundary of the tropopause, and for the upper troposphemgpiising the altitudes from the lower boundary of the tqoguase
down to 4km. For analysis, we chose RO events in middle and polar la&#wdith different occultation trajectories: from
vertical ones with obliquity angle near 0 degree to stroglygue ones with obliquity angles up to 88 degree. The enpsrtal
spectra of the amplitude and phase fluctuations, presest@éuaction of vertical wave numbers for the anisotropy ltlgpsis
or oblique wavenumbers for the isotropy hypothesis, indieastrong anisotropy of the atmospheric inhomogeneiiibs,
along with the theoretical estimates signifies the dominaletof saturated IGWs for RO signal fluctuations. The expental
estimates of variances of amplitude and phase fluctuati@ssiyragree with evaluations based on the IGW model.

In comparison with the visible band, the radio band is charazed by a much greater Fresnel scaje This, together
with the strong refractive attenuation at small altitudes;ording to (15), significantly reduces the amplitude tlatibns and,
therefore, the weak fluctuation condition is met for altéadiown to a few kilometers. This is corroborated by the nreasu
variance of relative amplitude fluctuation. The upper baugaf the RO monitoring of atmospheric inhomogeneitiesaseto
the lower boundary of optical occultations. Thereforejoahd optical occultations, together with the simple agpnations,
permit a diagnosis of wave activity over the whole stratesptand upper troposphere.

Satellite observations of stellar occultations indichtat in the visible band, at the perigee height abouk30 IGWs and
the Kolmogorov turbulence give comparable contributiarie the variance of intensity fluctuations (Gurvich and K2003a,

b; Sofieva et al., 2007a, b). In the radio band, due to the ddfgesnel scale, the role of large-scale inhomogeneitids avi
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steeper 3D spectrum increases. Such inhomogeneitiestabeited to IGWs (Kan et al., 2002). This follows from (15) and
(16): the decay of variance with increasing wavelengthx A*/2~3, is stronger for turbulence,~"/¢, than for IGWs A ~1/2,

The relative contribution of IGWSs into the variance of ampdié fluctuations with respect to that of isotropic turbukeirc

the radio band, compared to the optics, increases propattjoto ()\GPS/)\(,pt)Q/?’ ~ 5-103. This difference is also seen in
Figure 1, which shows the amplitude RMS at an altitude okaQ if we recollect that in the visible band, the amplitude
fluctuations due to IGWs are additionally restrained by theeinscale of IGWs that exceeds the Fresnel scale by about an
order of magnitude.

The statistical analysis of eikonal fluctuations is aggreddy the fact they are non-stationary, and one of the maibl@m
is the determination of the mean profile. We evaluated thengikspectrum using two different mean profiles: 1) the model
profile and 2) the profile obtained by the sliding averaginghef eikonal profile over an altitude windows with a half width
of Ah, with the subsequent detrending the eikonal fluctuatiohs. ise of mean eikonal obtained the sliding averaging with
Ah=5km > Ly, and the model profile resulted in very similar spectra.

For strongly anisotropic inhomogeneities, RO signal flattins are determined primarily by the vertical structurabo-
mogeneities and, accordingly, by the vertical velocitytad tay immersion for different obliquity angles The comparison
of amplitude records taken as a function of time or as a fanatif perigee height clearly indicates that for differentthe
temporal dependencies have different characteristiziéeges, while the altitudinal dependencies have closegrin the
tropics, in the lower troposphere, below the altitude &, the type of the vertical dependence of the amplitude alyrupt
changes: the fluctuation frequencies increase, and thginitoge significantly exceeds that at the same altitudesddiemand
polar latitudes (Sokolovskiy, 2001, e.g.). In order to @bt qualitative estimate of the humidity influence, we aiddilly
analyzed the amplitude spectra in the upper and lower tpipe from the COSMIC data in tropics, May 2011, and in middle
and polar latitudes, January 2011. For each latitude baadshese 30 occultations, with obliquity angles varying frés
to 89°. In the tropics and upper troposphere, at altitudes fromd@ndto 8km, in the amplitude spectra the dominant role
is played by anisotropic IGWSs. In the lower troposphere, @ituales from 6 down km, however, the spectra mostly agree
with the Kolmogorov turbulence, although some of the sgebive maxima located at higher frequencies, as compared to
what is predicted by the theory. This may be a consequendearfgsfluctuations, because the relative amplitude fluzinat
RMS in tropics, in this altitude range is close to unity. A s8ananalysis for altitudes from 6 to tm, for middle and polar
latitudes in January, where the humidity influence was muadiler, indicates that the amplitude spectra mostly cpoed to
the IGW model, and the fluctuation RMS was smaller than initbgits, and was equal to 0.2—0.6. This indicates that in the
framework of the approximations of phase screen and weatufitions, for the lower troposphere, it is only possiblentiei
rough estimates of the atmospheric inhomogeneity parameiestrict quantitative analysis would require more adegh
techniques.

The main result of this study consists in the statement thattitudes above 4-&m for middle and polar latitudes, and
above 7-8m in the tropics, the dominant contribution into RO signal fliations comes from anisotropic inhomogeneities
described by the saturated IGW model. Formerly, for thdatphere, in the altitude range 15-43@, this was demonstrated
by Steiner et al. (2001), who showed that the temperaturtufition spectra obtained from GPS/MET observations, ivéne
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tical scale range 2-¥m are in a satisfactory agreement with the saturated IGW mé&deklyev et al. (2015) analyzed a series
of CHAMP occultation events and showed that layered inhamedies, as compared to turbulence, play a dominant role in
the RO amplitude fluctuations in the stratosphere, and ffraclive slope of the intensity spectra for these inhonmegiées is
close to that predicted by the saturated IGW model. Wang dexibAder (2010) and McDonald (2012), analyzing collocated
temperature profiles from COSMIC observations, showediththte stratosphere, the most large-scale dominant terypera
perturbations are of wave nature. Gubenko et al. (2008, )2@d\eloped a method for the determination of the basic chara
teristics of dominant IGWSs, including their intrinsic frezpcy and phase velocities from vertical profiles of tempeeatThe
method was validated on high-resolution radiosonde obsiens of temperature and wind and then applied to the aisadys
IGW based on temperature profiles retrieved from RO obsenain COSMIC and CHAMP missions.

On the other hand, Steiner et al. (2001) only analyzed fdtegmperature profiles with scales exceeding 116a2The RO
signal spectra, as shown in Figures 2-5, have a significhigther resolution, and the main limitation is imposed byseoiThe
principle parameters of IGWs are their structure charastteii’y, and outer scalé(‘;}. Our estimates indicate that humidity
fluctuations in middle and polar latitudes are significanbwealtitudes of 5-6m; for high altitudes, temperature fluctuations
dominate. The relation betweeﬁ‘%v’ 4ry With the traditional IGW parameters is given by (3). The oweale is introduced
in our model in such way that the inhomogeneity spectrumtisraged to a constant fotr, < Ky (Smith et al., 1987). The
temperature variance in the IGW model can be inferred frob) (3ofieva et al., 2009):

47 _
JgT/T = ?Ca/,dryKI/Vz (25)

which, in turn, determines the specific potential energy ajes:
2

E,= % (ngV> UgT/T (26)

Tsuda et al. (2000); de la Torre et al. (2006); Khaykin et2016) (further references can be found in these papersgstud
the global morphology of, in the stratosphere usi@T /T evaluated from temperature profiles retrieved from GPS/MET
data. The wave activity can be monitored directly from measients of amplitude and phase fluctuations of RO signalsgus
the simple relationships that link them to IGW parametersirAultaneous determination of structure characteristic@uter
scale from RO signal fluctuations allow a more detailed stfdWs. Adjusting the method of the IGW parameter retrieval
from stellar occultations (Gurvich and Kan, 2003a; Sofiaval.e2007a, 2009), it is possible to derive the structuaratter-
istic and outer scale from amplitude spectra. These pasmean also be inferred from eikonal spectra. Still, it sf@rable
to use amplitude spectra, which are much more sensitivéractivity fluctuations: phase variations are proportidoaefrac-
tivity variations, while amplitude variations are proporal to their second derivative (Rytov et al., 1989b). Idi&dn, strong
regular variations of the eikonal with the altitude may dawoluce significant uncertainties in the lower-frequencyae@f the
eikonal spectrum. On the other hand, for quick estimatgmssible to use variances only. The amplitude variance ipethe
determination of the structure characteristic (15); ttkemal variance, together with the estimate of the struatheracteristic
allow the estimate of the outer scale (18). The maximum feegy of amplitude spectra may indicate what inhomogeneity
type is essential for the RO signal fluctuations.
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6 Conclusions

In this study, we presented simple relationships and thieai@stimates of the amplitude and phase variances of tsior
typical parameters of 3D spectra based on two models: 1) th@dgorov turbulence and 2) saturated IGWs. For GPS/MET
observation in the altitude range of 4-Rm for middle and polar latitudes, we derived the amplitude phdse fluctuation
spectra. Both theoretical and experimental results ineieaadominant role of saturated IGWSs in forming the variancet a
spectra of amplitude and phase fluctuation of RO signal irsttegosphere and upper troposphere, at altitudes abovkrd—5
in middle and polar latitudes, and above 7«8 in the tropics. Simple relationships that link IGW paramgi@nd RO signal
fluctuations may serve as a basis for the global monitorin50¥ parameters and activity from RO amplitude and phase
observations in the stratosphere and upper troposphere.
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