











SATELLITE ORBITAL DYNAMICS
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Fic. 2. East-west variation of the Landsat 3 ground
track. Cusps represent orbit adjustment maneuvers.

ORBIT MAINTENANCE—CROSSING TIME

As Figure 3 illustrates, even a “sun synchro-
nous” satellite will suffer a slow change from its
predicted overpass time due to perturbing forces.
This occurs because the sun exerts a small but
steady effect on the orbit, tending to change the
inclination angle. The force is essentially a tidal
force, with the sun’s attraction being greater on the
day balf of the orbit than on the night half. The
effect is described by (Wells, 1965)
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where M, and M, are the mass of Earth and sun, a,
and «, are the radius of satellite motion of the sat-
ellite about the Earth and the Earth about the sun,
i, is the obliquity or the angle between the equato-
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Fic. 3. Landsat 2 Time of descending node (equatorial
crossing), illustrating the effect of orbit adjustment in
late 1977.
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rial plane and the plane of the Earth’s motion
about the sun (i; = 23.5°), and () is the angle be-
tween the ascending node of the satellite orbit and
the Earth-sun line. An analysis similar to that for
the ground track pattern shows that, as i increases
linearly with time for Equation 8, the result is a
quadratic falloff of the time of overpass from the
desired sun synchronous condition (Equation 4).
Figure 3 also illustrates the effect of the decision
to adjust the Landsat-3 orbital inclination in De-
cember of 1977, leading to a return toward the de-
sired 9:30 crossing time.

ORBIT SELECTION: MINIMIZING THE EFFECT
OF ECCENTRICITY

Although a circular orbit may be regarded as
optimum for Earth observations, such orbits do not
persist in the Earth’s asymmetric gravitational
field. As orbital eccentricity builds up, the result is
a varying satellite-to-Earth distance, i.e., the sat-
ellite altitude changes slightly from one overpass
to the next. This produces an apparent change of
scale of image products unless resampling of the
image data is carried out.

Landsat-3, still operating at this time, has a typi-
cal eccentricity in the range 0.0011 to 0.0014, cor-
responding to an altitude variation of approxi-
mately =10 kilometres over the orbit. Because the
location of closest approach, or perigee, gradually
moves, with a period of approximately 300 days,
the scale of imagery over a particular location
changes by approximately =1 percent over this
time interval. Although the 21-km difference be-
tween the Earth’s equatorial and polar radii also
causes an apparent scale change in satellite imag-
ery, this variation is a function of location only,
while a temporal variation of satellite altitude pro-
duces a time varying scale change at a given loca-
tion. This temporal variability may be reduced to a
negligible value if desired. The eccentricity, e, of
the orbit changes according to

¢ = -bcosw

where
b = 3/2(GM,)""* R} ], sin i (1-5/4 sin%i)/a*"?

in which w is the angle between the satellite
perigee and the equatorial plane, and ], is the third
order correction to the Earth’s gravitational field =
2.5 x 107¢ corresponding to a small assymetry
between the northern and southern hemispheres.
The eccentricity may be held at a fixed value (¢ =
0) by setting cos w = 0, i.e., ® = 90°, so that the
apogee-perigee line coincides with the Earth’s
axis of rotation. In order for this condition to per-
sist, one must also have w = 0, where
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graphic effects, including shadowing. While this
would provide less sensitivity to crop cover in the
early season, as there would be less shadowing of
the soil surface compared to midmorning observa-
tions, it would tend to provide a better definition
of crop growth stage at midseason when canopy
cover reaches maximum values. In addition, ob-
servations in the noon to 2:30 p.m. time frame
facilitate interpretation of thermal infrared data as
they pertain to evapotranspiration and near-
surface moisture. Finally, it should be noted that
early afternoon observations will be affected
somewhat adversely by mid-day growth of
cumulus clouds.

It is not apparent that the possibility of frequent
satellite observations, as afforded by the broad
coverage pattern of the AVHRR, is consistent with
the slowly stepping pattern of the narrow swath
Landsat coverage (see Figure 4). From the Land-
sat orbit, a typical ground location could be ob-
served at small nadir angles for 4 to 8 days, then
only at highly oblique angles until the 18-day re-
peat cycle crossed the region again.

However, other coverage selections are possible
(King, 1976). For example, patterns exist which
combine the long period repeat cycle needed for
narrow-swath observations with the large day-to-
day longitudinal variation which is appropriate so
that all areas are observed frequently at nearly
vertical (<30°) nadir angles. An example is the re-
peating orbit at approximately 800 km, which is
essentially an 18-day and a 3 1/2-day repeater.
Such a coverage pattern appears well suited to ag-
ricultural observations, both domestic and global
(Figure 5). Clearly, a thorough understanding of
current satellite data is needed before tradeoffs in
observing strategies may be evaluated with confi-
dence. However, it is also clear that both an orbit
maintenance strategy for the NOAA satellites and
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Fic. 4. The figure illustrates the Landsat 1-3 westward
orbital motion of 25.74° in 18 days, from an arbitrary
starting point (longitude 0). At midlatitudes, a 30 to 40
percent coverage overlap occurs on successive days.
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Fic. 5. Ground track sequence for a hypothetical satel-

lite at 800 km. Path-to-path overlap occurs at seven-day
intervals.

placement of a narrow- and wide-swath instru-
ments on a single satellite would both tend to
facilitate agricultural utilization of remotely
sensed data.

ACKNOWLEDGMENT

I am indebted to Richard Strafella for many
helpful discussions.

REFERENCES

Allison, L. J., A. Schnapf, B. C. Diesen, III, P. S. Martin,
A. Schwalb, and W. R. Bandeen, 1980. Meteorologi-
cal Satellites, NASA Technical Memorandum
80704, Goddard Space Flight Center, Greenbelt,
Md., 72 p.

Brower, D., and G. M. Clemence, 1961. Methods of Ce-
lestial Mechanics, Academic Press, New York.
Capellari, J. 0., C.E. Velez, and A.]. Fuchs, 1976.
Mathematical Theory of the Goddard Trajectory
Determination. NASA X-582-76-77, Goddard Space

Flight Center, Greenbelt, Md.

Dismachek, Dennis C., A. L. Booth, and J. A. Leese,
1980. National Environmental Satellite Service
Catalog of Products, Third Edition, NOAA Techni-
cal Memorandum NESS 109, pp. 11-21.

Escobal, Pedro R., 1965. Methods of Orbit Determina-
tion, John Wiley & Sons, Inc., New York.

Gautier, Catherine, G. Diak, and S. Masse, 1980. A Sim-
ple Physical Model to Estimate Incident Solar Radi-
ation at the Surface from GOES Satellite Data, J. of
Appl. Meteor., 19, pp. 1005-1012.

Idso, Sherwood B., R. D. Jackson, and R.]. Reginato,
1977. Remote Sensing of Crop Yields, Science, 196,
pp. 19-25.

Kidwell, Katherine B, 1979. NOAA Polar Orbiter Data
(Tiros-N and NOAA-6) User’s Guide. National Cli-
mate Center, Washington, D.C.

King, Joseph C., 1976. Quantization and Symmetry in
Periodic Coverage Patterns with Applications to
Earth Observation, J. for the Astronautical Sciences,
XXIV.



1610

MacDonald, R. G., and F. G. Hall, 1980. Global Crop
Forecasting, Science, 208, pp. 670-679.

Price, John C., 1980. The Potential of Remotely Sensed
Thermal Infrared Data to Infer Surface Soil Mois-
ture and Evaporation, Water Resources Research,
16, pp. 787-795.

Tarpley, J. D., 1979. Estimating Incident Solar Radiation
at the Surface from Geostationary Satellite Data, J.
Appl. Meteor., 18, pp. 1172-1181.

U. S. Geological Survey, 1979. Landsat Data User’s
Handbook, Third Edition.

Wells, William R., 1965. Analytical Lifetime Studies of a
Close Lunar Satellite. NASA TN-D 2805, Langley
Research Center, Langley, Va.

White, Harvey E., 1948. Modern College Physics. Van
Nostrand Company, Inc., Princeton, N.J., p. 135.
Williamson, L. E., 1977. Calibration Technology for
Meteorological Satellites, Atmospheric Sciences
Laboratory, Monograph Series 3, White Sands Mis-

sile Range, 139 p.

(Received 30 October 1981; revised and accepted 18
March 1982)

APPENDIX

The description of satellite motion represents a
straightforward application of classical mechanics,
the present consideration being selection of ap-
proximations so that the relation between orbital
parameters and ground observations is readily un-
derstood. Although powerful numerical solution
methods are available (Cappellari et al., 1976),
they leave options and constraints for typical Earth
observation missions relatively obscure because of
their great generality.

Figure A-1 illustrates orbital geometry and the
definition of the angles, i, the north-south ten-
dency of the orbit with respect to the Earth’s
equatorial plane, Q, the angle between the as-
cending node and a fixed direction in space (the
vernal equinox), and w, the angle within the orbit
plane between the ascending node and the point
of closest approach (perigee). This last is signifi-
cant only for an eccentric (non-circular) orbit. Un-

perigee

PV
T

Fic. A-1. Conventional illustration of orbital angles
(Escobal, 1965).
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fortunately, an initially circular orbit will not re-
main so due to the third moment or egg-shaped
tendency of the Earth’s gravitational field. Figure
A-2 illustrates geometry within the orbit plane.

Expressions for the rate of change of a, e, w, i,
and Q due to a small deviation from the field of a
joint mass are given in Escobal (1965), with ap-
propriate formulas being utilized in this paper.

One should note, in addition, that even with an
orbit maintenance strategy, the satellite motion is
not truly sun synchronous over the course of a
year. This effect occurs, not because of any im-
perfection in satellite motion, but because of the
apparent non-uniform motion of the sun with re-
spect to the rotation of the Earth. The equation of
time, which is usually presented graphically, de-
scribes the apparent deflection of the sun in the
sky from that expected by civil time. Thus, the sun
may appear to cross the north-south line more than
15 minutes early in late November.

The effect arises principally from two causes,
which may be closely approximated as

(1) The non-uniform motion of the earth about
the sun. From conservation of angular momentum
(i.e., Kepler’s second law)

(A-1)

where r is the Earth-sun distance = a,[l — e cos(8
— 6,)], as is the Earth-sun semimajor axis, e is the
eccentricity, and 6, is the phase with respect to
perihelion, which occurs on 2 January, so that 8, =
(27)-(2 days/365 days). Because e is small (e ~
1/60), a simple expansion and integration of
Equation A-1 is possible, leading to the time cor-
rection due to the non-uniform angular motion of
the Earth about the sun; i.e.,

8t, = —2e sin[2m(Day — 2)/365]
~8 sin[27(Day — 2)/365]

(2) The second contributing factor is the solar
obliquity (e = 23.5°), which corresponds to the ap-
parent north-south motion of the sun as the sea-
sons change. For this computation, the Earth’s

r?0 = constant

(radians)
(minutes)

perigee

ae a(1-e)

a ———»
semi-major axis

Fic. A-2. Within-plane orbital geometry for an Earth
orbiting satellite.
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Fic. A-3. The solar obliquity produces an apparent
variation in the angular velocity of the Earth about
the sun.

orbit about the sun may be considered to be cir-
cular. As illustrated in Figure A-3, uniform motion
along the orbital path results in an apparent mo-
tion of the sun in the ecliptic plane of

d . ( sin @ )
= gr | an cosf cosa

_ § cosa
1 + (cos’a — 1)cos?6

By rearranging and using a double angle formula
x =
6
(1 + cos®a)/(2cosa) + (1 — cos®a) cos26/(2cosa)’
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Fic. A-4. The difference between civil time and that
from a sundial—the equation of time.

or a difference between X and @ of approximately
0.087 cos 28. The phase difference (A — 6) is the
time integral or 0.043 sin 26, where 6 is measured
from the winter solstice, day 355, in the Earth’s
equatorial plane. The difference in minutes due to
this effect is thus.

47 (Day — 355)

365 } (radians)

8t, = 0.043 sin [

~ 10 sin [47 (Day — 355)/365] (minutes)

The sum of 8¢, and 8¢, describes to within ap-
proximately one minute the variability in the
apparent sun with respect to mean solar time
(Figure A-4).

Errata

A number of changes and additions to the July 1982 Yearbook Issue of Photogrammetric Engineering
and Remote Sensing have been brought to our attention.

On page 1148, in the “Roster of Honorary Members,” the name Joun T. SmiTH, Jr. 1981 should be
added, and the dates after the names Crirrorp J. CranpaLL and ARTHUR J. McNaIr should be changed

to 1982.

On page 1163, the “1982 Roster of Members Emeritus” should include the name Spero KapELAS.
In the organization chart on page 1192 the name of the 2nd Deputy of the Geological Sciences

Committee should be Apersat C. CorrEea.

On page 1033, in the list of “Officers of the Technical Commissions and Chairmen of Working
Groups, 1980-1984" of the International Society for Photogrammetry and Remote Sensing, the follow-

ing additions should be made:

Commission IV

ToroGraPHIC AND CARTOGRAPHIC APPLICATIONS
W.G. 1V/1 Cost Models in the Mapping
Process

Prof. Dr. H. C. Jerie

ITC

350 Boulevard 1945

NL 7511 Enschede, Netherlands

W.G. 1V/2 Mapping Technology and
Applications for Developing Countries
General G. C. Agarawal
Surveyor General
Post Box 37
Dehra Dun (U.P.), India
W.G. IV/3 Mapping from Space Borne
Imagery
Mr. Raymond Batson



