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Abstract. By using the CHAllenge Minisatellite Payload 1 Introduction

(CHAMP) radio occultation (RO) data, a description of dif-

ferent types of the ionospheric impacts on the RO signals . i ) )

at the altitudes 30—-90km of the RO ray perigee is givenH'gh'Stab'l'tY_ r§d|o a_gna!s transmitted ~ at tWC,’ GPS
and compared with the results of measurements obtainef>!0Pal Positioning navigational System) frequencfes=
earlier in the satellite-to-Earth communication link at fre- 1°7242MHz and f, = 122760 MHz from a GPS satellite

quency 1.5415GHz. An analytical model is introduced for @1d received at a GPS receiver aboard a low Earth orbit
describing propagation of radio waves in a stratified medium(LE©Q) small/micro satellite have been used in radio occul-

consisting of sectors with spherically symmetric refractiv- tation (RO) investigations of the atmosphere (Melbourne et

ity distribution. This model gives analytical expressions for & 1994; Ware et al., 1996; Kursinki et al., 1997; Hajj and
the phase, bending angle, and refractive attenuation of radifomans, 1998; Steiner et al., 1999; Wickert et al., 2001,
waves and is applied to the analysis of radio wave propaga2004; Gorbunov et al., 2002, 2010; Yakovlev, 20Q3; Jensen et
tion phenomena along an extended path including the atmo@-+ 2003, Melbourne, 2004; Gorbunov and Lauritsen, 2004;
sphere and two parts of the ionosphere. The model explain§°rounov and Kirchengast, 2005; Pavelyev et al., 2002,
significant amplitude and phase variations at altitudes 302004, 2009; Liou and Pavelyev, 2006; Liou et al., 2002,

90 km of the RO ray perigee and attributes them to inclineg2003: 2005, 2007, 2010). When applied to ionospheric in-

ionospheric layers. Based on this analytical model, an in-éstigations, the RO method may be considered as a global

novative technique is introduced to locate layers in the atmo00! @nd can be compared with the global ground- and space-

sphere and ionosphere. A necessary and sufficient criterion igaSed radio tomography (e.g. Jakowski etal., 2004; Kunitsyn
obtained for a layer to be located at the RO ray perigee. Thi?nd Teresqhenko, 2003, and referer_lces therem).. RO mea-
criterion gives both qualitative and quantitative estimation of SUréMents in the atmosphere can be impacted by ionospheric

the displacement of an ionospheric and/or atmospheric layefontributions because the RO signal propagates through two
from the RO ray perigee. This is important, in particular, different parts of the ionosphere. Usually, the ionospheric

for determining the location of wind shears and directions Ofi?]fluence canh be deschribgdh as a rglati\:)elly slow change rin
the internal wave propagation in the lower ionosphere, and,t € excess phase pat. without _not|cea e variations In the
possibly, in the atmosphere 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 de2 Types of ionospheric influence on the CHAMP RO
pendent variations in the RO signals is often observed within  signal
the altitudes of the RO ray perigéebetween 30 and 90 km
above the main part of the neutral atmosphere and below th@uring a RO event, the radio ray linking a LEO GPS re-
E-layer of the ionosphere. This effect is also interesting forceiver to a GPS satellite transmitter (marked by points L
investigating propagation of radio waves and communicationr@nd G in Fig. 1, respectively) immerses gradually into the
in the satellite-to-satellite links. The amplitude of the RO ionosphere and atmosphere. The LEO receiver measures the
signal offers new possibilities for studying the ionosphere GPS dual-frequency phase (eikonal) delays and amplitudes
(Vorob'ev et al., 1997; Sokolovskiy, 2000; Sokolovskiy et Of the RO signal for the subsequent determination of the ver-
al., 2002; lgarashi et al., 2000, 2001; Gorbunov et al., 2002tical profiles of the physical parameters of the atmosphere
Pavelyev et al., 2002, 2004, 2007, 2008a, b, 2009, 20104(including ionosphere). In the case of single path propaga-
Liou et al., 2002, 2003, 2005, 2007; Liou and Pavelyev,tion, the RO inversion technique is based on two implicit
2006). Igarashi et al. (2000, 2001); Pavelyev et al. (2002)assumptions: (i) the tangent point T, where the refractivity
indicated high sensitivity of the RO amplitude (as compareddradient is perpendicular to the RO ray, is located in the
with the eikonal) on features of plasma layers in the E-regionRO ray perigee (Fig. 1); and (i) there is only one tangent
of the ionosphere. Comparison of the eikonal and amplitudg?0int on the RO ray trajectory GTL. Under these assump-
variations in the Microlab-1 RO data and estimation of spo-tions, a relatively small area with a center at point T makes
radic E-layers parameters made by Vorob’ev et al. (1997)the main contribution to the amplitude and phase variations
Gorbunov (2002), and Sokolovskiy et al. (2002) proposedof the RO signals (Igarashi et al., 2000, 2001). In this case,
a back-propagation radio-holographic method for investiga-the amplitude and phase variations of the RO signals are
tion of ionospheric layers and irregularities by using RO data.functions of the ray perigee height(Fig. 1) and the satel-
The goals of this paper are (i) to describe different kindslites’ positions and velocities. Previously, the RO technol-
of ionospheric influence on the GPS RO signals within the0gy has been mainly based on analyzing the phase of elec-
altitudes ofi between 30 and 90 km, and to compare themtromagnetic wave transmitted through the ionosphere and at-
with the noisy (C-type) and regular (S-type) scintillations de- mosphere (Ware et al., 1996). Since then, different radio-
tected earlier by Karasawa et al. (1985) in the satellite-to-holography approaches using the complex field have been
Earth communication link; (i) to present an analytical model introduced to study the atmosphere under the assumption of
for the refractive attenuation and excess phase path (eikonagpherical symmetry (e.g. Liou et al., 2010; Gorbunov et al.,
of electromagnetic waves in locally spherical symmetric me-2010, and references therein).
dia; and (jii) to identify the contributions and to measure In general, the assumption of spherical symmetry in the
parameters of the inclined plasma layers by analyzing thdonosphere cannot be directly implemented to locate spo-
CHAMP RO experimenta| data. The paper is structured agadic ionospheric disturbances (Wickert et al., 2004; Liou
follows. In Sect. 2 the description of different kinds of the €t al., 2005). Gorbunov et al. (2002) and Sokolovskiy
ionospheric impact on the CHAMP RO signal is presented.et al. (2002) applied the Back Propagation (BP) radio-
Section 3 introduces an ana]ytica| model of wave propagahO'OgraphiC method to locate ionospheric disturbances in the
tion through the ionosphere and atmosphere of the Earth. Iff- and F-layers of the ionosphere. Wickert et al. (2004) indi-
Sect. 4 an example of ionospheric layers identification andcated a difficulty in resolving the uncertainty in the inclined
the electron density retrieval is considered. Conclusions arlasma layer location between the parts TL and GT of the ray
given in Sect. 5. 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 pmeégsieown in the

graphs. TheS, index value is shown in the lower line of the insert. The amplitude curve 1 has low variations withdpeex7% (left)

andS4 =4.1% (right). The phase path (eikonal) excesdeg&) and®»(¢) at f1, and f» are shown by curves 2 and 3, respectively. Curve 4
corresponds to the combined eikoda(r).

Amplitude data can be used to obtain the vertical gradi-Examples of significant variations in the phase and ampli-
ents of the electron density in the ionosphere and refractivitytude of the GPS RO signals are given below for the ray
in the atmosphere independently (Pavelyev et al., 2002; Liowperigee altitudes 40-90 km. These examples support the sug-
et al., 2002; Sokolovskiy, 2000; Sokolovskiy et al., 2002). gestion that there exist two types of ionospheric impact on
High sensitivity of the amplitude variations on ionospheric the RO signals: noisy and regular ones which correspond to
plasma layers can be used to describe different kinds of iono€- and S-types of ionospheric influence on the amplitude of
spheric influence on the RO signals in the trans-ionosphericadio waves propagating in the INMARSAT-Earth communi-
communication links. cation link at frequency 1541 MHz (Karasawa et al., 1985).

The RO experiment aboard CHAMP was activated onWhen the regular variations of the RO signal are caused by
11 February 2001 (Wickert et al., 2001). Occultation mea-an inclined plasma layer, the displaceméntcorrection to
surements of the ionosphere and neutral atmosphere wettbe height of the ionospheric layexh and its inclination
autonomously scheduled by the Black-Jack receiver instrus with respect to the local horizontal direction (Fig. 1), are
ment. Carrier excess phase paths (eikonals) at two frequerconnected (Wickert et al., 2004) via equations:
cies f1, f2, and signal-to-noise ratio (SNR) at frequency
f1 were recorded at a sampling rate of 50Hz. In the caseé® =d/re,Ah=0.5d5,d = (2Ahre)'/? 3)
of CHAMP RO experiments, quiet ionospheric conditions . . .
have come to light in the form of small values of thgin- wherere is the distance TO (Fig. 1).

dex of the amplitude scintillations averaged over the altitude A RQ event With the iSO|§ted_ quasi_-regular influence_ of
intervall from 40 to 90 km: sporadic E-layers is shown in Fig. 2 (right panel). The fine

regular structures are seen in the altitude intetvaf 65—
Sa=[<U()—<I>)?>/<I>4"? (1)  90km. These vertical phase and amplitude distributions can
correspond to a sporadic E-layer, which is usually located at a

megg Sain?];é ;o?rr:;hgn%l';:e?; ar:cc)j ?e;f;gﬁ?r:r:;inzgzisu?;height of about 90-130 km in the ionosphere. Therefore, the
g P g fo propag height of a sporadic layer evaluated/ass underestimated

An example of quiet and moderately disturbed ionospheric

conditions observed during the CHAMP RO experiments is?nnedmsgfﬁ:g ?:n;c;r:;cstegevr\:ggl 2(:?:]):12?:9;50;[ ﬁ‘g(lelo(\j/\;zalriiﬁ-
shown in Fig. 2 (left and right panels, respectively). The P y y

amplitude curve 1 has low variations with indéx=1.7 % the analytlc_al m_odel mtrpduced In S_ec_t. 8. _An examp_le of
~ : . the event with high quasi-regular variations in the amplitude
(left) and S4=4.1% (right). The phase path (eikonal) ex- . . . .
and eikonal of the CHAMP RO signal with the magnitude of
cessesb;(r) and ®(¢) at f1, and f» are shown by curves . - . O i
. . e indexS,4=17 % is shown in Fig. 3. The eikonals at two
2 and 3, respectively. Curve 4 corresponds to the combine i

eona 0 he conind kona ) e ) s ben. (ST LIS MEASS s 00 T
evaluated from the following ionospheric correction formula the electron density distribution. Strong amplitude vari)f:ltions
(Melbourne et al., 1994): y . gamp

with small vertical periods of about 0.4-0.5km are demon-
(1) = [f201(1) — f20201/(f2— 1) (2)  strated in Fig. 4 (right) at the heights 98-105km. 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 frequencigg and f> (curves 1 and 2, respectively). Right: the amplitude variations at frequgn@urve 1) and
combined eikonad () (curve 2).

vertical periods are essentially well below the vertical size ofstructures that can be associated with the influence of bub-
the Fresnel zone. Therefore, these amplitude variations wittbles or other types of disturbances (e.g. layers) in the iono-
short vertical periods can be considered as a consequence spheric plasma. Two examples of S-type variations of the
the diffraction of electromagnetic waves by the sharp gradi-relative signal level in the trans-ionospheric geostationary
ents of the electron density in a sporadic E-layer. An exam-satellite-Earth communication link at frequency 1.5415 GHz
ple of a noisy CHAMP event with large amplitude variations (Karasawa et al., 1985) are demonstrated in Fig. 6 (left and
having small-scale vertical periodSs(=0.18) is shown in  right panels). These examples can be compared with the
Fig. 5. This event can be classified as a typical case, correresults of simulation of the ionospheric impact on the RO
sponding to a noisy ionospheric contribution caused by in-signal using an analytical model of radio wave propagation
tense ionospheric irregularities in the equatorial region in thein a spherically-symmetric medium (Pavelyev et al., 1996)
midnight at 02:00 h Local Time (LT). The main part of the (Fig. 7). The height of the RO ray perigee usually changes
amplitude variations is limited to the intervalid< A < 1.4. nearly uniformly with time. Therefore, the dependence on
These noisy variations may, possibly, correspond to bubble$eight in Fig. 7 corresponds (in some scale) to the depen-
moving in the disturbed region of the ionosphere. dence on time in Fig. 6. The width of the ionospheric layer
The types of ionospheric influence (Figs. 2-5) can beis nearly equal to that one of the amplitude response (Fig. 7,
compared with the results obtained earlier by Karasawa egurves 1 and 5, respectively). This indicates a possibility
al. (1985), who investigated the temporal characteristics ofto determine the vertical size of an ionospheric layer as the
the signals from a MARISAT satellite over the Indian Ocean width of the corresponding amplitude response. As follows
at an elevation angle of 12.3ising long-term (13 months) from the data in Figs. 6 and 7, there is a good agreement
measurements. Both C- and S-types of the ionospheric amPpetween the temporal behavior of the intensity of signals in
plitude scintillations of radio signals are identified. The C- the satellite-to-Earth and satellite-to-satellite communication
type (Fig. 3, Karasawa et al., 1985) is similar to the noisy links. Another example of the S-type amplitude variations in
amplitude variations of the RO signal (Fig. 5). The S-type the RO data is givenin Fig. 8. In Fig. 8 (left panel), a compar-
detected by Karasawa et al. (1985) consists of quasi-reguldfon is given between the refractive attenuation recalculated

Atmos. Meas. Tech., 5, 116, 2012 www.atmos-meas-tech.net/5/1/2012/
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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 frequengiesd f> (curves 1 and 2, respectively). (Right) The combined eikonal
@(¢) (curve 1) and amplitude variations at frequengy(curve 2).

from the excess phase path dafg, and the refractive at- satellite communication links. One can assume a local spher-
tenuationX 4 found from the amplitude data at the first GPS ical symmetry of the electron density distributions along the
frequency f1 (curves 1 and 2). Once again one can see aay trajectory in the entrance and exit parts of the ionosphere.
good agreement between the S-type variations observed byhese parts of the ionosphere may have different centers of
Karasawa et al. (1985) and the temporal amplitude variationspherical symmetry (e.g. point @ Fig. 1). The amplitude
of the RO signal. As follows from Figs. 6—8, one can con- and phase variations of the RO signals in this case may be in-
clude that S-type of the amplitude scintillations observed byvestigated using an analytical model appropriate for analyti-
Karasawa et al. (1985) corresponds to the regular amplitudeal ray tracing. Analytical ray tracing uses analytical presen-
scintillations obtained by the analysis of the GPS RO signalstations of the amplitude and phase (eikonal) of propagating
This coincidence of the types of CHAMP RO amplitude scin- field by use of the analytical form of refractivity distribution
tillations and the amplitude variations observed in the Earth-(e.g. Pavelyev et al., 1996). Analytical ray tracing is use-
based experiments indicates that they have a common iondul to control different regimes of the RO signal propagation
spheric mechanism. This conclusion is important for estimat-(multipath, diffraction, waveguide, etc.), and is applied, in
ing the ionospheric interference on the conditions for com-particular, to the analysis of radio wave propagating in two
munication, navigation, guidance and control of radio-links significantly distinct parts of the ionosphere with different
in the ionosphere. 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-
3 Analytical model for the excess phase path and to-satellite, satellite-to-Earth). The analysis of the RO signal
refractive attenuation of the RO signals variations can be compared with the results obtained by the
analytical model with a view to find the distribution of the
The effects of large-scale horizontal gradients on RO meaelectron density and to estimate the location of inclined lay-
surements have been considered by Ahmad and Tyler (1999%rs in the ionosphere following the method described by Liou
In this section, we describe analytical relationships for theand Pavelyev (2006); Pavelyev et al. (2009).
excess phase path (eikonal), bending angle, and refractive
attenuation appropriate for the trans-ionospheric satellite-to-

www.atmos-meas-tech.net/5/1/2012/ Atmos. Meas. Tech., 5162012
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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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RO ray trajectory @B1B> L (Fig. 9). In the general case of

40 4 . . . .
§ =1 ] Nspherically symmetric sectors the eikodatorresponding
Z g '§ 20 to the ray G L (Fig. 9) is a sum (Pavelyev et al., 2010b):
~ 'Eﬂ g 0 __
£3f 1 . o=VDirbe R A
c= 20 - E i=N-1
0 _ = + bicosy; —§& —a;)
] £ i=1
- 20 N
®
Eg - + Y [PmEn(Pm) +tm (pm)] 4)
= E 40 4 —
Nt T T T wherep;, & (p;), ki (p;) are the impact parameter, the bend-
98 100 102 104 106 108 110 ing angle, and the main refractivity part of the phase path
height, km corresponding to the-th spherical sector. Due to spheri-
cal symmetry, the impact parametersps, ..., py satisfy

Fig. 7. Simulation of the ionospheric impact on the RO signal as the following relationships, which are valid inside th¢h
a function of the altitude of the RO ray perigee by the analytical spherical sector:

model. Curve 1 and 2 are relevant to the altitude distribution of elec- )

tron densityNe(h) [10%elcm3] and its vertical gradien%e®)  pi =n(R;)R;Sinye,i=1,....N (%)
[10%el cm—3 km~1], respectively. Curves 3-5 describe the altitude
dependence of the bending angle [microradians], eikonal exces
[mm], and amplitude of the RO signal [normalized], respectively.

wheren(R;) is the refractive indexye is the angle between
the tangent to the ray trajectory;Gat the current poin
and direction to the center of a spherical sector. The tan-
gents to the ray trajectory 1& and directions to the cen-
ters Q, Oo,...,0Oy make the anglegs,y», ..., yy at the point
Figure 9 shows three centres of local spherical symmetryg, and B1,Ba. ..., By at the point L, respectively. The re-
associated with a single RO ray path in the ionosphere an(l’ationships between the impacts, po, ..., py central an-
atmosphere. These centres are located at point©g) Os gles 61,6o,...,0xys and bending angles;, &, ...,y can be

corresponding to three parts of the ray trajectoryBs B obtained using the geometry of the ray patiL.G
L in three spherical sectors with boundaries at the points B

and B, respectively: G B; (the ionosphere between trans- ) i )
mitter G, and atmosphere), 8B, (atmospheric part), and Pi+1= Pi +bisin(yi —a; —> &=Ll N-1 (6)
B, L (the ionosphere between the receiver and atmosphere). k=1
The points G, Oz, Oy, O3, L are assumed to lie in the;d3; i=N
B2 L plane. 0 =7 +&(p1) —vi — Bi-E(p1) = ) _E(pi) ™
This geometry corresponds to the experimental RO data i=1
indicating a significant bending effect in the plane of propa-
gation. The central angles, 6>, andf3 between the direc-
tions to the transmitter Gand the receiver L have vertices lo-
cated at the points D O, O3 (Fig. 9). The distances ®s,
G102, G103 and LQy, LOy, LOg are equal to p, Dy, D3,
and R (L), Rz (L), Rs (L), respectively. The points £ G3
(actually &, Gz are the images of the transmittej &s seen
from the points B and B) are intersections of the tangents
to the RO ray trajectory @81B> L at the points B and B X\ = R3siny1/[dR; (L)cosB; 36;/ dy1] dS(D)...SIN=1D)] i =1,..., N;
with the straight lines @01 and GO, respgctively. The AN Sliv=sins 1 /sinuar, SO)=1,d=Ry (L)Sin® ©)
gles 1, w2 and us, g have common vertices at the points
Gy and G. The variableg:s, u2 are the angles between the Relationships 4-8) represent the core of the analytical
tangent to the ray trajectory;8:B2 L at the point B and model. The phase path and the refractive attenuation depend,
the directions of GO; and GOy, respectively (Fig. 9). The respectively, on the sum of the phase changes and the bend-
variablesus, 4 are the angles between the tangent to the raying angles in the spherical sectors and practically do not de-
trajectory GB1B2 L at point B; and the directions €Dy, pend on the location of their boundaries. Any intense locally
G303, accordingly (Fig. 9). Dependence of the excess phasaspherically symmetric layer along the ray in the ionosphere
path (eikonal) and refractive attenuation on the impact pa-can produce unexpected strong variations in the amplitude
rameterp can be considered separately for three parts of theand phase of the RO signals at the 40-90 km altitudes of the

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 ofV spherically symmetric sectors to
obtain an exact expression for the refractive attenuation of
electromagnetic waves, :

www.atmos-meas-tech.net/5/1/2012/ Atmos. Meas. Tech., 5162012
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Fig. 8. Comparison of the refractive attenuation recalculated from the excess phase pafh,datd refraction attenuatiakia found from
the amplitude data at the first GPS frequerfg){curves 1 and 2), results of estimation of distaddeom 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. Thep@nt8& L are supposed to
be located in the same plane with the centers of spherical symmet®£00O3. The points G, Gz are intersections of the tangents to the
ray trajectory G B1 B> L at the points B, B, with the straight lines @0, and GO, respectively. The angl® has vertex at point @ The
value® determines the angle between the directiog®4; and LG;.

RO ray perigee. Therefore, the displacement of the tangent The analytical model can be applied to ray tracing of the

pointis a main cause of systematic error in the RO estimatiorRO signals. If the impact parametgs is known, then one

of the altitude of inclined ionospheric layers. This conclu- can successively determine the impact paramepers=

sion may also be valid in the case of electromagnetic wave£, ..., N and the bending angla p1) from Egs. 6), (7), and

propagation in the satellite-to-Earth communication links.  recalculate the phase path p1) and the refractive attenua-
tion X| from Eqgs. @) and g). Note the following important
feature of the model. If the bending effect is absent in the
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k-th sector, then the dimensiavi of model can be reduced 1. (i) In the simplest case, when an inclined plasma layer

to N — 1. In this case the following equality holds: exists only in one sector and the influence of the neutral
B atmosphere is weak, the analytical model predicts the
H2k—1= 2k S(k)=1 ) 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 altitudésof the RO ray
perigee are below 90km. Due to spherical symme-
try, one can estimate the electron density distribution
in inclined ionospheric plasma layers.

and the refractive attenuation E®) 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. @) 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
(MEIbOUrne et al., 1994; \orob’ev and Krasilnikova, 1994) 2. (||) A d|ff|cu|ty exists to locate p|asma |ayers and
should be effective in the case of propagation through sev-  determine their altitude.
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 3 (iii) Analytical model can be used for analytical ray
disturbed ionosphere, is subject to strong perturbations. tracing because it gives analytical expressions for

Let us consider the refractive attenuation in the particular ~ the eikonal, bending angle, and refractive attenuation
case when the bending effect exists in the first sector due to " general case of a medium consisting of locally
the ionospheric influence and is absent in the remaining sec-  SPherically symmetric sectors.
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 S .

. o . 4 Identification and location of plasma layers
points &, ..., Gy coincide. As a consequence, the following

relationship is fulfilled: )
Let us assume that one of the spherical sectors, for exam-

M3 = U2, 5 = [L4, ..., [d2N—3=[L2N—4 (10) ple, the first one, is located in the ionosphere with centre at
point O; (Fig. 9) and introduces the most impact on the ra-
dio wave propagating along the ray GTL. In this case- 1,
expressions for the excess phase and the central @&ngle

X1, = R3siny1/[R3(L)cosp11361 / dy1|sindy(L)] (11)  (Egs.4,5,7) can be rewritten as:

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

Equation (1) has been obtained previously (Pavelyev and S 5 5
Kucherjavenkov, 1978). Equations)((7), and (1) implya  ®(®) = \/Dl 4 +\/R1(|-) 4
simple formula for the refractive attenuatian (Pavelyev et +p&(p)+x1(p) — Ro,

al., 2004):
p=p1.E(p) =&1(p); Ro=/ D3 — p2
p1Ro

X1= (12) dicy(p)
psy/ R2—p3, [ R3—p2| 2 +\/R§(L)—p§;sl(p)=—T; (13)

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

P1
2 2 2 2
1— 1/Rl—p}Lz,/Rz—p1 dgy
0

dp1

Ps

The analytical model introduced provides a simple explaﬂ =m+81(p)—sin D1 —sin Ri(L)
nation for the strong amplitude and phase variations of the 1 Ps .1 Ds
RO signals at the 30-90 km altitudes of the RO ray perigee =7 ~ 3N 7 —SIN m’”(Dl)
by relating them to the displacement of the center of spher- _ (g, (L)) =1 (14)

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 hypothWhere Ro. Ry(L) are the distances GL and LiOand ps is

esis on the origin of the regular variations of the RO signalthe |mpac(;ttpk)]ar?mett?r ?q#tagf tlle_e déstalgce between the cen-
in the 30—90 km interval of the RO ray perigee as connecteotre O, and the line of sig (Fig. 9). For convenience in

with the refractive attenuation in inclined ionospheric Iayers.thed TZtatI':onill(Ep v agd P1 dthilndex IS rerrl;?vg db(Eg.?f_B
In short, the introduced analytical model is characterized®"® _)' rom Egs. {3) and (L4), one can obtain by differ-
as threefold: entiating the excess phase pdiky) and the central angle

with respect to time an exact relationship that connects the
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10 A. G. Pavelyev et al.: Identification and localization of layers in the ionosphere

Doppler frequencyFy(z) of the RO signal with the impact Relationship 21) is valid under the conditions
parameterg, ps (Liou et al. 2007):

-1, ;-1\dps
do(t) ' d[(dls +d, ) dt]
de(t)=T=—(p—ps) |p— psl < p, ps; |(p — ps) o
_ _ dps 2 2 =2 le
<d131+d231)_+<17 _PS)ZYi_Mi dp dps -1 -1 dps
dr . dr ———|(d dyo ) — 22
[ =1 as) <|\or " w (drd+os') (22)
M; =[d;s(dis+d;) (pdis+ psd;)] o btain { Eq20) the followi \ationshi
ne can obtain from Eq e following relationships,
D Ve — g Jy2_ 2.
Y1=D1;¥o=Ry(L):di = /Y7 —p% which have been derived and analyzed earlier by Liou and
dis=\/Y?—pZi=12 Pavelyev (2006); Liou et al. (2007):
where) is the wavelength. Equatiod%) is valid in the ge- 1- XL (1) =ma= md (A Fg) zmd2<1>(p),
ometrical optics approximation when the multipath propa- dr dr2 (23)

-2
gation is absent. Equatiodf) can be simplified under the ,, _, (%) 1q = das(1—dasRyY); dos= /Rf(L) —p2

condition dr
_ _\dp =2 qy,
‘ <d151+d251) d_ts <P2 - Pg) ZYi d—thi (16)  the distancel,sis nearly equal to distance TL (Fig. 1) within
i=1 an accuracy according to the horizontal resolution of the RO

This inequality is valid in most practical RO situations. Un- method (about 100-300 km). Parametarsind dps/d:r can
der condition 16), one can obtain from Eq1§) the follow- be evaluated using the orbital data.

whereRy is the distance along the straight line GL. Note that
>

ing approximate formula for estimating the difference ps In the case of global spherical symmetry, one can use an

on the Doppler frequenc¥y(z): analytical model of refractivity, bending angle, and refrac-
do(r) 1 g\ dps tive attenuationX,, tp simplify the inyersion technique and

AFy(t) = - —(p—ps) (dls +dsg ) o (17)  employ a perturbation method to find the deviations from

. . . . the model. In the same way, one can obtain the followin
There exists a relationship between the refractive attenua- y 9

tion X, and the time derivative of the impact parameger relationship:
(Kalashnikov et al. 1986; Liou et al., 2006). This rela- 1— X,, (1) = may, = md(AFgp)/dt = md?®,,(p)/dt>  (24)
tionship can be obtained from Eq.4) by differentiating the

central angl® on time with regard to Eq10): where a,,, ®,,, Fz,, are the eikonal acceleration, excess

phase, and Doppler frequency corresponding to the model
XL [ﬁd_ps +Rfl(|_)dR1(L) (E _ £> of refractivity. Subtracting both sides of the first Eqa3)
dps dt ! dt and @4) gives:

dos dp

dD Ry d 060
1471 (Ps P\ |__PR0 AP (%Y d(Fgm— F,
01 <d15 dl)} dldgpsdtS|gn<8p) 18) X, (1) = Xou(t) = m(ay —a) = am T4~ 1)

dr
Under conditions: d2[®,,(p) — D (p)]
Ly dRiL) (ps  p =m a2 (25)
P =psl <p.psi | Ry (L) — A . . _
d 2s 42 Equation 25) can be applied to find the features of the
yp-14Pi(ps P «| dps (19)  Vvertical profiles of refractivity by a perturbation method.
Vod \dis a1 dps dt Two important conclusions follow from Eq28):

(i) The refractive attenuatioiXp(r) can be recalculated
from the right-hand side of the first E®3J) by using known
values of the eikonal acceleratiarand parameter:

which are valid practically in most radio occultation events,
one can obtain from Eq16)

dp dps

—=XL— 20

dr L ar (20) 1-Xp(t)=ma (26)
In the case of the global spherical symmetry of the i0N0-§ o can estimate the integral absorptibnin the atmo-

sphere, the points Dand G coincide. In this case param- sphere (or ionosphere) using the attenuatiagis) found

dps . 1 i
eters ps, . dis can be derived from the orbital data. The o the amplitude variations of the RO signals via equations
time differentiation of both sides of EqLT) with regard to (Pavelyev et al., 2009):

Eq. (20) yields:

Xa(?) 1
JdFat) _ @) _(dp _dps M=1- 5 X0 =1 (27)
d ~ d2 — \dr dr P
1 1\ dps 1 1\dps where Iy are the intensities of radio waves in the atmo-
(dls +dyg )E = (1—X’L)(dls +d5g >E (21)  sphere (ionosphere) and in free space, respectively. When
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Fig. 10. 1. Comparison of the refractive attenuatiokig, Xp found from the RO intensity and eikonal data at GPS frequghdgurves 1 and
2, respectively). Il. The amplitudes of analytical signals corresponding to the variations of the refractive attedgatigngurves 1 and
2). lll. Location of the first layer using amplitudeis,, Ap. 1Y. Location of the second layer using amplitudég Ap.

' = 0 the following identity can be obtained using Ed&3)(
and @7):

Xp(t) = Xa(t) (28)

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.

Identity Eq. @8) represents a criterion which is necessary The ionospheric layers can have different location of the
and sufficient for a layer to be located at the RO ray perigeecentre of spherical symmetry (Fig. 1). In this case the in-

T (Fig. 1).

equalities Eqgs. 16), (19) and Formulas X7), (20) remain

(if) When the variations of the refractive attenuations 1  valid, but the impactps, p need to be replaced with values
Xp(#) and 1- X4(#) can be described by narrowband oscillat- p., p’ corresponding to new centre (Fig. 1).

ing functions, they can be presented in the analytical forms:

1—Xp(t) =ma = Ap(t)Re[expj xp(1)];

1— Xa(t) = Aa(t) Re[expj xa(1)] (29)

The criteria 28) and @0) are also valid in the new co-
ordinate system with the centre at the poiri(FDy. 1) with
the refractive attenuatiors, a, amplitudesAp o, and phases
Xp.areplaced byX, 5, Ay 5, andyp, 5, respectively. The mea-

where Ap(1), Aa(?); xp(?), xa(t) are, respectively, the am- sured refractive attenuatioXiz(z) found from the amplitude
plitude and phase of the analytical signals, corresponding tglata does not depend on location of the spherical symmetry
1— Xp(r) and 1- X4(). In this case, one can formulate an centre:X; = Xa, A= Aa; x4 = Xa, and criterion 28) can be
analytical criterion for the location of a layer in the RO ray represented in a new form:

perigee:

Ap(1) = A, (@), xat) = xp(?) (30)

www.atmos-meas-tech.net/5/1/2012/
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12 A. G. Pavelyev et al.: Identification and localization of layers in the ionosphere

Equation 23) can be rewritten as: w andv are positive when they directed to the point O and are
5 negative in the opposite case. The analysis of the CHAMP
1—Xa(t) =1—X.(t)=m'a,a = d q>(¢); GPS RO data (Pavelyev et al., 2008 a, b) showed correctness
P , dr2 of the relationships23).
1 {dpi\~ A CHAMP RO event 0013 (28 July 2003, 21:08LT,
r_ o ([ ZFs gl 2 ) . . .
m' = dy(1—dysRg )< dr ) idps=\RIL)—pg  (32) 714N, 67.3 W) with strong quasi-regular amplitude and

phase variations is used to demonstrate the possibility to lo-
wherem’ is a new value of the parameter corresponding  cate the plasma layers. The refractive attenuatiosy, of
to the center of spherical symmetry.QAs compared with  the CHAMP RO signals found from the intensity and eikonal
Formula €3), the Eq. 82) is different with new values of  gata are shown in Fig. 10 (panel I, curves 1 and 2) as func-
the refractive attenuatiok, () and parameter’. It follows tions of the RO ray perigee altitude The acceleration
from criterion @1) that the functionsAy(r) and Ap(r) are  has been estimated numerically by double differentiation of

connected withA4(¢) by the relationships: a second order least square polynomial approximation to the
, RO eikonal data over a sliding time intervat (At =0.55s).
, m m . . . .
Ap(t) = — Ap(1) = Aa(t); Ap(1) = — Aa(?) (33) This time interval corresponds approximately to the verti-
m n cal size of the Fresnel zone of about 1 km since the vertical
Under conditions component of the radio ray velocity i2.1kmsL. The re-

fractive attenuatiotX, is derived using Formul&@) with m
(34)  found from the orbital data. The refractive attenuatiyhas

das dps 4. 9ps  dvs

Ro Ro dr dr been determined from the RO amplitude data with averaging
the last Eq.33) can be presented as over the time interval\r =0.5s. The phases of the variables
, Xa, Xp are strongly connected and the changeX gfX, are
Axt) = @sAp(r) (35) primarily caused by three ionospheric layers, whose contri-
2s butions are shown by letters a, b and c¢ in Fig. 10 (panel ).

According to Eq. 85), the distance! between the RO ray Sectors a, b and c corrgspond to the 59—72 km, 72'—92 km
perigeeT’ and new tangent poirft’d (Fig. 1) depends on the and 92-116 km altitude intervals accordingly. The signals

amplitudesaa(r) and Ap(1): Xa—1, X_p— 1 are coherent_in the intgrvals a, b and c. How-
ever, their amplitudes are different (Fig. 10, panel I). The am-
d=dod — doee d Ag—Ap. plitudesA,, Ap related toXa— 1, Xp— 1 are calculated and
R P shown in Fig. 10, panel Il (curves 1 and 2, respectively) us-
ing the numerical Hilbert transform. The amplitudg in
das=,/R5— p%: Ra= Ry (L) (36)  the intervals a and b is smaller than the corresponding value

Ap (Fig. 10, panel I1). The opposite case is observed in the
interval ¢ (Fig. 10, panels | and Il). The first two layers in
the intervals of a and b have a negative displacenigne.,

i _ o k X two layers are located on the RO ray trajectory between the
The displacement is positive or negative depending on the points T and L. The upper layer c is displaced from the RO

sign of the ciifferenceﬁa—Ap; according to this sign the tan- - herigeer in the direction to the navigational satellite G
gent point7” is located on the parts GT or TL, respectively. (rig 1) "These results support the prediction of the analyti-

The phases(p(1),xa(r) should be equal within some accu- ¢ model (Sect. 3) on possible changes in the tangent point
racy determined by the quality of measurements. Note, thajoation caused by locally spherically symmetric sectors in
Eq. 36) is valid when the distance of one of the satellites {he jonosphere. The method introduced can be used to locate

from the ray periged” is many times greater than the corre- j,qspheric layers since the variations of the refractive atten-
sponding value for the second one. This condition is fulfilled uations X, X, are coherent. The results of estimating the

for the planetary radio eclipse experiments provided by thegigp|acement in the intervals a and b are shown in Fig. 10
space craft — Earth communication link and GPS occuItations(pane|S [l and 1Y). Curves 1, 2, and 3 in Fig. 10 (panels Il

(Pavelyev et al., 2009). , _ and 1Y) correspond to the altitude dependence of the ampli-
Ar_1 accurate relationship for the distantéas been given tudesAa, Ap, and displacement, respectively. Curves 4 in
previously (Pavelyev et al., 2009): Fig. 10 (panels Il and 1Y) indicate the slope of the layén
_ _ _ 1/27-1 _ degrees (right vertical scales). Curve 5 demonstrates the cor-
Z:ilfgg/[;:ié(zl[lﬁgig)ﬁa Aw /vy~ da, (37)  rection to the altitude\ [km] (Fig. 10, panel IIl) and the ac-
tual heighth'[km] of a layer (Fig. 10, panel 1Y), respectively.
wherew andv are the velocity components of the GPS and The changes af are concentrated in the ranges-eH30 km,
LEO satellites, respectively, which are perpendicular to the—800 km] and 600 km,—750 km] (intervals a, b, respec-
straight line GL in the plane GOL (Fig. 1). The components tively). The statistical error in the determination of the ratio

where dos,dod are the distancesDL, D’L, respectively
(Fig. 1). Asfollows from Eq.86), location of a tangent point
on the ray trajectory can be found using the amplitudigs.
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Fig. 11. Restoration of electron density and its vertical gradient.

Aa;pAp in formula @36) is minimal whenAp is maximal. On  the refractivity altitude distribution which is connected with

average, the estimated values of the displacement in the inte® sharp plasma layer contribution. A systematic error may
vals a, b are equal &= —730 km and/ = —620km, corre-  be due to the impact of possible contributions in the upper
spondingly. If the relative error in the measurementigfis ionosphere as it follows from the analytical model described
equal to 5%, then the accuracy in the estimatiod isfabout ~ in Sect. 3. The electron density distributions found by the
4+100km. The estimated value of the displacement the  inversion formula 9) are shown in Fig. 11.

interval c is positive and is equal td = 620 km. According The vertical gradiemg% [Cﬁ%t'n] and the electron con-

to formula @), the inclinations of the plasma layers a, b, and o 1%l o

¢ to the local horizontal direction are approximately equal tot€nt distributionsVe(/) [W] are shown in Fig. 11 (panels
§=-7.3°%£0.9°8=-6.4°+£0.9°, ands =6.4°+0.9°, re- a, b, and c). Curves 1 and 2 correspond to the vertical gra-
spectively. The spherical symmetry justifies the applicationdient dd/\,’f and the altitude distribution of the electron content
of the Abel transform to solving the inverse problem, i.e., to Ne retrieved from the RO eikonal data, respectively. The
find the internal distribution of the electron density and its altitude 2 of the RO ray perigee and the actual height

gradient in the layer (Pavelyev et al., 2009). of the layers are indicated on the top and bottom horizon-
For the Abel transform the following formula is used tal axes in Fig. 11 (panels a, b and c, respectively). The
(Hocke, 1997): 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-

1 - p p 2 d&(p) spectively, with maximum gradients at the altitudes of 95 km
N(h):—;/ln —+ <—) -1 d—dp (38)  and 117 km, correspondingly (curves 1 and 2 in Fig. 11a,
o Po po P b). Layer c is located on the ray part GT at approximate

) . . distance of 620 km from the point T with a maximum verti-
wherepo is the magnitude of the impact paramefecorre- 5| gradient at an altitude of 130 km. According to Fig. 11,
sponding to the ray GTL at the initial instant of time US- 6 \ariations of the vertical gradient of the electron den-
ing relation (L2) between the refractive attenuatiofy and gy in Jayers a, b, and ¢ are concentrated in the intervals

the derivativedsd#]j’) , and formula 23), one can obtain _2810%l _ dN() _ 5310l _2210%l _ dN() _ 7.81Cel
cm3km dh cm3km cm3km dh cm3km
I 5 and—z(fr’r'él‘f3 ol . aivh) 35'”%85;', respectively. These mag-
N(po) = l/m &Jr (&) _1 nitudes are typical for the in_tenselsporadic E-layers (Kelley
T : po po and Heelis, 2009). The altitude interval of the layers am-
0 d plitude response is nearly equal to the height interval of the
_ma  YPsy, (39)  variations in the electron density and its gradient. The max-
/Rg_p(t)Z dr imum values of the electron content in sporadic E-layers are

usually attributed to the impact of the wind shears (Kelley
Note that Eq. 89) provides the Abel transform in the time and Heelis 2009). The gradient of the electron content can
interval 19,1, where a layer contribution exists. The lin- correspond to the direction of different kinds of wave fronts
ear part of the regular trend due to the upper ionospherénfluencing the ionospheric plasma distribution. Therefore,
is removed because of the second-order time derivative inthe RO method is capable of locating the wind shear in the
Eq. 39). Therefore, Eg.39 may give only that part of lower ionosphere, and, in the case of internal gravity waves
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5 Conclusions
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