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HighHigh--precision precision GPS radio signals at two frequencies F1=1575.42 and F2=1227.6 MHGPS radio signals at two frequencies F1=1575.42 and F2=1227.6 MHz z 
emitted by the GPS satellite (point G) arrive at the receiver onemitted by the GPS satellite (point G) arrive at the receiver onboard of the LEO satellite board of the LEO satellite 
(point L) along the ray(point L) along the ray GTLGTL. . The results of registration which are the 1The results of registration which are the 1--D radioD radio--
holographic images of the propagation medium consist of the phasholographic images of the propagation medium consist of the phase and amplitude e and amplitude 
variations at two GPS frequencies. In the case of spherical symmvariations at two GPS frequencies. In the case of spherical symmetry  these etry  these variations variations 
are caused mainly owing to the medium influence at the tangent are caused mainly owing to the medium influence at the tangent 
point T which coincides with the ray perigee which corresponds tpoint T which coincides with the ray perigee which corresponds to the center of o the center of 
symmetry symmetry –– point O. Because location of point O is supposed to be known thpoint O. Because location of point O is supposed to be known the e 
geographical coordinates of point T can be evaluated by use of ogeographical coordinates of point T can be evaluated by use of orbital data of GPS and rbital data of GPS and 
LEO satellites. Analysis of RO data delivers the vertical profilLEO satellites. Analysis of RO data delivers the vertical profile of the refractivity N(h) e of the refractivity N(h) 
in the atmosphere. After the usage of the gas state and hydrostain the atmosphere. After the usage of the gas state and hydrostatic equilibrium tic equilibrium 
equations one can find the vertical profiles ofequations one can find the vertical profiles of pressure p(h) and temperature T(h).

Introduction. Scheme of RO measurements

Left panelLeft panel: Results of retrieving the : Results of retrieving the 
vertical profiles of refractivity vertical profiles of refractivity N(h)N(h)
[N[N--units]units] and pressure and pressure P(h)P(h) [hPa][hPa]
from the phase delay from the phase delay ΦΦ1(t)1(t). The top . The top 
left vertical axis corresponds to left vertical axis corresponds to 
pressure (curve 1) and the bottom left pressure (curve 1) and the bottom left 
vertical axis is relevant to the vertical axis is relevant to the 
refractivity perturbations (curve 4). refractivity perturbations (curve 4). 
The right vertical axis corresponds to The right vertical axis corresponds to 
the vertical profiles of the refractivity the vertical profiles of the refractivity 
calculated by use of standard calculated by use of standard 
atmospheric model (curve 2) and the atmospheric model (curve 2) and the 
refractivity retrieved from the RO data refractivity retrieved from the RO data 
(curve 3). Right panel: Results of (curve 3). Right panel: Results of 
retrieving the vertical profile of retrieving the vertical profile of 
temperature temperature T(h) [K]T(h) [K]. Open circles . Open circles 
indicate the results of NCEP analysis.indicate the results of NCEP analysis.

Vertical profiles of the refractivity N(h), Vertical profiles of the refractivity N(h), pressure p(h) and temperature T(h)



TThe temperature vertical profiles above the he temperature vertical profiles above the 
equatorial and tropical part of the South America equatorial and tropical part of the South America 
(left and right panel, respectively)(left and right panel, respectively)



TThe temperature vertical profiles in the moderate latitudes: he temperature vertical profiles in the moderate latitudes: the 
Southern part of the Indian Ocean and the Northern part of the 
Pacific Ocean (left and right)



Connection between the amplitude and phase in RO 
measurements via classical dynamic equation-type (Liou 
and Pavelyev, GRL, 2006; Pavelyev et al., JGR, 2007)



Right: recalculation of the phase variations to the refraction Right: recalculation of the phase variations to the refraction 
attenuation and comparison with the RO amplitude data (curve 1) attenuation and comparison with the RO amplitude data (curve 1) 
(CHAMP data). Curves 2, 3 and 4 correspond to the refraction (CHAMP data). Curves 2, 3 and 4 correspond to the refraction 
attenuation retrieved from the phase excess data (left, curves 1attenuation retrieved from the phase excess data (left, curves 1--
3). Curves 5 are relevant to the standard refraction attenuation3). Curves 5 are relevant to the standard refraction attenuation
vertical profilevertical profile



Comparison of the refraction attenuations Xa and Xp retrieved frComparison of the refraction attenuations Xa and Xp retrieved from om 
the FORMOSATthe FORMOSAT--3 amplitude and phase  RO data via equation (4) 3 amplitude and phase  RO data via equation (4) 
(neutral atmosphere and lower ionosphere). The antenna(neutral atmosphere and lower ionosphere). The antenna’’s amplitude s amplitude 
diagram influence is seen clearly in the intensity data.diagram influence is seen clearly in the intensity data.



VALIDATION OF CONNECTION (7) BETWEEN VALIDATION OF CONNECTION (7) BETWEEN 
THE PHASE PATH EXCESS AND AMPLITUDE THE PHASE PATH EXCESS AND AMPLITUDE 
VARIATIONSVARIATIONS



ADVANCED METHOD FOR LOCATION OF ADVANCED METHOD FOR LOCATION OF 
LAYERED STRUCTURES IN THE ATMOSPHERE LAYERED STRUCTURES IN THE ATMOSPHERE 
AND IONOSPHEREAND IONOSPHERE

Previously Sokolovskiy et al., GRL, 2002, and Gorbunov et al., 
Int.J. Rem. Sens., 2002, applied the radio-holographic back-
propagation method to locate the ionospheric irregularities. We 
propose an alternative method to locate layered structures in the 
ionosphere and atmosphere Eqs. (8)-(11) can be used to find . 
the distance LT d’2s from simultaneous observation of the phase 
and intensity variations of radio wave. To achieve this, one can 
find m from (8) as a ratio of the intensity changes to the phase 
acceleration variations and then the distance D can be evaluated 
from the relationship (11). The horizontal gradient in a layered
structure and its height can be estimated by use of displacement D. 
The value m can be also estimated by statistical manner from (A) 
and (B). In this case the different values of D can be obtained.



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 calculated from calculated from 
the FORMOSATthe FORMOSAT--3 phase (curve 1) and amplitude (curve 2) data. Right panel. 3 phase (curve 1) and amplitude (curve 2) data. Right panel. 
Displacement Displacement DD of the tangent point of the tangent point TT calculated by use of equations calculated by use of equations 
(A) and (B)(A) and (B) (curve 1 and 2, respectively)(curve 1 and 2, respectively)



Lower ionosphere. Comparison of the refraction attenuation recalLower ionosphere. Comparison of the refraction attenuation recalculated from culated from 
the phase path excess datathe phase path excess data XpXp, , and refraction attenuation and refraction attenuation Xa  Xa  found from the found from the 
amplitude dataamplitude data at the first GPS frequency Fat the first GPS frequency F1 (1 (curvescurves 1 1 andand 22), results of ), results of 
estimation of distance D (curve 3) (left panel)  and retrieved vestimation of distance D (curve 3) (left panel)  and retrieved variations of the ariations of the 
electron density and its gradients (curves 3 and 4) (right panelelectron density and its gradients (curves 3 and 4) (right panel).).



Lower ionosphere. Comparison of the refraction attenuation recalLower ionosphere. Comparison of the refraction attenuation recalculated from the culated from the 
phase path excess dataphase path excess data XpXp, , and refraction attenuation and refraction attenuation Xa  Xa  found from the amplitude found from the amplitude 
datadata at the first GPS frequency Fat the first GPS frequency F1 (1 (curvescurves 1 1 andand 22), results of estimation of distance ), results of estimation of distance 
D and height of the layer h (table 1, right) .D and height of the layer h (table 1, right) .



Gravity waves in RO measurements: backgroundGravity waves in RO measurements: background
GWs play a decisive role in affecting the atmospheric circulation and 
temperature regime [Friits and Alexander, 2003]. For theoretical studies 
it is important to have the experimental data showing the phase and 
amplitude dependence of the GWs on height. The RO method can be 
applied to measure the GW parameters on the global scale. Analysis of 
the temperature variations found from the RO phase data furnishes an 
opportunity to investigate the global  morphology of the GWs activity in 
the stratosphere and to measure the GWs statistical characteristics in the 
atmosphere as shown by Steiner and Kirchengast [2000], Tsuda et al.
[2000], and Tsuda and Hocke [2002]. The amplitude channels of the RO signal give 
new potential and capability for the RO research and for the observation 
of the quasi-regular structures in the atmospheric and ionospheric waves 
[Kalashnikov et. al., 1986; Pavelyev et al., 2002; Sokolovskii,2000; 
Igarashi et al., 2000, 2001; Liou et al., 2002, 2003].



Wave structures observed in the amplitude and phase data. Wave structures observed in the amplitude and phase data. 
Comparison of the refraction attenuations Xa and Xp retrieved Comparison of the refraction attenuations Xa and Xp retrieved 
from the FORMOSATfrom the FORMOSAT--3 amplitude and phase  RO data3 amplitude and phase  RO data



WAVE BREAKINGWAVE BREAKING CHAMP RO EVENTCHAMP RO EVENT

02 h LT 16 N 330 W January 23, 2003



Radio-image of internal waves. Note a breaking 
effect at 38-43 km

02 h LT 22 N 172 W

02 h LT 16 N 330 W

CHAMP data

January 23, 2003
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Polarization and dispersion equations for the case when the Polarization and dispersion equations for the case when the 
intrinsic frequency of GW is well below the intrinsic frequency of GW is well below the Brunt-Vaisala 
frequency ωb and higher than the inertial frequency f

( ) / Re[ /( ) ( )] / Re[ /( ) ( ) / ]b b b bdv h dh d ig T t h dh ig T dt h dhω ω= ≈

2 0
b( ) Re[ /( ) ( )],  / ,  / 9.8 /b b b bv h ig T t h g T T h kmω ω= = Γ Γ = ∂ ∂ +

2 cos /h bc Uλ π ϕ ω= −

Where 
g :  gravity acceleration, 
Tb:  back-ground temperature,
ωb:  Brunt-Vaisala frequency,
U :  back-ground wind speed,
C : ground-based horizontal phase speed of the gravity wave
ϕ: azimuth angle between wind and GW propagation vectors
Note, that the ratio t(h)/Tb can be replaced by -n(h)/Nb(h), where n(h) 
is the wave perturbations in the refractivity, Nb is back-ground refractivity. 
Also the factor (1-f**2/ωb**2)**-1/2, must be introduced (Gubenko and 
Pavelyev, JGR, submitted, 2007)



Left panelLeft panel: The refraction attenuations : The refraction attenuations Xa, XpXa, Xp retrieved from the phase and retrieved from the phase and 
amplitude data (curve 1 and 2, respectively). Curves 3 indicate amplitude data (curve 1 and 2, respectively). Curves 3 indicate the results of the results of 
simulation of the refraction attenuation in the atmosphere. Righsimulation of the refraction attenuation in the atmosphere. Right panel: The t panel: The 
variations of the vertical gradient of refractivity retrieved frvariations of the vertical gradient of refractivity retrieved from the phase and om the phase and 
amplitude data (curve 1 and 2, respectively)amplitude data (curve 1 and 2, respectively)



Left panel: vertical profiles of the phase (curves 1 and 2Left panel: vertical profiles of the phase (curves 1 and 2) and amplitude (curves 3 and 4) ) and amplitude (curves 3 and 4) 
of GW for CHAMP RO events of GW for CHAMP RO events №№ 0140 (curves 1 and 3) and 0140 (curves 1 and 3) and №№ 0001 (curves 2 and 4).0001 (curves 2 and 4).
Right panel: altitude dependence of the intrinsic phase speed ofRight panel: altitude dependence of the intrinsic phase speed of GW.  Curves 1 and 2 GW.  Curves 1 and 2 
correspond to CHAMP RO events correspond to CHAMP RO events №№ 0140 (02 h 35 m 34 s LT, 21.9 N 172.5 W) and 0140 (02 h 35 m 34 s LT, 21.9 N 172.5 W) and 
№№ 0001 (02 h 09 m 51 s LT, 15.9 N 330.0 W), January 23, 2003, res0001 (02 h 09 m 51 s LT, 15.9 N 330.0 W), January 23, 2003, respectivelypectively



Left panelLeft panel: The vertical profiles of the horizontal wind : The vertical profiles of the horizontal wind 
perturbations found from the phase and amplitude data (curves 1 perturbations found from the phase and amplitude data (curves 1 
and 2, respectively). These variations correspond to the kineticand 2, respectively). These variations correspond to the kinetic
energy in the internal wave. Right panel: Sum of the kinetic andenergy in the internal wave. Right panel: Sum of the kinetic and
potential energy of the wave structure. potential energy of the wave structure. 



Seasonal and geographical distribution of internal wave activitySeasonal and geographical distribution of internal wave activity with with 
amplitudes greater than 1.0 Namplitudes greater than 1.0 N--units/km (panels 1 and 2, height 12 km) and 0.6 units/km (panels 1 and 2, height 12 km) and 0.6 
NN--units/km (panels 3 and 4, height 14 km) in the lower stratospherunits/km (panels 3 and 4, height 14 km) in the lower stratosphere for period e for period 
November 19 November 19 –– December 03, 2002 (panels 1 and 3) and June 29 December 03, 2002 (panels 1 and 3) and June 29 –– July 13, July 13, 
2003 (panels 2 and 4)2003 (panels 2 and 4)



Seasonal and geographical distribution of internal wave activitySeasonal and geographical distribution of internal wave activity with with 
amplitudes greater than 0.6 Namplitudes greater than 0.6 N--units/km in the lower stratosphere for period units/km in the lower stratosphere for period 
November 19 November 19 –– December 03, 2002 (panels 1 and 3) and June 29 December 03, 2002 (panels 1 and 3) and June 29 –– July 13, July 13, 
2003 (panels 2 and 4). Panels 1 and 2; 3 and 4 correspond to 16 2003 (panels 2 and 4). Panels 1 and 2; 3 and 4 correspond to 16 km and 18 km km and 18 km 
altitude, respectivelyaltitude, respectively



Seasonal and geographical distributions of the wave activity witSeasonal and geographical distributions of the wave activity with amplitudes h amplitudes 
greater than 0.6 Ngreater than 0.6 N--units/km at the 20 km altitude for periods November 03 units/km at the 20 km altitude for periods November 03 ––
November 18, 2002 (panel 1); December 20, 2002 November 18, 2002 (panel 1); December 20, 2002 –– January 15, 2003 (panel January 15, 2003 (panel 
2); March 31, 2003 2); March 31, 2003 –– April 14, 2003 (panel 3); June 29, 2003 April 14, 2003 (panel 3); June 29, 2003 –– July 13, 2003 July 13, 2003 
(panel 4). (panel 4). 



Histograms of wave activity with amplitudes Histograms of wave activity with amplitudes qq greater than 0.6 Ngreater than 0.6 N--units/km at units/km at 
the 12 km level for periods July 29 the 12 km level for periods July 29 –– August 13, 2003 (panel 1); July 13, 2003 August 13, 2003 (panel 1); July 13, 2003 
–– July 27, 2003 (panel 2); March 15, 2003 July 27, 2003 (panel 2); March 15, 2003 –– March 29, 2003 (panel 3); March March 29, 2003 (panel 3); March 
01, 2003 01, 2003 –– March 14, 2003 (panel 4). Left: H=12 km. Right: H=14 km.March 14, 2003 (panel 4). Left: H=12 km. Right: H=14 km.



Changes in internal waves activity (averaged over the North (N) Changes in internal waves activity (averaged over the North (N) and South (S) and South (S) 
Hemispheres ) during 2001 Hemispheres ) during 2001 –– 2003 years at different altitudes in the 2003 years at different altitudes in the 
atmosphere. atmosphere. RightRight: 12 km and 14 km (top and bottom panels, respectively).  : 12 km and 14 km (top and bottom panels, respectively).  
LeftLeft: 16 and 18 km (top and bottom panels, respectively). : 16 and 18 km (top and bottom panels, respectively). 



Changes in internal waves activity (averaged over the Earth globChanges in internal waves activity (averaged over the Earth globe) during e) during 
2001 2001 –– 2003 years at different altitudes in the atmosphere. 2003 years at different altitudes in the atmosphere. RightRight: 20 km and : 20 km and 
22 km (top and bottom panels, respectively). 22 km (top and bottom panels, respectively). LeftLeft: 24 and 26 km (top and : 24 and 26 km (top and 
bottom panels, respectively). bottom panels, respectively). 



Changes in internal waves activity (averaged over the Earth globChanges in internal waves activity (averaged over the Earth globe) during e) during 
2001 2001 –– 2003 years at different altitudes in the atmosphere. 2003 years at different altitudes in the atmosphere. LeftLeft: 20 km and 22 : 20 km and 22 
km (top left and right panels, respectively); 24 and 26 km (bottkm (top left and right panels, respectively); 24 and 26 km (bottom left and om left and 
right panels, respectively).right panels, respectively). RightRight: 12 and 14 km (top left and right panels, : 12 and 14 km (top left and right panels, 
respectively); 16 and 18 km (bottom left and right panels, resperespectively); 16 and 18 km (bottom left and right panels, respectively)ctively)



ConclusionsConclusions
I.   The advantages of the introduced relationship consist in I.   The advantages of the introduced relationship consist in 

(1) a possibility to separate the layered structure and turbulen(1) a possibility to separate the layered structure and turbulence contributions to RO ce 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 ionospheric or atmosphe(4) a possibility to establish the ionospheric or atmospheric origin of theric 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
II. At the first in RO practiII. At the first in RO practiссe the internal wave breaking phenomenon has been e the internal wave breaking phenomenon has been 
observed observed 

III. TIII. The he internal waveinternal wave (IW) portrait, which consists of the altitude dependence of the(IW) portrait, which consists of the altitude dependence of the
IW phase, amplitude and vertical spatial frequency, can be retriIW phase, amplitude and vertical spatial frequency, can be retrieved from the eved from the 
amplitude and  phase variations of the RO signal.amplitude and  phase variations of the RO signal.

IY. The gravity waves (GW) dispersion and polarization relationsIY. The gravity waves (GW) dispersion and polarization relationships allow one to hips allow one to 
estimate the vertical profile of the horizontal wind perturbatioestimate the vertical profile of the horizontal wind perturbations, its vertical ns, its vertical 
gradient, the GW intrinsic phase speed, the potential and kinetigradient, the GW intrinsic phase speed, the potential and kinetic energy c energy and, under and, under 
some assumptions, the intrinsic frequency as functions of heightsome assumptions, the intrinsic frequency as functions of height in the atmosphere.in the atmosphere.

Y. At the altitudes 12 km, 16 km, and 20 Y. At the altitudes 12 km, 16 km, and 20 –– 26 km the wave activity is gradually 26 km the wave activity is gradually 
diminishing by 10% diminishing by 10% –– 40% when the time changes from September 2001 to 40% when the time changes from September 2001 to 
September 2003.  This diminishing may be connected with changes September 2003.  This diminishing may be connected with changes in the intensity in the intensity 
of the meteorological processes, types of the atmospheric circulof the meteorological processes, types of the atmospheric circulations, and, very ations, and, very 
likely, with reduction in solar activity.likely, with reduction in solar activity.
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