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Inversions of radio occultation amplitude data 
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Abstract. Radio occultation remote sensing of the Earth's atmosphere consists of satellite- 
to-satellite observations of phase and amplitude of radio waves that propagate through 
the atmosphere. The observed excess phase along with the positions and velocities of the 
satellites are inverted into bending angle as a function of impact parameter and then into 
vertical profiles of refractivity, pressure, and temperature in the neutral atmosphere, or 
into electron density in the ionosphere. The retrieved profiles are assigned to the perigee 
points of the sounding rays. Amplitude data are normally not used, except when solving 
diffraction back propagation problems. In this paper a simple method to utilize amplitude 
radio occultation data is discussed. Equations based on geometric optics are considered 
for the inversion of an amplitude into bending angle. These inversions do not require high 
coherence of radio waves or precise orbit determination, as with phase inversions, but they 
do require precise calibration of the amplitude. Even though amplitude inversions are not 
so precise as phase inversions, they may still be useful for a number of applications. When 
compared to phase inversions they allow the optimization of the filter bandwidth for phase 
inversions, the detection of multipath propagation, and the localization of electron density 
irregularities in the ionosphere. These applications are demonstrated by processing of the 
Global Positioning System / Meteorology (GPS/MET) radio-occultation data collected 
onboard the satellite Microlab-1. 

1. Introduction 

Refraction in the atmosphere causes an excess 
phase delay and bending of electromagnetic waves. 
Traditionally, radio occultation retrievals use the ex- 
cess phase delay to calculate bending angle as a 
function of impact parameter (by utilizing positions 
and velocities of the satellites), which is then used 
to reconstruct a vertical refractivity profile under 
the assumption of spherical symmetry [Melbourne 
et al., 199•; Gorbunov et al., 1996; Rocken et al., 
1997; Kursinski et al., 1997; Hocke, 1997; Steiner 
et al., 1999; Feng and Herman, 1999]. Differential 
bending, i.e., a dependence of bending angle on al- 
titude, causes a change of amplitude due to focus- 
ing/defocusing of rays. Observations of the changing 
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amplitude can be used independently to solve the in- 
verse problem, i.e., to calculate bending angles, and 
this is the subject of this paper (we do not treat 
the case when amplitude is used simultaneously with 
phase for back propagation of electromagnetic field 
[Karayel and Hinson, 1997; Gorbunov and Gurvich, 
1998; Mortensen and Hoeg, 1998]). 

In the optical domain, amplitude effects had been 
used to study the structure of planetary atmospheres 
by stellar occultation spikes [Young, 1976; Elliot and 
Veverka, 1976]. Stellar scintillations observed in low 
Earth orbiter (LEO) have been used to study the 
structure of atmospheric turbulence in the strato- 
sphere [Grechko et al., 1997]. Variations of ampli- 
tude observed in radio occultations have been used to 

reconstruct the structure of the ionospheric E layer 
by Vorob'ev et al. [1999]. Vorob'ev et al. also men- 
tioned a possibility to assess localization of the elec- 
tron density irregularities by concurrent processing 
of amplitude and phase data. 

Calibration of phase in radio occultation observa- 
tions depends mainly on calibration of transmitter 
and receiver clocks and on orbit (velocity) determi- 

97 



98 SOKOLOVSKIY: INVERSIONS OF RADIO OCCULTATION AMPLITUDE DATA 

nation, both of which are known very precisely using 
the Global Positioning System (GPS) [Schreiner et 
al., 1!)!)8]. Calibration of amplitude depends on a 
number of factors, including stability of the trans- 
mitter power, attitude of the transmitting and re- 
ceiving antennas, stability of the receiver gain, and 
local multipath, all of which are normally controlled 
less precisely. This lack of control limits the precision 
of amplitude inversions and explains why the phase 
inversions are routinely used for the reconstruction 
of precise refractivity profiles. However, concurrent 
amplitude and phase inversions may be useful for a 
number of purposes, which are briefly discussed be- 
low and, in more details, in section 2 of this paper. 

Calculation of bending from excess phase includes 
differentiation of the observational data, and thus it 
results in amplification of the high-frequency noise. 
Calculation of bending from amplitude includes in- 
tegration of the observational data, thus resulting 
in suppression of the high-frequency noise. As to 
the low-frequency observational noise (trend, bias), 
the situation is, naturally, opposite. High-frequency 
noise should be filtered on input to the phase inver- 
sion; otherwise it may cause bias on output due to 
nonlinearity of the inversion. The inversion of ampli- 
tude already includes high-frequency noise filtering 
due to the integration. Thus it is possible to adjust 
the bandwidth of the phase noise filter by comparing 
reconstructed bending angle profiles after both inver- 
sions and by requiring, as far as possible, an agree- 
ment in magnitude between their small-scale correl- 
ative variations. 

Both phase and amplitude inversions use the as- 
sumption of single-path propagation of radio waves. 
If this assumption is not true, then the small-scale 
variations of refractivity, reconstructed from phase 
and from amplitude, may not correlate, which is an 
indicator of multipath propagation. This happens of- 
ten in the lower troposphere, especially in the trop- 
ics, because of large gradients of refractivity which 
are caused by the complicated structure of humidity. 

Inversions of radio occultation data normally use 
the assumption of the spherical symmetry of refrac- 
tivity around the perigees of rays. Sometimes small- 
scale variations of refractivity reconstructed by phase 
and amplitude inversions correlate in shape but dif- 
fer in magnitude. This indicates that the assumption 
of spherical symmetry is not applicable for the re- 
fractivity inhomogeneities causing those variations. 
In this case it is possible to perform amplitude and 
phase inversions in the approximation of a thin phase 

screen model. If it is possible to adjust the position 
of the phase screen to minimize the difference of the 
magnitudes of the correlative variations of bending 
angles reconstructed from both inversions, then that 
position coarsely indicates the location of the inho- 
mogeneities of refractivity in the atmosphere causing 
those variations. This technique may be useful for 
monitoring the ionosphere: in particular, for distin- 
guishing between the sporadic E layer and irregular- 
ities of electron density located far away from the E 
layer along the line of sight whose perigee is close to 
the E layer. 

2. Refraction Effects on Amplitude 
and Inverse Problems 

We consider the effects of refraction on the am- 

plitude of electromagnetic waves for two cases (as- 
sumptions): (1) a spherically symmetric model of 
refractivity and (2) a thin phase screen model. In 
both cases we use ray approximation (geometric op- 
tics). For both cases we consider the inversions of 
amplitude, i.e., reconstruction of bending angles, and 
we apply both techniques to the GPS/Meteorology 
(GPS/MET) observational data. For comparisons 
we use phase inversions, including the reconstruc- 
tion of refractivity (Abel inversion) and temperature, 
without discussion of the technique, which has al- 
ready become routine [Melbourne et al., 199•; Gor- 
bunov et al., 1996; Rocken et al., 1997; Kursinski 
et al., 1997; Hocke, 1997; Steiner et al., 1999; Feng 
and Herman, 1999]. 

2.1. Spherically Symmetric Model of 
Refractivity 

The assumption of spherically symmetric refrac- 
tivity is normally applied for inversions of phase ra- 
dio occultation data for the neutral atmosphere. A 
layout of rays between the transmitter and receiver 
is shown in Figure 1. The amplification/attenuation 
of amplitude occurs because of the refractional dis- 
tortion of a ray cone having its source at the trans- 
mitter. Energy inside the cone propagates through 
different cross sections, thus resulting in the different 
energy flux and amplitude. We consider distortion of 
the ray cone along the vertical only (thus neglecting 
horizontal distortion), which is valid for those dis- 
tances where the displacement of rays from straight 
lines due to bending is much smaller than the Earth's 
radius (i.e., for GPS - LEO occultations). The co- 
efficient of refractional amplification/attenuation of 
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Figure 1. A layout of rays propagating between trans- 
mitter A and receiver B in a spherically symmetric atmo- 
sphere. (• is a bending angle, a is an impact parameter. 

the energy flux (square of amplitude A) K is pro- 
portional to the cross section of a ray cone at the 
receiver without the atmosphere and inversely pro- 
portional to the cross section of the ray cone, given 
Aq51, after propagation through the atmosphere, i.e., 

A 2 LAq51 
K -- •00 -- A?•2 sin q•2 ' (1) 

where rl and r2 are GPS and LEO orbit radii, q•l and 
•2 are zenith angles of the ray at GPS and LEO, and 
L is a distance between GPS and LEO. To obtain an 

explicit expression for K through bending angle and 
geometric parameters, we need to use the definition 
of bending angle 

(2) 

where 0 is a central angle between GPS and LEO, 
and Snell's law 

rl sin (Pl -- r2 sin ½2 = a, (3) 

where a is an impact parameter of a ray. By varying 
(2) and (3) given 7•1 and {9 we obtain 

(4) 

COS q51Aq51 -- Ar2 sin ½2 h-r2 COS q52A42 ---- Aa. (5) 

By solving (4) and (5) for AtPl , AtP2 , and A•' 2 and 
by using (1), we obtain an equation for K 

K ____ 
L 

L1 h- L2 - L1L2(d&/da) 
(6) 

where L -- v/r12 h- r22 - 2rlr2 COS 0 and L1,2 
rl,2 COS tPl, 2- When L1 • L2, (6) simplifies into 

K ____ 
I - L2(da/da) 

(7) 

Since in the Earth's atmosphere dc•/da < 0 (on 
average), then K < I (on average). However, the 
small-scale variations of vertical refractivity profile 
often result in dc•/da > 0, thus causing spikes K > 1, 
which may be rather big especially in the tropo- 
sphere. It may happen that the denominator in (6) 
and (7) is zero, i.e., K = oa. This means that a 
receiver is in the local focus, or caustic, where (6) 
and (7), obtained by means of geometric optics, are 
not applicable, and diffractional technique should be 
applied instead. We will use (6) and (7) for solv- 
ing the direct and inverse problems while assuming 
single-path propagation. 

Equations (6) and (7) are useful for direct compu- 
tation of K when bending angle is a known function 
of impact parameter. However, if we want to solve 
an inverse problem, i.e., to compute c•(a) from K, 
then we have to use K from observations, where it 
is known not as a function of a, but as a function 
of positions of satellites. Thus we actually need to 
solve for a. To do this, we at first modify (2), by 
substituting •1 and q•2 from (3) 

&(a) = arcsin(a/r1) h- arcsin(a/r2) h- O(a) -- •r, (8) 

and then differentiate it with respect to a. Then we 
substitute dc•/da into (6) and obtain 

d'-•': a + -1 K, (9) rill dO r2L2 dO L 

where Zl,2- V/•'12,2(0)- a2(0). Equation (9)should 
be solved for a(O) given K(O) and rl,2(0). For 
high enough data sampling rate (as 50 Hz for the 
GPS/MET observational data) a simple recursive in- 
tegration, i.e., a calculation of an increment Aa for 
each step A0, by taking the value of a in the right- 
hand side after the previous step, provides sufficient 
accuracy. If the transmitter and receiver orbits are 
circular, or close enough to circular, then the terms 
drl/dO and dr2/dO may be neglected, and (9) simpli- 
fies into 

da Li L2 
d--•: ---•--K. (10) 
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Figure 2. GPS/MET occultation, October 21, 1995, 2137 UTC, 19øN - 163øE. (left) Observational 
Doppler (solid line) and amplitude (SNR) (dashed line). (right) Reconstructed temperature from phase 
(solid line) and from amplitude (dashed line). 

To solve (O) or (10), the initial condition a* --a(•9*) 
is necessary, which may be taken from the phase in- 
version. Once a(•9)is calculated, then ce(a)is recon- 
structed by using (8). 

In Figures 2 and 3 we compare "dry" temper- 
ature profiles, reconstructed separately from the 
GPS/MET phase and amplitude radio occultation 
data (dry means that the equation of state of dry 
air was used to reconstruct temperature from the 
retrieved reftactivity). Raw excess L1 Doppler and 
raw amplitude which is proportional to the signal- 
to-noise ratio (SNR) are shown in the left graphs as 
functions of altitude of the ray perigee. For inver- 
sions the phase data were subjected to Fourier fil- 
tering with a spectral bandwidth of -2 Hz (which 
corresponds to -1 km vertical resolution around the 
tropopause). The amplitude data were not subjected 
to any filtering. The amplitude inversions started 
at 30 km, utilizing the impact parameter that was 
obtained after the inversions of phase as the initial 
condition. The ionospheric effect in the amplitude 
inversions was eliminated coarsely, as a constant in 
bending angle, which was solved for by utilizing iono- 
spheric free bending angle at 30 km obtained af- 

ter the phase inversions. For amplitude inversions, 
K --I A/Ao 12; that is, calibration of amplitude A 
by its value in vacuum A0 was necessary. The first 
guess of A0 was taken as the mean value of amplitude 
between 60 and 80 km. To minimize the impact of 
all nonrefraction effects on amplitude, this first guess 
was then adjusted to minimize the mean difference 
between phase and amplitude inversions around the 
tropopause. 

As seen from Figures 2 and 3, the mean difference 
between the phase and amplitude inversions some- 
times is still rather large. This may be attributed to 
the remaining errors of amplitude calibration (i.e., 
insu•cient accounting for nonrefractional effects on 
amplitude) since calibration of phase is very precise 
for GPS observations. However, correlation of the 
reconstructed temperature inhomogeneities with ver- 
tical scales of -1 km to several kilometers is fairly 
good at altitudes above the lower troposphere. This 
indicates that the filtering of phase was optimal in a 
certain sense; that is, broadening of the filter band- 
width would result mostly in propagation of noise 
into the phase inversion, while its narrowing would 
result in degrading the resolution. It also indicates 
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Figure 3. GPS/MET occultetlon, October 25, 1995, 0205 UTC, 3øN - 92øE. (left) Observational Doppler 
(solid line) and amplitude (SNR) (dashed line). (right) Reconstructed temperature from phase (solid line) 
and from amplitude (dashed line). 

that the multipath propagation does not occur at 
large scales at altitudes above the moist lower tro- 
posphere. However, small sharp features, which are 
visible on the phase-retrieved temperature profiles at 
•014 km in Figure 2 and at -•15 km and -•17.5 km 
in Figure 3, are not reproduced on the amplitude- 
retrieved profiles. These features are caused appar- 
ently by small-scale multipath. The multipath prop- 
agation results in ambiguities of the bending angle 
as a function of impact parameter, which is recon- 
structed from phase under the assumption of single- 
path propagation. These ambiguities are routinely 
eliminated by some ad hoc technique before the Abel 
inversion. In the moist lower troposphere, normally 
there is a lot of multipath propagation. At these al- 
titudes the diffractional back propagation technique 
(referenced in section 1) should be applied prior to re- 
construction of the bending angles from phase. The 
mean temperature profile in the lower troposphere 
obtained from the amplitude inversions is, on aver- 
age, negatively biased with respect to the phase in- 
versions. Part of this bias may be attributed to the 
additional amplitude attenuation due to absorption 
and scattering of radio waves. Another part may be 

caused by corrupted data in the lower troposphere, 
due to receiver processing of a signal with compli- 
cated structure, whose power is often below the re- 
ceiver tracking threshold (see discussion of the prob- 
lem of the GPS/MET refractivity bias by Rocken et 

[9971). 

2.2. Thin Phase Screen Model 

At those altitudes of ray perigees where bending in 
the neutral atmosphere overshadows bending in the 
ionosphere (normally below •30 km), magnitudes 
of the correlative small-scale variations of bending 
angle, calculated from phase or from amplitude un- 
der the assumption of spherical symmetry, normally 
agree. At higher altitudes, sometimes significant dis- 
agreement is observed. Sometimes the shapes of 
bending angle variations obtained from phase and 
from amplitude are similar, but their magnitudes are 
very different. This means that the inhomogeneities 
of refractivity that cause such phase and amplitude 
effects are not located around the perigee point of 
rays. To assess the localization of the refractivity in- 
homogeneities, we will use a thin phase screen model 
to calculate bending angles. 
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Figure 4. A layout of parallel rays propagating through 
a thin phase screen A. 1 is a distance from the phase 
screen to a receiver B. 

A layout of parallel rays propagating normally 
through a thin phase screen is shown in Figure 4. 
Thus we assume that the transmitter (GPS) is in- 
finitely far away. This simplifies the problem but 
still provides sufficient accuracy for localization of 
the ionospheric irregularities for GPS - LEO obser- 
vations. The change of the slope of a wave front 
(or ray direction) after the phase screen is charac- 
terized by the bending angle •, which is related to 
the excess phase path on the screen, S0, through 
sin • = -dSo/dzo. Due to the dependency of • on z0, 
a gap Az0 between two rays on the screen is mapped 
into the gap AZl at a distance l from the screen. 
The coefficient of refractional change of energy flux 
(square of amplitude A) K is equal to 

K I 
A 

2 
Az0 

As it follows from the ray geometry shown in Figure 
4, 

Z1 = Z0 -- l tan c• m z0 - lc•. (12) 

By differentiating (12) with respect to z0 and by sub- 
stituting the result into (11), we obtain the following 
equation for K: 

1 1 

X - • (t/•os • •)(•/•0) • ' - I -l(do•/dzo) 

which is similar to (7). To solve the inverse prob- 
lem given K as a function of Zl and l, we at first 
reconstruct z0(zl) by integrating (11) 

•'l t t t - + xinu, (14) 

where the initial condition z• - zo(z•) may be taken, 

as before, from the phase inversion. Then, once 
z0(zl) is reconstructed, •(z0) is calculated directly 
from (12) 

{-- } ZO Zl (ZO) (15) - 
c•(z0) -- arctan I[ZI(ZO)] I[ZI(ZO)] ' 
On the other side, bending angle is related to the 

excess phase path (i.e., the difference of the true 
phase path and the phase path when S0 -0) on the 
observational trajectory $1(Zl, l) through the follow- 
ing equation: 

dS1 
= -sin + - (16) 

dz• 

When • • I (which is the case) the second term on 
the right-hand side is on the order of • •; thus on 
the order of • •, (16) results in the same equation 
as for the case when the observational trajectory is 
a straight line parallel to the phase screen 

(Sl) - - rsin - 
Then, once •(Zl) is calculated, •(z0) can be recon- 
structed by using the relation between Zl and z0 prm 
vided by (12). By varying the y position of the ph•e 
screen it is possible to minimize the difference in mag- 
nitudes of the bending angle variations obtained from 
the phase and amplitude inversions, and that posi- 
tion of the phase screen will coarsely indicate the re- 
gion of the irregularities of electron density causing 
those variations of bending angles. 

Figures 5 and 6 show two occultations exposing 
large variations of bending angles for ray perigee al- 
titudes between 40 and 80 km. Those variations 

are caused by irregularities of electron density in 
the ionosphere, as it follows from the specific ratio 
of the magnitudes of ph•e variations at L1 and L2 
GPS frequencies. Different graphs in Figures 5 and 6 
show bending angles (as functions of the ray altitude 
on the phase screen) reconstructed from the excess 
phase (solid lines) and from the mp•tude (d•hed 
lines) for different positions of the phase screen with 
respect to the limb. The distance between the ph•e 
screen and the ray perigees is indicated at the top 
of each graph. As seen, for certain positions of the 
phase screen the magnitudes of certain correlative 
variations of bending angles are very close (put in 
boxes). This means that the corresponding irregu- 
larities of electron density were coarsely located at 
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Figure 5. GPS/MET occultation, October 21, 1995, 0800 UTC, 51øN - 67øW. Bending angles recon- 
structed from phase (solid line) and from amplitude (dashed line) for different positions of the phase 
screen with respect to ray perigees (indicated at the top of each graph). h is the estimated altitude of 
irregularities of electron density. 
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Figure 6. GPS/MET occultation, October 21, 1995, 2154 UTC, 25øS - 162øW. Bending angles recon- 
structed from phase (solid line) and from amplitude (dashed line) for different positions of the phase 
screen with respect to ray perigees (indicated at the top of each graph). h is the estimated altitude of 
irregularities of electron density. 
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those indicated positions of the phase screen. Coarse 
altitudes of irregularities (rounded to 50 km) are in- 
dicated under the boxes. Naturally, the accuracy 
of the localization of irregularities between the ray 
perigee and receiver is better than for those between 
the ray perigee and GPS, because in the first case 
a given shift of the position of the phase screen re- 
sults in a larger fractional change of 1 and thus in 
a larger change of the bending angle reconstructed 
from amplitude. 

3. Conclusions 

Inversions of radio occultation amplitude data 
yield to phase inversions in accuracy, when precise 
phase calibration (like for GPS signals) is possible. 
However, for transmitters with less frequency stabil- 
ity, or for less precise orbit determination, the am- 
plitude inversions could provide useful information 
about the vertical structure of refractivity in the at- 
mosphere (mainly about the small-scale variations). 
For instance, amplitude inversions may be used to 
reconstruct the shape and height of the tropopause, 
which is important for tropical meteorology. To per- 
form amplitude inversions, precise calibration of am- 
plitude (i.e., removal of nonrefraction effects) is nec- 
essary. The factors affecting amplitude, except re- 
fraction, that need to be known, are stability of 
transmitter power, stability of receiver gain (includ- 
ing antenna attitude), and local multipath. Another 
factor is atmospheric absorption, which depends on 
the frequency of radio waves and on the concentra- 
tion of the absorbing constituents. At GPS frequen- 
cies the main absorber is molecular oxygen, whose 
concentration is proportional to the density of dry 
air, or, actually, to refractivity at those altitudes 
where it is not affected by the water vapor. Thus, in 
principle, the correction for oxygen absorption may 
be internally included in the inversions. However, 
reconstruction of the small-scale structures of refrac- 

tivity is affected less by absorption the smaller their 
vertical scales are, because the absorption effect on 
amplitude is proportional to density, while the refrac- 
tional effect is proportional to the second derivative 
of density. 

Amplitude inversions may be used simultaneously 
with the phase inversions to independently recon- 
struct the small-scale structure of refractivity pro- 
files. Comparisons of the results of phase and am- 
plitude inversions allow the optimization of the ill- 

ter bandwidth for phase inversions, the detection of 
the multipath propagation, and the localization of 
irregularities of electron density in the ionosphere. 
Similar problems may be solved by diffractional 
back propagation technique [ Gorbunov and Gurvich, 
1998; Mortensen and Hoeg, 1998]. Comparison of 
both techniques should be addressed in the future. 

Since precise calibration of amplitude includes a 
number of factors (listed above) it is hard to con- 
clude in advance about the results of running the am- 
plitude inversions in automated mode. However, am- 
plitude may be included in the automated processing 
concurrently with phase (when, actually, smoothed 
phase inversion is implicitly used for calibration of 
amplitude). Then it may allow more robust recon- 
struction of the structure of the tropopause. 
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