Response to the reviewers comments on the paper “Fluctuations of
radio occultation signals in sounding the Earth's atmosphere” by V. Kan,
M. E. Gorbunov, and V. F. Sofieva

Reviewer #1

The authors should present a justification of the spectrum of internal gravity waves (IGW) that
they incorporate. For Kolmogorov turbulence, description of its fluctuations by empirical power
law is satisfactory. For gravity waves, the case for its description is more difficult. The
“universal spectrum” of gravity waves is valid where gravity waves break, due to either Kelvin-
Helmholtz or simple convective instability. Its power density spectrum follows a —3 power law in
vertical wavenumber; however, its power density spectrum most assuredly does not follow a —3
power law in horizontal wavenumber as incorporated in this manuscript. The power density
spectrum in the horizontal rather follows a form that is characteristic of the original source of
the gravity waves. Moreover, IGWs break at different levels depending on the strength of their
source: moist convection, orographic, jet stream breakdown. Even though it is probably
discussed in the some of the papers they cite, the authors should nevertheless offer some
Justification for assuming the form of the power spectral density of the IGW in horizontal
wavenumber as they did ....
In the Discussion, we added the following text:
For anisotropic inhomogeneities, we employ an empirical model of saturated IGWs (2). Models
of this type are widely used for the analysis of stellar and radio scintillations, the angular
dependence of the back-scattering of radar signals, the retrieval of model parameters from
occultations etc. 1D vertical and horizontal spectra of this model follow the —3 power. However,
air-borne observations (e.g., Nastrom and Gage, 1985; Bacmeister et al., 1996) indicate that the
horizontal spectra of temperature fluctuations in the troposphere and stratosphere have a power
spectrum with a slope close to —5/3 in a wide range of scales from several km to several hundred
km (see also the “saturated-cascade” model of Dewan, 1994). In addition, the model (2) has a
constant anisotropy. As noticed in section 2.1, observations of stellar occultations with tangential
geometry (Kan et. al, 2014), together with the data about the anisotropy of dominant IGWs (e.g.
the description of CRISTA experiment in Ern, et al., 2004; GPS occultations in Wang and
Alexander, 2010), have revealed that the anisotropy coefficient is not uniform. It increases from
about 1020 for the IGW breaking scale (10-20 m in the vertical direction) to the saturation
value of several hundred for dominant IGWs.
The use of the simple model (2) for the problem in question is justified as follows. As shown
above, the most important scales for the IGW model (the Fresnel scale and the outer scale),
which determine the RO signal fluctuations, equal or exceed the value of about 1 km in the
vertical direction. For inhomogeneities with such vertical scales, the anisotropy significantly
exceeds the critical value. Therefore, the amplitude and phase fluctuations do not any longer
depend on the anisotropy values and reach the saturation level, as if the inhomogeneities were
spherically symmetric. This explains why it is possible to use the model with a strong constant
anisotropy. Due to this, the RO observation geometry can be assumed effectively vertical, and
the amplitude and phase fluctuations depend only on the vertical structure of saturated IGWs
(Egs. (10) and (14)), which is adequately described by model (2). In some cases, for strongly
oblique occultation events, the condition of effectively vertical observation geometry may be
broken in the lowest few kilometers due to the strong refraction, which decreases the vertical
component of the ray immersion velocity.
Following the ideas of Dalaudier and Gurvich (1997), Gurvich and Chunchuzov (2008)
developed an empirical 3D model of saturated IGWs with the anisotropy increasing as a function
of the vertical scale. The vertical spectrum follows the —3 power law, while the horizontal



spectrum can have the —5/3 power law for the corresponding choice of anisotropy parameters.
This model is in a good agreement with the known air-borne observations of horizontal spectra
of IGWs. Scintillation spectra evaluated on the basis of the variable anisotropy model (Gurvich
and Chunchuzov, 2008) are in a good agreement with those evaluated on the basis of the
constant anisotropy model (2) for effectively vertical occultations (Kan, 2016).

...and why specifying IGW breaking parameters as a function of height the way they did

To answer this question, we expanded the last paragraph in page 12, lines 3—7 as follows:

It 1s known that local profiles of atmospheric inhomogeneities exhibit large natural variability.
Furthermore, even their average profiles significantly vary depending on latitude, season,
orography, regions etc. The turbulence structure characteristic for different observations, even in
a free atmosphere, may vary by up to two orders of magnitude (e.g., Gracheva and Gurvich,
1980; Wheelon, 2004). A significant variability is observed for the intensity of saturated IGWs
(e.g., Sofieva et al., 2007a; Sofieva et al., 2009), which depends both on the sources producing
the waves and on the propagation and breaking conditions. Eq. (3) for the saturated IGW only
reflects the most general relation between the structure characteristic and the atmospheric
stability. The latitudinal variability of the structure characteristic significantly exceeds that of

co‘}g_V_ (Sofieva et al., 2009). However, on the average, the variations of refractivity fluctuations

and, therefore, the amplitude fluctuations are determined by the exponential decay of the
atmospheric density with altitude. Because our work is aimed at a qualitative distinction of the
contribution of turbulence and IGWs to the fluctuations of RO signals, we consider only
averaged vertical profiles of the structure characteristic of turbulence and IGWs for the
theoretical estimates. Quantitative studies of IGW parameters and wave activity for different
latitudes, seasons, and regions in the stratosphere and upper troposphere are planned for the
future work. Despite possible inaccuracies in the assumed values of the structure characteristic,
the variance estimates obtained in this work, definitely indicate the dominant role of saturated
IGWs under the conditions in question.

The log-log plots of power spectra the authors present span only one and a half decades,
meaning that there is only the slightest constraint on determination of the power law when
significant spread between spectra is present. Such is the case in this manuscript. The authors
must distinguish between a -3 power law characteristic of IGWs in the log-log plots and a -5/3
power law characteristic of Kolmogorov turbulence, which can be done easily by including a -
5/3 line on the power spectral density plots.

We updated Figures 2 and 4 with the —5/3 asymptotes, corresponding remarks were added the
Figure captions.

In the end of Section “Experimental Fluctuation Spectra of Amplitude and Phase”, we added the
following paragraph:

The atmospheric inhomogeneity models have not only different anisotropy, but also different
slope —u of the 3D spectra, which determines the diffractive decay —pu+ 2 in the presented

spectra of RO amplitudes and phases. The decay is fast, which aggravates the derivation of
accurate estimates. Nevertheless, Figures 2-5 indicate that the diffractive decays of the
experimental spectra are in a better agreement with the IGW model, as compared to the
turbulence model.

Page 1, line 19: “stimulated”

Page 1, line 20: “Currently, RO sounding...”

Page 2, lines 1-3: “The stability of GPS signals, complemented with its global coverage and
high vertical resolution, draws the attention of researchers to the study of inhomogeneities in
atmospheric refractivity in addition to the retrieval of mean profiles.”

Page 2, line 10: “empirical”

Page 2, line 11: “component described”



Page 2, line 12: “the isotropic component as Kolmogorov turbulence”
Corrected.

Page 2, line 18ff: consider calling it “weak scintillation theory” rather than “weak fluctuation
theory” throughout the manuscript.

Many authors (e.g. Ishimaru, A.: Wave Propagation and Scattering in Random Media. Vol 2;
Rytov, S. M., Kravtsov, Y. A., and Tatarskii, V.: Principles of Statistical Radiophysics; Gurvich,
A. S. in many works) use terms “weak fluctuations”, “smooth perturbations”, “Rytov
approximation”, and “weak scintillations” as equivalent ones. To emphasize the equivalence of
“weak fluctuation” and “weak scintillation”, we modified the corresponding sentence:

“The upper limit was determined by the radiation shot noise, the lower limit was determined by

the applicability condition of the Rytov weak fluctuation/scintillation theory.”

Page 2, line 21-22: “about 30-35 km where residual ionospheric fluctuations and measurement
noise become dominant.”

Page, line 23: “In the visible band, ... ” Throughout the text, call it the “visible”” band rather than
the “optical” band. “Optics” refers to a kind of signal dynamics that spans most frequency
bands, including microwave, infrared, visible, and ultra-violet.

Corrected.

Lines 25-26: “In the radio band, the leading cause of the inhomogeneities is IGWs, whose
spectra are characterized by a steep power spectral decrease with increasing wavenumber.”
Line 31: “dominate the radio signal...”

Line 32: “The aims of this paper are to clarify the role of the two inhomogeneity types and to
evaluate their actual contributions...”

Page 3, line 2: “complicated dynamics of lower-tropospheric...’
Line 3: delete “the basic models and approximations”

Line 4: “screen approximation, the weak fluctuation/scintillation theory, and the approximations
entailed. In Section 3 we apply these methods to derive...”

Corrected.

’

Line 17: “statistical average’ should be better defined, most likely as “regional average”.
Yes, it should be the regional and seasonal average estimate.

Line 17-18: “Refractivity fluctuations depend...”
This statement refers to the visible band.

Page 4, lines 7-8: “are wavevector parameters corresponding to the outer and inner scales,
respectively.”
Corrected.

Page 4, line 10ff: The vertical wavenumber spectrum for saturated gravity waves is usually
referred to as the “universal spectrum”. Be sure to cite the original work: Dewan and Good
1986.

Corrected.

Lines 15-27: The idea of “critical anisotropy” is new to me. To what phenomenon does it refer?
Be clearer.

For occultations, the critical value of the anisotropy coefficient 1. =/R, / H, =30 separates
moderately anisotropic inhomogeneities with 1 <n <n,, and strongly anisotropic

inhomogeneities with n > mn,.. In the former case, the sphericity of atmospheric layers may not



be taken into account, in the latter case, the sphericity results in the saturation of the eikonal and
amplitude fluctuations. Gurvich and Brekhovskikh (2001) introduced this characteristic and the
corresponding term. We added here a brief remark: “... the concept of the critical anisotropy will
be discussed below (see Egs. (7) and (8)).

Lines 28-30: I’'m not sure what this sentence means.

Corrected as: “To obtain the value of the structure characteristic CV2V in the radio band, CVzV,dry

must be multiplied with the coefficient K 2 which takes humidity into account (Tatarskii, 1971;

L)

Page 5, line 3: “4 =0.033"
Corrected.

Page 6, equations 4, 5ff: Be clear about the “minus-plus” notation and why you use it. It took me
a while to figure out.

In using this notation, we follow (Rytov et al., 1989). In our opinion, this not only reduces the
number of formulas, but also emphasizes the difference between amplitude and phase
fluctuations.

Page 7, equation 7: When the thin screen approximation is itself in the small screen
approximation with respect to the Earth’s curvature, I wouldn’t expect there to be any
dependence on the Earth’s curvature in any equation. So why does the Earth’s radius occur in
equation 7? Also, write out ¥ explicitly.

The thin screen introduces the same average phase shift and the same phase fluctuations as the
atmosphere along the ray. The phase shift is evaluated by means of the integration of the
refractivity along the ray. For inhomogeneities with the anisotropy that exceeds the critical value,
the sphericity of the atmosphere must be taken into account, which results in the saturation of
fluctuations, because different anisotropic inhomogeneities have different orientation with
respect to the line of sight, according to their horizontal position. Therefore, the critical
anisotropy is an increasing function of the Earth’s radius. Formula (7) gives the expression for
the phase (eikonal) fluctuations for the case, when the Earth’s sphericity and, therefore, the
saturation of fluctuations can be neglected. Formula (8) refers to the case, when the Earth’s
sphericity must be taken into account. A detailed analysis of the thin screen with account of the
Earth’s sphericity can be found in (Gurvich, 1984; Gurvich and Brekhovskikh, 2001).

The explicit expression for ¥ = 2nReH0]\7 is presented after Eq. (6).

Equation 8: Does this math also consider distortion of the Fresnel zones by the differential ray
bending by the atmosphere’s vertical structure?

The effect of the Fresnel zone compression due to differential regular refraction is approximately
taken into account by using the refractive attenuation factor ¢ .

G«

Page 8ff: Be sure to define precisely the angles o., “occultation angle”, “obliquity angle”. |
cannot tell what these angles are.

Now, we uniformly refer to this angle as to the obliquity angle. This angle is defined in the text
as follows: “The observation geometry will be determined by the obliquity angle o of the
occultation plane, defined as the angle between the immersion direction of the ray perigee and
the local vertical in the phase screen.”

Page 8, line 14: “or grazing occultation™



Corrected.

Page 11, line 4: “Numerous radiosonde profiles and...”
Corrected.

Page 11, line 8: The value given for Ly is in fact highly variable throughout the global

atmosphere. It should have been mentioned somewhere in the introduction that the intention is to
qualify RO scintillations as due to turbulence or gravity waves in a gross, global sense.

In the introduction, we added the following remark:

“Our aim is not the quantitative study of RO signal fluctuations, but rather a demonstration of
qualitative principal differences between the manifestations of turbulence and IGWs in RO
signals.”

Page 12, line 3-5: I do not understand this sentence.
We extended this paragraph, as specified above.

Page 13, lines 1-2: “The variances of RO log-amplitude and phase fluctuations...do not contain
direct information...” Why can’t turbulence be anisotropic at its outer scales? Most of the
atmosphere is stably stratified, resisting vertical motion, which means that turbulence would
natural seek to extend in the horizontal rather than in the vertical.

It 1s true that many researchers complement the Kolmogorov turbulence with anisotropic
inhomogeneities at scales approaching the outer scale (e.g., Wheelon, 2004 and further
references therein). This allows taking into account the underlying surface in the bottom layer or
the influence of the stable stratification in the free atmosphere. We chose the simplest and most
commonly used models of 3D inhomogeneities, including the isotropic turbulence, because our
aim was not the qualitative retrieval of inhomogeneity parameters, but rather a qualitative
estimate of the role of different inhomogeneity types in RO signal fluctuations. Introducing the
anisotropy into the largest scales of turbulence will not result in radical changes of the
fluctuation estimates: amplitude fluctuations are determined by small-scale inhomogeneities,
while the estimates of phase fluctuations are aggravated by the strong regular variations of the
phase, as discussed in the paper. Our plan for the future work is to perform quantitative
evaluation of the RO signal using 3D models of turbulence and IGWs with variable anisotropy.
Line 4-5: delete “to which the anisotropic...”
Corrected.

Line 5: “This information can be extracted from an ensemble of 1D spectra of RO signal
fluctuations, when categorized according to frequency or to vertical wavenumber.”

We updated this sentence as follows: “This information can be extracted from an ensemble of 1D
spectra of RO signal fluctuations measured at different obliquity angles, when categorized
according to frequency or to vertical wavenumber.”

Line 8: What is the oblique movement velocity? Define.
We defined it as the velocity of the projection of the ray perigee to phase screen plane.

“they” should be “the”
Corrected.

Lines 9-10: “for a highly oblique occultation.” Delete “due to the geometrical difference...” to
the end of the sentence.
Corrected.



Line 16: What is the inclination angle?
The obliquity angle.

Line 22: Linear trends in what? “Figures 2 and 3"
The mean amplitude profiles were determined by linear fitting.

Line 33: “spectral window with variable width”
Corrected.

Line 33-34: Be clear about f . No need to write “Q-factor”, a term more appropriate to

prescriptions of oscillatory systems.
We added notation f . Instead of Q-factor, we use the term “quality”.

Page 14, line 1: “Figures 2 and 3"

Corrected.

Line 5ff: Be clear about what you mean when you write “isotropy hypothesis”, “anisotropy
hypothesis”. I believe that the isotropy hypothesis is that the scintillations are caused by
Kolmogorov turbulence and that the anisotropy hypothesis is that they are caused by breaking
internal gravity waves. The text must be clear on this.

Yes, the isotropy hypothesis refers to Kolmogorov turbulence, while the anisotropy hypothesis
refers to saturated IGWs. This is clarified in the Figure captions.

Lines 8-9: “frequency. With increasing occultation angle (???), the maxima systematically...”
Occultation angle was replaced by obliquity angle throughout the text.

Line 10: “all the spectra are peaked near wavenumber 1, which represents the first Fresnel

zone...
Corrected.

Lines 17-19: I don’t understand this sentence.
We corrected the sentence as follows:
“The variance of amplitude fluctuations weakly depends on the outer scale Ly, if it significantly

exceeds the Fresnel scale. Nevertheless, the influence of Ly, results in a faster than +1 decrease
of the spectrum at low frequencies.”

Page 15, line 3: I suspect the “deep oscillations’ are a reference to diffraction fringes.
Yes.

Lines 3-4: “The slope of the spectrum at high frequencies agrees...”
Corrected.

Lines 6-7: This sentence needs clarification. What is o, and what does it have to do with
anisotropy?
o 1is the obliquity angle.

Line 10: “they mostly exceed the theoretical...”
Line 11: “RMS values prove the validity...”
Corrected.



Line 14: The definition of “eikonal” should be moved much earlier in the document. Either that,
or use term “phase’ instead throughout the paper. It is a term much more commonly used in the
RO community.

The eikonal is first defined after formula (5), we complemented the definition with the following
text:

“The eikonal, or the optical path, characterizes the propagation media, while the phase also
depends on wavelength. In the RO terminology, the excess phase (or phase excess) refers to the
eikonal of the observed field with the subtraction of the satellite-to-satellite distance. The excess
phase, therefore, characterizes the atmospheric effect in the observed eikonal. The excess phase
(eikonal) is modeled by the phase screen. Accordingly, in the observation plane we study the
fluctuations for both eikonal and phase.”

Page 15. Lines 19-20: What are the “first approximation” and the ‘first term”?

The corrected formulation:

In the first-order approximation of the perturbation method, the eikonal variations are determined
by the refractive index variations of the neutral atmosphere (Vorob’ev and Krasil’nikova, 1984).

Page 16, line 8: What is a Hann window? Give a reference.
Hann, or cosine window is defined in (Bendat and Piersol, 1986, p. 13). The reference is added.

Line 9: “Figures 4 and 5...”

Line 14: “These spectra are in fair agreement...”

Page 17, lines 2-3: “1) isotropic Kolmogorov turbulence, and 2) anisotropic saturated IGWs.”
Line 4: “phase with empirical 3D..."

Corrected.

Page 18, line 5: What are “small altitudes”? The boundary layer?
Small altitudes are altitudes of a few kilometers. As it follows from eq. (15), for the IGW model

ci oc q3/ 2. The refractive attenuation changes from 1 at large altitudes to approximately 0.15 at 4

km, which partly compensates the increase of the amplitude fluctuation due to larger density at
lower altitudes.

We update the text as follows:

“This, together with the strong refractive attenuation at small altitudes, according to (15),
significantly reduces the amplitude fluctuations and, therefore, the weak fluctuation condition is
met for altitudes down to a few kilometers.”

Lines 8-9: “permit a diagnosis of wave activity...”
Line 18: “IGWs are additionally restrained...”
Line 23: Replace “close” with “similar”.

Lines 23-24: Remove the sentence. It is obvious.
Corrected.

Line 33: What are “occultation angles”?
Obliquity angles.

Page 19, line 7: Estimates of what?
Estimates of the atmospheric inhomogeneity parameters

Line 8: Begin the sentence with “In the stratosphere and upper troposphere, ...
These words can be excluded, because the sentence defines the height ranges.

Line 14: “perturbations are sinusoidal.”



Sinusoidal form of perturbations is not synonym for their wave nature.

Line 16: What is “higher resolution”? Higher than what?
The sentence mentions “high-resolution radiosonde observations”.

Page 20, line 2: “On the other hand, for quick estimates, .... The amplitude variance permits
the...
Corrected.

In addition, we corrected some other typos and references.

Reviewer #2

The difficulty of the developed stellar technique transformation for use in radio occultation
remote sensing consists in a substantial difference, by several orders of magnitude, of the carrier
frequencies, recording and processing methods, and also in the applicable altitude domains in
the atmosphere.

1. Radioholograms containing the dependence on time of the amplitude and phase path excess
(eikonal) are registered during RO experiments. The scintillations have been measured by
GOMOS fast photometers (FP) on board the Envisat satellite at two wavelength Az =499 nm;

Ap =672 nm.

So, the RO method has very important additional informative highly accurate phase channel.
This channel can be used for identification and separation of the regular layers and turbulence
by joint analysis of the RO amplitude and phase data at a single frequency (Pavelyev et al.,
2015). The manuscript does not indicate in the reference list or in the text any valuable
information on the topic. It is not clear, how one can use the phase RO channel for IGW's
analysis.

The suggested in the manuscript technique in the current state does use only the two component
statistical model and it is not clear how it separates the possible influence of regular layers from
the turbulence contribution in the RO signal. It is well known, that for statistical analysis it is
necessary to exclude any systematic influence of regular component on the results.

Yes, unlike optical observations, radio occultations provide not only amplitude, but also phase,
1.e. that complex wave field. This opens a prospective for the development and application of
advanced radio holographic methods that permit enhancing the accuracy and vertical resolution
of refractivity profiles retrieved (e.g. Gorbunov et al., 1998, 2004), as well as obtaining new
information about the structure of the atmosphere (Pavelyev et al., 2012, 2015 and further
references therein). For example, Pavelyev et al. (2015) demonstrated the power of the locality
principle for the localization and estimation of parameters of layered structures and the
separation of the contributions of turbulence and layered structures in RO signals.

In our work, we complement the observed amplitude and phase with the observation geometry.
Although we use the amplitude and phase separately, the statistical analysis considering the
obliquity angle allows us to separate and estimate the contributions of saturated IGWs and
turbulence in RO signals. The application of advanced radio holographic methods, in particular
the technique of Fourier Integral Operators (Gorbunov and Lauritsen, 2004), for the
improvement of accuracy and resolution is our plan for the future work.

We interpret the layered structures discussed by Pavelyev et al. (2015) not as regular or
deterministic ones, but as random strongly anisotropic inhomogeneities, approaching spherical
layers. They are understood as realizations of a random ensemble of saturated IGWs (e.g. Dewan
and Good, 1986; Smith et al, 1987; Gurvich and Brekhovskikh, 2001).



For the wave propagation study, we specify their statistical properties as a 3D model of the
spatial spectrum, which is mapped to 2D and 1D spectra of the eikonal fluctuations in the phase
screen plane, and, finally, to the fluctuation spectra of the observed amplitude and phase. We
separate turbulence and layered structures, using the fact that the amplitude and phase fluctuation
spectra of RO signals depend on the anisotropy and the slope of the spatial spectra of the
inhomogeneities.

Note, Pavelyev et al. (2015), along with the deterministic description, also applied the statistical
approach for the study of realizations of coherent and incoherent components of RO signal,
obtained from the combined analysis of the amplitude and phase. For CHAMP occultations
event, Pavelyev et al. (2015) showed that layered inhomogeneities play a dominant role in
intensity fluctuations in the stratosphere, and that the diffractive slope of the intensity spectra is
close to that predicted by the model of saturated IGWs.

Along the line of this remark of the reviewer, we made the following additions.

Page 17, line 1415, Discussion:

Joint observations of the amplitude and phase of RO signals open new prospective for the
development and application of radio holographic methods. These methods allow enhancing the
retrieval accuracy and resolution (e.g. Gorbunov et al., 1998; 2004), as well as obtaining new
information on the structure of the atmosphere (Pavelyev et al., 2012; 2015 and references
therein). In particular, Pavelyev et al. (2015) demonstrated the potential of the locality principle
for the localization and estimation of the parameters of layered structures, as well as the
separation of the contributions of layered structures and turbulence in RO signals. In our study,
we use the power spectra of the observed fluctuations of the amplitude and phase, correlated
with the obliquity angle, in order to estimate and separate the contributions of anisotropic
inhomogeneities (saturated IGWs) and isotropic turbulence. The application of radio holographic
methods for the enhancement of the accuracy and resolution is our plan for future work.

Page 19, line 1213, after “...with the saturated IGW model”:

Pavelyev et al. (2015) analyzed a series of CHAMP occultation events and showed that layered
inhomogeneities, as compared to turbulence, play a dominant role in the RO amplitude
fluctuations in the stratosphere, and the diffractive slope of the intensity spectra for these
inhomogeneities is close to that predicted by the saturated IGW model.

2. In the manuscript the regular altitude dependence of the refractivity in the atmosphere is
described by an exponential model. This is a good approximation for altitudes greater than 20-
30 km. However, there are clearly defined layers in the stratosphere and troposphere below 30
km. The influence of the regular layers should be taken into account in the formula for the
average eikonal estimation (Page 7, line 1, psi=). This is underestimated value. For the
troposphere and lower stratosphere this formula should include the bending angle according to
the accurate phase path excess formula given by Pavelyev et al., 2015. This concerns also the
formula (24) for the refractive attenuation.

The use of an enhanced model of the regular atmosphere is critical for the joint use of the
amplitude and phase. In our theoretical estimates of the mean eikonal, refraction angle, and
refractive attenuation, we employed the simple exponential model of the atmosphere. As shown
by Vorob’ev and Krasil’nikova (1994), the relative error for the eikonal and refraction angle,
caused by the straight ray approximation, is about 10% for the ray touching the Earth’s surface.
We were using the simple model, because, as stated in Introduction and Section 3.6, our aim was
not the quantitative study of atmospheric inhomogeneities, but rather a demonstration of their
qualitative features, in particular, demonstration of the qualitative and principal differences
between the manifestations of turbulence and IGWs in RO signals. Strong natural variations of
turbulence and saturated IGW parameters significantly exceed all the possible inaccuracies of
our approximations.

As already stated above, we adopted the interpretation of the layered structures discussed by
Pavelev et al. (2015) as random, strongly anisotropic inhomogeneities described by the saturated



IGW model, rather than regular deterministic layers. In the first approximation of the weak
fluctuation method, random inhomogeneities do not influence the mean amplitude, phase, and
refraction angle (Tatarskii, 1971; Rytov et al., 1989b). The contribution of these inhomogeneities
is taken into account by the 1D and 2D eikonal fluctuation spectra.

3. Besides the above mentioned remarks the paper should contain a clear Figure indicating the
main geometrical parameters used in the manuscript (the incidence angle, refractive angle,
impact parameter ...).

Reference

A.G.Pavelyev, Y.A.Liou, S.S.Matyugov, A.A.Pavelyev, V.N.Gubenko, K.Zhang, and Y.Kuleshov
Application of the locality principle to radio occultation studies of the Earth's atmosphere and
ionosphere. Atmos. Meas. Tech., 8, 2885-2899, 2015. www.atmos-meas-tech.net/8/2885/2015/.
doi:10.5194/amt-8-2885-2015.

Along the line of this remark, we made the following modifications and additions:

Page 5, line 15, after “...to the incident rays™:

The occultation geometry has been discussed in many papers: (Vorob’ev and Krasil’nikova, 1994;
Ware et al., 1996, Gorbunov and Lauritsen, 2004; Cornman et al., 2004; Pavelyev et al., 2012, and
references therein). The phase screen has been discussed in (Hubbard et al., 1978; Gurvich, 1984;
Woo et al., 1980: Gurvich and Brekhovskikh, 2001). So we decided not to repeat the Figures from
these papers.

Page 7, line 2, after “which is essential, if n=mn,,..”:

Figure 1 in (Gurvich and Brekhovskikh, 2001) provides a good illustration of the influence of the
Earth’s sphericity upon the eikonal fluctuations in sounding isotropic and anisotropic atmospheric
inhomogeneities.

Additional references:

Gorbunov, M. E. and Gurvich, A. S.: Algorithms of inversion of Microlab-1 satellite data including
effects of multipath propagation. Int. J. Remote Sensing, 19(12), 2283-2300, 1998.

Pavelyev, A. G., Liou, Y. A., Matyugov, S. S., Pavelyev, A. A., Gubenko, V. N., Zhang, K., and
Kuleshov Y.: Application of the locality principle to radio occultation studies of the Earth’s
atmosphere and ionosphere. Atmos. Meas. Tech., 8, 2885-2899, doi:10.5194/amt-8-2885-2015,
2015.

Pavelyev, A. G., Liou, Y. A., Zhang, K., Wang, C. S., Wickert, J., Schmidt, T., Gubenko, V. N.,
Pavelyev, A. A., and Kuleshov, Y.: Identification and localization of layers in the ionosphere using
the eikonal and amplitude of radio occultation signals, Atmos. Meas. Tech., 5, 1-16,
doi:10.5194/amt-5-1-2012, 2012.
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Fluctuations of radio occultation signals in sounding the Earth’s
atmosphere

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

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

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

Abstract. We discuss the relationships that link the observed fluictnapectra of the amplitude and phase of signals used
for the radio occultation sounding of the Earth’s atmosphwiith the spectra of atmospheric inhomogeneities. Oulyaisa
employs the approximation of the phase screen and of wedkiditions. We make our estimates for the following charéstier
inhomogeneity types: 1) the isotropic Kolmogorov turbaleand 2) the anisotropic saturated internal gravity walesobtain
the expressions for the variances of the amplitude and pghegeations of radio occultation signals, as well as thsiimeates
for the typical parameters of inhomogeneity models. Frae@GRPS/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 intoréitio 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 stratosphemnd 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 c¢cm at a sampling rate of 50 Hz (Ware et al., 1996). In processi@goBservations, neutral
atmospheric meteorological variables are retrieved framplaude and phase measurements (Gorbunov and Lauriteés; 2
Gorbunov et al., 2005; Gorbunov and Lauritsen, 2006), wifiteionospheric contribution is removed by using the double
frequency linear combination at the same ray impact heidhtop’ev and Krasil’nikova, 1994; Gorbunov, 2002b). The-im
pressive success of the GPS/MET experinsimhulatestimulatedfurther development of RO satellites and constellations,
including CHAMP and COSMIC experiments. Currentlye-RO sounding is an important method of monitoring meteorolog
ical parameters of the Earth’s atmosphere; RO data are itatsichby the world’s leading numerical weather predictogm-
ters (Rocken et al., 2000; Yunck et al., 2000; Steiner eR@01; Pingel and Rhodin, 2009; Poli et al., 2009; Cucur@i®

Poli et al., 2010; Rennie, 2010).
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A-highpetentialefthestableThestability of GPS signals, complemented with its gIobaVemggwweand h|gh vertical

resolution attractdrawsthe attention of researchers to the

study of inhomogeneities

in atmospherigefractivity in additionto the retrievalof meanprofiles(Belloul and Hauchecorne, 1997; Gurvich et al., 2000;
Tsuda et al., 2000; Wang and Alexander, 2010; Cornman €044, 2012; Shume and Ao, 2016; Gubenko et al., 2008, 2011).

Occultation-based methods of sounding atmospheric inlgemgities have a long and successful history. Initiallgyttvere
used for sounding the atmospheres of other planets of ther Spstem, using occultations of stars and artificial sl
(Yakovlev et al., 1974; Woo et al., 1980; Hubbard et al., J988r the Earth’'s atmosphere, occultation observatiorstedfar
scintillations were performed at the orbital station MirléRandrov et al., 1990; Gurvich et al., 2001a, b; Gurvich Kad,
2003a, b). The observations of stellar scintillations ¢atied that the Earth’s atmosphere is characterized by tlwviog
two types of inhomogeneities: 1) isotropic fluctuations @hdtrongly anisotropic layered structures. On the basihede
data, arempiricempiricaltwo-component model of 3D inhomogeneity spectrum was d@el, the anisotropic component
beingdescribed by the model of saturated internal gravity wal@$\), the isotropic componertieingmedeledastheas
Kolmogorov turbulence (Gurvich and Brekhovskikh, 2001@Geh and Kan, 2003a, b). The method of the retrieval of these
parameters from the observations of stellar scintillegtiaas successfully employed for the interpretation of thpegrmental
data acquired at the Mir station. This method was furthemanbd and applied for the bulk retrieval of IGW and turbuéenc
parameters from the observations made by fast photometénse &OMOS/ENVISAT satellite (Sofieva et al., 2007a). The
retrievals are performed in the altitude range from 50k60down to 30km (Sofieva et al., 2007b). The upper limit was
determined by the radiation shot noise, the lower limit watetmined by the applicability condition of the Rytov weak
fluctuatioriscintillationtheory.

In the radio band, the amplitude fluctuations are much smlén in thesptieatvisible band, therefore, the weak fluctua-
tion theory may be applicable down to altitudes of severahkéters. The main limitation is due to the humidity fluctaas,
whose role becomes significant in the troposphere. The upperdary of the measurable fluctuation of RO signals is about
30-35km ~whichis-determinednestlyby-whereresidual ionospheric fluctuations and measurement m@semedominant
Optical and radio monitoring of atmospheric inhomogessittomplement each other in the regard of their height ranges
For theeptieatvisible band, stratospheric IGW and turbulence make approximatglyal contributions intensity fluctuations
(Gurvich and Kan, 2003a, b; Sofieva et al., 200#9+engerwaves;in-In the radio banda-prevailingrele-is-playedby
inhemegeneitieshe leading causeof the inhomogeneitiess saturatedGWs, whose spectra are characterized bgteeper
decrease-in-our-casetheseare saturated GWsteeppower spectraldecreasavith increasingwavenumberNowadays, an
increasing number of papers discuss the use of GPS for ttig statmospheric inhomogeneities. Some papers link theufluc
ations of the amplitude and the phase of radio signals inttaeosphere to IGWs (Tsuda et al., 2000; Steiner and Kircagng
2000; Wang and Alexander, 2010; Khaykin et al., 2015), whtleer papers attribute this part to isotropic turbulencéhin
lower stratosphere and troposphere (Cornman et al., 2002, Shume and Ao, 2016). Therefore, it is necessary to flateu
clear criteria for determining what type of inhomogenaitisotropic or anisotropic, dominateradio signal fluctuations.
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Theaimaimsof this papeistheclarificationoftheareto clarify therole of the two inhomogeneity typesndtheevaluation
of-andto evaluatetheir actual contributions in the amplitude and phase of R@ads. Our analysis is based on the phase
screen approximation and the weak fluctuation theory. Irfrdmaework of these approximations, we obtain simple aigit
relationships for the variance of fluctuations of radio sigrfor anisotropic and isotropic inhomogeneities. At gtege of our
study, we confined the analysis of experimental data to heggige from 25 down to &m in the middle and polar latitudes,
in order to exclude the influence of complicateedvelatile-strueturedynamicsof lower-tropospheric humidityOur aim is
the manifestation®f turbulenceand IGWs in RO signals.The paper is organized as follows. In Section 2, we consiuer t
basiemodelsandapproximationsthe-3D models of anisotropic and isotropic atmospheric inhoemagfies, the phase screen
approximatiomane., the weak fluctuatiofreery/scintillation theory, andthe approximationgentailed In Section 3, we apply
theseapproximationanethodsto derive simple relationships for the statistical chageistics of RO signal fluctuations. In
Section 4, we consider the experimental variances and #tiotuspectra of the amplitude and phase for the lower Sipatere
and upper troposphere. In Section 5, we discuss the retagivigibution into RO signal fluctuations coming from isqtimand
anisotropic inhomogeneities. In Section 6, we offer ourctesions.

2 Basic Models and Approximation

For RO signal analysis, we employ the following approxiroas:
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 tlygdine 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, whereN =n — 1, n is the refractive index, and the overbar denotes
the statisticalaverageegionaland seasonastatisticalaverageestimate We assume the regular atmospheve,to be locally
spherically symmetric. In theptiessisible band refractivity fluctuations depend only on temperature flagions. In the radio
range, humidity fluctuations make an additional contritnuiinto refractivity fluctuations, which may be crucial irettower
troposphere (Eaton et al., 1988).

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

D, (k)= Oy (k) + Px (k) (1)
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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).
Both components of the spectrum have a power law intervalthé power of- ., which is confined between the outer scale

Lw, x and the inner scalgy x of the inhomogeneities. Both components can be expresshd following general form:

— 2 K
@=¢WK:AcaKmoi+n%i+K%K>“/¢( ),
RW,K

W=, R = @
whereC‘%K i are the structure constants determining the fluctuati@msityr, n > 1 is the anisotropy coefficient characterized
the ratio of the characteristic horizontal and verticalesa: . is the vertical wavenumbe#,;, ~, are the horizontal wavenum-
bers, the direction of axis coincides with that of the incident raisy, x = 27/ Lw,x andkw, x = 27/lw,x arewavevector
parametersorrespondingo the outer and innesealescalesrespectively. Functiop determines the damping of the spectrum
for the smallest scales. We will use the following functien= exp (—x2/ky ).

Forpu=>5,7>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 referredto asthe "universalspectrum'(Dewan and Good, 1986; Smith et al., 1987;
Fritts, 1989). We will use a model of the IGW spectrum with agtant anisotropy = const > 1, although the latest studies
of stellar scintillations (Kan et al., 2012, 2014) indicthat the anisotropy increases and saturates with incigasile; the
saturation value being about 100 for vertical scales of ath6Qm. Below, we will see that the characteristic scales of IGW
model, determining RO signal fluctuations are the Fresradegg. and the outer scale. For radio waves with- 20 cm at a
GPS-LEO pathpr equals about km, while the vertical outer scalby, is severakm. For inhomogeneities with scales1
km, the anisotropy significantly exceeds its critical valug, = \/m ~ 30, whereR, is the Earth’s radius, antly = 6—8
km is the atmospheric scale height (Gurvich and Brekhovskiki®1). Due to sphericity, different orientations of anieptc
layered inhomogeneities with respect the line of sightltésuhe saturation of eikonal, or phase fluctuationg at 7..... For
a larger anisotropy) > 7., their dependence o degrades, and they remain at the value corresponding tcsfimepdotic
case of spherically-layered inhomogeneities (Gurvict8419%urvich and Brekhovskikh, 2001 more detail, the concept
of the critical anisotropyr,.,, will be duscussetbelow (seeEgs.(7) and(8)). Therefore, for RO sounding, the approximation
of strongly anisotropic IGW inhomogeneitigs= const > 7., is acceptable. The structure characteristic for dryC%;:dW
is expressed in terms of the conventional parameters detiegrthe 1D vertical spectrum of temperature fluctuationthie
IGW model,Vsr,r (k2) = 5“4’3"/- k3 (Smith et al., 1987; Fritts, 1989; Tsuda et al., 1991), deid (Sofieva et al., 2009):

92

38w}
2 _ B.V.
CW,dry T Ar 92 (3

where 5 ~0.1 is the coefficient introduced in the IGW modelg . is the Brunt—Vaisala frequency, andis the gravity
accelerationMore discussioron themodel®yy is presentedbelowin Section5.
To obtain the value of the structure characterisif; in the radio band(7, ., must be multiplied with the coefficient

K2, which egualstheratio-of-the squareof-the differenceof-actualandadiabatievertical-gradientsef-the-full+efra
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vity-takeshumidity into account(Tatarskii, 1971,
Good et al., 1982; Tsuda et al., 2000). The inner sGglenay vary in the stratosphere from several metersetaerseveral
tens of meters (Gurvich and Kan, 2003b; Sofieva et al., 20@-a)locally homogeneous random fields, the power exponent
of purely power-law spectra must lie in the following limits< . < 5 (Rytov et al., 1989a, b). This dictates the necessity of
introduction of the outer scale, although the variance opléode fluctuations only indicates a weak dependence fitoen t
outer scales up to <6 (Gurvich and Brekhovskikh, 2001).

Forp=11/3,n=1,4=6:0334 = 0.033, andC% = C2/N?, whereC? is the structure characteristic of refractivity fluc-
tuations, spectrum (2p = ¢, is a model of the Kolmogorov isotropic turbulence (Monin afagjlom, 1975). In a stably
stratified atmosphere, turbulence is developed mostly pars¢e layers with vertical scales from several tens of mdte
one kilometer. We use the characteristic scale of thesedagethe estimate of the outer scale of isotropic turbulehloe
inner scale in the spectrum of the Kolmogorov turbulence lsanlefined agx ~ 6.5 Ak = 6.5V2/4€,:1/4, where\ g is the
Kolmogorov scaley, 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 distara f
the perigee to the LEO is much greater, and equals about BROOThis allows the approximation of the atmosphere as
athin screen that only introduces phase variations, inolydioth regular and random onesdis referredto asa phase
screen The amplitude fluctuations are formed due to the diffractiaring the propagation in the free space from the screen
to the receiver. We position the phase screen in the plarssiagthe Earth’s center and perpendicular to the incidey.r
The propertiesof the equivalentphasefor RO observationgeometryhave beenstudied,for example,in-- The
geometryhasbeendiscussedn manypapers(Vorob’ev and Krasil’'nikova, 1994; Ware et al., 1996; Ganbu and Lauritsen,
2004; Cornman et al., 2004; Pavelyev et al., 2012, see furtéferences and Figures thereiithe phasescreenhasbeen
discussedn (Hubbard et al., 1978; Woo et al., 1980; Gurvich, 1984; Gainand Brekhovskikh, 2001The use of the phase
screen allows a significant simplification of the RO signattihkation analysis, and makes it possible to take into addien
regular variation of refraction with the altitude. In theatyation of the equivalent phase shift (eikonal), it is reseey take into
account the Earth’s sphericity.

The amplitude fluctuations are considered weak, if theitavexe is less than unity (Tatarskii, 1971; Ishimaru, 1978)e
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. 9598
b; Gurvich and Brekhovskikh, 2001; Sofieva et al., 2007a}hiepticatvisible range, fluctuations are weak for ray perigee
altitudes above 25-3km (Gurvich and Kan, 2003a, b; Sofieva et al., 2007b). For GP® isignals, amplitude fluctuations
are significantly weaker, because the Fresnel scale is @mugand times greater than that in #giealvisible range. At low
altitudes, refractive attenuation also reduces amplifiudtuations. Below, we will show that the weak fluctuatiomdiion for
GPS RO observations can be fulfilled down to an altitude oésh\kilometers. In the lower troposphere, especiallyapits,
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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 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 fluctuatidosspatial spectra.

3 Relationships for Statistical Moment of RO Signal Parametes

The approximations of phase screen and weak fluctuatioow akriving simple expressions for the statistical momerfits
RO signal fluctuations. In this Section, we will discuss tekationships that link the measured variances and 1D spettr
RO signal fluctuations with 3D spectra of atmospheric reiviy 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¢hnie
following 2D correlation functions in the observation pdafg, yo) (Rytov et al., 1989b):

By s (Azy,Ayg) =

LfA ky 5 | ky 2 ky 2
= — 4 Bg(Az,A —_— Bs (A, Ay')s A7 — A —(Ay — A AZdAy
5 { Bs(0 005 s [ Betasaysin| 2 (82— 074 1 (A - | aazany |

Bys (Azo, Ayo) =

1k ) k .
%/ Bs (AZ',Ay)cos {4 - (A2 = Az)" + ﬁ (Ay' —Ay)ﬂ dAZ dAy )

- 2 4y T1q

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 scregis 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 = %Azo,Ay = %Ayg, 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 T1g o 12
FX’S(KZ,@)—? 1 Fcos H(nz—i—q Fig) | Fio (Fzyhiy)

A U A R
Fxs(ﬁz,my)—?sm H(KZ—HI ny) F, (ks ky) 5)



whereF,, (x., ,) is the 2D spectrum of the fluctuation of eikogak= S/k in the phase screen. For the sake of convenience,
relationships (5) are written in terms of wavenumberss,, 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 scré@and 3D
spectrum of the atmospheric refractivity fluctuatiaghgor a random field- that is locally homogeneous in a spherical layer
can be written down as follows (Gurvich, 1984; Gurvich andlrovskikh, 2001):

~ - R.H dk
- 2 2 __Tte’’0 .2 i
By trsa) =8 [ @ i oo (52 Ny ©

whereV is the mean eikonal. In particular, for the exponential apherel = /27 R. HyN. Theeikonal,or the optical path,

characterizethe propagatiommedia,while the phasealsodepend®nwavelengthln the RO terminology,the excesphasgor
haseexcessYyefersto the eikonal of the observedield with the subtractionof the satellite-to-satellitelistance The excess

hase therefore characterizeghe atmospherieffectin the observeceikonal. The excesphase(eikonal)is modeledby the

hasescreenAccordingly,in the observatiorplanewe studythefluctuationsfor botheikonalandphase.

Formula (6) takes into account the sphericity of the atmesphwhich is essential, ify >7.,.. Figure 1 in

(Gurvich and Brekhovskikh, 2009rovidesa good illustration of the influenceof the Earth’s sphericity upon the eikonal

fluctuationsin soundingisotropicandanisotropicatmospherignhomogeneitiesA general expression (6) fdﬁ, is derived in

(Gurvich and Brekhovskikh, 2001). Here, we will discuss aripnt particular cases.

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

™

Fi T2
Fy, (Kzshiy) =W R,

O (ks,ky,0) (7)

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;\:

1/2 1—1
7 o [ (K tsitnts)) T (M)
FSD (’%Z’Ky)%qﬂ 1+H§Hg nl—‘(g) . Dy (sz‘%yvo) (8)

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

from 0 in a small area near, = 0; this corresponds to the asymptotic case of sphericallynsgiric inhomogeneities. This
function can thus be approximatedég(nz,ny) R~ f/g (K2)0 (ky), wheref/g (k) is the 1D vertical spectrum of the eikonal
in the phase screen, avﬁgl(nz) is evaluated by integrating (8) with respect to horizontal@numbers:

Y ra ma NT m F(Q) Kjg —5+1
Vs (HZ):/FW (K2 hy) diy = U2CH, /1+KEH3 T (2%) exp <_"012/v> (K +r2) 27

_ 2 2
r(1>U(1,“ 4,KW§“Z) ©)
2)"\ 27 2 kg,
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whereU (a, 5;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):

—5+1

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

’ (n—2)\/1+r2HG

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

(10)

sphereVi} (k.), and the eikonal fluctuation spectﬁ;’g (k.) /¥? in the phase screen are linked by the following relationship
(Gurvich, 1984):
K2 —1-142)7%“ Vo (k)
(k) =4 p iy +n5) *° =\/1+K2ZHZ 2= 11
VW(KJ ) ﬂ-CW (,U_Q) +I<':z 0 P2 ( )
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 chaioge
the satellite positions are small with respect to theiradise from the phase screen. Moreover, the fluctuation etioelscale
along the ray significantly exceeds the correlation scal@éntransverse direction (Tatarskii, 1971). Therefore,emsured
realization corresponds to the ray displacement in thegoba®en by distancealong the projection of the satellite trajectory
arc. In the phase screen model, we have to take into accairgfitactive deceleration of ray immersion, and the vertoa-
paction of the scales. The observation geometry will berdetesd by thenelinationobliquity anglea of the occultation plane,
defined as the angle between the immersion direction of thpedgee 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 oo = 0° corresponds to a vertical occultation, ame- 90° corresponds to a horizontal, @mgentiagrazingoccultation.

The frequency of amplitude fluctuatiorfss linked to the wavenumbey, by the following relationship:
ks =271 f [vs (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 suchaifiely
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 (n)szl D82 e 14
s s Foos (002 )| Vi ) (1)

wheref/; (k) is determined by (10). As above, the negative sign appligise@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 the@32sum and 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):

2 k? 19 2 1,2 a
O'X(77>>77(;T)%? 1 —cos —(anrq n) V (K2)0 (ky)drydrk,

kry
202 @QkQ g5
2H0(,u 2)T (&) sin (T2 )(’yk) (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):

k‘2
O'i (N <K Nep) = 5 {1 — cos [$1ch (/@5 +q_1m2)} F! (Ky,lﬁz)d/iyd,‘ﬁz} =

A rC* 02k (qz1>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 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 stlere-
fore, it is possible to use the geometric optical approxiomefor formulas (5) and (14). To this end, we expand the cofn
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 (451)
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:
2m\/Tk?AC? W2y
0?9 (N < Ner) = T T]K 2 (19)

(1—2)VRcHo K

ForC? =C%,n=11/3, A= 0,033, andn = 1, this corresponds to the model of isotropic turbulencehisitase, 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 theaaf 1., /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 ~
702 ) = () () 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, whigfaks 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 o —
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> Ner))

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 mmACL 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 saturateVks
in a dry atmosphere, according to relation (3). Numenauie-seunddataradiosondeprofiles and observations of stellar
occultations indicate that this relation is met with a goodusiacy for the troposphere and stratosphere. For the befid,
the structure characteristic was multiplied By in order to take humidity into account. We were using the Idityiprofile,
typical for spring and autumn in middle latitudes, with thradjent scale of 2.&m. As shown above, the inner scale of the
inhomogeneities is insignificant in the IGW model. The oweale, corresponding to vertical scale of dominant waves, w
assumed to equdlyy = 4 km (Smith et al., 1987; Tsuda et al., 1991).

For the isotropic turbulence at heights of 44h, we used numerous data of radar measurements of the sgwttarac-
teristic performed during years 1983-1984 in Plattevillelorado (Nastrom et al., 1986). From the monthly averagefilgs
of C2 shown in Fig. 10 of the cited paper, we chose the maximum sahea mostly correspond to August, in order to obtain
the upper estimate of turbulent fluctuations of RO signats.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 dry optical turbulence (Gurvich et al., 1976), as welledsevals ofC?2 from stellar occultations (Gurvich and Kan, 2003b;
Sofieva et al., 2007a). For the outer scale we used the valli&wf The inner scale is assumed to increase froemdat 4
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km to 0.75m at 30km. The mean value of refraction angiend refractive attenuation coefficientvere evaluated using the
exponentially decaying atmospheric air density profile:

T _ —1
S q:(l_JCW) (24)

Figure 1 shows the model profiles of rms fluctuations of thelitgmic amplitude, eikonal, incident angle, as well as the
correlation of the logarithmic amplitude and eikonal, fatsated IGWSs and isotropic turbulence. For the assumednedeas
of the 3D inhomogeneity spectra, all the rms for saturated/$@&xceed the corresponding values for the isotropic tunicele
by an order of magnitude or even more, and this differenceeases with the altitude. This especially applies to therek
fluctuations and amplitude-eikonal correlation, where dfference 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, hogrewoted that the increase Gf above 10km is not corroborated
by other observations in Platteville (Ecklund et al., 19@8)l can be attribute to measurement noise. For the IGW mibeel,
knee is explained by the abrupt change of the Brunt-Vaisétiuency near the tropopause, according to (3).

For the turbulence model, we assumed the outer scale to lbétedikm. However, for stable stratification, which is typical
for the stratosphere, the outer scale may be significargtlean this value, down to hundreds or even tens of metersgldfhe
2004). The saturation of the 3D spectrum of turbulence abthier scale, which is less than the Fresnel zone size, wsililre
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 agarg over the Fresnel scale results in much smaller andglitu
fluctuations of RO signal as compared to tpicatvisible band, the weak fluctuation condition is fulfilled down to thaér
limit of the altitude range under discussion.

St is known

thatlocal profiles of atmospherianhomogeneitiegxhibit large naturalvariability. Furthermore gventheir averageprofiles
significantlyvary depending on latitude, season, orographermi irpli ‘ i

structurecharacteristidor differentobservationsevenin afreeatmospheremay vary by up to two ordersof magnitude(e.g.
Gracheva and Gurvich, 1980; Wheelon, 2004 significantvariability is observedor the intensity of saturatedGWs (e.g.
Sofieva et al., 2007a, 20Q@)hich dependshoth on the sourcesproducingthe wavesand on the propagationand breaking
conditions.Eq. (3) for the saturatedGW only reflectsthe mostgeneralrelationbetweenthe structurecharacteristi@andthe
atmospheristability. Thelatitudinalvariability of thestructurecharacteristisignificantlyexceedshatof w}, . (Sofieva et al,
2009)_However, on the average;the variationsof refractivity fluctuationsand, therefore, the amplitude fluctuationsare
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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 modeitmilence (red lines).

arameterandwaveactivity for differentlatitudes seasonsandregionsin thestratospheranduppertropospherareplanned

for the future work. Despitepossibleinaccuraciesn the assumedaluesof the structurecharacteristicthe varianceestimates

obtainedn this work, definitelyindicatethe dominantrole of saturatedGWs under the conditions in question.

4 Experimental Fluctuation Spectra of Amplitude and Phase

The most important difference between turbulence and a@dinGWSs is the anisotropy of the latter. The variances of RO

signal parameter fluctuations, being single-point charéstics, do not contain an immediate information on themmnopy of

the 2D field of RO signal fluctuation in the observation f¢
ismapped This information can be extracted fraamensemblef 1D spectra of RO signal fluctuatiopmeasured at different

angleswith-respecte-theloealverticalobliquity angleswhencategorizediccordingto frequencyor to verticalwavenumber
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For turbulence, due to its isotropy, the fluctuation frequies)f of the signal are determined by the characteristic scalds an
the oblique movement velocity, of the line of sightdefinedasthe velocity of the projectionof the ray perigeeto the phase
screerplane For anisotropic IGW inhomogeneitigsgeythefluctuation frequencies of the signal are determined by éngoal
velocity v, for the majority of occultations. These velocities and freqcies coincide for a vertical occultation, but they may
differ several tens of times fea i i
velecity-andrefractivedampingof-theverticatvelecitya highly obliqueoccultation This frequency discrimination of isotropic
and anisotropic fluctuations in oblique occultations aidar a separate estimate of their contribution into signadtélation
spectra (Gurvich and Kan, 2003a, b; Sofieva et al., 2007a, b).

Figures 2 and 3 show the spectra of relative fluctuationseoéthplitude for the wavelengtth = 19.03 cm from GPS/MET

observations acquired on February 15, 1997. Figure 2 shmspiectra for the low stratosphere at altitudes frofki2slown to
the upper boundary of the tropopause located at $x1.3Figure 3 shows the spectra for the upper troposphere tatds from
8-12km down to 4km. As noted above, the analysis is based on occultation ewéthislifferentinelinationobliquity angles,
in middle and polar latitudes. We selected events with a ewell of ionospheric fluctuations at altitudes below 60%7%Q
Under these conditions, below 25-Bth neutral atmospheric signal fluctuations will supersedddhespheric fluctuations
and measurement noise. Noise correction was performed timel@ssumption that the noise source is the receiver, and th
noise properties remain constant during an occultationte¥ée noise spectrum was estimate from the occultaticmréabrds
at altitudes of 70-5@m with a low level of neutral atmospheric and ionospheric fiations. The mean amplitude profiles
were determinedrom-lineartrendsby linearfitting.. Figure 2 and 3 (as well as Figure 4 and 5 below) show 30 exanoples
stratospheric events and 20 examples of tropospheric vEat the stratosphere, theelination-obliquity angles changed
within the range oR0° — 87°, for the troposphere they changed in the rangg56f— 88°. Therefore, for strongly anisotropic
inhomogeneities, these occultations were effectivelyicai

The amplitude fluctuation spectra are represented as tligrof wavenumber and spectral density, normalized to the
variance. Such a product will be hereinafter referred tohasspectrum, as distinct from the spectral density. Thetspec
indicate a maximum corresponding to the Fresnel scale.ldw ¢tical spectra for both inhomogeneity types have asyiop
with a slope of+1 for low frequencies; for IGWSs, the asymptotics correspora¢he conditionLy, — oo. For the high
frequencies, at the diffractive decline, the slope of thectja is—u + 2, i.e. —3 for the IGW model, according to formulas
(10) and (14), and-5/3 for turbulence (Tatarskii, 1971; Gurvich and BrekhovskiRA01; Woo et al., 1980). For the chosen
fragments of realizations, we used the Hann cosine windtig Window allows the minimization of distortions of spectr
with a steep decrease (Bendat and Piersol, 1986). The Fqeatidograms were averaged with a spectra windéwith a
variable widthA f: first with a window of a constar@-facterquality f /A f = 2, then with a window of a constant width. The
spectra were normalized to the variance, evaluated asténgrah of the spectral density over frequency. The spentFragiure
Figures2 and 3 are plotted in two forms. In panels A, they are ploteduactions of the oblique wavenumber, according
to the isotropy hypothesis; in panels B, they are plotteduastfons of the vertical wavenumber, according to the dropy
hypothesis for effectively vertical occultations. The pgrigee velocities aneeeuitationobliquity angles were evaluated from
the satellite orbit data. The wavenumbers were normalizetthe Fresnel scale in the corresponding direction, i.e.y#tues
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Figure 2. Amplitude fluctuation spectra for the lower stratosphere: panel A: theojsptrypothesigKolmogorovturbulence) panel B: the
anisotropy hypothesigsaturatedGWs). The color map red—green-blue corresponds to the increasingiationobliquity angles, which
are subdivided into three groups. The black solid line in panel B predentieoretical vertical spectrum for the saturated IGW model; the
dashed lines present the asymptotics of this spectrum for low and hagrefreies, the low-frequency asymptotic is evaluated.fgr— oc.

For the comparisonred dashedines showthe high-frequencyspectralsymptotioof the Kolmogorovturbulencemodel.
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Figure 3. Amplitude fluctuation spectra for the upper troposphere: panel A: thimohypothesigKolmogorovturbulence) panel B: the
anisotropy hypothesigaturatedGWs). The notations are the same as in Figure 2

along the horizontal axis ark,pr (o) for the isotropy hypothesis arttr . pr (o = 0) for the anisotropy hypothesis. For
this normalization, the spectral maxima must corresporidgé@rgument 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 increasimgeultationobliquity angle, the maxima systematically shift to lower frequesicadthough,
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the oblique velocities, on the contrary, increase. In miBelall the spectra argreupedaroundthe-verticalFresnelseale,

which-peakednearwavenumberl, which representghe first Fresnelzone. This favors the anisotropy hypothesis. For the
verification of the isotropy/anisotropy hypotheses, gjipmoblique occultations should be most informative. If #raplitude

spectra contained a significant isotropic component, iukhmanifest itself in oblique spectra as an additional mman

at higher frequencies. In stellar scintillation spectiachsa double-hump structure is typical (Gurvich and Kan,320®;
Sofieva et al., 2007a). The absence of the second high-fnegueaximum in Figures 2 and 3 indicates that the amplitude
fluctuations caused by the isotropic turbulence in thesesoreanents were significantly weaker compared to those ddyse
the anisotropic inhomogeneities. The experimental aogiditspectra in panels B are in a good agreement with the ticadre
spectrum (10) and (14pltheughthe The variance of amplitude fluctuations weakly depends on thercadaleLy-Lyy, if

it significantly exeeedexceedshe Fresnel scajestill-. Neverthelessthe influence ofty—is-neticeablan-thelow-frequeney
spectralregionywhereit-Ly, results in a faster than +1 decrease of the spectamalecreasingt low frequencies. This
effect was utilized for the retrieval of internal gravity veaand turbulence parameters from stellar scintillati@afieva et al.,
2007a). For the theoretical spectrum in the stratosphezejsed the value afy, = 2.0 km; for the troposphere, we used the
value of Ly = 1.2 km. BeepeseillationsThe fringesof the theoretical spectrum in the high-frequency regienaaused by
diffraction onathinthe phasescreen. The slope afurspeetrumattheirdiffractive-declinethe spectrumat high frequencies
agrees with the theoretical value3; note, the diffractive slope of the spectral density equalsThe fact that all the spectra
in panels B group together means that all digiguity anglesa: met the condition of effectively vertical occultations.rFo
amax = 88°, we can estimate anisotrogy> tan (amax) ~ 30 for the inhomogeneities, whose vertical scale equals tasrfel
scale.

The measured RMS values of the relative fluctuations of thgliude in the stratosphere are 0.08-0.20, which is in a fair
agreement with the IGW model (Figure 1), which equals 0.lthénmiddle of the height range. For the upper tropospheee, th
measured RMS values are 0.12-0.35 and, therefore, theyynesseedsxceedhe theoretical estimate, which equals 0.16.
The experimental RMS valuésdicateprovesthe applicability of the approximation of weak fluctuatidnsthe interpretation
of these data.

The phase in RO observations is presented as the excess whadeequals the difference between the full eikonal ard th
straight-line satellite-to-satellite distance. We wéfer to the excess phase as to the eikonal. Double-frequehssrvations
allow for the exclusion of the ionospheric component of thkemral under the assumption that the trajectories of thertws
coincide. The ionospheric corrected eikonal consists oftamponents: 1) the neutral atmospheric eikonal evalueddtie
integral along a straight ray, which in Section 3 was denagll, and 2) the addition to the geometrical length of the ray due t
refraction (Vorob’ev and Krasil'nikova, 1984; Gurvich ét,@2000). The secongrmcomponents approximately equal to the
first one at a height of 1km, and it rapidly increases for lower altitudes. In firetapproximatiorfirst-orderapproximation
of theperturbatiormethod the eikonal variations amempletelydetermined by the refractive index variatignghefirstterm
of the neutralatmosphergVorob’ev and Krasil'nikova, 1984). Strong regular vaidais of the eikonal with the altitude, and
its relatively small fluctuations, which amount to tenthgefcent, aggravate the separation of fluctuations, edjyedise to
the difficulty of the evaluation of the mean eikonal profileu¢@&ch et al., 2000; Cornman et al., 2012; Tsuda et al., 2000)
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this study, we use the smooth eikonal profile evaluated ®MISISE-90 model (Hedin, 1991) complemented with a simple
model of humidity: the relative humidity has a constant eadi 80% below 1%m. These profiles are evaluated for the real
observation geometry and they correctly represent botlatimespheric eikonal and the geometrical length of the raly, S
both before and after the subtraction of the model profiles,eikonal realizations contained low-frequency trends, the
model inaccuracy. We applied an additional detrending iegpalynomial term to the eikonal deviation from the moddlis
procedure smooths the spectral components with scalesdirgethe half-length of the realization. Similar to the ditape
spectra, we used the Hanaosinewindow also for the eikonal (Bendat and Piersol, 1986).

FigureFigures4 and 5 present the normalized spectra of the atmosphertadiimns of the eikonal for the same events and
altitude ranges as for the amplitude spectra. The eikonablfdion spectra are also represented as the product ohwaneer
and spectral density. In this representation, the slopkettieoretical eikonal spectra equalg + 2 and, correspondingly, it
equals—3 for IGWs and—5/3 for turbulence. The eikonal spectra normalized accordinthé anisotropy hypothesis have
a somewhat large spread compared to the amplitude spetilirathey also corroborate the dominant role of anisotcopi
inhomogeneities. These spectra arexdfair agreement with the theoretical vertical spectrum (Ey the evaluation of the
theoretical spectrum, we used the same value of the outierasfor the amplitude spectra.

For the stratosphere, the measured RMS values of the eikanalations are 3—16m, while their estimate was &n. For

the upper troposphere, the measured RMS were 4=l Svhile their theoretical was aboutcrn.

5 Discussion

In this study, we discussed the 3D spectra of atmosphermnioigeneities of two types: Hpeisotropic Kolmogorov tur-
bulence, and 2)re-anisotropic saturated IGWs. For RO observations, in theaqupations of the phase screen and weak
fluctuations, we derived the relationships that link theembsd 1D fluctuation spectra of the amplitude and phase #with
empirical 3D inhomogeneity spectra. This allowed us to obtain theydical expressions for the variances of the amplitude,
phase, and ray incident angle fluctuations, as well as thiespoint amplitude-phase correlation for both inhomaggn
types. The theoretical estimates of the variances of RO iaudpland phase fluctuations for different values of the para
ters of atmospheric inhomogeneity model, including thaditire characteristics and vertical scales, for middlieuides in
the stratosphere and upper troposphere, indicate thatdjer oontribution into RO signal fluctuations comes frorusated
IGWSs. The contribution of the Kolmogorov turbulence, undesse conditions, is small. Even taking into account a sicanifi
spread of possible values of the structure characteriatidstypical scales of inhomogeneities, it is hard to expeat this
can compensate the difference between the IGS and turleuieribis altitude range. Moreover, the averaging of RO digna
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fluctuations along the whole ray inside the atmosphere dahgmfluence of intermittence, which is typical for turbote
under stable stratification conditions.
For anisotropicinhomogeneitiesve employ an empirical model of saturatedGWs (2). Models of this type are widel

usedfor the analysisof stellar and radio scintillations, the angulardependencef the back-scatteringf radarsignals,the

retrieval of model parametersrom occultationsetc. 1D vertical and horizontalspectraof this modelfollow the —3 power.
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However,air-borneobservationge.g. Nastrom and Gage, 1985; Bacmeister et al., 1 atethat the horizontalspectra
of temperaturdluctuationsin the troposphereindstratospherehavea powerspectrunmwith a slopecloseto —5/3 in awide
rangeof scaledrom severakm to severahundredkm (see also Dewan, 1994, the "saturated-cascade" madekldition,the

model(2) hasa constant&nisotropyAs noticedin section2.1,observation®f stellaroccultationsvith grazinggeometry(Kan

et. al, 2014),togethemwith the dataaboutthe anisotropyof dominantiGWs (e.g. Ern et al., 2004, the description of CRISTA
experiment) GPSoccultationsin (Wang and Alexander, 2010javerevealedhatthe anisotropycoefiicientis not uniform. It
increasesrom about10-20for the IGW breakingscale(10-20m in the vertical direction)to the saturationvalueof several
hundredior dominantGWs.

The useof the simplemodel (2) for the problemin questionis justified asfollows. As shownabove the mostimportant
the amplitudeand phasefluctuationsonly dependon the vertical structureof saturatedGWs (Egs. (10) and (14), which is
adequatelylescribecby model(2). In somecasesfor stronglyobliqueoccultationeventsthe conditionof effectivelyvertical
componenof theray immersionvelocity.

Following the ideasof Dalaudier and Gurvich (199/%urvich and Chunchuzov (2008gvelopedan empirical 3D model
evaluatecbn the basisof the variableanisotropymodel (Gurvich and Chunchuzov, 2008)ein a goodagreementvith those
evaluatecn the basisof the constananisotropymadel(2) for effectivelyvertical occultationgKan, 2016)_
radioholographianethods Thesemethodsallow enhancinghe retrievalaccuracyandresolution(e.g. Gorbunov and Gurvich,
1998a, b; Gorbunov, 2002a; Gorbunov and Lauritsen, 208lvell as obtainingnew information on the structureof the
atmospheréPavelyev et al., 2012, 2015, and references thereipgarticular Pavelyewetal. (2015)demonstratethepotential
the contributionsof layeredstructuresandturbulencein RO signals.In our study,we usethe powerspectraof the observed

From GPS/MET data acquired on February 15, 1997, we evaluihagevariances and spectra of the relative fluctuations of

amplitude and the fluctuations of phase for the lower stpdtee, comprising the altitudes from Rm down to the upper
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boundary of the tropopause, and for the upper tropospherepiising the altitudes from thepperlower boundary of the
tropopause down tokm. For analysis, we chose RO events in middle and polar lagwdth different occultation trajectories:
from vertical ones witheeeultationobliguity angle near O degree to strongly oblique ones withultatiorobliquity angles

up to 88 degree. The experimental spectra of the amplitudghase fluctuations, presented as a function of verticaewav
numbers for the anisotropy hypothesis or oblique wavenusiioe the isotropy hypothesis, indicate a strong anisgtadfihe
atmospheric inhomogeneities. This, along with the thémakéestimates signifies the dominant role of saturated IGW&RO
signal fluctuations. The experimental estimates of vagamé amplitude and phase fluctuations mostly agree witluatiahs
based on the IGW model.

In comparison with theptieatvisible band, the radio band is characterized by a much greateréhiszsalep ». This, together
with the strong refractive attenuatiasmall altitudes,accordingto (15), significantly reduces the amplitude fluctuatiens
smallaltitudes;and, therefore, the weak fluctuation condition is met fatuades down to a few kilometers. This is corroborated
by the measured variance of relative amplitude fluctuafidre upper boundary of the RO monitoring of atmospheric inho-
mogeneities is close to the lower boundary of optical oetiglhs. Therefore, radio and optical occultations, togettith the
simple approximationsgive-aneppertunityef-meniteringthepermita diagnosisof wave activity over the whole stratosphere
and upper troposphere.

Satellite observations of stellar occultations indicht tn thespticalvisible band, at the perigee height aboutld0, IGWs
and the Kolmogorov turbulence give comparable contrimgtimto the variance of intensity fluctuations (Gurvich arahK
2003a, b; Sofieva et al., 2007a, b). In the radio band, dueetdatiger Fresnel scale, the role of large-scale inhomotesei
with a steeper 3D spectrum increases. Such inhomogenaigestributed to IGWs (Kan et al., 2002). This follows froms)1
and (16): the decay of variance with increasing wavelengthc \*/2~3, is stronger for turbulence\,~7/6, than for IGWs,
A~1/2_ The relative contribution of IGWs into the variance of arhydie fluctuations with respect to that of isotropic turbeken
in the radio band, compared to the optics, increases pliopalty to ()\GPS//\Opt)2/3 ~ 5-103. This difference is also seen in
Figure 1, which shows the amplitude RMS at an altitude ot30if we recollect that in theptieatvisible band, the amplitude
fluctuations due to IGWs aradditienatadditionallyrestrained by the inner scale of IGWs that exceeds the Fresatd 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 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 fluctuatiohe. dse of mean eikonal obtained the sliding averaging with
Ah=5km > Ly, and the model profile resulted in veejpsespectraA-disadvantageftheslidingaveragingeonsistan-the
For strongly anisotropic inhomogeneities, RO signal flattins are determined primarily by the vertical structurabo-

mogeneities and, accordingly, by the vertical velocityla# tay immersion for differentecultationobliquity anglesa. The
comparison of amplitude records taken as a function of tines@ function of perigee height clearly indicates that ftiecent
«, the temporal dependencies have different charactefisticiencies, while the altitudinal dependencies haveegbesiods.
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In the tropics, in the lower troposphere, below the altitafiékm, the type of the vertical dependence of the amplitude alyrupt
changes: the fluctuation frequencies increase, and thginitoae 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 tpiEos from the COSMIC data in tropics, May 2011, and in middle
and polar latitudes, January 2011. For each latitude baed:hose 30 occultations, witheeultationobliguity angles varying
from 45° to 89°. In the tropics and upper troposphere, at altitudes fromal&do 8km, in the amplitude spectra the dominant
role is played by anisotropic IGWSs. In the lower troposphat@jltitudes 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 dananalysis for altitudes from 6 to tm, for middle and polar
latitudes in January, where the humidity influence was mucdller, indicates that the amplitude spectra mostly cpoed

to the IGW model, and the fluctuation RMS was smaller than énttbpics, and was equal to 0.2—0.6. This indicates that
in the framework of the approximations #fethin-phasescreen and weak fluctuations, for the lower troposphers,anly
possible to infer rough estimate$ the atmospheridnhomogeneityparametersA strict quantitative analysis would require
more advanced techniques.

The main result of this study consists in the statementithiite stratospherenduppertropesphereat altitudes above 4-5
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 theaaed IGW model. Formerly, for the stratosphere, in thicuale
range 15-3@&m, this was demonstrated by Steiner et al. (2001), who sholatdhe temperature fluctuation spectra obtained

from GPS/MET observations, in the vertical scale rangel@s@re in a satisfactory agreement with the saturated IGW model

Pavelyev et al. (2015nalyzeda seriesof CHAMP occultationeventsandshowedthatlayeredinhomogeneitiesascompared
toturbulenceplayadominantrolein theRO amplitudefluctuationdn thestratosphereandthediffractive slopeof theintensit

spectrafor theseinhomogeneitiegs closeto that predictedby the saturatedGW model. Wang and Alexander (2010) and
McDonald (2012), analyzing collocated temperature prefffem COSMIC observations, showed that in the stratosphere

the most large-scale dominant temperature perturbatiensfavave nature. Gubenko et al. (2008, 20déyelopech method

for the determinatiorof the basiccharacteristic®f dominantlGWs, including their intrinsic frequencyand phasevelocities
from verticalprofilesof temperatureThe methodwasvalidatedon high-resolutiorradiosond@bservation®f temperaturend

wind andthenappliedto the analysisof IGW basedon temperaturgrofilesretrievedfrom RO observationsn COSMIC and

On the other hand, Steiner et al. (2001) only analyzed fitezmperature profiles with scales exceeding 11l6s2The 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 charastte@’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 betweeE‘éV’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
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temperature variance in the IGW model can be inferred frob) (3ofieva et al., 2009):
47 _
U?T/T = ?CgV,dryKVVQ (25)

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

E,= % (ngv> J?T/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 characteristic@uter
scale from RO signal fluctuations allow a more detailed stfdzWs. 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 pasamean also be inferred from eikonal spectra. Still, it esf@rable
to use amplitude spectra, which are much more sensitivérerctivity fluctuations: phase variations are proportidnaefrac-
tivity variations, while amplitude variations are proporial to their second derivative (Rytov et al., 1989b). Iditidn, strong
regular variations of the eikonal with the altitude may aaluce significant uncertainties in the lower-frequencyare@f the
eikonal spectrum. On the other hand, tepressquick estimates, it possible to use variances only. The ampliadieance
allows-permitsthe determination of the structure characteristic (15¢; @éfkonal variance, together with the estimate of the
structure characteristic allow the estimate of the outales(l8). The maximum frequency of amplitude spectra maicatd
what inhomogeneity type is essential for the RO signal flatidmns.

6 Conclusions

In this study, we presented simple relationships and thieatestimates of the amplitude and phase variances of @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-R for middle and polar latitudes, we derived the amplitude phdse fluctuation
spectra. Both theoretical and experimental results ineieadominant role of saturated IGWSs in forming the variancebs a
spectra of amplitude and phase fluctuation of RO signal irsttegosphere and upper troposphere, at altitudes abovkrd—5
in middle and polar latitudes, and above 78 in the tropics. Simple relationships that link IGW paramgiand RO signal
fluctuations may serve as a basis for the global monitorins8¥ 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 dandistributed.
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