


 

 

FOREWORD 

This report contains the results of a study conducted under the 

recently completed WSRN contract F05603-70-C-0014; the study, while not a 

specific requirement of the subject contract, was undertaken to evaluate 

the value in a statistical sense of those optical observations taken by 

WSRN teams over the past several years. 
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ABSTRACT 

This report presents a comprehensive study of the observed optical 

characteristics of several hundred satellites. The primary data for the 

study were 22,000 optical observations gathered by volunteer observers. 

These observations were reduced to standard observing conditions and sub-

jected to numerous statistical tests that verified the quality of the data 

and identified the principal sources of variance. For instance, it was 

found that the observations reported by individual observers tended to be 

internally consistent. However, there was considerable difference in the 

mean magnitude reported by different observers. In general the observations 

tended to be of very high quality, thus indicating the ability of volunteer 

observers to contribute valuable scientific data. The observational results 

were also compared with theoretical satellite brightness predicted by 

equations derived by the authors. Consistent agreement with theoretical 

calculations was found. 
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1. INTRODUCTION  

In an earlier paper (Reference 1: Williams and McCue 1966) the authors 

discussed the analysis of satellite optical characteristics data. Data on 

both brightness and spin rate were considered. This paper extends the 

analysis of brightness information and gives particular attention to 

quantifying and categorizing the errors inherent in the observational 

data. Most of the observations used in this study are listed in two 

catalogs: Reference 2 which contains 11,000 observations of 365 satellites 

reported between 1957 and June 1965, and Reference 3 which contains 7,900 

additional observations of 574 objects reported prior to May 1968. 

Summaries of additional data may also be found in Pilkington (References 

4-7) and Meeus (References 8 and 9). Lists of the sizes and shapes of the 

various orbiting bodies may be found in Rees and King-Hele (Reference 10), 

King-Hele and Quinn (References 11, 12 and 13) and Quinn and King-Hele 

(Reference 14). The observations used here were made by teams of the 

Western Satellite Research Network (WSRN).* WSRN currently consists of 

*Particular thanks must be given to the members of the WSRN teams who have 
donated a considerable amount of time to this project. Without their un-
selfish efforts preparation of this report would not have been possible. 
The contributions of the following individuals are particularly 
noteworthy: M. McCants, Austin, Texas; G. Roberts, Durban, South Africa; 
P. Maley, Edinburg and San Antonio, Texas; Dr. U. Guntzel-Lingner, 
Heidelberg, West Germany; G. Gruskos, Oceanport, New Jersey; R. Reynolds, 
Phoenix, Arizona; D. Brierley, Poynton, England; H. Kohnke, Stade/Elbe, 
West Germany; F. Kelly, St. Petersburg, Florida; A. Stephenson, 
Townsville, Australia; J. Williams and L. Howard, Van Nuys, California; D. 
Charles, Walnut Creek, California; C. Evans, China Lake, California; R. 
Jenkins, Rochester, New York; A. Beresford, Adelaide, Australia; K. Wells 
and R. Gliebe, San Jose, California; R. Emmons, Akron-Canton, Ohio; A. 
Harris, Newberg, Oregon; J. Rouse, Madison, Wisconsin; P. Russell, 
Wichita, Kansas; L. Deming, Terre Haute, Indiana; S. Sells, Prairie 
Village, Kansas; F. Bali, San Antonio, Texas. 
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volunteer visual observers whose efforts are directed and coordinated by North 

American Rockwell Corporation (Reference 15). Each team is composed of from one 

to ten observers, many of whom have been providing a large number of visual 

satellite observations since 1957. WSRN teams usually track satellites that are 

between fourth and tenth magnitude. Occasionally, however, sightings are at 

eleventh magnitude or fainter. Observations of all the Apollo Spacecraft have 

been made during translunar coast. Recently, six WSRN teams reported 

observations of Apollo 12 including several sightings at ranges in excess of 
280,000 km with magnitudes between 12 and 13.  Depending upon the difficulty of 

the object, the instruments used by WSRN observers may range in size from the 

naked eye to the 18-in. refractor at Granby, Massachusetts or the 20-in. 

reflector at Johannesburg, South Africa. Most frequently, however, observations 

are made with maneuverable 5-in. aperture, 20 power, wide-field refractors 

called apogee scopes, or with conventional reflecting instruments of 6-in, to 

12-in, aperture. 

A preliminary reduction of the 22,000 observations used for the study 

showed that the data were remarkably consistent. This was true even though the 

observations were collected by numerous different volunteer observers under 

poorly controlled conditions. It also appeared that the availability of this 

data afforded a unique opportunity to perform statistical tests which would 

allow one to make definitive statements as to the quality of the data, the 

possible sources of variance, and the extent of human errors and/or observer 

bias. This investigation is now complete and the results of the analysis yielded 

a rather comprehensive picture of the validity and variability one may expect 

when utilizing the observations of volunteer observers. It furthermore 

demonstrated that there was good agreement between the theoretical and the 

observed appearance of satellites. 
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2. SATELLITE BRIGHTNESS THEORY 

It is a fundamental fact that the apparent brightness of an object 

depends upon the inverse square of its slant range R so that the apparent 

visual magnitude m can be represented by 

(1) m = -26.58 -2.5 log [A γ F(φ)/R2] 

where A is the cross-sectional area, Y is the reflectivity, and F(φ) is a 

function depending upon the phase angle φ. The phase angle is defined as 

the observer-satellite-sun angle and has a value of 0° when the satellite 

is at full phase. F(φ) may also depend upon the orientation of the 

satellite. The satellite has been assumed gray and a zenithal value of 

0.20 magnitude of atmospheric absorption has been adopted. 

Table 1 gives the phase functions for three common shapes: the sphere, 

cylinder, and flat plate. For each of the three geometries both specular 

and diffuse reflection are considered. For diffuse reflection Lambert's law 

was used. In the case of the cylinder the cross-sectional area in equation (1) 

is that of the cylinder seen broadside on, the length times the diameter. 

For the specular cylinder a(t) describes the fact that during the flash of 

length to one is seeing the integrated light across a chord of the sun's 

disk, which was assumed to be of uniform brightness. 

 
The cylinder and the plate have phase functions which depend upon the 

orientation of their axis of symmetry with respect to the sun and the 

observer. In spherical coordinates with the polar axis parallel to the 

cylinder axis or perpendicular to the surface of the plate φ1 is the latitude 

of the sun, φ2 the latitude of the observer, and φ is the difference in the 

longitudes 
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of the two. These three coordinates are related to the phase angle Ф  by 

means of 

(2) 
cos Ф  = sin Ф1 sin Ф2 + cos Ф1 cos Ф2 cos θ 

In the cases where the phase function is dependent upon the orientation of the 

object the extrema of F(Ф), subject to the constraint (2), are presented in 

Table 1. Because the magnitude of an object increases as it becomes fainter, a 

maximum of F(Ф) which is a maximum of the brightness corresponds to the minimum 

magnitude for a given t  while a minimum of F(Ф) and brightness is the same as 

the maximum magnitude. For a diffuse cylinder tumbling end over end about a 

fixed spin axis the maximum F(Ф) which is observed during a tumble will lie 

between the maximum F(Ф) for all possible orientations of the cylinder given in 

Table 1 and the intermediate value of F(Ф) (Reference 20). Similarly the 

minimum observed F(Ф) during a tumble lies between the intermediate F(Ф) and 

the minimum F(Ф) in the table. This result is due to the fact that a tumbling 

cylinder doesn't take on all possible orientations since one degree of freedom 

is constrained by the fixed spin axis. 

 
The magnitudes of the various geometries of Table 1 have been plotted in 

Figure 1 for a slant range of 1000 statute miles. Magnitudes at this range will 

henceforth be referred to as absolute magnitudes. For the sphere, diffuse 

plate, and diffuse cylinder γA was taken as 1 m2. For a minimum A  of 0.0093 

radian, which is the diameter of the sun, the absolute value of the specular 

plate would lie 11.92 magnitudes brighter than the plotted minimum flash for 

the specular cylinder. The curves plotted for the specular cylinder used Y A  

α / ∆  = 1 m2 but if YA were taken as 1 m2, A  = 0.0093 radian, and a  

at its maximum 4/n they would be 5.34 magnitudes brighter. It is clear that 
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specular plates and cylinders with small areas or small reflectivities can 

give off very bright flashes. It will be shown in a later section that such 

phenomena are observed, particularly from spacecraft with solar cells. 
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3. STATISTICAL PROPERTIES OF THE OBSERVATIONAL DATA 

Before comparing the observational data with the above theoretical calculations 

the authors conducted a detailed inquiry into its quality and possible sources of 

variance. As noted above, the primary data for the study were estimates of the 

brightness of artificial satellites that were contributed by numerous volunteer 

observers located throughout the world. Each observer estimates the maximum and 

minimum brightness (on a magnitude scale) based upon visual observations by naked 

eye, through binoculars, or utilizing numerous kinds of telescopes. It is clear 

that few aspects of the data collection are controlled. One would therefore expect 

to find numerous sources of error; e.g., observer bias, weather conditions, type 

of instrument used, qeographical location, and sky brightness. A first concern, 

therefore, was to conduct a preliminary reduction of all observations in order to 

determine the advisibility of further work. 

For each of 292 satellites having more than 10 observations the data in the 

catalogs (References 2 and 3) were plotted several ways in order to permit 

visual inspection, and were then used as the basis of several tests. The 

decision to eliminate all objects with a small number of observations was 

arbitrary and may have led to biases in our sample. In particular, it 

probably eliminated most vehicles with a short orbital lifetime from 

our sample. Since these were mostly Russian Cosmos and U.S. Agena 

satellites this procedure introduced bias. However, it was certain that 

the sample was already biased -- the brighter and more interesting 

objects being dominant. 

Prior to plotting, each of the 22,000 observations was reduced to stand 

observing conditions. This allowed computation of an absolute magnitude at 
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1000 statute miles slant-range and solar phase angle equal to 90 degrees. The 

standardized observations of satellite #49 (the Echo 1 balloon) are plotted in 
Figures 2 through 5. Since certain kinds of satellites exhibit phase angle 

dependence of brightness, the maximum (+) and minimum (o) magnitudes were 

plotted as a function of phase angle (Figures 2 and 3). For each plot a linear 

regression line was computed to see if any phase angle dependence of 

brightness existed. The standard deviation of the observations about the 

regression line was also computed. 

The small positive slopes indicated in Figures 2 and 3 were not found 

to be significant at the 0.05 confidence level. However, the existence of 

such slopes would be consistent with the findings of Emmons, Rogers, and 

Preski (Reference 21) that the reflectivity of Echo l is 96% specular and 4% 

diffuse, The typically 1 magnitude variation between maximum and minimum 

magnitude must represent a variation of the specular component. Since the 

ratio of the diffuse to specular components is higher for the maximum 

magnitude the slope of Figure 2 would be expected to be larger as is the 

case. Figures 4 and 5 plot the maximum and minimum magnitude versus date. 

The objective here was to see if a time trend indicating a change in the 

physical characteristics of the satellite was in evidence. Over the 3,000 day 

time interval shown in these figures this particular satellite remained 

remarkably steady. Note that both regression lines are nearly horizontal. 

Each of the regression lines computed as shown in Figures 2 through 5 was 

utilized as a basis for computing the population variance oyx under the assumption of 

homoskedasticity.  It was usually found that the standard deviations differed for 

the maximum and minimum magnitude estimates, and 
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that the values of σxy were sufficiently small to make the data useful. This 

same kind of consistency was repeated for most of the 292 satellites 

examined. This was indeed encouraging for it Indicated that the basic data 

were of sufficient quality to warrant more detailed examination of the 

sources of variance. 

The distribution of satellite magnitudes and the variance of the 

observations of each were the subject of considerable study. These data are 

presented graphically in Figures 6a and 6b wherein the mean absolute 

magnitudes are plotted as a function of satellite number. In these figures a 

circle identifies the mean absolute mannitude and the vertical line with bars 

is used to denote the extent of the ± one standard deviation limits. 

One quickly notices that the data tend to fall within an absolute 

magnitude band between 4 and 10. The exceptions are 3 large aluminized 

balloons and several large rocket bodies. The data of Figures 6a and 

6b also lend themselves to a test concerning the performance of satellite 

observers. One may postulate that observers will make errors of different size 

in estimating satellite brightness and that these errors are a function of the 

brightness of the object observed.* That is, we might expect an observer of the 

Echo balloon satellite to make the largest errors because he usually reports 

naked eye observations or, on the other hand, we might hypothesize that the 

observer using a telescope and observing vary faint satellites will make the 

largest observational errors when estimating brightness. In Figure 7 the data of 

Figures 6a and 6b have been replotted to 

*Here we are assuming that large absolute magnitudes imply large 
observed magnitudes. The two magnitudes are correlated but they are not 
the same; e.g., the Molniyas have bright absolute magnitudes but faint 
observed magnitudes. Here we are testing standard deviation vs absolute 
magnitude. 
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show mean absolute magnitude as a function of the standard deviation of 

absolute magnitudes. A quick glance at this figure reveals no apparent 

trend that would substantiate the hypothesis above. 

To quantitatively test the hypothesis we employed analysis of variance. 

The data were divided into ten equal groups encompassing various magnitude 

bands and analysis of variance was attempted using the computer program BMD07D 

(Reference 22). The procedure was to hypothesize that each group of 

observations had the same mean standard deviation. A significance level of 

0.05 was chosen and an F statistic which was the ratio of the means-squared-

for-means to means-squared-for-within-groups was computed under the assumption 

of random selection from normal populations having equal variance. Assuming 

the above hypothesis to be true, the F distribution is as given in Table A7 of 

Reference 23. The computed F statistic was considerably less than the 

allowable value and therefore the hypothesis of equal means was accepted. This 

result is important for it means that observational errors committed by the 

volunteer observers are independent of the absolute magnitude of the satellite 

observed. It therefore removes a possible source of systematic bias from 

consideration. It also leads us to give more credibility to the observations 

since we would hope that well trained observers would perform as the tests 

indicated they did. 
With 20,000 observations it was decided not to attempt a complete reduction 

on all objects. Therefore, after performing the preliminary work noted above, 

the procedure employed was to choose certain satellites for analysis of certain 

questions.  It was possible to perform several tests and to reach several 

definitive conclusions. These results appear below. 

One set of analyses that is quite relevant to the tests reported above 
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concerns the normality of the residuals. If we postulate that the observed 

errors are purely observational errors or small random discrepancies due to 

random satellite orientation we might expect the residuals to be normally 

distributed. To test this hypothesis several chi squared tests of normality 

were performed. The bright balloon satellites (Echo 1, Echo 2, and Pageos) 

were chosen because they should exhibit very little brightness change with 

phase angle. When the observations for the three satellites were tested, 

a chi squared test at the 0.01 significance level indicated non-normality of 

residuals for all three satellites. There was a strong suspicion, however, 

that this result could be in part due to observer and station bias. For this 

reason the observations of one individual observer were chosen for further 

testing. These new tests indicated normality at the 0.01 significance level. 

One of the most interesting features of the satellite observations is 

that they are made by numerous different stations and observers. One would 

therefore be interested in knowing if different observers exhibit systematic 

bias in the reporting of observations. To test this proposition the observa-

tions of the Echo 1 balloon were sorted into groups according to station 

number. The 10 stations reporting the greatest number of satellite observa-

tions were then utilized for analysis of variance. A total of 420 observa-

tions by the 10 stations were processed through program BMD07D. This time 

the hypothesis to be tested is that the observations from each station 

exhibit equal mean absolute magnitudes. Since each station is observing 

the same object, and since the observations are made over a great number of 

geometries and a large spread in time, one would expect them to have equal 

mean brightness. Therefore, if the means are significantly different 
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we may conclude that station bias is present within the data. Inspection of 

the maximum magnitude data indicated a noticeable difference in the observation 

reporting patterns of the 10 stations. Analysis of variance yielded an F ratio of 

12.6 which was much larger than F.95 (9,405) = 1.88 appearing in Table A7 of 

Reference 23, We, therefore, reject the hypothesis of equal station means. 

Practically speaking, this means that the different observers exhibit 

statistically significant bias in the reporting of their observations. This is an 

important result which must be incorporated into future studies of satellite 

optical characteristics. The above test also held true for the minimum magnitude 

data. An F of 21.6 again caused us to reject our hypothesis and to admit the 

presence of considerable station and observer bias. Repetition of the same kind 

of tests for the Echo 2 Balloon (740) and Pageos 1 (2253) again showed 

significant evidence of station bias when reporting magnitude. 

The above three objects were all brinht naked eye satellites. To test for 

observer bias when observing telescopic satellites the observations of the four 

identical rigidized 3.65 meter balloons (81, 714, 931 and 3337) were pooled, 

sorted by stations, and subjected to analysis of variance tests. The results 

indicated the presence of highly significant observer bias when making and 

reporting observations of telescopic satellites. 

Table 2 summarizes a final sequence of statistical tests aimed at deter-

mining aggregate observer discrimination ability when observing two or more 

objects under a wide variety of conditions.  If we show our observers the four 

identical 3.65 meter balloons discussed above (81, 714, 931, 3337), the 

aggregate reported optical characteristics should be identical. When we perform 

an analysis of variance test we find that the mean absolute magnitudes 
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reported for the four objects showed no evidence of being different at the 0.05 

significance level.  In other words, when our observers report sightings of these 

four identical objects they report the same mean absolute magnitude - - a 

comforting finding. 

The same kind of test was performed upon a number of groups of satellites 

known to contain identical and different objects (see Table 2). The objects which 

appear in Table 2 span a wide range of magnitudes and orbit types. 

The groups that were tested are noted and the computed and theoretical F 

ratios are also tabulated. A computed F ratio larger than the theoretical 

value is sufficient evidence for rejecting the hypothesis that the objects 

have equal mean absolute magnitudes. 

In the first six cases of Table 2 the objects were believed to be identical and 

no evidence of magnitude difference was detected when the reduced observations were 

subjected to analysis of variance tests. On the other hand, two of the last five 

groups contained physically different members (49, 740, 2253 and 1245, 2255, 2609), 

two contained objects which flash (163, 271 and 2403, 2481), and one contained 

deformable balloons (49, 2253). In each of these cases the computed F ratio 

exceeded the theoretical value leading us to conclude that statistical evidence of 

difference in absolute magnitudes was present. 

Note that even though the Fcho 1, Echo 2 and Paoeos 1 satellites have 

similar mean magnitudes the small difference is very significant. The 0.56 

magnitude difference is about what one would expect from the difference in size 

and reflectivity between Echo 1 and Echo 2. Note also that the small difference 

between Echo 1 and Pageos 1 is significant and may be indicative of the 

deformations that were observed to occur in both objects or it may 
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be indicative of observer bias. The magnitudes for these balloons are in 

fair agreement with the photoelectric results of Emmons, Rogers, and 

Preski (Reference 21), Adding atmospheric absorption to their extra-

atmospheric results gives absolute magnitudes of 0.21 for Echo 1 and 0.20 

for Pageos. The flashing objects in Table 2 are only observed to flash 

part of the time. Since there is an observational bias in the estimated 

magnitude of a rapidly flashing object it is not surprising that these 

objects show significant differences in their mean absolute magnitudes. 
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4. OBSERVATIONS VERSUS. THEORY 

The results of the last section provided quantitative evidence of the quality 

of WSRN observations. This section is intended to give some examples of the 

appearance of several different types of satellites, and to provide some 

comparisons between observations and the previously developed theory. The 

absolute magnitude of a perfectly specular sphere is expected to have no 

phase angle dependence. The maximum and minimum absolute magnitudes of Echo I 

were presented in Figures 2 and 3. The figures are in good agreement with the 

expected behavior. It has already been mentioned that the small phase angle 

dependence which was observed is in agreement with a previously described 

diffuse component (Reference 21). The difference between the maximum and 

minimum magnitudes comes from the deformation of the balloon from a perfect 

sphere. Explorers 9, 19, 24, and 39 are rigidized balloons. They show no 

difference between maximum and minimum absolute magnitudes but they, like 

Echo I, were found to show a slight phase angle dependence, approximately 

0.007 magnitude/deg. 

For nonspherical satellites, the absolute magnitude is a function of both the 

phase angle and the orientation of the body. A plot of the absolute magnitude 

against the Phase angle still gives useful information although the range of 

possible values will show up as scatter in the observed points. For example, 

in Figure 1 the minimum absolute magnitude of a 1 m2 diffuse cylinder would be 

expected to lie between the second and third curves. 

If one calculates the expected phase angle dependence of the minimum absolute 

magnitude for a diffuse cylinder one finds that the slope must lie between 0.019 

and 0.030 magnitude/deg at 900 phase.  Figure 8 shows the observed dependence of 

satellite number 385, an Agena rocket. The observed 

-25- 
SD 70-55 





 

slope of 0.017 magnitude/deg over a large range of phases is somewhat 

shallower than that expected at 900 but the slope is close to the expected 

lower limit. It turns out that among the numerous well observed cylindrical 

rockets this object shows the steepest observed slope of the minimum absolute 

magnitude. Figure 9 shows the observations on a more typical object, number 

613, which is also an Agena. The small slope of 0.006 magnitudes/deg is 

typical of the majority of cylindrical rockets though the observed slopes vary 

from object to object. 

The minimum absolute magnitudes for most cylindrical rockets behave like 

specular cylinders. Because a specular cylinder concentrates its light into a 

narrow fan, its minimum magnitude can be very much brighter than the minimum 

magnitude of a diffuse cylinder of the same size and reflectivity. If an object 

is considered to have the reflection properties of both specular and diffuse 

cylinders, the specular reflectivity can be as low as 1% of the diffuse 

reflectivity and still dominate the minimum magnitude. Specifically, if γD is 

the diffuse reflectivity and γs is the specular reflectivity, γs >(π/4) ∆γD 

guarantees that the specular component dominates the minimum magnitude for all 

phase angles. The theoretical slope for specular cylinders lies between 0.0 and 

0.010 magnitudes/deg at 900 phase. 

The observed maximum magnitudes for cylinders show a larger scatter than 

the minimum magnitudes. An example is shown in Figure 10 for object number 613, 

Since an endless cylinder can have F(t) = 0 such a large scatter is not 

unreasonable. In fact, there is observational selection against the faintest 

magnitudes. Of course rockets have ends and these end effects show up 

principally in the maximum magnitudes.  Frequently the difference between the 

two ends is apparent to the observer, causing the maximum magnitudes to 
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alternate in brightness. Sometimes flashes are observed off of the 

ends. If one is interested in estimating the size of a rocket body the 

minimum absolute magnitude is the best indicator. 

Most objects will show an occasional flash from flat or curved 

specular surfaces but some objects are frequent or continual flashers. 

Figure 11 shows the observations of the minimum absolute magnitude of 2403, 

another Agena. It can be seen that there are a sequence of observations 

which appear about 2.5 magnitudes brighter than is usual.  At the times of 

anomalous brightness the object shows a variation of several magnitudes 

compared to its usually steady appearance. Figures 12 and 13 show the 

minimum and maximum magnitudes for Alouette 1 (424) an oblate spheroid with 

minimum and maximum cross-sectional areas of 0.7 and 0.9 m2. This satellite 

is covered with solar cells so that it almost always flashes. The flashing 

causes the large scatter in the minimum absolute magnitudes. Since the eye 

underestimates the brightness of a short flash, the real variation in 

brightness is undoubtedly even greater than shown here. 

Many rocket bodies do not tumble fast enough for the observer to 

unambiguously observe the maximum and minimum brightness during each 

tumble. Figures 14 and 15 show the minimum and maximum absolute magnitudes 

as a function of date for a rocket whose spin rate suddenly increased from 

zero somewhere between MJD 37600 and 37900. After the spin-up the reported 

minima decreased and the reported maxima increased. This is just what one 

would expect since the spin-up allowed the extremes to be observed during 

the pass. 

Figure 16 shows the minimum absolute magnitude at a phase angle of 

900 for all catalog objects which have been well observed. The absolute 

-30- 

SD 70-55 















 

magnitudes are plotted against their areas. The lines are drawn for the 

specular sphere and the diffuse cylinder at brightest, both with γ=1. 

Scatter about the line is caused by the different shapes and 

reflectivities. Points which fall far below the lower line belong to 

flashing objects. 

-37 
SD 70-55 



 

5. CONCLUSION 

The results of this study indicate that the satellite observations under 

consideration are remarkably consistent. However, there was strong evidence 

of observer bias when reporting the observed magnitude of the same satellite. 

In general, the observations tended to be of very high quality, thus 

indicating the ability of volunteer observers to contribute valuable 

scientific data. For instance, when the observations reported by all 

observers were aggregated, it was possible to distinguish between nearly 

identical objects. The observational results were also compared with 

theoretical satellite brightness predicted by equations derived by the 

authors. Consistent agreement with theoretical calculations was found. 
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