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INTRODUCTION

Methods providing reliable on-line information on
atmospheric processes appearing and evolving on dif-
ferent scales and on current weather conditions are nec-
essary both for synoptic forecasting and for solving a
number of geophysical problems, including interac-
tions between geospheres. Of wide use for this purpose
are the methods of remote monitoring and, particularly,
radio sounding, with its comprehensive theoretical
basis and well-developed measurement technique.

In the recent decade, methods used for remote mon-
itoring are closely associated with radio occultation
(RO) sounding and refractometry (RM). After the suc-
cess of the experiments at the MIR station and the
GPS/MET, CHAMPION, and Orsted satellites, these
methods have passed into the ranks of conventional
practice. The data provided by these methods are used
in meteorological research, for verification of climate
models, etc. Along with this, the RO sounding method
faces a number of problems due to inhomogeneous
structures, whose presence in the propagation media
affects the reconstruction accuracy.

The future development of RO sounding methods—
associated with the creation of application-specific
small satellites for atmospheric and ionospheric stud-
ies—will inevitably encounter limitations imposed by
the method for gaining the primary information. There-
fore, it seems important to take a closer look at the pos-
sible errors in the reconstruction and interpretation of
RO data. The aim of this study is to model and analyze
the effects of inhomogeneous structures on the accu-
racy of reconstructing atmospheric parameters in vari-
ous conditions. Unlike an in situ experiment, a model
experiment allows the influences of different sources to

be estimated. The reconstruction features specific for
different atmospheric structures are analyzed.

1. RADIO-OCCULTATION SOUNDING
OF THE ATMOSPHERE

Radio-occultation sounding has long been known
[1, 2] and is advantageously used today to investigate
the atmospheres of planets (a vast bibliography on this
subject can be found in [3]). The method can be gener-
alized for the case of sounding the ionosphere of plan-
ets, including the Earth [3–7]. In the principal scheme
of an RO experiment, a satellite observes the radio rise
(set) of another satellite bearing a source of electromag-
netic waves. As the satellites move, different cross sec-
tions of the media are probed and the ionosphere and
atmosphere can be sounded separately. The GPS sys-
tem operating frequencies used in such studies were
1575.42 MHz (

 

f

 

1

 

 or 

 

L

 

1) and 1227.6 MHz (

 

f

 

2

 

 or 

 

L

 

2).

In case of a layered system, the vertical profile of the
refractive index 
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) is related to the vertical profile of
the refraction angle via the Abelian transform [1, 2].
The reconstructed profile is recast into the profiles of
meteorological parameters. The vertical RO resolution
is determined by the size of the first Fresnel zone and
amounts to hundreds of meters for the decimeter band
in the Earth’s atmosphere. Horizontal resolution in the
plane of sounding is determined by the path length of
beam 
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Of most interest in the Earth’s atmosphere and ion-
osphere are variations of their parameters, such as tem-
perature, pressure, and humidity. These parameters
should be determined to a high accuracy [3–8], which
has only been attained in the last 15 years. According to
available commercial data [5–7] and a number of esti-
mates [9–13], the effect of the propagation media on the
accuracy of reconstructed meteorological parameters is
comparable to, and sometimes even more than, the
effect of instrumentation errors. Perturbation dynamics
and multibeam propagation that take place in particular
cases [10, 14], as well as ionospheric influence [4, 9]
superimpose on atmosphere variations and additionally
complicate the interpretation of data.

2. MODELING OF RADIO-OCCULTATION 
EXPERIMENTS

The modeling of RO experiments is based on solv-
ing equations for wave propagation in near-earth space
and finding the signal parameters that can be verified in
experiments: amplitude, phase, group delay, Doppler
shift, and refraction angle, as functions of the target
parameter [8–12]. As a result of modeling, the dynam-
ics of signal propagation can be described with allow-
ance for inhomogeneous structures, the self-effect of
the media [9], multibeam propagation [10, 14], and
effects on caustic surfaces, i.e., the limitations of geo-
metric optics [13, 14, 15]. Nonetheless, the ray approx-
imation is widely used in the simulation of RO experi-
ments because it adequately describes the main features
of signal propagation.

Similarly to [12, 13], we used a 3D model of the
medium and considered the propagation of signal in the
approximation of geometric optics. This statement of
problem has a number of complications as compared
with the 2D statement. One difficulty is that of obtain-
ing smooth fields of meteorological parameters and
their first derivatives given a discrete sampling in the
nodes of the model (see [12, 13]).

Profiles of the spatial refraction index 
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(
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) were
modeled similarly to [8–11] but for the 3D case,
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nential profile of the International Committee on Radio
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, …) is the electron concentration in
the ionosphere (a set of parabolic layers), ellipses in the
arguments denote the position and parameters of inho-
mogeneous structures, 

 

f

 

c

 

 is the critical frequency, 
is the electron concentration at the maximum level, and
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 denotes variation of a parameter.
Inhomogeneous structures were modeled by various

functions additive to (1) (see [8–11]). For example, it
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has been proposed [8, 11] that the refractive index of
the atmospheric front in the cross section along the
direction of sounding can be taken in the form
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 is the intensity (amplitude) of the wave front. Coordi-
nates (
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) are specified in the section of the wave front
by the sounding plane. The parameters have a clear
physical meaning: 
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 is the altitude of localization of the
perturbation, 
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 is the front length, and 
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 is the tangent
of the angle between the wave front and the Earth sur-
face. The function 
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) describes a
decrease in the perturbation with altitude, and parame-
ters 

 

γ

 

 

 

⊂

 

 [0, …, 5] are chosen to comply with the exper-
iment.

Modeling of both the direct and inverse problems is
known as ‘end-to-end’ modeling. The spatial step is
chosen to be 100 m in the atmosphere and approxi-
mately 1 km in the ionosphere (

 

h

 

 > 60 km). The accu-
racy of solving the direct problem is largely determined
by the accuracy of positioning the satellites and is better
than 10

 

–12

 

 in terms of the orientation angle; in the case
of a spherically symmetric medium, this leads to less
than a 0.1% error in the reconstructed profiles of mete-
orological parameters.

The influence of the ionosphere on the atmospheric
profile was compensated using the double-frequency
method [4]. For a real ionosphere containing inhomo-
geneities, the compensation quality may deteriorate. As
a result, artifacts may appear in the atmospheric pro-
files, as was predicted in [9] and experimentally sup-
ported in [12]. The profile 
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(

 

r

 

) was reconstructed using
the Abelian transform [1, 2], 

 

n

 

(

 

r

 

) was assigned to the
perigee points of the sounding rays.

Among the methods elaborated for RO data analysis
are the 4D-Var approach [13] related to the method of
direct variation assimilation of data [17] and the
method of nonlinear estimation [16]. These methods
rely on the information obtained in different models
and measurements, i.e., they take the atmospheric
dynamics into account. The comparison of these meth-
ods with real situations reveals a number of additional
problems, which lie beyond the scope of the present
study.

3. DISCUSSION OF THE MODEL RESULTS

In the course of the numerical experiment (see sec-
tion 2) we considered typical variants of a horizontally
inhomogeneous atmosphere with perturbations mea-
suring from hundreds to thousands of kilometers. In
many cases, the reconstructions miss some features of
the preset models and structures smaller than 400 km
are heavily distorted. The larger structures resemble the
original shape but the local profiles can be distorted sig-
nificantly.

n h θ,( ) Natm h( )G h( ) 1 βF ξ( )+[ ],=
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The presence of atmospheric structures breaks the
quasi-spherical symmetry of the problem, since the
information about them will be contained in the recon-
struction, even if a part of such a structure falls into the
sounding range with a typical atmospheric size of La.
Consider a mental RO experiment, in which sounding
signal is transmitted between two low-orbit satellites
moving along the same orbit with a radius of 800 km
over the Earth’s surface one after the other, such that the
perigee points of the sounding rays are spaced by a dis-
tance of 10 km in the projection onto the Earth’s surface.
The set of profiles reconstructed in a large number of
numerical experiments (from 100 to 240) forms a sur-
face, which should be compared with the original model.
Below, such surfaces summarizing the results of numer-
ical experiments are considered in more detail. Cross
sections L = const correspond to a profile obtained in a
particular RO experiment. To avoid overcomplicating the
pattern, regular dependences n(h) are omitted.

3.1. The results obtained indicate that the atmo-
spheric front in the RO experiments is smeared in the
horizontal direction. Reconstructions of smooth fronts,
for which the tangent of the surface inclination angle

|γ| < 0.02 (see (2)), are close to the originals, but recon-
structions of steep meteorological fronts (of width Lf =
50–100 km) display significant distortions (see Fig. 1).
The top panel in Fig. 1 plots the model atmospheric
front and the bottom shows the set of all possible recon-
structions with Lf = 50 km, H = 3 km, α = 3, and γ =
0.05 (see (2)). The inclination angle of the retrieved
front decreases by a factor of La/Lf . The reconstruction
errors depend on the amplitude and size of the pertur-
bation and can typically be as high as 1–10% depending
on the front parameters. Figure 2 presents the topology
of relative reconstruction errors δ = (1 – nret(r)/nmod(r)) ×
100% for the front with parameters specified above.
The ultimate inclination angle of the wave front is on
the order of the regular refraction in the atmosphere,
which is about 20 mrad in the case of the Earth.

3.2. The capabilities of the RO sounding method for
atmospheric monitoring were also considered using the
example of cyclones. To describe this type of perturba-
tion, the regular profile of the refractive index (1) was
superposed with an ellipsoid of rotation with a narrow
inside notch simulating the cyclone’s eye.
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Fig. 1. Radio-occultation sounding of an atmospheric front.
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The calculation was carried out using the data for the
well-known hurricane Katrina (August 23–30, 2005) at
the period when it was rated as a 4–5 category hurricane.
According to space images, Katrina evolved from hun-
dreds to 1200 km in diameter with its eye (the central
region clear from clouds in the optical range) measuring
about 100–300 km in diameter. For modeling, the
cyclone sizes were taken to be 200, 600, and 1200 km.

Perturbations of n(h) due to cyclone propagation
were estimated on the basis of meteorological data such
as temperature, pressure, and precipitation measured
along the propagation path [19–21]. The literature data
suggest that perturbation of the refractive index due to
a category 4–5 cyclone is about 30–50 N units, i.e., 10–
15% of its regular value. 

In many cases, the profiles retrieved by the RO
method did not contain the features that were present in
the initial models. Figure 3 shows the reconstruction of
the model cyclone at two different evolution stages
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characterized by the cyclone length of 200 and 1200 km
along the Earth’s surface. Both structures have the same
thickness of 4 km, equal intensity of 50 N units, and are
localized at an altitude of 2 km over the Earth’s surface.

The left panel of Fig. 3 illustrates the reconstruction
of a 200 km long structure. Such structures are evi-
dently distorted by the RO sounding method. The alti-
tude sections of the model and retrieved profiles are
compared at the bottom of the same panel. It is seen that
the discrepancies reach 70% in the section passing
through the model maximum (L = 600 km) and 15% in
section L = 550 km, the most “successful” section. The
region L ⊂ [200–500] km contains artifacts, i.e., it dis-
plays a structure that was not actually there.

The situation is much better with the perturbation of
length 1200 km. In particular, the section L = 600 km is
retrieved with an accuracy better than 1% (see the mid-
dle plot of the right panel). The discrepancy begins to
grow toward the periphery of the structure and is 12%
in the section L = 300 km. Note that the altitude posi-
tion of the perturbation maximum is exactly defined in
all the cases.

3.3. The analysis shows that the reconstruction
accuracy depends on the perturbation sign, i.e., on
whether the inhomogeneous structure protrudes over
the average level. This thesis is illustrated by Fig. 4,
which shows the model (top) and reconstruction (bot-
tom) of a cyclone with a 150-km-wide eye. In the eye
of the model cyclone, the perturbation amplitude drops
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to zero, i.e., its sign is opposite to that of the cyclone
body. Other parameters of the structure are presented
above. It is seen that the reconstruction of the small-size
eye fails and the gradient of the refraction index at the
eye boundaries gives rise to quasi-perturbations at the
region L = ±400 km. Figure 5 indicates that, at L = 0 km,
the retrieved profile contains artifacts; at L = –200 km,
the discrepancies reach 30%; at L = –400 km, the
errors change sign; and at L = –600 km, the errors
exceed 40%.

The examples considered above illustrate the diffi-
culty of independent interpretation of RO sounding
data. Indeed, any of the profiles shown in Figs. 3–6 can
be realized in a particular RO experiment, since neither
the orientation of the inhomogeneous structures nor
their location, type, and even the sign of the perturba-
tion n(h) are known beforehand.

CONCLUSIONS

The radio-occultation sounding method allows the
reconstruction of profiles of meteorological parameters
with an accuracy sufficient for practical applications if
the atmospheric structures are rather large (exceed
600 km). In the case of small (less than 300–400 km) or
complicated atmospheric structures (for example, a
developed cyclone with an eye), reconstruction errors
substantially increase. For steep fronts of pressure, the
inclination angle of the front surface changes and arti-
facts may appear in the retrieved profile. The number of
errors also depends on the sign of the perturbation in
the inhomogeneous structure.

The presence of a local atmospheric inhomogeneity
inevitably complicates the interpretation of a particular
RO profile, since the reconstruction result depends on
the inhomogeneity position with respect to the perigee
point of the sounding rays and cannot be interpreted
unambiguously.

Summarizing the results of the study, it should be
noted that RO sounding is effective for large-scale
atmospheric structures. However, the locally unnormal-
ized errors arising in the presence of perturbations
make it difficult to interpret the data obtained using
only the RO method. To improve the accuracy of mete-
orological parameters to the level demanded by appli-
cations and to adequately interpret RO data will require
a complex approach to the diagnostics of all the probed
media and the integration of data obtained by different
methods combining space- and land-based monitoring
and including the atmosphere tomography.
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