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PREFACE

After the re-entry of a part of Sputnik IV over Wisconsin in Sep-
tember 1962 a study was initiated at RAND of the problem areas in the
vprediction of satellite orbit decay and impact. This study consisted
of three parts: (1) theoretical investigations of the physical prob-
lems involved in accurate predictioﬁs of satellite orbit decay and im-
pact; (2) the development of computé; programs capable of handling pre-
diction needs under stringent time constraints; and (3) participation
in operational orbit-decay exercises on selected satellites, in cooper-
ation with SPADATS (NORAD) and the Smithsonian Astrophysical Observatory.

Throughout the study, prellmlnary results of immediate usefulness
were communicated to SPADATS, and J progress briefing was given to the
Air Force Advisory Group of The RAND Corporation in October 1963, Re-
sults of specialized phases of this and related studies have been pub-

lished in the following RAND Memorandums:

RM-3534-PR ROCRET: RAND's Omnibus Calculator of the Kine-
matics of Earth Trajectories, by B. Boehm, July
1963.

RM-3700-PR Satellite Lifetimes in Nearly Circular Orbits for

Various Earth-Atmosphere Models, by L. N. Rowell,
August 1963.

RM-4007-NASA Satellite Lifetime Program, by S. J. Belcher,
L. N. Rowell, and M. C. Smith, April 1964.

RM-4204-PR MODAT: A Computer Program for the Construction
of Model Atmospheres, by L. C. Kern and G. F.
Schilling, July 1964.







SUMMARY

This Memorandum describes the problemg associated with the predic-
tion of satellite orbit decay. The use of several computer programs
for the computation of long-term orbit decay, modei atmospheres, and
the final decay and re-entry is described, and exagples are presented.

The computation of long-term orbit decay with the RAND Satellite
Lifetime Program is illustrated for the case of Explorer 9, a balloon
satellite of known size, shape, and mass. The orbit-decay data of Ex-
plorer 9 are used to derive a current model atmosphere, which is appre-
ciably different from any of the standard atmospglres. The use of this
derived model atmosphere in subsequent decay computations enabled a rea-
sonably good long-term-prediction capability.

The computation of the final orbit decay with both the Satellite
Lifetime Program and the RAND ROCKET Program is illustrated for the case
of Cosmos 5, a Soviet satellite of unknown mass and drag. In this case,
adjustment of the satellite's ballistic coefficient is used effectively
to adjust a model atmosphere to simulate the current atmosphere. This
procedure, of course, has limited utility, since it allows only a gen-
eral adjustment of density level and not an adjustment of density scale
height. The computed results indicate the sensitivity of the decay to
the distribution of scale height; however, the observed variation of or-
bital elements in the final decay has generally not been precise enough
to enable the derivation of a model atmosphere. In fact, the current
uncertainty of the characteristics of the atmosphere in the altitude
range of 100 to 200 km--the range where final decay occurs--has been
due primarily to the lack of good observations of fiﬁél decay, which,
in turn, resulted from deficiencies in predicting when and where to
look with the sensors during the final decay. Recently, the situation
has improved considerably and better observations and better predictions
are currently being obtained; however, there still appears to be in-
sufficient concurrent analysis of observations. This recent improve-
ment illustrates the cyclic process in which improvements in atmospheric

models, sensor data, and decay computations are interdependent.
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SYMBOLS

reference area of satellite body
semimajor axis

aerodynamic drag coefficient
eccentricity of satellite orbit
gravitational constant
acceleration due to gravity
density scale height "\\<
altitude

inclination of satellite orbit with respect to earth's
equator

mass of satellite

number of orbits

period of satellite orbit

reference radius of earth

radius from center of earth

atmospheric density

angle between diurnal bulge and perigee position
right ascension of the ascending node

argument of perigee






= I, INTRODUCTION

It is presently not possible to predict with complete accuracy
and confidence the expected impact area of an artificial earth satel-
lite after unaided orbit decay. 1In fact, it has usually been impossi-
ble to ascertain the locations of the remains of most satellites after
their descent from orbit.

Analysis of the problems of orbit-decay and impact prediction has,
however, revealed a number of steps that can be taken to improve pre-
diction accuracy. In this Memorandum, we shall diséugf the physical
aspects of orbit decay, clarify the causes of the limitations in pres-
ent prediction capabilities, and, on the basis of practical experience
gained from operational exercises, conclude with specific suggestions
for meeting expected future requirements.

The general problem areas of satellite orbit decay can be divided

into the following functional categories;

Physics of orbit decay, final descent, and impact
. Uncertainties in size and shape of satellites
Availability and utilization of machine programs

Observation-prediction cycles

b W N

. Accuracy requirements of present and future applications

The relative severity of problems in the categories listed above
depends on which moment of time in the satellite's history is being
considered. Two phases can be clearly distinguished in the course of
satellite orbit decay. The first phase, starting with injection into
orbit, lasts until atmospheric drag has caused gradual contraction of
the orbit and the perigee altitude has decreased to about 180 km.* De-
pending on the mission objectives and the initial orbit configuration,
this phase may last only hours for some satellites or hundreds of years

for others.

7

This "critical" value of perigee altitude depends, of course, on
the satellite's mass/area ratio, the current state of the atmosphere,
and the eccentricity of the orbit.



The second phase of satellite orbit decay;commences when perigee
begins to drop noticeably below a nominal height of about 180 km. This
final descent phase generally lasts only a few days and rapidly termi-
nates with the satellite re-entering the lower regions of the atmosphere.
The re-entry is accompanied by appreciable luminosity. 'At this point a
fragile vehicle like a booster may break up, but, in spite of the vio-
lence of re-entry, the heavier pieces of a satellite can survive and are

(1-3) The principal

sometimes found in good condition even after impact.
problem is generally when and where to look for and find the remaining
'piifes. .

An improved prediction capability will yield manz)advantages.
First, it will make possible the accurate prediction of the position of
objects in low orbits, thus facilitating interception, inspection, or
destruction. It will enable the prediction of earth-impact locations,
thus making possible the recovery of satellite fragments, both our own
and those of other nations. Tt will of necessity require a better knowl-
edge of the atmosphere, which will be valuable for many applications in
aeronautics and astronautics. #¥Finally, it will permit accurate predic-
tions of the expected impact locations of heavy or dangerous payloads,
so that attempts can be made to divert them from impact areas where
damage could result or areas that would be embarrassing; this would
appear to have serious implications because of the large number of
the various kinds of objects to be placed into orbit in the future.

The study reported in this Memorandum utilized material from Refs.
4 through 7 and was initiated after the re-entry of a part of Sputnik
IV over Wisconsin in September 1962. Sputnik IV was a Vostok capsule
containing a dummy and an instrument compartment; it was launched in
the spring of 1960 but was not recovered as apparently planned because
of misalignment of the retrorocket firing angle. The satellite (1960
Epsilon 1), thought to be the instrument compartment of Sputnik IV,
began its final descent over the Kamchatka peninsula, passed over Clear,
Alaska, and Great Slave Lake in Canada, and became luminous and broke
up over Lake Manitoba. A number of pieces were found in Wisconsin and
on the shore of Lake Michigan. The larger pieces presumably went into
the lake. The largest piece, which fell on a street corner in Manitowoc,

Wisconsin, was made of cast iron and steel and weighed 21 1b.



ITI. PREDICTION OF ORBIT DECAY

The elements of a satellite orbit change continuously during the
decay process. Some of these changes are periodic, since they are caused
by the oblate geometry and oblate gravitational field of the earth, the
gravitational fields of the sun and moon, and the radiation pressure of
the sLn. The orbit plane and orbit axis rotate because of the earth's
oblateness; the orbit oscillates slightly in inclination and in eccen-
tricity due to the earth's mass asymmetry about the equator and to radi-
ation pressure. Atmospheric drag causes the orbit to contract and be-
come less eccentric and modifies the rotation of the orbit axis meﬁt@gned
aboye. The rate and characteristics of this orbital contraction are ae—
termined primarily by the density of the air, the rate of change of den-
sity with altitude, and the body's mass/area ratio.

In order to predict the changing characteristics of a satellite's
orbit, account must be taken of all of these effects. Although atmos-
pheric drag is the principal contributor to *“he natural decay of an or-
bit, calculation of it is dependent on the instantaneous form of the or-
bit, which must include the effect of all of the other parameters. Thus
in order to accurately predict an orbit decay, even with a model atmos-
phere, the changes of the orbit that result from the nonaerodynamic
factors must be accurately predicted. Furthermore, if it is necessary
to simultaneously predict decay and formulate an atmospheric model,
the atmospheric-drag effects must be separated from long- and short-
term periodic effects caused by the other factors. Analytic formula-
tions and approximations are useful for predicting the magnitude and
direction of the several decay characteristics, but numerical machine
computation is necessary for adequate decay predictioﬁ.

We have used two machine programs at RAND for the study of orbit
decay and in orbital-decay exercises. The first of these is applicable
to orbital changes occurring over relatively long periods of time., An
early version of this program was formulated at the Massachusetts Insti-
tute of Technology Lincoln Laboratory and was used to estimate satellite

lifetimes. It included the effects of solar and lunar perturbations and



by

the earth's asymmetric gravitational field. This program has been ex-
tensively modified at RAND to include the effects of the oblate earth
and atmosphere and of the rotating atmosphere, and it is noﬁ known as
The RAND Satellite Lifetime Program (RSL Program).(6’8) Any desired
model atmosphere may be used by the program, including those(of the

Jacchia/Paetzold type,<9)

which vary with time of day, season, and so-

lar activity. 1In the RSL Program, the orbital elements are updated %v-
ery n revolutions (where n can be chosen as 1/6, 1, 2, 3, 4, ...). The
program requires about one second of machine time for each computation

interval (i.e., for each n revolutions).

In the last few hours of a satellite's lifetime, the orbital ele-
ments change‘gﬁgficiently rapidly that their updating must be done Jore
frequently than is possible with the RSL Program. We then transferj(man—
ually) to the second program, the RAND ROCKET Program.(4) This program
was originally formulated for rocket-trajectory computations, and it in-
cludes the effect of oblate-earth geometry with a rotating atmosphere.
It effectively updates the orbital elements continuously, using computa-
tion intervals which are adjusted to keep the errors within imposed lim~
its. For near-earth orbits, the computation interval is approximately
one second in real time along the orbit, and the corresponding machine
time is several minutes per revolution. The ROCKET Program yields de-
tails of the orbital path such as altitude above the oblate earth, ve-
locity, path angle, and geocentric latitude and longitude.

The RAND MODAT Program(7) was developed as an aid to these studies.
It is a digital-computer program for the construction of model atmos-
pheres. Depending on the amount of information available about a plan-
et and its atmosphere, three different program versions of increasing
complexity can be used, combined, or interchanged, to provide the de-
sired tabulation of atmospheric parameters up to alkitudes of one plane-
tary radius. Early in our satellite-orbit-decay studies, it was found
that existing "standard" or "model" atmospheres(lo-lz) did not reflect
the true behavior of the observed satellites. This was especially true
for the final descent and re-entry phase, when satellites passed through
the relatively unexplored region of the atmosphere between about 80 and

200 km. MODAT provided the capability of constructing ad hoc model



atmospheres specifically as needed for individual satellite cases. TFor
example, special models could be computed for different months of the
given year and for different latitudes, depending on the location of
perigee of the satellite being studied. Similarly, a series of models
was developed to follow the long-term-decay trend of selected satellites,
As will be shownﬂlater, this computer program thus provides the necessary
flexibility to permit rapid estimation of atmospheric conditions, based
on a minimum of input data provided by the satellite being studied.

We have used these programs in general studies of orbit decay and
satellite lifetime and in joint re-entry exercises with SPADATS and the
Smithsonian Astrompysical Observatory Moonwatch Group. In these exer-
cisas, SPADATS furnished orbital element sets, RAND attempted to predict
the subsequent decay and the final impact, and the Moonwatch network at-
temp :ed to observe the re-entry. Some of the re-entry exercises dealt
with satellites of unknown mass/area ratio. For these, the orbit-decay
rate was used together with a model atmosphere to establish a mass/area
ratio for use in subsequent orbit-decay computations. Thus, a number
of computer runs (using the RSL Program described above) were made to
obtain a trial-and-error run which fitted the observations up to that
time. As more NORAD elements became available, a deviation from this
computer run sometimes occurred, indicating a deviation of the real at-
mosphere from the assumed model atmosphere. 1In such a case, another com-
puter run was made to match the later elements. This was done by either
(1) effectively changing the level of atmospheric density in the model
atmosphere by a constant factor through a change in the mass/area ratio
or, preferably, (2) changing the model atmosphere (by means of the MODAT
Program described above) to conform with the trend of- the actual obser-
vations. The second, preferable technique can be used only if the ob-
servations are sufficiently accurate and extend over a reasonably long
period of time.

In the last few hours of a satellite's lifetime, the orbital ele-
ments change more rapidly and the continuous-updating capability of the
ROCKET Program is necessary to determine the details of the final decay
and re-entry. In principle, it is possible to use various model atmos-

pheres and modify them to fit the observations better here, also; in



practice, the observations of the final decay have been neither numer-
ous nor accurate enough to warrant such a procedure, although currently
this is being improved. The ROCKET computations are informative, how-
ever, in that they indicate the effects of various parameters on the de-
cay process and indicate that data analysis on a concurrent basis will

enable more confident decay prediction.

These points will be discussed in more detail in the next sections.



III. LONG-TERM ORBIT DECAY

Long-term orbit decay occurs over several hundreds or thousands of
revolutions of the satellite around the earth. The period of time over
which the decay is observed may begin at injection into orbit and end
at satellite impact, or include either or neither of these end points.

The long-term changes of the satéllﬁte orbit may be computed without de-
termining the actual position of the satellite in its orbit or the exact
time and place of satellite impact. If one wishes merely to observe the
long-term behavior of the orbit, only the decay of the orbital elements

with time or with revolution and perhaps the last revolution of the sat-
ellite, which occurs when the perigee altitude of the orbit drops below

a specified value, need be computéd.

For most satellites, atmospheric drag causes orbital decay to begin
at the end of the last application of thrust. The exception occurs when
the orbit and the mass/area ratio of the satellite are such that solar-
radiation pressure is the greater effect and causes the orbit to expand.(S)
During the RAND/SPADATS/SAO exercises, all the orbits studied decayed
monotonically. However, the orbit of Explorer 9 (a balloon-type satel-
lite) expanded periodically during the first 5000 revolutions. The pe-
riods of expansion were caused by solar-radiation pressure combined with

a particular orientation of the satellite orbit.

USE OF THE RSL PROGRAM TO COMPUTE ORBIT DECAY

Because of the large number of parameters involved in computing the
decay of a satellite orbit with time, one is forced to use a fairly large-
scale digital computer and a computer program that accurately represents
all the significant forces acting on the satellite. There are several
computer programs in existence that satisfy this requirement, but most,
or perhaps all, of them require a great deal of computer time to compute
the actual motion of even a single satellite for more than a few revolu-
tions. Thus, determining the motion of a satellite for several thcusand
revolutions would require too much computer time even if the accuracy of

the computations could be maintained. However, this type of program



(e.g., ROCKET) is essential if one wishes to accurately compute the mo-
tion of the satellite during the last few revolutions and the point of
impact.

If the problem is reduced to one of determining the orbit decay
only, i.e., if the position of the satellite in its orbit is not com-
puted, then the method of computation is different, and as a consequence
much lesg computation time is required.

The RSL Program(6) computes only the changes in the orbital ele-
ments in the presence of all significant perturbing forces. As men-
tioned in Section II, the program was ériginally formulated at the
Massachusetts Institute of Technology LiﬁbQiP Laboratory and was ex-
tensively modified at RAND. It is designed\to compute the changes in
the elements of a satellite's orbit over a long period of time (several
thousand revolutions), i.e., to compute the long-term orbit decay.

For all perturbations except atmospheric drag, the changes in the
orbital elements are obtained by integrating a set of first-order dif-
ferential equations in which the rates of change of the orbital elements
are known functions of the perturbing accelerations. The effect of air
drag is computed by a numerical-integration procedure which uses a nine-
point Gaussian quadrature on each of six subintervals of the orbit.

The RSL Program uses the standard orbital elements (a, e, i, (I,
and w), the date, the mass/area ratio of the satellite, a constant

which depends on the reflection characteristics of the satellite, and

the drag coefficient as inputs.

SPADATS ORBITAL-ELEMENT SETS

The set of orbital elements required as part of the input to the
computer program can be obtained from radar and/or optical measurements
of the satellite's position and/or velocity. Mathematical smoothing
techniques are applied to selected observations to obtain a set of ele-
ments which best represent the true values. The selection of the obser-
vations is based on spacing and sensor quality.

The sets of elements used in the RAND/SPADATS/SAO exercises were

computed by SPADATS and are based on observations obtained by various



types of radar and optical trackers.' In many cases observational data
from trackers with different accuracy were used, and consequently the
data were selected to take this into éécount before the orbital elements
were computed.

Once a set of elements is obtained, it‘iénused until the difference
between the predicted position and the observed position of the satellite
exceeds a specified amount. When this difference becomes too large the
old elements are updated, using a first-order-differential correction
technique that involves the simultaneous solution of a set of equations

g

of the form

AQi = Qi(observed) - Qi(comPUted> - E}BE— b

where Qi is a parameter of the satellite motion such as azimuth, eleva-
tion, range, or range rate. The quantity Qi(computed) is obtained using
the current set of elements, and Qi(observed) is obtained from the reduc-
tion of observations. The parameter pj represents the orbital elements.
The set of equations AQi is solved simultaneously for Ap, and a new set

of elements is obtained from
L(new = .(old) + 4p,

to obtain the first solution of the iterative procedure.

A more accurate set of orbital elements has been produced by the
Smi thsonian Astrophysical Observatory using highly accurate observations
obtained from the reduction of Baker-Nunn photographs. However, because
of the necessary delay (caused by the photo- and data-reduction process)
in obtaining these orbital elements, SPADATS elements were used. Com-
parisons have shown close agreement between the elements obtained from
the two sources. TFor the sake of comparison in the present case, the
Smithsonian values for the orbit's semimajor axis have been plotted in
Figs. 1, 2, and 3. Clearly, they and the SPADATS values, with a few ex-

ceptions, agree very closely.
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EXPLORER 9 ORBIT DECAY

The study of Explorer 9 (1961 Delta 1) is a good example of an at-
tempt to predict the long-term decay of an orbit. Because Explorer 9 was
a high-drag satellite with known size, mass, and reflection characteris-
tics, prediction of its orbit decay was started at revolution 13,440,
which occurred on February 12, 1964. However, in order to determine
which of the available atmospheres would produce the most accurate re-
sults, some preliminary computations were done. Four model atmospheres
were used to compute the decay that had occurred between revolutions
11,406 (September @, 1963) and 13,250 (January 29, 1964), a period of
almost five months.\\{be models used were the 1956 ARDC(lO) up to 500
km and then a Jacchia model(g) above that altitude, the 1962 U.S. Stand-
ard,(lz) the Jacchia, and the GS-1A, which is generated using the MODAT
Program. Figure 1 shows the decay of the semimajor axis of the orbit,
using the different model atmospheres. Clearly, the 1956 ARDC and GS-1A
models gave the best results. Therefore, starting at revolution 13,440,
additional computer runs were made, using these twoc atmospheres. As in-
dicated in Fig. 2, the GS-1A model was too dense and the 1956 ARDC model
was not dense enough.

In order to obtain good agreement between the computed and '"ob-
served' semimajor axes, several computer runs were made in which the
mass/area ratio of Explorer 9 was changed from the known value. This
change has the same effect on drag acceleration as changes in the den-
sities of the model atmosphere would have. The amount of change in the
mass/area ratio was determined by using the ratio of observed to com-
puted time rate of change of the semimajor axis. This first-order-dif-
ferential correction scheme called for drag accelerat%ons of 0.65 those
obtained using the GS-1A model, or a reduction in the model densities
by a factor of 0.65. The semimajor axis computed with this modified
GS-1A atmosphere is shown in Fig. 2. The agreement with the observed
semimajor axis is very good even though the diurnal variation of the
atmosphere is not accounted for.

This application of the different model atmospheres indicates

clearly that neither the standard exponential models nor the Jacchia
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model(9) (a dynamic model that takes into account the diurnal effect

and the orbital geometry) can be used to compute orbital decay accu-

rately over a long period of time (say several months) for all satel-
lites. This.is one of the critical problems of decay prediction; it

is shown graphically in the figures presented here.

There are two things that may account for the close agreement be-
tween the computed arid observed orbital decay. First, the solar flux
remained fairly constant during the period of time considered, and sec-
ond, the orbital perigee position remained within 90 deg of the axis of
the atmosphere's "solar bulge" (which is about 30 deg east of the sun)
for about the first 12,500 revolutions of Explorer 9. This is shown in
Fig. 3. This motic? of the perigee position minimized the effect of

J
the diurnal variation of the atmosphere on the orbit.

CALCULATION OF ATMOSPHERIC DENSITY BASED ON EXPLORER 9 ORBIT DECAY

About 100 computer runs were made to obtain an estimate of the at-
mospheric density actually sensed by the satellite. Nearly every set
of SPADATS orbital elements starting with that of revolution 6668 (Au-
gust 17, 1962) was used as initial conditions, and each run covered 100
revolutions of the satellite. The results of these computations were
used to modify the atmospheric densities in the GS-1A model. The den-

sities were modified using the equation

(da/dt)

p(modified) = p(model) |—rrs
C

~

where the subscripts o and ¢ mean observed and computed.

Figure 4 shows the atmospheric densities that resulted from these
computations. As indicated there, the atmospheric densities given by
the GS-1A model are approximately the mean of the computed densities
above about 400 km. Below this altitude the model densities are too
large.

The disﬁersion of the points showing the computed densities can be

attributed mainly to the variation of the angle between the earth radius
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to the perigee position (see Fig. 3) and the earth-sun line, the varia-
tion in the solar flux, and errors in the orbital elements that were
computed from the tracking data.

Because of the good agreement between the observed and computed or-
bital decay (using the GS-1A mode% atmosphere) between revolutions 11,406
(September 6, 1963) and 12,500 (Noyember 28, 1963), an additional com-
puter run was made to observe the agreement over an earlier period of
time. The set of elements for revolution 6668 served as the initial
conditions, and the decay in the semimajor axis was computed until sat-
ellite impact. The results, given in Fig. 3, show very good agreement
between the predicted and actualgorbit decay for about the first 5000
revolutions. Then, for the remaining lifetime of the satellite the
GS-1A atmosphere is seen to be first not dense enough and then too
dense. This causes the predicted lifetime to be about 140 revolutions
less than the observed lifetime.

The data presented in the figures, combined with the above discus-
sion, indicate that a given current model atmosphere can be used to pre-
dict orbit decay over a long period of time for a particular satellite.
But it is clear that the adequacy of a given model depends to some de-
gree on the date and period of time it is used and also on the orienta-
tion of the orbit during this period of time.

Unfortunately, the so-called standard model atmospheres actually re-
fer to past conditions of the atmosphere. What is needed is a current
model atmosphere and a means of predicting correct future atmospheric
conditions. This will be particularly important in the next few years
because of the expected increase in atmospheric density at certain alti-

tudes due to an increase in solar activity. -
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IV. FINAL DESCENT AND RE-ENTRY

The prediction of the final descent and re-entry of a satellite is
extremely sensitive to both the atmospheric density level at altitudes
between 100 and 200 km and the orbital elements in the last few revolu-
tions. Thus accurate prediction of the time and place of final impact
requires both a good model atmosphere and good observations in the last
few hours of the satellite's lifetime, At present, neither of these re-
quirements can be met; however, it is expected that work to be done in
the next few years will produce model atmospheres and terminal observa-
tions that will be sufficiently accurate to enahle reasonably good pre-
diction capability. ~

Cosmos 5 (1962 Upsilon 1, SPADATS Object 297) is used here as an
example case to illustrate the procedures used in the present study to
follow the final decay of a satellite orbit. This satellite was launched
on May 28, 1962, and re-entered the atmosphere on May 2, 1963.

The variations of semimajor axis, eccentricity, and argument of
perigee are shown in Fig. 5 for the final 200 revolutions of Cosmos 5.
This figure includes the standard SPADATS Bulletin elements, several
sets of special NORAD elements produced during the decay, and a special
series of refined postevent elements furnished by the NORAD-SPADATS/USAF
Spacetrack Center. Also shown are the results of a long-term computer
run made with the RSL Program using a procedure similar to that described
in Section III. This run was produced about a week prior to the satel-
lite re-entry, and the mass/area ratio was adjusted to give the proper
decay during the initial period shown in Fig. 5. The run used the
SPADATS element set for revolution 4807 for initial conditions, the
1962 U.S, Standard Atmosphere,(lz) and a satellite ballistic coeffici-
ent of 10.6 g/cmz. In general, the agreement is seen to be excellent,
and the predicted time is within the limits of the estimated time of

oo

decay.‘

*Subsequent to our computations for the orbit decay of Cosmos 5,
the paper by Marov(1l3) was obtained. From this paper it may be in-
ferred that the ballistic coefficient of Cosmos 5 was about 16.7 g/cm .
If this is so, the computation would have required a model atmosphere
somewhat more dense than the 1962 U.S. Standard Atmosphere,
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It will be noted in Fig. 5 that while the scatter of reduced obser-
vations is relatively small in the case of the semimajor axis, there is
apparently less precision in the argument of perigee and the eccentric-
ity. This is understandable, since the semimajor axis comes directly
from observations of the satellite's period, while the other quantities
must be deduced from a number of time and position observations. The
uncertainty in eccentricity presents a particularly difficult problem,
since it introduces an uncertainty into the use of satellite decay,
with unknown ballistic coefficient (m/CDA),'for determination of the at-
mospheric-density variation with altitude. This is illustrated QP Fig.
ﬁ, which shows the relative effects of initial eccentricity and bgTiis-
fic coefficient on computed lifetime for the same initial conditions as
those for the computer run shown in Fig. 5. It is seen that even slight
changes in initial eccentricity result in appreciable changes in life-
time. Furthermore, a given lifetime can result from various combinations
of eccentricity and ballistic coefficient. Thus, if one uses a variation
in ballistic coefficient to effectively vary the level of atmospheric
density in the model atmosphere and consequently derive an empirical at-
mosphere, the result can be uncertain because of the uncertainty in the
satellite's eccentricity.

As indicated in the previous section, the model atmosphere used can
have an appreciable effect on the computed decay characteristics of a
satellite orbit. This is illustrated in Fig. 7 for the final decay of
Cosmos 5. This figure shows the same orbital-element data derived from
observations as are shown in Figs. 5 and 6, compared with two postevent
RSL computer runs. Both runs began with the same set of SPADATS orbital
elements and, by adjustment of the ballistic coefficient, gave the ob-
served initial rate of orbital decay. It is seen that the computation
using the GS-1A atmosphere predicts the observed decay better than that
using the 1962 U.S., Standard Atmosphere. The rate of change of the slope
of the semimajor-axis curve in Fig. 7 is greater in the case of the com-
putation using the GS-1A atmosphere. This is because of the smaller den-
sity scale height of the GS-1A atmosphere (see Fig. 8). For orbits of

(14,15)

small eccentricity (e << 1) it can be shown that
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The density scale height also affects the variation of eccentricity dur-
ing orbit decay. The Vagiation of eccentricity with semimajor axis for
the last stage of the orbit decay of Cosmos 5 is shown in Fig. 9. Again,

for small eccentricities, it can be shown that(la’IS)

dIne _ 1

da 2H
L3}
j
This effect is illustrated logarithmically in Fig. 10, where the smaller
scale height of the GS-1A atmosphere is seen to effect a more rapid change
of eccentricity with semimajor axis.

Figures 7, 9, and 10 illustrate the necessity of accurate observa-
tions of orbit decay for both prediction of decay time and determina-
tion of atmospheric characteristics. It is apparent that the observa-
tional data are not sufficiently precise to enable a valid choice be-
tween the two model atmospheres for the relatively small number of rev-
olutions involved in the final decay. Only for long periods of time
can a reasonable choice of model atmosphere be made with the level of
observational precision indicated by the data in Figs. 7, 9, and 10.
This is understandable, since the purpose of SPADATS procedures had been
that of accounting and bookkeeping and not of real-time atmospheric de-
termination.* (For accurate determination of the atmosphere, it has
been the practice, e.g., by the Smithsonian Astrophysical Observatory,
to use the orbital-decay characteristics determined from precise reduc-
tion of Baker-Nunn photographs; this process currently requires several
months and thus can only indicate the characteristics of the atmosphere
as it was in the past and at altitudes above about 200 km.) It is clear

that for real-time atmosphere determination, particularly in the altitude

*

More recently the SPADATS mission has been extended to include re-
entry predictions(16), and new machine programs and observational data-
reduction procedures are being incorporated into the SPADATS operation.
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range between 100 and 200 km, more precise and more frequent observa-
tions are necessary. The interrelations among observation, prediction,
and atmosphere determination are discuss<’ in the next section.

For detailed orbit-decay computations in the last several revolu-
tions of a satellite's lifetime, the RSL Program does not update the
orbital elements sufficiently often for proper computation of the rapid
decay (see Section II). In this case the ROCKET Program has been used
to take over the orbit-decay computation. Figure 11 shows the decrease
in semimajor axis during the final several revolutions of Cosmos 5, com-
pared with the RSL run shown in Fig. 6, as well as the results of some
computations using the ROCKET Program. It will be\Eoted that the ROCKET-
Program results exhibit uneven decay during an orbif?‘i.e., rapid decay
while the body is near perigee and more gradual decay in the region of
apogee. 1t is also apparent that the net decay computed by the ROCKET
Program is more rapid than that of the RSL Program, due to the more fre-
quent updating in the ROCKET Program. In terms of satellite lifetime,
the more rapid decay computed by the ROCKET Program results in final de-
cay about two revolutions prior to that computed by the RSL Program.

The characteristics of the final re-entry are determined not only
by the model atmosphere and the body's ballistic coefficient but also
by the eccentricity and orientation of the orbit. While analytic ap-
proximations of orbit decay cannot account for the effects of all of
the variables involved, they are useful for indicating the qualitative
effects of some of the parameters. Solutions for both the long-term de-

GAE15,1D)

cay of a circular orbit and the final shallow re-entr
cate that the lifetime is primarily dependent on a drag parameter,
m/CDAp, which is the ballistic coefficient divided by the atmospheric
density. In Fig. 12 these solutions are shown in terms of this parame-
ter, and the lifetime is shown in terms of both revolutions and angular
distance from impact. A ROCKET computation for the Cosmos 5 decay,

where a small eccentricity exists, is seen to oscillate about the ana-
lytic solutions for the circular-orbit decay and re-entry. The drag pa-
rameter, m/CDAp, is plotted on a logarithmic scale which, because of the
approximately exponential variation of atmospheric density with altitude,
is equivalent to a linear altitude scale. Thus, Fig. 12 is essentially

a plot of altitude versus lifetime.
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The variation of altitude above the oblate earth during the final
descent is shown more dramatically in Figs. 13, 14, and 15, where the
radius from the center of the earth is shown as a function of angular
distance around the orbit du;ing the final several orbits. In these
coordinates, the earth's oblateness is clearly shown. The starting con-
ditions of the ROCKET computations are identical for the three figures;
the only differences are in the ballistic coefficients. 1In Fig. 13, a
ballistic coefficienf of 8.48 g/cm2 is seen to result in about four rev-
olutions. 1In this case it can be seen that final re-entry occurs short-
ly after the point of minimum altitude (not coincident with perigee, be-
cause of the earth's oblateness).

Increasing th:\Ballistic coefficient to 9.54 g/cm2 extends the 1lifg-
time about half a revolution, as shown in Fig. 14. The dashed line in
this figure shows the result for a stepwise increase in ballistic coef-
ficient to 21.9 g/cm2 at an altitude of 100 km, an approximation to the
transition from a free-molecule to a continuum flow about a blunt body.*
This increase in ballistic coefficient is seen to bring about an increase
in re-entry range of several hundred miles. Increasing the ballistic
coefficient (Fig. 15) to 10.60 g/cm2 results in another half revolution.
Here again an increase in ballistic coefficient at 100 km results in an
increase in range of a few hundred miles.

It is apparent from these computations that the point at which a
satellite gets "caught'" and begins its final descent is critically de-
pendent on the body's ballistic coefficient (or, alternatively, on the
level of atmospheric density). A 10 percent change in either of these
quantities causes a difference of about a half revolution in the life-
time. The questions of which orbit is the final one and where impact
occurs in that orbit depend critically on the precise values of the or-
bital elements in the last few days of the satellite's lifetime and on
the state of the atmosphere. Judging from the ROCKET-Program results,

such as those illustrated in Figs. 13, 14, and 15, there is a tendency

*

Of course, other changes in ballistic coefficient can also occur
in this altitude regime due to breakup or changes in orientation of the
body.
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for the satellite to get caught at the point of minimum altitude and be-
gin its final descent. Thus while it might be possible to predict the
final revolution only approximately, fairly accurate prediction of where
impact will occur in the orbit may be possible, i.e., impact will follow
the point of minimum altitude.

This is illustrated quantitatively in Fig. 16, which shows the re-
sults of a series of ROCKET runs computing lifetime as a function of
ballistic coefficient. Points of minimum altitude in each orbit are in-
dicated by the vertical arrows; there is a definite tendency (as indi-
cated by the steeper slope) for final impact to occur within a few tenths
of a revolution after the point of minimum altitude.

The results of these computations, as welI-as the sensitivity of
lifetime to eccentricity and ballistic coefficient (or atmospheric den-
sity) illustrated in Fig. 6, indicate the difficulties connected with
two related aspects of the orbit-decay problem: (1) the prediction of
impact time and location, and (2) the use of orbit-decay data in the fi-
nal phase for the determination of atmospheric densities in the altitude
range of 100 to 200 km. Even if the body's ballistic coefficient is
known accurately, the confident prediction of impact location and time
requires rather precise knowledge of both the atmosphere and the orbital
elements at some late stage in the satellite's lifetime. Similarly, the
use of orbit decay to determine the density and density scale height in
the middle atmosphere requires precise values and variations of orbital
elements.

Without such precise knowledge of the body's ballistic coefficient,
the characteristics of the atmosphere, and the orbital elements and their
variation, only probability estimates can be made of impact latitude,
based simply on the relative time spent by the satellite in various lat-
itude bands. For example, a satellite with an orbital inclination of
50 deg is almost three times more likely to impact between latitudes of
40 and 50 deg than in the latitude band between the equator and 10 deg.
Similarly, the probability that a satellite of 49-deg inclination will
impact within the continental United States is more than double that for

a satellite of 65-deg inclination,
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V, IMPROVEMENT OF PREDICTION CAPABILITY

Before discussing improvements of prediction capabilities, it may
be useful to summarize the current state of the art as described in the
previous pages. The theory of satellite-orbit decay that includes the
0effects of the oblate-earth geometry and potential, the rotating earth
and atmosphere, and solar and lunar perturbations appears to be adequate
for prediction purposes. However, it is doubtful that the available the-
ory and the knowledge of the shape of the earth have yet been used in the
routine determination of orbital elements and the prediction Sf\ghen and
where to look with the sensors. There are two main problems at present:

1. Determination of better model atmospheres and current atmos-
pheric variations in the critical altitude region of 100 to 200 km re-
quires rather precise observations of the orbit decay in the final days
and hours of a satellite's lifetime. Such observations cannot be ob-
tained if the predicted sensor times and look angles are not sufficiently
accurate.

2. Lack of accurate data in the final phases of decay also pre-
vents more accurate prediction, since any errors in the orbital elements
used to initiate a prediction computation tend to propagate; thus the
shorter the term covered by the prediction, the more accurate it will
be. In addition, the lack of good observations near the end of a sat-
ellite's lifetime contributes to the lack of verification of when and
where the final impact occurs.

It can be seen that knowledge of the atmosphere, acquisition and
treatment of observations, and prediction techniques are all linked in
a cyclic fashion, so an improvement in any one will reéult in an im-
provement in the other two--and ultimately an overall improvement in
all three.

It should be emphasized that the present Memorandum describes in-
formation accumulated over a period of about three years. In the course
of the joint re-entry exercises many procedural improvements became ap-
parent and some of these have been incorporated into SPADATS operations
for special exercises.(l6) Thus some of the problems described above

have already been partially solved.
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An improvement in prediction capabilities is necessary and will
yield a number of advantages in several areas. Accurate predictions

would enable

1. Better bookkeeping on objects in low earth orbits
2. Impact prediction and recovery of satellite components

3. Impact prediction of heavy or dangerous satellites

In summary, the basic problem of improving prediction capabilities
for both orbit decay and impact appears to be conceptually solved, and
present SPABATS operations are becoming current with state- of—the art
1mprovements. But in view of probable tasks that may confront thure
Air Force capabilities as a result of year-to-year increases in the fre-
quenc: of launchings of heavy space payloads, the following aspects war-

rant further consideration:

1. Research into the possibilities of developing and using real-
time model atmospheres that can cope with the required tasks.
This is of particular current importance because of expected
changes in the atmosphere due to increased solar activity.

2 Conduct of operational exercises during the final decay and
impact phases of selected satellites, including assessment of
the use of tracking aircraft, atmospheric sounding rockets,
and related Air Force resources. Such exercises might also

include ships and/or aircraft in the expected re-entry area.
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