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Abstract. We discuss the relationships that link the observed fluinapectra of the amplitude and phase of signals used
for the radio occultation sounding of the Earth’s atmosphwiith the spectra of atmospheric inhomogeneities. Oulysisa
employs the approximation of the phase screen and of wedkiditions. We make our estimates for the following charéstier
inhomogeneity types: 1) the isotropic Kolmogorov turbaieand 2) the anisotropic saturated internal gravity walesobtain
the expressions for the variances of the amplitude and ghaseations of radio occultation signals, as well as thsiineates
for the typical parameters of inhomogeneity models. Froe@RPS/MET observations, we evaluate the spectra of the tuaeli
and phase fluctuations in the altitude interval from 4 tak2bin the middle and polar latitudes. As indicated by theoedtic
and experimental estimates, the main contribution intoréttio signal fluctuations comes from the internal gravitwesa
The influence of the Kolmogorov turbulence is negligible. tégive simple relationships that link the parameters adriml
gravity waves and the statistical characteristics of tltkoraignal fluctuations. These results may serve as the fmasike
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 processidgoBservations, neutral
atmospheric meteorological variables are retrieved fromlaude 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 helgitop’ev and Krasil’'nikova, 1994; Gorbunov, 2002). The ieg-
sive success of the GPS/MET experiment stimulate furthezldpment of RO satellites and constellations, includittNMP

and COSMIC experiments. Currently, the RO sounding is amitapt method of monitoring meteorological parametersef t
Earth’'s atmosphere; RO data are assimilated by the wodddihg numerical weather prediction centers (Rocken @00;
Yunck et al., 2000; Steiner et al., 2001; Pingel and Rhodd®92 Poli et al., 2009; Cucurull, 2010; Poli et al., 2010; Rien
2010).
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A high potential of the stable GPS signals, complementedi Wdt global covering and high vertical resolution, attract
the attention of researchers to the use of RO data not onlthéoretrieval of regular profiles, but also for the study af th
inhomogeneities of the atmospheric refractivity from R@nsil fluctuations (Belloul and Hauchecorne, 1997; Gurvicil.e
2000; Tsuda et al., 2000; Wang and Alexander, 2010; Cornrnaln €004, 2012; Shume and Ao, 2016; Gubenko et al., 2008,
2011). Occultation-based methods of sounding atmosphrienogeneities have a long and successful history. liyitthey
were used for sounding the atmospheres of other planete &dlar system, using occultations of stars and artificiellges
(Yakovlev et al., 1974; Woo et al., 1980; Hubbard et al., J988r the Earth’'s atmosphere, occultation observatiorssedfar
scintillations were performed at the orbital station Mirl§Randrov et al., 1990; Gurvich et al., 2001a, b; Gurvich Ead,
2003a, b). The observations of stellar scintillations ¢atied that the Earth’s atmosphere is characterized by Hiogfog two
types of inhomogeneities: 1) isotropic fluctuations andi@rgly anisotropic layered structures. On the basis cfdluata, an
empiric two-component model of 3D inhomogeneity spectruas weveloped, the anisotropic component being described by
the model of saturated internal gravity waves (IGW), therigat component being modeled as the Kolmogorov turbulence
(Gurvich and Brekhovskikh, 2001; Gurvich and Kan, 2003a,Th)e method of the retrieval of these parameters from the
observations of stellar scintillations was successfulhplyed for the interpretation of the experimental datau&egl at the
Mir station. This method was further enhanced and appliethi® bulk retrieval of IGW and turbulence parameters from th
observations made by fast photometers at the GOMOS/ENVEa4dllite (Sofieva et al., 2007a). The retrievals are peréar
in the altitude range from 50—86n down to 30km (Sofieva et al., 2007b). The upper limit was determined byraldéation
shot noise, the lower limit was determined by the applidggbiiondition of the Rytov weak fluctuation theory.

In the radio band, the amplitude fluctuations are much sl in the optical band, therefore, the weak fluctuatieoti
may be applicable down to altitudes of several kilometehg main limitation is due to the humidity fluctuations, whoske
becomes significant in the troposphere. The upper boundaheaneasurable fluctuation of RO signals is about 30&35
which is determined mostly by residual ionospheric fludgaret and measurement noise. Optical and radio monitoring of
atmospheric inhomogeneities complement each other inetperd of their height ranges. For the optical band, straesp
IGW and turbulence make approximately equal contributintensity fluctuations (Gurvich and Kan, 2003a, b; Sofieval et
2007b). For longer waves, in the radio band, a prevailing ioplayed by inhomogeneities, whose spectra are chazetdry
a steeper decrease; in our case, these are saturated IG\&d&lgsy an increasing number of papers discuss the use ofdBPS f
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 in radio signal flucioas.

The aim of this paper is the clarification of the role of the timbomogeneity types, and the evaluation of their actual
contributions in the amplitude and phase of RO signals. @alyais is based on the phase screen approximation and Hie we
fluctuation theory. In the framework of these approximatione obtain simple analytical relationships for the vaz@iof
fluctuations of radio signals for anisotropic and isotrdpltomogeneities. At this stage of our study, we confined tiadysis
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of experimental data to height range from 25 down taxin the middle and polar latitudes, in order to exclude theugtice

of complicated and volatile structure of lower-troposphédmumidity. The paper is organized as follows. In Sectiowa,
consider the basic models and approximations: the 3D madelsisotropic and isotropic atmospheric inhomogeneities
phase screen approximation and the weak fluctuation theoection 3, we apply these approximations to derive simple
relationships for the statistical characteristics of R@nal fluctuations. In Section 4, we consider the experiniemtaances
and fluctuation spectra of the amplitude and phase for therlstvatosphere and upper troposphere. In Section 5, wesdisc
the relative contribution into RO signal fluctuations coghfrom isotropic and anisotropic inhomogeneities. In Set6, we
offer our conclusions.

2 Basic Models and Approximation

For RO signal analysis, we employ the following approximmas:
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 tlygéine 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 the
relative fluctuations of refractivity = (N — N) /N, where N =n —1, n is the refractive index, and the overbar denotes
the statistical average. We assume the regular atmospNete, be locally spherically symmetric. In the optics, refiaty
fluctuations depend only on temperature fluctuations. Imad& range, humidity fluctuations make an additional dbation

into refractivity fluctuations, which may be crucial in ttener 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 fluctuatadmefractivity, 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)= Oy (k) +Px (k) (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 intervaltivé power of-p, which is confined between the outer scale
Lw k and the inner scalky, x of the inhomogeneities. Both components can be expresshd following general form:

/2 K
P =y = AC%/V,KUQ (“z +n°k + KI%V,K) " ¢ () )
KW, K

K2 =r240%R%, K2 :nfﬂrnz (2)
WhereCa/’ 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 ra§yy x = 27/ Lw, x andkw, x = 27 /lw k are the outer and
inner scale, respectively. Functigrdetermines the damping of the spectrum for the smallestscdle will use the following
function: ¢ = exp (—«? /Ky 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 (Smith et al., 1987; Fritts, 1989). We will use a model of tA spectrum with a
constant anisotropy = const > 1, although the latest studies of stellar scintillationsrfi al., 2012, 2014) indicate that the
anisotropy increases and saturates with increasing shalsaturation value being about 100 for vertical scalebofial 00m.
Below, we will see that the characteristic scales of IGW nhatdktermining RO signal fluctuations are the Fresnel sealend
the outer scale. For radio waves with= 20 cm at a GPS—LEO pathyr equals about km, while the vertical outer scaley is
severakm. For inhomogeneities with scalesl km, the anisotropy; significantly exceeds its critical valug, = \/R./Hy ~
30, whereR, is the Earth’s radius, anH, = 68 km is the atmospheric scale height. Due to sphericity, diffeogientations
of anisotropic layered inhomogeneities with respect the 6f sight result in the saturation of eikonal, or phase tlatbns
atn ~ n.,-. For a larger anisotropy > .., their dependence omdegrades, and they remain at the value corresponding to
the asymptotic case of spherically-layered inhomogesee({Gurvich, 1984; Gurvich and Brekhovskikh, 2001). Thereffor
RO sounding, the approximation of strongly anisotropic I@\Nomogeneities) = const > 7., is acceptable. The structure
characteristic for dry aiC%m 4y 1S €xpressed in terms of the conventional parameters detiegrthe 1D vertical spectrum of
temperature fluctuations in the IGW mod®&}; /1 (k.) = ﬂ“%-z‘/- k3 (Smith et al., 1987; Fritts, 1989; Tsuda et al., 1991), as
follows (Sofieva et al., 2009):

3[wt
2 _ B.V.
CWary = 12 €

where 5 ~0.1 is the coefficient introduced in the IGW modelg . is the Brunt—Vaisala frequency, andis the gravity
acceleration.

To obtain the value of the structure characterigtj in the radio band(’y;, ;,, must be multiplied with the coefficiert >,
which equals the ratio of the square of the difference ofal@nd adiabatic vertical gradients of the full refractiyinclude the
humidity term, and the corresponding value for the dry iivity (Tatarskii, 1971; Good et al., 1982; Tsuda et alQ@p The
inner scaldy, may vary in the stratosphere from several meters to sevenfaneters (Gurvich and Kan, 2003b; Sofieva et al.,
2007a). For locally homogeneous random fields, the poweorexqut of purely power-law spectra must lie in the following
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limits: 3 < p < 5 (Rytov et al., 1989a, b). This dictates the necessity obthiction of the outer scale, although the variance of

amplitude fluctuations only indicates a weak dependenee fhe outer scales up j0<6 (Gurvich and Brekhovskikh, 2001).
Forpu=11/3,n=1, A=0,033, andC% = C2 /N2, 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 éstifhthne 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 about13@00 his allows the approximation of the atmosphere as thin
screen that only introduces phase variations, includirth begular and random ones. The amplitude fluctuations anecid
due to the diffraction during the propagation in the freecepfiom the screen to the receiver. We position the phaserscre
in the plane crossing the Earth’s center and perpendicolgret incident rays. The properties of the equivalent phas&®©
observation geometry have been studied, for example, iblfkd et al.; Gurvich, 1984; Gurvich and Brekhovskikh, 2001
The use of the phase screen allows a significant simplificatfdhe RO signal fluctuation analysis, and makes it poss$ible
take into account the regular variation of refraction witk altitude. In the evaluation of the equivalent phase ¢&ilbnal),

it is necessary take into account the Earth’s sphericity.

The amplitude fluctuations are considered weak, if theiravee is less than unity (Tatarskii, 1971; Ishimaru, 19718
weak fluctuation approximation makes it possible to deriwgpte linear relationships linking the 3D spectrum of thmat
spheric refractivity fluctuations with the 2D spectrum ofg@itude and phase fluctuations of RO signal (Rytov et al. 958
b; Gurvich and Brekhovskikh, 2001; Sofieva et al., 2007ajhéoptical range, fluctuations are weak for ray perigetudkis
above 25-3&km (Gurvich and Kan, 2003a, b; Sofieva et al., 2007b). For GP® mignals, amplitude fluctuations are sig-
nificantly weaker, because the Fresnel scale is about thdusaes greater than that in the optical range. At low altis)
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 seudlameters. 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 ofatreval
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 observatcallows using the hypothesis of “frozen” inhomogeneitas

mapping measured temporal spectra of signal fluctuatidnspatial 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 momerfits
RO signal fluctuations. In this Section, we will discuss ta&tionships 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 péafag, yo) (Rytov et al., 1989b):

Bx,S (AZO,Ayo) =

1 Bs(Az,Ay) T _kr // Bg (AZ',Ay')sin ky (A2 — Az)* + Ll (AyY — Ay)?| dAZ dAy'
2 ’ draiqt/? ’ 4x1q 4aq

By s (Azo,Ayo) =

— }L 5 / ’ ky r 2 kify o 9 , ,
- 24mrig'/? / Bs (A7, Ay)cos Lbclq (A2 A2+ 44 (Ay' = Ay)"| dA'dAy (4)

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 scregifis 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 thewfimltp
relationshipsAz = %AZQ,Ay = %Ayo, Bg (Az, Ay) is the correlation function of the phase in the phase sciBeg,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? NSV B A
FX75(nz,ny)7? 1 F cos H(anrq ko) | Fip (Kzyhiy)

N R
Fxg(nz,ny)fgsm H(nz—kq ko) | Fyp (K, kiy) 5)

whereF, (k.,x,) is the 2D spectrum of the fluctuation of eikogak= S/ in the phase screen. For the sake of convenience,
relationships (5) are written in terms of wavenumbeysx, 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 spedaifuhe 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.H, dr
Fp(kastiy) = 02 [ @ (g [12 42 ) exp (=22 - 6
o (R ey) / e R ) S\ T mE ) i e ©
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where ¥ is the mean eikonal. In particular, for the exponential aphere¥ =./27R.HyN. Formula (6) takes into
account the sphericity of the atmosphere, which is esdegiitiay > 7... A general expression (6) foﬁo is 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, aresumingR. Hy — oo
and performing integration, we arrive at the following knovelationship, applicable for random inhomogeneitiesally
homogeneous in the Cartesian coordinate system (Tatalt8Kil; Rytov et al., 1989b), which we dendNTg:

™
R.Hy

Fé(:‘iz,ﬁy) ~ D2 D (K2, ky,0) @)

For the isotropic turbulence, we substitdie= ¢ x with = 11/3 andn = 1.
2. Strongly anisotropic inhomogeneitigs> 7.,.. For 4=5, this case corresponds to the model of saturated IGWheor t
large-scale part of the spectrum. In this case, we can viréédlowing expression for the eikonal spectrlﬁ@:

. _ K%, + K2 +n?K2 V2p (u=t
Fg(“zﬁy)%qﬂ\/ 1+:§H§( - nF(g‘y)) ( . )(I)W("fzw‘fyvo) (8)

For strongly anisotropic inhomogeneities, functiﬁg has a sharp peak with respect to its argumgptand 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(mz,ny) ~ V5 (K2)0 (ky), wheref/g (k) is the 1D vertical spectrum of the eikonal

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

5 B B I‘(L*l) P s
Ve (k)= [ F&(ksory)dry = 2C [~ 2 ) (K +R2) 2T
%2} (H ) / (] (K‘ 7’€y) ”fy w 1+I{§H02 77F (%) exp le/l/ ( w + sz)

r (1> U (1 _mu—4 W) 9)

2 2727 kY

whereU (a, 8;t) denotes the hypergeometric function.

The variance of the logarithmic amplitude fluctuation isedetined by the scales of the order of the Fresnel zone (Kitars
1971). The vertical Fresnel scalg: = \/7Az1¢/ 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 casgr > ly. The variances of eikonal and refraction angle
fluctuations, and the mutual correlation function of anyglé and phase for such steep 3D spectral yith5 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 witttives large vertical scales, significantly exceedingtiner scale:

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

(KZ, +#2) "
(n=2)/1+r2H]

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

Vi (k2) ~ 2mW2Chy

(10)

sphere Vi, (k), and the eikonal fluctuation spectffg (k) /¥? in the phase screen are linked by the following relationship
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(Gurvich, 1984):

2 2\~ 5+l 7a
a _ 2 (KW + Kz) _ V«p (’{Z)
Vi (k2) _47TOW—(,U—2) =1/1+rK2H} 77 (11)

Relationship (11) is written for single-sided spectradfor> 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,emsnred
realization corresponds to the ray displacement in theg@ba®en by distancealong the projection of the satellite trajectory
arc. In the phase screen model, we have to take into accoemefractive deceleration of ray immersion, and the vdrtica
compaction of the scales. The observation geometry willdterchined by the inclination angte of the occultation plane,
defined as the angle between the immersion direction of thpedgee and the local vertical in the phase screen. 1D igpect
of amplitude and phase fluctuation measured along atcanglec can be expressed as follows (Gurvich and Brekhovskikh,
2001):

Vs (ks) = /FX,S (kssina + k' cosa, kgcosa — k' sina) dr’ (12)

Angle a = 0° corresponds to a vertical occultation, amd-= 90° corresponds to a horizontal, or tangential occultatiore Th
frequency of amplitude fluctuationsis linked to the wavenumbey, by the following relationship:

ks =27 f g (13)

whereu;, 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 horizontdbeiy 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:

Ve )Jﬁ ) 219 2\ ] jra 14
s (F2) = 5 F cos T K> Ap(liz) (14)

wheref/g (k) is determined by (10). As above, the negative sign appliise@amplitude, 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 the Eq. (2) for thef32sum and use it as a pure power law.
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In the case of strongly anisotropic inhomogeneitjes- 1., using (1), (14), and conditior, Hy >1, we can derive the

following expression for the variance of logarithmic anydie (Gurvich, 1984):
2

k
o2 (> 1er) = 5 {1 — cos [2[] (k24+q~ 1n2)} V“(nz)é(ny)dnydnz} =
202 P2k2 <q21> -1
" 2Hy (1= 2)T (§) sin (n52) \ 7k
which, foru = 5, correspond to the model of saturated IGWSs.

W=

(15)

For a moderate anisotrogy< n < 7., the corresponding expression can also be found in (Gurt@s4):

k2 r1q _ -
U>2<(77<<7707-)=2{1—co [/W (H +q 1K2):| FLP(Ky,Kz)d/idez} =
Ar TP (%)1 (16)

4\/R HOF( )bln( ) 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 ampditiactuations, consider the ratio of (15) and (16) with thesa
power exponent::
W2 Ner) 2 thr (17)
ox(n<ner)  Vr(p—2) n

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

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

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 afn
small arguments into series and neglect the inner scale.

For the variance of phase fluctuations for strong anisotropyr., and outer scalé(v‘vl ~ Hy /2w, we obtain:

NG R G

o} (1> ner) = (18)
S ([L 2) H(]F (,u. 1) w
For uu = 5, the variance depends on the outer scalK gs.
For a moderate anisotropy< 7., using (5) and (7), we obtain the following expression:
2 K2AC?W2y
a_% (N < Ner) = VT nK pe (19)

(n—2)VRHy,  *
ForC? =C%,pn=11/3, A= 0,033, andn = 1, this corresponds to the model of isotropic turbulencehisi¢ase, the variance
of phase fluctuations depends on the outer scaIéI§§3 (Tatarskii, 1971). The ratio of (18) and (19) for the samén way
similar to amplitude fluctuations, is proportional to théoaf 7..,. /7.
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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 anfijletuations:
mCZU?

(=2)(p—=4)Hy "

and foru = 5, the variance depends on the outer sca[Ka,]s.

Ui (0> ner) = (20)

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 tof_lgv‘?fwi > 1.
Using (5) and neglecting the cosine term, we arrive at tHevi@hg expression for the fluctuations of the full incidenge 6:
N T /TACEL T (2 4) e
2v/R.H, K
For the Kolmogorov turbulence, the variance of incidentlafigctuations depends on the inner scale%&. Introducing the
effective thickness of the atmosphere along the ray, whiglats L. = /7 R. Hy =~ 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)

Q
oY
=
Il
2

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:

203, W2k? LAY —
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

(XS (7> ner)) (22)

angle fluctuations.
For isotropic inhomogeneities,= 1, the most important scale determining the correlation efldgarithmic amplitude and
phase, is the Fresnel scale > . Under the assumption thai- 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

o T mACL U2 <m>5—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 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
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atmospherdd,, the average eikonal, bending angle, and refractive attenuation coefficieptcorrespond to the standard
model of the atmosphere.

The structure characteristic of the relative fluctuatioh®ractive index was specified for the model of saturated/K3n a
dry atmosphere, according to relation (3). Numerous raolimd data and observations of stellar occultations inditait this
relation is met with a good accuracy for the troposphere tnadosphere. For the radio band, the structure charaiitenias
multiplied by K2 in order to take humidity into account. We were using the tityiprofile, typical for spring and autumn
in middle latitudes, with the gradient scale of Zin. As shown above, the inner scale of the inhomogeneitiessigrificant
in the IGW model. The outer scale, corresponding to vercale of dominant waves, was assumed to eduygal= 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 averagefiles
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@&m, where humidity is negligible, we used
model dataC? from (Gracheva and Gurvich, 1980), which generalizes tsalte of numerous observations and models for
the dry optical turbulence (Gurvich et al., 1976), as welleggevals ofC?2 from stellar occultations (Gurvich and Kan, 2003b;
Sofieva et al., 2007a). For the outer scale we used the valligwof The inner scale is assumed to increase froemdat 4
km to 0.75m at 30km. The mean value of refraction angi@nd refractive attenuation coefficientvere evaluated using the
exponentially decaying atmospheric air density profile:

e (10 1 (24)

Figure 1 shows the model profiles of rms fluctuations of theultlgmic 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 saturatéd/$@&@xceed the corresponding values for the isotropic tunicele
by an order of magnitude or even more, and this differences@ises with the altitude. This especially applies to thereik
fluctuations and amplitude-eikonal correlation, where difference 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’2
(Nastrom et al., 1986). In (Nastrom et al., 1986) it is, hosremoted that the increase 6f above 10km is not corroborated
by other observations in Platteville (Ecklund et al., 19a8)l can be attribute to measurement noise. For the IGW mibel,
knee is explained by the abrupt change of the Brunt-Vaisatfuency near the tropopause, according to (3).

For the turbulence model, we assumed the outer scale to laétedikm. However, for stable stratification, which is typical
for the stratosphere, the outer scale may be significargittean 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 signat®agpared to the estimates fokihn, 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

11
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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).

fluctuations of RO signal as compared to the optical bandytek fluctuation condition is fulfilled down to the lower linaif

the altitude range under discussion.

A significant variability of the parameters of atmospherihdmogeneities, especially structure characteristiegendding
on latitude, season, orography, intermittence etc., isptihat the averages model profiles only allow for rough egésof
RO signal fluctuations. The aim of our work is, however, anrapimate estimation of the contributions of fluctuationssed
by different inhomogeneity types. Anyway, our estimatethefdifference between the contributions of IGWs and turizge

are large enough to ensure that the IGWs play a dominant roleruihe conditions in question.

12
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4 Experimental Fluctuation Spectra of Amplitude and Phase

The most important difference between turbulence and a@inGWs is the anisotropy of the latter. The variances of RO
signal parameter fluctuations, being single-point charéstics, do not contain an immediate information on theatnopy of
the 2D field of RO signal fluctuation in the observation fietdwhich the anisotropic 3D field of atmospheric inhomogeesgit
is mapped. This information can be extracted from 1D speaftiRO signal fluctuations, measured at different angles with
respect to the local vertical. For turbulence, due to itsrdgay, the fluctuation frequencies of the signal are deteeahiby the
characteristic scales and the obliqgue movement velagityf the line of sight. For anisotropic IGW inhomogeneitidsey
fluctuation frequencies of the signal are determined by éntgoal velocityv,, for the majority of occultations. These velocities
and frequencies coincide for a vertical occultation, beytmay differ several tens of times for strongly oblique dtation,
due to the geometrical difference between the vertical &tique velocity and refractive damping of the vertical \@tg. This
frequency discrimination of isotropic and anisotropic flations in oblique occultations allows for a separatevestie of their
contribution into signal fluctuation spectra (Gurvich anahk2003a, 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 shHmnsptectra for the low stratosphere at altitudes frori2siown
to the upper boundary of the tropopause located at @x1.3igure 3 shows the spectra for the upper troposphere atdats
from 8-12km down to 4km. As noted above, the analysis is based on occultation ewétitglifferent inclination angles, in
middle and polar latitudes. We selected events with a lowllefionospheric fluctuations at altitudes below 60%7n0 Under
these conditions, below 25-30n neutral atmospheric signal fluctuations will supersedeithespheric 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. idise spectrum was estimate from the occultation datadeed
altitudes of 70-50m with a low level of neutral atmospheric and ionospheric fiations. The mean amplitude profiles were
determined from linear trends. Figure 2 and 3 (as well asreigwand 5 below) show 30 examples of stratospheric events and
20 examples of tropospheric events. For the stratospheréndlination angles changed within the range@f — 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 tlrigrof wavenumber and spectral density, normalized to the
variance. Such a product will be hereinafter referred thaspectrum, as distinct from the spectral density. Thetspialicate
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 spectra-js+ 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 winddemed the minimization of distortions of spectra with a steep
decrease (Bendat and Piersol, 1986). The Fourier periadogwere averaged with a spectra window of a variable width
first with a window of a constant Q-factgi/ A f = 2, then with a window of a constant width. The spectra were ratized to
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Figure 2. Amplitude fluctuation spectra for the lower stratosphere: panel A: thejsptrypothesis; panel B: the anisotropy hypothesis. The
color map red—green-blue corresponds to the increasing occultati@sawhich are subdivided into three groups. The black solid line in
panel B presents the theoretical vertical spectrum for the saturatediGdE|; the dashed lines present the asymptotics of this spectrum for

low and high frequencies, the low-frequency asymptotic is evaluatefljfor— co.

the variance, evaluated as the integral of the spectraltgengr frequency. The spectra in Figure 2 and 3 are plottegvo
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 occultatiogies were evaluated from the satellite orbit data. The wawiers
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 occultation angle, thgima systematically shift to lower frequencies, althoutjie, oblique
velocities, on the contrary, increase. In panels B, all fhecta are grouped around the vertical Fresnel scale, waidts
the anisotropy hypothesis. For the verification of the mogfanisotropy hypotheses, strongly oblique occultatisimould be
most informative. If the amplitude spectra contained aificant isotropic component, it should manifest itself inliqgbe
spectra as an additional maximum at higher frequencieseliasscintillation spectra, such a double-hump strietsitypical
(Gurvich and Kan, 2003a, b; Sofieva et al., 2007a). The alesehthe second high-frequency maximum in Figures 2 and 3
indicates that the amplitude fluctuations caused by theopwmt turbulence in these measurements were significargker
compared to those caused by the anisotropic inhomogeneliie experimental amplitude spectra in panels B are in d goo
agreement with the theoretical spectrum (10) and (14).cAigh the variance of amplitude fluctuations weakly dependbe
outer scald.yy, if it significantly exceed the Fresnel scale, still, theuefice ofL.y; is noticeable in the low-frequency spectral

region, where it results in a faster than +1 decrease of tbetspn for decreasing frequencies. This effect was utllioe the
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Figure 3. Amplitude fluctuation spectra for the upper troposphere: panel A: thi@@phypothesis; panel B: the anisotropy hypothesis. The

notations are the same as in Figure 2

retrieval of internal gravity wave and turbulence paramsfi®m stellar scintillations (Sofieva et al., 2007a). Far theoretical
spectrum in the stratosphere, we used the valubypf= 2.0 km; for the troposphere, we used the valuelgf = 1.2 km.
Deep oscillations of the theoretical spectrum in the higdgfiency region are caused by diffraction on a thin screka slope
of our spectrum at their diffractive decline agrees with theoretical value-3; note, the diffractive slope of the spectral
density equals-4. The fact that all the spectra in panels B group together siédaat all the anglea met the condition of
effectively vertical occultations. Fat,,.x = 88°, we can estimate anisotropy> tan (amax) = 30 for the inhomogeneities,
whose vertical scale equals the Fresnel scale.

The measured RMS values of the relative fluctuations of thglitude in the stratosphere are 0.08-0.20, which is in a fair
agreement with the IGW model (Figure 1), which equals 0.1thénmiddle of the height range. For the upper troposphere,
the measured RMS values are 0.12—-0.35 and, therefore, thetyynrexceeds the theoretical estimate, which equals TH&.
experimental RMS values indicate the applicability of tippraximation of weak fluctuations for the interpretationttuése
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 wifer to the excess phase as to the eikonal. Double-frequahssrvations
allow for the exclusion of the ionospheric component of thkemal under the assumption that the trajectories of thertws
coincide. The ionospheric corrected eikonal consists of tamponents: 1) the neutral atmospheric eikonal evaluatetie
integral along a straight ray, which in Section 3 was denet®d, and 2) the addition to the geometrical length of the ray
due to refraction (Vorob’ev and Krasil'nikova, 1984; Guafviet al., 2000). The second term is approximately equaledirtt
one at a height of 1&m, and it rapidly increases for lower altitudes. In the firspregximation, the eikonal variations are
completely determined by the refractive index variatiamghie first term (Vorob’ev and Krasil'nikova, 1984). Stroregular
variations of the eikonal with the altitude, and its relativsmall fluctuations, which amount to tenths of percengragate the
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Figure 4. The normalized eikonal fluctuation spectra for the lower stratospharesl #\: the isotropy hypothesis; panel B: the anisotropy
hypothesis. The black solid line in panel B represents the theoreticalalespiectrum for the saturated IGW model; the dashed line represents

its asymptotics. Cf. the caption of Figure 2.

separation of fluctuations, especially due to the difficoltyhe evaluation of the mean eikonal profile (Gurvich et2000;
Cornman et al., 2012; Tsuda et al., 2000). In this study, veetius smooth eikonal profile evaluated for the MSISE-90 model
(Hedin, 1991) complemented with a simple model of humidity relative humidity has a constant value of 80% below 15
km. These profiles are evaluated for the real observation gepmed they correctly represent both the atmospheric @ikon
and the geometrical length of the ray. Still, both before aftelr the subtraction of the model profiles, the eikonalizaéibns
contained low-frequency trends, due the model inaccuk&leyapplied an additional detrending square-polynomiah tierthe
eikonal deviation from the model. This procedure smootlkssiectral components with scales exceeding the halfHesfgt
the realization. Similar to the amplitude spectra, we uked+ann window also for the eikonal.

Figure 4 and 5 present the normalized spectra of the atmdsgheetuations of the eikonal for the same events and altu
ranges as for the amplitude spectra. The eikonal fluctusii@ctra 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
—3 for IGWs and-5/3 for turbulence. The eikonal spectra normalized accordiriye anisotropy hypothesis have a somewhat
large spread compared to the amplitude spectra, still, dlsycorroborate the dominant role of anisotropic inhomegees.
These spectra are in a fair agreement with the theoreticataespectrum (14). For the evaluation of the theoretspadctrum,
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 4sil 5vhile their theoretical was aboutcrn.
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Figure 5. The normalized eikonal fluctuation spectra for the upper tropospRare| A: the isotropy hypothesis; panel B: the anisotropy

hypothesis. The notations are the same as in Figure 4.

5 Discussion

In this study, we discussed the 3D spectra of atmosphermnmioigeneities of two types: 1) the isotropic Kolmogorov tur-
bulence, and 2) the anisotropic saturated IGWs. For RO oasens, in the approximations of the phase screen and weak
fluctuations, we derived the relationships that link theesbsd 1D fluctuation spectra of the amplitude and phase Wéf3D
inhomogeneity spectra. This allowed us to obtain the aitallyexpressions for the variances of the amplitude, prastray
incident angle fluctuations, as well as the single-pointléoge-phase correlation for both inhomogeneity type< Tfteoret-
ical estimates of the variances of RO amplitude and phastuétions for different values of the parameters of atmosgphe
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 itanatr
tion of the Kolmogorov turbulence, under these conditiamsmall. Even taking into account a significant spread objibes
values of the structure characteristics and typical sal@shomogeneities, it is hard to expect that this can coraptnthe
difference between the IGS and turbulence in this altitaogye. Moreover, the averaging of RO signal fluctuationsgatbe
whole ray inside the atmosphere damps the influence of itterme, which is typical for turbulence under stable ffication
conditions.

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 stpdtese, comprising the altitudes from Rm down to the upper
boundary of the tropopause, and for the upper troposphemgpiising the altitudes from the upper boundary of the tpause
down to 4km. For analysis, we chose RO events in middle and polar lagwdth different occultation trajectories: from verti-
cal ones with occultation angle near 0 degree to strongigoélones with occultation angles up to 88 degree. The axpeital

spectra of the amplitude and phase fluctuations, presest@éuaction of vertical wave numbers for the anisotropy ltlgpsis
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or oblique wavenumbers for the isotropy hypothesis, indieastrong anisotropy of the atmospheric inhomogeneiiibs,
along with the theoretical estimates signifies the dominaletof saturated IGWSs 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 optical band, the radio band is charaed by a much greater Fresnel scaje This, together
with the strong refractive attenuation, significantly rees the amplitude fluctuations at small altitudes, andgetbeg, the
weak fluctuation condition is met for altitudes down to a feNoheters. This is corroborated by the measured variance of
relative amplitude fluctuation. The upper boundary of therR@hitoring of atmospheric inhomogeneities is close to tineer
boundary of optical occultations. Therefore, radio andoapioccultations, together with the simple approximasiogive an
opportunity of monitoring the wave activity over the whoteasosphere and upper troposphere.

Satellite observations of stellar occultations indicéi@ in the optical band, at the perigee height about:d0 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 fdfgesnel scale, the role of large-scale inhomogeneitiés avi
steeper 3D spectrum increases. Such inhomogeneitiestabeited to IGWs (Kan et al., 2002). This follows from (15) and
(16): the decay of variance with increasing wavelenggthx M\4/2=3 is stronger for turbulence,~7/6, than for IGWs\~1/2.

The relative contribution of IGWSs into the variance of amydi¢ fluctuations with respect to that of isotropic turbukeircthe
radio band, compared to the optics, increases proportjomnad)\gps/>\om)2/3 ~ 5-103. This difference is also seen in Figure

1, which shows the amplitude RMS at an altitude ofk30, if we recollect that in the optical band, the amplitude fliattons

due to IGWs are additional restrained by the inner scale of |@\Atsexceeds 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 fluctuatiohe. 0se of mean eikonal obtained the sliding averaging with
Ah=5km > Ly and the model profile resulted in very close spectra. A disathge of the sliding averaging consists in the
fact that it requires additional intervAlh in the beginning and in the end of a realization.

For strongly anisotropic inhomogeneities, RO signal flatitins are determined primarily by the vertical structurabo-
mogeneities and, accordingly, by the vertical velocityref tay immersion for different occultation anglesThe comparison
of amplitude records taken as a function of time or as a fonatif 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 theinitu@e significantly exceeds that at the same altitudesddlmand
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 tpipye from the COSMIC data in tropics, May 2011, and in middle
and polar latitudes, January 2011. For each latitude baaadhese 30 occultations, with occultation angles varyingifds°
to 89°. In the tropics and upper troposphere, at altitudes fromd@xdo 8km, in the amplitude spectra the dominant role is
played by anisotropic IGWSs. In the lower troposphere, atualés from 6 down km, however, the spectra mostly agree with
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the Kolmogorov turbulence, although some of the spectra haaxima located at higher frequencies, as compared to what i
predicted by the theory. This may be a consequence of stroaiéitions, because the relative amplitude fluctuation RMS
tropics, in this altitude range is close to unity. A similaiaysis for altitudes from 6 to km, for middle and polar latitudes in
January, where the humidity influence was much smallercaids that the amplitude spectra mostly correspond to tié 1G
model, and the fluctuation RMS was smaller than in the trgjgicd was equal to 0.2-0.6. This indicates that in the framlewo
of the approximations of the thin screen and weak fluctuatifor the lower troposphere, it is only possible to inferglou
estimates. A strict quantitative analysis would requireeracdvanced techniques.

The main result of this study consists in the statement thttd stratosphere and upper troposphere, at altitude® @hbv
km for middle and polar latitudes, and above T8 in the tropics, the dominant contribution into RO signal fllations
comes from anisotropic inhomogeneities described by theaed IGW model. Formerly, for the stratosphere, in thicuale
range 15-3&m, this was demonstrated by Steiner et al. (2001), who sholagdhie temperature fluctuation spectra obtained
from GPS/MET observations, in the vertical scale rangel@sa@re in a satisfactory agreement with the saturated IGW model
Wang and Alexander (2010) and McDonald (2012), analyzifgpcated temperature profiles from COSMIC observations,
showed that in the stratosphere, the most large-scale @ninfiemperature perturbations are of wave nature. Gubdrdio e
(2008, 2011) developed a method for the determination df#fséc characteristics of dominant IGWSs, including theiriirgic
frequency and phase velocities from vertical profiles ofgemature. The method was validated on high-resolutiorosaaide
observations of temperature and wind and then applied tarldysis of IGW based on temperature profiles retrieved from
RO observations in COSMIC and CHAMP missions.

On the other hand, Steiner et al. (2001) only analyzed fitezmperature profiles with scales exceeding 116s2The 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 charasttel?’3, and outer scalé(;vl. Our estimates indicate that humidity
fluctuations in middle and polar latitudes are significanbWwealtitudes of 5—6m; for high altitudes, temperature fluctuations
dominate. The relation betwe@ﬁV’dTy 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 _
Oy = jcawry W (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 ofz, in the stratosphere usingg,,. /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 characteristit@uter
scale from RO signal fluctuations allow a more detailed stfd@Ws. Adjusting the method of the IGW parameter retrieval
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from stellar occultations (Gurvich and Kan, 2003a; Sofiaval.e2007a, 2009), it is possible to derive the structuratier-
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 sensitivéractiity fluctuations: phase variations are proportidoaefrac-
tivity variations, while amplitude variations are progoral to their second derivative (Rytov et al., 1989b). Iditidn, strong
regular variations of the eikonal with the altitude may agtnce significant uncertainties in the lower-frequencyae@f the
eikonal spectrum. On the other hand, for express estinmafEssible to use variances only. The amplitude varianogvalthe
determination of the structure characteristic (15); ttewal variance, together with the estimate of the struathegacteristic
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 4-Rm for middle and polar latitudes, we derived the amplitude phdse fluctuation
spectra. Both theoretical and experimental results ineiaadominant role of saturated IGWs in forming the variancests a
spectra of amplitude and phase fluctuation of RO signal irsttegosphere and upper troposphere, at altitudes abovkmd—5
in middle and polar latitudes, and above 78 in the tropics. Simple relationships that link IGW paramgt@nd RO signal
fluctuations may serve as a basis for the global monitoring>d¥ 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.
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