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Introduction

Within the frameworx of the Spacelab program, the Belgian */20
Space Aeronomy Institute in cooperation #ith the National
Office for Aerospace Studies and Research (ONERA, France)
developed an experimental project using the technique of
ahsorptlon spectroscopy: the instrument chosen, in this case
a prating spectrometer, is ro measure the absorption of solar
radiation by various minor constituents of the homosphere in
the infrared reeion of the spectrun between 2 and 13 Lm.
Absorption spectrometry is a fundamental method for studying
the constituents of the atmosphere. It has been used quite
frequently in observatrions made from the earth or from aircraft
or stratoapheric balloons. But these various special observation
conditions present a series of very strict limitations in time
as well as accordine to the hree dimensions of space.
These limitations are mainly due to meteorolopical constraints
and to the limited number of observation stations. On the
other hand, coverage in time and in space may prove to be much
prearer if the same technique is used from a space vehicle
such as Spacelab.

Durine its first mission, Spacelab is to remain in orbit
for seven days. Under these conditions, the coverage of
observations in space will depend on the characteristics of

% Numbers in the margin indicate pagination in the foreign text.



the chosen orhit, the launching time and the time of the year.
The results presented in this report only deal with latitude
coverage.

Definition of the Problem

The peometrical aspects of the problem presented will be
treated by assuming that the sun is a point and the earth a
sphere of radius R, equal to 6370 km. However, it should
be specified that in calculatineg the movement of Spacelab,
the precession of the orbit due to the flattening of the
earth at the poles will be taken into account.

In fact, the proposed experiment will consist of pointing
the sun close to the 1limb of the earth, the atmospheric region
to be observed extending from 20 to 100 km in alritude. Consequently,
20 and 100 are the lower and upper limits between which the
solar radiation must pgraze the earth sphere before being received
by the spectrometer. With each revolution involving an occultation
of Spacelab, these special observation conditions will occur
during the few moments preceding or following occultation.
In the first place, it involves knowing the duration of
the observations, which rejuires the determination of the moments
£(20) (or t'(20) and t(100) (or t'(100)) at which the levels
20 and 100 are reached by the solar radiation before occultation
(or after occultation). This boils down toc a properly so-called
problem of occultation when the radius of the earth is imaginarily
increased by 20 and 100 km respectively.

The latitude and longitude coverage of the observations
is also important to know. Thus there is the problem of
calculating the peorraphical coordinates of the tangential
points of solar radiation with the level limitations.

The attitude of Spacelab in relation to a system of axes
linked to its center of mass, is an essential factor in the problem.
Once the attitude is determined, one must be sure, for example,
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that the empennage of the aircraft is not obstructing the
path of the solar radiation during the periods which are
theoretically favorable for observation. That is why it is
also necessary to know the pointine aneles assigned to the
system of axes adopted.

Calculation Method
Determining Equatorial Passages

We assume that Spacelab was launched on day J at to time
(universal time) from the Cape Kennedy base. Assuming that
passape to the ascending node N marks the bepinning of each new /21
revolution, we can apree upon the theory that the first revolution
is bepun at the moment ty.1* @ few minutes before time ty:

Time N1 and the corresponding west longitude
are determined in such a way that the application cf the
laws of elliptical movement ensure passage above Cape Kennedy
at time tye By continuing in this manner, rlie power phase
of the launching is disrega.ded. The reservaticns implied
by this approximation, as t. the results obtained, cannot
be serious, if not less tian those attributable to the inevitable
inaccuracies involved in placing a vehicle into orbit. The
parameters t , , and /., being known, we deduce the straight
ascension of the ascending noden1 by the relation:
£, = %, + 1y~ 2y + E~ 12D (1)

wnere -/. and E desipgnate the straight ascension of the sun and
the equétion of the time on day Jat time t N.1 respectively.
For any revoluticn r, we have:

s Ly, + (r=1)P (2)

Ree = At Airet) (3)

Q=0+ AQr-1), (4)

P designates the revolution period of Spacelab (89.3 mn).
,,. 1s a coefficient representing the variation in the longitude
of the ascending node during one revolution. This variation
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results from the rotation of the earth sphere around its axis
and from the precession movement of the orbit: thus. V.

is given by the relaticn
Az = 00,2506 4 j”{R'l“ (5)

N i

\\\\\

where the coefficient 0.25068 is the angle of rotation (expressed
in degrees) of the earth sphere in one minute, the period P itself
is expressed in minutes; n is the average movement, i and a
desipnate the inclination and the peocentric radius of the orbit
respectively; R, is the equatorial radius of the earth sphere.

The coefficient A designates the variation in (. during
one revolutioc ; its expression is given by the second term,
with the sien chanzed, of the right-hand side of the formula (5).

’ b e

The peneral problem to be solved is that of determining
the times tl(z) and t;(z). during any revolution r, at which
the “observed" solar radiation passes at the altitude level z.
Later on, we will drop the r in order to alleviate the writing.
As we have already mentioned, this problem may be boiled down
to a problem of occultation if a fictitious earth of radius
R=Ry T z(RT=-6370 km) is adopted. In a first stapge, we agree
that during one revolution, the sun and the orbital plane remained
fixed in relation to a system of non-rotating peocentric axes.

Let u be the peocentric angle between the ascending node N
and the space vehicle S, measured from the node in the direction
of movement (Fig. 1). During each revolution r, the points of
the orbit marking the beginning and the end of occultation
are determined by particular values of this angle. The latter,

in the cases of u and u' are obtained from the relationlu

COs (=11 cos (u il \ R {? (6)
asinyy\ R

/) is the angle created by the radius vector Earth-Sun OA with
the 1line OK perpendicular to the orbital plane pointed in the /22
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- R direction of ansular momentum,

Ve S ‘;' tfrm' O, 1s the geocentric angle
/ L " 'Z,\ between the ascending node N
. s ¥l | and the orthoponal projection
il S OA of radius OA in the orbital
i / plane.
' Due to symmetry, aneles
: (u-0,) and (u' -0, )
Fipure 1. Representation beloneineg to the second and
of gnﬁé::t rﬂgg gié P third quadrants are related
A Sun in the followine way:
S Spacelab (=1L )= 36007 = (i — 1) (7)
s Ascending Node

First Point of Aries or  angles p and O, are calculated
Vernal Equinox ©

by applying the classical
formulas of spherical trigonometry:

COS ) = COS TSN O = SINTCos O, sin (% Q) (8)

cos (2 L cos a (9)

sin i)

where(Q, is the declination of the sun. The parameters & 4 -, and
Ll are evaluated at time tN of passage to the ascending node from
the revolution considered.

Ccos (!

For cos ! >0. / belones to the first quadrant if the
condition arc sin (lgitgd )< 2, - Q< 90 is satisfied, arc sin (tg i tgtﬂj)
always beine taken in the first quadrant.

For cos ! < O /" belongs to the second quadrant if the condition
W< 3~ Qe 18O+ aresin (1gitgd ) is verified.

The times t(z) and t'(z), previously defined, can be deduced

from the information about angles u and u'. We have

"‘ ) - P
- 1+
S 3(‘“

(10)

1]
dS et D >

The anegles u and u* expressed in degrees are calculated with the
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values of the parameters x, . and . at time ty: These values
are maintained during the revolution. However, afterwards,
certain angles are determined at times t(z) and t'(z) which
involve a very precise knowledge of the positions of the sun,
the orbit, and Spacelab. In particular, the time (based on the
position of t!ie sun) as well as the parameters determining these
positions must constitute a coherent system. That is why the
formulae developed above are once arain applied with the values
of the parameters . . and() relating to the times t(z) and t'(z)
successively. The new values obtained for u, u', t(z) and t'(z)
are considered to be definitive. The distances in the first
results are measured in tenths of a degree and tenths of a minute
(time) and need not be repeated.

Determination of Coverape of the Observations

Let T and T' be tarrential points of the solar radiation
with level (z) relative to time t(z) and t'(z) respectively.
In Fipure 2, we have depicted on the unitary sphere the relative
positions of the sun (A), Spacelab (S), and a tangential point (T).

Let (¢ 4/g) and (¢, ;) be the western latitudes and longitudes
of points S and T. The following relations can be easily deduced:

s SN+ sin [ sin o (11)

Vit IJ

cos D SIN g SN

= 45 b are cos ( COs i, COS : ) (12)
where N designates the local solar depression at point S; when /23

the altitude z of the tangential point is fixed, the solar depression
is a constant whose value is obtain by applying the formula

D = arc¢ cos ( H'“' - ) (13)
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a a0 The siens + or - are adopted
A g b. depending on whether the difference
K in longitudes between the sun
Aa—t— 0oy s and Spacelab ( © /. ) is less than
L * 6 ™y PR or preater than 180 ° ,

e The determination of ¢, and
implies a previocus knowledee
of tiie latitude ¢. and the loneitude

Fiéure r Repreuenéatto? of ‘v . These elements are piven
the Relative Positions o
spacelab (S), the Sun (A), by the relations

and the Tangential Point (T). et (14)
a. North, b. Orbit, c. Equator

Ay® L= ATC SIN (COLE 1 1g &)

(15)
R' l\\

. 0. 25068 + | Cos |
o

[tz) = 1,]

where the second term of the right-hand side of the equation
takes the loneitudinal movement of Spacelab into consideration.
The rhird and fourth terms represent the contributions due to
the rotation of the earth sphere and to the precession of the
orbit respectively. The time diffeorence is expressed in minutes.

Knowledpe of the geographical coordinates of points T and T'
for each revolution allows the coverage of the operations to
be specified.

Determination of the Pointine Angles

Suppose there is a system of axes (S,x,y,z) located at the
center of mass S of Spacelab (Fig. 3). The axes Sx and Sz
are locarted in the orbital plane pointed in the direction of
the speed vector v and the geocentric radius vector OS respectively.
The axis Sy is perpendicular to the orbital plane and pointed in
the direction of the angular momentum vector. The direction of

the sun in relation to this set of axes can be defined by two



pointine angles: on the one hand, the bearlrg angle G
measured in the local horizontal plane (Sx, Sy) and

measured from the axis Sx positively towards axis Sy, ana, on

the other hand, the clevation arngle H measured from the horizontal
plane positively towards axis Sz. Suppose there is a second
system of axes (0,X,Y,Z) located at the center of the earth:

axes OX and QY are located in the equatorial plane, axis OX
pointed towards the first point of Aries. Axis OZ is pointed
towards the North Pole.

Angles G and H 124
are determined while
considering the radius
of Spacelab's orbit in
relation to the distance
Earth-Sun r, re bhe
negligeable, whi-h Yeads
us to apree that the
two systems of axes have
the same origin ir the
transformation formulas
of the coordinates of

(,m.n,)

Fipure 3. Representation of the Systems
of Axes (01X,Y,Z) Which Join at the Center 20V system of axes. If
of the Earth O and (Six,y,z) Which Join (11'”1,“1)' (lz.mz.nz)

at the Cencer of Mass S of Spacelab designate the direction

cosines of axes Sx, Sy
and Sz respectively with respect to axes O0X, OY and OZ, we can

write the following relationss . - |/ x + m Y + n /4 1
Ny = Iy Xo+ M, Y.+ n, 4 l (16)
- I, Xo+ my X, + 0y p A

On the other hand, we have

X rocos Hcos G

Vs o= r. cos Hsin G (17)

rosin

0
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A r COs % COs

] rosSinz Cos A (18)

/ rosin

l, Cos L2 sin w— sin L) COs 1 Cos |

n, sin £ sin w4+ cos L2 cos weos | (19)
"l COS HsIn g

l sin £) sin i

", cos £} sin g (20)
l': = QUS|

I, = cos £) cos u— sin £ sin u cos |

miy = ain £ Cos w4 cos £ sin woeos | (21)
", SIN wosin i

The combination of systems (16, throuch (21) leads to the
followine three formulas eivine the angles H and G which we have
heen trying to find.

sin H = cos &, cos 2. (cos £ cos w— sin € sin wcos )

b COs A, SIn %, (S0 €D cos i+ cos € sin v cos i)+ sin oo sin o sin (22)
p |
(ALY o . .
. ; cos H [ = cosa cos g (cos Qsinu+ sin £ cos i cos 0+ cosd sinx

(23)

(= sin L2 sin & Cos L) Cos 1w eos 1)+ SIN 0 COs 0 sin 1

(24) [25

It should be pointed out that angle H is the same as depression
D with a different sign, whose expression (13) is absolute



although obviously more simple. A comparison of the results
allows one tg evaluate the precision of the method described,
and especially, the coherence of the parameters which intervene.
Lastly, when the attitude of Spacelab is specified after some
time, as well as the position of the spectrometer on

the vane, appropriate transformations will allow the definitive
pointing angles H' nd D' to be determined, this time referred
to a reference system linked to Spacelab.

Latitude Coverape: Results

Latitude coverage of the observations is represented in
Fipures 4 through 6 with the hypothesis that the observations
occur during 115 successive revolutions, or during approximately
7 days, at three particular times of the year: the vernal equinox
and the June and December solstices. The launching time,
ixpressed in universal time, another essential parameter in
this problem, is reported according to the x-axes. The observations
are referred to the altitude z of 20 km. Lastly, it should
be pointed out that coverare of the observations made shortly
before occultation ( immersion) is marked by the broken line
curvesy the continuous line curves indicate the boundaries
of the coverape of observations made shortly after occultation
(emersion). The arrows indicate the direction of latitude
variation during the 115 revolutions.

Figure 4 shows that during the vernal equinox, the most
extensive coverape is ensured for the launching times close
to O h 30, 3 h 30, 12 h 30 and 15 h 30s in the first two cases,
the observations cover more of the northern hemisphere (0 to 60°)
than the southern hemisphere (0 to 30°)., The reverse occurs
in the two other cases. Moreover, for launchings occurring
at 2 h and 14 h, the same area of latitudes is scanned twice:
0 to 50° north (at 2 h) and 0 to 50" south (at 14 h). In actual
fact, these conclusions are also valid for the September equinox.
Coverarge for a launchine which occurred during the June solstice

10



is shown in Fipure 5. It can be noted that for the launch
times hetween 0 and 4 h, there is a 10 to 20 degree gap

due, in fact, to periods of nonoccultation which appear

under special launchineg conditions. Thus, for a launching

set at 3 h 30, the phenomenon of occultation ceases

after revolution No. 81. On the other hand, for 2 launching
which occurred at 1 h 30, occultation does not occur until
revolution No. 72. For launchings set batween 1 h 30 anc 2 h 30, /26
the periods of nonoccultation occur within the interval of
seven days adopted as the duration tor the experiment.

Although there are paps at periods of nonoccultation, coverare
proves, nevertheless, to be preatest for launchine times
between O h and 4 h, It should be pointed out that

it is also extensive for launchines made at 12h 30 and 15 h 30,
Lastly, the same area of latitudes is scanned twice if the
launch time is set at 2 h or 14 h. The preceding remarks

also make the examination of Figure 6 relative to the December
solstice necessary. Yet we notice a shift of 12 h between the
launch times ensuring a coverape practically identical in amplitude.
Furthermore, in December, the pap in coverage, due to periods
of nonoccultation, is observed in the southern hemisphere.

Figure 7 shows, for the December solstice, the latitude
variations of observations from one revolution to the next.
Four 1zunch timnes have been mentioned: 1 h 30, 3 h 30, 12 h and
15 h. The last two bring about a very extensive coverage of
observations, one at the beginning of occultation, the other
at the end of occultation. It seems that in these two cases,
the observations are not equally distributed over latitude.
Thus, for a launching made at 15 h, the latitude decreases from

+36° to +27 “during the first twenty revolutions, while it
varies from +12° to - 27 between revolutions No. 40 and 60,
On the other hand, for launch times ser at 1 h 30 and 3 h 30,
the variation of latitude with time is linear. These
findings may take on importance when launch conditions must

11
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be chosen in terms of criteria set by the planned experiment.

Conclusions

This work has demonstrated thar “he condrions for ohserving
the homosphere by the absorption syprotrometry technique
performed from a space vehicle, depend very closely on
the parameters setting the launching conditions, namely
the time of year and the launch time. Since the latitude
coverape is verysensitive to the launch time, it is especially
important that the requirements which one hopes to meet
within the framework of the planned experiment®t are well
specified at the outset,
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Figure 4, Latitude coverare

of observations at 20 km
altitude in terms of launch
time and for the vernal equinox.
The period of observations extends
over 115 revolutions. The
solid and broken line curves
define the coverare boundaries
at emersion and immersion (sun)
respectively. The arrows
indicate the direction of
latitude variation.

a. March equinox, b. Emersion,
¢. Immersion, 4. Launch time.
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Fipure 5. Latitude coverare Fipure 6. Latitude coverape
for observations at 20 km for observations at 20 km
altitude, as a function of altitude, as a function of
launch time and- for the launch time and for the
June solstice,. December solstice.
a. June solstice, b. Emer- a. December solstice, b.Emer-
sion, ¢. Immersion, 4. Launch sion, ¢. Immersion, 4. Launch
time. time.
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Fipure 7. Latitude variations for ebserva-
tions at 20 km altitude, durine the December
solstice and for four different launch times
(1 h30, 3nh30, 12 and15 h).

a. December solstice, b. Emersion, c¢. Immersion,
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