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THEGEOMETRYOFSTELLAROCCULTATIONMEASUREMENTS
ON LONG-DURATIONATMOSPHERICMONITORINGMISSIONS

David R. Brooks

Geometrical considerations are presented for analyz-
ing use of the stellar occultation technique on

o long-duration Earth atmosphere monitoring missions.
Simulated mission data are presented for three
representative orbits. Bright near-IR stars are used

• as examples of how extensive global longitude-
latitude coverage can be obtained by performing
occultation measurements on several stars during the
course of a i-year mission. A brief comparison is
made with similar missions using the Sun as a light
source.

INTRODUCTION

It has,long been recognized that monitoring of light sources from a
spacecraft as the sources rise or set on the Earth's horizon is one way
to determine the concentration of various atmospheric constituents. Use
of the Sun as a source comes immediately to mind and a solar occultation
experiment based on orbit analysis done at Langley Research Centerl is
now operational on the SAGEmission.2

Stellar occultation has been successfully used in the past3,4, 5, but not
as the basic measuring technique for a dedicated atmospheric monitoring
mission. The weakness of starlight compared to sunlight is not a major
concern, leading only to restrictions on the Sun's position relative to
the star during the measurement. As a specific example of such measure-
ments, bright hot stars having maximumemissions in the UV between about
0.15 and 0.30 _ have been used for detecting ozone and molecular oxygen
in the mesosphere and thermosphere, respectively.

In this paper, the viewing geometry is considered for long-term stellar
occultation measurements from representative Earth orbits. This geometry
changes as a function of time as the orbits precess in inertial space.
Of particular interest are the distributions of ground coordinates over
wi_ich the star rises and sets take place, and the associated pointing
angles to the Sun.

It is natural to compare the d_stributiQn of stellar and solar occultation
opportunities for similar orbits; they share most of their features, with

- the stellar occultation distributions lacking only the seasonal variation
imposed by the Sun's apparent motion on the celestial sphere. Clearly,
the ground conditions during a solar occultation measurement are limited
to dawn or dusk as the Sun is viewed across its terminator on the Earth's
surface. Stellar occultations are not limited in this way, providing a



potentialadvantage. Roughly speaking,successfuluse of starlight
requiresthat the ground under the measurement(as representedby the
tangentlongitudeand latitudecoordinates)be in darkness. This
restrictioneliminatesabout half of the geometricallyfeasible
measurements.

STELLAROCCULTATIONGEOMETRY

Fig. l illustratesthe geometryof stellaroccultation. First of o
all, stars are essentiallyinfinitelyfar away so that all vectors
to a particularstar are parallel in the vicinity of the Earth.
The starlightcan be thoughtof as producinga terminatoron the
Earth'ssurface,and it is this great circle that the spacecraft
must view to observea star rise or set. These events are visibleJ

only from the "dark" side of the stellarterminator_along the locus
of points a centralangle A from the terminator. The angle A is

measured a distance A = cos'J[r_/(r_+h)]along a great circle

perpendicularto the terminator,where r_ is the radius of the

Earth (6378 km) and h is the spacecraftaltitude in km.

Given a particularorbit and stellarposition,it is possibleto
predictthe range of ground coordinatesabove Which stellar
occultationsmay be observed,and to determinefrom where in a
spacecraft'sorbit such measurementscan be made. Fig. 2 illus-
trates the geometryand gives the trigonometricrelationshipsfor

OO<_Z<_90o and O_<as<90o. These may be used to constructthe locus
of tangent points and spacecraftcoordinatesfor one quadrant--
similarequationspertainto the other quadrants. Fig. 3 shows

the spacecraftright ascensionand declinationcoordinates(RAsc

and 6SC) from which occultationsmay be made from a 600-km orbit,
fdr a range of stellardeclinations. Declinationcan be equatedto
latitude,while right ascensionmust be relatedto longitudethroqgh
an equationwhich accountsfor the Earth'srotation. The zero RA
referenceis one of the equatorialcrossingsof the stellartermi-

nator (RAeq= RAs + 900) as shown in Fig. 2. (Thisreferencecould
be thoughtof, in a conventionalsense,as the "rightascensionof
the ascendingnode" of the stellarterminator.) Fig. 4 shows the
tangentcoordinates(RAT and _T) at which stellaroccultationsmay
be viewed as a functionof stellardeclination. This figurejust
traces the RA-_ coordinatesof the stellarterminator. For a given
stellardeclination,occultationopportunitiesoccur when a space-
craft groundtrackintersectsthe locus of points from which the
terminatormay be viewed;each such opportunityhas associatedwith
it a particularmeasurementcoordinate(the tangentpoint),which
will be expressedin a longitude-latitudesystem.
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MISSIONANALYSIS FOR STELLAROCCULTATIONMEASURE_ENTS

Three representativeEarth orbits have been consideredas candidates
for stellaroccultationmissions: a low-inclination,low-altitude
orbit such as might be achievedwith projectedshuttlecapabilities
(250-kmaltitude,280 inclination);a higher-inclination,higher-
altitudeorbit similarto the SAGE orbit (600-km,570 inclination);
and a Sun-synchronousorbit such as might be used for photographically
orientedmissions (888-kmaltitude,98.9880inclinationto give a
l-day repeat cycle). Any of these orbitsmight involvemissions
with atmosphericmonitoringobjectives,having the pointingand
stabilitycapabilitiesrequired for occultationmeasurements. A
summaryof orbit parametersis given in table I. Each orbit has a
particularterminator-viewingcapability,set by its inclination
and altitude. The latituderange of viewabletangentpoints (as
previouslydefined) is a parameterof interest. It is easily shown
that this range is ±li + AI, where A is the centralangle
previouslydefined. The Value of A for each orbit is given in
the table. If ±li + AI_900 , then the entire Earth'ssurfaceis
availablefor occultationmeasurements. Of the three orbits
considered,only the Sun-synchronousone has this capability;the
latituderange for each orbit is given in the last column of
table I.

A catalogof 158 bright stars is used as the basis for target
selectionin this paper;table 2* lists their right ascensionRA,

declination as, visualmagnitude mv, and color temperature T.
Based on the assumptionthat brighterstars make more desirable
targets,all other things being equal, an orderingof the stars is
needed. A comparisonof visualmagnitudeor temperatureis not
sufficient,as the "brightness"of one star relativeto another
dependson the number of photonsincidenton sensorslimited to a
particularband of wavelengths. For this paper, the suitability
of stars is based on their output at ].0 _, In table 3, lO
stars with high output at l.O _ are listed,along with their
output at O.l _, 0.55 _, and lO _. The calculationsare done from
standardformulaeB. Using the definitionof visual magnitude,

mv= -2.5 loglo(I/lo).

where io = 3.1xlO-12watts/cm2

*AdaptedfromVernam,PeterC.: StarAvailability,MIT Aeronomy
Program,CharlesStarkDraperLaboratory,InternalReport
NO. AER lO-l,July7, 1971.



The intensity of the star at 0.55 u, where mv is defined, is

I = I ° lO(-mv/2"5) watts/cm2

The star's blackbody curve, normalized to 1 at its wavelength of
maximumpower output

= 2898/Tmax o

is given by

w(_) - 142
iiT) 5 [e14387_(_T) - "_

where _ is in microns and T is in Kelvins. The star's output
at 0.55 _ is

So = I/w(0.55) watts/cm 2

Then,

S(_) = So w(_) watts/cm2-_

In photons/sec-cm 2 - _, this is

_(_) = 5xI018_ S(_) photons/sec-cm2-u

The last two columns of table 2 give the wavelength at whichlthe max-
imum photon output occurs, _ = 3669/T, and the photon ?utput at this
wavelength.

While photon outputs are of interest for determining the suitability
of specific stars for occultation sources, decisions about which
wavelengths to use are based on atmospheric properties and the
absorption characteristics of atmospheric constituents of interest.
Applicable general and specific data are available in the liter-
ature 7'8'9'I°. There are two obvious approaches to dealing with
the abundance of stellar targets available at any time. The first
is simply to examine the horizon at particular times and select
whatever stars are within the field of view. The second is to
preselect specific stars and observe them repeatedly as they rise
and set on the horizon. This approach seems better suited to
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long-termmissionsand, of course,it can be expandedto includeas
many stars as canbe trackedduring the courseof the mission.

Fig 5 gives some missiondata for the 600-km,57o orbit, when star "
number 13 (Sirius)is the target. Sirius has the highestphoton out-
put of any star consideredat l.O _. Its declinationis about -17°,

' so its terminatorextendsto latitudes of ±730. Applicationof the
previousoccultationgeometryanalysisshows that a 600-km,570 orbit
can view the southernmostranges of the terminator,but not theJ

northernmost,becausethe occultationscan be viewed only from the
"dark side" of the Earth. Also, for this orbit, there are several
times during the year when the orbit plane'salignmentrelativeto'
the stellarterminatoris such that no star rises or sets are observ-

able; this meaBs t_at there is no timeduring the orbit when the
spacecraftis 23.9 in centralangle away from the terminator,along
a great circle perpendicularto the terminator. Fig. 5(a) shows .•

the tangentlatitudes _T availablewith Siriusas a functionof
time, butno constraintshave been imposed. In particular,the
locationof ,theSun has not been taken into account. Fig. 5(b) shows
the angle n -betweenunit vectors to the Sun and to Sirius'-this
angle is neverless than about _0° for this particularstar.

Fig.:5(c) shows solar elevationangle _T over the tangentpoint;
these rather bizarredata can be thoughtof as resultingfrom the
fact that the timingof the stellaroccultationshas no relation-
ship to the motion of the Sun. Fig. 5(d) shows the pointingangle
B for locatingSirius. (This angle is defined in fig. 6; it is
the angle throughwhich an.instrumentlockedon the Earth's
horizonwould have to rotate to find the star.) The cyclic
behaviorof B makes possiblethe use of star rises as well as
sets, due to the predictabilityof the star's future locationon
the horizon. Fig. 5(e) shows the apparentverticalvelocityof
the star at the horizon;this indicatesthe amount of time avail-

able for measurements. To the extentthat Vvert remainsconstant
during a measurement,the time availableto scan through H

kilometersof atmosphereis t = H/Vvert.The cyclic patterns
:_iFy_5 _i_i_6p_at themselvescontinuously. The initial
positionwithin the patternsis a functionof launchtiming,and
is completelyarbitraryfrom the present point of view--thelaunch
date is mid-June,1981, with the orbit plane orientation(time of
day of launch)arrangedsuch that it is approximately 6 a.m.local
time, at the first equatorialcrossing. In the parametric

" investigationof these orbits,it is necessaryto keep in m_nd that
only representativedata can be produced until the time of launch•
(or insertioninto orbit) is fixed. This time establishesthe
initialand subsequentrelationshipof the orbit plane to the
celestialsphere,and hence_the time at which particularstellar
targetsbecome available. To summarizeFig. 5, each part



illustrates the type of cyclic variation which results for a
particular quantity, with the entry point into the pattern dependent
on the initial_orbit plane orientation.

t

Fig. 7(a) is a repeat of 5(a), but includes the assumed constraint
that occultations are useful only when the solar elevation angle at
the tangent point is less than zero. Someother data of interest
for viewing Sirius are shown in Fig. 7(b). The distribution of
tangent latitudes and longitudes is of considerable interest for
interpretation of the occultation measurements. For the 600-km, °
57o orbit there are 5440 orbits in a year. During that time,
there are 4900:star rises or sets for which the solar elevation
angle is negative over the tangent point. Although it is not obvious
from Fig. 7(b) how'the longitude-latitude points are distributed in
time, it can be shown that from rise to rise, or set to set, the
tangent longitude changes by about 25o while the latitude changes
a relatively very small amount.

With the results of viewing Sirius in mind, desired properties for
additional targets become apparent. One or more stars are needed
with a small positive declination, to give high northern latitude
coverage, and stars need to be found which will have rightl
ascensions and declinations such that coverage will be available
during a time when no occultations of Sirius are possible. Fig. 8
shows the RA-a distribution of the 25 brightest IR stars. It can
be seen from Figs. 5 and 7 that continuous coverage in the higher
northern and southern latitudes cannot be obtained with a single
star, so thelnear-equatorial stars in Fig. 8 could be used to
provide additional sources for such coverage on a frequent basis.
Of the stars shown in Fig. 8, I0 are within ±20o of the equator,
Tangent latitude coverage for all i0 of these stars, includino_
Sirius, are given in Fig. 9.

Figs. I0 and II show, respectively, tangent latitude coverage for
the Sun-synchronous and 250-km, 28o orbits, using the same I0 stars
as in Fig. 9. The Sun-synchronous data are characterized by large
gaps in the coverage available with each star because of unfavorable
lighting conditions at the tangent point, as well as long periods
of time when occultations are geometrically not possible. Such
periods tend to last longer than for the lower inclination orbits
because of therelatively slow precession of the orbital plane.
It is wortheMphasizing at this point, that the lighting-related
gaps are produced not by the spacecraft orbit, nor by the time of
launch, but just by the relationship of the Sun to the star on the
celestial sphere.

For the 250-km_ 28o orbit, occultations are always possible with the
I0 low-declination stars, so the only gaps in coverage are due to
lighting conditions at the tangent point. Recalling table I,



latitudecoverageis availableonly for ±44o, making this orbit
least suitable,of the three discussedin this paper, for "global"
measurements. It is, nonetheless,representativeof the type of
Space Shuttleorbitsavailablein the near future,and deserves
study just for that reason.

• COMPARISONWITH SOLAR OCCULTATIONMISSIONS

As noted previously,single-staroccultationmissions produce
• latitudecoveragepatternsvery similarto those observedfor solar

occultation. In Fig_,12(a),the tangentlatitudeof solar
occultationsis plottedas a functionof time for the 600-km, 570
orbit. Tangentlatitudesare availablefrom ±80.90, dependingon
the Sun's declination--equivalentto time of year of the launch.
The seasonalmotion of the Sun is clearly seen in the figure. Gaps
in the coverage occur wheneverthe solar terminatoris positioned
so that the orbit plane is never 23.90 away in centralangle, as
discussed:p_eviouslyfor certainstellardeclinations. For the 280
orbit, this seasonalmotion would not be so apparent,and the data
would be virtuallyindistinguishablefrom that obtainedwith a star
like Sirius. The main differencewould be in the cycle time for the

coveragepatterns;for stellaroccultations,the orbit plane
precessionrate relativeto inertialspace is what determinesthe
cycle time, while for solar occultations,the precessionrelative
to the Sun is what matters. For Sun-synchronousorbits,the
initialspacecraft-Sungeometryis maintained,on the average, by
definition. Hence the data arenot easily comparedwith stellar

occultationsdone from Sun-synchronousorbits,where precessionof
the orbit plane in inertialspace at about l /day (the averagerate
of the Sun) causes the geometryconstantlyto change. Fig. 12(b)
gives, for comparisonwith 5(d), the pointingangle B requiredto
follow Sun rises and sets from a 600-km,570 orbit during a l-year
mission.

DISCUSSIONOF RESULTS

Generally,it is believedthat surveysof atmosphericparameters
need to be done on a large geographicalscale in as short a time as
possible. Specifically,surveysthrougha large range of latitudes
will prove valuablefor globalmodeling. This is becauselongitudinal

• variationstend to be less pronouncedthan latitudinalvariation,
due to the east-west patterns of atmospheric circu1_t_Rn. Short-
term solar occultation missions are being proposed _,_ in which

- one of the primary design objectives is to maximize latitudinal
coverage by proper choice of launchtiming. With stellar
occultation, such sweeps through a range of tangent latitudes are
available with much higher frequency, by picking low-declination
stars and following each of them in succession for several days as
orbit precession drives the tangent points through the available



range of values. With solar or stellar occultation, there is an
accumulation of many measurements at the extremes of latitude due to
the way in which orbit precession causes the geometry to change.
With stellar occultation, these data can be taken only if needed--if
not, another star can be selected.

The tangent latitude coverage shown in Figs. 9, I0, and II is
difficult to follow in detail even with partial identification of
the data, as given. However, complete identifications are easily
made whenever required. Each star viewed from a given orbit has i
associated with it a particular tangent latitude vs. time signature
and a fixed set of pointing angle requirements. These characteristics
are determined by the star's right ascension and declination. The
sequencing of possible measurements is determined by the relative
positions of stars and the Sun on the celestial sphere. With the
600-km, 57o orbit, nearly all the Earth's surface can be covered
repeatedly with proper choice of targets.

With the procedures established for analysis of this type of
mission, detailed investigations of stellar occultation opportunities
during long-term missions can become narrowly focused when basic
orbit parameters are actually known. Orbit altitude and inclination
are the principal factors in determining star availability. Once
these are specified, tangent latitude vs. time data can be generated
for as many stars as desired, similar to Fig, 5(a). These data,
unconstrained by other factors, are actually functions of orbit
plane orientation rather than time, per se. Hence, the character-
istic pattenn for each star can be obtained by just rotating the
orbit plane through 360o. The same argument applies to pointing
angle and Vvert,as in Figs. 5(d) and (e). But, additional orbit
constraints are needed. Sun-lighting conditions at the tangent
point are seasonally variable due to the Sun's motion. Thus,
each star's characteristic occultation patterns must be modified--
removing some of the geometrically available measurements--accord-
ing to time of year. It is also possible to envision caseswhere
Sun elevation angle is negative at the tangent point, but the
central angle between Sun and star, n, is still small enough to
cause signal-to-noise problems. This would correspond to a dawn
or dusk situation on the ground under the measurement. These
limits have to be established; their impact would be to remove
a fewmore occultation opportunities from consideration. It is .
possible, too, that daylight conditions could be allowed during
the measurement if the central angle between Sun and star is large
enough. Within whatever limits are finally established, it can be
shown that the measurement opportunities will be uniformly
distributed with respect to solar elevation angle. This is reason-
able just because of the lack of coordination between the timing of
measurements and the position of the Sun. Looked at another way,
this circumstance provides a uniform distribution of local times
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for the measurements,within the allowedrange of times. This is in
sharp contrastto solar occultation,where measurementsare always
made, by definition,at local sunriseor sunset.

SUMMARY

• A geometricalanalysisof stellaroccultationsviewedfromorbit
has beenconsideredfor l-yearmissionswiththreedifferentorbits:
600-km,570;250-km,28°, and 888-km,Sun-synchronous.Simulated

' missiondatapresentedincluderepresentativesamplesof geographical
coverage,pointingangle,verticaltrackingraterequirements,and
informationon solarposition.The scenarioinvolvesfollowinga
relativelysmallnumberof preselectedstarsthroughoutthe course
of the mission. Forthispaper,lO starshavebeenchosenon the
basisof theirlowdeclinationand brightnessat a wavelengthof
l.O_. This is an arbitrarychoice,and relevantdatafor 158
brightstarshavebeenprovidedto facilitateotherchoicesin the
future. Low declinationstarsinsurethatthe stellar"terminator"
reacheshighnorthernand southernlatitudesso thatcoverageof large
portionsof theglobecan be obtained.Suchcoverageis easily
availablefor longitude,but latitudecoveragemust be planned
carefullyin advanceto benefitfromthe geometricalproperties
of stellaroccultationmeasurementsmade fromorbit;these
includeperiodsof timewhenno occultationsare possible,Sun
lightingrestrictions,and opportunitiesfor spanningthe entire
availablelatituderangein a relativelyshortperiodof time.
Maximumutilizationof the lastof thesecharacteristicswould
formthe basisfor detailedmissionplanningin the future, A
briefcomparisonwith solaroccultationmeasurementsmade from
the 600-km,570orbitdemonstratesthe geometricallimitationsof
a single-sourcetechniquecomparedto the potentialavailable
with stellaroccultations.
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Table i

ORBIT PARAMETERS FOR THREE REPRESENTATIVE EARTH ORBITS USED

IN A PARAMETRIC SURVEY OF STELLAR OCCULTATION OPPORTUNITIES

tangent

% deg% latitude• i, deg h, km _, sec _, deg/day A, range, deg

28 250 5353 -7.6972 15.8 +__44

57 600 5800 -3.9614 23.9 +81

98.988 888 6171 0.9856 28.6 +__90
,

Sun-synchronous orbit with a repeat cycle of i day
(Q=14).

t
T is nodal period.

@Central angle separation between spacecraft and termi-

nator, measured along a great circle perpendicular to

the terminator, at which occultations are possible.
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Table 2

DATA FOR 158 BRIGHT STARS
T,

T, n RAs, deg _s' deg mv Kelvins
n RAs, deg 6s, deg mv Kelvins
1 1.721 28.930 2.1 9450 54 106.803 -26.346 2.0 6200
2 10.533 -18.146 2.2 5170 55 113.188 31.953 1.6 9450
3 13.736 60.560 2.1 28000 56 125.480 -59.416 1.7 5170
4 24.159 -57.384 0.6 16500 57 130.976 -54.602 2.0 9450
5 31.030 89.131 2.1 6200 58 187.387 -56.961 1.6 3480
6 44.290 -40.420 3.4 8900 59 191.503 -59.$3i 1.5 22500
7 45.190 3.977 2.8 3520 60 193.190 56.117 1.7 9450
8 60.561 49.759 1.9 6500 61 262.909 -37.084 1.7 20300
9 68_$64 16.452 i.I 4360 62 263.808 -42.981 2.0 7200
I0 78.286 -8.234 0.3 13000 63 275.562 -34.400 i.9 9450
Ii 78,636 45.970 0.2 5970 64 1.905 58.990 2.4 6500
1"2 95.827 -52.679 -0.9 7200 68 6.213 -42.464 2,4 5170
13 100.968 -16.675 -1.6 9450 66 17.025 35.467 2.4 3520
14 114.446 5.300 0.5 6500 67 30.527 42.191 2_3 5170

. _._! 1 9 30000 6U 82.631 0.000 9.5 2800015 172 160 -47. "_ •
16 134.308 48_157 3.1 82'20 6Y 86.595 -9.67Y 2.2 28000
17 141.540 -8.532 2.2 4830 70 89.350 44.946 2.1 9450
18 151.707 12.109 1.3 13000 71 110.737 -29.246 2.4 16500
19 176.895 14.734 2.2 8900 72 120.641 -39.921 2.3 30000
20 183.578 -17.381 2.8 13000 73 136.732 -43.31b 2.2 4360
21 186.243 -62.939 1.0 22500 74 139.079 -59.163 2.2 7200
22 200.915 -ii.011 1.2 20300 7_ 165.026 56.538 2.4 9450
23 206.600 49.458 1.9 18800 76 200.690 55.076 2.4 8900
24 211.242 -36.228 2.3 5170 77 222.693 74.274 2.2 4350
25 213.584 19.332 0.2 5170 78 268.983 51.492 2.4 4350
26 233.365 26.811 Z.3 9450 79 305.297 40.163 2.3 6200
27 246.906 -26.369 1.2 3520 80 331.603 -47.102 2.2 16500
28 261.396 -68.977 1.9 4830 81 340.235 -47.037 2.2 3480
29 263.397 12.680 2.1 8220 U2 9.712 56.379 2.3 5170
30 278.989 38.756 0.I 9450 83 178.078 53.856 2.5 9450
31 283.367 -26.334 2.1 18800 84 239.654 -22.541 2_5 28000
32 297.342 8.791 0.9 8220 85 252.070 -34.242 2.4 5170
33 304.845 -14.874 3.2 6970 86 2.935 15.022 2.9 20300
34 305.840 -56.830 2.1 18800 87 265.120 -39.017 2.5 20300
35 310.110 45.176 1.3 8900 88 20.976 60.08_ 2.8 8220
36 325.690 9.741 2.5 5170 8Y 28.008 20.667 2.7 8220
37 344.012 -29.776 1.3 8630 90 56.439 24.017 3.0 16500
38 31.383 23.326 2.2 4830 91 58.076 31.799 2.9 22500
39 47.710 -29.101 3.9 6200 92 58.975 39.928 3.0 22500
40 115.886 28.097 1.2 5170 93 73.776 33.122 2.9 4830
41 138.223 -69.598 1.8 9450 94 76.606 -5.123 2.9 8680
42 165.488 61.908 1.9 5170 96 81.750 -20.782 3.0 5970
43 189.977 -48.801 2.4 9450 96 82.863 -17.842 2.7 7200
44 219.404 -60.717 0. i 5970 97 83.503 -5.928 2.9 30000
45 88.400 7.403 1.0 3520 V8 83.977 21.126 3.0 18800
46 210.440 --60.234 0.9 22500 99 84.650 -34.089 2.7 16500
47 80.894 6.326 1.7 20300 I00 89.436 37.212 2.7 9450
48 81.114 28._84 1.8 13000 i01 102.304 -50.579 2.8 5170
49 83.685 -1.219 1.7 28000 102 109.030 -37.044 2.7 4350
SO 84.824 -1.957 2.0 28000 i03 121.577 -24.220 2.9 6500
81 95.355 -17.941 2.0 22500 i04 140.304 -54.886 2.6 18800
52 99.009 16.425 1.9 9450 10S 154.594 19.989 2.6 5170
53 104.371 -28.932 1.6 22500 106 161.379 -49.267 2.8 5570
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Table Z (concluded)
T,

n ,RAs, deg 6s, deg mv Kelvins
107 168.142 20.683 2.6 8680
108 188.215 -23.237 2.8 5570

• 109 188.859 -68.976 2.9 18800
II0 190.047 -1.291 2.9 7200
Iii 193.668 38.474 2.9 9450
i12 195.183 11.IIS 2.9 5170
113 199.740 -36.560 2.9 8900
114 204.510 -53.320 2.6 22500
I15 208.326 18.542 2.8 5970
116 217.727 38.434 3.0 7200
117 218.414 -42.031 2.6 18800
118 219.998 -47.265 2.9 20300
119 220.930 27.196 2.7 5170
120 222.317 -15.922 2.9 8680
121 239.156 -43.018 2.8 20300
122 228.861 -9.277 2.7 13000
123 233.300 -41.071 2.9 18800
124 235.709 6. S16 2.7 5170
12_ 239.273 -26.032 3.0 20300
126 240.937 -19.727 2.9 22500
IZ7 245.898 61.579 2.9 5570
128 247.243 21.552 2.8 5170
129 248.518 _28.158 2.9 28000
130 248.890 '10.510 2.7 28000
131 250.048 31.654 3.0 5970
132 257.178 -15.691 2.6 8900
133 260.721 -55.505 2.8 4830
134 262.197 -37.274 2.8 18800
135 262.399 -49.855 3.0 18800
136 262.444 52.322 3.0 5970
137 265.510 4.578 2.9 5170
138 274.784 -29.842 2.8 5170
139 276.545 -25.439 2.9 5170
140 285.192 -29.923 2.7 8900
141 296.017 45.059 3.0 9450
142 296.220 10.541 2.8 4830
143 311.259 33.86! 2.6 5i70
144 319.472 62.462 2.6 8220
145 326.360 -16.260 3.0 8220
146 334.132 -60.406 2.9 4830
147 345.591 27.925 2.6 3520
148 345.828 15.049 2.6 9450

. 149 29.464 -61.7ii 3.0 7200
ISO 34.470 -3.109 3.0 3050
151 46.569 40.84S 3.0 13000
152 142.585 -56.906 3.0 4350
153 160.480 -64.242 3.0 28000
154 181.712 -50._61 2.9 18800
ISb 238.142 -63.343 3.0 7200
I_6 286.019 13.819 3.0 9450
157 287.010 -21.071 3.0 6850
ib8 243.206 3.621 3.0 3520
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Table 3

PHOTONOUTPUTSFOR lO BRIGHTSTARS

2
Photons/see-cm -_ at _ =

T, 0.i 0.55 1.0 i0 _ Outputn mv Kelvins max

8x10-!
E

7 2.8 3520 i. 6.5xi0 1.7xlO 2.0xlO 1.042 1.7xlO_
9 1.1 4350 5.0xlO - 3.1xlO 4.4xi0 2.9xi0 0.843 4.6xi0_o

i0 0.3 13000 6.0xlO 6.5xi0 1.9xlO 3.3x10 0.282 1.2xlO_

13 -1.6 9450 1.2xlO 3.7xi0 1.4xlO 3.1xlO 0.388 4.5x10_
14 0.5 6500 6.6xi0 5.4xi0 3.3xi0 l.lxlO 0.564 5_4xi03

0.2 5170 8.3xi0- 7.1xlO 6.7xi0 3.2xi0 0.709 8.1xlO_25

32 0.9 8220 2.0xlO 3.7xi0 1.6xlO 4.1xlO 0.446 4.0xlO_o

45 1.0 3520 9.3xi0- 3.4xi0 8.9xi0 l.OxlO 1.042 9.0xlO_

150 3.0 3050 8.5xi0-" 5.4xi0 2.4xi0 4.3xi0 1.202 2.5xi0_
158 3.0 3520 1.5xlO -( 5.4xi0 _ 1.4xlO 1.6xlO 1.042 1.4xlO
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to star

stellar terminator

to star

stellar terminator

Fig. 1 Geometry for stellar occultation measurements

90-k stellar terminator

RAeq=RAs +90o

RA B_' stellar
$=
s declination

sink=sinkcos_
s

tanB=tan_
s

COS_

. tanRA=sin6 tanls

sink '=sinkcosA-cos ksinAsinB

- cos (RA'-RA)=cosA-sink 'sink
cosk'cosl

Fig. 2 Calculation of ground coordinates above which

stellar occultation measurements may be made
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Fig.5 (continued)
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(e) vvd as a function of time 
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Fig. 6 Def in i t ion  of t h e  point ing angle  
B as a function of time 
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TIME FROM LAUNCH, D A Y S  
Fig. 10 Tangent latitude as a function of tine for 10 bright IR stars 

viewed from a 888-hm Sun~synchronous. orbit 
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