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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 58z (Ware et al., 1996). In processing RO observations, 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 heightop’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 ismapadrtant method of monitoring meteorological parameters
of the Earth’s atmosphere; RO data are assimilated by thielwéeading 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; Gurviad &an, 2003a, b). The observations of stellar scintillzim-
dicated that the Earth’s atmosphere is characterized bfotlosving two types of inhomogeneities: 1) isotropic fluations
and 2) strongly anisotropic layered structures. On theshafsthese data, an empirical two-component model of 3D inho-
mogeneity spectrum was developed, the anisotropic conmpatescribed by the model of saturated internal gravity wave
(IGW), the isotropic component as Kolmogorov turbulencerf@in and Brekhovskikh, 2001; Gurvich and Kan, 2003a, b).
The method of the retrieval of these parameters from thereagens of stellar scintillations was successfully enygld for
the interpretation of the experimental data acquired aMhestation. This method was further enhanced and appliedhi®
bulk retrieval of IGW and turbulence parameters from thecoketions made by fast photometers at the GOMOS/ENVISAT
satellite (Sofieva et al., 2007a). The retrievals are peréatin the altitude range from 50—&th down to 30km (Sofieva et al.,
2007b). The upper limit was determined by radiation shas@dihe lower limit was determined by the applicability citind
of the Rytov weak fluctuation/scintillation theory.

In the radio band, the amplitude fluctuations are much smihléan in the visible band, therefore, the weak fluctuati@otl
may be applicable down to altitudes of several kilometeh® main limitation is due to the humidity fluctuations, whoske
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 inhomogenetgissturated 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 (Cornmarn €08,

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 contributiorién
amplitude and phase of RO signals. Our analysis is basedegohifise screen approximation and the weak fluctuation theory
In the framework of these approximations, we obtain simpigical relationships for the variance of fluctuationsadio
signals for anisotropic and isotropic inhomogeneitieshid stage of our study, we confined the analysis of expeltahdata to
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height range from 25 down tokin in the middle and polar latitudes, in order to exclude theugtilce of complicated dynamics
of lower-tropospheric humidity. Our aim is not a quantitatstudy of RO signal fluctuations, but rather a demonsmaifahe
qualitative principal differences between the maniféstest of turbulence and IGWs in RO signals. The paper is organés
follows. In Section 2, we consider the 3D models of anisatr@md isotropic atmospheric inhomogeneities, the phaszsc
approximation, the weak fluctuation theory, and the appnaxions entailed. In Section 3, we apply these methods teeder
simple relationships for the statistical characterist€f0 signal fluctuations. In Section 4, we consider the erpemtal
variances and fluctuation spectra of the amplitude and ffoasige lower stratosphere and upper troposphere. In 3ebtive
discuss the relative contributions to RO signal fluctuatiofisotropic and anisotropic inhomogeneities. In Secbipwe 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 (thgd® 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 the
relative fluctuations of refractivity = (N — V) /N, whereN = n — 1, n is the refractive index, and the overbar denotes the
regional and seasonal statistical average estimate. Emefalry waves and synoptic disturbances have much largéalsp
and temporal scales significantly compared to the chaiatitescales of RO signal fluctuations, including the Frégioae,

the outer and inner scales of the inhomogeneities. Thisvalltisregarding the large-scale processes. We assumegthlarre
atmospherelN, to be locally spherically symmetric. In the visible banefractivity fluctuations depend only on temperature
fluctuations. In the radio range, humidity fluctuations makedditional contribution into refractivity fluctuatignghich may

be crucial in the lower troposphere (Eaton et al., 1988).

Stellar occultations indicated that the atmosphere isatitarized by two types of density fluctuations: 1) largdesca
anisotropic ones and 2) isotropic ones (Gurvich and Kan3200; Sofieva et al., 2007a). Based on these observationscu
developed a 3D model of the spectrum of relative fluctuatadmsfractivity, which includes two statistically-indepaent com-
ponents: 1) anisotropic fluctuatiofs;, and 2) isotropic fluctuation® - (Gurvich and Brekhovskikh, 2001; Gurvich and Kan,
2003a, b):

D, (k)= Py (k) + Pk (k) (1)

wherek is the 3D wave number. It is assumed that the random figidlocally homogeneous on a sphere (Gurvich, 1984;
Gurvich and Brekhovskikh, 2001). This allows taking thesatiopy of refractivity irregularities into account.
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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:

—u/2 K
O =Dy, = ACH ” (K2 +0°kT + Ky i)' / b < ) ,
"fW,K

2_ .2 2.2 2 _ .2 2
at *nz+77 K1, I{L*Hnﬁ‘i»ny (2)

WhereC‘%uK are the structure constants determining the fluctuatiemsityr, n > 1 is the anisotropy coefficient defined as
the ratio of the characteristic horizontal and verticalega: . is the vertical wavenumbex,,, «, are the horizontal wavenum-
bers, the direction of axis coincides with that of the incident rafw, x = 27/Lw, x andkw, x = 27/l are wavevector
parameters corresponding to the outer and inner scalggatdgely. The functiory determines the damping of the spectrum
for the smallest scales. We will use the following functign= exp (—x? /sy & ). In our model,C3, ., n, Kw,x andkw, k
are considered independent parameters.

Foru=5,n>1, A=1 the spectrum (2}b = &y is a 3D generalization of the known model of saturated IGW# wit
the vertical 1D spectrum with the slope3 referred to as the "universal spectrum" (Dewan and Good6;18&ith et al.,
1987; Fritts, 1989). We will use a model of the IGW spectrurthvéi constant anisotropy= const > 1, although the latest
studies of stellar scintillations (Kan et al., 2012, 2014dicate that the anisotropy increases and saturates withasing
scale; the saturation value being about 100 for verticdesaaf about 10Gn. We will show that RO signal fluctuations are
determined primarily by the Fresnel scalg and the outer scalé. For radio waves with\ = 20 cm at a GPS—LEO path,
pr equals about km, while the vertical outer scaléy, is several kilometers. For inhomogeneities with scates km,
the anisotropyy significantly exceeds its critical valug, = \/m ~ 30, whereR, is the Earth’s radius, anfl, = 6-8
km is the atmospheric scale height (Gurvich and Brekhovski91). Due to along-track curvature of the Earth, different
orientations of anisotropic layered inhomogeneities wéhpect the line of sight result in saturation of eikonalpbase
fluctuations at) ~ 7.,.. This is explained by the fact that for inhomogeneitiesiimeadl with respect to the line of sight, a ray
is only influenced by a limited horizontal piece of each inlbgeneity. For a larger anisotropy> 7., their dependence
on n degrades, and they remain at the value corresponding tostirapaotic case of spherically-layered inhomogeneities
(Gurvich, 1984; Gurvich and Brekhovskikh, 2001). In moréadlethe concept of the critical anisotropy, will be duscussed
below (see Egs. (7) and (8)). Therefore, for RO soundingafipgoximation of strongly anisotropic IGW inhomogeneitje=
const > 1., IS acceptable. The structure characteristic for dryjﬁqdry is expressed in terms of the conventional parameters
determining the 1D vertical spectrum of temperature fluaaa in the IGW modelVsr/7 (k.) = 6”415:]- x; 3 (Smith et al.,
1987; Fritts, 1989; Tsuda et al., 1991), as follows (Sofié\al.e2009):

3Pw
2 B.V.
Cow.ary = dng? ©)

where ~0.1 is the coefficient introduced in the IGW modek v is the Brunt—Vaisala frequency, apds the gravitational
acceleration. More discussion on the modigl is presented below in Section 5.

To obtain the value of the structure characterisif in the radio bandC%VTdTy must be multiplied with the coefficient
K2, which takes humidity into account (Tatarskii, 1971; Goobdlg 1982; Tsuda et al., 2000). The inner sdajemay vary
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in the stratosphere from several meters to several tens @rsn@urvich and Kan, 2003b; Sofieva et al., 2007a). Forlipca
homogeneous random fields, the exponeaf a purely power-law spectrum must lie between 3 and 5 (Rgt@l., 1989a, b).
This dictates the necessity of introduction of the outetesadthough the variance of amplitude fluctuations onlyidates a
weak dependence from the outer scales yp ¢ (Gurvich and Brekhovskikh, 2001).

Foru=11/3,n=1, A=0.033, andC% = C2/N?, whereC? is the structure characteristic of refractivity fluctuaspand
the spectrum (29 = ¢k is a model of the Kolmogorov isotropic turbulence (Monin afadjlom, 1975). In a stably stratified
atmosphere, turbulence is developed mostly in separatedayith vertical scales from several tens of meters to doeldter.
We use the characteristic scale of these layers as the éstrindne outer scale of isotropic turbulence. The innerestathe

3

spectrum of the Kolmogorov turbulence can be definetkas 6.5\ = 6.51/a/45,;1/4, where)\ g 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 altitualeay propagating in the atmosphere is mainly affected by th
vicinity of the ray perigee, with the effective size along ttay of about several hundred kilometers. The distance fram
perigee to the LEO is much greater, about 3&@@ This allows the approximation of the atmosphere as a thieescthat
only introduces phase variations, including both regutat andom ones, and is referred to as a phase screen. Theumlapli
fluctuations are formed due to the diffraction during thepagation in the free space from the screen to the receiver. We
position the phase screen in the plane crossing the Eaghteicand perpendicular to the incident rays. The occattati
geometry has been discussed in many papers: (Vorob’ev aailKikova, 1994; Ware et al., 1996; Gorbunov and Laurnitse

2004; Cornman et al., 2004; Pavelyev et al., 2012, see furtiferences and Figures therein). The phase screen has been

discussed in (Hubbard et al., 1978; Woo et al., 1980; Gunidiéid4; Gurvich and Brekhovskikh, 2001). The use of the phase
screen allows a significant simplification of the RO signattihation analysis, and makes it possible to take into adciien
regular variation of refraction with altitude. Only whenadwating the phase shift (eikonal) is it necessary to takeghrth's
curvature into consideration.

The amplitude fluctuations are considered weak if theirarare is less than unity (Tatarskii, 1971; Ishimaru, 1978 T
weak fluctuation approximation makes it possible to deriwgpte linear relationships linking the 3D spectrum of thmat
spheric refractivity fluctuations with the 2D spectrum ofgitude and phase fluctuations of RO signal (Rytov et al. 958
b; Gurvich and Brekhovskikh, 2001; Sofieva et al., 2007ajh&visible range, fluctuations are weak for ray perigeéualés
above 25-3&km (Gurvich and Kan, 2003a, b; Sofieva et al., 2007b). For GP® signals, amplitude fluctuations are sig-
nificantly weaker, because the Fresnel scale is about thdusaes greater than that in the visible range. At low adits,
refractive attenuation also reduces amplitude fluctuati@®low, we will show that the weak fluctuation condition ®PS
RO observations can be fulfilled down to an altitude of sevdlameters. In the lower troposphere, especially in tlopics,
the influence of humidity is strong, and amplitude fluctuagionay become strong due to multipath propagation. Contptica
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).



Because the velocity of the ray immersion in satellite obeons is large compared to the atmospheric motions ast®alci
with the refractivity inhomogeneities, it is possible tqapthe hypothesis of “frozen” inhomogeneities for mappingasured
temporal spectra of signal fluctuations into spatial spectr

3 Relationships for Statistical Moment of RO Signal Parametes

The approximations of phase screen and weak fluctuatioow aériving simple expressions for the statistical momefits
RO signal fluctuations. In this Section, we will discuss tekationships that link the fluctuations of RO signals witbgé of

atmospheric refractivity for IGW and turbulence modelsywad as the mean profiles of variances of RO signal fluctuation
3.1 Correlation Functions and Spectra

For a satellite-to-satellite path, using the approximaiof phase screen and weak fluctuation, it is possible toelénie

following 2D correlation functions in the observation ptafag, yo) (Rytov et al., 1989b):
Bx,S (AZO,Ayo) =

{BS(AZ,Ay):F’W // Bs (A2, Ay)sin LM

draiqt/? 21q

(A — Az)* + fi (Ay — Ay)ﬂ dAz’dAy’}
1

| =

By s (Azo,Ayo) =

= }L 5 ’ / ky r 2 kify , 9 , ,
=3 47rx1q1/2/ Bs (Az',Ay')cos {4x1q (A2 —Az)" + o (Ay' — Ay)” | dAZ'dAy 4)

wherey is the logarithmic amplitudes' is the phasek = 27/, axisz is collinear with the incident ray direction, axjg is
transverse, and axtg is vertical,y = “j—t*l x, is the distance from the transmitter to the phase scrgeis,the distance from
the phase screen to the receivgis refractive attenuation coefficienkz, Ay are the scales in the phase screen, defined as the
coordinate differences of the phase stationary points,liakdd to the corresponding scales in the observation ptgnihe
following relationshipsAz = %AzmAy = %Ayo, Bg (Az,Ay) is the correlation function of the phase in the phase screen,
B, s is the mutual correlation function of the logarithmic anydie and phase. The negative sign in the upper formula in (4)
applies to the amplitude, and the positive sign appliesegtiase.

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

_ k? 19 /2 —1,2
Fy s (Kzoky) = 5 1 F cos = (K24 q '62) | Fip (k2 hy)
> [ag 2 —1.2\| &
F\s(ks,ky) = —sin S (Kz +q Hy) F, (ks ky) (5)

whereF,, (k., r,) is the 2D spectrum of the fluctuation of eikonak= S/k in the phase screen. For the sake of convenience,
relationships (5) are written in terms of wavenumbersss,, in the phase screen, which are linked to the wavenumber in the
observation plane by the inverse scale relations.
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In the general case, the relationship between the 2D spedaifithe eikonal fluctuations in the phase scré@wand 3D
spectrum of the atmospheric refractivity fluctuatiangor a random field- that is locally homogeneous in a spherical layer
can be written down as follows (Gurvich, 1984; Gurvich andlrovskikh, 2001):

~ _ RHQ dli
Fo(kastiy) = 02 [ @ (g [12 4+ 2 ) exp (=22 g 6
) =0 [ @ (s i 07 exp T+ a2H3"™ ) 1% w2id ©

whereV is the mean eikonal. In particular, for the exponential aph@rel = /27 R.HyN. The eikonal, or the optical path,
characterizes the propagation media, while the phase afsend's on wavelength. In the RO terminology, the excessbas

phase excess) refers to the eikonal of the observed fieldthatilsubtraction of the satellite-to-satellite distandee Excess
phase, therefore, characterizes the atmospheric efféheinbserved eikonal. The excess phase (eikonal) is mobglée
phase screen. Accordingly, in the observation plane weyshelfluctuations for both eikonal and phase.

Formula (6) takes into account the along-track curvaturethef Earth, which is essential, if > 7... Figure 1 in
(Gurvich and Brekhovskikh, 2001) provides a good illustratof the influence of the curvature upon the eikonal fluctu-
ations in sounding isotropic and anisotropic atmospherimimogeneities. A general expression (6) fb; is derived in
(Gurvich and Brekhovskikh, 2001). Here, we will discuss artpnt particular cases.

1. Moderate anisotropy < n < 7. ~ 30. In this case the along-track curvature of the Earth is mifigant, and, assuming
R.Hy — oo and performing integration, we arrive at the following krokelationship, applicable for random inhomogenetities,
locally homogeneous in the Cartesian coordinate systetarSkai, 1971; Rytov et al., 1989b), which we den(ﬁ@:

FZ, (Kazyhiy) = U2

s

R.Hy

D (Kz,ky,0) @)

For the isotropic turbulence, we substitdie= ® 5 with ;= 11/3 andn = 1.
2. Strongly anisotropic inhomogeneitigs> 7.,.. 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 vir@éallowing expression for the eikonal spectrli@:

/2 —1
- o [ (KR +R24ne2) T (A5
FSO ("ﬁza'%y)z\lj2 1_’_H§Hg nr(%y) . (I)W(szﬂyv()) (8)

For strongly anisotropic inhomogeneities, functiﬁg 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) R~ f/g (K2)0 (ky), wheref/g (k) is the 1D vertical spectrum of the eikonal
in the phase screen, avﬁgl(mz) is evaluated by integrating (8) with respect to horizontal@numbers:

f/; (k)= /Fg (Kzsby)diy =

_ INE= K2 e (1 1 p—4 K2, + k2
—p202 ™ 2 Kz K2 CARERE o L W z 9
Co\[Tram e OP\ T, ) Kt e) )V 2, ©)

whereU («, 5;t) denotes the hypergeometric function.
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The variance of the logarithmic amplitude fluctuation isedetined by the scales of the order of the Fresnel zone (Kitars
1971). The vertical Fresnel scale = \/W for A =19.03 c¢m varies from 1260n at a ray height of about 30m to
about 500m at a ray perigee height of I2m; therefore, in our casgr > lyy. The variances of eikonal and refraction angle
fluctuations, and the mutual correlation function of amyalé and phase for such a steep 3D spectium §) are determined
by scales of the order of the outer scélg . Therefore, for the IGW model, the fluctuations of all the Rgnhal parameters
under discussion are determined by inhomogeneities wilives large vertical scales, significantly exceedingtiner scale:

k. < kw . Then, using the expansion of the hypergeometric functiosrall arguments it is possible to derive the following
expression (Gurvich, 1984):

Vi (k2) ~ 2mW2Chy

(K, +r2) " 2F
(h=2)\/1+r2H]

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

(10)

sphere}}, (k.), and the eikonal fluctuation spectrlfrjj (k.) /W2 in the phase screen are linked by the following relationship
(Gurvich, 1984):

K2 +/€2)_%+1 Ve (k)
a o 2 ( w z o © z
Viy (52) = 47TCW—(M -y =1/1+~K2H}? 77 (11)

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

In the observations, we obtain a 1D realization of the sigiaig the receiver trajectory. During a RO event, the chaoge
the satellite positions are small with respect to theiraise from the phase screen. Moreover, the fluctuation etioelscale
along the ray significantly exceeds the correlation scakbéntransverse direction (Tatarskii, 1971). Therefore,easured
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 thpeagee and the local vertical in the phase screen. 1D ispect
of amplitude and phase fluctuation measured along atcanglea can be expressed as follows (Gurvich and Brekhovskikh,
2001):

Vys (Ks) = /FX,S (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)

whereu;, is the velocity of the ray perigee projection to the phaseestr
For isotropic inhomogeneities, the characteristic freqpies are determined by the corresponding scales and ehl@acity
v, in the direction at angle.. Strongly anisotropic inhomogeneities are intersectedhieyline of sight, effectively, in the
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vertical direction, because the effect of the horizontdbeidy 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 afrigpic inhomogeneities, the 1D vertical spectra of amgitand phase
fluctuations at the receiver, are described by the follovgingple relationships:

ve (n)szl D82 e 14
s Foos (062 )| Vi ) (1)

wheref/; (k) is determined by (10). As above, the negative sign appligise@mplitude, and the positive sign applies to the
phase.

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 Eq. (2) for the 3Dtspecand use it as a pure power law.

In the case of strongly anisotropic inhomogeneitjes- 7., using (10), (14), and condition, H, >1, we can derive the
following expression for the variance of logarithmic amypdie (Gurvich, 1984):

0% (1> er) ~ //{1 { (K24 g 1,@5)]}17;(/@2)5(%)%%—

202 U2k2 (%>;—1
2Ho(u 2)T (& )bln(ﬂ“T_Q) vk

(15)

which, for = 5, correspond to the model of saturated IGWs.
For a moderate anisotrogy< n < 7., the corresponding expression can also be found in (Gurt@84):

O'i (N <K Ner) = //{1—005{ (/-c +q_1m2)] }FL (Ky, kz) dkydk, =
An?\/TC?02k2y (qz1>gl (16)
4\/R HOF( )5111( ) vk

ForC?=C%,u=11/3, A=0.033, andn = 1, Eq. (16) corresponds to a locally homogeneous turbulence.

In order to analyze the influence of anisotropy upon ampditilactuations, consider the ratio of (15) and (16) with theesa
power exponent:

= Her: (17)

Forn =1 andu =5, this ratio equals 12, and for=11/3, it equals 20. Therefore, the variance of logarithmic atagk
fluctuations increases with increasing anisotrg@gr n < 7., and saturates foy ~ r.,., 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.
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3.3 Variance of Phase (Eikonal) Fluctuations

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

For the variance of phase fluctuations for strong anisotropyr., and outer scalé(;vl ~ H,/2m, we obtain:

2m\/Tk2CE T (E52) s

0% (0> Ner) = 2 (18)
’ (n=2)Hol (151)
For ;1 = 5, the variance depends on the outer scalK gs.
For a moderate anisotropy< 7., using (5) and (7), we obtain the following expression:
2m\/Tk?AC? W2y
0?9 (N < Mer) = T T]K 2 (19)

(1—=2)VRcHo K

ForC? =C%, = 11/3, A= 0.033, andn = 1, this corresponds to the model of isotropic turbulencehinitase, the variance
of phase fluctuations depends on the outer scaléjﬁég (Tatarskii, 1971). The ratio of (18) and (19) for the samén way

similar to amplitude fluctuations, is proportional to theéaaf 7., /7.
3.4 Variance of Ray Incident Angle Fluctuations

For a strong anisotropy > 7., the incident ray direction fluctuations are nearly vetti€ae vertical fluctuation spectrum of
the ray incident angle is equal to that of eikonal, multiglig/ 2. Then, replacing the cosine in (14) by unity, we arrive at the
following expression for the variance of ray incident anffjlietuations:

4O

2 ~
7 (02 0 = () () Hy

(20)

and foru = 5, the variance depends on the outer scalk gs.

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 tofjfi,?fw”‘i > 1.
Using (5) and neglecting the cosine term, we arrive at tHewahg expression for the fluctuations of the full incidengée 0:
g = ~ R

o\ 2VR.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, whigaks L. = /7 R. H, =~ 400 km, we see that (21) coincides with
the corresponding formula in (Tatarskii, 1971) for an olzagon distance of.; in a homogeneously random medium.

(21)
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3.5 Mutual Correlation of Logarithmic Amplitude and Phase

For the case of a strong anisotropys> 1., the single-point correlatiofi.S) = B,.s(0) is determined by the outer scale of

inhomogeneities. Using (5) and (10), and expanding theistoeseries, we arrive at the following formula:

B 27TC’3V P22 L ——
Ho(n—=2)(n—4) ky "

For 1 = 5, the correlation depends on the outer scalé(a,é, which is the same dependence as that of variance of bending

(22)

(xS (7> 1er))

angle fluctuations.

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

L T mACL U2 <xlq)‘z‘—1_2 B n( u_2>

For = 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 ortiitiedes of 2000&m and 80Ckm, respectively, for a wavelength
of 19.03cm. The parameters of the regular atmosphere, includingatefeaindex N, 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 sadide profiles and observations of stellar occultationsate that
this relation is met with a good accuracy for the tropospherkestratosphere. For the radio band, the structure cleaistict was
multiplied by K2 in order to take humidity into account. We were using the Hlityiprofile, typical for spring and autumn
in middle latitudes, with a scale height of Zm. As shown above, the inner scale of the inhomogeneitiessigrificant
in the IGW model. The outer scale, corresponding to vertcale of dominant waves, was assumed to e@yal= 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 saha mostly correspond to August, in order to obtain
the upper estimate of turbulent fluctuations of RO signats.tfeights of 15-3&km, where humidity is negligible, we used
model dataC? from (Gracheva and Gurvich, 1980), which generalizes tealte of numerous observations and models for
the optical turbulence (Gurvich et al., 1976), as well aseetls of C2 from stellar occultations (Gurvich and Kan, 2003b;
Sofieva et al., 2007a). For the outer scale we used the lgrgssible value of km, in order to obtain an upper estimate of the
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isotropic turbulence contribution to RO signal fluctuatiomhe inner scale is assumed to increase fram 4t 4km to 0.75m
at 30km. The mean value of refraction angi@nd refractive attenuation coefficiantvere evaluated using the exponentially
decaying atmospheric air density profile:

B U T, € -
- = (-5 ) o

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, fatisated IGWs and isotropic turbulence. For the assumednedeas
of the 3D inhomogeneity spectra, all the rms for saturated/s@&xceed the corresponding values for the isotropic turisele
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 dfiterence in rms exceeds two orders of magnitude. The kifiee o
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, hogrewoted that the increase Of above 10km is not corroborated
by other observations in Platteville (Ecklund et al., 1988 can be attributed to measurement noise. For the IGW nitbéel
knee is explained by the abrupt change of the Brunt-Vaiséiuency 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 significargiytiean 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, sililre
in the decrease of the turbulent fluctuations of RO signatoagpared to the estimates fokin, and the difference with IGW
fluctuations will be even larger. Due to the fact that the agerg 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.

It is known that local profiles of atmospheric inhomogemsitexhibit large natural variability. Furthermore, eveairth
average profiles significantly vary depending on latituéassn, orography, and region. The turbulence structuracteaistic
for different observations, even in a free atmosphere, naay by up to two orders of magnitude (e.g. Gracheva and Gayvic
1980; Wheelon, 2004). Significant variability is observedtfe intensity of saturated IGWs (e.g. Sofieva et al., 2000092
which depends both on the sources producing the waves ankeopropagation and breaking conditions. Eqg. (3) for the
saturated IGW only reflects the most general relation betvilee 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 amerefore, the amplitude fluctuations are determined by xpereential
decay of the atmospheric density with altitude. Becauseaauk is aimed at a qualitative distinction of the contriloutiof
turbulence and IGWs to the fluctuations of RO signals, we demsinly averaged vertical profiles of the structure charéstic
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 cleaistid, the variance estimates obtained in this work, defin
indicate the dominant role of saturated IGWs under the cmmditin question.
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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).

4 Experimental Fluctuation Spectra of Amplitude and Phase

The mostimportant difference between turbulence anda@uitGWs is the anisotropy of the latter. The variances ofig@a
parameter fluctuations, being single-point charactegstio not contain an immediate information on the anisgtadphe 2D
field of RO signal fluctuation in the observation field. Thikimation can be extracted from an ensemble of 1D spectr&of R
5 signal fluctuations measured at different obliquity angldsen categorized according to frequency or to verticalemawmber.
For turbulence, due to its isotropy, the fluctuation frequies)/ of the signal are determined by the characteristic scale$ren
obligue 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 frexcies coincide for a vertical occultation, but they mdfedi
10 several tens of times for a highly oblique occultation. Tiégjuency discrimination of isotropic and anisotropic fliations
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in oblique occultations allows for a separate estimate eif tbontribution into signal fluctuation spectra (GurviaideKan,
2003a, b; Sofieva et al., 2007a, b).

Figures 2 and 3 show the spectra of relative fluctuationsen&thplitude for the wavelength = 19.03 cm from GPS/MET
observations acquired on February 15, 1997. Figure 2 shoespectra for the low stratosphere at altitudes frorkig5lown
to the upper boundary of the tropopause located at $x1.3-igure 3 shows the spectra for the upper troposphere atdds
from 8-12km down to 4km. As noted above, the analysis is based on occultation ewgtitglifferent 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 supersedeidthespheric fluctuations and
measurement noise. Noise correction was performed understtumption that the noise source is the receiver, and tbe no
properties remain constant during an occultation everg.ridise spectrum was estimated from the occultation datadeat
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 Feglirand 5 below) show 30 examples of stratospheric events and
20 examples of tropospheric events. For the stratospheralliquity angles changed within the range26f — 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. Thetspalicate
a maximum corresponding to the Fresnel scale. The thealsfiectra for both inhomogeneity types have asymptotitis avi
slope of+1 for low frequencies; for IGWSs, the asymptotics correspodsi¢ conditionLy, — oo. 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 BrekhovskiRB01; Woo et al., 1980). For the chosen fragments of
realizations, we used the Hann cosine window. This winddamel the minimization of distortions of spectra with a steep
decrease (Bendat and Piersol, 1986). The Fourier periadugwere averaged with a spectra window with a variable width
A f: first with a window of a constant qualitf// A f = 2, then with a window of a constant width. The spectra were tired
to the variance, evaluated as the integral of the spectralityeover 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; irlgan
B, they are plotted as functions of the vertical wavenumbaecording to the anisotropy hypothesis for effectivelyticat
occultations. The ray perigee velocities and obliquitylesgvere evaluated from the satellite orbit data. The wanvdars
were normalized on the Fresnel scale in the correspondiegtin, i.e., the values along the horizontal axisare,pr («)
for the isotropy hypothesis aritkx,pr (o« = 0) for the anisotropy hypothesis. For this normalization, spectral 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 nmexisystematically shift to lower frequencies, althougk, ablique
velocities, on the contrary, increase. In panels B, all reetra are peaked near wavenumber 1, which representsstierés-
nel zone. This favors the anisotropy hypothesis. For théieation of the isotropy/anisotropy hypotheses, stronghjique
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Figure 2. Amplitude fluctuation spectra for the lower stratosphere: panel A: spastiunctions of the oblique wavenumber corresponding to

the isotropy hypothesis (Kolmogorov turbulence); panel B: spectfarasions of the vertical wavenumber corresponding to the anisotropy
hypothesis (saturated IGWSs). The color map red—green—blue porrés to the increasing obliquity angles, which are subdivided into three
groups. The black solid line in panel B presents the theoretical vertieatrspn for the saturated IGW model; the dashed lines present the
asymptotics of this spectrum for low and high frequencies, the low-&ecquasymptotic is evaluated fés;r — oo. For the comparison, red

dashed lines show the high-frequency spectral asymptotic of the Kolmeogurbulence model.
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Figure 3. Amplitude fluctuation spectra for the upper troposphere: panel Atispas functions of the oblique wavenumber corresponding to
the isotropy hypothesis (Kolmogorov turbulence); panel B: spectfarasions of the vertical wavenumber corresponding to the anisotropy
hypothesis (saturated IGWS). The notations are the same as in Figure 2

occultations should be most informative. If the amplitugedra contained a significant isotropic component, it khmani-
festitself in oblique spectra as an additional maximumgthér 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
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Figures 2 and 3 indicates that the amplitude fluctuationsexhby 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 dejgen
on the outer scaléyy,, 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 andbur
lence parameters from stellar scintillations (Sofieva e28l07a). For the theoretical spectrum in the stratosphereised the
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
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 teerfel scale.

The measured RMS values of the relative fluctuations of thgliarde 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, tosiyynexceed the theoretical estimate, which equals 0.46. 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 piéde equals the difference between the full eikonal and
the straight-line satellite-to-satellite distance. W@ veifer to the excess phase as the eikonal. Double-frequelnservations
allow for the exclusion of the ionospheric component of themal under the assumption that the trajectories of thertws
coincide. The ionospheric corrected eikonal consists oftamponents: 1) the neutral atmospheric eikonal evaluedatie
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 equaleditst
one at a height of 1km, and it rapidly increases for lower altitudes. In the firefler 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 théuwdie, and its relatively small fluctuations, which amountenths of
a percent, aggravate the separation of fluctuations, edjyedie to the difficulty of the evaluation of the mean eikiopafile
(Gurvich et al., 2000; Cornman et al., 2012; Tsuda et al.020@ this study, we use the smooth eikonal profile evalu&ted
the MSISE-90 model (Hedin, 1991) complemented with a sinmpdelel of humidity: the relative humidity has a constant
value of 80% below 1%m. These profiles are evaluated for the real observation gegraed they correctly represent both
the atmospheric eikonal and the geometrical length of theSall, both before and after the subtraction of the model p
files, the eikonal realizations contained low-frequenepntis, due the model inaccuracy. We applied an additionedmuiding
square-polynomial term to the eikonal deviation from thedeloThis procedure smooths the spectral components vwalbesc
exceeding the half-length of the realization. Similar te #mplitude spectra, we used the Hann cosine window alsdéor t
eikonal (Bendat and Piersol, 1986).
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Figure 4. The normalized eikonal fluctuation spectra for the lower stratospharesl f\: spectra as functions of the oblique wavenumber
corresponding to the isotropy hypothesis; panel B: spectra as fusdfdhe vertical wavenumber corresponding to the anisotropy hypoth-
esis. The black solid line in panel B represents the theoretical verticetrapefor the saturated IGW model; the dashed line represents its
asymptotics. For the comparison, red dashed lines show the higrefregispectral asymptotic of the Kolmogorov turbulence model. Cf.

the caption of Figure 2.

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 theoreticiitaéspectrum (14). For the evaluation of the theoretipaictrum,
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—160m, while their estimate was &n. For
the upper troposphere, the measured RMS were 41 5vhile their theoretical was aboutcn.

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. Déastigecay, the
noise limits the spectral range, which aggravates the al#iv of accurate estimates.

Nevertheless, Figures 2-5 indicate that the diffractiveagis of the experimental spectra are in a better agreeméntive
IGW model, as compared to the turbulence model.
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The notations are the same as in Figure 4.

5 Discussion

In this study, we discussed the 3D spectra of atmospheraniigeneities of two types: 1) isotropic Kolmogorov turlmde,
and 2) anisotropic saturated IGWs. For RO observations,arafiproximations of the phase screen and weak fluctuations,
we derived the relationships that link the observed 1D flatdtun 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 phastuétions for different values of the parameters of atmogphe
inhomogeneity model, including the structure charadiessand vertical scales, for middle latitudes in the ssptere and
upper troposphere, indicate that the major contributiom RO signal fluctuations comes from saturated IGWs. The itnnatr
tion of the Kolmogorov turbulence, under these conditiemsmall. Even taking into account a significant spread ofjnbs
values of the structure characteristics and typical sadl@shomogeneities, it is hard to expect that this can corapenthe
difference between the IGS and turbulence in this altitathegye. Moreover, the averaging of RO signal fluctuationsgatbe
whole ray inside the atmosphere damps the influence of iittermae, which is typical for turbulence under stable #ication
conditions.

For anisotropic inhomogeneities we employ an empirical ehofisaturated 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 andzbatal 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 temapee
fluctuations in the troposphere and stratosphere, have argpectrum with a slope close 46 /3 in a wide range of scales
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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, obsematdf stellar occultations with grazing geometry (Kan gt2@14),
together with the data about the anisotropy of dominant IGE\WS. Ern et al., 2004, the description of CRISTA experiment)
GPS occultations in (Wang and Alexander, 2010) have red¢hbe 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 seliérandred for
dominant IGWs.

The use of the simple model (2) for the problem in questiomustified as follows. As shown above, the most important
scales for the IGW model (the Fresnel scale and the outez)sedhich 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@lfiuctuations do not any longer depend on the anisotrdpgva
and reach the saturation level, as if the inhomogeneitiee gherically symmetric. This explains why it is possildese the
model with a strong constant anisotropy. Due to this, the R&8eovation 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 effectivgeértical
observation geometry may be broken, in the lowest few kikense due to the strong refraction, which decreases theaert
component of the ray immersion velocity.

Following the ideas of Dalaudier and Gurvich (1997), Gumand Chunchuzov (2008) developed an empirical 3D model
of saturated IGWs, with the anisotropy increasing as a fanadf 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-bornentagions of horizontal spectra of IGWs. Scintillation Spac
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 signas mew pathways in the development and application of
radio holographic methods. These methods allow enhank@getrieval accuracy and resolution (e.g. Gorbunov andiGur
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) demonstratedidotential
of the locality principle for the localization and estinatiof the parameters of layered structures, as well as traassm of
the contributions of layered structures and turbulenceGnsRynals. In our study, we use the power spectra of the obderv
fluctuations of the amplitude and phase, correlated wittotiiguity angle, in order to estimate and separate the ttions
of anisotropic inhomogeneities (saturated IGWSs) and igatrturbulence. The application of radio holographic methéor
the enhancement of the accuracy and resolution is our ptdatiae work.

From GPS/MET data acquired on February 15, 1997, we evaldhéevariances and spectra of the relative fluctuations of
amplitude and the fluctuations of phase for the lower stpdtese, comprising the altitudes from Rm down to the upper
boundary of the tropopause, and for the upper troposphengpigsing the altitudes from the lower boundary of the timgase
down to 4km. For analysis, we chose RO events in middle and polar lagweth different occultation trajectories: from ver-
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tical ones with obliquity angle near 0 degrees to strongliqole ones with obliquity angles up to 88 degrees. The erpantal
spectra of the amplitude and phase fluctuations, preseataduaction of vertical wave numbers for the anisotropy higpe
sis or oblique wavenumbers for the isotropy hypothesid¢atd strong anisotropy of the atmospheric inhomogerseifiais,
along with the theoretical estimates signifies the dominaletof saturated IGWs for RO signal fluctuations. The expernital
estimates of variances of amplitude and phase fluctuati@stiyragree with evaluations based on the IGW model.

In comparison with the visible band, the radio band is charaaed by a much greater Fresnel scaje This, together
with the strong refractive attenuation at low altitudes;aading to (15), significantly reduces the amplitude flutires 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 bamaf the RO monitoring of atmospheric inhomogeneitiesaseto
the lower boundary of visible occultations. Thereforejoahd visible occultations, together with the simple apprations,
permit a diagnosis of wave activity over the whole stratespland upper troposphere.

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

b; Sofieva et al., 2007a, b). In the radio band, due to the ldfgesnel scale, the role of large-scale inhomogeneitiéls avi
steeper 3D spectrum increases. Such inhomogeneitiestabeitad 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 visible, increases prapatly to ()\GPS//\opt)Q/?’ ~ 5-103. This difference is also seen
in Figure 1, which shows the amplitude RMS at an altitude ok if we recollect that in the visible band, the amplitude
fluctuations due to IGWs are additionally restrained by tineirscale of IGWSs that exceeds the Fresnel scale by abouten ord
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 thensikspectrum 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 fluctuatiohg. Use of a mean eikonal obtained by sliding averages with
Ah=5km > Ly, and the model profile resulted in very similar spectra.

For strongly anisotropic inhomogeneities, RO signal flatitns are determined primarily by the vertical structurabo-
mogeneities and, accordingly, by the vertical velocitytwf tay immersion for different obliquity angles The comparison of
amplitude records taken as a function of time or as a funaifgrerigee height clearly indicates that for differentthe tem-
poral dependencies have different characteristic frecjgenwhile the altitudinal dependencies have nearly theegaeriods.

In the tropical lower troposphere, below the altitude dfnd, the type of the vertical dependence of the amplitude alyrupt
changes: the fluctuation frequencies increase, and theinituae significantly exceeds that at the same altitudesddimand
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 tpipys 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 frési
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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, @iuales from 6 down km, however, the spectra mostly agree
with the Kolmogorov turbulence, although some of the spehave maxima located at higher frequencies, as compared to
what is predicted by the theory. This may be a consequendearigsfluctuations, because the relative amplitude fluzinat
RMS in tropics, in this altitude range is close to unity. A Bananalysis for altitudes from 6 to km, for middle and polar
latitudes in January, where the humidity influence was muadller, indicates that the amplitude spectra mostly cpoed to

the IGW model, and the fluctuation RMS was smaller than in tbgi¢s, and was equal to 0.2—0.6. This indicates that in the
framework of the thin phase screen and weak fluctuation appedions, for the lower troposphere, it is only possiblénter
rough estimates of the atmospheric inhomogeneity parameiestrict quantitative analysis would require more aaesh
techniques.

The main result of this study consists in the statement thattitudes above 4-&Em for middle and polar latitudes, and
above 7-8m in the tropics, the dominant contribution into RO signal fllations comes from anisotropic inhomogeneities
described by the saturated IGW model. This was demonstpageibusly by Steiner et al. (2001), who, for the stratosphia
the altitude range 15—3@n, showed that the temperature fluctuation spectra obtaretd&PS/MET observations, in the ver-
tical scale range 2-Jom are in a satisfactory agreement with the saturated IGW m&adeklyev et al. (2015) analyzed a series
of CHAMP occultation events and showed that layered inhamnedies, as compared to turbulence, play a dominant role in
the RO amplitude fluctuations in the stratosphere, and ffractive slope of the intensity spectra for these inhonmages is
close to that predicted by the saturated IGW model. Wang dexibAder (2010) and McDonald (2012), analyzing collocated
temperature profiles from COSMIC observations, showedithite stratosphere, the most large-scale dominant terupera
perturbations are of wave nature. Gubenko et al. (2008, )2@d\eloped a method for the determination of the basic chara
teristics of dominant IGWs, including their intrinsic fregpcy 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 fidtezenperature profiles with scales exceeding 116a2The RO
signal spectra, as shown in Figures 2-5, have a significhigher resolution, and the main limitation is imposed byseoilhe
principle parameters of IGWs are their structure charastteli'2, and outer scal&;,’. Our estimates indicate that humidity
fluctuations in middle and polar latitudes are significanbwealtitudes of 5—6m; for high altitudes, temperature fluctuations
dominate. The relation betweeii‘ﬁv7d,.y with the traditional IGW parameters is given by (3). The oweale is introduced
in our model in such way that the inhomogeneity spectrumtisrated to a constant for, < Ky (Smith et al., 1987). The
temperature variance in the IGW model can be inferred frob) (%ofieva et al., 2009):

47 _
Tor)r = ?C%/,dryKWQ (25)

which, in turn, determines the specific potential energy aves:

1 g ?
By = ) (WB.V‘> UgT/T (26)
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Along with a wide spectrum of saturated IGWSs, separate quasiechromatic perturbations are detected from spikes in
stellar scintillation spectra (Gurvich and ChunchuzowW20ofieva et al., 2007a). They are, however, rarely obdeamd do
not influence the estimates of statistical moments.

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 usir@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 sfdWs. Adjusting the method of the IGW parameter retrieval
from stellar occultations (Gurvich and Kan, 2003a; Sofieval.e 2007a, 2009), it is possible to derive the structurratter-
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 sensitivérarctivity 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 d@woluce significant uncertainties in the lower-frequencyae@f the
eikonal spectrum. On the other hand, for quick estimatgmssible to use variances only. The amplitude variance igethe
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 fegy of amplitude spectra may indicate what inhomogeneity
type is essential for the RO signal fluctuations.

6 Conclusions

In this study, we presented simple relationships and thieatestimates of the amplitude and phase variances of g@lkior
typical parameters of 3D spectra based on two models: 1) thadgorov turbulence and 2) saturated IGWs. For GPS/MET
observation in the altitude range of 4R for middle and polar latitudes, we derived the amplitude phdse fluctuation
spectra. Both theoretical and experimental results inelieadominant role of saturated IGWSs in forming the variances a
spectra of amplitude and phase fluctuation of RO signal irsttegosphere and upper troposphere, at altitudes abovkd—5
in middle and polar latitudes, and above 7«8 in the tropics. Simple relationships that link IGW paramgt@nd RO signal
fluctuations may serve as a basis for the global monitorinf50¥ parameters and activity from RO amplitude and phase

observations in the stratosphere and upper troposphere.

Code availability. The code used in this study does not belong to the public domain and dsndistributed.

Data availability. GPS/MET radio occultation data are freely available. To get access toitiemecessary to sign up at the website of the
CDAAC: http://cdaac-www.cosmic.ucar.edu/cdaac/ (follow the "Sighlimj for further details).

22



Competing interests. The authors declare that they have no conflicts of interest.

Acknowledgements. The work of V. Kan and M. E. Gorbunov was supported by Russiaméation for Basic Research, grant 16-05-00358.

We are very grateful to the two reviewers for their appropriate andtearive suggestions.

23



10

15

20

25

30

35

References

Alexandrov, A. P., Grechko, G. M., Gurvich, A. S., Kan, V., Mamg M. K., Pakomov, A. |., Romanenko, Y. V., Savchenko, S.2erova,

S. |, and Titov, V. G.: Spectra of temperature variations in the straéwsps indicated by satellite—borne observation of the twinkling of
stars, lzv. Atmos. Ocean. Phys., 26, 1-8, 1990.

Bacmeister, J. ., Eckermann, S. D., Newman, P. A, Lait, L. R.nCKaR., Loewenstein, M., Proffitt, M. H., and Gary, B. L.: Stratospt
horizontal wavenumber spectra of winds, potential temperature armsplraric tracers observed by high-altitude aircraft, J. Ceophys.
Res., 101, 9441-9470, 1996.

Belloul, M. B. and Hauchecorne, A.: Effect of periodic horizontadjents on the retrieval of atmospheric profiles from occultation mea-
surements, Radio Science, 32, 469-478, 1997.

Bendat, J. S. and Piersol, A. G.: Random Data: Analysis and Measuatdtnocedures, J. Wiley, New York, 2nd edn., 1986.

Cornman, L. B, Frehlich, R., and Praskovskaya, E.: The detecofiapper-level turbulence via GPS occultation methods, in: Occultations
for Probing Atmosphere and Climate, edited by Kirchengast, P. D. @Is€loe, D. U., and Steiner, D. A. K., Springer Verlag, 2004.

Cornman, L. B., Goodrich, R. K., Axelrad, P., and Barlow, E.:d?ess in turbulence detection via GNSS occultation data, Atmos. Meas.
Tech., 5, 789-808, d0i:10.5194/amt-5-789-2012, 2012.

Cucurull, L.: Improvement in the Use of an Operational ConstellationRPS®adio Occultation Receivers in Weather Forecasting, Weather
and Forecasting, 25, 749-767, 2010.

Dalaudier, F. and Gurvich, A. S.: A scalar three-dimensional sdetiodel with variable anisotropy, Journal of Geophysical Research:
Atmospheres, 102, 19 449-19 459, d0i:10.1029/97JD00962, httpidicbg/10.1029/97JD00962, 1997.

de la Torre, A., Schmidt, T., and Wickert, J.: A global analysis of waotential energy in the lower stratosphere derived from 5 years of
GPS radio occultation data with CHAMP, Geophys. Res. Lett., 33, L24@19,0.1029/2006GL027696, 2006.

Dewan, E. M.: The saturated-cascade model for atmospheric greaity spectra, and the wavelength-period (W-P) relations, Geophysica
Research Letter, 21, 817-820, doi:10.1029/94GL00702, 1994.

Dewan, E. M. and Good, R. F.: Saturation and the "universal" spadiou vertical profiles of horizontal scalar winds in atmosphere, J.
Geophys. Res., 91, 2742-2748, 1986.

Eaton, F. D., Peterson, W. A,, Hines, J. R., Peterman, K. R., Gddd,, Beland, R. R., and Brown, J. H.: Comparison of VHF radatical,
and temperature fluctuations measurementsfro, andd,, Theor. Appl. Climatol., 39, 17-29, 1988.

Ecklund, W. L., Carter, D. A., and Balsley, B. B.: Contiunuous measients of upper atmospheric winds and turbulence using a VHF
Doppler radar: Preliminary results, J. Atmos. Terr. Phys., 41, 988-1979.

Ern, M., Preusse, P., Alexander, M. J., and Warner, C. D.: Abs®alues of gravity wave momentum flux derived from satellite datanabur
of Geophysical Research: Atmospheres, 109, D20 103, doi:19/2024JD004752, http://dx.doi.org/10.1029/2004JD004752, 2004.

Fritts, D.: A review of gravity wave saturation processes, effectsyandbility in the middle atmosphere, PAGEOPH, 130, 343-371, 1989.

Good, R. E., Watkins, B. J., Quesada, A. F., Brown, J. H., andoL,0&. B.: Radar and Optical Measurements(f, Appl. Opt., 21,
3373-3376, 1982.

Gorbunov, M. E.: Canonical transform method for processing radaultation data in the lower troposphere, Radio Sci., 37, 9-1-9-10,
doi:10.1029/2000RS002592, 2002a.

Gorbunov, M. E.: lonospheric correction and statistical optimization adia occultation data, Radio Sci., 37, 17-1-17-9,
doi:10.1029/2000RS002370, 2002b.

24


http://dx.doi.org/10.5194/amt-5-789-2012
http://dx.doi.org/10.1029/97JD00962
http://dx.doi.org/10.1029/97JD00962
http://dx.doi.org/10.1029/2006GL027696
http://dx.doi.org/10.1029/94GL00702
http://dx.doi.org/10.1029/2004JD004752
http://dx.doi.org/10.1029/2004JD004752
http://dx.doi.org/10.1029/2000RS002592
http://dx.doi.org/10.1029/2000RS002370

10

15

20

25

30

35

Gorbunov, M. E. and Gurvich, A. S.: Microlab-1 experiment: Multipaffiees in the lower troposphere, Journal of Geophysical Research,
103, 13819-13826, 1998a.

Gorbunov, M. E. and Gurvich, A. S.: Algorithms of inversion of Microla satellite data including effects of multipath propagation, Inter-
national Journal of Remote Sensing, 19, 2283-2300, 1998b.

Gorbunov, M. E. and Lauritsen, K. B.: Analysis of wave fields by Fenintegral operators and its application for radio occultations, Radio
Sci., 39, RS4010, doi:10.1029/2003RS002971, 2004.

Gorbunov, M. E. and Lauritsen, K. B.: Radio Holographic Filtering ofigydradio Occultations, in: Atmosphere and Climate Studies by
Occultation Methods, edited by Foelsche, U., Kirchengast, G., and 8tain&pringer, Berlin, Heidelberg, New York, 2006.

Gorbunov, M. E., Lauritsen, K. B., Rodin, A., Tomassini, M., andikdueh, L.: Analysis of the CHAMP Experimental Data on Radio-
Occultation Sounding of the Earth’s Atmosphere, lzvestiya, AtmospheddOceanic Physics, 41, 726—740, 2005.

Gracheva, M. E. and Gurvich, A. S.: A simple model for calculation dbuience disturbances in optical devices, Izv. Akad. Nauk SSSR,
Fiz. Atmos. Okeana, 16, 1107-1111, in Russian, 1980.

Gubenko, V. N., Pavelyev, A. G., and Andreev, V. E.: Determinatibthe Intrinsic Frequency and Other Wave Parameters from a Single
Vertical Temperature or Density Profile Measurement, Journal opBesical Research, 113, D08 109, doi:10.1029/2007JD008908, 20

Gubenko, V. N., Pavelyev, A. G., Salimzyanov, R. R., and PavelyevA.. Reconstruction of internal gravity wave parameters
from radio occultation retrievals of vertical temperature profiles in thehBaatmosphere, Atmos. Meas. Tech., 4, 2153-2162,
doi:10.5194/amt-4-2153-2011, 2011.

Gurvich, A. S.: Fluctuations During Observations of Extraterrestriar&s from Space Through the Atmosphere of the Earth, Radiophysics
and Quantum Electronics, 27, 665, 1984.

Gurvich, A. S. and Brekhovskikh, V. L.: Study of the Turbulence &mter Waves in the Stratosphere Based on the Observations of Stellar
Scintillations from Space: A Model of Scintillation Spectra, Waves in Randcedil| 11, 163-181, 2001.

Gurvich, A. S. and Chunchuzov, |. P.: Estimates of CharacteristieSaathe Spectrum of Internal Waves in the Stratosphere Obtained from
Space Observations of Stellar Scintillations, J. Geophys. Res., 114, ¢4i110.1029/2004JD005199, 2005.

Gurvich, A. S. and Chunchuzov, I. P.: Three-dimensional specwfitemperature fluctuations in stably stratified atmosphere, Annales
Geophysicae, 26, 2037-2042, doi:10.5194/angeo-26-2037-Bap8://www.ann-geophys.net/26/2037/2008/, 2008.

Gurvich, A. S. and Kan, V.: Structure of air density irregularities in thatesphere from spacecraft observations of stellar scintillation: 1.
Three-dimensional spectrum model and recovery of its paramé&tergtmos. Ocean. Phys., 39, 300-310, 2003a.

Gurvich, A. S. and Kan, V.: Structure of air density irregularities in thatesphere from spacecraft observations of stellar scintillation: 2.
Characteristic scales, structure characteristics, and kinetic energatims, Izv. Atmos. Ocean. Phys., 39, 311-321, 2003b.

Gurvich, A. S., Kon, A. I, Mironov, V. L., and Khmelevtsov, S. Baser Radiation in the Turbulent Atmosphere, Nauka, Moscow, in Russia
1976.

Gurvich, A. S., Kan, V., and Fedorova, O. V.: Stratospheric radmutiation measurements on the GPS-Microlab-1 satellite system: Phase
fluctuations, Izvestiya, Atmospheric and Oceanic Physics, 36, 300-2800.

Gurvich, A. S., Kan, V., Savchenko, S. A., Pakhomov, A. ., @dkhin, P. A., Volkov, O. N., Kalery, A. Y., Avdeey, S. V., Korzu¥. G.,
Padalka, V. G., , and Podvyaznyi, Y. P.: Studying the turbulence @echad waves in the stratosphere from spacecraft observations of
stellar scintillation: I. Experimental technique and analysis of the scintillatidamee, 1zv. Atm. Ocean. Phys., 37, 436-451, 2001a.

25


http://dx.doi.org/10.1029/2003RS002971
http://dx.doi.org/10.1029/2007JD008920
http://dx.doi.org/10.5194/amt-4-2153-2011
http://dx.doi.org/10.1029/2004JD005199
http://dx.doi.org/10.5194/angeo-26-2037-2008
https://www.ann-geophys.net/26/2037/2008/

10

15

20

25

30

35

Gurvich, A. S., Kan, V., Savchenko, S. A., Pakhomov, A. I., Biadalka, V. G.: Studying the turbulence and internal waves in the sthetiesp
from spacecraft observations of stellar scintillation: 2. Probability didiobuand spectra of scintillations, l1zv. Atm. Ocean. Phys., 37,
452-465, 2001b.

Gurvich, A. S., Gorbunov, M. E., and Kornblueh, L.: Comparis@iviieen Refraction Angles Measured in the Microlab-1 Experiment and
Calculated on the Basis of an Atmospheric General Circulation Modelstizae Atmospheric and Oceanic Physics, 42, 709-714, 2006.

Hedin, A. E.: Extension of MSIS thermosphere model into the middle amdrlatmosphere, J. Geophys. Res., 96, 1159-1172, 1991.

Hubbard, W. B., Jokipii, J. R., and Wilking, B. A.: Stellar occultation bybtulent planetary atmospheres: a wave-optical theory including a
finite scale height, Icarus, 34, 374-395, 1978.

Hubbard, W. B., Lellouch, E., and Sicardy, B.: Structure of ScintillaionNeptune’s Occultation Shadow, Astron. J., 325, 490-502, 1988.

Ishimaru, A.: Wave Propagation and Scattering in Random Media. \it&demic, New York, 1978.

Kan, V.: Coherence and correlation of chromatic stellar scintillations inagesporne occultation experiment, Atmos. Ocean. Opt., 17,
725-735, 2004.

Kan, V.: Stellar scintillations in spacecraft occultation experiment for apheric irregularities with variable anisotropy, Atmospheric and
Oceanic Optics, 29, 42-55, doi:10.1134/S1024856016010086, 201

Kan, V., Matyugov, S. S., and Yakovlev, O. I.: The Structure of t8spheric Irregularities According to Radio-Occultation Data Obtained
Using Satellite-to-Satellite Paths, Radiophysics and Quantum Electronic&9%5505, 2002.

Kan, V., Sofieva, V. F., and Dalaudier, F.: Anisotropy of small-ssalatospheric irregularities retrieved from scintillations of a double star
«a-Cru observed by GOMOS/ENVISAT, Atmos. Meas. Tech., 5, 27¥222d0i:10.5194/amt-5-2713-2012, 2012.

Kan, V., Sofieva, V. F., and Dalaudier, F.: Variable anisotropy oéléstale stratospheric irregularities retrieved from stellar scintillation
measurements by GOMOS/ENVISAT, Atmos. Meas. Tech., 7, 18642;18i:10.5194/amt-7-1861-2014, 2014.

Khaykin, S. M., Hauchecorne, A., Mzé, N., and Keckhut, P.: Beakvariation of gravity wave activity at midlatitudes from 7 years of
COSMIC GPS and Rayleigh lidar temperature observations, GeophysL&e, 42, 1251-1258, doi:10.1002/2014GL062891, 2015.

McDonald, A. J.: Gravity wave occurrence statistics derived fromegoa@OSMIC/FORMOSAT3 observations, J. Geophys. Res., 117,
D15 406, do0i:10.1029/2011JD016715, 2012.

Monin, A. S. and Yaglom, A. M.: Statistical Fluid Mechanics, Volume 2, NRfiess, Cambridge, Massachusetts, 1975.

Nastrom, G. D. and Gage, K. S.: A Climatology at Atmospheric WaveraurB8pectra of Wind and Temperature Observed by Commercial
Aircraft, J. Atm. Sci., 42, 950-960, 1985.

Nastrom, G. D., Gage, K. S., and Ecklund, W. L.: Variability of Turlmde, 4—20 km, in Colorado and Alaska from MST Radar Observations,
J. Geophys. Res., 91, 6722-6734, 1986.

Pavelyev, A. G., Liou, Y. A., Zhang, K., Wang, C. S., Wickert, h®idt, T., Gubenko, V. N., Pavelyev, A. A., and Kuleshov, Y.:ntiéca-
tion and localization of layers in the ionosphere using the eikonal and anglifugdio occultation signals, Atmospheric Measurement
Techniques, 5, 1-16, doi:10.5194/amt-5-1-2012, https://www.atmess+tech.net/5/1/2012/, 2012.

Pavelyev, A. G., Liou, Y. A., Matyugov, S. S., Pavelyev, A. A., @ako, V. N., Zhang, K., and Kuleshov, Y.: Application of the locality
principle to radio occultation studies of the Earth’s atmosphere and ioaosphtmospheric Measurement Techniques, 8, 2885—-2899,
doi:10.5194/amt-8-2885-2015, https://www.atmos-meas-tech.netBZARE/, 2015.

Pingel, D. and Rhodin, A.: Assimilation of Radio Occultation Data in the Globatddrological Model GME of the German Weather
Service, in: New Horizons in Occultation Research, edited by SteineRischer, B., Foelsche, U., and Kirchengast, G., pp. 109-128,
Springer, Berlin, Heidelberg, 2009.

26


http://dx.doi.org/10.1134/S1024856016010085
http://dx.doi.org/10.5194/amt-5-2713-2012
http://dx.doi.org/10.5194/amt-7-1861-2014
http://dx.doi.org/10.1002/2014GL062891
http://dx.doi.org/10.1029/2011JD016715
http://dx.doi.org/10.5194/amt-5-1-2012
https://www.atmos-meas-tech.net/5/1/2012/
http://dx.doi.org/10.5194/amt-8-2885-2015
https://www.atmos-meas-tech.net/8/2885/2015/

10

15

20

25

30

35

Poli, P., Moll, P., Puech, D., Rabier, F., and Healy, S. B.: Quality @bnirror Analysis, and Impact Assessment of FORMOSAT-3/COS
MIC in Numerical Weather Prediction, Terr. Atmos. Ocean. Sci., 20;-123, 2009.

Poli, P., Healy, S. B., and Dee, D. P.: Assimilation of Global Positioningt&8y Radio Occultation Data in the ECMWF ERA-Interim
Reanalysis, Q. J. R. Meteorol. Soc., 136, 1972—-1990, doi:10.1j0022¢2010.

Rennie, M. P.: The Impact of GPS Radio Occultation Assimilation at the NfeteQQuarterly Journal of the Royal Meteorological Society,
136, 116-131, doi:10.1002/qgj.521, 2010.

Rocken, C., Kuo, Y.-H., Schreiner, W. S., Hunt, D., Sokolovs&iy,and McCormick, C.: COSMIC System Description, Terrestrial, Atmo-
spheric and Oceanic Science, 11, 21-52, 2000.

Rytov, S. M., Kravtsov, Y. A., and Tatarskii, V.: Principles of StatistiRaldiophysics Vol 3, Springer-Verlag, 1989a.

Rytov, S. M., Kravtsoy, Y. A., and Tatarskii, V.: Principles of StatistiBadiophysics : Wave Propagation Through Random Media Vol 4,
Springer-Verlag, 1989b.

Shume, E. and Ao, C.: Remote sensing of tropospheric turbulenag G§iS radio occultation, Atmos. Meas. Tech., 9, 3175-3182, 2016.

Smith, S. A., Fritts, D. C., and VanZandt, T. E.: Evidence of saturapectsum of atmospheric gravity waves, J. Atmos. Sci., 44, 14041410
1987.

Sofieva, V. F., Gurvich, A. S., Dalaudier, F., and Kan, V.: Retrmrasion of internal gravity wave and turbulence parameters in the stiaosp
using GOMOS scintillation measurements, J. Geophys. Res., 112, 318dii10.1029/2006JD007483, 2007a.

Sofieva, V. F., Kyrola, E., Hassinen, S., Backman, L., TammidenSeppala, A., Tholix, L., Gurvich, A. S., Kan, V., Dalaudier, F,,
Hauchecorne, A., Bertaux, J.-L., Fussen, D., Vanhellemonf)’Rndon, O. F., Barrot, G., Mangin, A., Guirlet, M., Fehr, T., Sijpe
P., Saavedra, L., Koopman, R., and Fraisse, R.: Global analfysgntillation variance: Indication of gravity wave breaking in the polar
winter upper stratosphere, Geophys. Res. Lett., 34, L03 812, dbd2®92006GL028132, 2007b.

Sofieva, V. F., Gurvich, A. S., and Dalaudier, F.: Gravity wave spgearameters in 2003 retrieved from stellar scintillation measurements
by GOMOS, Geophys. Res. Lett., 36, L05811, doi:10.1029/20086T23, 2009.

Sokolovskiy, S. V.: Modeling and Inverting Radio Occultation Signals in tteésMTroposphere, Radio Sci., 36, 441-458, 2001.

Steiner, A. K. and Kirchengast, G.: Gravity Wave Spectra from GPS//@Egultation Observations, Journal of Atmospheric and Oceanic
Technology, 17, 495-503, 2000.

Steiner, A. K., Kirchengast, G., Foelsche, U., Kornblueh, L., Ni@nZ., and Bengtsson, L.: GNSS Occultation Sounding for Climate
Monitoring, Phys. Chem. Earth (A), 26, 113-124, 2001.

Tatarskii, V. I.: The effects of the turbulent atmosphere on waveggation, Translated from the Russian by the Israel Program for Satentifi
Translations, Jerusalem, 1971.

Tsuda, T., VanZandt, T. E., Mizumoto, M., Kato, S., and FukadSpectral analysis of temperature and Brunt-Vaisala frequency flimisa
observed by radiosondes, J. Geophys. Res., 96, 17 265-17298,

Tsuda, T., Nishida, M., Rocken, C., and Ware, R. H.: A global rholpgy of gravity wave activity in the stratosphere revealed by the GPS
occultation data (GPS/MET), J. Geophys. Res., 105, 7257-7278, 200

Vorob’ev, V. V. and Krasil'nikova, T. G.: An approximate method &waluation of refractive index variations in inhomogeneous atmosphere
Soviet Journal of Communications Technology and Electronics, 28;2@6, in Russian, 1984.

Vorob’ev, V. V. and Krasil’nikova, T. G.: Estimation of the Accuracftbe Atmospheric Refractive Index Recovery from Doppler Shift
Measurements at Frequencies Used in the NAVSTAR System, Izvestgdefy of Sciences SSSR, Atmospheric and Oceanic Physics,
English Translation, 29, 602—-609, 1994.

27


http://dx.doi.org/10.1002/qj.722
http://dx.doi.org/10.1002/qj.521
http://dx.doi.org/10.1029/2006JD007483
http://dx.doi.org/10.1029/2006GL028132
http://dx.doi.org/10.1029/2008GL036726

Wang, L. and Alexander, M. J.: Global estimates of gravity wave patars from GPS radio occultation temperature data, J. Geophys. Res.,
115, D21 122, doi:10.1029/2010JD013860, 2010.

Ware, R., Exner, M., Feng, D., Gorbunov, M., Hardy, K., Henm., Kuo, Y.-H., Meehan, T., Melbourne, W., Rocken, C., &aher, W.,
Sokolovsky, S., Solheim, F., Zou, X., Anthes, R., Businger, Sd, Brenberth, K.: GPS Sounding of the Atmosphere from Low Earth

5 Orbit: Preliminary Results, Bulletin of the American Meteorological Society,1B—40, 1996.

Wheelon, A.: Electromagnetic Scintillation. I. Geometrical optics, Cambrldgiversity Press, Cambridge, UK, 2004.

Woo, R., Ishimaru, A., and Yang, F.-C.: Radio scintillations duringutetions by turbulent atmospheres, Radio Sci., 15, 695703, 1980.

Yakovlev, O. I., Efimov, A. |., Timofeeva, T. S., and Shvachkin,NK: Decimeter radio-wave fluctuations and energy flux during desafen
the Venera 7 and Venera 8 probes to the surface of Venus, CosmiflRE2R), 12, 100-103, 1974.

10 Yunck, T., Liu, C., and Ware, R.: A History of GPS Sounding, Teriak Atmospheric and Oceanic Sciences, 11, 1-20, 2000.

28


http://dx.doi.org/10.1029/2010JD013860

