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OutlineOutline
(i)(i) An analytical model is introduced for a stratified medium consisAn analytical model is introduced for a stratified medium consisting ting 

of locally spherically symmetricof locally spherically symmetric sectors. Model describes sectors. Model describes different 
types of the ionospheric contributions to the RO signals at the at the 
altitudes 50altitudes 50--90 km of the RO ray perigee90 km of the RO ray perigee.

(i)(i) Connection between the amplitude and phase variations of the raConnection between the amplitude and phase variations of the radio dio 
signals propagating in the satellitesignals propagating in the satellite--toto--satellite and satellitesatellite and satellite--toto--Earth Earth 
communication links. Simulation of the amplitude, bending angle communication links. Simulation of the amplitude, bending angle and and 
refractive attenuation of RO signal.refractive attenuation of RO signal.

(iii) Description of the (iii) Description of the eikonaleikonal acceleration technique for identification acceleration technique for identification 
and location of layered structures in the atmosphere and ionosphand location of layered structures in the atmosphere and ionosphere, ere, 
and reflections from the Earthand reflections from the Earth’’s surface. Possibility of the s surface. Possibility of the integral 
absorption measurements in the atmosphere.

(iv) Possibility Possibility to separate the influence of layered structures from 
contributions of irregularities and turbulence in the atmosphere.



The altitude profile of  the physical parameters are measured along the trajectory 
of  tangent point T where radio  waves propagate along layers. Main assumptions of 
RO method: (i) spherical symmetry of the atmosphere and ionosphere; (ii) there 
exists only one tangent point on ray GTL which coincides with radio ray perigee T. 
Eikonal and refractive attenuation are connected by a classical dynamic equation 
(Liou and Pavelyev, GRL,2006, Pavelyev et al., 2009).
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Experimental evidences of connection between the refractive Experimental evidences of connection between the refractive 
attenuations attenuations XaXa and and XpXp retrieved from the FORMOSATretrieved from the FORMOSAT--3 amplitude 3 amplitude 
and phase  RO data (neutral atmosphere and lower ionosphere). Thand phase  RO data (neutral atmosphere and lower ionosphere). The e 
antennaantenna’’s amplitude diagram influence is seen in the intensity data.s amplitude diagram influence is seen in the intensity data.



Experimental evidences of connection between the refractive Experimental evidences of connection between the refractive 
attenuations attenuations XaXa and and XpXp and derivative of the Doppler frequency on and derivative of the Doppler frequency on 
time  as follows from RO data obtained during time  as follows from RO data obtained during VenusianVenusian ionosphere ionosphere 
investigation (investigation (PavelyevPavelyev et al., GRL, 2009).et al., GRL, 2009).



Comparison of the refractive attenuations Comparison of the refractive attenuations XpXp and and XaXa calculated from the CHAMP calculated from the CHAMP 
amplitude (curve 1) and phase data at GPS frequency F1 (curve 2)amplitude (curve 1) and phase data at GPS frequency F1 (curve 2). Retrieved vertical . Retrieved vertical 
profiles of altitude profiles of electron density and its verticprofiles of altitude profiles of electron density and its vertical gradient (curves 3 and 4, al gradient (curves 3 and 4, 
right). right). One may estimate the distance of the inclined One may estimate the distance of the inclined ionosphericionospheric layer from the radio layer from the radio 
ray perigee and the height of the ray perigee and the height of the ionosphericionospheric layer by use of the layer by use of the eikonaleikonal/intensity /intensity 
technique (technique (PavelyevPavelyev et al., GRL, 2009, GPS Solutions,  2010).et al., GRL, 2009, GPS Solutions,  2010).



A possibility to measure absorption of radio waves by comparisonA possibility to measure absorption of radio waves by comparison of the amplitude of the amplitude 
and phase parts of the GPS radioand phase parts of the GPS radio--holograms (e.g., two events). Curves 1 and 2 holograms (e.g., two events). Curves 1 and 2 
describe attenuations obtained from the amplitude and phase datadescribe attenuations obtained from the amplitude and phase data, respectively. , respectively. 
Curves 3 and 4 indicate theoretical dependence of the refractionCurves 3 and 4 indicate theoretical dependence of the refraction attenuation with attenuation with 
absorption and refraction attenuation, correspondingly (absorption and refraction attenuation, correspondingly (PavelyevPavelyev et al., GRL, 2009). et al., GRL, 2009). 



Left: curves 1 and 2 describe experimental and theoretical altitLeft: curves 1 and 2 describe experimental and theoretical altitudeude
dependence of absorption, respectively. Right: curves 1 and 2 independence of absorption, respectively. Right: curves 1 and 2 indicatedicate
experimental dependence of refraction attenuation calculated froexperimental dependence of refraction attenuation calculated fromm
amplitude and phase data. Curves 3 demonstrate theoretical depenamplitude and phase data. Curves 3 demonstrate theoretical dependencedence
of the refraction attenuation and absorption. of the refraction attenuation and absorption. 



Curves 1 Curves 1 -- 5 indicate experimental dependence of refraction attenuation ca5 indicate experimental dependence of refraction attenuation calculated fromlculated from
amplitude and phase data. Curves 6amplitude and phase data. Curves 6--10 demonstrate experimental dependence of the10 demonstrate experimental dependence of the
integral absorption. Curves A,B indicated the theoretical dependintegral absorption. Curves A,B indicated the theoretical dependence of the refractionence of the refraction
attenuation and integral absorption (attenuation and integral absorption (PavelyevPavelyev et al., GRL, 2009)et al., GRL, 2009)



Generalization to the case of reflections from the Earth’s 
surface. Connection between the refractive attenuations Xd, 
Xr and derivative of the difference of the Doppler frequencies 
ΔF of the direct and reflected signals with respect to time 
(Pavelyev et al., 2010, Radio Science under review)



ANALYTICAL 3-D MODEL FOR THE PHASE PATH EXCESS AND REFRACTIVE 
ATTENUATION OF RO SIGNAL Pavelyev et al., PIER 2010. 
Different spherical sectors may be active during occultation. 
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Types of Types of ionosphericionospheric influence on the amplitude (A1) and influence on the amplitude (A1) and 
eikonaleikonal (F1, F2) of radio occultation signals at frequencies (F1, F2) of radio occultation signals at frequencies 

1575.42 and 1227.6 MHz in the interval 401575.42 and 1227.6 MHz in the interval 40--80 km 80 km 



Types of Types of ionosphericionospheric influence on the amplitude (A1) and influence on the amplitude (A1) and 
eikonaleikonal (F1, F2) of radio occultation signals at frequencies (F1, F2) of radio occultation signals at frequencies 

1575.42 and 1227.6 MHz in the interval 401575.42 and 1227.6 MHz in the interval 40--80 km 80 km 

Weak Weak ionosphericionospheric influence (top left influence (top left 
panel)panel)
Strong sporadic structures influence Strong sporadic structures influence 
(top right, and top bottom panel) at the (top right, and top bottom panel) at the 
altitudes of the ray perigee where altitudes of the ray perigee where 
expected expected ionosphericionospheric influence is influence is 
negligiblenegligible



CONNECTION BETWEEN THE PHASE PATH EXCESS CONNECTION BETWEEN THE PHASE PATH EXCESS 
AND AMPLITUDE VARIATIONS (analysis of the AND AMPLITUDE VARIATIONS (analysis of the 
experimental GPS/MET data; experimental GPS/MET data; PavelyevPavelyev et al., 2002)et al., 2002)



Similar amplitudeSimilar amplitude variations observed in the communication variations observed in the communication 
link satellite link satellite –– Earth (Earth (KarasawaKarasawa, Radio Science, 1985), Radio Science, 1985)



Influence of a layer on the amplitude and phase 
of RO signal. 

Influence of seven ionospheric layers on the 
amplitude and eikonal variations of RO signal.

Curves 1 and 2 describe the electron density and its vertical gradient. Curve 3 
corresponds to the bending angle, curve 4 and 5 are relevant to the eikonal and 
amplitude responses of RO signal.

1. Results of simulations:  replies in the amplitude and phase are nearly equal to the 
vertical width of a layer.



Theoretical connection between the amplitude and eikonal
in RO measurements. Location of the inclined layers.
(Liou and Pavelyev, GRL, 2006; Pavelyev et al., JGR, 2007, GRL, 2009, GPS Solutions, 
2010, Liou et al., 2010). The eikonal acceleration has the same importance for RO data 
analysis as the Doppler frequency. It allows one  to recalculate the phase data to the 
refractive attenuation. This connection opens the independent way to locate inclined layers 
from analysis of the amplitude and phase data.
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Evidence of atmospheric origin of the phase and amplitude variatEvidence of atmospheric origin of the phase and amplitude variations in RO ions in RO 
signal. Comparison of the refraction attenuations signal. Comparison of the refraction attenuations XpXp and and XaXa (left). Displacement (left). Displacement 
DD of the tangent point of the tangent point T T from the RO ray perigee from the RO ray perigee calculated from the FORMOSATcalculated from the FORMOSAT--3 3 
phase (curve 1) and amplitude (curve 2) data (right)phase (curve 1) and amplitude (curve 2) data (right)..



Comparison of the refractive attenuations Comparison of the refractive attenuations XaXa and the and the eikonaleikonal variations (left). variations (left). 
Comparison of the refractive attenuation at the first GPS frequeComparison of the refractive attenuation at the first GPS frequency  (curve 1) and ncy  (curve 1) and 
the the eikonaleikonal accelerations at the frequencies F1 and  F2 (curves 2 and 3) (raccelerations at the frequencies F1 and  F2 (curves 2 and 3) (right)ight)..



Comparison of the refractive attenuations Comparison of the refractive attenuations XaXa and the and the eikonaleikonal variations (left). variations (left). 
Comparison of the refractive attenuation at the first GPS frequeComparison of the refractive attenuation at the first GPS frequency  (curve 1) and ncy  (curve 1) and 
the the eikonaleikonal accelerations at the frequencies F1 and  F2 (curves 2 and 3) (raccelerations at the frequencies F1 and  F2 (curves 2 and 3) (right)ight)..H
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Vertical distribution of the electron density and its gradient iVertical distribution of the electron density and its gradient in the main parts of n the main parts of 
two patches of sporadic Etwo patches of sporadic E--layer. Curves 1 and 3 describe the electron density layer. Curves 1 and 3 describe the electron density 
distribution, curve 2 and 4 relates to the vertical gradient of distribution, curve 2 and 4 relates to the vertical gradient of the electron density.the electron density.



Separation of contributions from layers and irregular structures
(Pavelyev and Salimzyanov, 2010)



ConclusionConclusion
The The eikonaleikonal acceleration has the same importance as the Doppler frequency iacceleration has the same importance as the Doppler frequency in RO n RO 

experiments. Advantages of the experiments. Advantages of the eikonaleikonal acceleration/intensity technique of RO data acceleration/intensity technique of RO data 
analysis are:analysis are:
(1) a possibility to separate the layered structure and tur(1) a possibility to separate the layered structure and turbulence contributions to RO bulence contributions to RO 
signalsignal
(2) a possibility to estimate the absorption in the atmosphere b(2) a possibility to estimate the absorption in the atmosphere by dividing the y dividing the 
refraction attenuations found from amplitude and phase datarefraction attenuations found from amplitude and phase data
(3) a possibility to locate the layered structures in the atmosp(3) a possibility to locate the layered structures in the atmosphere with accuracy in here with accuracy in 
the distance from the standard position of the tangent point of the distance from the standard position of the tangent point of about about ±±100 km; 100 km; 
(4) a possibility to establish the (4) a possibility to establish the ionosphericionospheric or atmospheric origin of theor atmospheric origin of the
amplitude and phase variations of RO signal. amplitude and phase variations of RO signal. 
(5) a possibility to estimate horizontal gradients in the lower (5) a possibility to estimate horizontal gradients in the lower ionosphereionosphere

Future investigations are needed to establish connections betweeFuture investigations are needed to establish connections between the n the eikonaleikonal and and 
amplitude  variations in the general case when radio waves are pamplitude  variations in the general case when radio waves are propagating through ropagating through 
locally spherically locally spherically symmetricalsymmetrical sectors.sectors.



Thank you for your attention!


