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RECOVERY OF REFRACTIVITY PROFILES AND PRESSURE AND 

TEMPERATURE DISTRIBUTIONS IN THE LOWER ATMOSPHERE 

FROM SATELLITE-TO-SATELLITE RADIO OCCULTATION DATA 

Charles W. Murray, Jr. 

ABSTRACT 

The advent of satellite-to-satellite tracking has provided a means for recovering 

atmospheric refractivity profiles and for retrieving certain atmospheric param

eters such as pressure and temperature from radio occultation data. Profiles 

calculated in this manner might be used to monitor world-wide weather patterns. 

The purpose of the present investigation is to demonstrate the feasibility of re

covering these parameters from one-way range rate between two earth orbiting 

spacecraft during occultation of the tracking signal by the earth's lower atmos

phere. One of the spacecraft, the ATS-6 (Applications Technology Satellite), is 

in a geostationary orbit in the equatorial plane. The other, NIIVIBUS-6, is in a 

near-circular almost polar orbit of about 1100 kilometers. 

The tracking data is inverted by an integral transformation (Abel transform) 

to obtain a vertical refractivity profile above the point of closest approach of 

the ray connecting the satellites. The only restriction concerning the refractivity 

function is that it is 	spherically symmetric. 

After accounting for 	ionospheric effects and water vapor in the lower atmosphere, 

either by independent 	measurement or regression techniques, pressure and 
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temperature distributions can be obtained from values. of dry refractivity using 

the hydrostatic equation and perfect gas law. 

Two methods are investigated for recovering pressure and temperature param

eters. In the first method refractivity (which is proportional to density in a dry 

atmosphere) is numerically integrated to obtain pressure. Temperature is then 

calculated from pressure and dry refractivity. In the second method the param

eters of a linear temperature profile with height (base temperature and lapse 

rate) over a given height region are solved for in the least squares sense using 

values of dry refractivity. Weighted apriori information (such as a standard 

atmospheric temperature profile or previous radiosonde or satellite radiometer 

measurements) can also be included. Pressure is then obtained from the tem

perature profile and dry refractivity at the base of the atmospheric layer. 

An error analysis is performed ii order to assess the sensitivity of random and 

bias type errors in measured range rate, satellite position and velocity, and 

height upon recovered parameters. Results show that recovery is much more 

sensitive to satellite velocity errors than to satellite position errors, in par

ticular the position errors of the geostationary satellite ATS-6 where an error 

of 10 kilometers in each position component effects an error of about 0.2% in 

recovered refractivity. An error in the height of the geoid of 5 meters effects 

an error in recovered refractivity on the order of 0. 10%. 
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An example is given demonstrating recovery of parameters from radio. occulta

tion data obtained during satellite-to-satellite tracking of NIMBUS-6 by the 

ATS-6 satellite. Pressure recovery by integration of dry refractivity agreed 

more closely with radiosonde data with a maximum deviation of about 3.5%. The 

least squares procedure for estimating temperature, with and without apriori in

formation, yielded a temperature profile closer to radiosonde data with a maxi

mum deviation of about 1.5%. 
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RECOVERY OF REFRACTIVITY PROFILES AND PRESSURE AND
 

TEMPERATURE DISTRIBUTIONS IN THE LOWER ATMOSPHERE
 

FROM SATELLITE-TO-SATELLITE OCCULTATION DATA
 

1.0 INTRODUCTION 

The advent of satellite-to-satellite tracking [1] has provided a means for re

covering atmospheric refractivity profiles and retrieving certain atmospheric 

parameters such as temperature and pressure from radio occultation data. 

Radio occultation of a tracking signal between two satellites occurs whenever 

the signal passes through the atmosphere (Fig. 1). When this occurs, the ray 

is bent. In the lower atmosphere the bending is opposite to that in the iono

sphere. * In addition, the signal is delayed as it travels through the atmos

phere, but advanced as it travels through the ionosphere. The first effect is 

due to the variation in the index of refraction across the signal path which re

sults from changes in atmospheric temperature, pressure, and relative humid

ity. The second effect is due to the fact that the index of refraction is greater 

than unity in the lower atmosphere, butless than unity in the ionosphere (phase 

index of refraction). At 2 MHz which is the frequency of the carrier signal for 

satellite-to-satellite tracking in this analysis, the ionosphere has less of an 

effect than the lower atmosphere, especially for rays that pass close to the 

earth. Therefore, both the bending and delay along the path combine to cause 

'For this analysis the lower atmosphere is less than 100 kilometers. 
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the apparent range between the two satellites to be larger than the line of sight 

range and the range rate along the ray path to be larger than the range rate along 

the line of sight. 

The mathematics of profile inversion are well-documented [2] and planetary 

atmospheres have been studied using microwave radio occultation techniques for 

Mars ( [3] , [4], 151) and Venus ([6], [7], [8]). Morrison, Ungar, and 

Lusignan [9] have proposed a system of satellites (one master satellite and a 

number of slave satellites) for the purpose of measuring pressure levels in the 

atmosphere. The satellites .are placed in a common circular orbit such that the 

propagation path between the master and each of the slave satellites probe dif

ferent levels in the atmosphere. Kliore [10] analyzed the feasibility of such a 

system and showed how changes in the observable quantity (phase path change) 

are related to changes in such meteorological parameters as density, tempera

ture, pressure, and humidity. 

The basic problem in this analysis is the following. Given the effect of the 

atmosphere upon one-way range rate (or equivalently doppler) between two 

earth-orbiting satellites (one in geostationary orbit at approximately 26, 000 

kilometers, the other in a low orbit of about 1100 kilometers), what is the re

fractivity profile which produced this effect? And, can temperature and pres

sure distributions be retrieved from the refractivity profile? 
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The answer to the first question is straightforward. With a knowledge of the 

position and velocity oftboth satellites during radio occultation, * the measured 

range rate can be used in an integral transformation (Abel transform) to obtain 

di-r6tly a vertical rfractivity profile of the lower atmosphere ab-ove the point 

where the ray path comes closest to the earth [111. The refractivity N is as

sumed to be spherically symmetric and is related to the index of refraction by 

N = N(r) = [n(r) - 1] 10-6 (1) 

where n(r); is the index of refraction for the lower atmosphere at the geocentric 

radius r. 

Refractivity, however, is a function of temperature, pressure, and relative 

humidity, and is given by ( [12], pg. 7) 

77.6 P 
N = + (3.719) 105 (2) 

T (T) 

where P is pressure in millibars, T is temperature in degrees Kelvin, and e is 

the partial pressure of the water vapor in the air (in millibars) given by ( [13], 

pgs. 343, 353) 

Rh 7.5 (T - 273.15) 
e - (6.11) 10237.3 + (T - 273.15) (3)

100 

where Rh is relative humidity in percent. 

*The position and velocity of each satellite during occultation are determined from tracking data taken 
during nonocculted time periods using an orbit determination program. The state vectors of the satel
lites at a given epoch (time point close to occultation) are solved for in the program, then propagated 
through occultation to provide position and velocity of the satellites at the data times, 
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From (2) it can be seen that recovering temperature and pressure from re

fractivity is not as straightforward as recovering refractivity from range rate 

data. Account must be taken of ionospheric effects and water vapor which con

tributes to the wet component of refractivity, the second term on the right-hand 

side of (2). If these effects can be properly accounted for, either by independent 

measurement or regression techniques, * all that will remain will be the dry 

component of refractivity, the first term on the right-hand side of (2). This 

quantity is proportional to density in a dry atmosphere. 

In this analysis two methods for obtaining temperature and pressure distributions 

from dry refractivity are investigated. In both cases the equation of hydrostatic 

equilibrium and perfect gas law are assumed to hold. In the first method dry re

fractivity is numerically integrated to obtain the pressure. Temperature is then 

obtained from pressure and dry refractivity using the first term on the right

hand side of (2). In the second method the parameters of a linear temperature 

profile with height in a given atmospheric layer (base temperature and lapse 

rate in that region) are obtained from values of dry refractivity using nonlinear 

least squares. Apriori information (such as a standard atmospheric temperature 

profile or previous radiosonde or satellite radiometer data) can also be included. 

*By selecting data above a certain height (for example 5 to 7 kilometers), the water vapor effects in the 
lower atmosphere can be neglected. At 2MHz and for rays passing close to the earth, the change in the 
contribution of the ionosphere to the total path length (as well as the rate of change of path length) of 
the signal should be rather small. For these reasons a simple model for ionospheric density in the 
upper atmosphere should suffice. For rays passing higher up in the atmosphere a dual frequency sys
tem can be used to remove ionospheric effects. 
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Pressure is then obtained from the recovered temperature profile and the dry 

refractivity at the base of the layer. 

The advantage of obtaining pressure by numerically integrating dry refractivity 

is that no assumption is made concerning the temperature structure. In a dry 

atmosphere refractivity is a direct measurement of density. In order to re

cover the pressure accurately, however, a sufficient number of points over a 

wide range of heights must be available for the numerical integration. If there 

is sufficient reason to believe that temperature is linear with height in a given 

region, then not as many points would be required to obtain the least squares 

solution for the temperature profile. 

There is a similarity in the mathematical techniques of recovering temperature 

from dry refractivity and recovering temperature from radiation measurements, 

as well as in the structuring of temperature as a piecewise linear function with 

height. Smith [141, [15] models the lower atmospheric temperature with two 

lapse rates. In regard to the subject of temperature retrieval, Rodgers [16] 

has written an excellent comprehensive survey paper. 

An advantage afforded by the geometrical configuration of the satellite orbits 

in this analysis (one in geostationary orbit and the other in a noncoplanar orbit) 

is that different pressure levels in the lower atmosphere can be probed with just 

one satellite pair. In addition, for a fixed inclination of the nongeostationary 

satellite orbit, occultations will occur at about the same latitude in both the 
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northern and southern hemispheres, but at varying longitudes. A system of 

satellites in various inclined orbits could provide latitude coverage for monitor

ing world-wide weather patterns. 

2.0 ATS-6/NIMBUS-6 GEOMETRY 

The geometry of ATS-6 and NlIBUS-6 can be seen in Figure 2 where ATS is in 

a near-circular geostationary orbit in the equatorial plane and NTMBUS-6 is in 

a near-circular orbit close to polar (approximate height of 1100 kilometers). 

z (NORTH) 

NIMBUS-6 ORBIT 
(NEAR-CIRCULAR, 
ALMOST POLAR) 
(RN - 7478 km) 

NMBUS-6 R (CURVED SIGNAL PATH) 
Rg = IRARR -RNI 

V
 
RA
 

NEAR-CIRCULAR ATS-6 
EQUATORIAL ORBIT 
OF ATS-6 
(RA 42173 km) x 

ORIGINAL PAGE IS 
OF POOR QUJALITY 

Figure 2. ATS-6/NIMBUS-6 Geometry 
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3.0 TRACKING MEASUREMENTS 

For the ATS-6/NIMBUS-6 Tracking, Experiment [1]. the signal travels a 4-way 

path as shown in Figure 3 (from [1]). The range measurement consists of the 

.time.in .secondsjbetwe en -a zero -crossingof the.ground transmitted signal _(B GHz 

carrier phase modulated by a 100Kflz sidetone) and a zero crossing of the ground 

received signal (4 GHz carrier having two subcarriers each phase modulated by 

the 100KHz sidetone) after the signal has travelled from ground to ATS, to 

NIMBUS, back to ATS, and then to ground [1]. The range rate measurement 

consists of the time in seconds required to count a fixed number of cycles of the 

4-way Doppler frequency plus a. fixed offset frequency. 

For inversion purposes the measurement consists of the one-way range rate be

tween ATS-6 and NIMBUS-6 which is obtainable from the 4-way Doppler data.* 

4.0 ATMOSPHERIC EFFECT 

The atmospheric effect upon range is the difference between the electrical range 

along the ray path and the geometric straight line distance between the two sat

ellites (absence of an atmosphere). The atmospheric effect upon range rate is 

*The 4-way Doppler output for ATS-6 Satellite-to-Satellite tracking can be approximated by [17] 
f"--2ftk
 

c--- +[a1T1 + a 2 (r1 Tr2 )] 

where fd = measured average Doppler frequency 
ft = uplink frequency (6137.85MHz) 
c = speed of light 
k, a1 , a2 are scalar constants determined by equipment frequency multiplication 
(k - .336, a1 =0.76, a2 = 1,0) 
r, = average one-way range rate ATS to ground site 
r2 = average one-way range-rate ATS to Nimbus. 
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Figure 3. Tracking Measurements (from [1]) 

the derivative of this difference, Referring to Figure 4, the electrical dis

tance, Re, along the path NDCBA is given byA 
Re n(r) ds 	 (4) 

where n(r) is the index of refraction for the lower atmosphere and ds is an 

incremental length along the ray path. 

The atmospheric effect upon range and range rate is therefore 

AR = Re - Rg (5) 

A ke -Rg (6) 

EARTH CENTER 

Figure 4. Ray Path Geometry 
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An example of the atmospheric effect upon range rate for an actual ATS-6/ 

NIMBUS-6 occultation pass on 15 April 1976 can be seen in Figure 5. 

5.0 HERGLOTZ-WIECHERT INVERSION TECHNIQUE 

This technique was originally used to determine velocity-depth profiles in the 

earth from the travel times of seismic waves between known positions of a 

source and a receiver located on the earth's surface. It has been adapted for 

the radio occultation problem by Phinney and Anderson [11] (see Appendix). As 

used here the technique provides a direct means for transforming satellite-to

satellite tracking data obtained during occultation into a profile of refractive 

index versus radius. 

The data used in the radio occultation problem is one-way range rate between 

the two satellites (obtainable from the 4-way Doppler data described in Section 

3.0). The method requires as input two different range rate residuals. One 

residual is used to determine the angle between the ray path and the radius 

vector of each satellite which is necessary to determine the impact parameter 

(Section 6.0). The other residual is used in the integral inversion formula to 

determine the refractive index at the minimum probing distance. 

The main advantage of the Herglotz-Wiechert method compared to, say, a 

model fitting approach, is that the only assumption made concerning the analytical 

form of the refractivity is that it is spherically symmetric. Thus, no modelling 

errors are introduced. 
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Referring to Figure 4 and following Phinney and Anderson, let r o be the radius 

which defines the outer limit of the lower atmosphere (for r > r o the index of 

refraction is unity). A ray parameter, p, called the impact parameter of the ray, 

is -defined as 

p = n(r)r sini (7) 

where n(r) is the index of refraction at the radius r and i is the angle of incidence 

between the tangent to the ray path and the radius vector. 

By Snell's law p is a constant along a ray, and in the absence of an atmosphere, 

is the radius of closest approach of the -ray. With an atmosphere present p is 

perpendicular to the ray asymptote. We can also write 

p = r o sini. = nprP (8) 

where the subscript p refers to the turning point of the ray. 

Define a new variable aj 

P 
7? = n(r) r - (9)sin i 

which equals r. when r = r o and p when r = rp. The electrical range along the 

ray path between points B and D (which is proportional to the total phase shift at 

the carrier frequency) can then be expressed as a funtion of p 

D o /°2 /dr\ d1 
R(p) =2] nds = 2 y (721 - p2)-'2 rd) (10) 

where ds is an increment along the ray path. 
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But, the range along the ray path between B and D can be written as the sum of 

the range in the absence of an atmosphere, Ru, plus the range residual due to 

an atmosphere, Ra . 

R = Ru + Ra (11) 

where Ru = 2pcoti o . 

Using (7) through (11) and the Abel transform (see Appendix), the refractive 

index np at the minimum probing radius rp is given by 

npL exp -- cosh d-) dpi (12)7r 
-I p \7dp/ 

Using (4) and the fact that the ray paths from B and D to the satellites are 

straight lines (ionospheric bending is negligible), Ra can be written asA 
Ra f n(r) ds R/ -p 2 2 

(13) 

R- R-2A p2 - Vf2 _p2 

Differentiating (13) with respect to p gives the residual dRa/dp in terms of the 

measured one-way range rate Be between the satellites 

d Re (d-+ p+ R (14) 
dp _pp2 %/R_ p 
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The integration in(12) is carried. out numerically. using Gaussian quadrature.
 

In order to use.(14)-in the ,integrandof (12), .it is-necessary.to determine pas a
 

function of t. For this purpose a least squares polynomial is fit to t,versus p
 

and dt/dp obtained from the polynomial.
 

Refractivity is obtained using 71p in equation (1).
 

6.0 DETERMINATION OF IMPACT PARAMETER 

The impact parameter p can be obtained iteratively using as input the ephemeris 

of both satellites and a range rate residual [18]. 

In Figure 4, which is-in the plane.containing both satellites and the center of the 

earth, the angle 41 is given by 

Cos (15)
IVNI 

where VN is the low satellite velocity yector tN projected onto the plane of both 

satellites and the earth center, and VNR is the projection of VN along the ray 

path. 

The measured range rate Be can be expressed as 

=Re VNR + VAR (16) 

where VAR is the projection of the high altitude satellite velocity vector along 

the ray path (the dot product of the velocity vector with a unit vector along the 

ray path at the satellite and directed away from the low satellite) and VNR is 

similarly defined for the low satellite. 
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Combining (15) aid (16) we have 

cost' Lke -AR](7 

The quantity (B8 - VAR) in (17) is a range rate residual. 

The angle ON is given by 

N = aN + WE + (18) 

where OE is the angle between VN and the line of sight and aN is the angle 

between the radius vector of the low satellite EN and the line of sight. Both 

these angles are determined from the ephemeris of the satellites. 

The impact parameter is given by 

p =-RN sinIN (19) 

The iteration proceeds as follows. The projection of the high satellite velocity 

vector along the line of sight is input as a first guess for VAR in (17) and the 

angle tP calculated using the measured range rate and IVNI (IVNI can be 

determined from the position and velocity of the satellites). Next fiN is obtained 

from (18) and used in (19) to determine a value for p. Using this value for p and 

RA (radius vector of the high satellite) and the ephemeris, a new value for VAR 

is obtained which is then input to (17). The process is continued until conver

gence is reached. 
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From the above it is seen that two range rate residuals are rbquired as input in

the Herglotz-Wiechert inversion technique. The residual (Re - VAR) is used in 

(17) to obtain the impact parameter p iteratively, while the other residual dRa / 

dp, given by (14), is used in the integral transformation of (12) to obtain the 

index of refraction nP at the minimum probing radius rp. 

7.0 IONOSPHERIC EFFECTS 

At S-band frequencies (2 GHz carrier tracking signal between ATS and NIMBUS) 

and particularly for rays passing close to the earth;-.the effects of the ionosphere 

upon range and-range. rate are small compared to the effects of the loWer atmos

phere [19]. The way in which the ionosphere enteis info the occultation cal -.:. 

culations is in the computation of the path length of the signal through that region 

(100 kilometers to 1000 kilometers). For rays close to the earth's surface, the 

change in the contribution of the ionosphere to the total path length is small. 

Its effect upon range rate, therefore, should be negligible. Figure 6 shows the 

effects of the lower atmosphere and ionosphere upon range, range rate, 

and bending angle for an assumed exponential model for lower atmospheric re

fractivity and a Chapman model for the electron density in the ionosphere with 

parameters corresponding to a total electron content of 1017 electrons/meter 2 . 

The dxponential refractivity is given by 

NT = No'exp(-h/HT) = (nT - 1)ib6 (20) 

ORIGINAL PAGE: IS 
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withN o = 330.3 

HT = 6. 6 kilometers (scale height). 

nT = index of refraction,
 

h =,height in kilometers
 

The Chapman model used in the dnalysis is given by 

Ne = Nmz exp[ 1 -z-e (21) 

with Na x = (0. 3098) 1012 electrons/meteS3 

Z = (h - m)/Hi 

hm = 300.73 kilometers (hieight of maximum electron content)
 

.I = 78.11 kilomete's (scale height)
 

ii = heigh-t in kilometers 

Since the basic mneasuremenft involved in satellite-to-satellite tracking is the 

dbppler shift of the tracking signal,', the phase index of refraction is used for ray 

tracig through tile ionosphere, and the refractivity is given by [20] 

L 40.3 Ne(h) 16 

N1 = -- :'] 1 

(22) 
(n, 1) 1 I-6
 

with n1 = phase indexof refraction

f =2GHz 
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Since the ionosphere is a dispersive medium, a distinction must be made between 

group and phase velocities and group and phase indices of refraction. The lower 

atmosphere, however, is non-dispersive. Therefore phase and group velocities 

are the same and phase and group indices of refraction are the same. 

The curves in Figure 6 were obtained by ray tracing through the atmosphere to 

both satellites using (20) and (22) and the geometry of Figure 4. The range error, 

equation (5), was obtained using 
ro n dr 	 (3 

Re= R + R2 + 2 	 (23) 

< 40 
0 
c-
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o 30 
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Oj
-LLI
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oIJ 	 I I I I, 
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Figure 7. Ionospheric Range Rate Error for an Actual Ephemeris 
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where R and iB2 are linear segments, and the integral on the right side of (23). 

is obtained from (1) and Snell' s law for a spherically stratified medium,. 

nrcos 0 = nPrp (24) 

where 0 is the local elevation angle of the ray at the radius r, and n is obtained 

from (20) when ray tracing through the lower atmosphere and (22) when ray 

tracing through the ionosphere. 

For the lower atmosphere r. is 100 kilometers and for the ionosphere r. is 

1000 kilometers (the height of NIMBUS in this analysis). Therefore, for ray 

tracing with the ionospheric model, R, is zero. 

The bending angle r is given by [21] 
fn2 dn 

1,2 - cotO dn (25) 
ni 

or using (1) and (24) 

.T, = -2 n lO -10-6 fro (dN/dr) dr"-2 =prp n2r- /1 _(nprp/nr)2 (26) 
P 

where n and N are obtained from either (20) or (22) 

The AA curves in Figure 6 were obtained from the relation 

dAR dr d( 
dr dit dt 

where the rates dAR/dr and dr/d¢ were calculated in a ray trace computer 

program and the angle ' is the totar central angle subtended (Fig. 4). ' The rate 
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de/dt was taken to be 0. 001 radians/second which is the angular velocity of the 

NIMBUS satelliteat an altitude of 1000 kilometers. This value represents an 

Upper bound for the rate of change of the central angle (in the plane of both 

satellites and the center of the earth) given the geometric configuration of the 

ATS and NIMBUS orbits. The central angle will vary with time and be less than 

this value. 

It can be seen from Figure 6 that the effects of the ionosphere are negligible in 

comparison with the effects of the lower atmosphere. Lower atmospheric bending 

at the surface is on the order of 1. 5 degrees compared with ionospheric bending 

of about 0.5 millidegrees. It is mainly the bending angle r which contributes 

to the large lower atmospheric range error of approximately 1. 7 kilometers. 

Compare this with an ionospheric range error at the surface of about -6 meters. 

The primary effect of interest in this analysis is the range rate error which is 

on the order of 100 meters/second for the lower atmosphere, but only a few 

centimeters/second for the ionosphere. This latter follows from the fact that 

the ionospheric range error is nearly constant over the range of interest. These 

ionospheric effects are for an electron content of 1017 electrons/meter 2 . Since 

this quantity typically varies between 1016 and 1018 electrons/meter 2 , the range 

rate effect should vary between about 0. 3 centimeters/second and 30 centimeters/ 

second.
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In order to further investigate -the effect of the ionosphere upon-range rate, an 

actual ephemeris of the ATS-6 and NIMBUS-6- satellites was .used (15.April 1976) 

along with the same ionospheric density model and lower atmospheric exponential 

refractivity model. Nmax , however, was.taken to be 0; 42485 "101-2 electrons/ 

meter3 (corresponding to a total electron content-of about 1.4 • 1017 electrons/ 

meter 2 ). Rays linking the two satellites were traced with and without the ionos

pheric model included, and the range rate along the ray path obtained by dotting 

the respective velocity vectors onto unit vectors along the ray path at each 

satellite and summing the result. The difference between the range rates as a 

function of the height of closest point of approach of the ray was then obtained. 

The results can be seen in Figure 7. The maximum effect is on the order of 

about 6 centimeters/second. 

It can be concluded from the above that ionospheric effects upon range rate are 

negligible for the frequencies involved here and for rays which pass close to the 

earth. 

At higher altitudes a simple model for ionospheric density, such as the Chapman 

model indicated in (22) should suffice for removing these effects or they could be 

removed by employing a dual-frequency system. 

If the purpose of our investigation were to recover ionospheric densities, then we 

would only be interested in rays passing through the ionosphere and not the lower 

atmosphere. In this case the situation would be reversed and ionospheric effects 

would be much greater than lower atmospheric effects [19]. 
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8.0 RECOVERY OF PRESSURE AND TEMPERATURE FROM REFRACTIVITY 

In this section it is assumed that the effects of the ionosphere and water vapor in 

the atmosphere have been removed from the recovered refractivity (either by re

gression techniques using some assumed model or by independent measurement). 

Thus, all that remains is the dry refractivity Nd, a quantity directly proportional 

to density. From (2) 
77.6 P 

Nd = (28)
T 

where P is pressure in millibars and T is temperature in degrees Kelvin. 

Two methods are described for calculating temperature and pressure parameters 

from dry refractivity. In both methods it is assumed that hydrostatic equilibrium 

and the perfect gas, law hold. In the first method the dry refractivity is numer

ically integrated to obtain pressure directly [22]. Temperature is then deter

mined from Nd and P using (28). The second method involves solving for a base 

temperature To and temperature lapse rate (3in a given atmospheric layer using 

values of dry refractivity in a least squares sense (weighted apriori information 

can be included). Pressure can then be calculated from the dry refractivity at 

the base of the atmospheric layer and the temperature profile. In this method 

it is assumed that temperature is a linear function of height. 

Pressure by Integration of Dry Refractivity 
O1 lGIh[L pAGE IS 

The hydrostatic equation is [23] OF POOR QUALITY 

dP = - pg(h)dh (29) 

where p is the density of dry air and g(h), the acceleration of gravity, is a 
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function-of the georietric -hei ht h* ( [241, pg. 217). 

The perfect gas law is 

MP . ,:(30)-,
...RTv
 

where M = the apparent molecular weight of dry air= 28,. 966 ([2 4 ],.,p. 289) 

-R = universal gas constant = 8.31436 joules (0Kmole) ([24], p. ,289)" 

* = pressure in millibars 

Tv =virtual temperature in °Kelvin 

and [23] 
(31)T V =+ 


1 0.379 (p#) 

where t-is temperature in degrees'Kelvin, and e is the j'artial pressure of the, 

wafr-Vapor -in the air '(In millibars) given by 

Rh 7.5 (T - 273.15) 

e = - (6.11)10237.3 + (T - 273.15) 1(32) 
-100 

and'Rh, is the relatIye-humidity in percent. 

*The expression for g(h) is
 
r 2
 

g(h) -
go

(meters/second 2)

(r0 + h)2 -


where the local acceleration of gravity go ([24], p. 488) and the effective earth's radius r. ([24],
 
p. 218) are functions of latitude 0 L' 

go 	 = 9.780356 [1 + 0.0052885 sin2 L -, (5.9)10-6 sin2 (20)] 

2g. 
[0 =
 

-
 -.(3.0 8 5462)tx 10 6 + (2:27) x 10 9 cOS (20L) - 2 x 10-12 C6s(40L)] 
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It is sufficient to consider g(h) constant 

g(h) - G = 9.8 meters/second 2 (33) 

Substituting (30) into (29), and using (28) and (31) gives 

G (34)(T)dP ( Nd dh 

Since we are assuming no water vapor, e = 0 and (T/Tv) 1, and (34) becomes 

dP - -0.44Nd dh (35) 

Integrating (35) gives 

P = dP = 0.44j Nddh (36) 

'Ph 

Temperature T can now be obtained using (28) since Nd and P are known. 

Base Temperature and Lapse Rate from Dry Refractivity 

Equation (34) can be rewritten (again letting (T/Tv) = 1)
 

dP M(
 
-- G) dh (37) 

Letting the temperature be linear with height, pressure can be obtained in closed 

form by integrating (37). 

MG 

(38)P Pb q 
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where Tb and Pb are the temperature and, pressure respectively-attlie base 

h -thb of an atmospheric layer extending to some height hT and / is the tem

perature lapse rate in that region. T is therefore given by 

T-Tb + (h-h-bf6F (hb 'h < r) (39) 

Using (38) in (28) an expression for dry refractivity results. 

Nd =N b - (40) 

where Nb is the dry refractivity at the base h hb . 

If temperature is constmit.with height between hb -and hT , the corresponding 

expressions for P and Nd are 

Pb exp' Lioi'1b)] (41) 

and 

Nd Nb exp - (hb for h ) 2) 

From (41) and (42) it is seen that a constant temperature with height gives 

rise to!an'expoifential.distribution of-pressure and-ah exponential refractivity,,.: 

profile. 

26
 



Combining (40) and (42) results in an expression in two variables T b and 

for the ratio (Nd/Nb) 

Nd J Tb 
(43)

MG ]N p -(h-MG hb) 30 
S RTb 

If three or more values of dry refractivity are available (two or more ratios), 

then least squares can be used to estimate Tb and f. 

Apriori values for the base temperature Tb and the lapse rate / with weighting 

can be included in the least squares technique in the following way (these apriori 

values can be obtained from a standard atmosphere or previous measurements 

such as radiosonde data or satellite radiometer data). 

Let wai represent the weights of the apriori values at the heights hi and w0 i 

the weights of the corresponding recovered values for the ratios of the dry re

fractivity (Ni IN o). Then the following sum of squares Q is to be minimized 

with respect to To and/3. 

) ] 2  Q 2=Wai [Fi(To, ")-Fi(To, 1)12 + w2, [ (NiINo -F(T 0 , (44) 
i= 1 
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where 

(45)Fj (To, ) = L , -TO . ...... ....... .-(45) 

Iexp (h h 
YLRT0 

In (44) To is an apriori estimate for the temperature at the height h., while 

To is the "solved for" value at ho. To is obtained from 

TO= Tb + 0(ho.- hb) (46) 

The HIerglotz-Wiechert algorithm yields values of the refractive index ,(or 

e quivalently refractivity) for corresponding values of the geocentric radius r. 

The underlying assumption in the method, however, is that refractivity is 

spherically symmetric (which follows from Snell's law). In order to obtain the 

height ho in (44), the geocentric radius of the earth Pe for the closest point of 

approacA of the ra cbnnecting the fivo s'atellites must be known. As a god first 

approximation this cari be obtained from some referefde'eips6ia for the earth 

such as Fischer'4 model [25] 

Pe = (47)
I e2 COs2np 

where so' = the geocentric latitude of the closest point of approach 8f the ray, 

ind 

e /2f- f2 (48) 
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where 

(1/f) = 298.3 

(49) 

a. = 6378.155 kilometers 

The height ho is determined from 

ho = re - PC (50) 

where ro is one of the radii obtained by the inversion technique. 

The value obtained for P. from (47) does not represent the geoid surface (a 

surface of equal potential) exactly. However, a correction term can be added 

to Pe in (47) in order to more closely approximate the geoid surface [26]. 

It should be noted that although T. and 9 are the parameters of a linear model 

for temperature, the least squares procedure is nonlinear in these variables. 

For computation purposes, a direct approach to solving for these parameters 

is to use a search technique to minimize Q in (44). This is not costly in terms 

of computation time inasmuch as there are only two parameters. In addition 

there is no need to calculate the partial derivatives. 

Since any numerical procedure is subject to errors, both methods described 

above have certain limitations. With the numerical integration scheme a 

sufficient number of values of dry refractivity over a wide height range must 

be available to obtain pressure accurately. The main advantage, however, of 
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this method is that no assumptions are made concerning the temperature struc

ture. On the other hand, if there are enough points in a given height range and 

an assumption of a linear temperature structure is not unreasonable, then least 

squares can be used to obtain the temperature profile. Instead of just one layer, 

the lower atmosphere could be broken up into two or more regions with differing 

lapse rates. This would, of course, necessitate more data points (values of 

dry refractivity). 

9.0 ERROR ANALYSIS FOR RECOVERED PARAMETERS 

In this section an error analysis is performed in order to assess the sensitivity 

of random and bias type errors on the recovered parameters. The error sources 

considered are measured range rate, positioh and velocity of the satellites (earth

fixed coordinate system), -and height. For simplicity and ease of computation, an 

exponential model was chosen as the refractivity model for the.lower atmosphere. 

It was felt.that.the errors from a more sophisticated model would be of the same 

order of mnagnitude for the same size error sources. The exponential model is 

given by 

Nd = exp (a1' + a2 s) (51) 

where s - (0.01)h.- 1, h =height (kilometers), and al = .-9.42, a 2 = -15.22km. 

The nominal ephemeris used was an actual ephemeris of the ATS-6 and NIMBUS

6 satellites on 15 April 1976 [27]. 
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Using Equations (1), (4), (24), and the model in (51), rays were traced between 

the positions of the satellites (as determined from the ephemeris) at five second 

intervals for a total of six data points. The range rate along the ray path was 

then calculated (from velocity components of the satellites) and served as a 

nominal "observable. " The position and velocity components of the satellites 

were perturbed (either randomly or by adding a bias) and the parameters %I 
and a2 solved for in the least square sense using the "observed" range rate and 

the perturbed ephemeris and employing ray trace procedures. In the case of 

simulated errors in the range rate, the perturbed range rate became the "ob

servable" and the nominal ephemeris was used. Then, as before, 2%and % 

were solved for using least squares and ray tracing. 

A Monte Carlo approach was used to simulate the effects of random errors in 

position, velocity, and range rate. A random sample of ten sets (each set con

taining six data points spaced five seconds apart) was used for the simulation 

and statistics taken on this sample. The standard deviations of the errors in 

position and velocity of each satellite were taken as being representative of 

ATS-6 and NIMBUS-6 short term accuracy [17]. In the case of position errors 

both satellite position components were perturbed and in the case of velocity 

errors both satellite velocity components were perturbed. 

For any perturbed set of conditions, after solving for the parameters a1 and 2 

in the least squares sense, there result errors Aa1 and Aa2 from the nominal 

conditions a, and a 2. 
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(52):
 

= 6a2 a2 a2 

Neglecting for the moment errors in the height h, an error in Nd can be approxi

mated by 

/aNd\ (aN4 
ANd "-- Aa + -) Aa2 (53). 

aa2 / 

or 

ANd (54) 
Nd Aa1 + sAa 2 

for bias type errors. 

Inthe case of randomerrors, Aai and Aa 2 are random variables and.the yari

ance,of (54)-becomes 

_I~ a2 + 2so -IS 2 
-5F4-d a (5Nd Aaj Aa2 

2 "" O'Aa2, andwhere 0"Aal, 2 n O'Aala2 are the variances of Aaj and Aa2 and the 

covariance between Aa1 and Aa 2 which can be estimated from the sample. 

Using (36)..and (51) the pressure can be written as 

p =- expCa1 +as ) (56) 
a2 

For pressure the following bias and random error expressions result. 
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p-Aa I + s(-S Aa 2 (57) 

and 

2 -- a + 2 S ~a l Aa2 + s2 9a 2 (58) 
Pv 

For temperature, using (28) and (51) 

3414.4 
a2 T - (59) 

and therefore 

AT 
T ~) Aa 2 (60) 

and 

2 (61) 
AT= a2 1 Aa2 

T 2 

for bias and random type errors respectively. 

For errors in height, using (51) we can write 
ANd (0.01) a2 Ah (62) 

Rd
 

and 

A2Nd 10- 4 a2 a2 (63) 

2 AhNd 

Since N is exponential, temperature is constant, and therefore there is no 

error with height. 
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Results of the error analysis can'be seen in Figures 8 through 13. It is apparent 

from the figures that the percent -errorin recovered refractivity and pressure is 

linear with parameter error for a given height. Also, recovery of the param

ete's is more sensitive to errors in velocity of the satellites than to position 

errors, in particular, the position errors in the geostationary satellite. 

It should be noted that the geoid varies approximately -110 to +80 meters over 

the globe with a standard error of about 5 meters from a reference ellipsoid 

'[26]. Thus, using Equation (62} with an error of 5 meters and the value ofta 2 

as given in (51), recovered refractivity is in error less than 0.1%. 

10.0 AN EXAMPLE 

Figure 5 shows the lower atmospheric effect upon-one-way range rate between 

the NIMBUS-6 satellite and the ATS-6 satellite on 15 April 1976. Radio occulta

tion of the tracking signal between the tvo spacecraft occurred at about 20 hours; 

47 minutes, 0 seconds GMT, and lasted for approximately half a minute. NIMBUS 

(in a near-circular almost polar orbit of 1100 kilometers height)was on a northern 

trajectory at about 640 South latitude and 1160 West longitude while ATS was geo

stationary (equatorial plane) at 350 East longitude. The closest point of approach 

ofthe ray connecting the satellites was at 740 South latitude and 200 West longi

tude. The nearest radiosonde station at the approximate latitude was McMurdo 

Sound station-Iocated -at 77? 5 3m South and 1160 4 4 m -Eastand the radiosonde dat.. 

was taken at 0 GMT on 15 April 1976. 
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NIMBUS ACCURACY 

x - 15 meters k - 5 cm/sec 
y - 10 meters 9 - 3cm/sec 
z - 20 meters z - 8 cm/sec 

ATS ACCURACY 

x - 50 meters k - 0.2 cm/sec 

y - 50 meters 9 - 0,2 cm/sec 
z - 50 meters i - 0.5 cm/sec 

RANGE RATE ACCURACY 

0.5 cm/sec 

RANGE
 
RATE

20 

2O POSITION 

SVELOCITY 

0 

210 

NOTES: 0 Exponential refractivity used asLU 

nominal for ray tracing. 

S 	 ATS-6/NIMBUS-6 ephemeris of 
15 April 1976 used as nominal. 

0
 
2
0 1 

ERROR IN RECOVERED REFRACTIVITY (% 

Figure 8. Effect of Random Errors on Recovered Refractivity (Monte Carlo) 
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NOTES:
 

0 EXPONENTIAL REFRACTIVITY USED AS
 
NOMINAL FOR RAY TRACING
 

0 ATS-6/NIMBUS-6 EPHEMERIS OF 15
 
APRIL 1976 USED AS NOMINAL 

* 	 % ERROR IN REFRACTIVITY IS
 
LINEAR WITH PARAMETER ERROR
 

* FOR A GIVEN HEIGHT: 
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* Figure 9. Effect of Bias Type Errors on Recovered Refractivity 



NIMBUS ACCURACY 

x - 15 meters k - 5cm/sec 
y - 10 meters - 3cm/sec 
z - 20 meters z - 8 cm/see 

ATS ACCURACY 

x - 50 meters k - 0.2 cm/sec 
y - 50 meters 9 - 0.2 cm/sec 
z - 50 meters L - 0.5 cm/sec 

RANGE RATE ACCURACY 
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NOTES: 0 	 Exponential refractivity used as 
nominal for ray tracing. , 

0 	 ATS-6/NIMBUS-6*ephemeris of 
15APRIL 1976 used as nominal. 
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ERROR IN 	 RECOVERED PRESSURE (%) 

Figure 10. Effect of Randon Errors on Recovered Pressure (Monte Carlo) 
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NOTES: 

* 	 EXPONENTIAL REFRACTIVITY USED AS 
NOMINAL FOR RAY TRACING 
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APRIL 1976 USED AS NOMINAL
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ERROR TYPE 	 % ERROR IN TEMPERATURE
 

Position 	 0.20 

Velocity 	 0.68 

Range Rate 	 0.05 

NIMBUS ACCURACY 

x - 15 meters x 5cm/sec 

y 	 - 10 meters - 3 cm/sec 

z 	 - 20 meters - 8cm/sec 

ATS ACCURACY
 

x - 50 meters x 0.2 cm/sec 

y - 50 meters 9 - 0.2 cm/sec 

x - 50 meters . 0.5 cm/sec 

NOTES: 
* 	 Exponential refractivity used as nominal for ray tracing and therefore the nominal temperature
 

distribution'is a constant for all heights.
 
* 	 ATS-6/NIMBUS-6 ephemeris of 15 April 1976 used as nominal. 

Figure 12. Effect of Random Type Errors on Recovered 
Temperature (Monte Carlo) 
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ERROR SOURCE % ERROR IN TEMPERATURE 

NIMBUS POSITION -0.08 
Ax = Ay = Az = 20 meters 

ATS POSTI ION 0.03
 
Ax = -Ay =_ Az, = 10-kilometers
 

NIMBUS VELOCITY -0.14
 
At = Aj = Ai = 1cm/second
 

ATS VELOCITY 0.13
 
= A = Ai = 1rcm/second
 

RANGE RATE -0.009
 
= 1mm/sec
 

NOTES; 

* 	 EXPONENTIAL REFRACTIVITY USED AS NOMINAL FOR RAY TRACING 
AND THEREFORE THENOMINAL TEMPERATURE DISTRIBUTION IS A 
CONSTANT FOR ALL HEIGHTS 

* 	 ATS-6/NIMBUS-6' EPHEMERIS OF 15 APRIL 1976 USED AS NOMINAL 

* 	 % ERROR IN RECOVERED TEMPERATURE .IS LINEAR WITH
 
PARAMETER ERRORS
 

Figure 13. Effect of Bias Type Errors on Recovered Temperature 

The ephemeris of both satellites during occultation was obtained by propagating 

their state vectors at epoch [27-] (a time point close to occultation) through this 

period of time. The states at epoch were determined from non-occulted tracking 

data. In the case of ATS-6 approximately 3300 observations of two-way range 

and range rate tracking measurements made from the Madrid tracking station. 

at a data rate of one per ten seconds were used in the solution. For NIMBUS-6 

about 2500 measurements of the 4-way range and range rate (see Section 4.'0)' 

from Madrid were used in the solution. An 8 x 8 gravity field for NIflBUS and 

a 4 x 4 gravity-fieldt for ATS were used also. Drag was not applied for either 

satellite. However, solar pressure was used in the solution for ATS-6 [273. 

40
 



Refractivity was recovered using the ephemeris of the satellites and all but the 

last nine points of data in Figure 5 by the Herglotz-Wiechert direct integral 

transform technique and by a least squares procedure as a check. The last 

nine points of data (from 20 hours, 47 minutes, 25 seconds, to 20 hours, 47 

minutes, 33 seconds) were excluded from the calculations as it was felt that 

these points were quite noisy, possibly due to loss of lock of the tracking signal 

or multipath effects or a combination of both. * Results of the' recovered re

fractivity and refractivity calculated from radiosonde data are shown in Figure 

14. Recovery by both methods differed by a maximum of about 2.3% at 10.5 

kilometers. 

Retrieval of pressure and temperature from dry refractivity was obtained by 

the two methods described in Section 8.0. Figure 15 shows pressure calcula

tions against radiosonde. Direct integration of dry refractivity agreed more 

closely with radiosonde data with a maximum of about 3. 5% at 10. 5 kilometers. 

Temperature recovery is compared with radiosonde data in Figure 16. The 

solid line shows temperature for a standard atmosphere. Also shown are re

covered temperature profiles using least squares with and without apriori 

weighting (the standard atmosphere was used as an apriori profile) and tempera

ture obtained from dry refractivity and pressure (via numerical integration of 

*When these points were included in the solution the resulting radii of closest approach of the ray
 
connecting the two satellites did not decrease monotonically with time (i.e., as NIMBUS went below
 
the horizon). This should occur for Snell's law to hold.
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Figure 14. Comparison of Refractivity Recovery with
 
Refractivity Calculated from Radiosonde Data
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Figure"15. Pressure Recovery Versus Radiosonde Data 
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Figure 16. Temperature Recovery Versus Radiosonde Data 

dry refractivity). Without weighting the maximum deviation of the least squares 

profile was 1.5%at 10. 5 kilometers. 

The radius of the geoid at the latitude and longitude of the point of closest ap

proach of the ray was subtracted from the calculated radii of closest approach 
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using Fischer's wp~lel and. a correction term for the geoid [26] to obtain height. 

Since the recovered data was at an altitude above 10 kilometers water vapor 

effects were not included. The local time of the pass was about 2 a.m. and 

therefore ionospheric effects were conside'red minimal and were not ihcluded. 

11.0 DISCUSSION AND CONCLUSIONS 

This analysis has demonstrated the feasibility of recovering refractivity profiles 

and pressure and temperature distributions for the lower atmosphere from radio 

occultation data taken during satellite-to-satellite tracking at S-band frequencies. 

One satellite, ATS-6, is in geostationary orbit (equatorial plane) and the other 

is in a near circular polar orbit. The only assumption madte in the inversion 

technique is that refractivity is spherically symmetric (Snell's law holds). 

Two methods have been investigated for determining pressure and temperature 

distributions from the recovered refractivity., In both methods it is assumed 

that the hydrostatic equation and perfect gas law hold. In a dry atmosphere re

fractivity is directly proportional to density, a function of both temperature and 

pressure. Using this fact" the first ineithod consistg ofnuMericlly< integrating 

dry refractivity to obtain the pressur6 directly, without any assumptions con

cerning the temperature structure. Temperature can then be determined from 

pressure and dry refractivity. In the second method least squares is used to 

obtain the parameters of a linear temperature profile with height over a given 

region of the lower atmosphere (temperature at the base of the l6vel and the 
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lapse rate in that region). Apriori information with appropriate weighting (such 

as a standard atmospheric temperature profile or previous radiosonde or satel

lite radiometer measurements) can be included. Pressure is then obtained from 

the recovered temperature profile and dry refractivity at the base of the layer. 

Both methods yield identical results for a linear temperature profile in a dry 

atmosphere. 

At low altitudes the effects of water vapor in the atmosphere must be taken into 

account, either by independent measurement or by regression techniques using 

some assumed model [18]. At these altitudes and particularly at S-band fre

quencies (the carrier frequency of the tracking signal in this analysis is 2GHz) 

ionospheric effects are almost negligible compared to lower atmospheric effects. 

At higher altitudes water vapor does not present a problem, but ionospheric 

effects increase somewhat. These effects can be removed by employing a dual 

frequency system. Tn the case of a single frequency system a simplified ionos

pheric model for electron density should suffice to remove these effects. 

Results of an error analysis, where a simple exponential refractivity model for 

the lower atmosphere is assumed, indicate that recovery of atmospheric param

eters is more sensitive to errors in the velocity components of the satellites than 

to errors in the position components of the satellites. This is particularly true 

for the geostationary satellite where a bias-type error as great as 10 kilometers 

in each of the position components gives rise to an error of less than 0.2% in 
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recovered refractivity up to approximately 20 kilometers. Errors in the velocity 

components of each satellite on the order of 1 centimeter/second give rise to 

errors less than 0. 8% in pressure and refractivity and about 0. 1%in teihperature 

up to about 20 kilometers. 

An example has been given demonstrating refractivity recovery and calculation 

of pressure and temperature distributions from radio occultation data obtained 

during satellite-to-satellite tracking of' the NIMBUS-6 satellite (in near circular 

polar orbit) by the geostationary satellite ATS-6. An exponential refractivity 

profile was obtained by least squares procedures and used as a check against 

recovery by the Herglotz-Wiechert inversion algorithm. Recovery by both 

methods differed by a maximum of about 2.3% at a height of 16 kilometers. 

Both methods for calculating pressure and temperature were used and the re 

sults compared against radiosonde data. In the case of pressure recovery, 

direct integration of dry refractivity agreed more closely with radiosonde data 

with a maximum deviation of about 3.5% at 10.5 kilometers. The least squares 

procedure with and without apriori information yielded a temperature profile 

closer to the radiosonde data with a maximum deviation of about 1.5% at 10.5 

kilometers. 

With the geometrical configuration of the satellites as analyed here, different 

levels of the atmosphere can be probed (as opposed to two satellites in the same 

orbit with a fixed spacing between them), 
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For a fixed inclination occultations will occur a few degrees in latitude below the 

value of inclination both in the northern and southern hemisphere. In addition the 

occultations will occur at differentilongitudes. For example, a satellite in a 

1000 	kilometer orbit about the earth will make about 14 revolutions per day which 

means 28 occultations at approximately the same latitude but varying longitudes. 

Thus, greater coverage could be accomplished by having a number of satellites 

at different inclinations. No additional electronic hardware (other than that re

quired for satellite-to-satellite tracking) would be required onboard the space

craft. The only requirement would be for the low satellite to be tracked as it 

went down or came up over the horizon with respect to the geostationary satel

lite at a sufficiently high data rate to ensure enough points for inversion pro

cedures. Such a system could be used as an adjunct method for monitoring 

world-wide weather patterns. 
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APPENDIX A 

HERGLOTZ-WIECHERT INVERSION* 

Referring to Figure 4, let r0 be the radius of the outer limit of the atmos

phere. Then, the electrical range from N (NIMBUS) to A (ATS) can be broken 

into three segments: the straight line distance outside the atmosphere from N 

to D, the electrical range along the ray path (inside the atmosphere) from D to 

B, and the straight line distance outside the atmosphere from B to A. The 

range from D to B is 

r0 dr 
R = 2 nds 22j cosi/ (A.1) 

• p 

where n = n (r) is the index of the refraction at radius r, i is the angle of in

cidence, ds is an incremental path length, and rp is the radius of closest ap

proach of the ray to the Earth. 

Using Snell's law for a spherically stratified medium, a ray parameter p 

called the impact parameter is defined 

p = n.rsin i = r o sin io = nP rp (A.2) 

The parameter p is a constant along the ray path, and, in the absence of an 

atmosphere is the closest point of approach of the ray to the Earth. 

"This derivation follows that in [I I]. 	 ORIGINAL PAGE IS 

Op POOR QUALnI 

A-1
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Defining a.new variable 17, 

17= nr - (A.3) 
sin i 

-Equation _(A. 1) can be written 

pr0 /772) dr\
2 r \R = R(p) = j t\ O/2'-,(7t2 d (A-4) 

Set 

y = 772-r2 

(A.5) 
2
2 p -rw = 

Then (A. 4) becomes 

w (d Inr 
R (w) -2 (y+ r2)- ) (y-w)/d (A.6) 

In order to solve (A. 6) for In r the Abel transform pair is used 

f(w) = -k J g'(y) (y - w)- ' dy 

y
 (A.7)
 

-g(y) = (kirT) f f(w) (w - y)-V2 dw 

Equation (A. 6) is in the form of the first equation in (A. 7) with f R, 

k=2, and 

d In r 
g'(y) = (y + ro) - (A.8)

dy 

A-2 
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(A. 7) and changing back to the vari-Differentiating the second equation in 

ables i? and p 

d I 	 R(p) (p2 ~2nrn) . (2 r)-/2f' -71r (2p) dF} (A 9) 

d 

Integrating (A. 9) from 71to r o
 

2
In ((71) r=(_7)_lf	-2 d U ('p 2) dp .10 
2 R(p) - - (2 ) (A.10)Uf (du) 

froSJ17du 

Integrating (A. 10) by parts gives 

In (I41 () f p R(p) (p2 772)- p 

(A.11) 

-+ )f 0 3 ffU pR(p) (p 2 -u 2 )-dpdu 

Interchanging the order of integration in the second term of (A. 11) gives 

U2 )(2) fro U'- PR(p) (p2 -
- A dp du 

<_)f ro 
= pR(p) dp J U-3 (p2 - u)-% diu (A.12) 

r f 

=p ( R R(){ 2 + In~ [+ 	 dp2?] 

ORIGINVAL PAGE IS. 

OF pOOR QUALM
A-3 
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Using z 
cosh - (z) f (t2 - A)-V dt = In [z + (z2 -1)] (A.13) 

the second term of (A. 11) becomes 

( 2 )f ro u_3 f ropR(p) (p2 - u2 Y-v dp du 

(A.14) 

Equation (A. 10) can now be written 

or 

in r(),(j)fro pR(p) [(p2 _ 2 

(q23coshf- ($] dp 

) 1 2_) 

In ) = -fR(P{p) 1 cosh - 1 dp" (A.15) 

Using 

d f(l)cosh-
= cosh-1 

dpL 'csh 77 

and partial integration, Equation (A. 15) is 

- 1- osh - )
I ro I cosh-'pAdp4 

P 

(A. 16) 

(A.17) 

A-4 
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At the closest point of approach of the ray rp 

cos 1 \/tp (d. 1[ 

rp = rexp y-yh-y(AL8') d~ 

Using (A. 2)
 
=(_to sin i0 I] ' p ] R p
 

n r ) (sin i0 ) ex p {f cosh- (-)(p)( ) d} (A.19) 

The range along the ray path from D to B, R, can be written as the sum of 

the range in the absence of an atmosphere, R u , plus the range residual due to 

an atmosphere, Ra 

R = Ru +R a (A.20) 

In the absence of an atmosphere (A. 19) becomes 

io) exp cosh-lI(sin -f (p) pu) d (A.21) 

0 

Substituting the expression for sin i. obtained from (A. 21) into (A. 19) and 

using (A. 20) gives 

Y71) = exp{ I f ro cosl 1 (P)(1) dp (A.22)7r 77-7-PU-


In the absence of an atmosphere 

Ru = 2 p coti o (A.23) 

A-5
 



Therefore 

Ra = R-R u = 2 n-ds-2pcotio (A.24) 
Jr 

Using the electrical range from N to A and the fact that the range from N 

to D and the range from B to A are straight lines R a can be written 

- p2R,'=Re - V 3 pp2 VRj (A.25) 

where RN and RA are the radius vectors of the low and high satellites 

respectively. 

Then, differentiating (A. 25) gives 

Ra +p[(Rj p2)- + (Rjdtp2)-1 (A.26) 

pdp 

The expression in (A. 26) is used in (A. 22) and contains the measured one

way range rate along the ray path from NIMBUS to ATS. 

OIJGINAL PAGEIS 

OF Poor QUALX1% 

A-6 



BIBLIOGRAPHIC DATA SHEET
 

1. Report No. 2. Government Accession No. 3. Recipient's Catalog No. 
TM 78020 

4. Title and Subtitle 5. Report Date 
Recovery of Refractivity Profiles and Pressure and November 1977 
Temperature Distributions inthe Lower Atmosphere 6. Performing Organization Code 
from Satellite-to-Satellite Radio Occultation Data 

7. Author(s) 8. Performing Organization Report No. 
Charles W. Murray, Jr. 

9. Performing Organization Name and Address 10. Work Unit No. 

GSFC (NASA) 11. Contract or Grant No. 
Greenbelt, Maryland 

13. Type of Report and Period Covered 
12. Sponsoring Agency Name and Address 

14. Sponsoring Agency Code 

15. Supplementary Notes 

To be published in Radio Science. 

16. Abstract 
This paper demonstrates the feasibility of recovering lower atmospheric re

fractivity profiles and retrieving certain atmospheric parameters such as temper
ature and pressure from satellite-to-satellite radio occultation data at S-Band 
frequencies. 

The tracking data (one-way range rate) is inverted by an integral transformation 
(Abel transform) to obtain a vertical refractivity profile above the point of 
closest approach of the ray connecting the satellites. The only restriction concern
ing the refractivity is that it is spherically symmetric. After accounting for ionos
pheric and water vapor effects pressure and temperature are obtained from dry 
refractivity using the hydrostatic equation and perfect gas law. 

An error analysis is performed to assess the sensitivity of random and bias 
errors upon recovered parameters. 

An example is given using occultation data obtained during satellite-to-satellite 
tracking of the NIMBUS-6 spacecraft via the geostationary ATS-6 satellite. 

17. Key Words (Selected by Author(s)) 18. Distribution Statement 
Occultation, Satellite-to-Satellite 
Tracking, Lower Atmosphere, Pressure, 
Temperature Refractivity 

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price* 

None Unclass. I Unclass. 

*For sale by the National Technical Information Service, Springfield, Virginia 22151. GSIC 25-44 (10/77) 


