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Abstract. By using the CHAllenge Minisatellite Payload
(CHAMP) radio occultation (RO) data, a description of dif-
ferent types of the ionospheric impacts on the RO signals
at the altitudes 30–90 km of the RO ray perigee is given
and compared with the results of measurements obtained
earlier in the satellite-to-Earth communication link at fre-
quency 1.5415 GHz. An analytical model is introduced for
describing propagation of radio waves in a stratified medium
consisting of sectors with spherically symmetric refractiv-
ity distribution. This model gives analytical expressions for
the phase, bending angle, and refractive attenuation of radio
waves and is applied to the analysis of radio wave propaga-
tion phenomena along an extended path including the atmo-
sphere and two parts of the ionosphere. The model explains
significant amplitude and phase variations at altitudes 30–
90 km of the RO ray perigee and attributes them to inclined
ionospheric layers. Based on this analytical model, an in-
novative technique is introduced to locate layers in the atmo-
sphere and ionosphere. A necessary and sufficient criterion is
obtained for a layer to be located at the RO ray perigee. This
criterion gives both qualitative and quantitative estimation of
the displacement of an ionospheric and/or atmospheric layer
from the RO ray perigee. This is important, in particular,
for determining the location of wind shears and directions of
the internal wave propagation in the lower ionosphere, and,
possibly, in the atmosphere.

1 Introduction

High-stability radio signals transmitted at two GPS
(Global Positioning navigational System) frequenciesf1 =

1575.42 MHz andf2 = 1227.60 MHz from a GPS satellite
and received at a GPS receiver aboard a low Earth orbit
(LEO) small/micro satellite have been used in radio occul-
tation (RO) investigations of the atmosphere (Melbourne et
al., 1994; Ware et al., 1996; Kursinki et al., 1997; Hajj and
Romans, 1998; Steiner et al., 1999; Wickert et al., 2001,
2004; Gorbunov et al., 2002, 2010; Yakovlev, 2003; Jensen et
al., 2003, Melbourne, 2004; Gorbunov and Lauritsen, 2004;
Gorbunov and Kirchengast, 2005; Pavelyev et al., 2002,
2004, 2009; Liou and Pavelyev, 2006; Liou et al., 2002,
2003, 2005, 2007, 2010). When applied to ionospheric in-
vestigations, the RO method may be considered as a global
tool and can be compared with the global ground- and space-
based radio tomography (e.g. Jakowski et al., 2004; Kunitsyn
and Tereschenko, 2003, and references therein). RO mea-
surements in the atmosphere can be impacted by ionospheric
contributions because the RO signal propagates through two
different parts of the ionosphere. Usually, the ionospheric
influence can be described as a relatively slow change in
the excess phase path without noticeable variations in the
amplitude of the RO signal. This change can be excluded
by different methods of ionospheric correction (Melbourne
et al., 1994; Vorob’ev and Krasilnikova 1994; Gorbunov,
2002). Disturbed ionosphere significantly changes not only
the phase but also the amplitude of the RO signals. The
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Fig. 1. Geometry of radio ray path in RO experiment.

phenomenon of strong amplitude and phase frequency de-
pendent variations in the RO signals is often observed within
the altitudes of the RO ray perigeeh between 30 and 90 km
above the main part of the neutral atmosphere and below the
E-layer of the ionosphere. This effect is also interesting for
investigating propagation of radio waves and communication
in the satellite-to-satellite links. The amplitude of the RO
signal offers new possibilities for studying the ionosphere
(Vorob’ev et al., 1997; Sokolovskiy, 2000; Sokolovskiy et
al., 2002; Igarashi et al., 2000, 2001; Gorbunov et al., 2002;
Pavelyev et al., 2002, 2004, 2007, 2008a, b, 2009, 2010a;
Liou et al., 2002, 2003, 2005, 2007; Liou and Pavelyev,
2006). Igarashi et al. (2000, 2001); Pavelyev et al. (2002),
indicated high sensitivity of the RO amplitude (as compared
with the eikonal) on features of plasma layers in the E-region
of the ionosphere. Comparison of the eikonal and amplitude
variations in the Microlab-1 RO data and estimation of spo-
radic E-layers parameters made by Vorob’ev et al. (1997).
Gorbunov (2002), and Sokolovskiy et al. (2002) proposed
a back-propagation radio-holographic method for investiga-
tion of ionospheric layers and irregularities by using RO data.

The goals of this paper are (i) to describe different kinds
of ionospheric influence on the GPS RO signals within the
altitudes ofh between 30 and 90 km, and to compare them
with the noisy (C-type) and regular (S-type) scintillations de-
tected earlier by Karasawa et al. (1985) in the satellite-to-
Earth communication link; (ii) to present an analytical model
for the refractive attenuation and excess phase path (eikonal)
of electromagnetic waves in locally spherical symmetric me-
dia; and (iii) to identify the contributions and to measure
parameters of the inclined plasma layers by analyzing the
CHAMP RO experimental data. The paper is structured as
follows. In Sect. 2 the description of different kinds of the
ionospheric impact on the CHAMP RO signal is presented.
Section 3 introduces an analytical model of wave propaga-
tion through the ionosphere and atmosphere of the Earth. In
Sect. 4 an example of ionospheric layers identification and
the electron density retrieval is considered. Conclusions are
given in Sect. 5.

2 Types of ionospheric influence on the CHAMP RO
signal

During a RO event, the radio ray linking a LEO GPS re-
ceiver to a GPS satellite transmitter (marked by points L
and G in Fig. 1, respectively) immerses gradually into the
ionosphere and atmosphere. The LEO receiver measures the
GPS dual-frequency phase (eikonal) delays and amplitudes
of the RO signal for the subsequent determination of the ver-
tical profiles of the physical parameters of the atmosphere
(including ionosphere). In the case of single path propaga-
tion, the RO inversion technique is based on two implicit
assumptions: (i) the tangent point T, where the refractivity
gradient is perpendicular to the RO ray, is located in the
RO ray perigee (Fig. 1); and (ii) there is only one tangent
point on the RO ray trajectory GTL. Under these assump-
tions, a relatively small area with a center at point T makes
the main contribution to the amplitude and phase variations
of the RO signals (Igarashi et al., 2000, 2001). In this case,
the amplitude and phase variations of the RO signals are
functions of the ray perigee heighth (Fig. 1) and the satel-
lites’ positions and velocities. Previously, the RO technol-
ogy has been mainly based on analyzing the phase of elec-
tromagnetic wave transmitted through the ionosphere and at-
mosphere (Ware et al., 1996). Since then, different radio-
holography approaches using the complex field have been
introduced to study the atmosphere under the assumption of
spherical symmetry (e.g. Liou et al., 2010; Gorbunov et al.,
2010, and references therein).

In general, the assumption of spherical symmetry in the
ionosphere cannot be directly implemented to locate spo-
radic ionospheric disturbances (Wickert et al., 2004; Liou
et al., 2005). Gorbunov et al. (2002) and Sokolovskiy
et al. (2002) applied the Back Propagation (BP) radio-
holographic method to locate ionospheric disturbances in the
E- and F-layers of the ionosphere. Wickert et al. (2004) indi-
cated a difficulty in resolving the uncertainty in the inclined
plasma layer location between the parts TL and GT of the ray
trajectory GTL (Fig. 1).
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Fig. 2. Amplitude and excess phase measurements of the CHAMP RO signals in both quiet (left) and slightly disturbed (right) ionosphere
(events no. 0211 and 0001, 19 November 2003). Local time of the event and the coordinates of the RO ray perigeeT are shown in the
graphs. TheS4 index value is shown in the lower line of the insert. The amplitude curve 1 has low variations with indexS4 = 1.7% (left)
andS4 = 4.1 % (right). The phase path (eikonal) excesses81(t) and82(t) atf1, andf2 are shown by curves 2 and 3, respectively. Curve 4
corresponds to the combined eikonal8(t).

Amplitude data can be used to obtain the vertical gradi-
ents of the electron density in the ionosphere and refractivity
in the atmosphere independently (Pavelyev et al., 2002; Liou
et al., 2002; Sokolovskiy, 2000; Sokolovskiy et al., 2002).
High sensitivity of the amplitude variations on ionospheric
plasma layers can be used to describe different kinds of iono-
spheric influence on the RO signals in the trans-ionospheric
communication links.

The RO experiment aboard CHAMP was activated on
11 February 2001 (Wickert et al., 2001). Occultation mea-
surements of the ionosphere and neutral atmosphere were
autonomously scheduled by the Black-Jack receiver instru-
ment. Carrier excess phase paths (eikonals) at two frequen-
cies f1, f2, and signal-to-noise ratio (SNR) at frequency
f1 were recorded at a sampling rate of 50 Hz. In the case
of CHAMP RO experiments, quiet ionospheric conditions
have come to light in the form of small values of theS4 in-
dex of the amplitude scintillations averaged over the altitude
intervalh from 40 to 90 km:

S4 = [< (I (t)− < I >)2 > /< I >2
]
1/2 (1)

whereI and< I > are the current and averaged intensities of
the RO signals corresponding to propagation in the medium.
An example of quiet and moderately disturbed ionospheric
conditions observed during the CHAMP RO experiments is
shown in Fig. 2 (left and right panels, respectively). The
amplitude curve 1 has low variations with indexS4 = 1.7 %
(left) and S4 = 4.1 % (right). The phase path (eikonal) ex-
cesses81(t) and82(t) at f1, andf2 are shown by curves
2 and 3, respectively. Curve 4 corresponds to the combined
eikonal8(t). The combined eikonal8(t) (curve 4) has been
evaluated from the following ionospheric correction formula
(Melbourne et al., 1994):

8(t) = [f 2
1 81(t)−f 2

2 82(t)]/(f
2
1 −f 2

2 ) (2)

Examples of significant variations in the phase and ampli-
tude of the GPS RO signals are given below for the ray
perigee altitudes 40–90 km. These examples support the sug-
gestion that there exist two types of ionospheric impact on
the RO signals: noisy and regular ones which correspond to
C- and S-types of ionospheric influence on the amplitude of
radio waves propagating in the INMARSAT-Earth communi-
cation link at frequency 1541 MHz (Karasawa et al., 1985).
When the regular variations of the RO signal are caused by
an inclined plasma layer, the displacementd, correction to
the height of the ionospheric layer1h and its inclination
δ with respect to the local horizontal direction (Fig. 1), are
connected (Wickert et al., 2004) via equations:

δ = d/re,1h= 0.5dδ,d = (21hre)
1/2 (3)

wherere is the distance TO (Fig. 1).
A RO event with the isolated quasi-regular influence of

sporadic E-layers is shown in Fig. 2 (right panel). The fine
regular structures are seen in the altitude intervalh of 65–
90 km. These vertical phase and amplitude distributions can
correspond to a sporadic E-layer, which is usually located at a
height of about 90–130 km in the ionosphere. Therefore, the
height of a sporadic layer evaluated ash is underestimated
and should be corrected with accounting for the displace-
ment of the centre of spherical symmetry as it follows from
the analytical model introduced in Sect. 3. An example of
the event with high quasi-regular variations in the amplitude
and eikonal of the CHAMP RO signal with the magnitude of
the indexS4 = 17 % is shown in Fig. 3. The eikonals at two
frequencies vary in the interval 1.5 ≤ 81,2 ≤ 10.3 m. The
variations at 48–58 km altitudes can be attributed to layers in
the electron density distribution. Strong amplitude variations
with small vertical periods of about 0.4–0.5 km are demon-
strated in Fig. 4 (right) at the heights 98–105 km. These
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Fig. 3. Quasi-regular variations in the eikonal and amplitude values of the CHAMP RO signals for event no. 0093 (24 February 2003).
Left: eikonal variations at frequenciesf1 andf2 (curves 1 and 2, respectively). Right: the amplitude variations at frequencyf1 (curve 1) and
combined eikonal8(t) (curve 2).

vertical periods are essentially well below the vertical size of
the Fresnel zone. Therefore, these amplitude variations with
short vertical periods can be considered as a consequence of
the diffraction of electromagnetic waves by the sharp gradi-
ents of the electron density in a sporadic E-layer. An exam-
ple of a noisy CHAMP event with large amplitude variations
having small-scale vertical periods (S4 = 0.18) is shown in
Fig. 5. This event can be classified as a typical case, corre-
sponding to a noisy ionospheric contribution caused by in-
tense ionospheric irregularities in the equatorial region in the
midnight at 02:00 h Local Time (LT). The main part of the
amplitude variations is limited to the interval 0.5≤ A ≤ 1.4.
These noisy variations may, possibly, correspond to bubbles
moving in the disturbed region of the ionosphere.

The types of ionospheric influence (Figs. 2–5) can be
compared with the results obtained earlier by Karasawa et
al. (1985), who investigated the temporal characteristics of
the signals from a MARISAT satellite over the Indian Ocean
at an elevation angle of 17.3◦ using long-term (13 months)
measurements. Both C- and S-types of the ionospheric am-
plitude scintillations of radio signals are identified. The C-
type (Fig. 3, Karasawa et al., 1985) is similar to the noisy
amplitude variations of the RO signal (Fig. 5). The S-type
detected by Karasawa et al. (1985) consists of quasi-regular

structures that can be associated with the influence of bub-
bles or other types of disturbances (e.g. layers) in the iono-
spheric plasma. Two examples of S-type variations of the
relative signal level in the trans-ionospheric geostationary
satellite-Earth communication link at frequency 1.5415 GHz
(Karasawa et al., 1985) are demonstrated in Fig. 6 (left and
right panels). These examples can be compared with the
results of simulation of the ionospheric impact on the RO
signal using an analytical model of radio wave propagation
in a spherically-symmetric medium (Pavelyev et al., 1996)
(Fig. 7). The height of the RO ray perigee usually changes
nearly uniformly with time. Therefore, the dependence on
height in Fig. 7 corresponds (in some scale) to the depen-
dence on time in Fig. 6. The width of the ionospheric layer
is nearly equal to that one of the amplitude response (Fig. 7,
curves 1 and 5, respectively). This indicates a possibility
to determine the vertical size of an ionospheric layer as the
width of the corresponding amplitude response. As follows
from the data in Figs. 6 and 7, there is a good agreement
between the temporal behavior of the intensity of signals in
the satellite-to-Earth and satellite-to-satellite communication
links. Another example of the S-type amplitude variations in
the RO data is given in Fig. 8. In Fig. 8 (left panel), a compar-
ison is given between the refractive attenuation recalculated
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Fig. 4. Amplitude and phase values of the CHAMP RO signals due to the diffraction of electromagnetic waves in the ionosphere (event
no. 0115, 24 February 2003). (Left) Eikonal variations at frequenciesf1 andf2 (curves 1 and 2, respectively). (Right) The combined eikonal
8(t) (curve 1) and amplitude variations at frequencyf1 (curve 2).

from the excess phase path dataXp, and the refractive at-
tenuationXa found from the amplitude data at the first GPS
frequencyf1 (curves 1 and 2). Once again one can see a
good agreement between the S-type variations observed by
Karasawa et al. (1985) and the temporal amplitude variations
of the RO signal. As follows from Figs. 6–8, one can con-
clude that S-type of the amplitude scintillations observed by
Karasawa et al. (1985) corresponds to the regular amplitude
scintillations obtained by the analysis of the GPS RO signals.
This coincidence of the types of CHAMP RO amplitude scin-
tillations and the amplitude variations observed in the Earth-
based experiments indicates that they have a common iono-
spheric mechanism. This conclusion is important for estimat-
ing the ionospheric interference on the conditions for com-
munication, navigation, guidance and control of radio-links
in the ionosphere.

3 Analytical model for the excess phase path and
refractive attenuation of the RO signals

The effects of large-scale horizontal gradients on RO mea-
surements have been considered by Ahmad and Tyler (1999).
In this section, we describe analytical relationships for the
excess phase path (eikonal), bending angle, and refractive
attenuation appropriate for the trans-ionospheric satellite-to-

satellite communication links. One can assume a local spher-
ical symmetry of the electron density distributions along the
ray trajectory in the entrance and exit parts of the ionosphere.
These parts of the ionosphere may have different centers of
spherical symmetry (e.g. point O′ in Fig. 1). The amplitude
and phase variations of the RO signals in this case may be in-
vestigated using an analytical model appropriate for analyti-
cal ray tracing. Analytical ray tracing uses analytical presen-
tations of the amplitude and phase (eikonal) of propagating
field by use of the analytical form of refractivity distribution
(e.g. Pavelyev et al., 1996). Analytical ray tracing is use-
ful to control different regimes of the RO signal propagation
(multipath, diffraction, waveguide, etc.), and is applied, in
particular, to the analysis of radio wave propagating in two
significantly distinct parts of the ionosphere with different
distributions of electron concentration. Analytical ray trac-
ing will be performed in a more general case for the analysis
of radio communication in trans-ionospheric links (satellite-
to-satellite, satellite-to-Earth). The analysis of the RO signal
variations can be compared with the results obtained by the
analytical model with a view to find the distribution of the
electron density and to estimate the location of inclined lay-
ers in the ionosphere following the method described by Liou
and Pavelyev (2006); Pavelyev et al. (2009).

www.atmos-meas-tech.net/5/1/2012/ Atmos. Meas. Tech., 5, 1–16, 2012
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Fig. 5. Amplitude and phase values of the CHAMP RO signal for noisy events no. 0014, 24 February 2003 near the geomagnetic equator at
local night. (Left) Eikonal variations at frequenciesf1 andf2 (curves 1 and 2, respectively). (Right) Amplitude variations at frequencyf1
(curve 1) and the combined eikonal8(t) (curve 2).

Fig. 6. Two examples of S-type variations of the relative signal level in the trans-ionospheric geostationary satellite-Earth communication
link at frequency of 1.5415 GHz (Karasawa et al., 1985).
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Fig. 7. Simulation of the ionospheric impact on the RO signal as
a function of the altitude of the RO ray perigee by the analytical
model. Curve 1 and 2 are relevant to the altitude distribution of elec-
tron densityNe(h) [103el cm−3] and its vertical gradientdNe(h)

dh

[103el cm−3 km−1], respectively. Curves 3–5 describe the altitude
dependence of the bending angle [microradians], eikonal excess
[mm], and amplitude of the RO signal [normalized], respectively.

Figure 9 shows three centres of local spherical symmetry
associated with a single RO ray path in the ionosphere and
atmosphere. These centres are located at points O1, O2, O3
corresponding to three parts of the ray trajectory G1 B1 B2
L in three spherical sectors with boundaries at the points B1
and B2, respectively: G1 B1 (the ionosphere between trans-
mitter G1 and atmosphere), B1 B2 (atmospheric part), and
B2 L (the ionosphere between the receiver and atmosphere).
The points G1, O1, O2, O3, L are assumed to lie in the G1 B1
B2 L plane.

This geometry corresponds to the experimental RO data
indicating a significant bending effect in the plane of propa-
gation. The central anglesθ1,θ2, andθ3 between the direc-
tions to the transmitter G1 and the receiver L have vertices lo-
cated at the points O1, O2, O3 (Fig. 9). The distances G1O1,
G1O2, G1O3 and LO1, LO2, LO3 are equal to D1, D2, D3,
and R1 (L), R2 (L), R3 (L), respectively. The points G2, G3
(actually G2, G3 are the images of the transmitter G1 as seen
from the points B1 and B2) are intersections of the tangents
to the RO ray trajectory G1B1B2 L at the points B1 and B2
with the straight lines G1O1 and G2O2, respectively. The an-
glesµ1,µ2 andµ3,µ4 have common vertices at the points
G2 and G3. The variablesµ1,µ2 are the angles between the
tangent to the ray trajectory G1B1B2 L at the point B2 and
the directions of G2O1 and G2O2, respectively (Fig. 9). The
variablesµ3,µ4 are the angles between the tangent to the ray
trajectory G1B1B2 L at point B1 and the directions G3O2,
G3O3, accordingly (Fig. 9). Dependence of the excess phase
path (eikonal) and refractive attenuation on the impact pa-
rameterp can be considered separately for three parts of the

RO ray trajectory G1B1B2 L (Fig. 9). In the general case of
Nspherically symmetric sectors the eikonal8 corresponding
to the ray G1 L (Fig. 9) is a sum (Pavelyev et al., 2010b):

8 =

√
D2

1 −p2
1 +

√
R2

N −p2
N

+

i=N−1∑
i=1

bi cos(γi −ξi −αi)

+

N∑
m=1

[pmξm(pm)+κm(pm)] (4)

wherepi,ξi(pi),κi(pi) are the impact parameter, the bend-
ing angle, and the main refractivity part of the phase path
corresponding to thei-th spherical sector. Due to spheri-
cal symmetry, the impact parametersp1,p2, . . . , pN satisfy
the following relationships, which are valid inside thei-th
spherical sector:

pi = n(Ri)Ri sinγe,i=1,...,N (5)

wheren(Ri) is the refractive index,γe is the angle between
the tangent to the ray trajectory G1L at the current pointE
and direction to the center of a spherical sector. The tan-
gents to the ray trajectory G1L and directions to the cen-
ters O1, O2,...,ON make the anglesγ1,γ2,...,γN at the point
G1 and β1,β2,...,βN at the point L, respectively. The re-
lationships between the impactsp1,p2,...,pN central an-
gles θ1,θ2,...,θNs and bending anglesξ1,ξ2,...,ξN can be
obtained using the geometry of the ray path G1L:

pi+1 = pi +bi sin(γi −αi −

i∑
k=1

ξk);i = 1,...,N −1 (6)

θi = π +ξ (p1)−γi −βi,ξ(p1) =

i=N∑
i=1

ξi(pi) (7)

The method introduced previously (Pavelyev and Kucher-
javenkov, 1978) for the case of a spherically symmetric
medium has been used by Pavelyev et al. (2010b) in the
geometrical optics approximation in the general case of a
medium consisting ofN spherically symmetric sectors to
obtain an exact expression for the refractive attenuation of
electromagnetic wavesXL :

XL = R2
0sinγ1/[dRi(L)cosβi |∂θi/ ∂γ1| dS(1)...S(N−1)] ,i = 1,...,N;

S(i)=sinµ2i−1/sinµ2i,S(0)=1,d=RN (L)sin2 (8)

Relationships (4–8) represent the core of the analytical
model. The phase path and the refractive attenuation depend,
respectively, on the sum of the phase changes and the bend-
ing angles in the spherical sectors and practically do not de-
pend on the location of their boundaries. Any intense locally
spherically symmetric layer along the ray in the ionosphere
can produce unexpected strong variations in the amplitude
and phase of the RO signals at the 40–90 km altitudes of the
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Fig. 8. Comparison of the refractive attenuation recalculated from the excess phase path dataXp, and refraction attenuationXa found from
the amplitude data at the first GPS frequencyf1 (curves 1 and 2), results of estimation of distanced from the RO ray perigee (curve 3) (left
panel) and retrieved variations of the electron density and its gradients (curves 3 and 4) (right panel).

Fig. 9. Geometry of electromagnetic wave propagation through three spherical symmetric sectors. The points G1, B1, B2, L are supposed to
be located in the same plane with the centers of spherical symmetry O1, O2, O3. The points G2, G3 are intersections of the tangents to the
ray trajectory G1 B1 B2 L at the points B1, B2 with the straight lines G1O1 and G2O2 respectively. The angle2 has vertex at point O3. The
value2 determines the angle between the directions G3O3, and LO3.

RO ray perigee. Therefore, the displacement of the tangent
point is a main cause of systematic error in the RO estimation
of the altitude of inclined ionospheric layers. This conclu-
sion may also be valid in the case of electromagnetic waves
propagation in the satellite-to-Earth communication links.

The analytical model can be applied to ray tracing of the
RO signals. If the impact parameterp1 is known, then one
can successively determine the impact parameterspi,i =

2,...,N and the bending angleξ(p1) from Eqs. (6), (7), and
recalculate the phase path8(p1) and the refractive attenua-
tion XL from Eqs. (4) and (8). Note the following important
feature of the model. If the bending effect is absent in the

Atmos. Meas. Tech., 5, 1–16, 2012 www.atmos-meas-tech.net/5/1/2012/
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k-th sector, then the dimensionN of model can be reduced
to N −1. In this case the following equality holds:

µ2k−1 = µ2k;S(k)=1 (9)

and the refractive attenuation Eq. (8) does not depend on the
contribution of thek-th spherical sector.

The phase path of electromagnetic waves transmitted
through the atmosphere can be represented by formula
Eq. (4) as a linear function of the bending angles in the corre-
sponding sectors if the bending effect is small. Therefore, the
linear methods of ionospheric correction introduced earlier
(Melbourne et al., 1994; Vorob’ev and Krasilnikova, 1994)
should be effective in the case of propagation through sev-
eral spherically symmetric sectors in the case of undisturbed
ionosphere. However, the amplitude of the RO signal is a
nonlinear function of the bending angle and, in the case of
disturbed ionosphere, is subject to strong perturbations.

Let us consider the refractive attenuation in the particular
case when the bending effect exists in the first sector due to
the ionospheric influence and is absent in the remaining sec-
tors. This is typical situation when the amplitude and phase
variations are observed at the altitudes 40–90 km where the
neutral atmosphere influence is minimal. In this case the
points G2,...,GN coincide. As a consequence, the following
relationship is fulfilled:

µ3 = µ2,µ5 = µ4,...,µ2N−3=µ2N−4 (10)

After substitution of Eq. (10) into Formula (8), one
can obtain

XL = R2
0sinγ1/[R

2
1(L)cosβ1|∂θ1 / ∂γ1|sinθ1(L)] (11)

Equation (11) has been obtained previously (Pavelyev and
Kucherjavenkov, 1978). Equations (5), (7), and (11) imply a
simple formula for the refractive attenuationXL (Pavelyev et
al., 2004):

XL=
p1R0

ps

√
R2

1−p2
1

√
R2

2−p2
1

∣∣∣ ∂θ1
∂p1

∣∣∣=
p1

ps

∣∣∣∣∣1−

√
R2

1−p2
1

√
R2

2−p2
1

R0

dξ1
dp1

∣∣∣∣∣
(12)

where ps is the impact parameter corresponding to the
straight line GL (Fig. 1).

The analytical model introduced provides a simple expla-
nation for the strong amplitude and phase variations of the
RO signals at the 30–90 km altitudes of the RO ray perigee
by relating them to the displacement of the center of spher-
ical symmetry in the ionosphere. This allows one to esti-
mate the inclination of plasma layers as shown by Wickert et
al. (2004) and gives evidences and support to their hypoth-
esis on the origin of the regular variations of the RO signal
in the 30–90 km interval of the RO ray perigee as connected
with the refractive attenuation in inclined ionospheric layers.

In short, the introduced analytical model is characterized
as threefold:

1. (i) In the simplest case, when an inclined plasma layer
exists only in one sector and the influence of the neutral
atmosphere is weak, the analytical model predicts the
displacement of the tangent point from the ray perigee
T to a plasma layer. The Abel transformation can be
applied to the inversion of the RO ionospheric data, in-
cluding the case when the altitudesh of the RO ray
perigee are below 90 km. Due to spherical symme-
try, one can estimate the electron density distribution
in inclined ionospheric plasma layers.

2. (ii) A difficulty exists to locate plasma layers and
determine their altitude.

3. (iii) Analytical model can be used for analytical ray
tracing because it gives analytical expressions for
the eikonal, bending angle, and refractive attenuation
in general case of a medium consisting of locally
spherically symmetric sectors.

4 Identification and location of plasma layers

Let us assume that one of the spherical sectors, for exam-
ple, the first one, is located in the ionosphere with centre at
point O1 (Fig. 9) and introduces the most impact on the ra-
dio wave propagating along the ray GTL. In this caseN = 1,
expressions for the excess phase and the central angleθ

(Eqs.4, 5, 7) can be rewritten as:

8(t) =

√
D2

1 −p2+

√
R2

1(L)−p2

+pξ(p)+κ1(p)−R0,

p = p1,ξ(p)= ξ1(p);R0 =

√
D2

1 −p2
s

+

√
R2

1(L)−p2
s;ξ1(p) = −

dκ1(p)

dp
; (13)

θ = π +ξ1(p)−sin−1 p

D1
−sin−1 p

R1(L)

= π −sin−1 ps

D1
−sin−1 ps

R1(L)
,n(D1)

= n(R1(L)) = 1 (14)

whereR0,R1(L) are the distances GL and LO1, andps is
the impact parameter equal to the distance between the cen-
tre O1 and the line of sight GL (Fig. 9). For convenience in
the notationsξ1(p1) andp1 the index is removed (Eqs.13
and14). From Eqs. (13) and (14), one can obtain by differ-
entiating the excess phase path8(t) and the central angleθ
with respect to timet an exact relationship that connects the
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Doppler frequencyFd(t) of the RO signal with the impact
parametersp,ps (Liou et al. 2007):

λFd(t) =
d8(t)

dt
= −(p−ps)[(

d−1
1s +d−1

2s

) dps

dt
+

(
p2

−p2
s

) i=2∑
i=1

Yi

dYi

dt
Mi

]
Mi = [dis(dis+di)(pdis+psdi)]

−1

Y1 = D1;Y2 = R1(L);di =

√
Y 2

i −p2;

dis=

√
Y 2

i −p2
s;i = 1,2

(15)

whereλ is the wavelength. Equation (15) is valid in the ge-
ometrical optics approximation when the multipath propa-
gation is absent. Equation (15) can be simplified under the
condition∣∣∣∣(d−1

1s +d−1
2s

) dps

dt

∣∣∣∣ �
∣∣∣∣∣(p2

−p2
s

) i=2∑
i=1

Yi

dYi

dt
Mi

∣∣∣∣∣ (16)

This inequality is valid in most practical RO situations. Un-
der condition (16), one can obtain from Eq. (15) the follow-
ing approximate formula for estimating the differencep−ps
on the Doppler frequencyFd(t):

λFd(t) =
d8(t)

dt
= −(p−ps)

(
d−1

1s +d−1
2s

) dps

dt
(17)

There exists a relationship between the refractive attenua-
tion XL and the time derivative of the impact parameterp

(Kalashnikov et al. 1986; Liou et al., 2006). This rela-
tionship can be obtained from Eq. (14) by differentiating the
central angleθ on time with regard to Eq. (12):

XL

[
∂θ

∂ps

dps

dt
+R−1

1 (L)
dR1(L)

dt

(
ps

d2s
−

p

d2

)
+D−1

1
dD1

dt

(
ps

d1s
−

p

d1

)]
=

pR0

d1d2ps

dp

dt
sign

(
∂θ

∂p

)
(18)

Under conditions:

|p−ps| � p,ps;

∣∣∣∣R−1
1 (L)

dR1(L)

dt

(
ps

d2s
−

p

d2

)
+D−1

1
dD1

dt

(
ps

d1s
−

p

d1

)∣∣∣∣ � ∣∣∣∣ ∂θ

∂ps

dps

dt

∣∣∣∣ (19)

which are valid practically in most radio occultation events,
one can obtain from Eq. (18)

dp

dt
= XL

dps

dt
(20)

In the case of the global spherical symmetry of the iono-
sphere, the points O1 and O2 coincide. In this case param-
etersps,

dps
dt

,dis can be derived from the orbital data. The
time differentiation of both sides of Eq. (17) with regard to
Eq. (20) yields:

λ
dFd(t)

dt
=

d28(t)

dt2
= −

(
dp

dt
−

dps

dt

)
(
d−1

1s +d−1
2s

) dps

dt
= (1−XL)

(
d−1

1s +d−1
2s

) dps

dt
(21)

Relationship (21) is valid under the conditions

|p−ps| � p,ps;

∣∣∣∣∣∣(p−ps)
d
[(

d−1
1s +d−1

2s

)
dps
dt

]
dt

∣∣∣∣∣∣
�

∣∣∣∣(dp

dt
−

dps

dt

)(
d−1

1s +d−1
2s

) dps

dt

∣∣∣∣ (22)

One can obtain from Eq. (21) the following relationships,
which have been derived and analyzed earlier by Liou and
Pavelyev (2006); Liou et al. (2007):

1−XL(t) = ma =
md(λFd)

dt
= m

d28(p)

dt2
;

m = q

(
dps

dt

)−2

;q = d2s(1−d2sR
−1
0 );d2s=

√
R2

1(L)−p2
s

(23)

whereR0 is the distance along the straight line GL. Note that
the distanced2s is nearly equal to distance TL (Fig. 1) within
an accuracy according to the horizontal resolution of the RO
method (about 100–300 km). Parametersm and dps/dt can
be evaluated using the orbital data.

In the case of global spherical symmetry, one can use an
analytical model of refractivity, bending angle, and refrac-
tive attenuationXm to simplify the inversion technique and
employ a perturbation method to find the deviations from
the model. In the same way, one can obtain the following
relationship:

1−Xm(t) = mam = md(λFdm)/dt = md28m(p)/dt2 (24)

where am,8m,Fdm are the eikonal acceleration, excess
phase, and Doppler frequency corresponding to the model
of refractivity. Subtracting both sides of the first Eqs. (23)
and (24) gives:

XL(t)−Xm(t) = m(am −a) = λm
d(Fdm −Fd)

dt

= m
d2[8m(p)−8(p)]

dt2
(25)

Equation (25) can be applied to find the features of the
vertical profiles of refractivity by a perturbation method.

Two important conclusions follow from Eq. (23):
(i) The refractive attenuationXp(t) can be recalculated

from the right-hand side of the first Eq. (23) by using known
values of the eikonal accelerationa and parameterm:

1−Xp(t) = ma (26)

One can estimate the integral absorption0 in the atmo-
sphere (or ionosphere) using the attenuationXa(t) found
from the amplitude variations of the RO signals via equations
(Pavelyev et al., 2009):

0 = 1−
Xa(t)

Xp(t)
;Xa(t) =

I

I0
(27)

whereI ,I0 are the intensities of radio waves in the atmo-
sphere (ionosphere) and in free space, respectively. When
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Fig. 10. I. Comparison of the refractive attenuationsXa,Xp found from the RO intensity and eikonal data at GPS frequencyf1 (curves 1 and
2, respectively). II. The amplitudes of analytical signals corresponding to the variations of the refractive attenuationsXa,Xp (curves 1 and
2). III. Location of the first layer using amplitudesAa,Ap. IY. Location of the second layer using amplitudesAa,Ap.

0 = 0 the following identity can be obtained using Eqs. (23)
and (27):

Xp(t) ≡ Xa(t) (28)

Identity Eq. (28) represents a criterion which is necessary
and sufficient for a layer to be located at the RO ray perigee
T (Fig. 1).

(ii) When the variations of the refractive attenuations 1−

Xp(t) and 1−Xa(t) can be described by narrowband oscillat-
ing functions, they can be presented in the analytical forms:

1−Xp(t) = ma = Ap(t)Re
[
expjχp(t)

]
;

1−Xa(t) = Aa(t)Re
[
expjχa(t)

]
(29)

whereAp(t), Aa(t); χp(t), χa(t) are, respectively, the am-
plitude and phase of the analytical signals, corresponding to
1−Xp(t) and 1−Xa(t). In this case, one can formulate an
analytical criterion for the location of a layer in the RO ray
perigee:

Ap(t) = Aa(t),χa(t) = χp(t) (30)

Deviations from this criterion can be caused by the displace-
ment of the centre of spherical symmetry, multipath prop-
agation, diffraction, scattering, influence of turbulence, and
other irregularities in the atmosphere and ionosphere.

The ionospheric layers can have different location of the
centre of spherical symmetry (Fig. 1). In this case the in-
equalities Eqs. (16), (19) and Formulas (17), (20) remain
valid, but the impactsps,p need to be replaced with values
p′

s,p
′ corresponding to new centre O′ (Fig. 1).

The criteria (28) and (30) are also valid in the new co-
ordinate system with the centre at the point O′(Fig. 1) with
the refractive attenuationsXp,a, amplitudesAp,a, and phases
χp,a replaced byX′

p,a,A
′
p,a, andχ ′

p,a, respectively. The mea-
sured refractive attenuationXa(t) found from the amplitude
data does not depend on location of the spherical symmetry
centre:X′

a= Xa, A′
a= Aa;χ

′
a= χa, and criterion (28) can be

represented in a new form:

X′
p(t) ≡ Xa(t) (31)
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Equation (23) can be rewritten as:

1−Xa(t) = 1−X′
p(t) = m′a,a =

d28(t)

dt2
;

m′
= d ′

2s(1−d ′

2sR
−1
0 )

(
dp′

s

dt

)−2

;d ′

2s=

√
R2

1(L)−p′2
s (32)

wherem′ is a new value of the parameterm corresponding
to the center of spherical symmetry O′. As compared with
Formula (23), the Eq. (32) is different with new values of
the refractive attenuationX′

p(t) and parameterm′. It follows
from criterion (31) that the functionsA′

p(t) and Ap(t) are
connected withAa(t) by the relationships:

A′
p(t) =

m′

m
Ap(t) = Aa(t);Ap(t) =

m

m′
Aa(t) (33)

Under conditions

d2s

R0
,
d ′

2s

R0
� 1;

dps

dt
≈

dp′
s

dt
(34)

the last Eq. (33) can be presented as

Aa(t) =
d ′

2s

d2s
Ap(t) (35)

According to Eq. (35), the distanced between the RO ray
perigeeT and new tangent pointT ′d (Fig. 1) depends on the
amplitudesAa(t) andAp(t):

d = d2s
′
−d2s= d2s

Aa−Ap

Ap
;

d2s=

√
R2

2 −p2
s;R2 = R1(L) (36)

where d2s,d2s
′ are the distancesDL,D′L, respectively

(Fig. 1). As follows from Eq. (36), location of a tangent point
on the ray trajectory can be found using the amplitudesAa,p.
The displacementd is positive or negative depending on the
sign of the differenceAa−Ap; according to this sign the tan-
gent pointT ′ is located on the parts GT or TL, respectively.
The phasesχp(t),χa(t) should be equal within some accu-
racy determined by the quality of measurements. Note, that
Eq. (36) is valid when the distance of one of the satellites
from the ray perigeeT is many times greater than the corre-
sponding value for the second one. This condition is fulfilled
for the planetary radio eclipse experiments provided by the
space craft – Earth communication link and GPS occultations
(Pavelyev et al., 2009).

An accurate relationship for the distanced has been given
previously (Pavelyev et al., 2009):

d = 2R0β[1+2β(1−w/v)+(1−4βw/v)1/2
]
−1

−d2,

β = m′v2/R0,m
′
= [1−Xa(t)]/a

(37)

wherew andv are the velocity components of the GPS and
LEO satellites, respectively, which are perpendicular to the
straight line GL in the plane GOL (Fig. 1). The components

w andv are positive when they directed to the point O and are
negative in the opposite case. The analysis of the CHAMP
GPS RO data (Pavelyev et al., 2008 a, b) showed correctness
of the relationships (23).

A CHAMP RO event 0013 (28 July 2003, 21:08 LT,
71.4◦ N, 67.3◦ W) with strong quasi-regular amplitude and
phase variations is used to demonstrate the possibility to lo-
cate the plasma layers. The refractive attenuationsXa,Xp of
the CHAMP RO signals found from the intensity and eikonal
data are shown in Fig. 10 (panel I, curves 1 and 2) as func-
tions of the RO ray perigee altitudeh. The accelerationa
has been estimated numerically by double differentiation of
a second order least square polynomial approximation to the
RO eikonal data over a sliding time interval1t (1t = 0.5 s).
This time interval corresponds approximately to the verti-
cal size of the Fresnel zone of about 1 km since the vertical
component of the radio ray velocity is∼2.1 km s−1. The re-
fractive attenuationXp is derived using Formula (23) with m

found from the orbital data. The refractive attenuationXa has
been determined from the RO amplitude data with averaging
over the time interval1t = 0.5 s. The phases of the variables
Xa,Xp are strongly connected and the changes ofXa,Xp are
primarily caused by three ionospheric layers, whose contri-
butions are shown by letters a, b and c in Fig. 10 (panel I).
Sectors a, b and c correspond to the 50–72 km, 72–92 km
and 92–116 km altitude intervals accordingly. The signals
Xa−1,Xp−1 are coherent in the intervals a, b and c. How-
ever, their amplitudes are different (Fig. 10, panel I). The am-
plitudesAa,Ap related toXa−1,Xp −1 are calculated and
shown in Fig. 10, panel II (curves 1 and 2, respectively) us-
ing the numerical Hilbert transform. The amplitudeAa in
the intervals a and b is smaller than the corresponding value
Ap (Fig. 10, panel II). The opposite case is observed in the
interval c (Fig. 10, panels I and II). The first two layers in
the intervals of a and b have a negative displacementd; i.e.,
two layers are located on the RO ray trajectory between the
points T and L. The upper layer c is displaced from the RO
ray perigeeT in the direction to the navigational satellite G
(Fig. 1). These results support the prediction of the analyti-
cal model (Sect. 3) on possible changes in the tangent point
location caused by locally spherically symmetric sectors in
the ionosphere. The method introduced can be used to locate
ionospheric layers since the variations of the refractive atten-
uationsXa,Xp are coherent. The results of estimating the
displacementd in the intervals a and b are shown in Fig. 10
(panels III and IY). Curves 1, 2, and 3 in Fig. 10 (panels III
and IY) correspond to the altitude dependence of the ampli-
tudesAa,Ap, and displacementd, respectively. Curves 4 in
Fig. 10 (panels III and IY) indicate the slope of the layerδ in
degrees (right vertical scales). Curve 5 demonstrates the cor-
rection to the altitude1h [km] (Fig. 10, panel III) and the ac-
tual heighth′[km] of a layer (Fig. 10, panel IY), respectively.
The changes ofd are concentrated in the ranges of [−630 km,
−800 km] and [−600 km,−750 km] (intervals a, b, respec-
tively). The statistical error in the determination of the ratio
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Fig. 11. Restoration of electron density and its vertical gradient.

Aa−Ap
Ap

in formula (36) is minimal whenAp is maximal. On
average, the estimated values of the displacement in the inter-
vals a, b are equal tod = −730 km andd = −620 km, corre-
spondingly. If the relative error in the measurement ofAp is
equal to 5 %, then the accuracy in the estimation ofd is about
±100 km. The estimated value of the displacementd in the
intervalc is positive and is equal tod = 620 km. According
to formula (3), the inclinations of the plasma layers a, b, and
c to the local horizontal direction are approximately equal to
δ = −7.3◦

±0.9◦, δ = −6.4◦
±0.9◦, andδ = 6.4◦

±0.9◦, re-
spectively. The spherical symmetry justifies the application
of the Abel transform to solving the inverse problem, i.e., to
find the internal distribution of the electron density and its
gradient in the layer (Pavelyev et al., 2009).

For the Abel transform the following formula is used
(Hocke, 1997):

N(h) = −
1

π

∞∫
p0

ln

 p

p0
+

√(
p

p0

)2

−1

dξ(p)

dp
dp (38)

wherep0 is the magnitude of the impact parameterp corre-
sponding to the ray GTL at the initial instant of timet0. Us-
ing relation (12) between the refractive attenuationXa and
the derivativedξ(p)

dp
, and formula (23), one can obtain

N(p0) =
1

π

tx∫
t0

ln

p(t)

p0
+

√(
p(t)

p0

)2

−1


ma√

R2
2 −p(t)2

dps

dt
dt (39)

Note that Eq. (39) provides the Abel transform in the time
interval t0,tx where a layer contribution exists. The lin-
ear part of the regular trend due to the upper ionosphere
is removed because of the second-order time derivative in
Eq. (39). Therefore, Eq. (39) may give only that part of

the refractivity altitude distribution which is connected with
a sharp plasma layer contribution. A systematic error may
be due to the impact of possible contributions in the upper
ionosphere as it follows from the analytical model described
in Sect. 3. The electron density distributions found by the
inversion formula (39) are shown in Fig. 11.

The vertical gradientsdNe
dh

[
103el

cm3km

]
and the electron con-

tent distributionsNe(h)
[

103el
cm3

]
are shown in Fig. 11 (panels

a, b, and c). Curves 1 and 2 correspond to the vertical gra-
dient dNe

dh
and the altitude distribution of the electron content

Ne retrieved from the RO eikonal data, respectively. The
altitude h of the RO ray perigee and the actual heighth′

of the layers are indicated on the top and bottom horizon-
tal axes in Fig. 11 (panels a, b and c, respectively). The
layers a and b are located on the ray part LT at approxi-
mate distances of 730 km and 620 km from the point T, re-
spectively, with maximum gradients at the altitudes of 95 km
and 117 km, correspondingly (curves 1 and 2 in Fig. 11a,
b). Layer c is located on the ray part GT at approximate
distance of 620 km from the point T with a maximum verti-
cal gradient at an altitude of 130 km. According to Fig. 11,
the variations of the vertical gradient of the electron den-
sity in layers a, b, and c are concentrated in the intervals

−
2.8·105el
cm3km

<
dN(h)

dh
< 5.3·105el

cm3km
, −

2.2·105el
cm3km

<
dN(h)

dh
< 7.8·105el

cm3km

and−
2.0·105el
cm3km

<
dN(h)

dh
< 3.2·105el

cm3km
, respectively. These mag-

nitudes are typical for the intense sporadic E-layers (Kelley
and Heelis, 2009). The altitude interval of the layers am-
plitude response is nearly equal to the height interval of the
variations in the electron density and its gradient. The max-
imum values of the electron content in sporadic E-layers are
usually attributed to the impact of the wind shears (Kelley
and Heelis, 2009). The gradient of the electron content can
correspond to the direction of different kinds of wave fronts
influencing the ionospheric plasma distribution. Therefore,
the RO method is capable of locating the wind shear in the
lower ionosphere, and, in the case of internal gravity waves
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(GWs), determining the inclination of the wave vector to the
vertical direction. This can be used to find the angular fre-
quency of GWs (Gubenko et al., 2008). The innovative tech-
nique proposed can extend the application domain of the RO
method. Additional validation of this method through com-
parison with ground-based ionosonde information is the task
for the future work.

5 Conclusions

An analytical model is introduced that accounts for the
local mechanism of multiple-RO ionospheric phenomena
and involves horizontal gradients in the ionosphere. The
model gives analytical expressions for the excess phase path,
bending angle, and refractive attenuation of electromagnetic
waves propagating through the disturbed ionosphere. As ap-
plied to the RO data analysis, the analytical model associates
the Coherent variations of the eikonal and intensity of the
RO signals at 30–90 km altitude of the RO ray perigee to the
contribution of inclined layers in the ionosphere. This allows
one to eliminate systematic errors in the RO estimation of the
altitude of ionospheric layers. The analytical model makes it
possible to apply the Abel transform to estimating the elec-
tron density distribution in the inclined ionospheric plasma
layers. The quality of CHAMP RO data and the analyti-
cal model have demonstrated the important application of a
comparative analysis of the amplitude and phase channels of
satellite radio-holograms to classifying the ionospheric influ-
ence on the RO signals. The amplitude variations of the RO
signal are similar to the noisy (C-type) and regular (S-type)
scintillations detected earlier in the satellite-to-Earth com-
munication link. These types correspond to different phe-
nomena that accompany radio wave propagation through the
ionosphere. The regular types correspond to wave-like struc-
tures and layers. The noisy events may be due to the scatter-
ing by irregularities and turbulence in the ionosphere. These
types are useful for understanding the nature of the iono-
spheric interferences in the satellite-to-satellite and satellite-
to-Earth communication links.

A necessary and sufficient criterion is obtained for a layer
to be located at the RO ray perigee. This criterion gives both
qualitative and quantitative estimation of the displacement
of an ionospheric and/or atmospheric layer from the RO ray
perigee. This is important, in particular, for determining the
location of wind shears and directions of the internal wave
propagation in the lower ionosphere, and, possibly, in the
atmosphere. The innovative technique proposed can extend
the application domain of the RO method. Additional vali-
dation of this method through comparison with ground-based
ionosonde information is the task for the future work.
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