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INTRODUCTION

The potential role of an occultation satellite in the National Weather
Satellite system has been investigated under NASA Contracts NAS 1-9962
and NAS 1-9963, Detailed reports of the findings are contained in the
two attached volumes: "Orbit Determination for a Weather OéCultatidn
Satellite,™ which describes the outcome of computer simﬁlations of orbit
dynamics and data processing procedures that would be used with an‘occu1~
_tation system, and "An Occultation Satellite System for Determining
Pressure Levels in the Atmosphere," which describes the radio and atmos-
pheric physics of the occultation system, reports on the outcome of a
simulation using occultation system data fogether with satellite infrared
sounding data to determine the atmospheric pressure reference, and describes
a ground based test of the system in Hawail and the‘implications for a
satellite occultation system. Following is a brief discussion of these
two documents and their . implications. The iﬁteut ig not to summarize
the reports, the reports already contain adequate summaries, but rather
to relate the fihdings to each other and to the present needs of the
U.S. weather program,

The physical basig of a radio occultation satellite system is that
radio waves travel more slowly in the atmosphere than they do in a vacuum,
Additionally, if the atmespheric density varies across the path of the
radio waves, the radio path will be bent,. These‘two effects combine to
make the effectlive radio path hetween two satellites longer if the.path
goes through the atmosphere. The amount of this path increase is a function
of the atmospheric density and hence provides the opportunity for measure-
ment of atmospheric variations responsible for the earth's weather.

The use of radio occultation to measure atmospheres is not new. The
most precise measurements of the atmospheres of Mars, Venus, and now
Jupiter have been obtained by radio occultations of Mariner and Pioneer

spacecraft, The eguipment used in these efforts has precision far
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greater than that reguired for useful information on the Earth's atmeik~
phere, The physics of radio occultation and the equipment performance
have been well established, What remains to be answered is whether the
information -that can be provided on a continuous operational basis by an
earth radio-occultation system is useful to the world's meteorologists
and whether the occultation system is the least costly way of obtaining
that information.

The work described in the attached reports concludes that the infor-
mation supplied by an cccultztion system would indeed be of great use
to the meteorologists, However, whether the occultation system 1sg the
least costly way of obtainiﬁg thet information is still to be resolved,
The authors feel that is is, But it is clear from reaction to radio
occultation proposals, that the cost and performance of other systems
designed to obtain equivalent information must be more clearly defined,
It is hoped that the upcoming tests of global observation systems and
weather prediction technique will help to better define the performance

and cost of these alternatives,
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There are many ways the radic cccultation technique could be
employed to obtain useful weather information., The particular system
evaluated in the following reports reflects several years of inter-
action between the authers vund members of the meteorological community.
The proposed system would provide only information that is very hard to
obtain by cother measurement technigues, To do this, the system makes
use of data readily available from already proven satellite sensors,
from existing ground based observations, and from historical records.

In other words, the proposed system is intended to be a good match to
other components of the weather program.,

The occultation systen consists of two satellites in the same orbit,
One satellite, the "master" satellite, would carry the main instrumentation

and- data recording equipment; in an operational system this satellite would



élso carry other éensors involved in the coverall weather chservation system.
A agpond, much smaller "slave” satellite, would be located in the same orbit
but behind the "master'" satellite sufficiently far that radio signals be-
tween the two would intersect the atmosphere in the vicinity of the 500

. millibar altitude. A transmitter in the "magter' satellite would send a
radio =mignal to the receiver in the "slave'" satellite. The siave™
satellite would shift the signals in frequency to aveid interference and
transmit them back to a raido receiver in the "master” satellite., At the -
"master"”, the radio path length would be recorded and relayed to the earth
by the normal satellite telemetry system,

The system would use the orbit best suited to the other meteorological
sensors, most likely a sun—-synchrenous polar orbit, The occultation data
would provide continuous information in the subsatellite orbit track,

Used in conjunction with other information, the occultation system
would provide weather prediction programs with continuous measurements of
the world wide 500 millibar pressure reference level with better than .”
2Ly meter accuracy. To achieve this, information regquired from other sourcés
is continuous atmospheric temperature profiles obtained from sateliite
infrared sounding instruments, historic seasonal averages of lower atmoé-
pheric water vapor conteht,-and a few daily surface or upper air pressure
level measurements wherever it is most convenient to obtain them.

The major concerns that have been raised about the proposed occulta-
tion system are: '

e When the inaccuracies of infrared soundings are combined with the
expected occultation inaccuracies and the complexities of inversion

progedures, will the results have sufficient accuracy for meteorclogi-
cal applications?

eWill the effects of water vapor in the lower atmosphere cause serious
errors in the interpretation of the occultation measurements?

¢Will complex radio ray paths from.inhomogenieties in the lower
atmosphere cause loss of data or distortion of results?

«Can the satellites motions in orbit due to inhomogenieties in the
earth's gravity field; air drag, and satellite thrusters, be
separated from changes in apparent distance caused by atmospheric
pressure variations?



Analyses of these questions are presented in great detail in the

attached reports, The conclusions are summarized briefly below:

Inversion Accuracy

*To evaluate the accuracy of the occultation system,. computer inver-:
sion techniques were used to derive pressure references using simu-
lated infrared and occultation data. Actual atmospheric temperature
profiles were used to derive infrared measurements and from these
'derived"” temperature profiles were cobtained by inversion techniques.
(The derived profiles have no absolute altitude reference.) The
actual and "derived" temperature profiles were supplied by Dr.
William Smith of the National Oceanic and Atmospheric Administra-
tion (NOAA), Next the actual temperature profiles were used to
calculate atmospheric density profiles, and raytracing programs
calculated "actual' occultation raypath measurements. To these
measurements were added 0.5 M rms random errors to simulate
occultation measurement errors., The noisy occultation data and
"derived" temperature profiles were used in a computer inversion
program to obtain estimates of the 500 mb levels. This was done

for a range of longitudes and weather conditions, The estimated
and actual levels were compared vielding less than 24 M rms errors,
which meets the reguirements of the weather program. Checks showed
that the majority of the error comes from the temperature inver-
sion inaccuracy rather than the occultation system inaccuracy

and thus the oceultation pressure reference results will improve

as the infrared sounding techniques improve,.

Water Vapor Effects

¢Radio waves are effected by water vapor in the atmosphere as well
as by the air density itself. At the higher altitudes water vapor
density is not enough to cause a significant effect; but at lower
altitudes; especially in the temperate regions in the summer, it
must be considered, In the above runs the effects of water vapor
were included and different methods of correction were evaluated,
To' include the effects, actual water vapor profiles for each test
day were included in the occultation raytracing procedure, The
occultation results and derived temperature profiles were obtained
as before, This information was then used together with different
estimates of water vapor in the inversion program to obtain estimates
of the pressure level, Ignoring water vapor all together, caused
- systematic pressure level errors in the summer temperate regions
that exceeded the desired precision by three to four times, Using
the historical average gseasonal water vapor profiles for these
regions reduced the errors to the 24 M rms requirements, And, as
might be expected, using the actusl daily water vapor profiles
in the inversion, reduced the errors to levels obtained with dry
atmospheres.



ﬂmihus cven crude climactic data is sufficient to correct for the
“effect of water vapor on the cccultation pressure-reference results,
In an nperational weather system, better than climactic water vapor
information would be available from other components of the observa-

tion or forrcdsting system and would he used in the occultat1on data
tnversion,

v

Multigath

*Multiple ray paths due to water vapor layers in the lower atmos-
phere 18 a phenomenon observed during system demonstrations in
Hawaii. 1In these demonstrations equipment similar to that propo-
sed for the occultation measurements was operated between two
islands, Amplitude and phase path length measurements were made,
The phase measurements confirmed equipment precision and propaga-.
tion physics, However, during a number of days deep long-term
amplitude fading was observed, Computer raytracing was carried
out using atmospheric refractivity profiles obtained by airplane
flights during the demonstrations, These computations confirmed
that on days of deep fades conditions required for persistant
deep fading were satisfied, These conditions are that there be
two and only two ray paths between transmitter and receiver, that

. the two signals be very nearly equal in amplitude, and that the
paths differ in length by a small number of wavelengths. When
these conditions are satisfied, two signals can precisely cancel
each other periodically, causing deep fades. In the Hawaitian
geometry these conditions can occur fairly often,  More than two
rays; unequal amplitudes, or a rapid variation of path length
difference make the probability of precise cancellation very,
very small,

The ray tracing programs were used with the Hawaiian atmospheric
refractivity profiles to determine the probahility of multipath
for occultation satellite geometries., The probability of multi-
path occurrence will be less than that observed in Hawali for

two reasons: first the primary occultation raypaths will bhe much
higher in the atmosphere, where there is less water vapor to

"distort them; and secondly, the humidity and layering conditions
in Hawaii are much more severe than is typical of other geographic

_areas and seasons.

The probability of more than one ray path reaching the occultation
satellite is thus reduced in comparison with the Hawaiian obser-
vations. Furthermore when multiple paths do occur, the probability
that they will cause deep or prolonged fading is very small; none

‘of the three conditions for such fading is satisfied in the satellite
geometry, For the satellites three or more rays are invelved in any
multipath occurrencgnnot Just two; this results from the transmitter
and receiver being located above the refracting layers, rather than
in them, BSecondly the multiple rays that reach the satellite pass
long distances through significantly different parts of the atmos-



phere, undergoing different focusing and absorption, which changes
their relative amplitudes, Thirdly, the phase relationships Ui
between the multiple rays will change rapidly as the satellites
(and ray paths between them) move at orbital speeds over the
weather patterns., In the Hawaiian experiments, the weather moved
through the ray paths at a much lower velocity., The probability
of three or more rays arriving with the right amplitudes and phases
to closely cancel ®ach other for any length of time will thus be
very, very small,

The ray tracing prograas also showed that when more than one ray
existed between transmitter and receiver, the difference in path
lengths between the ways was typically less than one-half meter.
This would indicete that if the equipment was designed to measure
path length in the presence of multiple rays, it would yield
usefully accurate resuits even when more than one ray is received,
It was not clear from the ray tracing why this occurred, and more
simulations should be done before a system is designed to take
advantage of the phenomencn,

The analysis concluded that, while multipath could be expected

to occur, it would not occur with high probability, that when it
did occur; the probability of deep fading would be remote, and
that results obtained during multiple rays would still meet the
desired measuremnent acCUracy.

Orbit Analysis

¢In the occultation technique, the basic measurement is the effective
length of the radio path between two orbiting satellites. When this
path passes through the atmosphere, its effective length is increased
by bending and retardation., To determine atmospheric pressure to
meteorologically useful accuracy, changes in this increase have to

be measured to an accuracy of ¢.5 M. To accomplish this, of course,
reguires knowledge of the relative movement of the satellites to the
same accuracy. .

To test the predictability of satellite spacing, first computer models
were used to simulate the motions of the two satellites. All pertur-
bations of conseguence were included; where actual disturbances

were unknown, e.g., the higher order components of the gravity field
or air drag, randem pumbers were used to simulate the effect with

the expected magnitude,

Next this "actual" motion was used to derive the information that
would be available to the proposed occultation system, In the
proposal system the satellites would be launched together and then
caused fto drift apart over a period of two weeks until they reach

the occultation separation, During this drift period, continuous
path length measurement between the satellites would be available
undistorted by atmospheriz bending. After this time, essentially
continuous data would Itill be available but now actual motions

of the satellites would b= mixed with path lengthening caused by

the atmospheric bending, the data for the meteorologists,



Orbit moedeling programs then used the drift period data to find
coefficients for the orbit elements of both satellites, for all
significant elements of the geopotential field and for other fac-
tors (such as air drag) effecting the satellite motions. These
coefficients were used in the prediction of ‘satellite motion

during occultation., The predicted and "actual" were compared to
find the kind of errors that would result with this technique.

The resulting errors were all acceptable for the meteorological
application; but for different reasons,.

Perturbations due to the high order components of the earth's
gravitational field were predictable well within the 0.5 M

accuracy. The drift-period data {actually accurate to 0,03 M)

was sufficient to determine the geopotential coefficients to much
better accuracy than required. Once these fixed coefficients are
determined; relatively crude knowledge of the satellites! positions
in the geopotential field during occultation is sufficient to predict
the geopotential perturbations of both satellites,

On the other hand, relative drifts of the two satellites due to
different drag coefficients could easily accumulate to a steadily
increasing separation error exceeding several meters in days.
However, there is no way to confuse such a steady increase in path
length with an actual meteorological phenomenon. (Is the atmosphere
all over the globe expanding at a steady rate?) Data obtained during
occultation could be processed so as to attribute any such steady
path length growth to drift in the orbit and the data corrected
accordingly,

In a similar way, worst-case unknown alr drag variation can cause

an error in prediction of variation of the orbits? eccentricities,
which can amount tc a meter or so once-per-orbit oscillation error
in the satellite separation prediction. Again, there is not an
atmospheric phenomena that would cause a worldwide smooth atmos-
pheric bulge of the form indicated by the eccentricity variation,
The data would be processed to filter out the eccentricity harmonics
from the path length measurement and to correct eccentricity
predictions,

It is assumed that the satellites would use attitude control systems
that would fire gas jets only rarely (unloading the momentum in a
momentum wheel for instance). Furthermore, control of relative
positioning of the satellites would he accomplished by gas thrusters
similar to those used for synchronous communications satellites. 1In
this event, changes in relative satellite drift rates from these
causes would occur at known times and could also be ea511y filtered
from the data,

For any of these systematic errors, in actual operation it may be
advantageous to determine the corrections by comparing occultation
measurements against known atmospheric conditions rather than by
statistical filtering, Such calibration data is readily available
-from rawinsonde measurements over the populated areas of the northern
henmisphere,



These simulations thus showed that an occultation system can detect
the variations caused by the weather patterns with the required 0.5 M
accuracy, All errcors larger than this are systematic and of a form
that can readily be separated from actual meteorological information,

e9Gan

The work in the following reports thus indicates that an occultation
system would be able to obtain worldwide pressure reference information
to the accuracy required by meteoroclogical forecasters.

The original intent of the study was to proceed from this analysis
to an interface analysis for ipcluding the occultation system in existing
satellite projects., The conclusions, however, are that the configuration
proposed originally in 1968 (Report no. RL 5-68) were an adequate solution,
It would serve no purpose to conduct further engineering design tradeoifs
unless a specific mission was identified., While the occultation equipment
is simple, the details of including the equipment on a mission is very much
dependent on the design of the spacecraft and launch vehicle, Antenna
sizeg and transmitter powers on both master and slave satellites depend on
the spacecraft attitude comirol technique and precision, orbit adjustment
needs, and on space, power, and weight capabilities,

Judging from past desigh exercises and from knowledge of present

transponder costs, launcih vehlcle cost, and cost of minisatellites, the

cost to add occultation to an operational weather satellite may be expected
to be in the $h To $6 million dollar range, But a study of an actual
implementation is needed for zn accurate estimate.

For the t{ransponder design two guidelines have resulted from the
research. The originally proposed eguipment had two techniques for
measuring the path length, a coberent phase path counter accurate to
0.03 M change in path length, and a modulation technique determining
absolute group path length to 0.5 M accuracy, (Both techniques are used
in current spacecraft tracking equipment.) It is recommended that ambigui-
ties of 100 meters or more be zllowed in the group path measurement if

this simplifies equipment design, Ground information will be able to
resolve such ambiguitiss.



'Ih_addition, the group path ﬁeasﬁrement should account for the
exbected characteristics of multipath when it does occur; namely, that the
lengths of the different paths will differ by several wavelengths but by less
than the desired 0,5-M accuracy. Thus a modulation téchnique that under
these ccnditicns will mcasure the group path length of the sfrongest
signal or of any‘average of the signals will give useful results even
during multipath. Amplitude modulation techniques will yield this result,

frequency or phase modulation will not,

0000

The aboﬁe comments-summarize the status of information on the occultia-

tion techniques, The attached reports in extensive detail show that it

is feasible for these techniques to obtain meteorlogically useful infor-
mat1on. ThlS technlque should be compared in cost and accuracy w1th other

means available to obtain similar data.
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ABSTRACT

The microwave occcultation technique has proven useful in sensing
the neutrai atmosphere of terrestrial planets such as Mars and Venus,
An adaptation of this technique can provide meteorological information
for the Earth.

A two-satellite microwave occultation system is described that
will fix as an absolute function of altitude the pressure-temperature
profile generated by a passive infrared sounder. This method would be
successful in determining the altitude of the 300 mb pressure level to
within 24 m rms, assuning the temperature errors produced by the IR
sensor are not greater tham 2°K rms. Error caused by water vapor in
the radio path can be corrected hy climatological adjustments {by use
of mean water-vapor profiles) if accurate water-vapor sensors are not
availahle, '

A ground test of the proposed system is described. A microwave
signal propagating between.two mountain tops was found to be subject
to periods of intense fading. Computer analysis of the raypath befwaen
the transmitting and recelving stations indicates that multipath and
defocusing were responsible for this fading. Becéuse these phenomena
are associated with lower altitudes than the closest approach altitude
of an occultation—-system raypath, it is unlikely that an operational
pressure-reference-level system will be subject to the deep fades ob-

served in the ground test.
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Chapter I
INTRODUCTION
"Every science and every inquiry, and similarly every activity

and pursuit, is thought to aim at some good.

—-Ar1stot1e

To achieve 10-day weather forecasts with B0 ;ércent accuracy (the
same accuracy now aﬁailable for overnight forecasts), new techniques.
must be developed. The partial differential equations that describe
fhe behavior of the atmosphere must be written in a form that pefmits'
their'solution by digital computers; faster computers must‘be developed '
to solve these equations ir an acceptably short time. Déta—acquisition
systems must‘be designed and implemented, which will sense important
atmospheric variables on a global basis and report their findings in -
essentially real time. , o

In 1966, Stanford University published a report [1]ithat described
a possible meteorological data-acquisition system ____ N One of "the proposed
techniqnes described was the application of microwave occultation to )
the Earth's atmosphere.-nOCCUltation'(whlch is based on the fact that
the atmosphe;e will bend and retard a radig wave paésing throygh it) |
had been deﬁonStrated with Mariner IV, the.spacevprobe.thatfflew pasty‘r

Mars; an occultétion system had received a migrowéua S?gﬁal,from Earth
as the spacecraft moved behind the'planet. Whén“fﬁg-liné,bf*sight be-
tween Mariner IV and Earth passed through the Martian atmosphere, ‘the
“yadio signal was bent ang retarded (Fig 1)...By-analyzing this bending'

and retardation, researchers at btanford and at the Jet Prdpulsion Lab~
oratory were able to deduce the density of the Martian atmosphere (21];
‘model matching'enabled them to estimate the atﬁosﬁhgpi¢ composition and
the pressure and temperature profiles. _

SPINMAP [1] proposed that a simllar system be utilized to sense
the density of the Earth s atmosphere, andlthus sqpp1y~meteorologlsts
with temperature and pressure profiles of the atmosphere on a global
basis. The SPINMAP configuration (Fig. 2) consisted.-of a mother satel-
lite and several daughter satellites, all in the same near—polar orbit.

The satellites would be spaced such that the radio path between the

1 . SEL~71-059



MARINER

=

RADIQO WAVES

TO EARTH

Fig. 1. THE MARINER IV OCCULTATION EXPERI~
MENT .

mother and each of the daughters passed through the Earth's atmosphere.
The fact that there was more than one daughter allowed the atmosphere

to be "sampled”" by rays that had different minimum altitudes; thus, a

continuous "occultation" could be achieved. As the satellites proceeded

in their orhit, they would continuously sense the atmosphere.

The re-

sults could be telemetered back to Earth, the data inverted, and pres-

sure and temperature profiles generated.

Because the Earth's atmosphere iz more complex than that of Mars
(or even that of Venus whose atmosphere was sensed by an occultation
expériment on board Mariner V in 1968), objections were raised as to

the desirability of using cccultation satellites in preference to other

SEL-71-059
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simpler techniques, such as passive infrared sounders. Pomalﬁza {31
-discussed many of the objections and showed how empirical orthogonal
functions can be used to invert occultation data to,yieid pfessure
profiles accurate to within 0.3 mb at the surface.& '

In 1969, an infrared sensor was flown successfully aboard a NIMBUS
satellite. The SIRS instrument (satellite infrared sounder) provided,
as outpuf,'tempefature as a function of préssure for values between 0.1
and 1000 mb (the sensor actually provides only nine parameters, ﬁut en-~
pirical orthogonal functions are used to develop a least-squares temper-
ature-pressure profile). The SIRS instrument, however, did not provide
an altitude reference that Would fix the température-pressure profile
as a function of height. Although the hypsometric formula could be
used to defermine the relative altitude between any two pressure levels,
a reference value was required that would permit theﬁe relative altitudes
to be expressed as absolute altitudes.

At a meeting of the Radio Occultation Working Group in Washimgton
in September 1969, it was suggested that occultation satellites could
be used to provide this pressure-reference altitude, This report will

demonstrate the feasibility of g two-satellite occultation technigque to

3 ' o SEL-71-059



supplement the infrared sensor system by providing an accurate altitude
reference that will serve to fix, as a function of height, the tempera-
ture profile of the SIRS instrument.

The results of ground tests made in Hawaii during June 1870 also
will be described. These tests were conducted to estimate the likely
effects of scintillation and fading on an occultation system. It was
found that the microwave signal suffered periods of intense fading;
however, it will be shown that the probable cause of the fading was
multipath, which is a low-altitude phenomenon and, therefore, is not
apt to affect the proposed pressure-reference system which operates

at a relatively high altitude (=8km).

SEL-T1-059 4



Chapter 11
BASIC PRINCIPLES

"Philosophy is written in this grand book--I mean the universe-—-
which stands continually open to our gaze, but it cannot .
be understood unless cne first learns to comprehend the language
and interpret the characters in which it is written.

It is written in the language of mathematics...,”

~=-Galileo Galilei

A. Refraction

The occultation fechnique is based on the fact that when a radio
wave passes through the atmosphere it is bent and retarded. This hap-
pens because the atmosphere has an index of refraction n that is
greater than 1, and this parameter will vary from place to place;

‘The index of refraction, however, is not much greater than 1; a
typical value at the surface of the Earth is 1.000314. Because the
significant variations in the index of refraction are very small, it

has been found convenient to define a quantity known as refractivity
N: .

N=(n-1) x10° 2.

In other words, N is the fractional part of n, multiplied by 10°.
Refractivity is a function of atmospheric density and, therefore,

a function of atmospheric pressure and temperature {(temperature, pres-

sure, and density are related by the equation of state or ideal gas law,

P = pRT, where P = pressure, p = density, T = absolute temperature,

and R = the universal gas constant). In terms of temperature T, at-

mospheric pressure P, and the partial pressure of water vapor e, re-—

fractivity can be written as [4]

N=77.6 2 ~5.6243.75 x 100 =
T T T2

2.2)

where T is in degrees Kelvin, P and e are in millibars, and N is
dimensionless. It can be seen from this equation that N is dirvectly

proportional to pressure and ipversely proportional to some power of

5 SEL-71-059



temperature; in addition, it is a very strong function of water-vapor
pressure because of the polar nature of the water molecule. The first
term on the right~hand side of Eq. (2,2) is often called the "dry term,”
and the remainder are called the "wet terms.” At low altitudes, where
water-vapor pressures can he expected to be high, the wet terms make a
significant contribution to the value of N. At higher altitudes (above
7 km), this contribution is very small and the dry term is principally
responsible for the value of N. o

" A radio wave in the atmosphere is retarded if N is greater than
zero because the index of refraction n is the ratio between the speed
of light in a vacuum ¢ and the speed of light in the medium; therefore,
N represents the fractional difference between the speed of the radio
wave in the atmosphere and its speed in a vacuum. The higher the value
of N, the greater the retardation. (It should be noted that a monochro~
matic wave is being discussed and, therefore, the distinction between
group velocity and phase velocity is not of concern. In any case, the
atmosphere for the frequency range of interest (X-band) is essentially
nondispersive. In this report, 'velocity" of a wave refers to "phase
velocity.')

In addition to retarding the wave, the atmosphere also causes it to
bend because N (being a function of pressure, temperature, and water-
vapor pressure) varies in magnitude, both horizontally and vertically.
From Snell's Law, it is known that an electromagnetic "ray" tends to
bend in the direction of increasing index of refraction., Mathematically,

this can be written as [5]

g,—%-:% (2.3)
where A is the wavelength and p is the radius of curvature of the
raypath (henceforth, ¢ will refer to radius of curvature rather than
density). The derivatives are taken in the direction of travel of the
ray .

The wavelength 3 is related to fregquency v by X = v/v, where

v is the velocity of the wave, Because v = ¢/n,

BEL-71-05% &
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and

Substituting these expressions into Eq. (2.3) and rearranging results in

n .
S L 2.4
P dn/dp ¢ )
whiqh‘relates the radius of curvature of a ray to the index of refrac-
tion n and the derivative dn/dp. This derivative can be expressed
as the sum of two terms; one is proportional to the. horizontal gradient

of mn, and the other is proportional to the vertical gradient:

~ dn B dn 1dn __ S 7
3o T o - TeT = IE;' cos @+ = = sin @ (2.5)

where r and & are polar coordinates with origin at the center of

the Earth, and @ 1is the angle'betweeﬁ E? (the radius of curvature
vector) and ¥ (the radius vector)., Note that, for T pointed out-
ward, dn/dr is negative for a normal atmosphere. '

The radius of curvature o can now he written as

n
p o= [dn/dr] cos @ - (1/r)(dn/d6) sin @ (2.6)

Therefore, the radius of curvature of a ray is found to be proportional'
to the”index of refraction of the medium and inversely proportional to
the gradient of the index of refraction. If the gradients are large,
p will be small and the ray will curve sharply; if they are small and
if n is large, the ray will follow a "straight” trajectory..

Both the bending of the ray and its retardation tend to increase.

the apparent path length of the ray. 'If the atmosphere iz not present,

7 , : . BEL-71-059



the radio sigﬁal travels in a straight line at the speed of light in a
vacuum. Bending and retardation caused by the atmosphere increase the
time it takes for a ray to travel between the same endpeoints and, thus,
effectively increase the length of the raypath.

This increase in path length is called the "phase defect.'¢

B. The Occultation System

The proposed two-satellite occcultation system (Fig. 3) would mea-
sure the phase defect and use it to infer the altitude of a pressure
level, ' ‘ |

The infrared sensor determines the pressure-temperature profile of
the atmosphere over a particular portion of Earth; simultaneously, the
occultation system propagates a radio wave through this same segment of
atmosphere and measures the phase defect. This result is telemetered
back to the. ground

(It should be noted that, in an operational system, the IR sensor
can be mounted on one of the occultation satellites instead of on a
third satellite, as illustrated in Fig. 3, This sensor has a resolu-
tion cell similar in size to that of the occultation system, and the
results can be correlated on the ground.)

The pressure~temperature profile is used as input for a computer
program that raytraces through the index-of-refraction profile generated
from the pressure-temperature curve. The results of this raytraéing are
campared to the phasg defect measured by ithe satellites. The index—of-
refraction profile is then adjusted the proper vertical distance until
the raytracing result obtained from the computer program matches the’
phase defect obtained from the satellites.

Several of the parameters of the proposed system are significant

and should be given special attention. Because an attempt is being made

TThe origin of the term '"phase defect" is obscure. It may be attributed
to the fact that, as the path length and wavelength increase, the num-
ber of zero crossings registered by the receiver decreases, resulting
in a phase "defect" at the receiver.

SEL-71-059 : 8
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to measure an excess path length on the order of hundreds of meters over
a path on the order of 8000 km, it is obvious that the system must he of
high precision. In fact, only small variations (on the order of meters)
in the phase defect are of interest. It is important, therefore, to be
able to measure the phase defect as accurately as possible, hopefully to
within 1 m or less, which means that the relative positions of the satel-
lites must be known to within this distance.

The factors affecting satellite position are atmospheric drag, solar-
radiation pressure, and perturbations in the orbit attributed to anomalies
in the Earth's gravitational field. Drag and solar-radiation pressure
will have periodic effects that can be removed from the data by digital
filtering. The drag effect is a long-term phenomenon; the solar-radia-
tion effect will have a period of half a revolution and should be remov-
able without undue difficulty.

Orbital perturbations caused by anomalies in the Earth’'s gravita-
tional field are a more difficult problem. Theoretical analysis [6] has
shown that, by launching the mother and daughter satellites together and
then letting the daughter drift away, the gravitational field can be
mapped - with sufficient accuracy to remove the effects of the anomalies.

Another significant parameter is the nominal separation distance
between the satellites. By increasing this distance, the raypath be-
tween the satellites can be made to approach closer to the Earth's sur-
face at its lowest altitude. In addition, the Earth is somewhat oblate;
the difference in radius measured at the equator and at the pole'issuzo
km. As will be shown in Chapter II1I, satellite separation and the ef-
fects of the Earth's oblateness are important factors in system design.

Figure 4 is a block diagram of the system. The mother satellite
transmits a CW signal through the Earth's atmosphere. The daughter sat-
ellite receives the signal, multiplies its frequency by some rational
fraction (such as 11/10), and retransmits it phase coherently to the
mother satellite where it is multiplied by the inverse of the original
multiplying factor {(imn this case, by 10/11). The signal now beats with
the original frequency, and the beats are counted and recorded. If, in
passing through the atmosphzre, the frequency of the signal was not af-

fected, the result of beating will be zero; however, if the atmosphere

SEL-71-059 10
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Fig. 4. BLOCK DIAGRAM OF THE OCCULTATION~SYSTEM HARDWARE.

causes the apparent distance between the satellites to change, the
frequency of the signal will have shifted slightly as a result of the
Doppler effect, and this shift will appear as a beat frequency. Half.
the number of beats/sec produces the number of wavelengths of excess
path length caused by the atmosphere {(or, as noted above, caused 5y real
path-length changes resulting from variations in satellite position).

In addition to the system described above, which counts every wave-
length change in distance between the satellites, the signal of the mas-
ter satellite is phase modulated'at ~5 MHz. This modulation is carried
through the repeater satellite and received back at the master. 'Phase
comparison of the received and transmitted signals yields an absolute-
distance measurement of approximatély 1/2 m accurécy with a basic ambi-
guity of = 60m; this ambiguity can be inereased to approximately 3 km
by adding a second modulation frequency if system considerations so
require, The absoluté—distanéé system provides the 6riginal absolute-
distance reference and reestablishes the absolute'reference whenever
the more precise system loses count because of interference., The pos~’
sibility'of signal loss from multipath is discussed extensively in later
chapters.

' If should be noted that hardware similar to that described above
has been flight tested and proven on numeroug planetary and interplane-

tary missions, including Mariner,'Pioneer, Lunar Orbiter, and Apollo,
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Chapter III
ERROR ANALYSIS OF THE PRESSURE-REFERENCE-LEVEL SYSTEM

it 1
Errare humapum est.'

--Ancient Saying

A computer simulation of the occultation system was necessary to
determine the feasibility of using occultation satellites to measure
the altitude of a pressure level., This chapter describes the program

used and the results obtained.

A. The Pressure-~Reference-level Program

The computer program was divided into two paris. In the first,

a model atmosphere, consisting of the best temperature, pressure, and
water~vapor information availaﬁle, was input to the computer to.con-
struct an index-of-refraction profile. A raytracing routine traced
through this profile, simulating the result that would be cbtained if
g satellite system were to transmit through ithis model atmosphere. The
result was a phase defect (the excess path length) and was called B8R,
meaning "satellite reading.” ' ‘

In the second, the information used to construct the index-of-
refraction profile was degraded so0 as to simuiate the errors inherent
in the satellite infrared sensor (S5IRS5} which, in an operﬁtional system,
would be the source for this data. (The particular species of degrada-
tion employed varied frém one run to another and will bhe described later
.in this chapter.) All information relating pressure or temperature to
altitvde was discarded, and the bottom-mosf temperature~pressure pair
was arbitrafily fixed at some starting height. The h&psometric formula
was used to assign corresponding altitudes to the remaining pressure-
temperature pairs, an index-of-refraction ﬁrofile was constructed, and
the raytracing routine was emploved to generate a value of the phaée
defect. (This value wag denoted as PD1.) The profile was then shifted
vertically 1 km, the raytracing routine was again applied, and a new
valuer(PDz) was obtained. These two values were used to calculate the
derivative of the phase defect with respect to altitude d¢/dz, where
d@/dz = PD2 < PD1.

13 SEL-71-059 -



Now, the SR of the first part of the experiment (the phase defect
"measured” by the imaginary satellite system) was employed to construct

an error term,
&S = SR ~ PD2 (3.1)

This value Af/ was used in conjunction with the derivative d@/dz to

determine the shift Az necessary to bring the error term AF to zero:

L

Az = Gd/dz

(3.2)

In practice, the system is somewhat nonlinear, and more than one itera-
tion is generally necessary before A 1is brought arbitrarily close to
zero.

When A had been made acceptably small through repeated raytrac-
ing, application of Egq. (3.2}, and the appropriate vertical shift of the
index-of-refraction profile, the altitudes of various pressure levels
were compared to the altitudes of these same levels in the "measured”
atmosphere profile used in the first part of the program. The differ-
ences in altitude constituted the error of the system; therefore, if the
500 mb level were at 5.005 km im the reference atmosphere and at 5.015
km in the atmosphere generated by the shiftipg procedure, the error at
500 mb would be 5.015 - 5.005 km = 0.010 km; or 10 m, Figure 5 is a
flow chart of this program, and its listing is found in Appendix A.

In the remainder of this chapter, the results of the final error
analysis are discussed, in which simulated data from the sateliite in-

frared sounder (SIRS) were used to generate the reference atmosphere.

B. Error Analysis, Using Simulated SIRS Datsa

The simulated SIRS profiles [7) consisted of 206 profiles of tem-
perature vs pressure, with temperatures at 100 pressure levels between
1000.0 and 0.1 mb. A typical dals set is shown in Fig. 6. Each level
presents a simulated temperatore "sensed” by the SIRS, a temperature

"error” (how this sensed temysrziuve differs from the true temperature),

SEL-71~-059 14
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and the eryor in height resulting from the accumulated error in tempera-—
ture. In addition, each set {abulates rms errors for various ranges of
pressure (such as 700 to 400 mb, 400 to 100 mb).

Half of the data ssts consist of simulated profiles for a 7-channel
sensor; the other half consist of profiles for a 9-channel sensor, which
are the only ones used u this error analysis. The data sets were divided
into three groups (set 2, set 3, and set 4), according to the latitude of
the stations, and these latitude ranges are indicated in Table 1.

The pressure-referzuce -level program was run by combining the "sensed”
temperature profile and the corrvesponding temperature errors so as to pro-
duce the "true' temperaiuie profile which became the "reference atmosphere.’
The original sensed-tempsrsture profile was used as '"measured data." An
atmosphere was constructed from this profile and shifted vertically until
the results of raytiracing through the vertically shifted measured profile
matched the results of raytracing through the reference atmosphere. In
both portions of the program, 2 random error of absolute magnitude (0.5m)
was added to the phase defect to simulate the uncertainty in satellite
spacing.

The resulting altitude ezror 2zt each of nine pressure levels was re-
corded. TFigure 7 is a typical output sample. Statistical summaries for
each of the three latitude ranges are tabulated in Tables 2 through 7.
Tables 2, 3, and 4 list the resulis for a satellite separation of 7863 km,
and Tables 5, 6, and 7 list the results for 7888 km. (The greater the sat-
ellite separation, the lowey is the closesi approach altitude of the ray.)
Table 1b lists the closest appgroach altitudes for each of the cases shown
in Tables 2 to 7; the results are also displayed in Figs. 8 and 9.

A smaller number of proi.lles wers run with water vapor introduced
into the reference-atmosphere portion of the program. This water-vapor
data conéisted of the associated rawinsonde relative humidity profiles.

A simplistic water-vapor correction was used in the second half (measured-
data portion} of the program. This correction consisted of one of two
humidity profiles, ome representing & "high” value of water vapor and

the other a "low"” wvalue (sze #ig. 10}, chosen according to the surface

value of the rawinsonde water-vazpor profile. All of the data sets from

SEL-~71-059 ig
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Tahle 1

SIGNIFICANT DATA FOR PRESSURE-REFEREMCE-SYSTEM ERROR ANALYSIS,
EMPLOYING SIMUTATED SIRS TEMPERATURE PROFILES

Set No.
Iatitude
{2 3 4
Min 25 KN[{38B N|B1 N
Max 37 Ni{B1 N]T6 XN

A.

Latitude ranges

Satellite Separationm
Set 7863 km 7888 km
No, Prof | Min Alt | Max Alt | No. Prof | Min Alt | Max Alt
2 14 5,78 7.86 14 3.58 5.44
3 20 7.95 9.75 19 4,85 6.81
4 18 9.59 12.586 18 7.29 9.91
b. Dbry Atmosphere
Satellite Separation
Set 7863 km 7888 km
No. Prof | Min Alt | Max Alt | No. Prof | Min Alt | Max Alt
2 6 6.25 7.599 6 4,11 4.95
3 8 7.62 9,986 8 4.99 7.10
4 7 9.70 11,47 7 7.40 9.28

C.

Wet atmosphere with simpliétic climatic correction

Satellite Separation
Set TEG3
No., Prof | Min Alt j Max Alt
2 6 6.11 7.65
3 8 .T.6% 16,00
4 7 9.98 11.85

d.

19

Wet atmosphere with ideal correction
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SATELLITE SEPARATION:

Table 2

7863.0000 KM (14 Stations); SET 2

SEL-71-059

Level (mb) Mean St. Dev. rms Min Max
500,000 7.70 14.05 16.02 ~16.89 28,33
400 .000 8.18 16.42 18.35 -21.21 30.48
300.000 17 .64 28.40 33.43 =-30.50 53.93
200 .000 24 .65 35.57 43 .28 -25.,81 92.03
140.000 2.54 33.556 33.565 -55.26 61.61
100 .000 0.57 27.10 27.10 ~45 .36 58.87

70,000 4.56 28,17 28.54 ~42 .50 56.64

50.000 11.02 38.20 39.76 ~-58.88 91.92

30.000 10 .55 37 .38 38.84 -4 .27 58.26
Tabla 3

SATELLITE SEPARATION: 7863.0000 KM (20 Stations); SET 3

Level (mb) Mean 5t. Dav. rms Min Max
500.000 1.21 17.67 17,71 -20.61 36.88
400,000 =-3.15 12.97 13.35 -24.05 17.89
300,000 -G.07 16.47 16.47 ~43 .97 21.99
200,000 6.28 25,77 26.52 -31.67 41.15
140,000 4.90 42 .22 42 .50 -83.59 80.43
100,000 ~2.32 39.53 39.59 ~73.74 a5 .77

70.000 1.13 28.35 28.38 ~33.48 87.17
50.000 92.72 24.72 26 .57 ~-28.95 77.82
30.000 24.42 40.21 47 .05 -47 .99 87.49
Table 4
SATELLITE SEPARATION: 7863.0000 KM (18 Stations); SET 4

Level {(mb) Mean 8t. Dev. rms Min Max
500 .000 12,38 22,83 25.97 -27.09 48,48
400,000 9.56 25.29 27.04 -31.75 42,22
300.000 ~-0.82 25.32 25.33 ~49,.44 38.81
200 .000 12.11 22.2¢6 - 25,34 ~12.92 72.49
140,000 14,80 29,62 33.11 -21.11 95.08
100.000 15,39 32.36 36.74 .~38.29 105.33

70.000 11 .87 28.70 31.989 -41 ,17 76.05

" 50,000 1.35 16,38 19,42 ~31 .85 30,24

30 .000 -21.75 38.20 42 .23 ~78.40 43,18
20
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Table 5

SATELLITE SEPARATION: 7888.0000 KM (14 Stations); SET 2
Level (mb) Mean 8t. Dev. rms Min Max
500.000 2.72 16.82 17.04 -32.38 30.76
400.000 3.20 17.42 17.71 -28.07 28.50
300.000 12 .66 15.84 20.27 -14.57 34.83
200 .000 19.67 22.48 - 29.87 -13.67 59.76
140.000 -2.34 32.35 32.44 -47 .95 48.25
100 .000 ~4.41 28,62 28.96 -52,93 42,37
70.000 -0.42 23.34 23.34 -47 .52 32.24
50,000 6.04 29,24 29.86 ~32.20 68.65
30,000 5.57 25 .40 26.00 -44 ,91 44.65
Table 6
SATELLITE SEPARATION: 7888.0000 KM (18 Stations); SET 3
Ievel {(mb) Mean 5t. Dev. rms Min Max
500.000 -3.31 18.62 12.90 -43.,18 27.33
400 . 000 ~7 .95 28.79 29.87 -68,50 41,94
300.000 -5.63 45 .71 46.08 -96 .07 69,94
200.000 ~0.87 43 .21 43.22 -80.68 71,70
140,000 -0.31 38.80 38.60 -68.58 68.34
100 .000 -6.49 37.56 38,12 -60 ., 89 73.51
70.000 -2.94 30.74 30.88 -31.80 72,04
30.000 4,29 25.10 25 .47 ~-33.07 51.54
30.000 15.71 37.80 40.93 ~-47.12 89,89
Table 7
SATELLITE SEPARATION: 7888.0000 KM (18 Stations); SET 4
level {(mb) Mean St. Dev. rms Min Max W
500,000 14,07 35.69 38.35 ~29.69 90.863
400,000 11,25 28.34 30.49 -17.20 76.93
300.000 0.87 27.49 27.51 -40,40 56.26
200.000 13.81 49.56 51,45 -56.19 103.93
140.000 16.48 58,22 60.51 -60.69 133.87
100.000 17.08 54.47 57.08 ~40.43 140.75
70.000 13.56 530.62 52.40 -47 ,56 127.72
50.000 3.04 49.95 50.04 -79,01 109.18
30.000 -20.06 63.61 66.70 -134.16 83 .86
22
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sets 3 and 4, and bné from set 2 used the lower corrective profile; the

remaining data sets in set 2 used the higher corrective profile. Tables
8, 9, and 10 summarize the results for a satellite separation of 7863 km,
and Tables 11, 12, and 13 summarize the results for 7888 km. The corre-

sponding closest approach altjtudes are listed in Table le, and the re-

. sults are illustrated in Figs. 11 and 12.

To determine the effect of an improvement in the water-vapor correc-
tion technique (a more sophisticated approach than the simplistid method
described above), the same data were run with the exact rawinsonde water-
vapor profile used in both the reference and meaéured atmospheres, which
is equivalent to an ideal water-vapor correction. Results of this run
{for the 7863 km satellite separation only) are tabulated in Tables 14
through 16. The corresponding closest appreach altitudes are listed in
Table 1d, and the results are displayed in Fig. 13.

Finally, to determine the effects of the temperature errors on the
system, the analysis of six low;latitude profiles (without water) was
repeated, this time using the reference temperature values (the‘yalues‘
without error) in both the reference and measured atmospheres, which is
equivalént‘tq having an ideal-temperature sensor. The result of this

run is illustrated in ¥Fig. 14 for the 7863 km satellite separation only.

C. Analysis of Results, Using Simulated SIRS Data

In Figs. 8, 9, 11, and'iz, the solid line represents the sténdafﬂ
deviation of the error (in meters), and the dashed line represents the
root mean square {rms) error; both are shown as a function of pressure;
The difference between the standard deviation and the rms values at each
pressure level is an indication of the size of the mean error at this
level. The rms value is equal to the square root of the sum of the
squares of the standard deviatién and the mean (rms2 = standard devia-
tion2 + meanz).

‘A cursory examination of these figures reveals that the curve Bf‘
altitude error vs preSsure follows a typical pattern, regardless of
whether the atmosphere is wet or dry or, if wet, how the water~vapor

error is corrected. Typically, there are two minima and two maxima.

25 . SEL-71-059



SATELLITE SEPARATION:

Tahle 8

7863.0000 K (6 Stations); SET 2

Level (mb) Mean 5t. Dev. rms Min Max
500,000 13,12 16.80 21,31 ~7.95 40.43
400 .000 8.31 20,21 21.85 =23.56 29.32
300.000 15,22 26.48 30.54 ~27 .64 ‘40.54
200.000 34,51 34.32 48.87 -2,97 93,47
140.000 32.68 47.46 537 .63 -18.32 80.53"
100 .000 19.16 3l1.i7 36.59 . -26.20 59.18

70.000 6.13 43 .39 43 .82 -56.23 46,92
50.000 11.06 52.10 60.13 -52.70 83.33
30.000 15.58 26 .30 30.57 ~1G,83 46.52
Table 9
SATELLITE SEPARATION: 7863.0000 KM (8 Stations); SET 3

Level (mb) | _ Meap St. Dev. rms Min Max
500.000 39.18 33.84 51.77 -5.48 99,36
400.000 30,87 30.54 43 .42 -1.78 88.95
300.000 21.53 29.34 36.39 -16.31 68.32
200.000 38.97 38.62 54,86 -3.64 94,15
140,000 50.94 48,82 70.56 -22.24 121.11
100,000 44 .02 46.73 64,20 -35.13 105.45

70.000 38.3¢0 34,71 51.69 -13.50 88.64
50.000 32.68 31.24 45 .21 -21.36 70,95
30.000 43 .85 40.11 59.45 -33.54 85.94
Table 10
SATELLITE SEPARATION: 7863.0000 KM (7 Stations); SET 4

Lavel (mb) Mean St. Dev. ms Min Max
500,000 25.1%9 27.94 J7.62 -20.77 66.63
400 .000 23.62 25.98 35.12 ~26.80 52.08
300.000 9.41 8.46 12.68 -3.93 18.65
200 .000 13.59 14,900 18,51 ~7.75 35.83
140,000 17.45 21.65 27.81 -13.57 41.90
100.000 25,83 85 .36 35.27 ~23.81 56.53

70,000 29.48 28,43 39.59 -20.16 69.11

50.000 14,41 24.78 28.68 -19.81 43,91

30a000. -30.30 47 . %0 56.68 -91.29 39,23
SEL-71-059 26
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Table 11
SATELLITE SEPARATION: 7888.0000 KM (6 Stationsz); SET 2

level (mb) . Mean 5t. bev. ms - Min Max
500 .000 -53,.11 37,21 64 .85 -97 .58 8,24
400 .000 -57.93 - 43,29 71.14 -122 .42 -2.86
300.000 -51.02 45,27 68.21 -126.50 0.03
200,000 ~31.72 47 .98 57.52 -G8.77 61.28
140 .000 -33.85 49,06 59.44 -89.27 48.35
100,000 -47 ,07 37.68 60.29 ~77.58 27.00
70 .000 -80 .11 60.83 85.52 -142.15 9.67
50.000 ~55.17 73.51 81.91 -151.57 12.85
30.000 -50.65 46 .45 68.73 ~118.79 5.25
Table 12
SATELLITE SEPARATION: 78B8.0000 KM (8 Stations); SET 3
Level (mb) Mean St. Dev. ms Min Max
500.000. 51,29 57.44 77 .00 -12.,32 ‘146;25
400 . 000 42,97 56.47 70.96 -31.52 135.84
300.000 ' 33.63 58.84 87.77 -51.88 115.21
200.000 51.08 B3 .97 81,886 -32.43 135,99
140.000 63u04 692,96 84.18 -30.39 168,00
100.000 . B6.13 72.17 91 .42 -43,29 150.086
70.000 60.40 63.12 80.77 -21.67 126 .30
50.000 50.12 50.68 71,27 -2,69 117.84
30.000 55.99 50.55 75.44 -1,.54 125,75
Table 13
SATELLITE SEPARATION: 78B8.0000 KM (7 Stations); SET 4
——
Level {mb) Mean St. Dev. ™ms Min Max
500,000 15.78 48,91 51.40 -34,20 7] 99.85
400.000 14,21 42 .20 44 .53 -37.26 85.28
300.000 0.01 46.03 46 .03 -67.46 67 .63
200.000 4,18 §4.08 64,22 -89.11 92,39
1490.000 8.06 60.098 60.63 -94,63 75.12
100.000 16.53 - 49,55 52.23 -68.07 87.30
70,000 20.07 44,89 49.18 -41.15 72.56
50.000 5.00 59.20 59.41 -65.,16 75.32
30.000 -39,71 93.34 101 .44 -145.74 94,39

SEL-71~059 ‘ ' 28



62

i

PRESSURE (MB)

" §OO~TL-T1AS

s .
oo
30+ - &;
50 . e
7O - -
0 §
oo - i
140}~ - -
200 ~ -
300
400} -
500 — -~
6001 - '™
7001 [~ . : : " .
| IS RUNNPE W IS SN | i I S N W S S S N S T IS
0O 10 20 30 40 50 60 70 BO O 10 20 30 40 S0 80 70 80 O O 2T 20 40 S0 60 ‘TG af
‘ ERROR (M) - ,
Latitude range 25°-37° N Latitude range 38"-—51“ N datitude range 51°-78° X
6 profiles : : 8 profiies 7 peofiles

Standard Deviation ————— RMS ==~

Fig. 12. "STANDARD DEVIATION AND RMS ERROR VS PRESSURE. Wet atmosphere wit: zimnlistic e¢limatie
correction, satellite separation: 78BB.0 km, Closest approach altitude o way indicated by
vertical line. ' ’ o



Table 14
SATELLITE SEPARATION: 7863.0000 KM (6 Stations); SET 2

Level (mb) Mean St. Dev. rms Min Max
500.000 10.37 8.66 13.51 -0.26 21.08
400 .000 5.36 15 .49 16.45 -192.5% 28.87
300.000 12 .47 22.52 25.74 -23.63 45,27
200.000 31.76 27 .86 42 .25 1.24 71,97
140.000 29.93 45 .59 54.54 -23.13 80.959
100.000 16.42 27.90 32.38 - -18.49 46 .27

70.000 3.38 38.68 38.83 -54.,34 56.15

50.000 8,31 55.82 56.43 -49.15 92,58

30 .000 1 12.83 24.88 28.00 -15,91 55.76
Table 15

SATELLITE SEPARATION: 7863.0000 KM (8 Stations); SET 3

Level (mb) " Mean St. Dev. s Min Max
500,000 13.91 - 20.29 24.60 -18.24 38.74
400.000 5.59 17.51 18.38 -19,58 27.90
300.000 -3.74 18.36 18.74 -39,93 24,18
200.000 13.70 28.19 31.34 -20.49 66.59
140.000 25 .67 392.40 47 .02 -40.,89 92.33
100,000 i8.75 37.49 41 ,92 -53.,72 T77.89

70.000 13.02 26.43 28,47 -32.17 61.07

50.000 12.74 12.80 18.06 2.70 42 .34

30.000 18.61 32,47 37.43 ~46.31 67.28
Table 1§

SATELLITE SEPARATION: 7863.0000 KM (7 Stations); SET 4

Level (mh) Mean 8t. Dev. ms Min Max
500.000 20.38 26.00 33.03 ~25.66 48.63
400.000. 18.81 25.17 31.42 -31.70 45.03
300.000 4,60 11.40 12,29 -9,59 19.66
200,000 8.78 11,17 14.20 -8.24 16.14
140.000 12.65 20.65 24.22 ~13.66 34.70
100,000 21.12 27.21 34,45 -28.50 58.59

70 .00 24.67 29,83 38.71 -25,05 71.14
50.000 9.60 25.67 27 .41 -20.39 45,94
30.000 -35.12 44,69 56.83 | -100.97 18.59
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One minima generally occurs in the néeighborhood: 6£°300-t5 400%mb; 2 and
the other in the neighborhood of 50 to 70 mb. -The-maxiha arélméarrihe
30 mb level and between 100 and 200 mb (which,. for mOSmﬁprbfiieS?ﬁhs*
the pressure level of the tropopause). T DEZGD 4w omapsone

The pattern can be explained by considering that the: minimiim. at”
the lower altitude, near the 300 mb level, is associated.with' the:clos~-
est approach altitude of the raypath (the vertical line’in-the“figures).
Because the system is most sensitive to atmospheric effécts dncapproxi-
mately the lower 3 km of the raypath, the absolute valué of error in
this neighborhood tends to be minimized. Co R DEDRDY QOmrase

- Theroverall pattern is the result of the errors invihéitempetraitnte

profile, 'Which: genératé errors- in altitude when the temperathze®altitide
profile is‘constrictedlusing the. hyps ome trd c- foriiulase s 4 sPeffeeti4sl-
‘illustrated: by- the absencé of any. extremasdin. thesrestiltstlof theeidealor,
temperature~profile case (Fig..14): where each levelchagrthelsane errorg.
as thatiof the 300 . to 400.mb level.,. .. a2 tc:ally 2itminataed by propf
erly Themaghitude: of the.erroriis: of Piimaryt interesticnd ta canibe weehl—
in Figs. 8 and 9 that, generally; the rms’ and-standardidevidtionh bedowzrd
300 mb are approximately 20 to 50 m. Figure 15 shows %he 300°mbTEPTaie
for ea¢h of the profiles used in the generation of Fig. 6, plottedouied
function of rms temperature error in the 100 to 400 mb pressure range.
Although thére is no clear regression line, - it should be Botedsthat’ the
upper left-hand portion of the graph is free of data points; which®indi-
cates that a low rms value of temperature error ih<thé-lﬂhafbihbbéﬁﬁT3T
range invariably results in a small altitude error at the® 300:mb-Teveli -
It is reasonable, therefore, to expect that improvements -in the parfor-
mance of the SIRS will lead to concommitant improvements in ‘the’ perfor="
mance of thé occultatior system. It should be noted also thatia- high-
rms value of temperature error does not lead necessarily to @ 1drge er-
rqr‘in the altitude of the 300 mb level, as witnessed by the large num-
ber of points in the lower right-hand portion of the figure,

Comparison of Figs. 8 and 9 reveals that it is possible to choose
a satellite separation for each of the latitude ranges such that the

rms and standard deviation at the 300 mb level are less than 26 m,
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This does not suggest necessarily that there must be more than one
satellite pair in the system, but it does illustrate that minimum ray
altitude is a significant parameter that should be selected'in such a‘
way as to optimize system performance. In fact, the 7863.0 km separa-
tion obtains acceptable results at all three latitude ranges. Should
further analysis indicate that variable satellite separation is desir-
able, a small oblateness can be introduced intentionally into the sat-
ellite orbit. Note that, in each figﬁre, the lower minimum occurs in
the range of the closest approach altituﬂe.

It can be seen in Fig. 11 that.the simplistic water—-vapor correc-
tion produces'remarkably good results. The standard deviation and rms
at the 300 mb level and below are once again in the neighborhood of 20
to 30 m. Figure 13 illustrates that the errors are caused by tﬁe fail-
ure of the corrective profile fo account adeguately for the wafgr vapor,
and these results should be compared to the corresponding curves in Fig.
8. Errors introduced by water vapor can be totally eliminated by prop-
erly correcting for the water vapor. If exact corrections are not avail-

able, even the most simplistic corrections (Fig. 11), in which a standard

‘water-vapor profile corrects for water-vapor effects, can have dramatic

results. Not correcting for water vapor will yield errors on the‘order
of hundreds of meters.

The effect of varying the minimum ray height in the presence of
water vapor is illustrﬁted in- ¥ig. 12. The system operating at the
lower ray height (greater satellite separation) yields generally‘poorer
results than the system operating at the higher ray height {smaller sat-
ellite separation). Because water-vapor concentration falls off rapidly
with altitude (scale height on the order of 2 km), this is not a partic-~
ularly surprising resuli, as proper water—vaﬁor correction is more im-

portant as the ray passes into regions of high water-vapor content.
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Chapter IV

THE HAWATII EXPERIMENT

"One wbuld.grow poor staying in one place always."

~-Poem of the Cid

A major concern in the design of an occultation satellite system
is the possible effect of atmospheric turbulence on system pérformanqe,
consisting chiefly of scintillation of the microwave signal and fhé
possible consequent'loss of phase lock. In addition, multipath due to
atmospheric water-vapor inhomogeneities could cause deep fading for
several seqonds or longer, again resulting in loss of phase lock. Al-~
_ though ambiguity resolufion built into the system hardware would make
it easy to reestablish the phase-path measuremeﬁt after lock is regained,
there w111 be a total loss of data while the signal is in deep fade.

To assess the problems associated with scintillation and deep fade,
a ground test was performed between two mountains in Hawaiil during Jine
1970, The chéice of site was determined largely by such logistical fag—
" tors as the availability of power and shelter and ease of access. The
:Hawall location also provided a 150 km transmission path between stations
at a relatlvely hlgh altitude for a ground test (3.05 and 3.35 km above
sea level) ‘ ]

“By proper cho1ce of antenna beamwidths, the illuminated area between
the transmltter and recelver was limited to altitudes between 2 and 4 km
above sea level, thus avoiding interference from surface reflection. An
operational_pressure—reference'system will have a closest approach ray
altitude iﬁ.the neighborhood of 8 km, which is much higher (and dryer)
than the 2 to 4 kn altitude sampled in this experiment. It was neces-~
sary, thefeforé, to extrapolate the results obtained in Hawaii to the
higher altitude so0 as to assess the impact of the obzerved phenomenon

" on the ﬁroﬁésed system. VIdeally, 8 km mountains were preferred. None
'were available., '

The data acqu131t1on and SC1ntillat10n analysis were performed by
a group from the‘U.S. Department of Commerce Office of Telecommunications

[8l.
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A. Description of Measurementis

Radio-propagation measurements were made in 1970 over a continucus
two~week period from 0800 June 15 through 0500 June 29. The transmitter
was located at the University of Hawaii Mees Solar Observatory, at the
summit of Haleakala on the island of Maui., The receiver was located 150
km to the southeast, at the Mauna Loa Observatory (at the 11,000 ft level)
on the island of Hawaii.

At the transmitter end of the path, three 1.25 m parabolic dishes
(beamwidth 1.8°) transmitted signals at wavelengths very close to 3.4 ¢m
{a slight frequency offset at each of the antennas enabled the receiver
to distinguish between signals transmitted from each antemna). The an-
tennas were spaced horizontally along a line perpendicular to the nominal
transmission path, with 10 m between the first and second antennas and
100 m between the first and the third. The receiver consisted of a sin-
gle 2 m parabolic dish (1.2° beamwidth) and associated electronics, and
the received signals were retransmitted to the Haleakala station via a
frequency-modulated telemetry link. The beamwidths of the receiving and
transmitting antennas were narrow enough to emsure that the Earth's sur-
face would not be illuminated within the half-power points of the two
antennas.

Signal amplitudes from the three antennas, phase variability of the
three transmission paths, and phase difference between the first and sec-
ond and the first and third antennas were recorded continuously. Only
the signal-amplitude measurements are discussed in this study.

In addition to the radic measurements, an instrumented aircraft
equipped with a microwave refractometer was flown along the raypath to
measure the refractivity of the atmosphere. Flights were made approxi-
mately twice a day, on a schedule that ensured sampling from each period
of the diurnal cycle.

Figurea 16 and 17 are horizomtal and vertical views of the transmis-

sion pa.‘i:h.'r

TAIl figures in this chapter were taken from Ref. 8,

SEL-71-059 38
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HAWAlL

MAUNA LOA

Fig. 16. HAWAIY PROPAGATION PATH. The transmitter was located on
Haleakala. Prevailing winds were from the northeast (upper right-
hand corner).

B, Significant Observations

Perhaps the most interesting feature of the observed radio data was
the presence of periods of deep fading, sbme as deep as -40 dB. Although
these very . .deep fades would typically have a duration of only a few sec-
onds, on goé'asion, the signgl would drop below -30 dB for as long as 20
sec. Days'with deep fades were also characterized by many incidents of
less intense fading. Signal enhancements of up to +5 dB were occasion-
ally observed. Typical amplitude records from a "gquiet" day (one in
which there was very little intense fading) and from a "noisy' day are

shown in Fig. 18,
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SIGE\!AL F‘ADGNG ON SIMULATED SATELLITE OCCULTATION PATH
Horizontal Antenna Separation at Haleakala: 100m

S
Ant#s '7.:.'ll.jjif:; ‘f L
E .: ‘r:f 1 £. . | o
ant. w1 : ' I
1940 835 18% 1825 1826

June 16 1970

40 04 040
' June 22,1970 -

Fig. 18, TYPICAL AMPLITUDE RECORDS FOR A "QUIET” DAY (TYPE B) AND A "NOISY" DAY
(TYPE P). Antennas 1 and 3 were separated by 100 m. '



The amplitudeé record was divided into 30 mip periods, each classified
into one of four "fading types' designated A, B, C, and D, corresponding

to

Type A: <5 dB peak-to-peak fading range
Type B: >5dB peak~to-peak fading range
Type C: | >5dB fading range with 1 to 5 V-shaped fades >15dR
Type D: >5dB fading range with over 5 V-shaped fades >15dB

The record of microwave fading over the two-week period of the experiment
is summarized in Fig. 19,

It was necessary to moedify the flight pattern of the instrumented
aircraft because of the unexpected incidence of deep fading. The origi-
nal plan ('Flight Pattern I") called for the plane to fly an H-shaped
pattern, taking twe vertical profiles to study ray propagation, and a
horizontal profile in beitween to be used as data for the scintiliation
analysis.

Because the presence of deep fading made extra vertical profiles
desirable, a second plan ("Flight Pattern 1I") was implemented, in which
the aircraft flew a sawtooth pattern between the transmitter and the re-
ceiver.

The flight patterns are also summariz?d in Fig. 19. Figures 20 and
21 are typical N-profile records; flight 4‘(Fig. 20) was made dufing a
type B fading pericd and flight 12 (Fig. 21) during a type D fading pe-
riod.

C. Analysis of the Data

The primary objective in analyzing the data was to identify the
mechanism responsible for the deep fades and, if possible, to determine
whether this mechapnism will be active at fhe 8 km altitude at which the
pressure~reference~level system will operate. The method chosen was to
raftrace through the refractivity profiles (N~profiles) recorded by the
aircraft and to establish correlations between raytracing results and

signal properties.
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Fig. 20. TYPICAL N-PROFILES TAKEN BY THE AIRCRAFT ON A QUIET DAY. The nearly vertical lines are
high-frequency residuals that result from applving a low-frequency filter to the adjacent N-profiles.
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To raytrace through the Hawaii data, a raytracing program was re-
gquired that could accommodate a nonsymmetric atmosphere with data points
at varied spacing (variable resolution data). A similar program had been
developed several years ago, called RAYTRACE, based on Snell's law (see
Chapter YY). This early program was capable of raytracing through a non-
symmetric atmosphere (one in which horizontal gradients were nonzero),
with relatively low-resolution data.

To adapt RAYTRACE to the Hawaii data, a new made of raytracing was
required., RAYTRACE began tracing at an arbitrary "center" of a raypath,
where the ray was assumed horizontal, and then traced its way out, first
to the left and then to the right, stopping when it reached "satellite
altitude.” For the Hawaii analysis, it was necessary for the raytracing
program to begin at a "transmitter"” and then follow a raypath through to
the neighborhood of the "receiver,' each located on a "mountain' at a
given range and altitude.

It was desirable, also, for the program to raytrace from satellite~-
to-satellite through an atmosphere whose lower portion consisted of the
Hawaii data. The variable-resolution feature of the program was needed
for this phase of the analysis because it was necessary to supplement
the Hawaii data at altitudes above 4 km with relatively low-resolution
Standard Atmosphere data.

Details of the resulting programs, HAWAII (station-to-station) and
THRUWAY (satellite-to-satellite), and the original RAYTRACE are described
in Appendix C, with a listing of THRUWAY in Appendix B. .

The N-profile data were analyzed in four stages.

{1) Each available vertical profile was expanded spherically
symmetrically, and the HAWAII program (station-to-station,
raytrace between two mountains) simulated the performance
of the propagation experiment.

(2) A small but representative sample of these profiles was
alzo expanded spherically symmetrically and used in the
THRUWAY program {(satellite-to-satellite) to simulate the
rerformance of g satellite system transmitting through
spherically symmetric atmospheres whose vertical profiles
were the same as those obtained in the Hawaii experiment.

(3) .The vertical profiles from five of the airplane flights

were combined to form nonsymmetric atmospheres (atmo-
spheres with nonzero horizontal gradients).
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(4) These nonsymmetric atmospheres were used with both the
HAWATII and THRUWAY programs.

Dotails of these analyses are presented in the following chapters.
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Chapter V

RAYTRACING STATION-TO-STATION THROUGH SYMMETRIC BAWAII PROFILES

"If a man will begin with certainties, he shall end in doubts;
but if he will be content to begin with doubts, he shall end
in certainties,"

-=Francis Bacoh

The first stage in the raytracing analysis of the Hawaii data was
to expand each of the refractivity profiles generated by the airplane
into a spherically symmetric "atmosphere," and raytrace through this
stratified profile using the mountain-to-mountain raytracing program
HAWAII (see Chapter IV).

The program traces raypaths, beginning at the transmitter and con-
tinuing to some point at the range (150 km) of the receiver, thereby
simulating the configuration of the Hawaii experiment (Figs. 16 and 17).
The starting angle of the ray at the transmitter is varied by 45 mrad,

~in 1 mrad steps, thus generating an image of the raypaths for signals
leaving the transmitting antenna across its main lohe.

The HAWAII p;bgram output is a computer-generated plot of the ray-
paths between the two stations (at 3.05 and 3.35 km altitudes and sepa-
rated by 150 km in rénge), and plots of received power and integrated
phase defect (excess path length caused by bending and retardation),
both as functions of altitude at the range of the receiver (see Figs,

22 to 37). If the program detects a multipath, it will determine the
magnitude and phase of the resultant phasor at the range of the receiver.
This program was run on an XD3 Sigma-5 computer, and the plots were drawn
on-line on a 10 in. Calcomp plotter.

A total of 77 refractivity profiles were available for raytracing.
The profiles were transcribed from analog tape onto graph paper. Value;
of refractivity wére read onto computer cards at 40 altitudes between
6500 and 13,000 ft (corresponding to 2 and 4 km). These cards were used
as input to a data-conversion program on an IBM 360/87 computer which '
gave 40 values of refractivity as output, interpolated at 50 m intervals
between 2 and 3.95 km. This interpolated data formed the input for the

raytrécing program on the XDS Sigma-5 computer.
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As seen in Figs. 26 and 27, the refractivity profiles made by the
aircraft produced only relﬁtive values of N. To generate realistic
values of excess path length caused by retardation, absolute values
were required. The excess path length resulting from bending, and the
shape of the raypath, are both functions of the gradient in N and,
therefore, can be computed given only relative values of refractivity.

The value of N at 4.0 km was taken arbitrarily as 0.0, and a
‘standard value of refractivity was added to each of the 40 points on
the profile. This standard value was determined from the temperature
and pressure values at 4.0 km in the U.S. Standard Atmosphere Supple-
ment, 1866, 15° N Annual profile [9]}, along with a value of water-vapor
pressure obtained from a standard profile [10], using Eq. (2.2} to de-
termine N given the values of T, p, and e.

As a result, the refractivity data progressed through several stages
of traunscribing, reading, and interpolating before it was incorporated
inte the raytracing routine. ﬁisual comparison was made between the
data sent from Boulder and the final refractivity profile to ensure that
the input presented to the computer was reasonably accurate inm that no
gross features had been overlooked or spurious features introduced along
the linep

As described in Chapter IV, the received microwave signals were
divided into four fading types, according to the amount of fading pres-

ent during a 30 min pericd:

Type A: peak-to-peak fading range <5 dB, one profile
Type B: peak-to-peak fading range >5dB, 49 profiles
Type C: 1 to 5 V—sﬁaped fades >15dB, 12 profiles
Type D: >5 V-shaped fades >15dB, 15 profiles

The atmospheric .effects generaily held responsible for radio fading
are (1) multipath propagation in which more than one path is available
to thg radio wave between the transmitter and receiver, resulting in
destructive interference at the receiver, and (2) defocusing in which
the radio signal is "spread out" over the transmission path (the loss
is gréater than the '1/R2 loss assoéiated‘with spherically propagating

waves).
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_ The results of this portion of the raytracing study are listed in
Table 17, in which the incidence of multipath and/or defocusing is com~

pared to the signal fading type. {(For this study, defocusing is defined

Table 17

FRACTION OF PROFILES EXHIBITING MULTIPATH OR DEFOCUSING

Fading Types
Flight No. A B £ b
- Multi~ | Defocus-
path | ing Only MP DP MP DF MP DF
1 1/2
2 - | 1/2
3 - 1/2
4 0/2 :
5 0/2 ‘
7 1/1 ) 0/1
8 . - ‘ 1/3 | 1/3
10 : - 1/2 1/1
11 : . I - 4/4
12 ' ' - ' 6/6
13 1/6 | 2/6
14 0/1 0/1
.15 A ‘ ; o 2/2
RS 1 B S o 3/4 )1/4 ‘
17 H ‘ 0/1 1/1
18 2/2 -
19 3/4 | 1/2
20 : _ 1/5 .
21 _ ' 173 | 2/2
22 3/4 | 1/3
23 1/3 1/3
24 3/6
Total Count | 0/1 0/1 19/49 | 7/49 | 6/12 | 1/12 | 12/15 { 1/15
Fraction Profiles ‘ Fading Types :
' A B - (of D
With multipath .0.000 0.388 0.500 0.800
With defocusing only T 0:00 0.143 0.083 0.067
With multipath and/ 0.00 0.531 0.583 0.867
or defocusing )

'

Refers to profiles lacking mu1t1path but exhibiting defocus1ng, defocus-~
ing is also present when multlpath is present.

+
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as & power variation greater than 15 dB when measured as a function
of altitude at the receiver range.) There appears to be a definite
correlation between the amount and intensity of fading and the exis-
tence of multipath or defocusing. Although both multipath and defo-
cusing are present in slightly more than half of the type-B profiles,
they are present in 87 percent of the type-D profiles. It appears
likely, therefore, that multipath and defocusing are responsible to
some extent for the fading observed in the Hawaii experiment;

The ”shapé" of the fades in the record illustrated in Fig. 18
suggests that multipath is at least partially responsible for the
fading; tﬁis shape very strongly resembles the result obtained by
. adding two rotating phasors, as illustrated in Fig. 38. The distin-
guishing parameter in Fig. 38 is the relative amplitude of the two
adding phasors. The two rotating phasors whose amplitudes differ

1]

by 0.1 dB or less will preoduce a "fade” that is very similar to the
deeper fades in Fig. 18, This suggests that the observed fading in
the Hawaii data may have been caused by rotating phasors of very

" close amplitudg adding at the receiving antemna (a multipath situa-
tion).

It is important to understand the limitations of this portion
of the study. First, we are treating the atmosphere between the
Hawaiilan mountains as spherically symmetric which, of course, is
not the case. The validity of this approximation is uncertain for
the scale sizes considered.

Second, the refractiviiy data taken by the aircraft represent
a "smoothed" value over a considerable horizontal distance (the
plane flies essentially horizontally, not vertically); therefore,
the "vertical" profile of refractivity is not a vertical profile in
the sense of a rawinsonde profile being vertical. In addition, the
- measurements go through various stages of reading and transcribing,
agrdescribed above, before they reach the Sigma-5 computer. As a
result, although the refractivity profile probably is a good repre-
sentation of the Hawaii atﬁosbhere on some gross scale, individual
features of a small scale are necessarily eliminated. It is uncer-
tain how important these features may be in explaining the bhehavior
pf the microwave signal but, if they exist, their presence is not

1ﬁferabla from the data, so theiyr effect can only be hypothesized.
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Third, it must be emphasized that the raypaths obtained by tracing
through this "smoothed' profile are "average" raypaths (the actual ray-
paths between the two mountain tops in Hﬁwaii probably never looked ex-
actly like the raypaths drawn by the computer). Inh addition to being
spatially smoothed, the refractivity profile also represents a time
sample because it takeé the aifplane a finite amount of time to generate
the profile (on the order of half an hour), It is futile, therefore,
to attempt to match any,spécific feature in the microwave signal, such
as a particularly deep fade, with any one raypath configuration. In
addition, because the raypaths are essentially an average picture of

the situation that existed in the atmosphere, it i5 quite reasonable

~to treat the entire raypath pattern as a whole and not be overly con-

cerned with multipaths or defocusing that occur very close to ‘the re-
ceiver altitude., A slight vertical shift in the refractivity profile

was found to change the position of multipaths and focuses by a much

greater amount than the actual shift in the profile.

The results of the'raytracing program indicate that phase defect
is a very strong function, not of path configuration or of pafh length,
but of altitude at the range of the receiver. In other words, evern in
a multipath situation, the signals that arrive at a particular altitude
at the receiver range tend to have phases that are véry nearly equal; on
the scale of several centimeters (see, for example, Fig. 33 or 37),

At first, one might be tempted to attribute this phenomeénon to

Fermat's Principle'but, in fact, this is not the case. According to

this principle, the optical length of an actual ray between any two

points P1 and P2

is shorter than the optical length of any other curve that joins these
points and lies in a.éertain regular neighborhood of it. (Here, n is
the‘index of refraction of the.medium and ds . is an elemental distance
along the raypath.) ”Regular neighborhood" refers to a region thaf may

be covered hy rays in such a way that one {(and only one) ray passes.
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through each point [11]. Fermat's Principle, therefore, specifically
axcludes media that give rise to multipath situations.

Figures 39 and 40 illustrate the dependence of phase and power on
altitude at the receiver range and are expansions of Figs. 36 and 37
in the region of 3.4 km. Note that the phase difference between the
multipath signals is on the order of a wavelength. Figures 41 and 42
plot the power difference and phase difference between the multipath
signals as a function of altitude at the receiver range. The curve in
Fig. 42 has a slope of 0.1 wavelength/m in the region between 3.402 and
3.405 km and an average slope of -0.3 wavelength/m between 3.405 and
3.4085 km. Figure 42 shows that a vertical shift of 6 m in the antenna
position, or in the index-of-refraction profile relative to the two an-
tennas, causes the phase difference to vary only 1.2 wavelengths.

Inspection of the amplitude record of the microwave signal during
periods of deep fade shows that incidents of deep fade (<-30dB) are oc-
casionally interspersed with an incident of signal enhancement. It is
much more common, however, for incidents of deep fade or enhancement to
be clustered in groups, which indicates that, if the received signal is
the sum of two rotating phasors, the phasors tend to cscillate relative
to one another rather than swing through full circles of 360°. This is
consistent with the situation illustrated ipn Fig. 42, in which the phase
difference between two multipath signals is less than a wavelength. Note
that the phase of the detected signal may vary considerably relative to
some arbitrary value, while the phase difference of its two component
gsignals remains small,

Figure 41 shows the power difference over the same region. The
average slope over the interval below 3.407 km is 0.86 dB/m, and the
maximum variation over the 6 m interval between 3.402 and 3.408 km is
=~4,5 dB. |

The intensity distribution of the deep fades indicates that 27 per-
cent of the fades are caused by signals with amplitude difference greater
than 0.8 dB, 51 percent are caused by signals that differ by more than
0.5 dB, 67 percent by signals that differ by more than 0.3 dB, and 75
percent by signals that differ by more than 0.2 dB. Thus, 25 percent
of the deep fades are attributable to the sum of two signals that differ
by not more than 0.2 dB in amplitude;
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The results of the raytracing Stng indicate that there is a definite
correlation between.ogserved multipath‘and defocusing in the spherically
symmetric profiles and fhe'fading observed‘in the microwave signals. The
very brief statistical éfﬁdy of the incidents of deep fade corroborates
this hypothesis. Clearly, opportunities.are_pientiful for further statis-
tical analysis of these‘dafa, Thompson'et al [8] present some interesting

studies of amplitude and phase distributions.
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Fig. 22. N-PROFILE FOR FLIGHT 03Al, AS DRAWN BY THE SIGMA-5 COMPUTER.
The number 03A1 refers to the first ascent made on the third flight.
This prcfile was taken during a type-B period.
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Fig. 26. N-PROFILE FOR FLIGHT 04D1, AS DRAWN BY THE SIGMA-5 COMPUTER.
The 04D1 refers to the first descent made on the fourth flight. ‘This
profile was taken during a type-B period.
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Fig. 30, N-PROFILE FOR FLIGHT 11D2, AS DRAWN BY THE SIGMA-5 COMPUTER.
11D2 refers to the second descent made on the eleventh flight. This
profile was taken during a type-D period.

SEL-71-059 64



G9

660-14-TAS

3.5}

3 1

w o+

g |

g 1

. 3

. < 1
2'5. + — 4 t 2.0] —— —+ ~+ —- -t
0 15 30 .45 60 75 90 105 i20 135 150

Fig. 31,

_RANGE  (KM)

COMPUTER-DRAWN RAYPATHS FOR PROFILE 11D2. Note the extensive multipath.



4.0
i ]
- 4
£ +
| I
.r 4
I 1
t T
] 1
3.5
- -
% T ® : T
t : .
| e — A ]
I ] I
4 +
3.0
- 1
1 T . 1
+ — ] 1
i i
+ +
A +
{ 1.
. +
2+5
4 i
; + £
x 1 }
W 4 +
g | 1
™ | 4
51 1
2 ] 1
1
2.0
~-20 -15 -0 -5 5
POWER (DB?
Fig. 32. POWER VS ALTITUDE AT THE RECEIVER RANGE FOR PROFILE 11D2. The

double-valued nature of this curve clearly indicates the presence of

multipath.

SEL-71-059

66



4.0
i
!
| [
| [
3.5i
y 4 i
i i
! I
+ +4
3.01 I
5 4
1 ]
.F‘ 1-
I 1
i i
| ]
a-s}
3 1
y ] -f
=E '
5ot I
2 1 ]
1 .
30 35 40 45 S0 S5
PHASE (M)

Fig,'ss. PHASE V8 ALTITUDE AT THE RECEIVER RANGE FOR PROFILE 11p2,

. 67

SEL-71-059



PO T Y S S N S W TR W T W
¥

PR Y
e

(¥
LI

&
eyt

A
7

ALTITUDE (KM}

n
o

N-UNITS

Fig. 34, N-PROFILE FOR FLIGHT 12D2, AS DRAWN BY THE SIGMA-5 COMPUTER.
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profile was taken during a type-D pericd.
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Chapter VI

FURTHER ANALYSES OF THE HAWATI DATA -
"One good turn deserves another."

-=-Gaius Petronius

. In the foregoing computer. analysis of the Hawaii N-profiles, each
vertical profile obtained by tﬁe aircraft was expanded spherically sym-
metrically and then used as input for the raytracing routine; this was
the most extensive ahalysis performed on the data. It is possible to
use these data in other configurations, and these further analyses will

be described in this chapter.

A, Nonsymmetric Raytracihg

Because the aif@raft recorded several vertical profiles‘on each of
its runs, it ié possible ﬁo combine the profiles to construct a.single
nonéymmétric N-profile for each fiight (an K-profile with nonzero hori=-
zohtal gradients). Hopefully, such a profile would be a m()l:"éI realistic
representation of the conditions that existed along the transmission
path when the flight was made.

To obtain N-profiles, the airplane flew two patterns (Chapter IV).
Flight-pattern 1 was H-shaped, with two veftical profiles recorded on
each flight; flight-pattern II was sawtoothed, with several vertical
profiles recorded (see Fig, 18), It should be noted again that, even
in pattern 1, the '"vertical” profile is not truly vertical because the
plane cannot climb at an angle greater than a few degrees from the hor-
izontal.

N-profiles from five representative flights were chosen for nonsym-

metric analysis.

Type-A period: one flight, flight pattern I
Type-B:. two flights, one each of patterns I and II
Type-C: one flight, pattern I

Type-D: one flight, pattern II
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A type-A period is the "quietest'" from the point of view of the number
of incidents of intenmse radio fading, and type-D is the "noisiest."

The vertical profiles were used to construct a nonsymmetric
atmosphere for each flight. This "atmosphere” consisted of a matrix
of N-values, with 40 vertical points (spaced 0.05 km apart, as in the
symmetric case described in Chapter V) and either 31 or 161 horizontal
points (5 or 0.95 km, respectively), depending on the flight pattern.
In the pattern-I data, each vertical profile was entered as a columnh of
thé matrix, the choice of column determined by the location of the air-
craft when it méde the vertical profile. In the pattern-~II data, each
vertical profile was read into the matrix in such a way as to simulate
the sawtoothed configuration flown by the aircraft. This is the reason

-for the greater number of horizontal points used to represent flight-
pattern JI data (161 horizontal points are required to accommodate four
40-point profiles in a sawtooth afrangement; as in flight-pattern 1 data,
31 points would provide sufficient horizontal resolution.)

The points in the matrix not occupied by original data were filled
by constructing simple linear gradients between points of the original
profiles. A separate horizontal gradient was established for each of
the 40 vertical levels and, in the flight-pattern II atmospheres, be-
tween each of the profiles. The resuit was an N-matrix with nonzero
horizontal gradients. These pnonsymmetric profiles (Fig. 43) were used
as input to the HAWAII raytracing routine. The HAWAII program, based
on a Snell's Law raytracing method, has the capability of raytracing
through nonsymmetric atmospheres.

The results of this analysis are illustrated in Figs. 44 through
.48, As can be seen, the results of nonsymmetric raytracing do not dif-
fer drastically from the results obtained in the spherically symmetric
analysis,

' Although this case of a simple linear gradient is interesting, it
has certain shortcomings. It is very unlikely that the atmosphere 'along
the transmission path in Hawaii consisted of one or two simple linear
gradients. A wore realistic picture would account for small pockets of
high or low values of N, corresponding to small convective cells. The
mocdel desecribed thus far is more sophisticated than a simple symmetric

atmosphere; nonetheless it is a bit too simple to be real.
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Another problem is that the N-data used to construct the vertlcal
profilés prior to computing the horizontal gradiepts probably will con-
tain features that look like horizontal layering but are, in fact, spu-
ricus. These "layers"” are generated when the airplane . hits an updraft
or aldowndraft and suddenly rises or falls. This vertical motion ap-
pears in the N—profile'as a sudden decrease or increase in N; however,
it merely represents the fact that the aireraft was pot climbing or de-
scending at a unifqrﬁ rate. When linear gradients are constfucted from
this contaminated data, the spurious layer "stretches" out over scores
of kilometers when, in fact, it might have a much smaller horizontal
extent if it exists as a layer at all.

A statistical approach was applied to overcome these difficulties.
Each of the vertical profiles was smoothed with a 0.1 km lowpass filter
to remove the effects of spurious layering, and these smoothed profiles
were used to construct linear horizontal gradients, as deseribed abéve.

A random—number generatof was employed to construct a matrix of
random variates, with the same number of rows and columns as the N-ma-
trix. This random-variate matrix was Smoothed, first hdfizoﬁtally and
then vertically, to eliminate any large gradients, and then adjusted to
‘'a mean of 0 and a standard deviation of 1.00. Each row was multipiied
by a factor obtained by taking the rms value of the high-frequency com-
ponent of the.N-profileé for each fligh‘c.-r The resulting matrix of
smoothed, adjusted, and scaled random variates was added to the N-matrix
constructed from the smoothed N-profiles, - |

Figures 45 and 46 are samples of the N-profiles from this matrix,
before and after the random variates. were added. Note the gimilarity
between the N;profiles from the statistical atmosphere and those from
the simple linear gradient atmdsphere (Fig. 43). The diffetence, of
course, is that the deviations from a smooth profile are fegular,con—
sistent, and relatively 1arge¥scale horizontal deviations in the case
of thé linear gradient; in the statistical case, the deviations are
irregular and of a smaller horizontal scale because of the random na-

ture of the added term.

1"1:'1-1(—35«3- high-f;eqﬁency pfofiiés, two of which are illustrated in Fig.

20, were provided along with the N-profiles by the Boulder group.
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The results of raytracing through these nonsymmetric statistical
profiles (Fig. 47) are very similar to those obtained from the simple
linear gradient and, byfextension, to those obtained from the simpler
spherically symmetric ex%ansions of the vertical profiles.

The gimilarity of these three cases i1llustrates the small effect
that horizontal gradients have on ray propagation., Equally intriguing
iz the fact that, even in the presence of horizontal gradients, when
a multipath situation exists, the excess path length (phase defect)
appears to be dependent on the endpoints rather than on the raypath
itself, Figure 48 presents some examples of the phase vs altitude

record for nonsymmetric atmospheres that yield multipath.

B. Raytracing Satellite-to-Satellite

~An operational occultation system will transmit signals between
two satellites rather than between two ground stations, To determine
how an occultation System would respond if it were to transmit through
the N-profiles measured in the Hawaii experiment, the satellite-to-
satellite raytracing routine THRUWAY was adapted to accommodate the
Hawaii data. The Hawaii N-profiles provide data only between 2 and 4
km above sea level. Because THRUWAY requires data from 69 km down
to the minimum altitude of the ray, it was necessary to "extend'" the
vertical range.

The U.S. Standard Atmosphere Supplement, 1966, 15° N Annual tem-
perature profile [8] combined with a standard high-humidity water-vapor
profile (the high humidity curve in Fig. 53) generated a "standard”
profile of refractivity vs altitude (Fig. 49), and the Hawaii data
were then merged into this profile. In the nonsymmetric data, the
horizqntal gradient existing at the 2 km level was carried through to
the lower altitudes., The atmosphere was considered to be spherically
symmetric above 4 km.

Four representative profiles (one from each of the "fading types")
were chosen for symmetric raytracing in the satellite-to-satellite mode.
Results of this experiment are shown in Fig. 50; only those portions of

the raypath below the 16 km level are illustrated. The three parabolas
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~indicate the 0, 2, aﬁd 4 ﬁm levels. (Original data existed only between
the 2 and 4 km levels. Between.O and 2 kKm and above 4 km, the measurements
Qere.obtaingd from the Standard Atmosphere Supplement, as described above.)
The satellite éltitude is assumed to be 1110.0 km, and the transmitter is
located 31.98° from the Qertical, as measured from a position corresponding
to the center of the diagram.

These diagrams illustrate the relative preponderance of multipath and
.defocusing, even in those cases that correspond to‘the very gquiet well-
behaved results obtained when raytracing in the station-to-station mode.
Apparently, multipath is an upavoidable phenomenon -in the satellite-to-
satellite configuration, at least for those rays with closest approach
altitude in tﬁe é to 4 km fange. (N.B.: the pressure-reference-level
system will have a eclosest approach alfitude in fhe 6 to 9 km range.)

In addition to the four symmetric casés, the five nonsymmetric caseé
considered in the station-to-station mode were also analyzed with the sat-
gllite—to~satellite program. The results are shown in Figs. 51 and 52.

The satellite altitude and position were the same as for the symmetric
prbfiles. Once agdin, the megsured data existed only between the 2 and

4 km levels; however, horizontal gradients at the 2 km level were carried
. through to the lower altitudes. In addition, because data exist only for
a horizontal-range ofrappfoxiﬁately 150 km and the ray travels approxi-
mately 500 km horizontallylin the lower 3 km of its path, it was necessary
to "extend" the Hawaii data horizontally. This was accomplished merely by
_"flipping" the atmosphere at each end of the 150 km range, changing nega-
tive gradients to positive gradienfs (and vice versa), but maintaining the
statisticallproperties of the profile.

Once again, the prepohderance of multipath and defotusing can be szeen,
as in the symmetrié case, _Similarly, as in the nonsymmetric station-to-
station raytracing, there appears to be very little differencé between the
results obtained from the linear gradient profile and those obtained from

the "statistical profile.”

81 . SEL-71-059



28

ALTITUDFE (RM}

n
o

a. Flight 2: flight-pattern I, type-C fading

Fig. 43. NONSYMMETRIC LINEAR GRADIENT N-PROFILES. These vertical samples were generated from the data
accumulated by the instrumented aircraft. Linear gradients were used to fill in points not represented
by original data. For clarity, each of the succeeding profiles is shifted slightly to the right.



type-B fading

flight-pattern I,

Flight 4:

b.

+

n

83

R
fu

.0 .
Y

(KWW) A0MLTLY

. BEL~71-059

CONTINUED.

Fig. 43.



6G0-12.-13S

¥8

ALTITUDE (RM)} -

i)
O

C.

Flight 14:

flight-pattern I, type~A fading

Fig. 43. CONTINUED.



6S0-TL-THS

ALTITUDE (KM)

d.

Flight 11;

flight-pattern 11, type-D fading

Fig. 43. CONTINUED.



6 S0-TL-THS

o8

e. Flight 16: flight-pattern II, type-B fading

Fig. 43. CONTINUED.



L8

650-TL-THS

35

ALTITUOE

+ —= 0

1

15 30 45 50 75 - 90

RANGE (KM)
' a. Flight 2

Fig. 44. COMPUTER-DRAWN RAYPATHS FOR THE NONSYMMETRIC

e
L

105 120 135 150

PROFILES IN FIG. 43.



150

Tl
T i it

Tﬁ

TN

-

%)

IVE

-

T

L

|

O

s

——t R L

1y = N
4 Lh (M) 3ONLILW

CONTINUED.

Flight 4

SEL-71-059

(KM)

RANGE

b.

Fig. 44.



68

6 60-TL~T3S

35

2:5

RANGE (KM)
. ¢, Flight 14

Fig. 44. CONTINUED.

I I
5
3 |
1
4 1
= B
B ]
5t
« +
—- + —— - 'E’-Q -+ + + +—
i 30 45 =18/ 75 0 105 120 135 150



75

FURY N W Y 1 5 o
* v

L Ak MRS SIS Sumn e g

_.W_/qzxu JONLILTY o
J'
_ﬂ

]
&0

45

S

)
i
H.
B e R N S T e G e il
e} e

SEL-71-059 20

CONTINUED.

Flight 11

d.

(KM)
Fig. 44.

RANGEL



16

660~1L-1HS

(KM}

ALTITUOE

RANGE

75 90

(KM)

e.

Fig. 44.

Flight 16

CONTINUED.

=
¥

105

120

135

150



650-~-12-T7dS

Z6

v
-~
3-5
-0
e SJ.
o
N~ |
L+ -
[ i
5 NN
= ] . \\\\ RN
. ‘ SN
&‘ _:_ 10 N_q N y \\ A\\ N
; Lo .

0
..
|

=8
a., Flight 2: flight-pattern I, type-C fading
Fig. 45. NONSYMMETRIC SMOOTHED N-PROFILES. Generation of these samples was the same as for the profiles

in Fig. 43, with the exception that the aircraft-originated data were run through a smoothing filter
prior to generating the linear gradients.



£6

660~T1.-148S

v
L

ALTITUDE (KM)

1@ N

|

A\

b.

Flight 4: flight-pattern I,

Fig. 45. CONTINUED.

type-B fading



6S0~TL~-THS

¥6

ALTITUDE (KM} -

C.

Flight 14:

flight-pattern 1,

Fig. 45. CONTINUED.

type-A fading



s}

6S0-T2~T48

ALTITUDE (¢¥M) -

©od.

.04

Flight 11: flight-pattern 11, type-D fading

Fig. 45. CONTINUED.



650-12-TH8

3151

n
L

ALTITUDE (KM}

3

n
o

e.

Flight 16:

flight-pattern 11,

Fig. 45. CONTINUED.

type-B fading



L6

6S0-TL~14S

r
i

g i
<
L
8 |
> |
Eol
e
< 4 ,LELELA_
2.0-

a, TFlight 2: flight-pattern I, type-C fading

Fig. 46. NONSYMMETRIC STATISTICAL N-PROFILES. These samples were genherated by adding a random variate
to the profiles in Fig. 45.



690~TL4-T1dS

26

J.-01

il
i

ALTITUDE (KM}

v
o

[

Flight 4:

flight-pattern I, type-B fading

Fig.. 46. CONTINUED,



66

6G0-TL-TdE

ALTITUDE {KM) =

c¢. Flight 14: flight-pattern I, type-A fading

Fig. 46. CONTINUED.




6S0-TL-THS

001

ALTTTLIOE (KHRK)

d.

Flight 11:

flight-pattern II,

Fig. 46. CONTINUED,

type-D fading



101

= (AN) 3aNLiLTv

e, Flight 16: flight-pattern II, type-B fading
Fig. 46. CONTINUED.

SEL-71-059



650-TL-THAS

z0T

23

ALTITUDE

U
D

Fig. 47.

i
v

30 45 50 75 90 105 120 135

RANGE (KM)
a. Flight 2

COMPUTER-DRAWN RAYPATHS FOR THE NONSYMMETRIC STATISTICAL PROFILES IN FIG. 46.

150



£0T

6S0-TL~TdS

tRM)

. =
! -
. £ o]
51
] -
4 « +
251 . ___2.0] . . . . '“
0 15 -~ 30 45 60 75 96 105 120 135 150

RANGE (AM)
b. Flight 4

Fig. 47. CONTINUED.



640-TL~-THS

¥OT1

tRM)

¢. Flight 14

Fig. 47. CONTINUED,

W L

2 4

’- o

ol

-4

< r
I— + + ¢ +— 2.0] — ¢ + —- +
0 i5 30 45 60 79 30 105 iao 135 150

RANGE (KM)



g

(W), 30OLILWY o

1056

90 105 120 135 150

79

, a
- =
i,

-
5 B
bo o
fiar} O
-
F -
=
~~ » 4
=2 T .
% an
(- -
=
L
(]
prd
«
x

SEL-71-059



Saa

135

»

(WY) 30NLTILV n

150

20 105 120

73

60

(KM)

RANGE

Flight 16

e,

CONTINUED.

47.

Fig.

SEL-71-05% i06



4.0 l
+ +
! i
l T
4 i3
1
|
$
35
jb
! | ! ) ) i
! 1
1 +
e 1'
I
3.0
+ :
i 1
[
1 1
-L L
- -
.'. -
1 i
e - 5 (
~ 4 +
y | !
a
3 * -+
- 4
oo 1]
7 !
2.0 :
30 .- 35 40 | 45 : =16 55

PHAGE (M)
g. Flight 11, linear gradient (see Fig. 43d)

Fig. 48. PHASE VS ALTITUDE AT THE RECEIVER RANGE FOR TWO NONSYMMETRIC
PROFILES. :

107 SEL-71~-059



4.0 —
i -
S T
1
4 -
i I
3:9
I X !
E o o] y Y ¥
: I
I
3.0 U S ——
1 L
+
T i
_L -
- ‘r
2.5 L
R ; )
= + -
‘ g T {
3 1 T
~ 4
=y
[ +
2 t
§ +
2.0 -
30 35 40 49 50 55
PHASE (M)
Flight 11, statistical gradient (see Fig. 47d)
Fig. 48. CONTINUED.
SEL-~71-059 i08



ALTITUDE (km)

12

2]
I

L1
|

[ B 1 3

60 80 100 200
" REFRACTIVITY-N

'Fig. 49, STANDARD N-PROFILE.

109

SEL-71-059



FLIGHT 14A1
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o1

a., Profile 14A1: fading type-A

Fig. 50. COMPUTER-DRAWN RAYPATHS FOR SATELLITE-TO-SATELLITE PROPAGATION THROUGH SPHERICALLY SYMMETRIC
HAWATII PROFILES, These figures show the lower 16 km of the raypaths as sighals propagate between two
co-orbiting satellites. The three parabolas represent (reading up) the surface of the Earth and the
2 and 4 km levels., The parabolic shape, rather than the customary circle, is the result of the exag-

geration of the vertical scale.
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Fig. 51. COMPUTER-DRAWN RAYPATHS FOR SATELLITE-TO-SATELLITE PROPAGATION THROUGH NONSYMMETRIC LINEAR

GRADIENT PROFILES. The lower 16 km of the ravpaths generated by transmitting between two co-orbit-
ing satellites through the nonsymmetric profiles of Fig. 43.
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Fig. 52, COMPUTER-DRAWN RAYPATHS FOR SATELLITE-TO-SATELLITE PROPAGATION THROUGH NONSYMMETRIC STATISTICAL
PROFILES. The lower 16 km of the raypaths generated by transmitting between two co-orbiting satel-
lites through the nonsymmetric statistical profiles of Fig. 46,
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Chapter VII

IMPLICATIONS OF THE HAWAII EXPERIMENT FOR
AN OPERATIONAL OCCULTATION SYSTEM
"By a small sample we may judge of the whole piece."

--Miguel de Cervantes

The Hawaii microwave signal was characterized by périods of intense
fading which, in an operational system, could result in loss of lock and
subsequent loss of data. The Hawaii test results, howéver, were obtained
at a relatively low altitude (3 km, as opposed to the operational closest
apbroach altitude of 6 to B km) and over a tropical ocean where water-

vapor content could be greater than over virtually any other terrain.

A. Water-vapor Adjustments

To develop a more realistic picture of how an operational occulta-
tion satellite system would behave on a worldwide basis, a sample of the
Hawaii test data was adjusted to simulate conditions typical of regions
with lower water-vapor content than that of the Hawaii atmosphere. Al-
though information was not available from which to state categorically
that the. anomalijes in the measured N-profiles responsible for multipath
were generated by water-vgpor inhomogénities, it is cepta;nly not un-
likely. An attempt was made, therefore, to correct for the effect of
water vapor by smoothing the N-profile over five vertical points (eguiv-
‘alent to 250 m). The smoothed profile was then subtracted from the un-
smoothed profile, and the resulting high-frequency residual was assumed
to be caused by water-vapor inhomogeneities. Of course, water vapor
alsbrcqntributes a low-frequency component to the N-profile but, for
this study, oﬁly relative values were important.

_ To simulate different wﬁter—qapor.couditibqs, the high-frequency
residual Was.multipli%d‘by.arfgqtor‘and then édded to the smoothed pro-
filé.‘_This-factor was detérmineq by‘qssuming that the Hawaii data rep-
resented a typically "wet " atmqsphqne_and_t@en by taking the ratio of
the water vapor on a typically "dry" day and a "normal” day to that on

a 'wet" day. The values for "wet,"” "dry,"” and "normal” water-vapor con-

centrations were obtained from the standard curves shown in Fig. 53,
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Fig. 53. STANDARD WATER-VAPOR PROFILES. The two curves on the left
are the same as those in Fig. 10.

Note that the "dry" and "normal" curves correspond to the profiles in
Fig. 10 and were derived from the same source. It should be noted also
that the curves were derived from data applicable only to the middle-
latitudes [10], where water-vapor concentrations are generally lower
than over tropical seas, so the assumption that the Hawaii data repre-
sents conditions for a typical "wet" day is probably conservative.

The data sets chosen for adjustment were the same as those used in
raytracing satellite-to-satellite in a symmetric mode (see Chapter VI).
The four data sets (one for each fading type) were adjusted as described
above and used for raytracing in the satellite-to-satellite symmetric
mode. A brief examination of the results (Figs. 54 and 55) and those
for the original data (Fig. 50) indicates that, as the high-frequency
componént of the N-profile is decreased, the incidence of multipath is
slightly reduced. Figure 56 presents the smoothed and unsmoothed pro-

files for the type-D example which is the '"noisiest™ of the four.
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a, Profile 14A1_

Fig. 54. COMPUTER-DRAWN RAYPATHS FOR SATELLITE-TO-SATELLITE PROPAGATION THROUGH SPHERICALLY SYMMETRIC
ADJUSTED HAWAII PROFILES. Lower 16 km of the raypaths pgenerated by transmitting between two co-

orbiting satellites through symmetric N-profiles that have been adjusted to simulate the water-vapor
conditions for a "normal” day.
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Fig. 55, COMPUTER-DRAWN RAYPATHS FOR SATELLITE-TO-SATELLITE PROPAGATION THROUGH SPHERICALLY SYMMETRIC
ADJUSTED HAWAII PROFILES. Lower 16 km of the raypaths generated by transmitting between two co-

orbiting satellites through symmetric N-profiles that have been adjusted to simulate the water-vapor
conditions for a "dry" day.
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N—-UNITS _ ‘ N—UNITS

Fig. 56. SMOOTHED (S—point) AND NORMAL N-PROFILE 11A1,

There is reason to be concerned with whether this smoothing process-
actually eliminates the effect of watef-vapor.inhomogeneities in the N-
profile; Too much smoothing éould remove jugt those effects that should
be reyealed by adjusting the data; tod‘little smoothing could result in
unduly pessimistic results.. To assess the efficacy of this process, the
smoothed N-profile of Fig. 56 was "inverted" by assuming a dry-atmosphere
and a standard;atmdspheré pPressure curve, resulting in a temperature pro-~
.file that would generafe the smoothed refractivity profile if'wéter-vapor

content were zero.
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Figure 57 is the temperature profile corresponding to the smootiaed
curve in Fig. 56. It is clear that this equivalent temperature profile
is not realistic and that a five-point smoothing, although obviously re-
moving most of the effects of water-vapor inhomogeneity, does not remove
them all. The results of this analysis, therefore, are rather conserva-
tive. If the curve were smoothed over a greater range so as tTo remove
more of the water-vapor contribution, the multipath incidence would de-~
crease further.

This point becomes significant when the next logical step is taken
and the behavior of the system at 3 km is compared to that at 7 km. By

following the '"wet"” curve in Fig. 53 from the 3 km to the 7 km level and

4.0
EQUIVALENT
TEMPERATURE O—0—0©
38 STANDARD ATM
TEMPERATURE
36—
B
3.4
32—

ALTITUDE (km)
o
o
|

261

24

2.0 O, -
277 280 285 290 2%

TEMPERATURE {°K)

Fig. 57. EQUIVALENT TEMPERATURE PROFILE FOR SMOOTHED (5-point) K~
PROFILE 11A1,
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by taklng the ratlo of water—vapor concentratlon at 7 km to that at 3
km, the N—profile data can be adgusted as descrlbed above, to simulate
the water-vapor concentrat1on at the hlgher altitude.

When raytrac1ng satellite—to—satelllte through this simulated high-
altitude prof11e, the 1nC1dence of_multlpath is greatly reduced; in fact,
in all four ot the profiles tested; only eight satellite sSeparations with
multipath were recorded,rae opposed to 60 multipath recordings when the
profiles were run at the lower altitude without adjustment for water-
vapor content. These high~1evei multipaths are caused by ‘the unrealis-
tic temperature profile in Fig. 57, which resulted ftom the insufficient
five-point smoothing of the N‘—p‘rofiles. it appears, therefore, that the
results of the Hawaii expeériment produced a somewhat pessimistic picture -
of probabhle system performance.

It should be noted that there is a possibility that a system operit-
‘ing at the higher closest approach altitude (6 to B8 km, as described in
Chapter III) might be affected by signals being deflected upward from'a’
Hawaji-like atmoepherelat a lower leael (the antenna beamwidth will be
‘such that the lower levels and the surface of the Earth will be illumi-
nated)., When the results of raytracing threugh the Hawaii profiles are
examined' ﬁowever, it can be seen that no signai is defleéted to the et-
tent that it would be detected by a receiver placed at the operational
satellite separation (a55um1ng that the greatest separation is 7888.0 km,
as described in Chapter II1). _Although the possib111ty of interference
from a low-level multipath doeefexist,“none of the simulations indicates
that the ptobability is significant that this situation will occur fre-
guently or pose any real pfoblems for the'operational system. Should a
low-level multipath occasionally interfere with system operatioh, the
raytraC1ng results indicate that the amplltude of the unWanted signal

would be signlflcantly less than that of the direct, or desired 51gna1

and, therefore, would have little or no effect on System performance,"

B. Other High-Altitude Effects .

There are'othe}*reaébns*to believe that the results of the Hawaii
experiment give a somewhat conservative.picture of the performance

to be expected from an’ operaticonal-satellite .system. First, multipath
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in the satellitento-éatellite mode will not necessarily have the sane
effect on the system (long and‘frequentrdeép fades) as it had in the
station-to-station mode. Figure 58 plots the excess path length (phase
- defect) as a function of satellite sepafation; in other words, it plots
the phase defect that would he measured by'ﬁ receiving safellite located
a given geometric distance from the transmitting satellite.

Once again, as in the station—tofstation mode, phase defect is a
function of endpoints rather than raypath. Phase defects of two signals
received at the same satellite position due to multipath are likely to
match to within 20 or 30 cm, .Because satellite phase-path results are
required only to approximately 50 cm, two such éignals will be indistin=-
guishable from one another (they ar#é the same within the accuracy rs-
quired by the experiment, as described in Chapter II).

If two or three of these signals are received at the daughter satel-
lite, the deep fading associated with the station-to-station mode mizht
occur also in the satellite-to-satellite mode. Inspection of the satel-
lite-to-satellite results reveals, however, that 5, 7, or more signals ap-
pearing at the receiver is not uncommon; in fact, this'situation exists in
49 percent of the resulting multipath configurations. Under this condition,
the signals add as random phasors and, rather than resulting in deep fades,
the power received is increased by several decibels. . Because the phase
defects are within a few tens of centimeters of each other, regardless of
which signal is locked, the desired informationlis obtained. This multi-
signal multipath, in which more than three signals with comparable power
appear at the receiver, is extremely rare ih the stafion—to—station wode .

Second, there is a time factor that must be taken into account. The
Hawaii receiver and transmitter: were, of course, stationary. They sat still
while the weather blew gently past them! The duration of a deep fade in
the Hawaii data_wés typically much less than 30 sec, and the maximum wind
velodity was on fhe order of 50 km/hr., If fading is ascribed to inhomoge-
neities traveling into the raypath with the wind, an estimate of the dura-
tion of a deep fade in the satellite-to-satellite configuration cax e made.
The satellites, in effect, move past the weather with a velocity on the
order of 25 x 103 km/hr; therefore, the ratic of "velocities" betwssw the

station-to-station and satellite-to-satellite modes is roughly 0.002.
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Fig. 58. PHASE AS A FUNCTION OF SATELLITE SEPARATION FOR FOUR NONSYMMETRIC PROFILES. The phase of the
received s1gna1 appears as it would be recorded by the receiving satellite at the given separation from
the transmitting satellite. The vertical scale shows separation in kilometers, with 7900 km at top
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The fading duration could be decreased by a similar factor, which would
. mean deep fades with a "duration" of perhaps 0.06 sec.’

Assuming that this rough calculation is significant, the'crucial
question is the number of 60 msec fades that can be expected per second.
The prevalence of multiple-ray multipath in‘the satéllite—to-satellite
-raytracing suggests that these periods of deep fade are rather uncommon
and occur far less often than in the cage of fhe stationary Hawaijii re-
ceiver and transmitter.

: A third factgr is the magnitude of‘the‘phaSe'defect experﬁenced by
the satellite andfground systems. A typical bhase defect in.the safel—
lite-to-satellite mode is on the order of 140 to 240 m {corresponding
to appioximately 8 and 6 km closest approach altitudes,_respectively),
Whereas the phase defect experienced in‘the stationFto—station mode'is
. ¢loser to'40 m; thus, there is a factor of approximately 5 befween the
,phase—defeét magnitudes of the satellite and ground systems.

This becomes significant.when éne realizes that the sateilite sys~
“tem is not'only SWeeping.through the weather at a much;gréatér speed
than is the ground systém but also that, as it sweeps, the differenbe
in phase defect is likely to be greater by a factor of approximately 5.
This ektra'factor further reduces the expected fade duration from = 60
£o:312 msec. ‘ |

- To the extent that the Hawaii results can be exfrapoiated to the
satelliteéto—éatellite configuration, there appears to be 1ittle reason -
to bé pessimistic as to the potential dangers of féding caused by multi-

path in an operational microwave occultation system.
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Chapter VIII
SUMMARY AND CONCLUSIONS
"It is better never to begin a good work than, having begun it,

to stop.”
—-Bede

This research has investigated the feasibility of using a two-sat-
" ellite occultation System to supplement the infrared sensor system (SIRS)
" by proyiding an acéurate'altitude reference that will serve to iix, as a
-fuﬁction of height, the temperature-pressﬁre profile of the SIRS instru-
ment. |
'~ The final stage of the error analysis used simulated SIRS data to

determine the behavior of the system over a realistic range of inputs.

Based on this analysis, the microwave occultation system was found to

be cépable of establishing a 300 mb pressure reference level td within

apprdxiMafely 24 m. The effects of water vapor can be corrected by

suitable climatological profiles. This work has shown that even the’
most simplistic climatological approach results in a dramatic improve-
mént-in accuracy; more sophisticated methods promise to be even. more
effective. '

Improvements in the accuracy of the SIRS instrument will yield im-
provements in the performance of the occultation system. Most of the
error in‘the output of the system (neglecting the component attributable
to watef vapor) was caused by error in the input temperature profile.

As these input errors are reduced, syétem performance will be signifi-
cantly imﬁroved. Even with the present SIRS instrumentation, however,
the.microwave occuitation system produces results that are acceptable

fo, and badly needed by, the meteorological community .

Ground tests of a microwave link similar to that which would be
employed in a pressure-reference-level system were described. These
tests, conducted in June 1870, consisted of a continuous two-week mon-
itoring of transmission between two mountain tops in Hawaii, with peri-
odic flights of an instrumented aireraft along the radio path to measure

the refractivity profile of the atmosphere.
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-The microwave signal was characterized by periods of intense fading.
Using the refractivity profiles measured by the aircraft, an extensive
computer analysis was performed to determine the probable czuse of the
observed fades. Results indicated that multipath interference, originat-
"ing from anomalies in the N-profiles; was primarily responsible for the
fading.

Multipath is a low-altitude phenomenon associated with water-vapor
inhomogeneities. Egtrapolating the results of the Hawaii experiment
(performed at an altitude'of =~ 3 km) to the higher altitude of an?opera—
tional occultation éystem (=7 km), indicated that multipath was greatly
reduced., It was concluded, therefore, that the fading observed on the
Hawaii link will have little or no effect on an operatiogal OCCulta%ion
system.

A microwave occultation system appears to be a feasible and useful
technique for acquiring an important piece of data. Further work in
this area should be directed toward the operational aspects of this
system. For example, although this study has demonstrated that wéter—
vapor effects can be corrected by the simplest of climatiec methods, it
would.be of value to have a more accurate estimate of water vapor along
the raypath. Several techniques have been proposed, suph as passive ‘
microwave sounders or attenuation measurements of the signal. Tank [12]
has suggested a dual-frequency occultation system that would determine
water-vapor density by matching attenuation of -the two signals to the
water-vapor absorption line at 22.3 GHz. i

Another area deserving further work is the inversion program that
shifts the temperature~pressure profile to the proper altitude. The
techhiqueAused in this study was a simple curve-fitting routine. The.
program can be speeded up somewhat by taking into account the climatol-
ogy of the geographic area being sampled. Empirical orthogonal func-
tions may be of some use, “

Although the Hawaii study was intended to provide useful informa-
tion for the occultation system design, it has generated some scientific
results of its own. For example, it would be interesting to investigate
how the periods of deep fade correlate with large-scale weather systems

that were in the area at the time. It has been demonstrated that fading
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is probably the result of multipath; however; po attempt was made to
defiﬁe‘the actual mechanism that produces the particular N-profiles
responsible for the multipath. Presumably, water-vapor inhomogenei-
ties aré the cause, but this study has not attempted to correlate‘
such factors as atmospheric conditions, wind, énd'sea state, in order
to‘describehthe physical phenbmena that may be associated with the
inﬁomugeneities. :

It should he pointed, out that the recent studies by P1rrag11a and
Gross [131 of errors 1nherent in the occultation technique seem not to
_apply to our proposed system. As they state in- ‘their conc1u51on, two
orbiting satellites in é common plane will not be affected by the er-—
rors described in their paper. This is noted‘here to avoid possible

confusion on the part of readers familiar with their work.
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WRITE (€,102}) pp

HCEDING PAGY BLANK NoT FILMED 147 | SEL=71-059



€9,
Tite
71.
I
T3
Tée
5.
Toe
77
T6e
TE-.
A0,
8l.
82,
H3.
ARG,
95,
8k
B7a

ga,

9,
QD
q.ll
97
a3,
94,
95,
o6,
G7.
K
99.
Lec,
11,
ez,
103,
104,
1ns,
106,
1C7.
e,
19,
lin.
111,
112.
113,
114,
115,
116,
117.
1i8.
119,
121,
121.
122,
123.
124,
125,
126.
127.
1218,
129.
133,
131,
132,
i33,
1134,
135,
12,
137.
133,
1311,
ltf‘J!
141,
a2,

READ 15,1221 1T
WRITE (6,102) TT
DE 923 J=1.2
QFAD (54114} (EWtl,J)el=1.81
WRITE {64114F (Fwil,0),151,38)
ne 921 1=09,2%
c (5475 15 THE INVERSE (OF THE WATER VAPOR SCALE HeIGLHT)
azu EWl Ty JI=ERWIB, Jh2EXP =, 54T {1=-61)
WRITE (621161 {{EWIT v dhy1=142504d=1e2) :
(MIx 1§ THF NUMRER 0OF PRESSURF LEVELS IN THE L~NPUT 0ATA (12005 H IS THE

aEalalal

SATELLITE SEPARATINN,)
READ {541900% MIX, H,ERS,ERPH,588
WRITEL&, 1070 MIX,Hy ERS,ERPH,5%
1TOP=2 : .
ERS=FERS/T4A)1. 0"
£5=%5/2
TH=1

READ INMPUT JATA FAR SPFCIFIC NDATA SFT

L EaNaRel

7 KEAD (5,113 ,ENP=999) STNO
WEITE (6,113) STMD
READ 15,4217 LAT,LOMG,“MINALT,STNAME
WRITE (6,117} LAT,LONG,MINALT,STNAME
PHI={LAT(Z21/60.,0+LATILII*P[/] 90
C [RE 15 THE RADIUS NF THF EARTH AT THE GIVEN LAT)
REzARR( L, O« F=3 0 /2oFaF )SIN(PHII*SINIPHI D)
WRITE (6,113) PHI,RF
MAX = MIX
C (NH TS THE AMOUNT OF VERTICAL SHIFT [N KM)
fAH=1]
Z300=n
READ (51220 (Y(I1),1=1,1001
WRITE (64102) {T(1h,1=1,s1u9)
READ (5,102) (TNUI,1=1,1001
WRITE 16,102) 1T0E1Y.1=21,100)
C [ITOP IS THE NUMSFR OF DATA SETS READ)
ITGP=ITNP+}
BN &N 121,100
L0 TRAIF=TII-TD(1}
WRITE (6:,102) ITRIII,1=1,1001%

C INPW 15 THT NUMBER (OF WATER VAROR DATA POINTS, Jdw=i UR 2, ZORRESPONDING TO)

€ LOW OR HIGH STANNARN WATFR VAPOR PROFILE.)
FEAD (5,122) NPwW,lw
WRITE (641221 NPWyJW
HEAD 1S54123F {1PW(T ), EPWETY 121 ,NPHW)
WRITS (6£,121) CIPWET) EPWITY  1=),NPH)
c
et ek e R AR AR AT TN T RN NN R AR R E RN A RSN AR SRR R e Rk

-

C "REFERENCS ATMDSPHERE™ PORTION OF PROGRAW
C
C TNTE®RPOLATE NPWw WATER VAPDOR VALUES AT 100 INPUT PRESSUAES
C i
D0 80 I=1.NPW
Ay APW(Il=lPwWil])
PHMIN=APWI(NPWI
DO Bl I=1,MAX
TPWMAX=]
[PWM=T PwMAN =]
1F (P11 LT .PWMINY GO TO 82
CALL ATSG (P(IMAPWIEPW e M MPW,1,Z1¢X1NPWI)
CALL ALT (PUIYoZL+sX1+PW{I)oNPW,.01,1ER)
JF {IFR.GEL2) WPITE (&,1056) JER,!

91 CONTINUE
82 CONTINUE.
C

C CALCULLTF REFRACTIVITY &ND ALTITUDE PRIFILES FUR "wchEwENLE ATMJSPHERE®
C

Z(ly=n

PLL=ALDGIPIL) ]

TS1=TA{]) ; '
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i MNEL)=TT. 6*lPtll-PHl1))IF51+3.TﬁESITSl*PN(LI/[Sl

146, WRITE (6,177 F TH2E1)NNTT)

1ah, S0l =2 ,MAX

lat, PLZ=ALIGIPLIY]

147, TS2=TR{I)

- 148, | ZLTI=ZL4 -1 1+ TS1+T82)1/2%(PLI~-PL2)/E
165, PUwE", (: . ) .
10, C {WATFR VAPMA=Y AROYE 20 KM, rALcuLATEn ACCORDING 1J cxPUNeNTIAL
151, C BETWEE® MAXIMIM MEIGHT OF DATA AND 20 KM.)

LR2. IF (TaFGa1PEMY 2PW=T(1)

1513, 1F (ZIH.U’.Z\'.n AND, T4 GE .IPH"AXI:Pﬂ(II?PH(lPdHl¢&KP(-.547eﬁ(Z(II-

156, LY L3 SN _ : P

155. TF - {2{11.LT, 20 0} PrWd=PwWlI}

. 186, NNET) =71, h*(PII1-thlITSZ+3‘TSFSIT:2'PN4/TSE ;
157, WRITE 16.11“1 IERA BRI :
158, PLY=PL?’ S
159, 1 TS1=TS2 ‘

160, c : oo ‘ : ; o
Cle, C. INTFRPUOLATE VALUES DF TEMPERATURE [TLY}y ALTITUBE (A)y aND wATER VAPOR
162, ( PRFSSURS IPLW}Y FUR 7 STAMDARD PRESSURFES (PL) .

163, 9

164, N1 2 1=1,LFVELS

1£6, CALL ATSG {PL{TI,PaTR,W,MAX, 1421, X1, MAX)

14k, CALL Al 1tPLtI e 20eX 1o TLOT ) MAXy 401 1ERY

167, CALL ATSO (PLETI,Py ZoW MAK, Lo 71y X1y MAKD

162, CALL ALI{PLUT 4714 XT14 2413 MAX 401 1ER)

161 . CELL ATSEG {PLUTY, PP W MAX, 1471, X1 ,MAX])

174, CALL ALY lﬂLiIl.?l.ul.’Lw(ll.WA!..Jl-IERI

171, Ky CONTINIUF

172, BN 667 1=1¢LEVELS )

173, 567 WRITE (A 1) DaoL0ThACT e TLLT),PLWLT)

174, I3 {2300 TS THE AFIAHT DF THE 370 MA LEVEL ) ‘ - '

174, 136407 : :

176, 4 WRIT: {&a1010 230°

177, TvAX=T(MAXY

1'791 C . .

17% C SET N{[3=FcFCACTIVITY NF STAMDARD ORY ATMUSPHERS

1P, C ‘

181, NS [=),91

1R2. MITYI=T T, A#DD(IIITT(II

102, ) CONTT iF '

1P4, C : _
1R%, C TLTFRPNLATE DATA REFRACTIVITY ‘PROFILE AT 1 KM INTchuALS. ANU REPLACE

LRf, L STANDAR 7 ATMISPHERE REFRACTIVITY VALUES WwITH Idczc VALJES

147, C - - . . .

134, 07 V=1, 1vAX

175, : S x=1-1 . o

19, TALL ATSN (ol oaMN oW MAX 41921 4 X1 o MAX)

191, CALL ALY [Xe2VeXLoMNITHaMAX,LaE-b,TER)

152, TF {1FU,AE42) GU T™ 303

153, 7 CALTINY

17945, C .

195, C SMOPTH PLOFILE IV NFIGHYNRNOAD OF TRANSITION BETwcii GuTa ReFRACTIVITY
185, 8 PRAFILF AMN STANDNAR)Y ATMOSOHERE REFRACTIVITY PruFjic {TRANSITIUN

167, C JQELURS SMEAR 75 KM ALTITUDRE) N
CIEe, « .

167, T Nro4t 121,10

29 TE=IvaxX=5+]

?01. 39 H211)=N0TT)

- £ 2 - CALL ST13 UN2eNZ1D,1FR)

2R, ' TF (IFFaNELT) 6O TA 304
AT r31 1=l,10
2tn, Yielmak=5¢1
FRUEN 37 K{ITa=m2 (T}

C 20T € .

21, C PEYTRACE THROUGH REEFOENCE ATMOSPHERE PROFJLE

FANES C

21w ’ CALL AYTRA (SS5+4%Aa5%eH, 5k

211, C (PHASE JOFFFLTe8E)

21:. ¢

213, M EIEIRSE FISRI LRSI 222222 1R IR 222222 IR IRl e T e 2 s YL,

c ’ ‘

2lé,.
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2]15a C WMEASUREN ATMOSOMERE" PORTION NF PROGRAM

214, C

2{7. € SET SWW=APPRIPRIATE STANDARD WATER VAPROR PROFILE

21%. C

219 DO 87 1=1,25

220t Ewwdll b =EW( Ly JIW}

721, R7 ZI{L¥=I-1

222 WRITE 15¢L1A) EANW

223, C . -
224 € CALCULATE HEFRACTLVITY aND ALTITUDF PROFILES F.R "MCASURZL ATMUSPHERE!
225« C

226, Z!li=0."1

227. PLL=ALOGLRPLL Y

2% TS1=T{1}

229, PHLLY=FWW (1) .

233, YLLLY =TT [ PLLY-PW LI /TSL+ 3. TIES/TSLIHPWILI/ToL

231, WRITE (641001 LHeZ{1b,NMLILY

237, nn a5 [=2,MAx

233, PL2=ALAGLRLET) L

734, T§72=T011}

238, IUINsZ U=+ (T51+TS2 22%1P1L1~0L2)/6

23%5. PL1=PL2

227 BS T§1=T52

238, DR BE 1=2,MAX

239. PW{l}=9.C

2al, IF (FU1M4GEL20LN)Y GN TN B4

26)., CALL ATSG (201D o2+ FrmaWa25,0421,XL425)

ch?, CALL BLT [ZCTha71exlePwWill2%+401IER])

243 IF [TFFafE2) WRITE (6,104) [FR,]

Fhia IF LISRFQ.3) WRITF 16,118) 112

2645, . IF ([ER.FQ.3) WRITE (6,116 21

24, IF (TER4EQL3} STOP

2ala H> NLIT =T 6% {PLEI-PWLLIIZTI )43 TAES/TLIM*PRLLY /T L)
a8, DO RS [=l,LFVELS

26, . C

280a C INTFRPULATE VALUES OF TEMPERATURE (TL), ALTITUDE (®), AND wWATER VAPOR
251 C PAFSSYRE (b{W) FOR o STANDARD PRFSSURES {PL)

252 [

2h3. CALL ATSG [PLITD+Py Tow Max,[oZ1sXI,MAX]

2564, CALL ALEC(PLIT) o 2L, X1 TLIT) ,MAX,aDL,1ER)

255 CALL ATSG (PLITaPy ZowWeMAXs ) oZleXloMAX])

25he CALL ALTIPLUT)s21,%X1,801) 4AX,.01,1ER)

257 CALL ATSG (PLUTY+PyPWsbmeMAX,1,21,%1,MAX}

259, CALL BLT fPLUTY 2L X1 PUnW(Y,yMa%,,00,0CR1

2% 7. LT CUNTINUE

Zhe C (22300 S ALTITUDE DF THE 300 M8 LEVEL)

261 I130n=R11} ’
. P62 nO 16a I=1,LEVELS

267, e WRITFE (6,100) T4PLITILB{IYaTLIT) PLWIT]

264, c

265, C MERGE WEFRACTIVITY PRIOFILE WITH STANDARD ATMOSPHrRE REFRACTIVITY
266, C PROFILE. AND RAYTRACF

2ET, C

268, CALL ATRILD

269, i CALL RAYTRA {(R$+FRSH,PD1I

27Ca C {PHASE DEFECLT=P01}

271, c

?72. C SHIFT PEMFILE UP 1 X% (DA=l)

271%. c .

2T%. C MERGF REFRACTIVITY PROFILF wWITH STANDARD ATMOSPHERE REFRACTIVITY
275 € PROFILE, AND RAYTRACF

275 C

277 DO B3 I=1,ma)

2TH. 93 (11=2(11+NH

279, Z2300=2T300N+NH

287, CALL ATAILD

281, CALL RAYTRA (SS5+ERSH,.PD2)

282a DPHIZ =PD2=PDN

283, WRITE (&,2Nn2) OPHDE

R4, DPHE=S5F-PD?

2R5. T {IF ERRO2 [N PHASF DEFECT 15 SUFFICIENTLY SMALL, CLASE ITERATIONI
284, 1F (ABSIDPHI}LLELERPHY GO TD 91

787, o .
28k . CALCULATF NEW DH, SHIFT PROFILE, MERGE WITH STANJARO ATMUSPHERE
209, o PROFILE s AND RAYTRACE
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1T cONTINUF

17 PH= DPHI/DPHOZEWE [ GHT |
WRITE '{6e201) NHyNPHT ,Z{IH)
nivop3 I=1|“‘1|AK.

13 LEEI=20T)+0H
IZ30=27300+4DH

C  (PHASF NLFFCT=PN2}
¢ . !
C CALCULATE (IPHDZ, DOH]
-
CatL ATRILD
. CBLL BAYTRA (SS.ERS, M PN2)
15 DPHI=SK-PD2

C (1F ERFNMR TN PHASF OEFECT
IF(ARS(NOH[I,LFERPH} GU TO 91
C :

C : : oo i
€ PRINT RESULTS

ﬁrt

C (ZDTF=tRROR,

IN METERS, AT 330 MB LEVEL)
CG0 TN 12 ’

.ef ILOTF '10“0*(?23”L'11P0i

W2 iT: {&.113)F S5TNT)
CWRITE (€193 772320, ?Xﬁ” I0IF
WPITE {6,111}
MAX=M]X
NH=}
AMSEZ 730N

WL TTE
WRTYE

(&s113%) STNO
[asl19) SThAMF.LAT,LﬂNP,RE

c P“INT aLTITUDE ERQNAS FNe EACH OF 9 PRESSURES

C
. L CALL STGAMia,n, PL.ANS.!THP;LEVFLSI
WRITF (6,111)
GN TOC 2T
g3g CONTINUE
C

€ CALCULATS AND PRINT STATISTICS FOR ENTIRE RUN,
C I "STRENLGT
-C

*' ET--THIS LATITUDEY yF104G.! KM, ")

EyF1Na G, KM, V)
121 FOFMET (15,F1N,6)

S 151

15 SUFF!CIENTLY SMALLY LrASE lTEQAT[DNI

. . - :
(HFERRXT Fh XA EER RN F AR LR R A KRR B ERTRT R CURE R RA R DR R PR R BR R F R ARGk ER

PLAUNT® 15 AN ENTRY

L8=2%7C
WREITE (#,170) ITPP ss
CALL COUNT (ITOP,LEVFLS)
. STop . o
403 WRITE ge.lDTl 1FF, !
STne
Iue  WRITE (e.:)q; 1€F
T Os10P
u FIRMAT (14,5F8,.3)
1 FORMAT (?F9,3)
oz FORMAT (LnFA, 2} ) ] ‘ .
3 - FNRMAT ('Q3N0C MA, PRESSURE LEVEL:  CALC. VALUE =',FB84.3,* KM. TRUE
* VALIE =% ,FS8.3," KM, ' //' DIFFERENCE =% ¢F12.3,* METERS")
114,  FORMAT (v SRENP TN ALT,FW, IFR=1,14,1 I=*,]4) :
1045 FORMAT (' EFROR IN ALTT400. [TERSY,T&,* [=',14}
1.¢ ENBMAT (' ERROR IN ALT4PwW., TEQE%, 014, [s¥,[4)
TwT?  FOGMAT (¢ FRANR T ALT,M. =~ LER=%,J4* [=7,14]}
LuP  FNEMAT {0 r,2F0,3) | . . . ‘
s FIRMAT (' FRRAR IN SETY,N, ~ 1ER="%, 141
1147 FORMAT (9FA.3) . -
111 . FORMAT (%pvy
112 FUF¥AT [4(5XeF12.60)
113 . FORMAT (I(849) '
L1&4 . FiEMAT (9F1N.61
116 - FARMAT (¢ ¢,0FR,7) o
117 FORMAT (2(21341%),1%, 788,A5) o )
LIR . FORMAT (' LAT=',F10.5:" RADTANS HE=" ) FlUsb," KMa?) )
,_11%' EREMAT [TC o TAR AES//2X4 21340 N- 7,213, W KaDIUS UF EARTH',

S L2l CFNFMAT f'ISTﬁTISTICS FUR',IQ.' STATIDNS* /" SAI:EL[TE SEPAHATIGN®
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36, 127 FAgwaT {2131

Ahha 123 FORPMAT {l4sFllakl
A6Te FARY FORMAT (PIDSOH=? 3 £20 48}
ek, 201 FORMAT (&E70.8Y
It 3. o2 EORMAT (' NORNZ=?,E27,F |
T, END
Y A C
377, ¢
37‘1. ' C_qn!t*i‘:tﬂsﬂs#tt###&ﬁa*#**t't***#ﬁt#t#**ﬂt*n#‘tt*t#**ﬂ#ﬂ*##t#*#t#tt#*ﬁi*#l#i!#***lt**
174, C )
AT75, C
17¢. SURROUTTANE ATRILD
377, C o
3TH,. £ OTHIS SURFAUT INF MERGES THE "MEASURED ATMOSPHEKE® w=PRIFILE WITH A STANDARD
3Tq, C ATMOSPHERE REFRACTIVITY PROFILE :
Abita C T }
361l REAL ZL10C)PPLOLYTTIO .N2IL7T,NEFL) P lluw)
162 REAL FALMO) P 10wl s 20130 o X1 41D o NL LT U Y
3R, AEAL W)™}
8L, RELL®Y GF
IF3, COMAIN Z4PO TT oL 4 MAX
30k, CAMMIN JALRFIH
IA7. COMMIN FRAYT/N
188, [MAX=Z{MAXY
EE TN ne 12 1=1,71
390 -l NITI=T7TARPRIEYIZTTLL)
301, JmMAaK=MA X
3972. - DC 3 I=THsTMAY
Q3 x=[=-1 . )
394, CELL ATSG (X7 oNLeWeMAN,1 021+ %1yaMax)
3C€5, CALL ALY (X g2) oX1 oNUT Yy JMAX 4L oF=b4,IER)
396, JELIE QLG 420 WRITE (A,100) 1ER.I
R Eck IF (IER.NRELT) WRITF {&,102) 21
358, C WRITF (& 1058) TaxNUT)
399, 3 CONTINUE
agr, DG 4 1=1,10
Gl a 1l=IMax=5+]
L0 7 [ O NRLTY=HITT)
403, CaLlE SE13 {N2,M? 1% TER)
LD, : IF [1FRLNFaT} WRITS (6,101 {ER
405, Nt & I=le10
4ng, [l=1™ax=8+]
“et, ) HITH=N2(1Y
LR, KETUARN
[A-TO T FApwaAT (¢ cwepn@ THoaLl, [:R="515,' [=s%,15)
RS N 1a1 FCRM™AT (f EGRAr M SEL1D, teR=1,15
41). 1.2 FORMAT (' ' ,AF1G.4)
“lrs | ] FORMAT (15,59.445%,F17,8]
4] 3. FhfY
414, [
%15, C
L1ha CHtmdhk ot e AR s R R AN RN PR R a kSR KR RRE AN E R RN F RTINS ‘.t*!“#t*ltt“*‘ SR FEkREkl
17, - L S . ’
4) R, ’ C
419, REAL FUNCTINN Meg(RI
477, C .
:51. g I?livSU?SUBTIN:nIS CALLFD BY RAYTRA, II INFERPILATe> LN THL REFRACTIVITY
455: . n Al & GIVEM VALUE NF R IABISTANCE FRANY THe CEwlex JF THe EARTHI,
4244 . KkEAL®A Q
424, : REAL NZ(31)
624 COMMNY fRPAYT/N?
427, COMMIN fA7RE,IH
423, RAed=DE T
429, T=T4T{RAa}+]
A, I¥ 114LTel} WRITE (hell} RA
431. [=M8X001,1)
437, FAP=ATNT{CA)
431, Jel+l
4345, T=MIND(T,91)
435, JEMINDCY, 9Ly
&3t NEHZITI+(PA=RAP) ¢ ML I=-NZITE}
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437, No=- Nl 00=6 ¢ (.07

439, RETIIEY :
L34, 1 FORMAT (* RA (FSS THAN FF, RA=*,F15.7)
G40, ENMD
LX) ) £
4‘5?0 C . ' . . .
PRI Cﬁ:¢¢*$gag*nqt#t##*ﬂﬁw$t#n##t*##ttﬁﬂ#*#$**¢t#v*#***ﬂ#‘&‘###**ﬁtt‘###*t#‘t*#*lt
Ll o o ’ .
L hLs, C s
Lotk SUBRCHUTING REYTOL [ALL ACCaH, PHOFT)
wa T, < . ;
Lbr, C THIS J% 4 FERMATYS PRINCIPLE QAYTRACING FUUTINE Wkl oy BY L. JOSE
H40 . { pRMALAZ A=DTAZ,  ACL 15 HALF THE SATELLITE STPArATIuN, 1n kM5 ACC I3
LN 9 THE =2%036 [N SATELLITE SEPARATIONG H IS A& STAATING valde FDKk THE
451 < CLOSEST-APPROACH AL TITUNF OF THE RAYQ PHOFT IS Tt RESILTING PHASE
4F7, ¢ NEFECTS  THF PEAGRA' BEGEINS aT HEZIGHT Hy AYTRALCES T SATELLITE
&E 3, C ELTITURE, AMN THET ADJUSTS H Su THAT THF RESULTHNT SaTeELLEITC HALF—
L5, C SPACING FOUALS ACL T AITHIN ACCa .
4Re, C
L5, QFaLea rrns.nqyn,nfrsu DSURT,UARSIN
L4571, REALR®A R 497 g Ny SNWRNNELR A ,AR, DELS 4 DE LSN.DLLL.thpIOBETOGAH
Lh 3, GEALRS KNP yTTHP , X1 ¥ 1, X2+ ¥2 4 THP g TH o THT o TH2 4 Y9 RURLP y OEL T 9 ACL 4 DELTH
45 G CCaALAL P(lﬁ“l.Tllﬁﬁl'PUCIOGI.PLIQI
G, KFAL®4 PHAFT B ,L
sEl. REQLER Y,PF .7 . -
4t 2. ) COMML N FA/RE o IH
Lda PI=2,141592:%31%9
L0L , o=, .
bbb, , ERl="
LEh, FR=0
46T, NELTH =0 uuds
LeR, N ROP = 10,7
LhTa RIPzNP+n3I THLIS
470 @] = DTaM
471l E o= =, b4TE-Y
472, =0
eI, TF (JTaBQad) Alzule],ont
YT KK =L
675, ] Kiv= .
4 The PO = N
77, [i1=11
478, HR=P|=Rf
GTS fis=I11i
&R, ) : {2=6
. &A1, IF (11aGTe™) T2=212
wP2, & RMAXZFF#AT, "
483, SEP=1UU.D
4fsq, - SENs=1CO.0
GES, ' FAlTI=1,0
LBE, ®8=2
427, STUL=C. 0
“wpe, Y=NEL TH
48G, K=l
L0, 23 STU=2,unn
401, ’ C1=5TU1
hGP, “ C=04000
a3, . ATTN=C.)
bGiye . ATTHZ=0,1
495, ATOEz) LY
496e ATWe ety n
457, ATHVE=D, 1
Lag, ATO=0,.0
639, ATwyal. 0
S0, ATwzd e N
01, ) CATL=u.0
5u2, Sh=0,0n0
503, TH=20,2p0
504 CONST=FRF
ST he TMDICE=D
506a R=R{
KUT. ' J=
508, ¥1=F1-0.25
hr a3, YZ=RI+N,25
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Slie DNNR=NLY2I=-NIY])

“11. DNDR =% 1t A, R
57, RHM=N(h] /7 N0OR
511, RN=NII] }eRT
Slé. FHU= ABS{RHD)
815, RA=RHDO~RI
51%. GAM=FR#FDSINIOI=-DFL TH)/RHO
S17. GAM=DARSIN{GAM)
514 : RET=DELTH-GAM
519, DFLR=RHO&DSTINIRET/OSINIPI-DELTHI-RI
550, AFL%=8HO*RET
521 H=R4NFLR/2.0
527 RK=FRI
573, NRP=N[R}
574 Gn 10 81
525, & CANTINUE
576 NP=N{R)
527, DELP=R4DSORT{{R*NP/ENI=*2~],0DO)I*DELTH
£2a, 20 Rk=F
529, J=J+1
530, R=F+DELR/2
531, NP=N{R)
53z, DELR=ReQSORT({R*MP/RN)**2-1.30)* DELTH
533, OFLS=RER¥NPHDELTH/RN
534, 51 CONT INUF
535, TH=TH+DELTH
534, IF (111.GT.01 6D TN &9
537, DELSN={HP=1,CDOI®DELS
534, DELC=DELS~{DSQRTIDELS®DELS=DELR#NELR) *OCOS (THI +Ue LI *ASINE{ THY }
539, H=R=-QEF
540, 18 CONTINUE
541 C2C+NELC
542, SN=SN+NELSN
563, 6% CONTINIE
LYY DEL THaY
545, RERP
5S4k, R=A+DELR
547, IF (RaGF.REMAXY GO TO A
544, GO TO S5
569, [ N2=TNDICE =] .
55¢, IF (INDICEWNFLO) GO TO 7 b
£51. Rl=R -
£62. TH1=TH
5513, INDICF=INDICE+1
LT 60 t0 5
555, 7 IF (N2} 849.9
556, a INDICE=INDICF ]
557, GO TO 5
55A, 9 R2=R
550, TH2=TH
560, X1=R1«DSINITHY)
S61. ¥Y1=R1=DCOS{TH])
562, X2=R2®DSINITHZ }
Bt3. ¥2=R2*DCOSITHZ)
Shé, TTHP==(Y2=Y] ) 7 { X2~ X))
S65, THP=LATANITTHP)
564, X1={Y1+X1xTTHP)RDCAS{THP ) /ROP
567 XI={NSQRT (~X1#*X1+1.000C)}/X]
ShR,. TH=DATANE X1 h* THP
569, X1=ROO*DSINITHI
57TCa C=C+(X])~X2)* {1, 000/DCNS{THP)=1,0D0)
571 ¥1=DSWURTIROP*¥2=x1%X]1}
572 TTHP=ACL/{DSQORT (ROPRROP-ACL¥¥2} )
573, THP=DATAN{TTHP)
5T4a IF [ IKeGTaB)ORMIFACTI LT, 1)) FACTI®1. 0
575, IF (K.LT.40) GO TO 55
576 K=U
577 I[I=N
578, STiU=C1
579. KB=0
540, SFPx1C0.0
561, SEN==100,.0
682, 5% CONTINUF
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aa3,
584,
S8E.
.S 86,
587.
588
Lp9,
© BG(l.
591,
592.
1393,
504,
3eR,
‘ges,
€97,
594,
£G 3.
A,
6t 1,
£C2.
FQZ,
h{ S,
A3
AL A,
£ 7,
B1H
s,
1.
+1).
Flee
“13.
£14.
18,

614,

elt.
6lR,
t1e8,
b?U.
21
h22a
LY
LA
£25a
RELTY

hé’o

+78.
L béPe
&30,
€31,
K37,
£31,
6346,
9385,
nlb,
6!7.
639,
‘A1,
AT
bhle
LYY

s

2%
26
24

4R

&?

[

wd

Cel

5201

22

10

IF (5TULLGF.0) k=0

IF {STUl.GT,0) 11=0

IF (K.GT4N) GO 70 24

IF (STJWNELCLY GO TO 19
IF (I1.GT.0) GO TN 25
I=TH
RD=R1
RI=RI-1.,0D2
S$Tu=1,001
GU TO &
STUSIZI=-THI/{RN=RT}
GO TO 26
STu=F
EP=STU

CONTTMUE
E=FP
EPS2TH=THP

IF (K84FQ.0} EP] =fpg ' c !
X=AHS[FPS) :
ST I=ER

STUI=5Ty

Kb =K H+]

IF (I11.GY.0) G TP 4R

CRHEFT=200) )% (eS8}
TDA2=2.0BDAT)

WRITE(6435) PHDFT, nA?
WRTITFEE 1390 STUSHP W HN 4 SE P, SEN, EPS
K)L=¥1T3+] : )
CNNTINUF
1F {(XaLF.ACCY GO TO 22
FACT2=ARS{FPS)
CFLLT3=ARSITRL)
IF (FACTZ2.GF.FACT) FﬂCTI=F4CTlf0.TS
Hzl 1 -RE
If (£PS.GT.0Y GO YO &7
I {SEMLTLEPS) Hh=M
IF {SENJLTLEPS). SENSEPS
GO T 62 .
1F (SEP,GT.FPSI HP=H
iF {SEP.GTLEPSY SEP=EPS
CONTIMUE | ‘ Co- T
IF L{SEP 4 LT o 10M 20 e ARDGISENLGT=10%.0)) GO JU o2
RI=F] :
RIzRI=FACTIRFPS/STU
KzK+]
GO Trn &1
FACs (HP=~ HV)I{SEP SENY
K=K+l |
R3I=R|
XP=ARKISER)
XN=ABS{SEN] }
IF{XPalTaXN) RI=FE+HP-SEPFFAC*FACTI
IF (XM LELXP) RI=RE#HM=SEN*FAC®FALTIL
CONTINUYF | ‘
H=R[=A/E
KK(}=KK(+]
IF {KKCL.GT.50) RI=-13.0D0
PHD1=PHNFT ‘
EP1=FPS
NA1=2.0%DAT1
M= -FF
TF {IKKGLLT. 47,00, (H,LE.D)) GD ro su0
WRITE{ G441 HM,SFNGHP, SEP
WRITE LS 14)
WRITECL, 15). =DS.5TU1.H.FACT1
CANTINUE
IF {XnATLACCH GIY Tﬂ ?3
CONT INUE .
IF (K16.GTWN) 60 TN TO o !
111=9
G0 1O 23
CONTINUYE
HO=ROP*DCDS I THE-RE
RF=ROP-RE

i55 .
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657, : TH=TH®5T7,29578N00

58, HzR[=f¢

653, DELH=H=HO

CAET, ATN=zz.n%ATN - .

£Ala ATWY=2."%AThY -

hEdy ATWz2,0%ATY

HE3, DAT122,Ne0AT)

BEd, ATTN=ATWY

665, ATTNZ=04T]

thi, . WRITE(E43T) ATTNATTNZ

667, 11=113

61, DIST=n,n

£69, ] DELL=20ul,0%(

€70 PN=27 70, D%SN

571, PHOFT=NELL+RD

672, IF {ZPS.NELFPL) ERT={PHDFT-PHNL}/{EPS~EPL)

673, IF (11100 ANNLIEPSLNELEPL)Y ER=ERL

674, IF 1T 1ef Qe oM, (FPS,NFLEPLY) ERZ=(CAT1I=CAil/IEPS-EPL]

675. DAV =0ATI=EPS*ER 2

676 ATTN2=DATI

677, WA LTE(6+37) ATTN,ATTNZ

¢ 76, - PHUOFT=PHNFT =EPS*ER

AT, “Ehl=ABStFall

LR N WP ITE(Ey3h) SR, 52 ‘

51, WEITE (g1l SF o THoACL o NELL+ RO, PHNFT G H HO s NELMy & paT Ty ulsT

6R2, RETURN

683, 11 FNRMAT( SORRIT ALTITUDE=Y, Flla%,® KM, 'y LOX, *CENTRAL ANGLE=',F12
GRG, le5" DEGe "+ 10K *5Te LINE PATHZ® yF12,5," KM.' /' OENDINGEY (FI.3,"
8%, L 2Ma Tt G 1 IN G "RETARDATION=®* yF3,3s 7 Me? , 1 TN "PHASE DeFECTE? 4 F 9.3, Myt /
6R6. 3¢ ACTUAL RAY HEIGHT=Y (FH, 3,0 KM.' 10X, *APPARENT RAY HELGHT=" FRe3,
ar7, G KM.%y IXNGTOFLTA M=t ,FQ.3, ¢ XKMLt/ BENDING ANGLE=®,FleeBy® DEG.*
Y:1: T Se9Xs* SIGNAL ATTENUATIONE® (FBoads* DBa"+ 10X, "SUKFALE DISTANCE=*,F9.3
689, 63 KM *|

690. 14 FORMAT(? *,vEPSe JUSTI L1, HY,*FACTLY)

691, 15 FORMAT{!' PoFl2.T7+FElbeb42F12eT}

692, 16 FORMAT(Y *,D16.61

693, 17 FORMAT(BD164T)

69%. n FORMAT(I12) : )

695. 35  FORMAT(2X,*PHASE NEFECT=Y 4 FLl2.6 41X, "ATTN=",Fl2. 6]

6964 3 FORMAT{" %, 'FARa"4FL12.5,1%y TER2u*,EL12,5)

Hov. 37 FORMATLEY 4, PATTNO=Y yFL12, 742X YATTNL=Y ,F12,.71

6%8, 39 FORMATIY v, 56FE14,T)

499, 41 FORMAT{® *,4F1%,7)

700, END

701, C

T62. c

T03,. CHErs bk et kb b a N ek R RERFEREEEEERURERNFE RN S ESSERN R E SRR EEEE NN RN RREE R EF kA BB EE
TO4, C

TNhe SURRNUTINE STGEN (B,ByD,ANSy NUNSLEVELS)

TOT. C

T0e. € THIS SURPOUTINE CALCULATES AND PRINTS THE AVERAGE, SIANDARD DEVIATION,
705, C RMSe MINIMUM AND MAXIMUM VALUES OF ALTITUDE ERRUR AT THE 9 PRESSURE
T10. C LEVFLS, ACTUAL CALCULATIONS ARE PERFDAMED BY SUBRUUTINE TALLY.

T1l. c .

Ti2e. REAL AC(914CU12049)1,0(9) BI9)RMS{9)

713. DIMENSIAN AVEREQ) oSD(9) pWMINIO) o VMAXIS IR (94 1)

Tl4. DATA C/ICBO*N, 0/

715 DIF=ANS- B{3}

T16. DO 1 J=ls+LEVELS

T17. CANUM, J)=(BIJIDNEF~A{ )} I*]1.E3

T18. RiJe1¥=CENUM, )Y

719. 1 CONTINUE

T2 )a WRITE (6,107

T21, 00 3 J=sl,LEVELS

127 WRITE (610601 D{I) e Ryl

T23%. 3 CONTINUFE

T24. CALL TALLY (R,;AVER,SD.RMS,VMIN,VMAX,LEVELS,1}

T25. WRITE (6,107) LEVELS

T26. WRITE (6:101) AVER{])

T27. WRITF (6+102) SO(1)

TZ8. WRITE (641051 RMS{1}
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RETURN

j FORMAT lflldx-'STATlSTlCS FOR lDHER'vl#t
FORMAT ({1

V- FORMAT (/7.
FﬂRHAT {7/t

R

PETURN

FORMAT (°®
FORMAT: (9
EORMAT: (4
FURMAT. (1
FORMAT (*

END

“UWRITE: 16,103 WMINILL
WRITE tb,loah WMAXCLY .

“ENTRY COUNT. lnuu.LEvELsa ; ’ I
CALL-TALLY (c.Avsn.sn.nns.vuln.vnax.uun.teersn
WRITE {6,108) o Lo . .
‘DO 5 J=l,LEVELS " : i o T '
MRITE . (6¢106Y D(JIaAVE?(leSD(Jl.RHS(Jl-VMlN(Ji-VHAXIJ}
%CONTINUE e B i e :

MEANY  6X, 1D (F9,2,2X1) | o
STe nEVt'.ZXIlO‘Fq 2;2!)' f 
M[N'iTxllU{FQ 22X}
MAXY , X 1O(F9. 22X )
RMS Y, TX W 1IN(FI,2,42X) 1}

'DF10;3|lC[F9 Ze2X )} : o
LEVEL[“B"" ' '

LFVFllﬂpl'.5!0'"EQN'|6K|'ST5 DEV.
- tSX-'RMS'.BXu'"lN'nB!"MA!'I)

H

SUBPDUTINE TALLV (4 AVER SO RMS.VM[N.VHAX.NG.NVI

R (L G €8 Y 5

TOTAL(K!=0
AVERIK 1=0,

# 5B =00
LRMS (K e0. 0 .
SYMIRGK) =1, OETS
3VMA!{KD=-1
. CONTINUE

TN T J=1.N
PO T T=leN

U
N
-0575

a0
v’

CAA=A{J. I}

SEE STG&N Fna DFSCR]PTI1M Lo

4

TDTAL(I!'TDTALIIIGAA

. D0 B 1=14N .
TAVERE 1Y =TOTAL{1Y/ND

" CONTINUE

. c

be84

- RETURN
- END

N

5295

T IAA—VH]N([II 3.4.a -
CUMENET b=AA
LTE LLa-vMAX(TL) 6.6.5 ;

VMAXITI=AA . -
sPIy= SDIIJ&AA*AA
"CONTINUE

&I

v

L #3%491
683.2%
4B3.52 .

3Z29.4%

214,09 -

130.94
T3.89
37e27:

B C -
T : ’
Gt !
g 'ffco.svstu Do .
LM IRE-TY LY
o, 136,58 0 709.5T°
BZ23.T71 503,33
. ‘260410 344,53
T 238.T2 225,20
146496 . 13R.78
" R4lbl T9, 12
43,92 40,50
19458 17.68

15291
. 5e15 -

604,98
£58,58°
456, 28,
314483

203,38

123,42
68,91
34, 26

14.27

; ‘n43

Bl

874,80

§3¥a55
445,59

300,70 .
193.05 -

Tlb.22°

64,18
31.38
12475

- 3. 78

157

C

445,34
‘Gllele

427444
287.02
183.11

109.32
59.68 -
.23[?0

11.36

321

.BIbr@U
‘588439

409.83
273. 7%

173.53:
102471

55441 -
26418 -
10.07

270

":'PEAL AllZG.qiqAVFRIQI.50(9!1VNING9).VMAK(9I'IDFAL(LDInRHSI?l

S80I = SQRT(AES(!SDIII-TOTALIIl‘TDTALIIIINUI/(NU-L'JI
.RNSlI)'SQRT(AVrﬂll)‘AVEﬁIl)*SDll)‘SD(lli

]188.5b
Sop.23
3%2.7%

261400

lo4.32.
9640
5137

23,83

 §090
5;25

'

‘pggs;uﬁé*LEVELs-fl

cgtvittiﬁttt-a#itittttthtttxat&---xttcyihqt-tainiu:dttt#¢tvvtatn:tttt*vttttttttt
RO RN ?4] U O . R

T _ . ; . ; R [ L "
LA ARER AN SRR R R AR AR SR R SR AR N R ER R RN R R E N E R S A RN SV A Rk AR RS E SRS AR R RS

T61.22
S44.67
376416
248,65
155447
30,37
4T.54
21,63
T.82

‘1e85
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R)Za 1.51 1.22
843, 0,10
Blbe 1013.50 992,.2
595, 28,9 24246
BLhe 89 4T 50036
BNT, 13,22 11445
E i, 3.3 2.923
95, 2951 o B2
Bld. 2212 0239
Blia JUET o057
812, ol 12 W17
A13, 2002
Bl4. 296,22 291.14%
B15, 235,27 228.77
Hléa 21917 220.37
817, © 233,65 235473
k13, 257452 15999
8149, 275,65 275.65
PR 257015 254040
821, 218,08 213,88
R22. 174212 169472
LPEW 165,04
HZ4, 3,30 2433
85, 8,85 5242
B2b, 160 560
B27. I STATICH NO.
BEfo 2% &R AY I&
B2 290,:93 P284,A2
AT, 27T 8% 275,99
£1}, 261.0% 2%9.1%
8122, 239,70 23T7.21
833, 214,36 217,83
A4, cefleB} 200,863
A35, 205,90 237,45
836, 222.02 2231.55
837, 236.86 239,75
easg, 265,43 269,25
a1q, -Dal7 =2.24
aag, =Jel1d} =0.97
A4l, a2 D.04
8s2, 2.25 2.29
843, ~3.32 -2.28
Bag, 2.03 2,19
845, 1.08 ~1.0&
LT 1.17 081
8a7Y,. =-0,31 et
E4B, Ca28  «D.59
849, 11 2
B50, 1023 1.«03870
RE1, - 1lL0G  1.,0B0260
asz, B50 T.R89437
853, Bl0  6.739714
B854, 8GO 4,956509
8B5S, 782 2.775787
B5&, TOO  1.758351
857, 500 D,487902
asa, 478 D.629759
B89, 400 0.299725
D.260981

Bé&, | 30

12202

¢

a D&

0.75

TIN5
178.&
37.52
B.613
2a261
« 660
6183
2042
<007

279 TS
215.82
222475
260,22
764093
27424
246,93
204.89
156012

0.58

62800
152,5
32.23
To%88
1.992
<583
o 160
+ 035
Q05

273,57
215-65
223,94
242,70
267,39
27179
254,52
200,48
145,10

0o 36
2028
«010C 7883.00

PROFILE NOs

2 MIAMIZINY FLORIDA

2B ke Qa
2T4c4])
257,27
236671
21132
199,02
209415
225.05
242,64
269,40
-0, 97
-0g Bb
N4l
2.31
~Z2427
2. 60
-3, 27
0. 44
1.20
~-2a51

k]

L3

285. 26
272,83
2552 33
232.13
205,85
19%.09
210. %9
726450
2845452
269 40
0430
'6072
UeTl
1437
‘2.23
3. 3¢9
-3,09
0.7
1265
=196

284, 54
27121
253,36
229,57
208, 65
195,14
212.16
227,92
264840
267,05
le.63
=-0a 63
Ja98
=D+ 39
-2.12
44 &0
~2.92
2:19
2.14
AL
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i58

0,63

553,56
130.3
27. 11
6,519
1.757
+515
0139
030
004

26745
285,65
225413
245,17
269:- 86
269.33
260. 01
196,09
165.09

0o 60
lat2
2la

2 CASE NO.

283. 86
269,57
2%} o352
226.97
20710
199,37
213,481
22941
251,26
262,27
2497
~0.58
1.30
«240
~1.8)
4,03
=287
Go27
2.18
~2040

P4

Uo32

&Béo b
1113
23,85
S.b8%
lo552
«%39
oldd
0025
20U

261,323
215c65
2263
24Fabe
2¥2.382
266:BT
235 Tu
19i,09
1é65,uB

Ve 375
0o 855

vod2

w2bob
95:03
2054
La36)
1a3¥1
LRI
o kd5
- 024
s UJ3

256,814
213.65
227051
£5dell
275 10
LT ¥
229
La¥-30
16507

Wo217
Do 315

SET ¥O. 2

243 17
2.9
269,15
247a 3D
2ubo Bz
29U D}
215453
230. 65
25%%o1d
257459
fo 2h
~ue by
1le 66
=44 15
-1.19
4aul
=20 36
a3d
de it
-2s 32

282:72
2bb,20
20bo22
221a5%
2ubqa82
20Lab%
2iT.21
23ied7
255091
252026
~U. 74
R LT
l.91
-4425
~Je s
4a83
=208
Ja39
2ot
=leb8

0,15

372:4
Bl.21
L¥.TL
4o 35T
1a214
o253
«391
a0)8
=302

24B.28
21679
229,49
252,58
275.6%
25,09
224,89
182,920
165,06

zaleDs
26%.57
266,55
258,089
203,50
202.22
218.86
233.28
259,80
2el.b2
=leh2
~0a%2
2-03
=4433
u. 30
5.30
-1-12
0. 36
1l.71
=6,12

Dl}
Q236

324.0
&9:.46
T-gﬂzq
3, 799
1.075
5310
078
=015
2002

25 TT
2i7.98
231.57
255,05
275. 85
253:51
222,48
178,51
i65.05

114

279430
262. 856
202019
&1T009
202.47
20%a39
220.45
234.56
262.61
230,54
=330
~Qa%d
219
-4.37
l.16
3425
0.52
<a4%5
1a17
=10. 46



Appendix B

SATELLITE~TO~SATELLITE RAYTRACING PROGRAM THRUWAY

THRUWAY raytraces between two satellites. The "atmosphere"

divided into four regions.
(1) The region between 4 km and RO (69 km) consists of
spherically symmetric standard-atmosphere data,
{2) Above RO km,'the medium is assumed to be vacuum.

(3) Between 2 and 4 km, the atmosphere consists of non-
symmetric Hawaii data.

(4) Below 2 km, standard-atmosphere data are again used,
but the horizontal gradients at 2 km are carried
through to the lower altitudes,

is

Because the XﬁS Sigma-5 computer does not have sufficient core storage

for all the Hawaii data, it is stored on a disk (called the RAD, for

Rapid Access Device) and pulled when necessary.

1. . C
7. C
™ Ct###tﬁ#**#aa!ttt*#t*tt#t‘*Fvlttttttit#tlttt&#tttltttt#*ttt#!#“itt#*itt'..ttl‘t.
4o c
5. . r
Aa JIIR IEST UNGAS
Te- ALL IBT LRJLESGOI EFSTZE,S00 ) (IFORMAT R IRSTZE 4300, ( ahve)
£ ENRTaAN KD
ql
1 o
]1. ct#*tt###eﬁ#‘#t#it#li**ﬁﬁ###ﬂtt*a*nﬁhtt#t*kbtt#tt#tto#tttt'mﬁtﬂk##aa##&&ﬁﬁ#‘t!tt#
124 (o
13, ¢
V4. C wek R THL |JahY *#aney
15. ¢ NOH=SYMMETRIC ATMNSPHERE
164 THMPLICIT AREAL#2{R, 4R}
17. REAL®A STINPH] o THLCOSPHT oMo C o Shly SNL+CLl ¢ PHDOF T o mIN s 3L JPE 4 EPs THP ; TH)
10, QEAL®T NEsPHoTHY , THE s THRREC s THZ 4 U s THN PST o THOT S 1N
19 ' REALRG MUYM, r)‘LH.S‘P(?.}(‘}
27 REAL&4 sisaa.PnZ(rna.oacsa:
zl. REAL “2{4%,20
2. IMTEG{R PNT, T!vss
T 23 .- ANGICAL HGRAD . vio
ELIN ’ TTLERIGAL PLOTRSEGINGPLOATP, NERIV, PLOTPA,PLUTDS
25. TocrMuMan . THnIS-THHlNIFLV!IFLY,PLBTR PLOTP,PLUTPH PLUTDS
25 : COMMLN 12
7. COMMIN SFP,T FnZ.dB
78. DSEC I =1 2DEOSIL)
?3. DARSINIUI=DATANIU/DSORT (1-U*U1)
A c
3t. € INITIALIZc MNNSTAMTS
32. [
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33,
EY
3%,
e
37.
38
A9,
LA
4l
47
470,
Lb
Lo
Lt
L£7a
L,
4fe
Giig
bl
FZa
53,
fd.
554
By
BT,
.
59.
[
tlo
‘?B
63
[ X
[
b0 a
AT,
[
6%
Tie
Tla
T2a
T3,
Taa
TS
Tia
T7.
Fu,
TC o
4t
fl.
PZe
33,
Hao
RE,
Rbae
AT.
R4,
33,
Qi)
9l
G.2.
9.
Gy
G5,
Gé,
S7.
e,
93,
| o LA
191,
102,
103,
14,
105,

[l

2 lakaisiaiala)

b

oA

[aRaluEalaNaNaNalale N elel

61E

CRS1 1S THE IMFREMEMT I STARTING ANGLE PS1. Rc Ja THE RADIUS OF THE EARTH.
EIP IS THe SATELLEITE ALTITUDE. OBIG IS A BIG NUMBEK,; UsEFUL TO HAVE ARDUND.

DpS[=3,00N01/3

CALL PIDCSIL4)

NHETG=1.D5%0

RE=62T1,

PI2=4.1%15926/2

RMP=]111GaD

RCP=R{IP4+RE

FEAT TNPUT NaTa

FiF IS THE HEIGHT OF THE “TOR" PF THE ATMOSPHERE,; S§5% IS SATELLITE SEPARATION,
PST 1% Ted INITIAL STARTING ANGLE, AND NUY IS Tre tUMBox JF RAYS TO BE
LAUNCHEY e NREZAD 15 A SURRIWTINF THAT REAOS THT N=PRJOFILE J4TA, K 13 VME
MOMAER JF RAYS ST FAT LAUMECAED,

2EAD (548070 R0, THPREC

WhITE{&,800) RO, TRPEFC

REAI {5,%70) 55,081

HRITE{ A0 S5,FS]

READ thelou) I

WEITE {&4,]1567) NUwm

CrLL NREAD

S2R+4F

ARBST=pS]

F1=RE®4,N

RZ=RFE+léat:

K=1

CONTINUE

ACL1l=NgN

[X:18 ESVPRV]
REDNT 1% AN ENTRY Ik NFERD,

I[F (KoeMFa1 CALL NCONT

251=RRPSI

€=0
FELTH 1S THFE STerPTrn VALIJE [N THE Qoa¥THRACING Ruyl ives

OELTA= g 418

WRITE theS, 1) SSeP0,THPRECPST,0ELTH
THEG 13 THE LEFT-p8LF C79TFAL ANGLF McASURED AT Thne SurFalec OF THE EARTH,

THY= BARSINISSAI-NPu2))

LETERMING CAVBATH OARAMITERS AEVWIEY TPANSMITTInG SuTelllTE AND TOP EDGE OF
ATM)SOHF RY

CUNMTI YUt

PFGIN=TFUE,

DL=NC %I THON=-PS] )

WEITE (hea) BNE, 3  THD,DS]
BANG =D SONRN(

WEITE (6y64) RENGTD

FI'RMAT (2 *,°0NP=0,F) 2,747 0=, Fl2a 75" THO=® 4Fiéals
LA PRI=%,F12,7T1

FARMAT (* TrEkRNM='.F12.7}

TH1 == 7=PST+PARS IR IPARGFNED
WEIT™ [Eauh) THI

FORMAT [8 THY=',F12,7)

ARz IS TISINT THO® TH ) /DL

KAYTRACT ™G RUOUTIME

INITIBLTZ: QAYTFACING PARAMETERS

a2 AR TH akE pPOLAR CIrPROIMNATES wWITH DRIGIN AT THe LenlTesrn OF THE EART R H Is
THE CLASEST &RPFOACH ALTITUDE OF THE RAYe SN IS THe cKoesS PATH LENGTH DUE
TO RETARDATION, £ 15 THE EXCFSS PATH LENGTH UUc TU BeMulNGs PH IS THE
ANGLE BETWEEN THF ONSITION VECTOR R END TH: RADIUS OF CURYATURE YELTODR NT'Y,
NSTART 18 AN ENTRY 1IN SHBFPUTTNE MNREAD. NSET 13 AN eRTRY IR SUBHDOUTIW:
NEEAD.

[=0,000

PH= 4THL PS5

WEITE (é,6161 PM

FORMAT (¥ PH=" ,FL12.7}
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1¢5a
107,
Lui,
lud.
110,
1il,
112.

113,

114,
115,
116,
117,
1182,
1149,
120
T2l
12z,
iz3.
124.
125,
126,
127,
125,
12¢,
137,
131,
122,
23

¥

134,
135,
136,
117.
138,
132,
140
141.
1e?2.
143,
lbea,
145,
lats
147,
148,
l1as,
BTN
is1,.
157
153,
184,
155,
156,
157,
15E%
1%9,
10,
161,
laz.
163,
164,
165,
166
147,
]ﬁn'
167,
1T
171,
174
173,
174,
175,
176,
177.
178.

N elalainkiaEa e

[N alal

fa

22

@
b

[N ]

£1

62

Rapr)

TH=TH1

H=R "

SN = 00D

DELR = D.00N

CALL NSTART(TH,THINIX)
COSPHY = DCNS (PH)
SIHPHI = DSIN 1PH) .
RS=4C+ .50

CALL #ISFY

MATM RAYTRALING LNGP

MSHIET W AN EMTRY I8 SUBRTIITINE NNREAD. THENUX 13 A PaRAMETER ASSOCIATED

WITH CALLIN® DATA Fr[* THF DISK, N{F,TH} IS5 A LaLl TJ FUNCTION SUBROUTINE
My WHICH COMPHTES THES [NUFY 0F REFRACTION AT PU3ITIUN (R,TH) IF R 1S GREATER
THAN & K4 DR LFSS THAN 2 KM, NHIR,TH) PERFIAMS THr S4ME FUNCTION FOR
2CRCa KM,

CONTINUE

[F {THaOGEoTHINDX AND e Rl Fab3TTaM CALL MSHIFT (THINIX}

DERIV=uFALST,

RDTS=2.5"

COMPUTF J4DR ANG ONDTHL  OHNDOTH=D ABNVE 4 K4.

HORAN = Do F A3 TE JAND R GEL 63T

IF (HGRAD) GU TN &n

NI=H{R,TH}

ONDTH=3. 2000

IF [5.GF.FS) GO T &7
NHOHR=(NER THF =M (A #IGTS, THE ) AKTTS

Go TN 3 .

NIz, TH)
CHOTH={NNIR,, THITHR TS~ NLF s TH=THO T3 } A (25 THOTLS )
COMTTNUR

PF R afib #3708 08 g By L £,33T2.5) GO TN &)

TR 12, 15.5374.9,0%D.R,GF,5373,1} G0 TO 52
1F (2,GE4%3T4) G0 TQ €4

DNDO= (MR —ERNT Sy TAY=NN(R4PDIS, TH) N/ (2%EN]S)
5 T 4

ORDS = CIN (R =2 P [y THE=H LR $R LTS, TH ) A (2%RD]S)
G0 T €

EDES=1,0E

ONDR= LR -RDT Sy THYI=NPLRERDIS  THY /(222215
Gu TN 9

MNaEl NES=RIL TS, THY= FI{R4DI S, THY /1 2%30T15)
CENTINUF

DN TH =, 300

CCVPITE ROH
SPECIEL CASES EXIST FORF DNGR=", [M WwHICH CASE RUH=U3lJs A. APPRLKXIMATION TO

INFINITYy AUD FLP PH=fy A WOE I ZINTAL RAY, IN wHlln CASE JcL?, THE INCREMENT

I Ry MYST AP CUMPUTIG ACCURNING TO A SELCLNG-URUCH AFPHIXIMATION, VARIABLES
T AND © AT NYPMY PROAMETERS FO& THE PLOTTING QuuUTINE PLUT.

TF (DAISIPNNR Y Lol 00=200) DERTYE . TRUE.
RN = TENI

TE (CuNFei) G T 2

IF (P52 GO T &

ROH = NT/(LNDRSCLSOHI S TMPHI*ONNTH/R)
G4n T &l

HOHESIG

WRITS TE,T30) Q,TH

CONTINUF

C=AH*11aN=DCOSEPSTT

WRETZ (641811 C

CONTIMNUE, L

IF (PHuNFQ,0MNYy G Tn 27

IF (RERIV) GU TN &2

ROH = MIZIDNCR¥LOSPH] - SINPHI#DNDTH/R}
G50 T 63

ROH=PAIG

WRFITE (6,73Nn) R,TH
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179, 63 CONTI MU=

160, NELP = (R%DELTHER2 ) /2% {1, 0D3=R/ROH)
181, R = R + DELP

1+2. TH = TH % OFLTH

183, IF 4 MOV PLOTRLDRRGTR2Y GO TO 20
1€4, T=RENSIN{THY /oY

185. P=R2ACOSITHI=RF

1Ré,. E (PG .12 1R PolTo~ 3,0} G} TU 204
167, CALL PLPT (2,T,0)

1RA. Gu 10 26

1B C

190, C CALCULATS DELPHI, 20H, DELSN, OFLR, AND DELC
191 . C

192, 22 NELPHE = DELTH*{) ,ONO-R/{COSPHI®ROMAD)
123, LF (MGRADY S0 Th 2

194, DELTH=( 0205

155, GNn T 221

196, 21 DELTH=0,0001

197, 21 CONTINUE

193. PH = PH  » DELPHI

159, COSPHTY = LCAOAS(PH )

20l e SINPHI = PBSIHNIPH )

20to IF (IERTYY GO T g4

2U2. HOW = NIZLDNLRSCASPHT + SIMNPHI=OMDTHAQY
203a GO TDO A5

2ith 5 -1 ROH=DAIG

205, WPITD (&,732) R, TH

?uba A5 CONTI MiF

20T, JELS = REDELIH/COSPH]

20 R, DELC = DFLS®(1.,9C=-DCOS{TH=PH) }

249, DELR = DFLSASINPHL ’

2110, DELSY = AMI — Yoo} & DCELS

211, IF (DELS,EQ. a0 6N TO 23

£12. 513 FORMAT (¢ ¢,3N1R,7)

213, TH = T4 + DELTH

2lt, 615 FORMAT (' TH=",F12.7," P=3,F12.,7)
215 C =0 & nELC

215, K = R & DFLR

217, C

218, (. IF THE Fay STFIKES T+4% SURFACE IF THE EARTH, STLP RAYTRaLING
219,

227 IF (R.GELPE} G TN 300

281, PSI=rS1anPSY

2226 NIJM=NEIM =1

£23e WRITF (6,1N%3) QKM

224, GO TN &

225, C

22ta € CALL PLNTTIMG PQUTINES

2e7. C

22, VT CONT INUE

223 TF {oNATAPLITR O R.GTP2E GO TO 3
233, 1F [aNITLREGINY GO T 1D

231, T=REDSINITH)FRL

232, PaR=3 QS THY=OF

233, IF {PalTe12NeNRP LT~ F:00 GO TD 5
236, CALL PLOTIL TP}

238, BEGIM=uFALSE .

238 GOy TN 8

237, 1 CONTTNIE

238, TeRENSIM{TH) /F1

239, P=k #ICOSITHI-RE

PN IF {PalTal2uMeIRyPtTu= 9,0} GO TO &
241, CALL PLNT (2,7T,0)

262, 5 CONT] MuE

243, SH = SN ¢+ DELSN

244, C

245, C IF THE mAY [S AT THE TOP OF THE ATHUSPHERE, STHP RAYIRALING AND PRZTSZD
245, € WITH LINFAR INTERPNLATION

T, C

248, IF (RGGF.ANY G TO &

24G, IF [(R.GF«HE GN TD 29

250, THC=TH

251, H=R
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c
C
r

[MiaNelaleNaNaelel

et

17

GO TN 2D

END NF 2aYTRACING RPUTENE

CALCHULATE RAYPATH PARANFTERS PY LINSAR INTEFPOLATIUN FROM POINT AT AHICH
KAY LEAYES ATUNSPHERT TIF FOINT AT WHICH 1T INTERDECTS SATELLITE ORBIT

TH + NELTH
T UheT23) MELS
E v+ DNELR
C + DELE
M = S+ NELSY:.

1=R-DELF
K=Ra=0c| 8
TH=TH=ELTH

SNl =SY=NF LN
Cl=C-NiELC
THI =TH«DFLTH
SLOPZ={DTLRACCNASE THLI I -Q#DELTH®OSINITHI ) )
SLOPS=SLOPR/H{ESNFLTHADCOSITHI F&DELR¥DSINITHI M)
WRITE (641751 P11 THT

FORMAT (' 612t ,Fl2.6e5%:"THI=",F12,6]
ABE=NELR*NCOSLITHT )

ARF=GuNFEL THENSINITHT)

ARGEREDELTHERM NS {THT)

ARH=N) ILPEPSIEM{THI )

AR =AIE=AFRF

ARJ=ARGHERH

WRLTF (£417T3) A3E ,AnF, ARG, ABH, R s ABJ
NELEP= if=C]

OFL THB=NFLTHEIDELAC/NELR }

RP=K14DNELRP/2,
DEL3D=RP+aDEr (QD THT)*DELTHP Y
C=nIlFP,THT )

DELSYI={M(RP , THL J=1,IN ) *QELSP

THE =TT #NELTHD
NILCP=NFLSP-[NSAFTINFLSP®*2-NE LAP* ¢} %DCOS{THP) *UELRP*DSINITHP))
EC=ATANI=-SL(IPF}
KCN=€9ﬂ¢f”CGSITHPI-SL”“**DSIN(THPII}IFOP
THO RN ARSTH AN SANT L LN+ SLOPES#2=p ON* 2 J=KIN*SLUPC )/ (1. #+3LOPE*221 }
ALP=(R)P*DSTNETHE J=ROENSTINITHUP)I I®IILDO/DCUSIEP =L auii) -
WFTTE {&e1R0Y N1, ELCP,0LE )
NELL=193", =(f1+D0 L P+DLP)

WEITE (F41731 THU  FO s SLU2E 3 KON, THP , Do L THP
ABASDSINITHD )
‘ABR=0S) KT THPY

ABC=H4IPRARAFNANARR

ARD=1,202/0C{S{EP)=1.0D0

HRAITE (64173) AR ARB,ARC APD,R,DELR
ARE=OC TSI THT)

AFF=T5%INITH]

WRITE tes173) ARE ,AQF,NFLRP

FORMAT (6(DN12,5,%%))

FORMAT ('3C1=9,N12,5," DELLP=',D12.5,"* ULP=* yJloeb)
FO=10 3y ¢ {SN1+DELSNP)

F=fp

IF {S4L%e3aD) DELL=N.O

IF (20,0540} _Q[!SO.D

IF (FaLEaDa?) 3,0 :
TOL=THO®57,29578 : ’
TD2=THN2S7,20678

Fl1=PSI*57,2C578

EN2zF%57,20576 -
ACL=2%ROC=DSTIMID, 5S¢ (THD#THN} )
HOERNPADCAS(F .53 (THD+THO} ) = RE
PHUFT=0FLL+RD
H=H=-2s.
DELH=H=-HN
ETz(F+PST )%} WO,

I=K+]

SAVE AND WRITE RESULTS
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32a.
327,
324,
iza,
3,
EXR I
337
A5,
36,
335,
EEL
3137,
31q.
339,
340,
41,
247,
343,
LT
EL3-2%
346,
36T,
340,
340,
3689
351,
352,
ELEN
54,
EL L
T84,
257,
ise,
359,
3é( o
361,
367a
363,
34,
EL
66,
36T,
Ine,
ALG.
AT,
171,
Arz.
373,
T4,
375.
376,
37T,
3TH,
3ITI.
3BC,
38,
3R2.
EL:E
E1:E
355,
ELEM
3T,
3R,
3HY.
AGU,
151.
392.
393,
395,
395,
3es,
3%7.
393.
169,

[N i o)

[ 2 N I N |

11

134
1el
122
1c2
11¢

160
53¢

vl

502
503
T20
T3v

SEL-71-059

BU11=PHDFT

gp2{i)=ACL

DELR=ACL-~-ACL]

ARC=ACL#+DELL/INC ™

IF {ACL1.FQ.0) GO TO 24

NEL S=(ABC+ABC /2

DRETY=  <~10#*DLOGIDICABS (DELRYZ(DELSEDPS]) )
WRITZ (6,102) I,00(1)

CCHNTINDF

ACL1=ACL

ABC1=ARC

WRITE {(6,1000) IFLY,PS]

WRITE (41100 TD1,T0202CLaDELLaRDPHOFT H yHN gL LHEDL s ED2 0BT o THC
IF (MOTLPLOTPY GO TN 3

SEP{1,Keld=Y

SEP{?,K+]1)=A0L

COMTIMUE

PSI=PST¢DPS]

THZ = THD

K=K +]

REDEAT QAVTAACIMG AT NFY STARTING ANGLE £SI

IF (KoLToMNIMY 60 10 &
IF (N1 PLOTEY A TN 7
TH3 DN 4 FA5, 8
R=£&]10, 0
T=REDSINITH) /R
PaR*DCOS{THI=-RE

CaLl PLOT (1,T,P}
CONTINUE

SEARCH FIR MULT]PATH

CALL PHASUR (RNZ24DR,A,NUML
TE (NATPLATPI GU T 11
CALL /MR
A5=29,5/1249
¥Y5=8,0/6
CALL SCALE (XS4Y547570aNy~1,25)
CALL CHA® {7500s0 =174 021040410,01
WRITE (1&e10)) IFLY
CALL PLOT (147000 ,0,4244)
CALL PLOT 12, TIN0a0e5,"}
CALL PLUT (1,52PL 2Ny ,SEP{L,NUMATY
No 9 [=],N0U%
KeNU 4= «]
CALL PLOT {24SEPI2,R}ISEPLT K]}
CALL 2LNT (1,R)40,0,0,41Y
CUNTINUF
IF (PLOTPHY CALL PHPLOT (RDZ A NUM)
[F (PLOTNRY CALL PRPLOY (RNZo DY HU%)
GO TN}
FORMAT [°OFLIGHT NN 9, 44,0 STARTING ANGLE™,Fluche® AAJDe")
FORMAT A4
FOPMAT (1S5,F15.¢)
FUORMAT (9 R LFESS THAN RECF/9 R=9,F12,AHF" MEW NUMs? , (&)
FORMATO*OCFNTRAL ANGLE L1x*F1%,54" DEGW' 9%y "LENTRAL ANGLE 2=1,F10
$o5y* DERLY 10X "5T, LINE PATH="yF 125" KMy '/ BEADING=" yFP,3,"
HM 1N ' RETARDATION= yFo 3, ¢ M ® 1 TX,YPHASS vEbeLT=? s Faa 3yt Mt/
HY ALTHAL RAY WEIGHT=',FH, 3, KMe? y 10X ' APPARENT nAY AciadT=",F8,3,
£V KMo?y OX L TOELTA HeE! yFoa3," KM%, /% BENDING ANGLEL="¢F1)-8." DEG.
RN PIENDING ANGLEZ=% 3 FI11oR ! DEG, ' s 10Xy *TUTAL BEMULNG ANGLE=9,F1}
#1a5¢" MR, ¢y/° ANGULAR ERRDR= PiFBsk,® MRYS)
FORMAT (12,2131
FURMAT (5F17,R)
FURMAT (1]S5Sa® ,Fl35,R 9 RN=¢,F18,8,% THPREL=® yFl503,
B O PSI=0,F15.8," DELTH=9,FL15,0//78
FORMAT (% [TERATION MDa?,31&4y " UZ94Fi5.84 % TH1=9,F}5.4d)
FORMAT (6F])15,86)
FOPMAT (2CDELS=%9P2%,13}
FORMAT (* DNDCR=roulDy R2?,€15,80¢ TH3°.F1l5a0)
END
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‘,’:‘0.
('l
402
LAk 1
Al g,
4005,
el
T
408
Ll Ty
417,
“ila
412,
413,
Glb.
41%.
Glb,
417,
413,
413,
420,
421,
422.
423,
LY 2N
4éh.
426
427
2%,
429,
430,
4?1'
L322
L33
434,
w5,
b,
LT,
w4,
433,
b4 e
G4,
LS
Lls,
HLacl
GLt,
Lk,
Ha?
LY A
G4G,
LA,
“Ela
457,
455,
LIF N
455
L3
457,
LS8
45a,
LEl
Gbhla
4{’..
GEA,
bty
465,
L1-1-M
LX)
4t R
G De
&7 0a
471,
472,
W77

C
Ck%
C
C

[aEsNalal

aNaNaNalaNnRel

[alal

1

e

M5 G

ttt##**t*#*#*#tﬂ##t###**##ﬁ##**##H#**&#*t##t*ﬁ*#*####ﬂ&#####*#*#&t#‘lttﬂ‘**tt

SHRRNUTINF MRFAD

THIS SURRTUTINF INPUTS DATA TO THF PROGRAM AND INITIALLZES SOME
VAR TABLES ’

REAL™T wanIs

REAL MIUL125)HIZ ), HR[3)

REAL L&)

INTFGEZ THE3Y

LOGICAL PLOTR,PLNTP,PLNTAH, DLCTDH

COMM N /RLY/IFLY, PLNTE, PLOTP, PLITPH,PLATDE
COMMON SNTRANSI] y Hy HR @MIN RO ISRy TH, THDEX
GATA 1/6379.0/,0F /637,07

DRTA PL/63T)o0+6373,0,6375.746387.3/

HEAM STAMDARD ATMIISOHE2F N=PIOFILE, NI(I}

H{FY GIVES THE (0wt ALTITUNS AT WHICH THE vEaTical kz3deUITON OF THE
DEFA [(HANGF S, HELIY GIVES THE SESOLUTIIN £ROVE aLTiTJDe Hill.
IHU 1Y GIVFS THE INOEX MUMBER NF ARPAY NL{I) AT wHlCAd THr woSOLUTION
CHANGF £,

PEAD L3, 101 (HET ) eHRUD ) THUT Do 1214 3)

WRITE (A Y01 THITY MR LT IHIT Y, 151,430

READ {5,107 (3,N10E),1=L,1252

WRITE{L, 1020 {M10I).1=1,0265)

A=NIL1T)

B=N)13)

ENT <2y wNCWRT
PLITR, PLOT2, atNTep 2nn DLATAB COMTR AL PLUTTING HUUTINED S
AECA™ 5,1 a,4%HNa2) PLNTR,PLOTR
WRITT {£+1751 PLUOTR,, TP
READ (S¢108) PLOTOH, 2 3THAR
WEITF ta,105F PLOTPH,PLOTNR
SUBPLUTT & SNPEAD IWPHTS AL MANTIPULATES TAF Hawall ubThe
CaLL ~NRCALEL)
1E LT, BLiThy oot 2
CALL ®AML
CALL SCBLE (PSaSsvebas=0uT 112,01
CALL CHEF {=CoalAhB8,9u 1402 y0e2Te ]
WRITE (16,04 ) [FLY
NN 1?7 J=1,13
THTz=",(T 2
THT=THT+0.001
R¥=aL1{4)
T=pTRSIRETHT ) /R
PerRTer)S{THT )=0<
IF [P uOTa 12N R, PabTa= 9,0 GO TO 12
CaLL PLATI1,T,.0)
DO k2 f=)alan
THT=TRHT+0,n)]
T=pTxSIti{THT}/R]
P=ETernS{THT)~PE
IF (PaGTalZalaIRa®elTe= 3,00 GO TO 12
CALL PLOT (2.7.,.P)
CONT [ NYF
CONTIMLE

CEMTRY HSET
RMIN=H{3)
EN]S=HR (3}
INDEX=THIL 3}
RETUZM
CANTEQUF
PEWIND 8"
s70P

1un FOSMAT (RFIN,44)

FORMAT (2FIt.6,15) .
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LT, 12 FDORMAT (% ¥, 3F1",e)

475 i.4 FOSMAT (*FLIGHT  *,a¢4)

“T6, lws FORMAT {2L17)

477, END

478, [

«79, ¢

Rl , Cetarrde ez Bk R g A RN R G O U O IO R A S A R F N A AR N A A ERE SR AT AN N N Rk
4At. C

GHZa C

“«H3, REAL FUNCTION N®=ALL,TH}

484, ¢

45, C THIS SuPRINPTING COMPUTES THF INDEX F REFRACTION Fur TH: ReGION
4E6. C ABDVE & K4 AND BRFLOW 2 K4

487 c

afR, REAL*Y FoTHaRARAP, RRNIS,RB/HATA DO/ NN
4R7, REBL N2{125) HUIY AR{) RESGIATL O/

L9, INTEGER IHI3)

491, COMMIAN FMTRARM/NP? cHaHE gRYMIN ROIS B0 [y THNDEY
437, RA=a-e7

453, J=1

hT4, ng 2 (=1,2

405, Ti=4-1

LG8, IF 198, LTHITTYLE O T0 2

637, J=11 .
LGR, GO TO 3

&99, 2 CONT I MIYF

S0 3 CONTT™UE

501, GMIN=HL )

562, ROIS=HF (4]

L03, INNEX=1KT 4}

Sufe 1 CONT ITNUF

B, T=I0INTI(RA=-RMIN)ZRDISEINDEY

S0b. RAP2RAISa(T-TNNFXheRM]N

507. J=lel

60R, N=MZ(TI+{RA~RAPI=INZLJI=-N24LVV/ROIS

505, C

LA A C IF ALTITUDFE LTSS THAN 2 KM, DFFSFT N=VALUE WITH VulJE AT 2 KM
511l C

EY2e IF {(FAJRT24) S0 TN &

5113, Neh=2+{NN{RA,TH)-1,MD0)=*1.D6

S5lé, 4 CONT I NUFE

£15. Nzl JYWIeNE] ,N=4

514, RETURN

517. “ND

5le,. C

51%. C

521, CHt B BR AU N T G AR kT ARSI S E R R IR R SR Sy s BE RS RE RO B R RO N U NS BTG &
t21. C

22, [

£2%, FEAL FUNCTION NA®A (2, TH)

524, C

525, C  THIS SURRIUTINFE CAMPUTES THE INDEX NOF AEFRACTION Fun THz ReSINN
57h. . HMETWEEN 2 AND & K™

527, C -

BE28, RELGLTY ko TH NP1 oM22 s THRISBDIS, REINGM

G577, REAL=9 RALRAP,CRLF

530, PEAL N2(4U42014RRIS/N NG/

€31, INTFGER PMT TIMES

%32, COMMON THRIS  THMEN N2

533, THATH=THMI N

€34, RAER=-53T2,.}

L5, I=1DINT{RA/PRIS)+)

5364, HAP=RRES®(]=-1)

537, Jelsd

g, TeMINL T 400

539, JaMINIT Sl )

54n, KsINTNTITHAZTHRTS) #1

S541. K=MAXN{K:1)

542, K=MINO(K,20)

543, N21=N2(I-Kl+(PA~ﬁAﬂl*(NZKJnKB-M2lI.KiI!RPIS
S44, Kl = K & |

545, Kl = MIND(R1,20}

S44, N2Z=N2{TvKL1 I+ (PA-RAPI*(NZ{J K1)=-NZLtI4 K1) I/RRLS
€47, N=NZ21+IN22=N2T D& THA-(K=1)eTHDIS) /THDI §
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S&d,
E "9.
55 4.
551,
B57.
B3,
54,
555,
554,
55T,
556,
559,
5867
561,
SE2.
553

S¢h,
569,
Sob,
5€7.
FtH,.
S6T,
570
571,
7
5773,

874,
b,
5Tha
577.
STR,
AT3,
580,
S5PT.
SHZ.
HR2,
P,
585,
SB35,
‘587,
SRE .
EAG,.
SQ( .
R,
592-
597,
BG4,
598,
59,
CCT.
A%,
SQQI
hi .
bule
tCEa
LETY
[ 3¢ LY
| -1
|- T
At T
GLte
ltgq.
£y
61éw
F13.
[
615
[0
617,
[ R
19,
[ AN
621

FORMAT {3N2N,6}
NN=1,UD0¢N*]1,D-6
RETURN

END
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r
C

aonoan

3
L
C

2l

11
1z

SUBRDUTINE NNREAG(MBASED

THIS SURRJUTINE INPRUTS AND MANIPULATES HARAIL DATA, THe HAWAII
DATA 1S READN FarMm TAPE, WRITTEN ON DISK, AMD ACLCESStuU FUM DISK
WHEN KEQIFIRED. UNET NO, RO REFERS TO 9=TRACK MALG TaPEs UNIT

WISe 20 AND 21 PEFFF TD DISK {CALLED “RAD™ IN SIGMA 5 TcwMINOLAOGY)

REAL*3 R[S, THNIS  RMIN, TH

REAL MYl &De2N) ,NEASF

PEAL N{&4Y, 20} ?

LOGICAL PRINT

EQUIVALENCE tN) oM}, LLRANGE , NUM)

COMMON THDISyTHMIN N}

COMMON fFLYZTFLY

WRITE (1,179

WRITE [&6,108) NIASE
TFLY IOENTIFEES FLIGHT NUMRER, MRANGE |5 THE HORIZONT AL NUMBER 0OF
DATA POINTS M THF HEWALII NATA ARRAY, LRANGE 15 THc TOFalL NUMBER
1FF HORTZONTAL DATA PNINTS, '

REM) (G ,L1C7,FNN=8) [FLY

WRITE (A 107) 1FLY

RFADIZ4 10D M7AMGE

WRPITS [&4,100) MRANGE

READIA0,1uD) LRAMNGF

WRAITF {6,120). LRANAF

ROIS=,45

THOTIS =153/ 1537V L EMRANGE )

THM {N==THNI S*LRANGE /2

WRITE (£,10%)

REAND {11100 PRINT

READIAT,101) l|”lle)01=1|¢n'|J 1:20)

FF (RIINT) WRITE (641Ul ) CUNCT, JbaI31 4400 sd%a,s 2U)

DN 3 1=1,49

ng 3 J=t,?n

NET e )=NLT,J) #NARASF )
RADREW, 2ANWHT AND RADRD FEWIND, WRITe ON AND REAL FRUMy RESPECTIVELY,
THE NISK

CalL SADRIWIZ2D)

CALL BADWRT (27, K800, G L5500, &501)

INDEX=(NUW-2"1717

IF (1MDERLLTLIY GO TR )2

CALL RADPFWLZTD

nn 11 K=ts INDFX -

AN 2l T=1y6n

TS RE IR AR5

IREYAEL IR IR L8 )

NIy de{T+20)

AL TUL ) CINLToJY 1= 4400 o Jak 2010

TF (PaINTE WerITE 5000010 CINCLodbal=1ad)adaag vl

e 5 T=) .40

DY 8 J=de 20

M{Tydh=NT T  JY#NTARE

CALL RANWAT (2 Np&B ¥ ¢E502,L503)

KREM=NUM={INDFX®17420])

TF {KAEM.SQ.DY RETURM

DR o« 1=1449

HIREBREL B ES E-]

N{Ty71=NI1T419)

MUTy3)=NTT,20)

KRCMaKAEM 2

REANLST,17110 (1NlI9J'vI loﬁul.J=6.KREM|

IF IPSINTY WRITE (6,171) CINUILJb,1= l.k‘l-J=# Rec M)

KKK=KAEM4] . .

a0 T T=1.e0

DN 7 J=KKK,29
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627, 7 N{TyJI=NRASE

£23, PN e 1214492

626, O b Juhk KRTK

2. b NET g Ji=k{TJ)+MRASC

626 CALL FRALWRY (214Me€6P),Loh5MG,L505)
627, RETURM

£29. 530 NNz |

425, LTA I AR Y A

£, Kis} MN=1

€3l GO TO ALl

t3ze Eg NN=2

633, GO T 50D

AL, 543 =2

b3%, GO TN &%

£3F, Sa4 NM=1 .

H37, GU T a0

&2, 508 MN=3

£2%, 50 70 sul

&4, [ TH WRITE Le.20M) Ny

&6, STNP

L4272, Y} WELTS (&, 201 ) NN

f47, SYnp

b4b o C

L45 r

BLb, ENTEY 4START {THTHINDHY

64Ta € NSTARY FCAQS THE INITIAL SFT OF N=VALUES FROM THE US4 INTu CORE.
&a8, THMI =~ THDI SELRANGE /2

thG, THa=} T*THN1S

£60, THINDX=THMI N THA

681 IF ITH, RELTHINDXY G ¥0 ]

652, CALL SATREW (77}

652, CALL 2aDRD (20:N, 800, 0E4CeE4010
£Sa, CALL R4NFEw (21)

ERS ., GO T 13

bhh. 1 CALE IADREW (21)

657, IND=( TH=THMIN) fTHA

£RB. 90 2 T=1+1ND .

65¢, ? CALL FIADFD {21+4MebRL40,L400,840])
6hC, THINDK=THINDX ¢ THA®IND

bhta THMIN=THINOY =THA

667 GO 79 113

&3, 40 WRITEZ (£4+320)

£h4, RETURN

L5, 4Gl WRITF (65432])

bbba RETURN

667, C

hEH, ¢

665, ENTRY HSHIFT(THINNXI

LT, CONSHIFT RFADS THE NEUT ST OF N-VALUES FROM THE DISH LWTD CUkE
671, THMIN=THINDX :
612, THINDY=THINDY ¢THO)52) 7

471, CALL 2A0A0 {21 NEB0:D+E5I6,E507)
674, 13 CONTINUE

6T5a AETURN

676, 5.6 WEITE {&s202)

671, RETURY

&TH, 507 WRITE {6,203)

6713, RETURYN

667, 1un FORMAT {[4)

681, lal FORMAT t2(146F%,1/1,RF5,1)

G2, 1u2 FORMAT  (I5,5%,F12.61

0d3, 103 FORMAT (rlt,] %, *INPUT DJATA'//)}
6d4, 104 FORMAT [Flfig6}

BRS, tue FORMAT (¥19,400% ¥V, B1F10.8,501/)}
bR6, 1.7 FrARMAT { A4}

&ET, 108 FORMAT {* NRASE=?,Fl2.6)

hRU, (s FOIMAT [YPRINTT  FNRMAT L2°Y)

689, 11N FORMAT (L2}

631, 211 FIIRMAT ¢ ERRN2 Iy RADWRT STATEMENT  NU.*,I['4)
691, 271 FOrRmaT (¢ EDF FNCMINTERFD TN AANWRT STATEMENT nua¥eled
&t2, 2uzZ FORMAYT {9 ERROR 1IN RADRDY)

63, 2J3 FORMAT (¢ EQF FNCDUNTFRED IN RADRDCI]
694, 30 FORMAT (v ERROR N INITIAL RADRDY)
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hGS,
[ -
RYT,
£GR,.
L99,.
T0d.
T0l.
TC-Za
3.
Thiv,
705,
tAL-XY
TaTe
T2
TiFa
71\"'
711,
T12.
713,
Tlba,
T15.
T15%.
TiTe
T1R.
T1c.
T2 7%
T21.
722,
T23.
7726,
125,
T2E .
T27.
TZHa
TeSa
T3 o
731.
T3,
733.
T34
138,
Titre
TaiT.
Tiwm,
TG,
Té 'y
Téle
Tal,
Ta3a
Thda
Tiala
Taha
TaT.
Thid,
Tud,
T%. s
751
157,
THh%e
-1
TH5a
750
TF7.
T5H.
7594
Ta'e
Téla
ThZs
Té3e
TEhe
765
TEbe
TeTe
TéPa

38l

o FaNaRalel [ EnEele Rl

ol

100
131

EMD

SHBRIUTINE PHASOK {H B PH, ITERY}

‘

FORMAT (* EDF ENCOUNTERED IN IMITIAL RADFDY)

BEEEE TR T L Lt by *;ﬁé*t##t#*##*l##### FTIS T AT T TS T TR P L LRI IR bR LA Lt

THIS SURRJUTINF INTFPPOLATES GECEIVED PHASE UcFolT anu PUWcR AT
1 kM INTEQWALS IM SATFLLITE SEPARAYION.
THE SEPARATE ANMD COMEINED VALUES AT FACH } KM INVERVAL ARE PRINTED.

IF & MULYIPLTH [s DETECTED,

DIMENSTON HITTSZ hyPREITER) yPHUITERY 4 PHOUL &) 2 D0l G)

COMPLEX £,ET

REAL T#0PI/5.283385/
CUMMLN /FLY/ TFLY

PHASE(P ) =AMURIO,3,0221/0a032=THOP]

orfli=Joe{ 2t

Ae 10 1E1,1TFR

WRITE (F,106)
HMIh=1F2
HMAX==1,F3
DAY I=1,1T=R
HHaHLT)

[eHED) D2 LLL (PRETD

IF fh HaLEaHMI M) HMIN=HM
IF (rH GE HYAX) HYAXeHY

GHz= ATNMT (HMAX )
HRITE {(6,1)1%)
WHITE (&4103)
WRTTE (6,102}
WRITE tA,1N71
FH=H{1])

il

FT=7,1

No & 1=2,[TER
HM=w( [}

HMI N HMAX o GH
TFLY

IF (HA LT HY) 60 T2 8

TF (7 HaGTaHHWNI i6GH,

CONT I NE
NMN=N"+]
PPL=vH(IT~1]
PPI=PHI )
DAat=gsfl=11
DEP =1 P{T)

FAC={ A= R/ L HA=H)
DA LNNI=NAL#{NA2-DPR1 ) *F &C
VOL T=1 3% (DRDI{NNY £210)

Pl=PHASE{"O]}
PR=PHESE(PPRD)

PP Le(O2~OL ) ¥FAL

CExCAPLX {YCLTECASIPI,vEL TS IHIR) )

ET={T+%

PHOINMISPPLAIPPZ=PPY ) *F AC

HMHEH A
GO Frt A

IF IGHMLTHY. R GHLGT LY (K) T 5

GnoTy R
CuUNT I RUE

If (FAASEET)WLE) G TO 3
VLT =2 % ALDGIAFARS IS T )

Gn T g
VALT=] .7 =R
CONTFINUF

P=AT SN2 L AIMAGLE T FRALTCTH?

PepElan/3, 141550

IF (MYaLEL1]

WRITE (A 10H)
GH=GH=-1

6N 19 2
WRITE (641000 GHyVALT s PaNNe (PHDIT ) 1=
(ARDETY s D=1 e MN)

If {GHaGFHMIN) GO TN 7

RETURN

LT.H4) GN 1O &

1NN}

ENRMAT (91% ¢22%*RECEIVIU SIGNALY 45X AG// )
FORMAT (FHal o SK e FLleS1AK FO 241 F15KsTFlusdfeorsTrlsd)
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765,
TTU.
TT1.
T12s
e
TT4a
TT75.
1T,
T¥7a
TTh«
77¢,
Tair,
THEla
TEZ,.
TE2,
Toba
78%.
-1
TET e
TBFa
169
T9%.
T%le
797,
Toia,
194,
195,
166,
TOTa
Teha
Fea,
A0,
801,
AG?2,
B,
Bl L,
B80% .
HCH,
BCT7.
808,
879,
81:a
8l1.
A12.
8113,
Blé4.
als.
Y&,
B17.
HlH,.
Bl3.
B20.
821,
B2z
BZ23.
B2&.
825,
B26.
827,
328,
829,
83>,
R3],
#iz,
83z,
B34,
825,
Bit,
837,
438,
g9,
T bbbl
B4,
R‘Q,l

142

153
144
14:5

[
T
Cxx
C
c

lun
101
162
133
104

C
C

Cregpssd REgat sHRRaRR N REREAERE NN IR RSN O SRR ARk N AN E AR B AR RS SRR AR

C
c

s Ealslnl

FO=MAT (° SAT SEP EEL SI1G AMP  ANGLE Mo UF RAYVS®,
10K PHASE NEFECT (ARNVEY AND POWER {BELOW}'}
FOMAT (* 1K™ VT, CiNAE e OXy " LUEG) 935X P {METERY AND DBY' )
FORMAT (15,3F15,41
FOAMAT §' HMIN=O FINn, 4, * HMAX=" pFl0,% % GH="oFluate}
FOEMAT (2(40%K cTFTH.3))
FORMAT (* 1}
END

P T i R L LR e R T e T T T T L L T Y e Py

SURKIUTTIMF PHPELOT (@D, 8,4}

THIS SURRAUTLAE PLATS PHASE DEFECT AS & FUNLTION OF SATelLITE
SEPARATINN

DIMENSTIOM RIEJYR1DD

COMMNN /FLY/ TFLY

XD=8 0 1400

¥YL=9, /1%

¥Y= 790 1eBNGN, )

CALL PAWL

CALY SCALE {XD,¥0,100.0,8050,.D)
CALL CPAR (307, 7,B80860,00.2402:0)
WRITF {1&,104) [FLY

CALL CHAR (10U N, B048.0 44L,0l o0}
WEITT (14,101}

CALL GRIN (34200, 0483500 ]1N 0,150
CALL CHAR (100,20 7058l sly el 0?2
WRITE §34,1G0Y

CALL CHAR (157, , 7625l ualsnls})
WRITE (14,1020

CALL GRID €23420048 TI0y 100N, ] &)
CALL CHAL (1550 ,0,7835:0,41,521¢71}
WRITE (14,1731

Y=YY-201011

TF (Y4 T 79000} ¥=T790N0,0

TF {Y.GToRDI50.D1 YeROGD .G

CALL PLOT f1,B(1),Y}

CALL OAINT (9)

DO Y =7y d

¥Y=Yy-a01(1{1 :

IF (¥Y.LTL790CN1 ¥a79N( N

1F (¥YeGTaR8050.0}) ¥sRO5N, 9

CALL PLDT I0.BLIY,Y)

CALL PnIMTi2Y

CONTINUF

X=1603,042,0/X0

CALL PLOT (10X, R080,01)

RETYRY

FORMAT (*RN50®)

FORMAT L0 79C0CY)

FORMAT (*2000)

FRAMAT (91A00°%)

FORMAT [A1J,5X,?PHASEY}

END

SUBROUTINE DBPLNY (RD,DH, g}

THIS SUBRAUTINE PLNTS RECFIVED PDWER AS A FUNCTIUN JUF SATELLITE
SEPARATION

DIMENSTON RDUJY .OB(J}
CNHMMON JFLY/ TFLY
X0=R,1/30

Y=g, /1510

YY=7910, 3¢+670150,n
CALL raML
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Bé&i3,
344,
845,
Bh4t.
B4Ta
848,
349,
850
L8571,
RE,
L8533,
854,
ges,
8564
E57.
853
8%4q,
Beia
B61a
BE2a
863!
Bhia
B6ES
Bhoe
d&T.
868.
8e3,
BT
671,
872,
FTi.
£74.
875,
BTk,
E77a
BTRa
BT%
EBG.
BEYa
#3832,
ER3,
EBG,
REh,
RA6,
KET,
aRA,
BPO .
34ar,
RGY .,
R&Z,
953,
AG4,

975 o
897,
RGP,
RSG5,
G0
Gl
T
93,
GC4e
a5,
Sithe
207 .
oLy
Ful,
GlYe
a11.
91 2.
213,
gla.
G155,
91t,
al1t.

100
1.1
1n2
v}
FER

c
C

C
C

CALL SCALFE (XD,¥0,=30,0,8050.0])

CALL CBAR (-2540,680G40a0ea2;42401
WRITE (14,1943 IFLY

CALL CHAR [=32,0,8048.M00)¢ulsD)
WRITE (l4.1713- . - '

CALL GRID (34-30,04B050.0,10.915) .

EALL CHAR l‘aaoanRQRoosnl$ ll’ol
KRITE [14,100) .

CALL LHAR (~30.5,7895.0sal101401
WRITF [l4,102}

CALL GRID [0p=30a03T30UatsBe b
CALL CHAR [ -Ny5,T75%5:0,41r0140)
WRITE (14,193)

Y=yvy-20(?)

!F {YALTQTQU(.Q’ V=7°nﬂa°

IF {YaGTa808C,0) Y=8150,0

CALL PLOT (14DRI2),¥)

CALL PUINY {9y

el 1=3.4

Y=Y¥=£D(T)

IF (Y LT 7900,.0) ¥Y=790060

1F (Y., GT.BO5N,01 Y=6250,0

CALL oLOT {)+DR(TY,¥)

CALL POINT (2}

CUNTINUF

X=72,)/%C

CALL PLOT (1+X%X.B8050,0]})

RETURY

FORMATY (1BOSDY

FORMAT {V7900¢)

FORMAT (v=3n0)

FORMAT (¢ D°}

FORMAT (817,5Y,*PORER?}

£ND

JLOAD (G JIMAP,PRDG) y{UNTH, 21}

FTMCLUNT (PIXYOLT)

TASSIGN (F32.LBT,%1)

TASSIGN (F312),RT,x2)

ALLNAT (FILE XL EFSTZE+Y ), 1RSIZF, 807
ALLUBT (FILEZX2) EFSIZE 480, (KSIZE,£H0)

HOY
-3 IRV 1.,0-7
7925, 000 177
3“
Jadul o252 1
1la007n [ATR-TE] Js 45
3Z et 1,937 L ‘A
e i Thla 302k AN.25N0  32T.3831
LDUNY  262,04C4 12500 282.0127
2.L000  253,15(0R 2.2500 244,395C
30001 21N, R264 3, 2500 212,46913
4400 19?8475 42807 186,T7RIT
SefipN  [Tu,2a79 5.2%00 165,0793
B,rGN 18%1,3403 642500 146,1870
Ta000 133,4915 72500 129.4621
B iN) 11641977 39,2500 113.,%425
9.9000  lo4,426H €.2507 10).5138
Lu, ¢ 93,14%3 1242502 D% T42
110080 249377 115000 . 77.9737
13.0:0%2 Lh T4k 13.5000 - 60,7433
5. 0505 Lo, 8300 15.5040 ko 5588
17.4000 Ak, BEGS 175000 33,4527
16,0030 Z25.11R12 1945000 72,8748
21,000 17,3682 21,5000 15.8T7284
FETISY A 12,25%5% 235000 11,2736
2540002, g TRT 25,5090 H.1059
27«0 YN LPELT Y 2750090 5, 8653
29,0000 46205 295000 44,2704
3.t G Jeht3) 3149000 3. 1982
ELYSION ZulR2AN 15,0000 1.8787

171

I R R TRy E R L R R AL PRI S RIS ] SREEEREELEN

JeSulU
1.5030
259300
3o 50wy
44 5000
545203
665000
T« 5009
B.5300
9.5000
L0 5000
12.9300
140000
1a.0Q20
18,3394
20,Gyal
22.200u
24,9000
2640003
28,6000
3de0 LU
EVSRINEN
36,0200

Jikebi5a
2145203
FETTY T N
ZU3a 2850
lobezent
lbae2l?5
lule 7899
1£5.0l%0
Live®dud
JHabbH L
a7+ 8614
T34 3565
bheFLh8
4la b 4e9
3aa3T21
2ive BBy H
l4%s2i78
iee 3767
7-“710
Sedled
caBl%a
2e 3595
LeblWu

kR I ek ky FERRkREES

0.7502) jOZ.#bS{
1.7500  262.,328%
2.7500 226.9707
3. 7503 199.4466
4. 7500° 175,T153
5. 7533 155.4059
6. 7500 137.6058
T«7593 121.,9384
8.7500 10T.4024
9, 7500 95,8754
10,7502 85,3063
1245003 43,9497
14. 5000 53,2913
164 5090 40,4898
13,5000 27,6086
20, 5000 19,0221
22« 5000 13.3285%
244 3000 95514
2545002 4. 68898
2845002 5.0011
3045000 3. 7321
33,0092 2.5401
3T.23000 1,3971
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A1k, 38, HD
919, 42400 0
az2n, Ghat UOU
G921 UL DWW
G227 D400 (v
G23a 2 PR AL ]
Q4. E2,0000
925, LY - Feb BT}
Q26 Tl 40N
G27. FLOT N
28, PLOT PLOT
Gra, PLET M
G3ca pLUGT PLDT
33la pLOT A
932, LT PLOT
9131, PLCT Ny
ore, PLOT CLT
Q35, PLOT NG
Gk, PLOT PLOT
Q3T FIN
i
SEL-71-059

142771
RELTA B
De33917
F.2220
Gald27
Q.0H72
PILALES
120317
P B

30000
63,0040
4T, 1000
1ot 1100
EHaLioDn
550007
B3,y
LT.00r"

a 0442
Ta5921
na3621
022954
DVel26%
(0T
Jal Gl B
D.D2T8

172

LTV P LIV
G, UuQn
44,0001
5250000
5600600
60U 0)
Efy g i

&8, TULL

FPEELY )
FIE-XSE!
wodlJe
JodBan
Jeot LB
dobTI
Uouwald
Joldded

41,0000
45,3000
490020
53,0000
5T, COQ0
Ele 20V
65,0022
63,0092

Ue 7845
PRI
Os 2646
Jalébll
0. 0988
Ja08601
Je 0362
J.0212



Appendix C

DESCRIPTION OF RAYTRACING PROGRAMS

1. Description of RAYTRACE

The technique used in RAYTRACE is based on Snell's Law, which can:

he written as [5]

- 9A
-3 (€.1)

Lol -

where A is the wavelength in the medium and p is the radius of cur-

vature of the path followed by the ray through the medium. Now,
A= — (C.2)

where n is the index of refraction of the medium, ¢ 1is the speed of

light in a vacuum, and Vv is the frequency of the wave. Therefore,

.3)

C
dx = -~ u dn
n v
and
A__e ___€_ dn dA
2 d
p  nvp n2y 4P dp
1 __1dn
p - ndp
n
P —dn/dp (C-4)

The total derivative dn/dp can be written as (see Fig. 59)

aﬁ o E; dn 1 dn
i = Vn . TET =-—|a;| cos @ + S 4@ ®in @
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{positive df
is c;ockwise)

7%,

D

Fig. 589. COORDINATE SYSTEM AND REIATIONSHIP OF p
TO dn/dr AND dn/dé,

where r and € are polar coordinates with origin at the center of the
Earth, and ( is the angle bhetween 5§ (the radius of curvature) and T
(the radius vector). Note that, for ¥ pointed outward, dn/dr is neg-

ative for a normal atmosphere. Now, ¢ can be written as

n
P = Tan/dr| cos # - (1/r)(dn/d6) sin § .5

The first term in the denominator is the effect of vertical gradients on
the raypath; the second term is the effect of horizontal gradients and
is usually much smaller than the first term.

The program operates as follows. An "atmospnere" is given to the
computer in the form of a temperature profile (temperature vs altitude)
and surface values of total pressure gnd water-vapor pressure. From
this information, the program calculates wvalues of N (the refractivity)
for a grid representing a vertical slice of atmosphere. Grid points are
spaced vertically 1 km apart to a height of 90 km and horizontally every
15 mrad for & total horizontal spread of 300 mrad, centered at 9 = 0.

Starting at © = 0, the program calculates the values of the de-

rivatives dn/dr and dn/df, determines the angle @ between the
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radius of curvature B> and the radius vector Eﬁ and uses_this infor-
mation to calculate the magnitude of the radius of curvature p. The
program steps off an increment df of 0.5 mrad, with p held constant,
and computes the.resulting increment im r. The new values of r and
e are-thennuséd to calculate é new p, and the process is repeated un-
til the ray reaches a height of approximately 65 km. At this point, a
linear approximation is used to complete the raypath to the satellite
altitude. The program returns to the & = 0 positiﬁn and repeats its
caleculations for the other half of the raypath. A running tally of path
length and deviation of path lengfh from that of a straight line is main-
tained., These tallies are used at the end of the run to calculate the
phase defect that would result from such a raypath. The above procedure
is repeated in each run for.stafting altitudes (at 6 = 0) of 0 to 30km,
at 1 km intervals.

The equations used to determine @, r, S (path length) and € (path
deviation) are given below. - -

For the first step (at € = @ = 0), a seconid-order approximation is

necessary @

ro(z&a)z
er = . s (C-G)
, 2[1-- (ro/po)]‘

The program now steps to the point (r+aAr, € +Ar) and computes dn/dr
and dn/df at this point (using limear interpolation between the points
on the N-grid). The value for { at this new point is computed by as-
suming that the raypath is a smooth curve, which implies that the new
value of o to be computed at this point will pass through the center
of curvature for the previous value of p (see Fig. 60). This leads

to

- :.‘ n -
g =4 1t 1 - 5 sec Q;_l e, {C.7)

n-1
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CENTER OF
CURVATURE FOR

Pn-l/

CENTER OF CURVATURE FOR g
Pn ///'

‘Fig. 60. REIATIONSHIP OF @, p, 28, v, AND ~r. Note g, and

Pnel pass through the same center of curvature.

The value of Dn+1 is calculated from (C.5) for the next step. The

incremental path length gsn is given by

ASn = rnﬁﬁ sec @ (c.8)

and the incremental path deviation Qpn is given hy
Acn = &Sn[l - CcOos (Gn - G’n)] (C.9)

Finally, the new value of Axn+ is calculated from

1
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Arn+1 = rnaﬁ tan ﬁ£ (C.10)
and, using roel = T tAT and. Qn+1 = Qn-+a8, the program begins
the new iteration.

These equations are derived in the next section.
2. Derivation of RAYTRACE Equations
Derivation of the first-step equation [Eq. (C.8)].
In the beginning, QD = @0 =0, and § 1lies along
Ax
s
P cos Y= J
p-By Sketch 1
“
Because 91 and - wl are very small,
AX = rlel = plwl {C.11)

and

oy =py =Py cos_}l.f1 = p;(1 - cos *1)

Because wl is also very small, cos wl SIS I (wifz), therefore,
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Now,

ox = (p) - 4y) tan ¥,

i 2
S R R T L R A

‘{XX ; p] cos wl tan \Lrl = Dl Sin 1]!1

S50

and
wl

2

w1k

Sketch 2
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As a result,

Because 781 = NB,

which is Eq. (C.6).

179

Sketch 3
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Equation (C,10) is derived directly from Sketch 3:

Bry = Fpoy tom f g A6

Equation (C.9) is derived using

" 8ketch 5

The quantity ﬁCn represents the difference between ASn and the

length AB which can bé-found as follows. The angle OBE is given
by 90° - Gn. Because OBD =-®'n and " CBD = 90°, by simple arithmetic
A =8 = . Thus

. ABC h ﬁn : '

o
fus]
il

NS cos (B - @)
n n n
and
n

A = Asn[l - cos (Gn - an)]

which is Eq. (C.9).

0T FILMID

SN
PRECEDING PAUS BLANK ]
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3. Description of THRUWAY

THRUWAY is a program that traces a raypath between two satellites
in Earth occultation configuration, It differs from its predecessor
RAYTRACE in that it begins the raypath at one satellite, follows it
through space to the atmosphere, traces the path through the atmosphere,
and then out to the second satellite. RAYTRACE began at what was arbi-
trarily designated the‘center of the raypath, at a specific altitude.

It traced the raypath in one divection to satellite altitude, returned
to start, and then traced the raypath in the opposite direction out to
satellite altitude. The interscections of the satellite orbit with the
raypath gave the satellite location that would result in a raypath with
that specific starting altitude. By starting the ray at different alti-
tudes, it was possible to interpolate the results to find the character-
istics (phase defect, bending angle, minimum altitude) of a raypath for
a given satellite separation,

THRUWAY does the same job, but a bit differently. In RAYTRACE,
the independent parameter is the minimum ray altitude; in THRUWAY, the
independent parameter is the starting angle of the ray. A ray is
"launched” at a particular starting angle, and its path is traced to
and through the atmosphere and out to satellite altitude again. The
stralght-line distance between the starting point and the intersection
of the ray and the satellite orbit iz designated satellite separation
(85). The starting angle is then stepped 1 mrad, a new path is calcu-
lated, and the derivative d{(85)/dy is calculated (where o 1is the
starting angle). This derivative is then used in an iteration scheme

to calculate the corrvect starting angle:

doy

= : - 88 +
O'n+1 d{S8) (Sstrue n) Oﬁ
Iteration continues until the error term SStrue - SSn is acceptably

small.
The advantage of THRUWAY is that it is no longer necessary to
stipulate that the center of the raypath must coincide with the center

of the available data set. The satellites can be positioned anywhere,
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and. -the resultant ray will be traced regardless of where the minimum
altitude of the path may. fall.

A program such as THRUWAY became desifﬁble with the acquisition of
the Hawaii data. With such a data‘set, it is unrealistic to arbitrarily
define the center of the raypath as the center of the profile; in fact,
the information for which we were searching might'be masked entirely by
‘such an assumption. Thus, a program which could start at a well-defined
transmitter and trace its way through to a well-defined receiver was re-
quired. THRUWAY was developed to meet this need.

Two forms of THRUWAY exist. One version (called HAWAII) is'uséd on
the XDS Sigma-5 computer to raytrace mountain-to-mountain through the
Hawaii data. In addition to raytracing, this program also computes power
densities at the receiver distance, draws plots of index of refraction,
power, and phase at the receiver distance, and traces the raypaths them-
selves. The second version raytraces from satellite¥to—satellite through
the same low-resolution atmosphere as does RAYTRACE, with high-resolution

Hawaii data superimposéd at the lower altitudes.

4. Mathematics of THRUWAY

All of THRUWAY is divided into three parts (Fig. 61):

{a) ‘the seétion of raypath between the transmitting satellite
and the upper edge of the atmosphere

{b) the portion of the raypath actually in the atmosphere

{(c) the path traversed by the ray on its way to thé receiver
after it has left the atmosphere.

In the first and third sectiﬁns of the raypath, the ray travels in a
straight line at the speed of light in a vacuum. . The ray slows down or
bends only in the second portion bf the path. .
Because the raypath in (a) is a straight line, no real "raytracing”
is involved. One begins at a given position in space, say (rs,QS), and
launches a ray at a starting angle (¢ which is the angle between the
tangent tolthé satellite orbit at (rs,es) and the raypath. The prob-

lem is then to determine at what point (ro,eo) dpes the ray encounter
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Fig. 61. THE THREE PORTIONS OF THRUWAY. Portions 1 and 3 are
straight-line gsegments that lie outside the atmosphere., Por-
tion 2 is within the atmosphere, where the refractivity is
greater than zero.

the atmosphere and what is the initial radius of curvature vector (p,#&)
at that point. These are the initial values for the actual raytracing
procedure of part two of tﬁe raypath., In addition, although the ray
does not actually bend while it is in free space, it does acquire "bend-
ing" which is defined as the excess path length caused by the raypath
being longer than a straight-line path between the satellites. These
parameters are illustrated ip Fig. 62, and the equations relating them
are derived in Section 5.

In (b}, the ray is in the atmosphere, and THRUWAY, like RAYTRACE,
uses Snell's Law to raytrace through the gtmosphere. Snell’s Law can

be written as [5]

dA

do

o

where A is the wavelength in the atmosphere and ¢ is the radius of
curvature of the raypath. For this portion of the program, therefore,
THRUWAY uses essentially the same equations as does RAYTRACE. The dif-
ference lies in how the parameters are initialized. The important pa-

rameters for raytracing using Snell's Law are
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r,6 = position coordinates of the ray
p = radius of curvature .

¢ = angle between the radius of curvature vector and the
position vector s

The origin of the coordinate system is the center of the Earth.

{rg.89)

Fig. 62, SIGNIFICANT PARAMETERS OF THRUWAY.

In RAYTRACE, initializing these paraméters is not difficult. Because
the starting position of thée ray is an independent parameter, r and @
are detérmined immédiately. Similarly, bécause the ray 1s constrained to
start out horizontally, the éngle befween the radius of curvature vector .
. and the position vector is,Zero. (¢ = 0). The radius of curvature is com-
puted immediately by use of Eg. (C.5). Although fhe actual initialization
of parameters poses no problems, the_first steb in the raytracing does .

It is necessary to go to a seconﬁrofderrapproximation for Ar Dbecause
the‘first—order\expression used to compute Ar along the raypath yields

a value of zero if @ = 0.
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In both RAYTRACE and THRUWAY, the independent parameter in the
raytracing is the coordinate €, and A6 is set to some constant
value (usually 0.5 mrad). Because of this finite step size, THRUWAY
does not have to use second-order approximations for Ar, unless,‘of
course, the ray enters the atmosphere at a value of 08 which is an
integer multiple of the step size; this is an extremely remote possi-
bility.

In (c), the raypath is the segment between the edge of the atmo-
sphere and the receiving satellite. As in {(a), the ray travels in a
straight line, and one must determine how much bending is accumulated
as the ray approaches satellite altitude. This segment of the program

is identical to the corresponding segment of RAYTRACE.

5. Derivation of THRUWAY Equations

- The equation relating rs, BS, ro, 80, p, and ¥, and the expres-

sion for bending in part ome of the raypeth, can be derived from Fig. 63,

which is a segment of Fig. 62.

Fig., 63. A SEGMENT
OF FIG. 62, SHOW-
ING THE PARAMETERS
IN GREATER DETAIL.
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It is useful to establish a2 relationship between 90, #, and.
(which is the angle between the raypath and the line connecting the

satellites). From Fig. 63,

XCBD =8 - ¢

X ABD = 90°
Now,
X ABC = X ABD - 4 CBD
50
¥ ABC = 90° « 6+ f
Because
¥ = 90° - X ABC
we have
¥ = 60 - ¢ _ _ . (C.12)
Also,
o = 90° - (90° - 6) ~ y
or ‘
o = 95 - ¥ . o (C.13)

Now, from the law of sines,

sin (90° - Gs + V)

Yo
;; = sin (90° + @)
or
: r
sin (90° + @) = ;5 sin [§o° - (8, - w)]
o :
T
gin- (90° 4+ &) = ;; cos (6, ~ V)
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where

r
o o W8 -
90° + @'= sin == cos (9s )
o
Because
a = BS -y (Cc,14)
and
= 90 - (C.15)
we have
B r
90° + 6 - | = sin ;i cos (y
o
or

where T is the satellite altitude, r, is the altitude of the upper
layer of the atmosphere, ¢ is the "bending angle” or "starting angle"

of the ray, and ¥ is given by Eg. (C.2).
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