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1 THE GEODYN II PROGRAM

The GEODYN II program, which evolved from GEODYN, is a totally redesigned software
system. It has been written for the NASA /Goddard Space Flight Center by EG&G Wash-
ington Analytical Services Center, Inc., and has been operational since November 1985.
The main user group is NASA/GSFC, where GEODYN II first operated on an IBM 3081
Computer and on a CDC Cyber 205 vector processing computer. The highly efficient op-
timized operation on the Cyber has been the main reason GEODYN has been redesigned.
These computers are not available any more at GSFC, and GEODYN now operates on a
Cray Y-MP. In the mid-1990.s, GEODYN was optimized to take advantage of the Cray
parallel processors.

With the evolution of small workstations, GEODYN II has mainly been used on HP 900
series computers and during the last few years on SUN workstations. Now in the year
2002, the maintenance of the GEODYN code and executables is done entirely on a SUN
workstation.

Currently, the maintenance and development of GEODYN II is performed by RAYTHEON
ITSS under contract.

Like GEODYN, GEODYN II is used extensively for satellite orbit determination, geodetic
parameter estimation, tracking instrument calibration, satellite orbit prediction, as well as
for many other items relating to applied research in satellite geodesy using virtually all
types of satellite tracking data.

The GEODYN II documentation is web-based and features an Operations Manual, a File
Description chapter, and maintenance history.

2 THE ORBIT AND GEODETIC PARAMETER ESTIMA-
TION PROBLEM

The purpose of this section is to provide an understanding of the relationship between the
various elements in the solution of the orbit and geodetic parameter estimation problem.
As such, it is a general statement of the problem and serves to coordinate the detailed
solutions to each element in the problem presented in the sections that follow.

The problem is divided into two parts:
e the orbit prediction problem, and

e the parameter estimation problem.



The solution to the first of these problems corresponds to GEODYN’s orbit generation
mode. The solution to the latter corresponds to GEODYN'’s data reduction mode and of
course is based on the solution to the former.

The reader should note that there are two key choices that dramatically affect the GEO-
DYN solution structure:

e Cowell’s method of integrating the orbit, and

e a Bayesian least squares statistical estimation procedure for the parameter estimation
problem.

2.1 THE ORBIT PREDICTION PROBLEM

There are a number of approaches to orbit prediction. The GEODYN approach is to
use Cowell’s method, which is the direct numerical integration of the satellite equations of
motion in rectangular coordinates. The initial conditions for these differential equations are
the epoch position and velocity; the accelerations of the satellite must be evaluated.

The acceleration-producing forces that are currently modeled in GEODYN are the effects
of:

the geopotential,

e the luni-solar potentials,

e planetary potentials,

e radiation pressure,

e solid Earth and ocean tidal potential,
e atmospheric drag, and

e general acceleration.

Perhaps the most outstanding common feature of these forces is that they are functions
of the position of the satellite relative to the Earth, Sun, Moon, or Planets and of the
Sun and Moon relative to the Earth. Only atmospheric drag is a function of an ad-
ditional quantity,[1] specifically, the relative velocity of the satellite with respect to the
atmosphere.

The accurate evaluation of the acceleration of a satellite therefore involves the solution in
two concomitant problems:

e The accurate modeling of each force on the satellite - Earth - Sun - Moon - Planet
relationship, and



e The precise modeling of the motions of the Earth, Sun, Moon, and Planets.

The specific details for each model in these solutions are given elsewhere in Sections 3,
4, and 8. The question of how these models fit together is, in effect, the question of
appropriate coordinate systems.

The key factor in the selection of coordinate systems for the satellite orbit prediction
problem is the motion of the Earth. For the purposes of GEODYN, this motion consists
of:

1. precession and nutation, and
2. rotation.

We are considering here the motion of the solid body of the Earth, as versus the slippage
in the Earth’s crust (polar motion) which just affects the position of the observer.

The precession and nutation define the variation in:
e The direction of the spin axis of the Earth (4 Z), and
e The direction of the true equinox of date (+ X).
These directions define the (geocentric) true of date coordinate system.

The rotation rate of the Earth is the time rate of change of the Greenwich hour angle
0, between the Greenwich meridian and the true equinox of date. Thus the Earth-fixed
system differs from the true of date system according to the rotation angle 6,.

The equations of motion for the satellite must be integrated in an inertial coordinate
system. The GEODYN inertial system is defined as the true of date system corresponding
to 0.70 of a reference epoch.

The coordinate systems in which the accelerations due to each physical effect are evaluated
should be noted. The geopotential effects are evaluated in the Earth-fixed system, and
then transformed to true of date to be combined with the other effects. The others are
evaluated in the true of date system. The total acceleration is then transformed to the
reference inertial system for use in the integration procedure.

The integration procedure used in GEODYN is a predictor-corrector type with a fixed
time step. There is an optional variable step procedure. As the integration algorithms
used provide for output on an even step, an interpolation procedure is required.

2.2 THE PARAMETER ESTIMATION PROBLEM

Let us consider the relationships between the observations O;, their corresponding com-
puted values C;, and P the vector of parameters to be determined. These relationships



are given by:

aC;
i — Ci = — P; + dO; 2.2-1
0; - C EjanderdO ( )

where:

1 denotes the ith observation or association with it
P; is the correction to the 4t parameter, and

dO; is the error of observation associated with the it" observation.

The basic problem of parameter estimation is to determine a solution to these equa-
tions.

The role of data preprocessing is quite apparent from these equations. First, the observation
and its computed equivalent must be in a common time and spatial reference system.
Second, there are certain physical effects such as atmospheric refraction which do not
significantly vary by any likely change in the parameters represented by P.

These computations and corrections may equally well be applied to the observations or to
their computed values. Furthermore, the relationship between the computed value and the
model parameters P is, in general, nonlinear, and hence the computed values may have to
be evaluated several times in the estimation procedure. Thus a considerable increase in
computational efficiency may be attained by applying these computations and corrections
to the observations; i.e., to preprocess the data.

The preprocessed observations used by GEODYN are directly related to the position and/or
velocity of the satellite relative to the observer at the given observation time. These
relationships are geometric, hence computed equivalents for these observations are obtained
by applying these geometric relationships to the computed values for the positions and
velocities of the satellite and the observer at the desired time.

Associated with each measurement from each observing station is a (known) statistical
uncertainty. This uncertainty is a statistical property of the noise on the observations. It
is the reason a statistical estimation procedure is required for the GEODYN parameter
determination.

It should be noted that dO;, the measurement error, is not the same as the noise on the
observations. The dO; account for all of the discrepancy (O; - C;) which is not accounted
for by the corrections to the parameters dP.

These dO; represent both:



e The contribution from the noise on the observation, and
e The incompleteness of the mathematical model represented by the parameters P.

By this last expression, we mean either that the parameter set being determined is in-
sufficient to model the physical situation, or that the functional form of the model is
inadequate.

GEODYN has two different ways of dealing with these errors of observation:

1. The measurement model includes both a constant bias and a timing bias that may
be determined.

2. There is an automatic editing procedure to delete bad (statistically unlikely) mea-
surements.

The nature of the parameters to be determined has a significant effect on the functional
structure of the solution. In GEODYN, these parameters are:

e The position and velocity of the satellite at epoch. These are the initial conditions
for the equations of motion.

e Force model parameters. These affect the motion of the satellite.

e Station positions and biases for station measurement types. These do not affect the
motion of the satellite.

Thus, the parameters to be determined are implicitly partitioned into a set &, which is not
concerned with the dynamics of the satellite motion and a set 5, which are.

The computed value C;, for each observation O;, is a function of 7,,, the Earth-fixed
position vector of the station, and % = [x,y,z,%, ¥, 2], the true of date position and velocity
vector of the satellite at the desired observation time. When measurement biases are used,
C; is also a function of B, the biases associated with the particular station measurement

type.

Let us consider the effect of the given partitioning on the required partial derivatives in

the observational equations. The %%

becomes:

oC;  [0C; 9C;
oa [arob’ 83} (22-2)
— = -— 22-3
0B Oz, 0p ( )

The partial derivatives % are called the variational partials. While the other partial

derivatives on the right-hand side of the equations above are computed from the measure-
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ment model at the given time, the variational partials must be obtained by integrating the
variational equations. As will be shown in Section 8, these equations are similar to the
equations of motion.

The need for the above-mentioned variational partials obviously has a dramatic effect
on any solution to the observational equations. In addition to integrating the equations
of motion to generate an orbit, the solution requires that the variational equations be
integrated.

We have heretofore discussed the elements of the observational equations; we shall now
discuss the solution of these equations, i.e., the statistical estimation scheme.

There are a number of estimation schemes that can be used. The method used in GEODYN
is a batch scheme that uses all observations simultaneously to estimate the parameter
set. The alternative would be a sequential scheme that uses the observations sequentially
to calculate an updated set of parameters from each additional observation. Although
batch and sequential schemes are essentially equivalent, practical numerical problems often
occur with sequential schemes, especially when processing highly accurate observations.
Therefore, a batch scheme was chosen.

The particular method selected for GEODYN is a partitioned Bayesian least squares
method as detailed in Section 10. A Bayesian method is selected because such a scheme
utilizes meaningful a priori information. The partitioning is such that the only arrays
that must be simultaneously in core are arrays associated with parameters common to all
satellite arcs and arrays pertaining to the arc being processed. Its purpose is to dramati-
cally reduce the core storage requirements of the program without any significant cost in
computation time.

There is an interesting side related to the use of a priori information in practice. The use
of a priori information for the parameters guarantees that the estimation procedure will
mechanically operate (but not necessarily converge). The user must ensure that his data
contains information relating to the parameters he wishes to be determined.

[1] Not to be confused with the .fixed. parameters in the models.

3 THE MOTION OF THE EARTH AND RELATED CO-
ORDINATE SYSTEMS

The major factor in satellite dynamics is the gravitational attraction of the Earth. Because
of the (usual) closeness of the satellite and its primary, the Earth cannot be considered a
point mass, and hence any model for the dynamics must contain at least an implicit mass
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distribution. The concern of this section is the motion of this mass distribution and its
relation to coordinate systems.

We will first consider the meaning of this motion of the Earth in terms of the requisite
coordinate systems for the orbit prediction problem.

The choice of appropriate coordinate systems is controlled by several factors:

e In the case of a satellite moving in the Earth’s gravitational field, the most suitable
reference system for orbit computation is a system with its origin at the Earth’s
center of mass, referred to as a geocentric reference system.

e The satellite equations of motion must be integrated in an inertial coordinate system.

e The Earth is rotating at a rate , which is the time rate of change of the Greenwich
hour angle. This angle is the hour angle of the true equinox of date with respect to
the Greenwich meridian as measured in the equatorial plane.

e The Earth both precesses and nutates, thus changing the directions of both the
Earth’s spin axis and the true equinox of date in inertial space.

The motions of the Earth referred to here are of course those of the ”solid body” of the
Earth, the motion of the primary mass distribution. The slippage of the Earth’s crust is
considered elsewhere in Section 5.4 (polar motion).

3.1 THE TRUE OF DATE COORDINATE SYSTEM

Let us consider that at any given time, the spin axis of the Earth (+ Z) and the direction of
the true equinox of date (+ X) may be used to define a right-handed geocentric coordinate
system. This system is known as the true of date coordinate system. The coordinate
systems of GEODYN will be defined in terms of this system.

3.2 THE INERTIAL COORDINATE SYSTEM

The inertial coordinate system of GEODYN is the true of date coordinate system defined
at Oh.0 of the reference epoch for each satellite. This is the system in which the satellite
equations of motion are integrated.

This is a right-handed, Cartesian, geocentric coordinate system with the X axis directed
along the true equinox of 07.0 of the reference day and with the Z axis directed along the
Earth’s spin axis toward north at the same time. The Y axis is of course defined so that
the coordinate system is orthogonal.
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It should be noted that the inertial system differs from the true of date system for a
time not equal to 0" of the reference day by the variation in time of the directions of the
Earth’s spin axis and the true equinox of date. This variation is described by the effects
of precession and nutation.

3.3 THE EARTH-FIXED COORDINATE SYSTEM

The Earth-fixed coordinate system is geocentric, with the Z axis pointing north along the
axis of rotation and with the X axis in the equatorial plane pointing toward the Greenwich
meridian. The system is orthogonal and right-handed; thus the Y axis is automatically
defined. The Z axis in this system is aligned with the mean pole of the Earth, making
earth-fixed coordinates a mean pole coordinate system.

This system is rotating with respect to the true of date coordinate system. The Z axis,
the spin axis of the Earth, is common to both systems. The rotation rate is equal to the
Earth’s angular velocity. Consequently, the hour angle of the true equinox of date with
respect to the Greenwich meridian (measured westward in the equatorial plane) is changing
at a rate , equal to the angular velocity of the Earth.

3.4 TRANSFORMATION BETWEEN EARTH-FIXED AND TRUE OF
DATE COORDINATES

The transformation between Earth-fixed and true of date coordinates is a simple rotation.
The Z axis is common to both systems. The angle between X;, the true of date X compo-
nent vector, and X, the Earth-fixed component vector, is 0,, the Greenwich hour angle.
The Y component vectors are similarly related. These transformations for X, Y., X;, Y,
are:

Xe=X;cos0,+Y;sinb,
Y.=—-X;sinf, +Y;cost,
X; =Xccostly —Y,sind,
Y, = Xcsinf, + Y. cost,

The transformation of velocities requires taking into account the rotational velocity, , of
the Earth-fixed system with respect to the true of date reference frame. The following
relationships should be noted:
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0X. oY,

— e — —Xe
09, 09,

=-Y; =X;
a6, a0,

The velocity transformations are then:

X, = [XZ cosfy + Y, sin 4] + Yeég
Y, = [—XZ- sin g, + Y cos 4] — Xeég
X; = [Xe cosfy — Y, sin 4] — Yiég
Y; = [X.sin 04+ Y. cos 4] + Xiég

(3.4-1)

(3.4-2)

The brackets denote the part of each transform that is a transformation identical to its

coordinate equivalent.

These same transformations are used in the transformation of partial derivatives from the
Earth-fixed system to the true of date system. For the k;; measurement, C}, the partial
derivative transformations are explicitly:

OC = %cosﬁ
0X; |0X. g
oC,  |0Cy .

oy, — [3)(6 sinfy +

oC . oC}, .
g:| + [aX sinf, — 8—Ycos 99} 0

g:| + af.(k cosfly — o sin Hg} By
0Cy, [8(3’ k 0CL . }
—— = | —=—cosf, — sin 6,
8XZ aXe e
a—c.'k = [ack sin 0, + k cos 99}
ayz aXe e

The brackets have the same meaning as before.

3.5 COMPUTATION OF THE GREENWICH HOUR ANGLE

(3.4 - 3)
(3.4 - 4)
(3.4 - 5)
(3.4 - 6)

The computation of the Greenwich hour angle is quite important because it provides the
orientation of the Earth relative to the true of date system. The additional effects; i.e.,
to transform from true of date to true of reference, of precession and nutation (true of
reference to inertial), are sufficiently small that early orbit analysis programs neglected
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them. Thus, this angle is the major variable in relating the Earth-fixed system to the
inertial reference frame in which the satellite equations of motion are integrated.

The evaluation of 6, is discussed in detail in the Explanatory Supplement [3-1]. When
the DE-96 or DE-118 planetary ephemerides are used, 0, is computed from the expres-
sion:

0y = 040 + Atabs + Ac (3.5-1)

where

Aty is the fractional UT part of a day for the time of interest,

e 0,0 is the Greenwich hour angle on January 0.0 UT of the reference year,

e 0 is the mean daily rate of advance of Greenwich hour angle (27 + 6;), and
e Aq is the equation of equinoxes (nutation in right ascension).

040 for January 0.0 UT of the reference year is calculated using the following formula from
the ” Explanatory Supplement to the Astronomical Ephemeris and the American Ephemeris
and Nautical Almanac”:

Ogo=G.M.ST. = 6"38M45.5836 + 8640184.5542T,, + 0.50929T3
where
e G.M.S.T. is the Greenwich mean sidereal time of 0 hours UT.

e T, is the number of Julian centuries of 36525 days of universal time elapsed since
the epoch of Greenwich mean noon of 1900 January 0.

e The equation of the equinoxes, Aq, is calculated from the values of the nutation
angles interpolated from the JPL Chebyshev ephemeris tape.

e When the DE-200 planetary ephemeris is used, 049 is the Greenwich mean sidereal
time 0" UT of the reference date and is given in the USNO, CIRCULAR NO. 163.

o 04= GMST = 24110°.54841 + 8640184°.812866T, + 0°.093104 - 6°.2 x 107673

3.6 PRECESSION AND NUTATION

The inertial coordinate system of GEODYN in which the equations of motion are integrated
is defined by the true equator and equinox of date for 0.70 of the reference day. However,
the Earth-fixed coordinate system is related to the true equator and equinox of date at any
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given instant. Thus, it is necessary to consider the effects that change the orientation in
space of the equatorial plane and the ecliptic plane.

These phenomena are:

e The combined gravitational effect of the moon and the sun on the Earth’s equatorial
bulge, and

e The effect of the gravitational pulls of the various planets on the Earth’s orbit.

The first of these affects the orientation of the equatorial plane; the second affects the
orientation of the ecliptic plane. Both affect the relationship between the inertial and
Earth-fixed reference systems of GEODYN.

The effect of these phenomena is to cause precession and nutation, both for the spin axis of
the Earth and for the ecliptic pole. This precession and nutation provides the relationship
between the inertial system defined by the true equator and equinox of the reference date
and the ”instantaneous” inertial system defined by the true equator and equinox of date
at any given instant. Let us consider the effect of each of these phenomena in greater
detail.

The luni-solar effects cause the Earth’s axis of rotation to precess and nutate about the
ecliptic pole. This precession will not affect the angle between the equatorial plane and
the ecliptic (the ”obliquity of the ecliptic”), but will affect the position of the equinox in
the ecliptic plane. Thus the effect of luni-solar precession is entirely in celestial longitude.
The nutation will affect both; consequently, we have nutation in longitude and nutation in
obliquity.

The effect of the planets on the Earth’s orbit is both secular and periodic deviations.
However, the ecliptic is defined to be the mean plane of the Earth’s orbit. Periodic effects
are not considered to be a change in the orientation of the ecliptic; they are considered to
be a perturbation of the Earth’s celestial latitude [3-1]. The secular effect of the planets on
the ecliptic plane is separated into two parts: planetary precession and a secular change in
obliquity. The effect of planetary precession is entirely in right ascension.

In summary, the secular effects on the orientations of the equatorial plane are:
e luni-solar precession,
e planetary precession, and
e a secular change in obliquity.

As is the convention, all of these secular effects are considered under the heading ”preces-
sion.” The periodic effects are:

e nutation in longitude, and
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e nutation in obliquity.

3.6.1 Precession

The precession of coordinates from the mean equator and equinox of one epoch tg to the
mean equator and equinox of ¢; is accomplished very simply. Examine Figure 3.6-1 and
consider a position described by the vector X in the X, X9, X3 coordinate system that
is defined by the mean equator and equinox of ty3. Likewise, consider the same position
as described by the vector Y in the Y1,Y5, Y3 system defined by the mean equator and
equinox of ¢;. The expression relating these vectors,

Y = R3(—2)Ra(0)Ra(—()X (36-1)

follows directly from inspection of Figure 3.6-1.

It should be observed that 90° - ( is the right ascension of the ascending node of the
equator of epoch tg reckoned from the equinox of gy, that 90° + Z is the right ascension of
the node reckoned from the equinox of ¢1, and that 6 is the inclination of the equator of ¢;
to the equator #3. Numerical expressions for these rotation angles z, 8, (, were derived by
Simon Newcomb, based partly upon theoretical considerations but primarily upon actual
observation. (See References for the derivations.) The formulae used in GEODYN are
relative to an initial epoch of 1950.0:

130595320465 x 1076d + .71097492 x 10~ 14d* + 2178097 x 10720d> (3.6 - 2)
z = 130595320465 x 1076d + 73972049 x 10~ 14d> + .191031 x 10720d> (3.6 - 3)
q = 1126603999754 x 1076d — 71548118 x 107 14d> — .%413902 x 10720d> (3.6 - 4)

z

The angles are in radians. The quantity d is the number of elapsed days since 1950.0.

Figure 3.6-1 Precession: Rotation Between Mean Equator and Equinox of Epoch tg and
Mean Equator and Equinox at Epoch t;

P = Direction of Mean Axis of Motion at tg
Py = Direction of Mean Axis of Motion at ¢;
~v1 = Direction of Mean Equinox at g
9 = Direction of Mean Equinox at t;
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3.6.2 Nutation

The nutation of coordinates between mean and true equator and equinox of date is readily
accomplished using rotation matrices. Examine Figure 3.6-2 and consider a position de-
scribed by the vector X in the X1, X9, X3 system which is described by the mean equator
and equinox of date. Likewise, consider the same position as described by the vector Z
in the Z1, Zs, Z3 system defined by the true equator and equinox of date. The expression
relating these vectors,

Z = Ri(—er)R3(—=A¢)Ri(em) X (3.6-5)

follows directly from inspection of Figure 3.6-2.
The definitions of these angles are:

e &, - true obliquity of date

e g, - mean obliquity of date

e At - nutation in longitude.
Note that Ae = &, - &, is the nutation in obliquity.

The remaining problem is to compute the nutation in longitude and obliquity. The algo-
rithm used in GEODYN II was developed by Woolard.

The angles Ay and Ae are obtained from the JPL ephemeris tape by the method described
in Section 4.1. When the DE-96 or DE-118 planetary ephemeris is used, ¢, is calculated
according to the following equation developed by Woolard [3.1 - 3.4].

em = 7409319755205 —".000000006217959d —".000021441 x 10~ 2d% +7.180087 x 10~ 2 q3
(3.6 - 6)

where d = no. of ephemeris days elapsed from 1900 January .5 ephemeris time to the
desired date.

When the DE-200 planetary ephemeris is used, the following equation is used for the
calculation of &,

£m = 84381.7448 — 46”.8150T — 0.”700181373 (36-7)

where
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T = Julian Ephemeris Centuries since J2000.0
J2000.0 = JED 2451545.0

Figure 3.6-2 Nutation: Rotation Between Mean Equator and Equinox of Date and True
Equator and Equinox of Date.

em = Mean Obliquity of Date

er = True Obliquity of Date

v¥m= Direction of Mean Equinox of Date

~y7 = Direction of Time Equinox of Date

3.7 THE TRANSFORMATION TO THE EARTH CENTERED FIXED
ADOPTED POLE COORDINATE SYSTEM

To accurately calculate the forces on an Earth satellite, it is necessary to take into account
the change in the position of the Earth’s geopotential field in inertial space due to the wan-
dering of the pole. To account for this effect, GEODYN evaluates the forces on the satellite
in the Earth centered fixed true pole (ECFT) coordinate system. The transformation from
the inertial coordinate system (I) of the satellite to the ECFT system is accomplished as
follows.

We must first transform from inertial coordinates to Earth centered fixed (ECF) coordinates
by rotating about the Z axis by 6,, the Greenwich hour angle. This rotation is given by
the rotation matrix R(6, )where:

cosfly, sinfly 0
R(04) = |—sinfy cosf, 0O (3.7-1)
0 0 1

If x and y are the coordinates of the instantaneous pole relative to the adopted pole, and
are measured in seconds of arc (c.f. Figure 5.4-1, Section 5.4.1), then the transformation
of a vector X gorr in the Earth centered fixed instantaneous pole to X gora in the Earth
centered fixed adopted pole is given by:

- [ cosz 0 sinz] [1 0 0 -
XEcra= 0 1 1 0 cosy —siny| Xgcrr (3.7-2)
|—sinz 0 cosz| |0 siny cosy

Which can be simplified to:

) [1 zy = )
Xpcra= |0 1 —y| Xgcrr (3.7-3)
-z vy 1
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Thus the transformation of a vector X1 in inertial true of date coordinates to X pora in
Earth centered fixed adopted pole coordinates can be expressed as:

B 1 2y = cosfy sinfy 0]
Xpcra=1| 0 1 —y| [—sinfy cosf, 0| X, (3.7-4)
-z y 1 0 0 1

4 LUNI-SOLAR-PLANETARY EPHEMERIS

4.1 EPHEMERIS USED IN GEODYN VERSIONS 7612.0 AND LATER

GEODYN uses the JPL export ephemeris for nutations, positions, and velocities of the
Moon, Sun, and planets. The JPL export ephemeris package is an encoded tape that
contains two files. The first program on file one, BCDEPH, reads the encoded ephemeris
information on file two and writes the JPL binary ephemeris tape. The remaining infor-
mation on file one is the software to read and interpolate the binary ephemeris tape, and
is not used for GEODYN.

For GEODYN 7603 and earlier versions, a separate ephemeris tape generator program
was used to read and interpolate the JPL ephemeris binary tape. The ephemeris tape
generator program then precessed and nutated the coordinates from the JPL reference of
mean equator and equinox of 1950.0 to true of date coordinates, and wrote the Everett
interpolation coefficients for the coordinates onto a tape or disk. This was the ephemeris
data read by GEODYN.

Two changes have been made in the above procedure in GEODYN 7610:

1. GEODYN reads the JPL binary ephemeris tape directly so no tape generator program
is needed.

2. GEODYN interpolates for the ephemeris in the mean of 1950.0 reference system. This
gives greater accuracy than interpolating in a true of date reference system because
the high-frequency perturbations due to nutations are absent. After interpolation,
the coordinates are then precessed and nutated to true of date.

A search is performed in the JPL binary ephemeris tape for the data records needed to
cover the time span of the GEODYN run, and these are written onto a direct access disk.
When ephemeris information is required, the program reads from the direct access disk the
two consecutive ephemeris data records that span the required time interval.
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4.1.1 Chebyshev Interpolation

Presently, the quantities being interpolated for are the nutation angles, Ae and A, and
the position and velocity of Venus, Earth, Mars, Jupiter, Saturn, the Sun, and the Moon.
For any one component (X, Y, Z of a particular body or Ae and A), there are NC
number of Chebyshev coefficients per interval on the ephemeris data record. The ephemeris
component desired, f, is calculated by the use of the following expansion:

NC-1

flte)= Y CrPklt) (41-1)

K=0

where the C'k’s are the Chebyshev coefficients for position read from the data record, and
the Pk (t.)’s are the Chebyshev polynomials for position defined as:

Py (te) = cos(K cos ~1t.) (4.1-2)

The recurrence relationship

PK+1(tc) = 2tCPK(tC) - PK—l(tc) (4‘1 - 3)

holds and is used with equation (4.1-2) to calculate the polynomials. ¢. is the Chebyshev
time and is also the time ¢ normalized between -1 and +1 on the time interval covered by
the coefficients.

For any time ¢, three different values of . must be calculated since it is dependent on the
time span covered by the coefficients for the particular body. The coefficients for Venus
and the outer planets cover a 32-day time interval. For the Moon, the coefficients cover
a four-day time interval, and for the Earth-Moon barycenter, the Sun, and nutations, the
coefficients cover a 16-day time interval. Therefore, at every time ¢ when the ephemerides
and nutations are required, three sets of Chebyshev polynomials must be calculated.

The nutations are interpolated by using equation (4.1-1). The positions and velocities of
the bodies are interpolated by using equation (4.1-1) as well. Velocity is calculated by
differentiating equation (4.1-1) to get:

NC-1
T 5™ vt (41 - 4)
K=1
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where

dPg

VK(tC) = W(tC)

The formulas for Vi are calculated by differentiating equation (4.1-3):

V4 (tc) =1
Va(te) = 4t
Vics1(te) = 2t Vg (te) + 2Pk (te) — Vi—1(tc) (4.1-5)

Equation (4.1-4) could easily be differentiated again to compute accelerations. This is not
presently done in GEODYN.

4.1.2 Coordinate Transformation

After interpolation, the positions and velocities of the planets, the Earth-Moon barycenter,
and the Sun are known relative to the solar system barycenter and the Moon coordinates
are known relative to the Earth. All vectors are referenced to the Earth mean equator
and equinox of 1950.0. For further computations, GEODYN requires the coordinates to
be true of date and geocentric.

The planet and sun vectors are transformed to geocentric in the following manner:
Given:

e Rp,, the position of the planet relative to the solar system barycenter

e R Mg the position of the Earth-Moon barycenter relative to solar system barycenter

e (), the mass of the Moon

e (G, the mass of the Earth

e Rprthe geocentric position of the Moon
The geocentric position of the planet, RPG can be calculated as

Rp, = [GMC;JPWGK] x Rpyv — Remse + Rpg, (4.1 - 6)

After using equation (4.1-6) to transform the planets to a geocentric coordinate system,
precession and nutation are applied to transform from geocentric coordinates to true of
date.
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The matrix RM2T, used to rotate the vectors from mean of 1950.0 to true of date, and
the equation of the equinoxes, Eqn, are calculated. Computing exact values for RM2T(t)
and Eqgn(t) requires calculating the trigonometric functions of the precession and nutation
angles for every time ¢ for which the ephemerides and/or the equation of the equinoxes are
needed. This requires too much computer time, so the following method is used.

The exact values RM2T and Egn are calculated at half-day intervals ¢; and to. For these
times, the trigonometric functions of the angles are computed.

RM2T(t1) = Ri(—e, ) R3(—Av1)Ryi(ens, ) Rs(—Z1) R2(01) Rs(— (1) (4.1-7)
RM2T (ts) = Ri(—e,)R3(—Av2)Ri(ens, ) Rs(—Z2) R2(02) R3(—(2) (4.1 -8)
Eqgn(t1) = Ay cosey, (4.1-9)
Eqgn(t2) = Atpgcosey, (4.1 - 10)

where Ry, Ro, and Rs are the rotation matrices around the three principal axes of the
coordinate system.

g+ = true obliquity of date

€y = mean obliquity of date

At = nutation in longitude

fi = inclination of the equator of #; to the equator of ¢

90° — Z1 = right ascension of the ascending node of the equator of epoch ty reckoned from
the equinox of ¢;

90° — Z1 = right ascension of the ascending node of the equator of epoch ty reckoned from
the equinox of ¢

RM2T(t) can be calculated from knowing the rotation matrices for the angles at ¢; and
the rotation matrices for the change in the angles from t; to t.

RM2T(t) = Ry(—¢et,—aq)R3(— A1 —B1)R1(enr, +71) Rs(—Z1—61) R (61+ 1) Rs(— 1 — 1)
Since Ri, Ro, and Rj3 are rotation matrices, the above equation can be rewritten as

RM2T(t) = Ri(—¢y, ) Ri(—an) Rs(— A1) Rs(—B1) Ri(enr, ) Ri (1) Rs(—21)
X R3(—01)Ra(01)R2 (A1) R3(—C1)R3(—p)
(4.1-11)

where
a1 = €t(t) - E(tl)
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1 =¢em(t) - €My
0 =Z(t)- 2y
A = 6(1) -6,

m =<1 -G

For t close enough to t;, small angle approximations can be used to approximate the
rotation matrices for aq, B1, 71, 01, A1, and g

sinop >~ aq

cosay; ~ 1

Therefore, using the small angle approximations and equation 4.1-11, a value for RM2T'(t);
can be computed by calculating the actual values for the trigonometric functions of the
nutation and precession angles at time ¢1, and by calculating just the values of the angles
at time t. To improve the accuracy of the approximation of RM2T(t), RM2T(t)s is
calculated by using the value of the rotation matrices at time to, and by using the change
in the precession and nutation angles from ¢ to t9, where

RM2T(t)2 = Ri(—¢t,) Ra(—a2) R3(—Ava) R3(—B2) Ri(enm, ) R1(72) R3(—Z2) R3(—d2)
X Ra(02) R2(A2) R3(—Ca) R3(—p2)
(4.1 - 12)

The RM 2T (t)used is calculated as the weighted average of RM2T'(t); and RM2T(t)s:

RM2T(t) =S x RM2T(t)2 + (1 —S) x RM2T(t); (4.1 -13)
where
g_ t—1
to — 11

A similar method is used to approximate Eqn(t)

Eqgn(t)y = Av(t) cos(et, + 1)
~ Ap(t)[coser, — aqsiney, ]

Eqgn(t)s >~ Atp(t) cos(et, — aasiney,)
Eqn(t) ~ S x Eqn(t)2 + (1 — S) x Eqn(t); (4.1 - 14)
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5 THE OBSERVER

This section is concerned with the position and coordinate systems of the observer. Thus
it will cover

e geodetic station position coordinates
e topocentric coordinate systems,

e time reference systems, and

e polar motion.

The geodetic station position coordinates are a convenient and quite common way of de-
scribing station positions. Consequently, GEODYN contains provisions for converting to
and from these coordinates, including the transformation of the covariance matrix for the
determined Cartesian station positions.

The topocentric coordinate systems are coordinate systems to which the observer references
his observations.

The time reference systems are the time systems in which the observer specifies his observa-
tions. The transformations between time reference systems are also given. These latter are
used both to convert the observation times to ET time, which is the independent variable
in the equations of motion, and to convert the GEODYN output to UTe time, which is the
generally recognized system for output.

The positions of the observers in GEODYN are referred to an Earth.fixed system defined
by the mean pole implied by the supplied (or adjusted) polar motion series and the frame
realized by the station coordinates themselves. They are rotated into the Earth-fixed
system of date at each observation time by applying ”polar motion,” which is considered
to be slippage of the Earth’s crust.

5.1 GEODETIC COORDINATES

Frequently, it is more convenient to define the station positions in a spherical coordinate
system. The spherical coordinate system uses an oblate spheroid or an ellipsoid of revolu-
tion as a model for the geometric shape of the Earth. The Earth is flattened slightly at the
poles and bulges a little at the equator; thus, a cross-section of the Earth is approximately
an ellipse. Rotating an ellipse about its shorter axis forms an oblate spheroid.

An oblate spheroid is uniquely f, where f = anb (see Figure 5.1-1).

This model is used in the GEODYN system. The spherical coordinates utilized are termed
geodetic coordinates and are defined as follows:
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e ¢ is geodetic latitude, the acute angle between the semi-major axis and a line through
the observer perpendicular to the spheroid.

e ) is east longitude, the angle measured eastward in the equatorial plane between the
Greenwich meridian and the observer’s meridian.

e h is spheroid height, the perpendicular height of the observer above the reference
spheroid.

Consider the problem of converting from ¢, A and h to X, Y., and Z., the Earth-fixed
Cartesian coordinates. The geometry for an X-Z plane is illustrated in Figure 5.1-1. The
equation for this ellipse is

22
1_62:a2 (5.1-1)

X2 4+

where the eccentricity has been determined from the flattening of the familiar relation-
ship

e2=1—(1-f)? (5.1 - 2)

The equation for the normal to the surface of the ellipse yields

—dX
- — -
tan ¢ 7 (5 3)

By taking differentials on equation (5.1-1) and applying the result in equation (5.1-3), we
arrive at
Z

X = (1—é*)tang (5.1-4)

The simultaneous solution of equations (5.1-1) and (5.1-4) for X yields:

o 4cosd (5.1- 5)
V1 —e2sin? ¢
From inspection of Figure 5.1-1 we have:
X
= 5.1-6
cos ¢ N ( )
and hence, applying equation 5.1-5,
N=__% (5.1-7)

1 —e2sin® ¢
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For an observer at a distance h from the reference ellipsoid, the observer’s coordinates (X
I Z) become

X = Ncos¢p+ hcos ¢ (5.1-38)
and

Z = N(1—e?)sin¢g + hsin¢ (5.1-9)

The conversion of ¢, A, and h to X¢, Y, and Z, is then

Xe (N + h) cos ¢ cos A
Ye| = | (N+h)cos¢sin A (5.1 - 10)
Z. (N +h—e?N)sin¢

Flgure 5.1-1 Diagram of Geodetic and Geocentric Latitudes

"The problem of converting from X., Y., and Z. to ¢, A and h is more complex as we
cannot start with a point on the reference ellipsoid. For this reason the determination of
accurate values for ¢ and h requires an iterative technique.

Conversion to Geodetic Coordinates

For the problem of converting station coordinates in X, Y., and Z, to¢ ,\, and h we know
that N is on the order of magnitude of an Earth radius, and A is a few meters. Hence

h << N (5.1-11)
The Earth is approximately a sphere, hence

e<<1 (5.1 - 12)
Therefore, again working in our X-Z plane (see Figure 5.1-1),

Nsing ~ Z (5.1-13)
From Figure 5.1-1 (see also equation (5.1-9)) we have

t = Ne?sing (5.1 - 14)
or, for an initial approximation,

t~e’Z (5.1 - 15)
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The series of calculations to be performed on each iteration is:

Zy =7+t (5.1 - 16)
1
N+h=[X2+Y2+ 2722 (5.1-17)
Zt
ing = ——t _ 1-1
sin ¢ N7 (5 8)
1
a 2
N=e— " 5.1-19
[1 — e2sin? ¢] ( )
t= Ne?sing (5.1 - 20)

When t converges, ¢ and h are computed from sin ¢ and (N + h). The computation of A
is obvious; it being simply

A = tan~! [}(’—} (5.1 - 21)

A less rigorous procedure is used to evaluate the satellite height for atmospheric density
computations. Because e << 1, we may write an approximation to equation (5.1-9):

Z =(N+h)(1—e?)sing = Z, (5.1 - 22)

From Figure 5.11,
X =(N+h)cosp=+/X2+Y2 (5.1 - 23)

and by remembering equation (5.1-2),

_ Ze
¢ = tan ! [(1,”2 /Xg+y62} (5.1 - 24)

The equation for the ellipse, equation (5.1-1), yields the following formula for the radius
of the ellipsoid:

o _ o1- 1) _
Tellipsoid = \/m = \/1 — (2f — fz)(l i ¢,) (5.1 25)

where ¢’ is the geocentric latitude. After applying the Binomial Theorem, we arrive
at

Tellipsoid = @ [1 - (f + %f2) Sin2 (15/ + %fQ SiIl4 gf)/] (51 - 26)

wherein terms on the order of P have been neglected. The (spheroid) height may then be
calculated from r , the geocentric radius of the satellite:

h=r-— T (ellipsoid) (51 - 27)
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or

h=VX2+Y2+Z2—a+ (af + gaf2)sin2 ¢ — gaﬂ sin? ¢/ (5.1 - 28)

The sine of the geocentric latitude, sin¢’ is of course % . Also required are the par-
tial derivatives of h with respect to position for the drag variational partials computa-

tions:

gﬁ = 2t 2sing’ [[af + Jaf?] - 3af?sin?¢'] | Lt + L9 | (5.1 - 29)

where the r; are the Earth-fixed components of 7; i.e., X¢, Ye, Z.. . In addition to the con-
version of the coordinates themselves, GEODYN also converts covariance matrices for the
station positions to either the ¢, A\, h system or the Earth-fixed rectangular system.

Vour = PTVinP (5.1 - 30)

where Vopr is the output covariance matrix, Vi is the input covariance matrix, and P is
the matrix of partials relating the coordinates in the output system to the coordinates in
the input system. These partial derivatives (in P) which GEODYN requires are for X,
Y., Z. with respect to ¢, A h and vice versa. These partials are:

6)¢ o _XeZe(l 62)

0Xe  ((1-e2)2(X2+Y2)+ 22) (X2 +Y2)?
o ~Y.Z(1 - €?)

OYe  ((1—e2)2(X2+Y2)+ Z2)(X2 +Y2)2
¢ B (X2+Y2)(1 e)

0Zc  ((1-e2)2(X2+Y2)+ 22) (X2 +Y2)?
o Y,

X,  (X2+Y2)

o\ X,

o, T (XZ+12) (5.1 -31)
o\

0Z. 0
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Oh —e?a(1 — )(smgbcos ¢)  Zecos¢

0X. 3X ( (1 — €2 sin? ¢) sin? ¢
oh ( —e2a(l — )(smqbcos ¢)  Ze cos¢)
oY, aYe (1 — e2sin? ¢) sin” ¢
oh  0¢ (—e 2a(1 — €?)(sin ¢ cos ¢)  Zecosd 1
0Z. 0Z, (1— e2sin? ¢)2 sin? ¢ sin ¢
6Xe . Ne? cos? ¢
a¢) = —SIDQSCOS)\ |:N+h— m
0X.
oY —(N + h) cos ¢sin A
0X.
o COS ¢ cos A
%1(;6 —singsin A [N + h — 711\1 662205322(2
oYe
N (N + h) cos ¢ cos A
(?;6 = cos ¢ sin A
07z, 2
e e” sin” ¢
90 ——COS¢|:]I+N(1—€ ) 1+m]}
0Z,
ox 0
%ie =sin ¢

Station Constraints
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(5.1 - 32)

In GEODYN, it is possible to designate a tracking station as one of two types: a master
station or a constrained station. When the program iterates to compute a better orbit, it
can adjust the position of a master station in order to better fit the data. The position
of the constrained station will be changed as a result of the adjustment in the position of
the master station to which it is constrained. The amount and direction of the change in
the constrained station’s position is a function of the change in the master’s position. This
function is determined by the nature of the constraints linking the constrained station to
the master station.



A different set of constraints. is used for each system of coordinates: cartesian, cylindrical
and geodetic spherical.

In cartesian coordinates, the form of the constraints is: X, - X. = constant Y,,- Y, =
constant Z,, - Z. = constant where the subscripts m and c refer to master and constrained
stations, respectively. These constraints can be expressed as:

XCNEW ~ XCOLD + 3

where

- X

0= Xmyew MoLD

The constraint equations in the cylindrical system have the same form as the cartesian
constraints:

Pm - Pec = constant

0,, - 8. = constant

Zm - Z. = constant

or, if X = (p,0,7)

XCNEW = Xeorp T 0

where

-X

0= Xmypw MoLD

The method of constraining stations in the spherical geodetic system is more complicated
than those used for the cartesian and cylindrical cases. All the adjustments to the stations
are done using geocentric spherical coordinates. The procedure used is to convert the un-
adjusted positions from geodetic to geocentric coordinates, make the position adjustments
to the geocentric coordinates, and then convert the adjusted positions from geocentric to
geodetic coordinates. The original position of the master is (¢, Am, Rm) and the original
position of the constrained station is (¢, Ac, Rc) both positions expressed in geocentric
spherical coordinates. The adjustment of the master station latitude and longitude is done
by first rotating the station around the spin axis of the earth by the amount A\, as shown
in Figure 5.1-2. The new master position is (¢, Am + AN, Ry;,) and the new constrained
position is (¢e, Ae + AN, R.). To adjust the master in latitude by A¢ an axis is defined
which lies in the equatorial plane and which is perpendicular to the plane determined by
the new master station position (¢, Am+AX R,,) and the north pole (see Figure 5.1-2).
The longitude of the positive end of this axis is A, + AX + 90°. A rotation about this
axis by —A¢ completes the adjustment of the master to its new coordinates (¢, +Ad, A\,
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+ ANR).
The new coordinates of the constrained station are:

¢t = arcsin{sin(+Ag)[cos( Ay — Ac) cos(de)] + cos(+A¢) sin(¢p.) }

tan A% = {(tan(A. + AN) + cos(+A¢) — 1)(sin? (A, + AN) tan(Ae + AN)+

sin(Ap, + AX) cos( A, + AN)) + sin(+A¢) (sin( Ay, + AX) tan(pe)/ cos(Ae + AN))}/

{1+ (cos(+A¢) — 1)(cos?(Am + AN) 4+ sin( Ay + AN)) cos(Am + AN) tan( X, + AN))+
sin(+A¢)(cos(Am + AN) tan(pe)/ cos(Ae + AN))}

The adjustment in radius is simply:
R =R.+ AR
where

AR=R; — R,
Figure 5.1-2 Adjustment of Constrained Stations

The final adjusted positions are:

MASTER (¢, + A¢, A + AN, Ry + AR)
CONSTRAINED (4%, A, R, + AR)

The partial derivatives of the measurements made at each station will also change when the
station positions are adjusted. The partials for the constrained station can be computed
from those of the master station using:

oM oM 00Xy

0Xej 40Xy 0X,

where M is some measurement (e.g., range, range rate)
The partials 9Xe;/0X i [: 1/ [ e ] }

can be computed from the constraints and are, in general, different for each system of
constraint equations.

For both the cartesian and cylindrical constraint equations, the partials 0X.; / X can
be compared directly from the constraint equations.

35



Old Constrained

Old Master Position

Position

New Master
Position

New Constrained
Position

..........................

ey
""""""
.....
.
iy

Ay + AN) +90°

36



The matrix of cartesian partials is:

90X, Y. 0Z, ]
0Xm OXm  OXm

90X, Y. 0Zc
OYm  OYm  OYm |

|
O O =
O = O
_ o O

0Xc oY, 0Z,
L0Zm  0Zm  O0Zm

and the matrix of cylindrical partials is:

 Jpe 90, 0Z:
0pm Opm Opm

1
ope 0. 9Z. | — |g
00m  00m  O0O0m

0

O = O
_— o O

apc Y. 07,
LOZy, 0Zm,  0Zm J

Again, the spherical case is more difficult. Using geocentric spherical coordinates, most of
the partials can be computed easily. By inspection of the method described above for the
spherical adjustment,

OR.
ORm=1

and

OR. OR. 0¢. 0\

06,  OAm  OR,  OR,
Also, because of the special way the station way adjustment is made, by first rotating by
AX we have

=0

O
=1
O\
and
0¢e
N 0

The remaining partials, g (2‘; and g ¢;, have been calculated by expanding the expressions

for ¢} an A}, assuming that A¢ is small, and approximating sin(A¢) ~ Ay and cos(Ag) ~
1. This is a reasonable procedure since, in practice, the station adjustment is always on
the order of a few seconds of arc. The result of this approximation has the form

oA
= =\ A
Ao =Ac+ f )\+6¢m [0
0.
* = e = ¢, A
61 = ety = oot 5N
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f and g are obtained by subtracting A. and ¢. from the approximated forms of A} and ¢7.
Thus

O)c o L _ | sin(Am+AX)—cos(Am+AN) tan()\c+A/\)} [ tan ¢ }
06 A¢p I+tan?(Ac+AN) coS(hat AN
a¢c 9
B Do cos(Am — Ac)

The matrix of spherical partial is:

[ Ode O OR:
O¢m  O¢m  Opm

. o on 9/A¢ f/A¢ O
vl wall> weal Bl B L0
0 0 1

Ope O OR.
LOR,, ORm ORmJ

The partials are computed and expressed in geocentric spherical, not geodetic spherical
coordinates. This difference in coordinate systems should not change the partials too
much, so that these partials may be chained to partials computed with respect to geodetic
coordinates without substantial error.

5.1.2 Baseline Sigmas

GEODYN calculates the following set of partials:

pP= Obaseline Obaseline Obaseline Obaseline 0Obaseline 0Obaseline
= | 9XsTa; ' OYsra; ? OZsra; ? OXsra; ' OYsra; ' 0Zsra;

To calculate the baseline sigma GEODYN uses:

2 =pPlyp

Obaseline

where V' is the following variance / covariance matrix:

i Ugi Cxiyy; Cxizy Cxixy Cxjyj C’xizj_
Cyixi oy, Cyizi Cyizy Cyjy; Cyiz
Cziz; Czy; O'zi Czizy; Czjy; Czzj
ijl'i C’xjyi C:njzi Uy2cj C’xjyj C.CL'ij
Ciji C'yjyi Ciji C’yixj O'zj C’yjzj

_CZJ‘.CCZ‘ Ciji CZ]‘ZZ‘ Cijj Cijj Uzj i

The subscripts ¢ and j refer to it" and j** stations respectively.
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5.1.3 Station Velocities

The old Range model

N

R=[(zs — xT)z + (ys — yT)2 + (s — ZT)2]

where x4, ys, 25 are the satellite coordinates In a 3-D Cartesian Coordinate system and
xT, yr, 27 are the tracking station coordinates in the same coordinate system

has been changed in GEODYN to accommodate for station linear velocities:

N[

R={[(zs — (wor + UxAt)]Q + [(ys — (Yor + UyAt)]Q + [(2s — (2o + vZAt)]Z]}

where:

msl.

ToT, YoT', ZoT are the tracking station coordinates at a reference epoch,

Vg, Uy, U, are the velocity components in a 3-D Kartesian coordinate system and

At is the time difference between the velocity reference epoch and the run epoch start

time.

The partial derivatives for the velocities are

OR  OR dvp  w,—ar

PN S
87]% _ OR Oxr Nl
Ovy; Oz Ovug R
37R _ OR Oxr _ s =T,
Ovy; Oz Ovug R

The partials are computed in subroutine RANGE and summed up in subroutine PSUM.

5.2 TOPOCENTRIC COORDINATE SYSTEMS

The observations of a spacecraft are usually referenced to the observer, and therefore an
additional set of reference systems is used for this purpose. The origin of these systems,
referred to as topocentric coordinate systems, is the observer on the surface of the earth.
Topocentric right ascension and declination are measured in an inertial system whose Z
axis and fundamental plane are parallel to those of the geocentric inertial system. The X
axis in this case also points toward the vernal equinox.

The other major topocentric system is the Earth-fixed system determined by the zenith
and the observer’s horizon plane. This is an orthonormal system defined by N, E, Z, which
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are unit vectors which point in the same directions as vectors from the observer pointing
north, east, and toward the zenith. Their definitions are:

A — sin ) cos \|
N = | —sintsin A (5.2-1)
cos

—sin \|

E = | cosA (5.2 - 2)

0

A cos 1) cos \ |
Z = |costsin A (5.2 - 3)
sin 1)

where 1) is the geodetic latitude and A is the east longitude of the observer (see Section
5.1). This latter system is the one to which such measurements as azimuth and elevation,
X and Y angles, and direction cosines are related. It should be noted that the reference
systems for range and range rate must be Earth-fixed, but the choice of origin is arbi-
trary. In GEODYN, range and range rate are not considered to be topocentric, but rather
geocentric.

5.3 TIME REFERENCE SYSTEMS

Three principal time systems are currently in use: ephemeris time, atomic time, and uni-
versal time. Ephemeris time is the independent variable in the equations of motion of the
spacecraft, the sun, and the planets; this time is the uniform mathematical time. The
corrections that must be applied to universal time to obtain ephemeris time are published
in the American Ephemeris and Nautical Almanac or alternatively by BIB, the ”Bureau
Intemational de I’'Heure.” Atomic time is a time based on the oscillations of the hyperfine
ground state transition of cesium 133. In practice, Al time is based on the mean frequency
of oscillation of several cesium standards as compared with the frequency of ephemeris
time. The relationship between ET and Al is the following:

ET — Al = 32.1496183

The following equation is used to calculate (UT2 - UT1) for any year:

(UT2—-UT1) = +0°.022 sin 27t — 0°.012 cos 27t — 0°.006 sin 47t +0°.007 cos 47t (5.3 - 1)

t = fraction of the tropical year elapsed from the beginning of the Besselian year for which
the calculation is made. (1 tropical year = 365.2422 days).
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This difference, (UT2 - UT1), is also known by the name ”seasonal variation.” The time
difference (Al - UTI), is computed by linear interpolation from a table of values. The
spacing-for the table is every 10 days, which matches the increment for the ”final time of
emission” data published by the U. S. Naval Observatory in the bulletin, ” Time Signals.”
The differences for this table are determined by

(Al = UT1) = (Al —UTC) — (UT1 — UTC)

The values for (UT1 - UTC) are obtained from ”Circular D,” BIH. The difference (A1l -
UTC) are determined according to the following procedure.

The computation of (A 1 - UTC) is simple, but not so straightforward. UTC contains
discontinuities both in epoch and in frequency because an attempt is made to keep the
difference between a UTC clock and a UT2 clock less than 0.1 sec. When adjustments
are made, by international agreement they are made in steps of 0.1 sec. and only at the
beginning of the month; i.e., at 0".0 UT of the first day of the month. The general formula
which Is used to compute (Al - UTC) is

(Al — UTC) = a, + al(t — to)

Both ao and at are recovered from tables. The values in the table for ao arc the values
of (AI - UTe) at the time of each particular step adjustment. The values in the table
for a] are the values for the new rates of change between the two systems after each step
adjustment.

Values for a, and a; are published both by the U. S. Naval Observatory and BIH.

5.3.1 Partial Derivatives

We require the partial derivatives of the measurement with respect to the (Al - UT1)
difference. The transformation of station position from earth-fixed coordinates to true of
date inertial coordinate is accomplished by a simple rotation about the earth’s spin axis
by the Greenwich hour angle 6,

@ = R(0,)a (5.3 - 2)

where & = station vector in earth-centered fixed coordinates. w = station vector in true
of date inertial coordinates.

cosfly —sinf, 0
R = |sinf; cosf, O (5.3 -3)
0 0 1
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Defining
U = ul% + UQj + U3]2}
w = wl% + ’LU23 + wgl%

we get

om Ou; dw;
Z Z auj awi 00,

where m is the measurement. We also have

awi o 3 aleu
00, <~ 00, "
and
awi Rﬂ
Then

OR;
O 3) 9 ST LN

i=1 j=1k=1
We can show that
0 -1 0
OR
ZR}Z%M— 1 0 0
0O 0 0

Using (5.3-10), equation (5.3-9) takes the form:

Om _om —_ Om
80, Ouz = Ou

Since

96,
oUT1=0

where 6 is the rotation rate of the earth, we get

om om

_ _ Om 90, i lom
o(A1-UT1)  oUT1 N

90, 0UT1 ouz 1
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54 POLAR MOTION

Consider the point P which is defined by the intersection of the Earth’s axis of rotation
at some time t with the surface of the Earth. At some time t + At ,the intersection will
be at some point P’ which is different than P. Thus the axis of rotation appears to be
moving relative to a fixed position on the Earth; hence the term ”"motion of the pole.” Let
us establish a rectangular coordinate system centered at a point F' fixed on the surface of
the Earth with F' near the point P around 1900, and take measurements of the rectangular
coordinates of the point P during the period 1900.0 - 1906.0. It is observed that the point
P moves in 'roughly circular motion in this coordinate system with two distinct periods,
one period of approximately 12 months and one period of 14 months. We define the mean
position of P during this period to be the point Py ,the mean pole of 1900.0 - 1906.0. The
average is taken over a six year period in order to average out both the 12 month period
and the 14 month period simultaneously (since 6 * 12 months = 72 months and 72 / 14 =
5 periods approximately of the 14 month term). The radius of this observed circle varies
between 15 - 35 feet. In addition to the periodic motion of P about P, , by taking six year
means of P in the years after 1900 - 1906, called P, there is seen to be a secular motion of
the mean position of the pole away from its original mean position Py in the years 1900 -
1906 at the rate of approximately 0”.0032 per year in the direction of the meridian 60 W,
and a libration motion of a period of approximately 24 years with a coefficient of about
07.022 The short periodic motions over a period of six years average about 07.2 - 0”.3

5.4.1 Effect on the Position of a Station

This motion of the pole means that the observing stations are moving with respect to
our "Earth- fixed” coordinate system used in GEODYN. The station positions must be
corrected for this effect. The position of the instantaneous or true pole is computed by
linear interpolation in a table of observed values for the true pole relative to the mean
pole of 1900 - 1905. The table increment is 5 days; the current range of data is from
December 1, 1960 to June 1, 1972. The user should be aware of the fact that this table
is expanded as new information becomes available. If the requested time is not in the
range of the table, the value for the closest time is used. The data in the table is in the
form of the coordinates of the true pole relative to the mean pole measured in seconds of
arc. This data was obtained from ” Circular 0” which is published by BIH.The appropriate
coordinate system and rotation are illustrated in Figures 5.4-1 and 5.4-2. Consider the
station vector X in a system attached to the Earth of the mean pole and the same vector
Yin the ”Earth-fixed” system of GEODYN. The transformation between Y and X consists
of a rotation of z about the X5 axis and a rotation of j about the X; axis; that is

Y = Ri(y)Ra(2) X (54-1)
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- 1 0 0 cosx 0 —sinz|
Y =10 cosy siny 0 1 0 X
0 —siny cosy| |[sinx 0 cosx

Because x and y are small angles, their cosines are set to 1 and their sines equal to their
values in radians. Consequently,

1 0 -z
Y=|ay 1 gy |X (5.4 - 2)
zr -y 1

Figure 5.4-1 Coordinates of the Instantaneous Axis of Rotation

P4 = Center of Coordinate System

= Adopted Mean Pole

X1 = Direction of 1% Principal Axis (along meridian directed to Greenwich)
X, = Direction of 2"¢ Principal Axis (along 90°West meridian)

Pr = Instantaneous Axis of Rotation

x,y = Coordinate of Pp relative to P4 measured in seconds of arc

Figure 5.4-2 Rotation of Two Coordinate Systems: from Adopted Mean Pole System to
Instantaneous Pole System

x,y = Rectangular Coordinates of Pr relative to Py

X1X5 Plane =Mean Adopted Equator Defined by Direction of Adopted Pole Py

Y1Y; Plane = Instantaneous Equator Defined by Direction of Instantaneous Pole Pp

5.4.2 Partial Derivatives

The coordinate rotation is defined as
@ = Ri(y) Ro()w (5.4-3)

where

w = station vector in a system attached to the Earth of the mean pole.
4 = station vector in a system attached to the Earth of the true pole.
R;(y) = matrix of rotation about the X1 axis.

Ry (x) = matrix of rotation about the X2 axis.
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The rotation matrices are:

1 0 0
Ri(y)= |0 cosy siny
0 —siny cosy|

cosx 0 —sinx]
Ro(x)=1| O 1 0
sinz 0 cosz |
Defining
@ = uit + ugj + ugk (5.4 - 4)
w = wﬁ + ng + w:),iﬁ (5.4 - 5)
(5.4 - 6)
and performing the matrix multiplications.
U] = Wi COST — w3 sSinx
ug = wi sinxsiny + wg cosy + ws cosxsiny (5.4-7)

U3 = w1 SN T COS Y — wsg SIN Y + W3 COS T COS Y

The fundamental quantities required for the estimation of polar motion parameters are:

om 0m
Oz oy

where m is the satellite observation.
Using the chain rule

Om _ Omduy , Omduy | Om duy
or  Ouy Ox Ouy Ox Ous Ox
Om _ Om duy | Om Oup | Om Jug
dy  Oup Oy  Oug Oy  Oug Oy
The partial derivatives of the satellite observation with respect to the true station coordi-

nates are currently available in GEODYN. The partial derivatives of the station coordinates
with respect to the polar motion parameters arc:

(5.4 - 8)

Ouq .
—— = —wjsinT —w3cosx
ox
ou
1 _ )
Jy
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8UQ

—— = w1 COs TSNy — w3 sin x siny (5.4-9)
Ox
6u2 . .
i w1 sinx cosy — wa Siny + ws cos T cosy
Y
au;v, .
—— = W1 COSTCOSY — w3sinx cosy
ox
Oug . . .
By —wyp sinz siny — wg cOsSy — w3 cOS T Siny
Y

Since the angles x and y are small, the following approximations may be made:

sinx =zxcosx =1

siny =ycosy =1 (5.4 - 10)
Substituting equations (5.4-9) into equations (5.4-8)
8u1
— = —wir —w
o7 1 3
Ou _
Ay
0
% = w1y — wsxry (5'4 - 11)
8u2
— = w1T — w2y + w3
dy
8U3
— = w; — wsx
oz 1 3
6u3
- = Wiy — w2 — w3y
dy

GEODYN allows the user the option of co straining the estimation of the pole to a specified
longitude. When a longitudinal constraint is requested, a new coordinates system X', Y” is
defined so that the X’ - coordinate points along the constant meridian. The Y - coordinate
points along the meridian 270° east of the constraint meridian. The a priori uncertainty in
the X - position of the pole, as obtained from the input data stream is interpreted as the
a priori uncertainty of the X’ - position of the pole. The Y’ uncertainty is set internally
in the program to be very small. The covariances arc set to zero. By this procedure, the
program constructs a diagonal variance - covariance matrix:

o2 0
V= {0 10_12]

The variance - covariance matrix in the(X’, Y”) system is then rotated to form the variance -

covariance matrix in the (X,Y) coordinate terms. In this manner, the longitude constraint
is equivalent to the specification of an a priori correlation coeflicient.
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5.5 SOLID EARTH TIDES

5.5.1 Station Displacement Due to Luni-Solar Attraction

The station displacement due to tidal potential is computed using Wahr’s theory, where
only the second degree tides are needed for a centimeter level precision ( [5 - 5] and [5 - 6]).
The formulation uses frequency independent Love and Shida numbers and a derivation
of the tidal potential in the time domain. The formula for the vector displacement as
developed by Diamante and Williamson [5 - 2] is the following:

3 A ) A ,
ar=3 s Rg} {Baty iR+ BOE Ry 2= P 651

GM; = gravitational parameter for the Moon U = 2) or the Sun (j = 3),

G Mg = gravitational parameter for the Earth,

Rj, R; = unit vector from the geocenter to Moon or Sun and the magnitude of that vector,
7,7 = unit vector from the geocenter to the station and the magnitude of that vector,

ho = nominal second degree Love number,

ls= nominal Shida number.

If nominal values for [y and hg are used ( i.e. 0.609 and 0.0852 respectively) only one term
in the above equation needs to be corrected at the b5mm level. This is the k; frequency,
where from Wahr’s theory hg, is 0.5203. Then the radial displacement is a periodic change
in station height given by:

dhsra = Ohy, H, < - \/Zir>3sin¢cos¢sin(0kl +A), (5.5-2)

where

0hy, = hi, (Wahr) - hy (Nominal) = -0.0887,

Hj, = amplitude of K; term (165.555) in the harmonic expansion of the tide generating
potential = 0.36878 m,

¢ = geocentric latitude of station,

A = east longitude of station,

0k, = K; tide argument =7 +s =6, + 7,

04 = Greenwich hour angle.

In GEODYN II the displacement is computed in cartesian coordinates AX, AY I and AZ.
Given the cartesian components (X, Y;, Z; and (Xsra, Ysra, Zsra) of the unit vectors
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R; and 7; respectively, the total correction for the solid tide is given by:

3
GM]' 7”4 ~ AT O h2 A A\ 2 h2 -
ax =3 Gt | {8 P+ 5 )Ry 7

) _
+ Ohy, H, ( —1/ %r> 3sin ¢ cos psin(fy, + N\)Xsra (5.5 - 3)

The expressions for AY and AZ are derived similarly, by substituting Y;, Ysr4 and Z;,
Zsta for X;, Xgra, respectively.

5.5.2 Station Displacement Due to Pole Tide

To describe the deformation undergone by the solid earth in response to polar wobble, the
concept outlined by Vanicek, p. 603 [5 - 7] was used for the present formulation. The
centripetal potential is expressed as a function of time t by:

1 1 1
We(t) = §w2p2 = §w2(X2 +Y?) = §w2r2 cos? ¢ (5.5 -4)

where
w = the mean angular velocity of rotation bf the Earth.

Differentiation with respect to time yields in a first order of approximation:

owe

oy
After defining the latitude change (due to polar motion) , the perturbation of the potential
is given by:

1
—§w2T2 sin 2¢ (5.5-5)

1
Wy ~ —§w2r2 sin 2¢6 ¢ (5.5 - 6)
where
8¢ = ¢ — Ppo = xpcos Ao — ypsin Ag (5.5-7)

The uplift of the solid earth due to W), is approximated by:

W,
6H:uh:?p (5.5 - 8)
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The effect of the potential change W), in the longitudinal and latitudinal directions (in
metric units) is found from:

10W,
Up = ——2 55-9
°= 00 ( )
and
L oW, (5.5 - 10)

= gcoso OA

Equations (5.5-8) to (5.5-10) pertain to a rigid earth. Considering an elastic earth by
introducing the Love and Shida numbers, ho and k1, for radial and horizontal displacement,
respectively we have:

2,.2
up = —h2°"27" sin 2¢:5¢ (5.5 - 11)
g
2,2
U = —ly " cos 2¢0¢ (5.5 - 12)
2,.2
uy = lzw " sin ¢(zpsin A + yp, cos \) (5.5 - 13)

For the computations of the above displacements the values of r and g are taken as con-
stants; namely the earth mean radius r = R,;, = 6371 km and g = ggpe= 9.818%.

Finally, the displacements u4, uy, and uy, referring to the local coordinate system u, —v
and w, are rotated into the Cartesian coordinate system for GEODYN II.

Ug U AX
—uy| = |—v| = Ra(—(90° — ¢))R3(—(180° — \)) | AY (5.5 - 14)
up, w AZ

which is inverted easily due to the orthogonality of the rotations involved.

AX —singcosA sinA cos@cosA| |ug
AY | = | —singsin A cosA cos¢sinA| |uy (5.5 - 15)
AZ cos ¢ 0 sin ¢ up,

For an alternative derivation, see the IERS standards [5 - 6].

5.5.3 Partial Derivatives for h2 and 12

The partial derivative quantities required for the estimation of the Love and Shida numbers
ho and [y are:
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Im and 9™ where m is a given measurement.
Oho Ols

If 7 is the geocentric station vector, using the chain rule,

om _ OmoX , omOY | Om 07 (5.5 - 16)
Ohy  0X Ohy OY Ohy  OZ Ohsy ’
om O0moX O0mdY 0OmoZ
L e 55-17
o,  0X oy oY oy T 97 ol ( )
GEODYN II computes the partial derivatives in two parts. The first part is due to the
solid tide [eq. (5.5-3) | and it is computed from:

e e

9 M 72 |2 3
He . [5 o
- 7*1 3 Y cos psin gsin(f, + \)X (5.5 - 18)
0xX —323: GM; oo g%~ YR p2x (5.5 - 19)
oy ]!~ " & GMo RS SR '

Similarly the derivatives of Y and Z are computed.

The second part is added to the above partials when the application of the correction due
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to pole tide is requested (through the TIDES option card).

2,.2
] e
(5.5 - 20)
oY w2r? . ‘
ah, |27 d¢ cos” ¢ sin ¢ sin A
(5.5 -21)
0Z w2r2 Ly
[%}2 =y d¢ cos psin” ¢
(5.5 - 22)
2,2
[%;2] 9 = wg’l" [(1 — 2sin® ¢) sin ¢ cos Ao — (xp sin A + Yp COS )\) sin ¢ sin )\]
(5.5 - 23)
2,2
[gi] 9 = wg?" [(1-2 sin2 $)o¢psin psin A + (zpsin A + y, cos A) cos Asin ¢
(5.5 - 24)
[552]2 -y dp(1 — 2s8in” @) cos ¢
(5.5 - 25)

The default values are ho= 0.6 and o = 0.075 although the nominal values of 0.609 and
0.0852 respectively can be used by means of the H2ZLOVE and L2LOVE option cards.

5.6 THE UPLIFT DUE TO OCEAN TIDES
5.6.1 The Hendershott Tidal Model

The theoretical equations governing ocean tidal motion are the Laplace Tidal Equations:

ou . N —g 0 r F)\
%—(2Qsm¢)v—acos¢la( _§)+E (5.6 - 1)

90 g~ 90 Ty, Fo
a(t>+(2ﬂsm¢)u— " (%,(C g)+pD (5.6 - 2)

) 1 [0 9 N

where X and ¢’ are the longitude and geocentric latitude, v and v corresponding velocity
components, a is the earth’s radius, €2 is the earth’s angular rotation rate and ¢ is the
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acceleration of gravity. F) and F(; are the bottom stresses and D is the depth of the ocean.
p is the ocean water density, ¢ s the ocean tide amplitude and ¢ is the solid earth tide
amplitude.

The total tide generating potential, I', is composed of

1. The astronomical contribution, U, from the moon and sun

2. A component due to the solid earth yielding under the influence of the astronomical
body force.

3. A component due to the potential of the layer of ocean water of thickness (p .

4. A component due to the solid earth yielding under the influence of the ocean load of
thickness (p.

Solutions to the Laplace Tidal Equations are exceedingly difficult to obtain for any geo-
physically meaningful set of tidal parameters and boundary conditions. The solution due
to Hendershott (1972) is representative of the current state of the art and provides one
of the few ocean tidal models of any interest for satellite altimetry applications. In this
solution, Hendershott has represented the astronomical tide generating potential by the
dominant second order term, Us, in the spherical harmonic expansion. The effects of the
ocean self-attraction and the ocean loading effect are neglected (Hendershott, 1972). The
solution only represents the dominant lunar semi- diurnal tide (Ms) with lunar declination
terms neglected. A harmonic analysis of the M, tide measurements along the coastal re-
gions of the continents was employed as boundary conditions and in this sense, dissipation
effects were included in the regions of the continental shelves and inland seas, but are
otherwise neglected in the Laplace Tidal Equations. The computational boundaries were
consequently the seaward edges of the continental shelves and marginal seas. Within the
computational region D is assumed constant.

The Hendershott solution is represented as a spherical harmonic expansion (in complex
form):

(Co)m, = Real [Z Z P, (sin @) (G €08 mA+bym sinmA)exp(—iwppt) | (em.) (5.6 - 4)

n=0m=0

where
AnM = Qpm + Cnm
bpym = Gpm + idnm (5.6 - 5)

(in real form):

Z Z P (sin @) [(anm cos Wt + Cppm sin wt) + (bpm cos wt + dypyy, sin wt) sin mA]

n=0m=0
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(5.6 - 6)

Letting p = sin ¢/, the associated Legendre functions P, ™ are defined by:

2n +1 (n—m)!]%(l — )T gmin

2 n
ir  (n+m) onn] dﬂmm(u -1 (5.6 - 7)

P20 = (1)

The normalization employed is that introduced by Backus (1958):

27 z .
| an [ i cosotas - { ;o (56 - 8)
0 -z 5 m>0
The unnormalized associated Legendre Functions P} u have the property
4 _
27 5 ) TL m=0
/ i / (P ()5 )2 cos ¢ d — (5.6 - 9)
x !
0 i et EZfZ§| m>0
Therefore,
_ 2n+1(n—m)!|2
P (n) = Py 5.6 - 10
r = [ ) (5.6 - 10

The coefficients @y, and by, may be transformed for application with unnormalized func-
tions by the relation (McClure, 1973)

1
Qnm A7 (n—m)' 2 Gum
dnm_ i 6-11
bnm [2n+1(n+m)!} (56 )

While Hendershott (1972) obtained coefficients ay,, and bum up to n = 25, he has only
published results for 0 < n < 9.

5.6.2 The NOAA Tide Model

To calculate the ocean tide displacement globally, GEODYN uses the Hendershott model
as described in Section 5.6.1. However, for an area in the western North Atlantic from
approximately -77° to -62° E longitude, and 27° to 35° N latitude, GEODYN calculates
the tidal displacement by using an empirical model developed by the National Oceanic and
Atmospheric Administration (NOAA). This model computes semi-daily and daily tides
based on constants interpolated from three reference stations in this area of the ocean.
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For this model the sea surface displacement h at a given time and location is given by

8
h = Z flAi COS(O‘it — (z) (5.6 - 12)

i=1

Here f;, A;, 0;, and (; are respectively the node factor, amplitude, frequency, and phase
lag of the " tidal constituent, and ¢ is the time relative to 0000 GMT on 1 March 1975.
The frequencies of o; of the eight principal tidal constituents are taken from Schureman
(1941). The node factors f; are computed from cubic polynomials, as found in Schureman
(1941), and given by

fi=a; +bju+ Ciu2 + diu3 (56 - 13)

where a;, b;, ¢;, and d; are coefficients, and u = t — tg, where tg is the time from 0000 GMT
1 July 1975 to the start time of the model.

The amplitude A;, and the phase lags (; are computed from the complex harmonic constants
Hi = (Hz/’ Hz(/)a

A= (HP + H/?)2 (5.6 - 14)
and
Hl/
G =tan"1(Zh) (5.6 - 15)
H;

The complex harmonic constants are computed at a given location by the linear polyno-
mial:

H; =(Hin X = (H;i2)Y + H;3

where H; 1, H;» and H;3 are coefficients and X and Y are the zonal and meridianal
Mercator coordinates, corresponding to the latitude € and east longitude A of the location,
measured westward as a negative quantity for 0° E, i.e.,

X =7\ (5.6 - 16)

and

Y = In{tan(45° + g)}

The coefficients H; jn are found by fitting equation (5.6-16) to complex harmonic constants
at three reference stations. A complete description of the NOAA tide tide model is given
in Mofjeld (1975).
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5.7 TECTONIC PLATE MOTION

One of the factors which can effect Earth rotation results, is the motion of the tectonic
plates which make up the earth’s surface. As the plates move, fixed coordinates of the
observing stations will become inconsistent with each other. The rates of relative motions
for some regular observing sites are believed to be 5 em per year or larger. In order to
reduce inconsistencies in the station coordinates, a model for plate motions based on the
relative plate motion model RM-2 of Minster and Jordan (1978) is recommended in the
Merit Standard (Dee 85). From the RM-2 model, Minster and Jordan (1978) derive four
different absolute plate motion models. The two which have been discussed most widely are
AMO-2, which has a zero net rotation of the Earth’s surface, and AMI-2 which minimizes
the motion of a set of hot spots. Both of these models can be applied in GEODYN-II by
the users request in the input file.

The effect on the stations position in an earth fixed Cartesian coordinate system, is given
by:

T = Ty + U AL
Y = Yo + vy Al (5.7-1)
Z =z + U, AL

where:

[z, y, 2] are the updated station coordinates

[Zo, Yo, 20| are the a-priori station coordinates.

[V, vy, v;] are the components of the plate velocities in an earth fixed Cartesian coordinate
system, and

At is the time difference between the plate motion reference time and the time of the
particular observation.

The vector of velocities | vy, vy, v.] is given by the following equation:

=R Y@ x ) (5.7 -2)
where:
U = [ vy, vy, ;] the velocity vector in the earth centered fixed Cartesian coordinate system.

R = rotation matrix needed to convert the vectors from earth centered Cartesian to local
rotation system (plate rotation).

to rotational velocity vector, assuming only z axis rotation, provided by the model.

€l
Il
£ oo
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—sinA  cosAsin¢g  cos \cos ¢
R=|—cosA —sinAsing —sinAcos¢
0 cos ¢ —sin¢

where ¢ and A are the latitude and longitude of the the origin of the plate rotation, provided
by the model.

The final equations in GEODYN II have the following form:
vy = sin Adwy — cos A\wzx

vy = — cos Asin ¢wy — sin A sin pwz (5.7-3)

VU, = — COS A COS pwy — sin A cos pwx

5.8 OCEAN LOADING

The redistribution of the ocean mass due to tides causes a mass disturbance of the solid
Earth, especially in the coastal areas. This effect is called ocean loading and it has the
same periodicity as the ocean tides. It is expressed as a vertical displacement of the
stations, which is added to the radial component of the station coordinates. Project Merit
Standards (USNO Circular No. 167) and 1ERS Technical Note 3 [p.43] give for various
sites phases and amplitudes of the displacement in the radial direction due to the eleven
main tides (M, Sa, K, No, O1, K1, P, Q1, My, My, and S,,), using models generated
by Schwiderski (1978). The Merit model for height displacement due to the ith constituent
at time ¢ is:

h(i) = amp(i) x cos(arg(i,t) — phase(i)

The total tidal displacement is found by summing over all the constituents. A negative
h(i) means that the surface at the predicted point has been lowered. GEODYN uses the
following formula for the height displacement.

h(i) = A(i) x cos(arg(i,t + B(i) x sin(arg(i,t))

Considering the Merit convention of phase and amplitude (with the phase being subtracted)
GEODYN’s A and B coefficients relate to the Merit phase and amplitude as follows:

A(i) = amp(i) x cos(phase(i))
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B(i) = amp(i) x sin(phase(i))

The argument arg(i, t) is a linear combination of certain astronomical angles which relate
to the positions of the sun and the moon. This linear combination can be deduced from
the input Doodson number. However, in order to be consistent with the Merit standards,
certain Doodson numbers which correspond to diurnal frequencies have a phase added to
the angle directly implied by the Doodson number. The following is a list of the Doodson
numbers for which the above argument is true,

Darwinian Symbol | Doodson Number | Phase(degrees)
K 165555 270
0O 145555 90
P 163555 90
@1 135655 90

6 MEASUREMENT MODELING AND RELATED DERIVA-
TIVES

The observations in GEODYN are geocentric in nature. The computed values for the
observations are obtained by applying these geometric relationships to the computed values
for the relative positions and velocities of the satellite and the observer at the desired time.
In addition to the geometric relationships, GEODYN allows for a timing bias and for a
constant bias to be associated with a measurement type from a given station. Both of
these biases are optional. The measurement model for GEODYN is therefore:

Ciront = f1(F, 7, Top + b+ fo (7,7, 7op) At (6.0 - 1)

where

Ctiat is the computed equivalent of the observation taken at time t + At,

7 is the Earth-fixed position vector of the satellite,

Top 18 the Earth-fixed position vector of the station,

fi(7,7,7,) is the geometric relationship defined by the particular observation type at time
t

b is a constant bias on the measurement, and

At is the timing bias associated with the measurement.

The functional dependence of f; was explicitly stated for the general case. Many of the
measurements are functions only of the position vectors and are hence not functions of
the satellite velocity vector # , We will hereafter refer to without the explicit functional
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dependence for notational convenience. As was indicated earlier in Section 2.2, we require
the partial derivatives of the computed values for the measurements with respect to the
parameters being determined (see also Section 10.1). These parameters are:

e The true of date position and velocity of the satellite at epoch. These correspond to
the inertial position and velocity which are the initial conditions for the equations of
motion.

e force model parameters,
e the Earth-fixed station positions,

e measurement biases.

These parameters are implicitly divided into a set @ which are not concerned with the
dynamics of satellite motion. and a set S which are.

The partial derivatives associated with the parameters @; i.e., station position and measure-
ment biases are computed directly at the given observation times. The partial derivatives
with respect to the parameters 3; i.e., the epoch position and velocity and the force model
parameters, must be determined according to the chain rule:

0C At _ OCynt 0Ty
o oTy 0B

(6.0 - 2)

where
T is the vector which describes the satellite position and velocity in true of date coordinates.

0C 1 At
Tt

the partial derivatives %—% may not be so obtained.

The partial derivatives are computed directly at the given observation times, but

These latter relate the true of date position and velocity of the satellite at the given
time to the parameters at epoch through the satellite dynamics.

The partial derivatives %—% are called the variational partials and are obtained by direct
numerical integration of the variational equations. As will be shown in Section 8.2, these
equations are analogous to the equations of motion.

Let us first consider the partial derivatives of the computed values associated with the
parameters in 5. We have
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OCissi _ 0505
op oz O

(6.0 - 3)

Note that we have dropped the partial derivative with respect to B of the differential
product f;At, This is because we use a first order Taylor series approximation in our
error model and hence higher order terms are. assumed negligible. This linearization is
also completely consistent with the linearization assumptions made in the solution to the
estimation equations (Section 10.1).

The partial derivatives % are computed by transforming the partial derivatives % and

% from the Earth-fixed system to the true of date system (see Section 3.4). These last
are the partial derivatives of the geometric relationships given later in this section (6.2).

In summary, the partial derivatives required for computing the %Em

tives of the computed value for a given measurement, are the variational partials and the
Earth-fixed geometric partial derivatives.

, the partial deriva-

The partial derivatives of the computed values with respect to the station positions are
simply related to the partial derivatives with respect to the satellite position at time ¢:

OCuai _ Of _ Of:
Orop Orgp or

(6.0 - 4)

where 7 is of course the satellite position vector in Earth-fixed coordinates. This simple
relationship is a direct result of the symmetry in position coordinates. The function f is
a geometric function of the relative position; i.e., the differences in position coordinates
which will be the same in any coordinate system.

The partial derivatives with respect to the biases are obvious:

OCiint
LA (6.0 - 5)
OCiint

In the remainder of this section, we will be concerned with the calculation of the geometric
function f; and its derivatives. These derivatives have been shown above to be the partial
derivatives with respect to satellite position and velocity at time ¢ and the time rate of
change of the function, f;.
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The data preprocessing also requires some use of these formulas for computing measurement
equivalents.

6.1 THE GEOMETRIC RELATIONSHIPS

The basic types of observation in GEODYN are:

e range

e range rate

e interplanetary doppler model
e altimeter height.

e right ascension and declination
e 1 and m direction cosines

e X and Y angles

e azimuth and elevation

The geometric relationship which corresponds to each of these observations is presented
below. It should be noted that in addition to the Earth-fixed or inertial coordinate systems,
some of these utilize topocentric coordinate systems. These last are presented in Section
5.2.

Range

Consider the station satellite vector:
PD=T—"Top (6.1-1)

where
7 is the satellite position vector (x, y, z) in the geocentric Earth-fixed system, and
rop 1S the station vector in the same system.

The magnitude of this vector, p, is the (slant) range, which is one of the measurements.

Range rate
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The time rate of change of this vector p is

p

P (6.1-2)

as the velocity of the observer in the Earth-fixed system is zero. Let us consider that

p=pi (6.1-3)

where
4 is the unit vector in the direction of p Thus we have

p = pu+ pi (6.1-4)
The quantity p in the above equation is the computed value for the range rate and is

determined by

p=1i-7F (6.1 - 5)

Interplanetary Doppler Model

The usual formulation of range rate computations involves the simple differencing of two
subsequent ranges divided by the counting interval. This differencing does not present any
significant numerical problems for an Earth orbiting satellite but, because of the size of
the ranges involved, it does for the interplanetary case. Using 64-bit arithmetic gives us
approximately 14 significant digits. For an interplanetary run, where the ranges are on the
order of 10e12 meters and greater, precision is limited to 1 cm in range and 2.0e-4 m/s in
range-rate for a 60 second counting interval. This is one to two orders of magnitude above
the Mars Observer mission requirements. A technique has been developed which computes
the necessary difference without the induced numerical error.

This new model, mainly implemented in subroutine INTPRR, is based upon the fact that
the range difference can be expanded into a multidimensional Taylor series. The range at
time 1 is

r1 = SQRT[(Xg + Xs7) — (Xp + X8))? + [(YE + Ysr) — (Yp + Y5)|? + [(ZE + Zst) — (Zp + Zs)]?

and the range at time 2 is

ro = SQRT[(Xp + AXp + Xor + AXsr) — (Xp + AXp + Xg + AXg)]*+
[(Ye + AYE + Yor + AYsy) — (Yp + AYp + Yo + AYS) >+
(Zp+ AZp + Zsp + AZsy) — (Zp + AZp + Zs + AZg)]?

where F is the barycentric Earth Position, P is the barycentric central body position, S
is the planet-centered satellite positron (barycentric frame), and ST is the earth-centered
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station coordinates (barycentric frame). The range at time 2 can be expressed in terms of
the range at time 1 as follows:

ro = SQRT r%+

2(Xg+ Xsr — Xp — Xs)(AXp + AXgr — AXp — AXg) + (AXp + AXsr — AXp — AXg)*+
2(Yg + Yor — Yp — Y5)(AYE + AYsyr — AYp — AYs) + (AYE + AYsy — AYp — AYg)*+

2Zp+ Zsy — Zp — Zs)(AZg + AZsr — AZp — AZg) + (AZp + AZsy — AZp — AZg)?

After making the following substitutions

— (AXp 4 AXgr — AXp — AXs)
Z (AYE + AYsr — AYp — AY)
7 = (AZp + Asr — AZp — AZs)
R, = (Xg + Xsr — Xp — X5)
R,=(Yg+Ysr —Yp—Ys)
R.=(Zg+ Zst — Zp — Zs)

the range at time 2 becomes a function of X, Y, and Z :

) — I+ 2R X +2RY 1 2RZ+ X2+ Y24 22

N
N

re = f(X,

After subtracting the ranges at time one and two, the zero order term of this expression is
eliminated and the range difference becomes a Taylor series of directional derivatives

L1 21 13
ro — 11 = fa(0,0,0) x ’D’ + 5Jaa(0,0,0) x )D) + < faaa(0,0,0) x )D)

where the change vector is

D= Xz+ i+ Zk

and the unit change vector is
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then the derivatives are

(aRy + bR, + cR.)

foz =
1
r — %(aRx + bRy + cRy)
faa - 2
1
f r1(aRy + bRy + cR.)(-1 —2(a+b+c¢)) + %(aRx + bRy + cR,)3
aca — 1
L

To evaluate the series, the position differences between time one and time two are needed
for the following quantities: earth-centered station coordinates (barycentric frame), planet-
centered satellite coordinates (barycentric frame) and barycentric planet coordinates. The
change in station and satellite coordinate values can be obtained to the required degree
of precision through simple differencing. However, the barycentric planet positions require
the use of a Chebyshev polynomial differencing scheme.

Planet positions are obtained from the JPL planetary ephemeris tapes which contain
Chebyshev coefficients, The degree and period of validity for these coefficients vary de-
pending on the body of interest. The Chebyshev polynomials, which are a function of
normalized time over the period of validity are multiplied by their corresponding Cheby-
shev coefficients and summed overall degrees to compute the barycentric planet position.
However, as discussed earlier, a simple differencing of the coordinates computed in this
fashion leads to a loss of numerical significance. Another approach is to compute the range
difference directly by first differencing like-degree Chebyshev polynomials at times 1 and 2,
multiplying by the appropriate Chebyshev coefficient, and finally summing over all degrees.
This method, however, also loses some, (but less) numerical significance, both in the higher
order terms of the Chebyshev polynomials and in the differencing of the normalized times.
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Therefore, the new version computes the change in planet positions by differencing times
1 and 2 before normalization and by using the following recursive Chebyshev polynomial
formulation:

At = time tags differenced then normalized

ACy =10

AC, = At

AC; = 2(t2 x AC;_1 + At x ACi_l) - AC; 9

The major problem with this new method is that it assumes that all time tags for each
measurement (and all measurements in a block) fall within the same JPL time period. In
practice, however, measurement blocks, or even a single measurement, can span two sepa-
rate sets of Chebyshev coefficients. Therefore, tests were run to examine the behavior of
Chebyshev polynomials and their coefficients near the period boundaries in hopes of calcu-
lating a new set of coefficients when there is the possibility of a period split. A least square
method proved effective in solving for a new set of coefficients which are valid through-
out the period boundary region and, thus, the entire measurement block. This method is
accurate to approximately Ilmm in range and 2e-8 m/s in range rate. To save time, the
matrix multiplications and inversions for the right hand side of the least squares equation
can be calculated once per run. In addition, the coefficients are rotated from the 12000
to the true of reference coordinate system to save computations at measurement times.
In addition to the improved numerical precision, the calculation of planet positions and
velocities has been vectorized and simplified. Previously, GEODYN computed positions
for all the planets and the sun in a non-vector fashion. In the updated version GEODYN
performs the vectorized position calculations only for those bodies needed in the model
(Sun, Earth, Moon, Jupiter, Saturn, and the central body).

RESULTS

A series of tests have been run in hopes of testing precision on the basis of the repeatabil-
ity of computations. These tests involve first simulating data at varying Doppler counting
intervals and then using this simulated data as .input for a second run. Ideally, the second
run’s residuals would be zero. However, the finite level of computer and software precision
induce numerical error, causing non-zero residuals. The purpose of this work has been to
implement a new computational to reduce this numerical error to an acceptable level for
the upcoming Mars Observer.

First, the old version of GEODYN simulated 842 two-way Doppler measurements at a
mixture of both 60 and 600 second counting intervals. This data was processed in a second
run of one iteration. This process was repeated at a 10 second counting interval since the
Mars Observer data is anticipated to be at 10 second intervals. Next, the updated version
of GEODYN was put through the same tests. The results are as follows:
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Count Interval(sec) | Version | Max Residual (cm/s) | RMS (cm/s)
60 /600 Old 0.017121 0.0046
New 0.000005 0.0000
10 Old 0.078125 0.0313
New 0.000035 0.0000

Tests were also run with a perturbed initial state using the 60/600 second simulated data
as input. The X, Y, and Z coordinates were all perturbed by 100 meters and GEODYN
was allowed to run until convergence. The final state vector was compared to the a priori
state used to simulate the data. Ideally, the two states would be the same but, again,
numerical error causes a discrepancy.

Version | DX DY DZ DXDOT | DYDOT | DZDOT
Old 0.872 | 0.283 | 1.779 | 0.0000356 | 0.0000372 | 0.0000524
New 2e-4 | le-4 | 5.0e-3 | 0.0000000 | 0.0000000 | 0.0000000

Obviously, our efforts have been successful. The new method gives precision well within
the Mars Observer mission requirements. Also, it does this at no cost in run time. The
new version has added many computations but, because of efforts in vectorization and
efficient calculation, the old and new CPU times are comparable. These test cases have
been run with many measurement blocks consisting of just one member. When multi-
member measurement blocks arc run, we expect to see even further improvement in run
time.

Altimeter height

The observed altimeter height is actually a measure of the height of the satellite above the
sea surface. Mathematically this may be represented as

Halt = Hellipsoidal - ngoid - Hearth & oceantides — Hbias (61 - 6)

H iipsoidal i obtained through successive applications of the following iterative proce-
dures.

From Figure 5.1- I, which shows a cross-section of the earth’s ellipsoid, we can define the
flattening of the ellipse cross-section as:

f=a—-b

a

(6.1-7)
where a and b are the two axes of the ellipse. The eccentricity e of the ellipse is then
e2=1—(1-f)? (6.1 - 8)

For a point with z,y, z earth fixed Cartesian coordinates we can find its height It above
the ellipsoid in the following manner. In general

h << N (6.1-9)
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and since the earth is nearly a sphere

e<<1 (6.1 - 10)
therefore
Nsing ~ Z (6.1-11)

again from Figure 5.1-1. We also have from this figure that

t = Ne?sing (6.1 - 12)
and therefore

t~e*Z (6.1 - 13)

This is the initial approximation for t.
The iterative procedure then uses

Zy =7+t (6.1 - 14)
N+h=(2+12+22)2 (6.1 - 15)
sing = (NZ—ifh) (6.1 - 16)
N=— % (6.1-17)

(1 — e2sin?¢)2

and finally
t = Ne’sing (6.1 - 18)

This new value for ¢ is then used as the new starting point, and the process is repeated.
When ¢ converges to within 10~ meters, equations (6.1-15), (6.1-16) and (6.1 17) are used
to find h which gives Heyipsoldai- The rest of the terms in equation (6.1-6) are:

Hgeoiq - the geoid height due to spherical harmonic coefficients (Section 5.7.1) and gravity
anomalies (Section 5.7.2).

Heorth & ocean tide - the earth tidal bulge due to solid earth tides (Section 5.5) and ocean
tides

Hpy;qs - the altitude bias caused by uncertainties in the alignment of the spacecraft altitude
and uncertainties in the local nadir (Section 7.8).

Right ascension and declination
The topocentric right ascension « and declination § are inertial coordinate system measure-
ments as illustrated in Figure 6.1-1. GEODYN computes these angles from the components
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of the Earth-fixed station-satellite vector and the Greenwich hour angle 60,.

a = tan~! [m} +6, (6.1 - 19)
P1
§ = sin! [‘ﬂ (6.1 - 20)

The remaining measurements are in the topocentric horizon coordinate system. These all
require the N, Z, and E' (north, zenith, and east base line) unit vectors which describe the
coordinate system.

Direction cosines
There arc three direction cosines associated with the station-satellite vector in the topocen-
tric system. These are:

l=4-F
m=1a-N (6.1 - 21)
n=4-2

The [ and m direction cosines are observation types for GEODYN.

X and Y angles

There are two types of X - Y angles, depending on the type of antenna mount of the
receivers. The X and Y angles for a north - south mount are illustrated in Figure 6.1-2.
They are computed by

X, =tan"! [ (6.1 - 22)

S|
SR

Y, = sin~!(m) (6.1 - 23)

Figure 6.1-3 illustrates the measurements of azimuth and elevation. These angles are com-
puted by:

A, =tan™! [l] (6.1 - 24)
m

E; =sin(n) (6.1 - 25)
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6.2 THE GEOMETRIC PARTIAL DERIVATIVES

The partial derivatives for each of the calculated geometric measurements with respect to
the satellite positions and velocity are given here. All are in the geocentric, Earth-fixed
system. The r; refer to the Earth-fixed components of 7.

Range
9 ,
9P _ P where pi = X; — X; station (6.2-1)
8Ti P

The partial derivative of the range with respect to the speed of light is ¢ given by:
dp _p
L _F 6.2-1
Jc ¢ ( 2)

Range rate

@’:1[741._%} (6.2 - 2)
T P P
dp _ pi
op _ b 2-
87“'1- P (6 3)

The partial derivative of the range rate with respect to the speed of light is given by:

op _p
S 2-
% o (6 3a)

Altimeter

For the purpose of computing these partial derivatives the following formula developed in
Section 5.1 is used

3 z 3 z
Hyp =1 = ae = sacf*(5)* + (acf + Sacf?)(5)? (6.2-4)
2 r 2 r
where
a. = the earth’s mean equatorial radius
f = the earth’s flattening

z = r3, the z component of the earth’s fixed satellite vector.

The partial derivatives for altimeter range are then given by:

OH 1 i 0z zri]

or; r or; 12 (6.2 -5)

+ % (2aef + 3aef2)(§) - 6aef2(i)3] |:
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The partial derivative of the altimeter range with respect to the speed of light is
6-Eralt

alt
/A — (6.2 - 5a)

The partial derivative of the altimeter range with respect to a. is

aHalt . )
Da. =—y/1—esin“¢ (6.2 - 5b)

where:

e=1- (1 — f)2
and
¢ = satellite latitude

Since the altimeter measurement depends on the spherical harmonic coefficients and on
the gravity 7anomalies explicitly, the total partial with respect to any parameter for this
measurement has the form

8];Ialt _ 6Haltﬁ 8I—Ialt angoid
o OFr 0B  OHgyepia OB

(6.2 - 6)

where

g—g are the variational equations obtained through numerical integration.

and

% ~ -1 (neglecting tilt in the local vertical)

and

8H697r§m-d where 8 maybe geopotential coefficients or gravity anomalies

For geopotential coefficients

8ngoid o m
acm ae cos(mA\) P (sin ¢)

8It[geoid . .
asm = acsin(mA) P} (sin ¢)
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For gravity anomalies

8flgeoid R
= g
0Ag 47TGM//US( )do

where S(¥) is the Stokes’ function given by

1 v LG L4
S(v) = (D) - 6sin(§) +1—5cosW¥ — 3cos \I/loge(sin(g) + sin2(§))

Right Ascension

Oa —pP2
— = 6.2-7
ory ,0% + p% ( )
Oa P1
— = 6.2 -8
Ory  pi+p) ( )
oo
— =0 6.2-9
s ( )
Declination
06 -
L ptN/pT P
(;L‘S S/ (6.2 - 11)
T2 py/p1tpd
2 2
9 _ Vet (6.2 - 12)
Ors p
Direction Cosines
o 1
— = 2[E; — lu; 6.2-13
S = Sl =l (6:2-13)
om 1
= Z[N; — mu 6.2 - 14
G = V= mu (62- 14
on 1
— =2(Z — 6.2-15
o = 1Zi— ] (62-15)
X and Y Angles (For North - South mount)
8Xa TLEZ‘ — lZZ‘
= 6.2 - 16
ar;  p(1—m?) ( )
Y, —(N; —mu;
Y, _ ( i — muy) (6.2 - 17)

o p/1—m?
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Azimuth and Elevation

OAZ mEl — lNz

= 6.2 - 18
or; pV1—mn? ( )
8El . (ZZ' — nuz) (6.2 B 19)

i p(1—n?)

6.3 THE TIME DERIVATIVES

The derivatives of each measurement type with respect to time is presented below. All are
in the Earth-fixed system

Range
p=10-7 (6.3-1)
Range Rate

The range rate derivative deserves special attention. Remembering that

p=T, (6.3-2)
We write

p=1-p (6.3 -3)
Thus

p=t-p+u-p (6.3 - 4)
Because

- d N X PN

p=—(pi) = pi+ pi (6.3 -5)
we may substitute in Equation 4 above for u:

. 1 - - *a i ~ .

p=;(p-p—pwp)+u-p (6.3-6)
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or, as

p=1-p (6.3-7)

we may write:

I ) o e
p=;(p-p—p2+p-p)+u-p (6.3 - 8)

In order to obtain p, we use the limited gravity potential (see Section 8.3).

U

_ M [1 _ Caee PY(sin ¢>)] (6.3 - 9)

r 72

The gradient of this potential with respect to the Earth-fixed position coordinates of the
satellite is the part of p due to the geopotential:

M 2
oU B 7G |:1 - 3a6020 [5 sin2¢ —1- 23] (63 _ ]_0)

— = T
or; 73 2r2 T ] ¢

We must add to this the effect of the rotation of the coordinate system. (The Earth-fixed
coordinate system rotates with respect to the true of date coordinates with a rate 6, the
time rate of change of the Greenwich hour angle.)

The components of p are then

p1 = ((;TU + [ cos O, + §sin 6,0, + 120, (6.3 - 11)
1
. ou . : v
=5 + [—@sinfy + g cos 046y — 716, (6.3 - 12)
ou U
3= o— = o~ 3-1
5= 5 = s (6.3 - 13)

The bracketed quantities, above correspond to the coordinate transformations coded in
subroutines XEFIX and YEFIX. These transforms are used on the true of date satellite
velocity components & and 3. The interested reader should refer to Section 3.4 for further
information on transformations between Earth-fixed and true of date coordinates.

It should be noted that-all quantities in this formula, with the exception of those quanti-
ties bracketed, are Earth-fixed values. (The magnitude r is invariant with respect to the
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coordinate system transformations.) The remaining time derivatives are tabulated here:

Right ascension:

U1T2 — UT

p(1 —u3)
Declination:
5= 3 — pus
v/ 1— u%

Direction Cosines:

j p-E—1p
p
. p-N—mp
m =
p

. o-(nE—17
Xﬁ_p(n )
p(1 —m?)
v — p- N - mp
V1= m?
Azimuth:
C (mE — IN)
T o p(l-m?)
Elevation:
) L7
57 mp
pV1—m?2
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(6.3 - 18)

(6.3 - 19)
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(6.3 - 21)

(6.3 - 22)
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Figure 10. Figure 6.4-1 Examining the SST Signal Paths in Inertinl Space: SST - Satellite-to-
. Satellite '

@ Tracking
Satellite

Tracking
Satellite
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6.4 MATHEMATICAL MODEL FOR SST MEASUREMENTS

In this section the algorithms for the satellite-to-satellite measurements are developed. The
SST signa! path in inertial space is defined, and the individual legs of the signal path are
investigated. The SST range, range rate and Doppler count interval measurements are
determined.

6.4.1 Definition of SST Terms

In order to model the SST measurements it is necessary to analyze the SST signal path.
Figure 6.4-1 shows the SST signal path in inertial space. The uplink and downlink signal
paths are illustrated and the individual legs 0: the signal path are labeled. The definitions
of the satellite-to-satellite range links and associated times are presented on the following
pages.

where

prr NG (t) is the inertial position of the tracking satellite at the time is the inertial position
of the tracked satellite at time ().

prirep(t) is the inertial station location at the time ().

C is the speed of light.

then the station-satellite and the satellite-satellite range links are defined as follows:

Ro1 = |prina(tor) — Psta(too (6.4-1)
Ro> = |prrED(t03) — prEnNa(to2
Ro3 = |prrnG(tos) — prreD(tos
04 = |Psta(tor TENG(Los

Ru1 = [prenc(tin) — psta (6.4 - 2)

( (

) — (

) — (

)—p (

Roe = |prrcna(toe) — Pstatow

( ) (

Ri2 = |prrED(t13) — (

Ri3 = |prrna(tis) — (
Riy = |psta(ti7) — (
Ric = |prrnc(tic) — Psta(

Where the times are defined as follows:

to7 is the time at which counter is started
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t17 is the time at which counter is stopped

R
tie = t17 — “&*

R
tos = tor — “&*

T15 = t16 — t15 = transponder delay time from receipt of signal at 5 and ¢15 until retrans-
mission at 6.

Tos = tog — tos = transponder delay time from receipt of signal at 5 and tg5 until retrans-
mission at 6.

R
t1g = t15 — -4

R
tog = toz — =2

T11 = t12 — t11 = transponder delay 1 to 2 at = transponder delay 1 to 2 at £

To1 = to2 — to1 = transponder delay 1 to 2 at = transponder delay 1 to 2 at £g1

R
tip =t — &

R
too = to1 — “&*

Tie = t16 — t1. = transponder delay C to 6 at t1.

Toe = tog — tog = transponder delay C to 6 at ¢

R
tiv = tic — le

Roc
toy = tow — Cov

6.4.2 SST Range Measurements and Partials

Range measurement

1
R = §[|ﬁTKNG(t01) — psTA(too)| + |prr ED(t03) — prNG(to2)| + |prENG(tos) — prr ED(to4)]
+ |psTaltor) — prrna(tos)|]
(6.4 - 3)
1
R = 5[Ro1 + Roz + Ros + Rod] (6.4 - 4)

Range partials
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oR 1 9
oprknG  20pTKNG
— prrED(toa)| + |psTa(tos)| + |psTa(tor) — prrne(tos)|]

[|prrNG(tor) — psTa(too)| + |prrED (to3) — prr NG (to2)| + |prK NG (tos)

(6.4 -5)
OrR _ 1[8|prrnc(to) — psraltoo)| dprrne(tor)
OPTKNG, 2 oprrna(tor) OPTKNG,
n O|prkED(to3) — prrNG(to2)| Oprr NG (to2)
Oprr NG (to2) OPTKNG, (64-6)
n dlprrnG(tos) — prrep(toa)| OprrNe (tos) '
oprrna(tos) OPTKNG,
0|psta(tor) —_ﬁTKNG(tOG)\ Opri NG (tos)
dp(tob) IPTENG
O _ 19 (s un(tes) — pricvato)
OprKEDs 2 OpTKEDS PTKED(03) — PTKNG\102 (6.4-17)
+ |pre~na(tos) — prreD(tos)|]
OR  _ 1[0|prrEeD(tes) — prana(toz)| 9prrep(tos)
OprKED, 2 OprrED(to3) OPTKED,
g . ) (6.4 - 8)
Olprrna(tos) — prrep(tos)| OprrEp (tos)
+ - —
OprrED(tos) OPTKNG,

6.4.3 SST Range Rate Measurements
The algorithms for the SST range rate and Doppler count interval measurements are de-

veloped in this section. The frequencies associated with the tracking station are defined,
and the signal path is traced backwards from receiver to transmitter.

Defining the frequencies associated with the tracking station:
f» = Ground generated carrier frequency (used to phase lock the tracking satellite VCO

to ground)

frr = Ground generated ranging carrier frequency
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fro = Ground generated receiver local oscillator frequency (this is the frequency which
is beat against the incoming signal from the tracking satellite)

fp = Ground generated bias frequency

J and K = Tracking satellite transponder frequency multipliers

- = Tracked satellite transponder ratio

Ng = Integrated Doppler plus bias cycles accumulated

T = Integration time interval required to accumulate Ng

Following backwards along the signal path (i.e., tracing the signal phase back along the
signal path); the time of transmission of the of the last cycle counted is:
Along the 4-Way Path

Ri3 Rio R

14
b g e s e B 6.4-9
W=hT =~ — T 5 ST 5~ T ( )
Along the 2-Way Path
R R
liy = ti7 — 7(;4 = Tic — Cl,c (6.4 - 10)

Following backwards along the signal path (i.e., tracing the signal phase back along the
signal path) the time of transmission of the beginning of the first cycle counted is
Along the 4-Way Path

Ry Ro3 Ry R
tan = tom — — g — 0 — 2 — — 6.4-11
00 =to7 = ~5" 05~~~ T T3~ ~ 5 — 70l C ( )
Along the 2- Way Path
R Ro.
tor =t — 08— e (6:4-12)

The time interval of transmission for the 4-way link (7p) is then

To = t10 — too (6.4 - 13)

and the time interval of transmission for the 2-way link (7,) is

T, = t1, — tos (6.4 - 14)
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and the number of cycles transmitted in those periods is

For the Ranging Carrier,

Norr = Tofrr (6.4 - 15)

For the Locking Carrier 4-way term

Nop = To fo (6.4 - 16)

and
For the Locking Carrier 2way term

Ny = Ty fo (6.4-17)

At the rocking satellite a multiple of the locking carrier is subtracted from the ranging
carrier before retransmission at 2

K -1
4 Ny (6.4 - 18)

NQZNORR_K+15

The tracked satellite multiples the arriving carrier at 3 by --and retransmits at 4

Ny =No b (6.4 - 19)
m

The signal arriving back at 5 at the tracked satellite has a multiple of the locking carrier
C' added to it before retransmission at 6.

J =21

Ng= N, + =
6 =Nt 75

Ny, (6.4 - 20)

The signal received at the station, 7 is beat against a local oscillator for the duration of
the measurement T'

Ng =Ns —Tfro (6.4 - 21)
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Ng represents the integral of the Doppler phase delay plus bias.

t+T
M:/ﬁ+hﬁ

t
t+T

M=Tm+/mﬁ
t

The integrated Doppler phase delay Ng is then

T
Ny = /fddt:Ns—TfB
t

Collecting terms then

J =21

n
Ny =-Tfp—Tfro+ =Ny + p- Nogrr —

K+1.5

But since

Norr =TofRrr
Nop = To fp
Ny, =Ty fp

Then

J—21 n
Ng=-T iy -
9 (F5 + fro) + K+ 1.5fb + m [fRR

Defining

K+15
Ny =T(f + fro)

J—21
fr = K+15 1'5fb

o
wa% fRR_K 4 fb]
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4
—N,
K+15"°

b

(6.4 - 22)

(6.4 - 23)

(6.4 - 24)

(6.4 - 25)

(6.4 - 26)

(6.4 - 27)

(6.4 - 28)
(6.4 - 29)

(6.4 - 30)



Then

Ng = —Ny + fyT, + fxTo

(6.4 - 31)
Dividing through by f.
Ny Ny | fy
=——+ =T, +T 6.4 - 32
Ix Ix fxc ( )
Going back to the definitions of Ty and T,
R R R R
TO:tlo_t00:t17_#_715_%_713_%_711_711
(6.4 - 33)
Cror B0y B B T
07t & 05+ & 08+ 5 U
but
tir —tor =T
therefore
T (R1a + Rig + Ri2 + Ri1) — (Roa + Roz + Roz + Ro1)
0 C (6.4 - 34)
+To5 — T15 + T03 — T13 + To1 — 711
And
Tv =t — tow
R R R R
:t17_t07_%_7—lc_ Cl,c +%+7—Oc+%
R Ri.) — (R R
7, =7 Pt 1‘3)0( ot Roe) | o (6.4 - 35)
Let
Dy = 105 — 715 + T03 — T13 + To1 — T11 (6.4 - 36)
Dy = Toc — T1c (64 - 37)
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The Doppler equation
N, N
L (6.4 - 38)

R R c R R Ie}

No_ Nw | Jrilp_ -
(6.4 - 39)

fx  fx | fx
(Ris + Ri13 + Ri2 + Ri1) — (Ros + Ro3 + Roz2 + Ro1) ' D,

T —
C

Multiplying through by % and rearranging terms

oo + Ny) :C{l—i—fy} _fy (Ria + Ric) — (Roa + Roc) n DyC fy
_ (Ria + Rag + Rig + Ru1) — (Ros + Rosz + Roz + Roi) . D,C
T T

NoC N
9C+NC—C—hC=C{—ﬁMb+D4

~ (Baa+ Riz + Rz + Rin) — (Rosa + Rog + Roz + Rot)
T
_fy (R + Ric) — (Roa + Roc)

fx T

(6.4 - 41)

Noc

)

Examining the left-hand side minus Doppler (i.e., less o

—cX N o=
Ix (6.4 - 42)

clrJ-21 n K-4
— e [K+1.5fb —fB— fro+ m [fRR K+ 1.5fb”

However the Doppler bias fp is chosen such that for the zero Doppler case

7
7 J—
fB= m{é+1‘5fb+fRR} + (K~I—211)5ﬁ) - fro (6.4 - 43)
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Substituting this back in, it can be readily seen that the term

—C =+ ——F7F —C= 6.4-44
fx  IxT ( )
Therefore
NoC  C [fY Dy + D } (R14 + R13 + Ri2 + Ri1) — (Roa + Roz + Ro2 + Ro1)
fxT T |fx T
_Jy (Baa + Ric) — (Roa + Roc)
Ix T
(6.4 - 45)
Defining range rate on the long and short signal path as
Rs = Rc + Ry (6.4 - 46)
RL:R1+R2+R3+R4
Then the integral of the range rate along the signal paths
t17 ti7 tic ti7
/KRgdt + /RLdt [ / Redt + C/ TCa + /R4dt}
to7 tOC
d7'1 dTg
Rldt +C —dt + Rgdt +C —dt (6.4 - 47)

/Rgdt+0/d75dt+/R4dt
tor

This reduces to

t1r tir
[ Kfisar+ [ udt = K(Ric = Roo + Clric = mc) + Rua = R
tor tor (6.4 - 48)
+R11 — Ro1 + C(111 — T01) + Ri2 — Ro2 + C(713 — 703)
+R13 — Ro3 + C(715 — 705) + R14 — Roa
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Rearranging terms and dividing by T’

ti7 t17

1 . : C
| | K = 2[KDy+ D
T[/ Rgdt+/RLdt] T[ 9 + Dy]

tor tor
n (Ri4 + Ri13 + Ri2 + Ri2) — (Ros + Ro3 + Roz2 + Ro1) (6.4 - 49)
T
+K(R14 + Ric) ; (Rosa + Roc)

which is similar to equation (6.4-45). Therefore,the integrated Doppler Ng may be rep-
resented exactly as the time average of the range difference along the signal path (i.e.,
average range rate) where the weighting factor K is given by

_Jr
fx

When modeled as an average range rate, the quantity considered as the observation is given
by

K (6.4 - 50)

Rops = —2?)( |:];CS — fB] (6.4 - 51)
where
fz = constant frequency determined by particular tracking configuration
fB = ground generated bias frequency
Ng = integrated Doppler plus bias cycles accumulated
T = integrated time interval required to accumulate Ng

6.4.4 Range Rate Partials

(6.4 - 52)

- C [Ng ARy + %ARS
ft= _[ B] N T
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ARy = (Ri4 + Ri3 + Ri2 + Ri2) — (Roa + Roz + Ro2 + Ro1)
ARg = (Ris + Ric) — (Ros + Roc)
OR 1 [8ARy _ fy OARs

(6.4 - 53)

(6.4 - 54)

(6.4 - 55)

(6.4 - 56)

oxX 2T | ox | fx ox
AR, OR14 0XrrnaG(tie) n OR13 0Xrrna(tis)
0XtrnGg, OXrrna(tie) OXTrNG, 0Xrrna(tis) OXTRNG,
OR12 0XrrnaG(ti2) OR11 0X7rrna(tin)
0Xrrna(ti2) OXTrNG, 0Xrrna(tin) OXTrNG,
_ ORu  9Xrinc(tes)  ORos  OXrrnc(tos)
0Xrrnc(tos) OXTKNG, 0Xrrna(tos) OXTrNG,
_ ORpp  9Xrrnc(te2) ORo1  0Xrrnc(tor)
0Xrrnc(to2) OXrrNG, 0XrrnG(tor) OXTrNG,
0AR, OR13 0XtrED(t14) n OR12 0XtrED(t13)
0Xrxkep O0XrkED(tis) OXTKED 0Xrrep(ti3) O0XTKED
 ORog  OXrkgep(tos)  ORiz 9Xrkep(los)
0XrrED(tos) OXTKED 0XrrED(tos) OXTKED
0ARs OR14 0XT1rNG(tie) OR1c 0XrrNa(tic)
OXrrNnG, O0Xrrna(tis) OXrrne 0Xrrna(tic) O0Xrrnag
 ORu  9Xrrnc(tes)  ORoe  0Xrrwna(toc)
0Xrrna(tes) OXTrNG 0Xrrna(toc) O0XTrNG
0ARg
X7 ED =0 (6.4 - 57)

The problem of satellite-to-satellite tracking is discussed in greater detail in Reference [6-3]

of this section.

6.5 PCE MEASUREMENT TYPES

The PCE measurement types are sets of elements precisely determined in previous GEO-

DYN orbit declination runs.
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The inertial Cartesian elements obtained from interpolation of the integrator output are
used as the calculated measurements for PCE types, z,v, z, &, 9, 2.

The partials of these measurements are

0z 9z 9z Oz Oz Oz
or Oy 0z 0Ox 0Oy 0z

Oy 9y Oy Oy 9y Oy
dy Oy 0z 0 0Oy 0z - -

1 0 00 0O
9z 9z 9z 9z 9z Oz 010000
0z Oy 0z 0 0Oy 0z
:001000 (6.5—1)
ok o0& 0& 0& 0& 0Oi 0 001O0O0
Or Oy Oz Oz Oy 0z 00 0 O0 10
000 O0O0 1

oy oy oy oy 9y 9i| L :

dy Oy 0z O0xr 0Oy Oz

Loz Oy 0z 0Oz 0Oy 0zl

The osculating elements obtained by conversion of the above mentioned Cartesian elements
are used as the calculated measurements for PCE types, a,e, i, Q,w, M.

Thee partials for these measurements are given in Section 11.4.

6.6 AVERAGE RANGE RATE MEASUREMENT TYPES

Figure 6.6-1 illustrates the geometry of the average range rate measurement types. A signal
is transmitted from a transmitter to a satellite, then a ground station receives the signal
from the satellite, and

pr - is the transmitter-satellite range

PR - is the satellite-receiver range

Rp, - is the position vector of the receiver

Rt - is the position vector of the transmitter

Ry - is the position vector of the satellite

If tg is the recorded time of the end of the doppler counting interval at the receiver, and if
T is the length Of the counting interval, then the average range rate measurement is

. t,t ts,ts) — pr(ts, t2) — pr(ta,t
5= pr(ts, ts) + pr(ts, 4)2T,OR( 3,t2) — pr(te, t1) (6.6 - 1)
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Where it is necessary to iterate for the satellite and transmitter times,

b = tg — PR(ts, t5)

C

ts. 1
b=ty pr(ts, ta)

tg=ts — T

t3,t
by = b5 — pr(t3,t2)

C

to.t
b=ty pr(t2; 1)

C

and where

pr(ts,t5) = |Rr(ts) — Rs(ts)]
pr(ts,ts) = |Rr(ts) — Rs(ts)] (6.6 - 2)
pr(t3,t2) = |Rp(t3) — Rs(t2)]
pr(t2,t1) = [Rr(t1) — Rs(t2)]

A two-way average range rate measurement is a special case of the three-way average range
rate measurement. For the two way average range rate measurement, the receiver and the
transmitter are the same. Therefore,

PT = PR
Ry = Ry

The Partial Derivatives are:

87“1' - 2T 677 87“1' 8% an

dp 1 [Opr(ts,65) n Opr(ts,ts)  Opr(ts,ta)  Opr(te,t1)

where the partial g—iis given in Section 6.2.
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6.7 THE 8906 OCEAN TIDE ALTIMETRIC MEASUREMENT COR-
RECTION

Previously, a measurement correction was applied based upon the Parke model, using only
sub-satellite latitude and longitude as input. The correction was either on or off, with
no input parameter control. No partials were generated. The new tidal measurement
model, similar to the force model discussed in Section 8.8.3, is based on the following
correction:

Vi (t) 5 (e +
Ah = Z Z(l + aghy) {7f Clﬁfqu(sm ) cos oy, (6.7-1)
folgt
where
agr = (D)2 = 2h)w* + (2 = 2h + j)M* + k9]
T n (6.7-2)
+mOgy £ g\ + 7 — my + Qs
and where:
o = 3P0
pe(20 +1)
and where:
Vi =GpAy
and where:
o, A\, r latitude, east longitude and radial distance of the point of evaluation;
©, Greenwich sidereal hour angle;
Py,(sin @) associated normalized Legendre functions;
a*,e*, i, QF w*, M* Keplerian elements of the disturbing body referred to ecliptic;
Gp equivalent to Doodson constant;
> s summation over all tide constituents (f) in the expression of the tide-generating
potential;
Ay equivalent to Doodson coefficient;

hi

load deformation coefficients;
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po average density of the oceanic water;

Clqy amplitude and phase in the spherical harmonic expansion of the ocean tides specified
by I, q, =+, and the tide constituent f

pe average density of the earth.

This model is a function of the amplitude and phase information supplied on the OTIDES
and OTIDEN cards. It is now possible to use altimetry measurement partials to con-
tribute more information to the solution of the input ocean tide parameters. The code for
equations (6.7-1) and (6.7-2) is primarily located in subroutine ALTOTD. Once per global
iteration initializations are performed in PRETID and PRESET. The Doodson coefficient
is computed in ADOOD. Please see Section 8.8.3 for further details.

6.8 PLANETARY EPHEMERIS CORRECTION

The precomputed ephemerides may be differentially corrected with conic formulae as de-
scribed in [6-5]. Position and velocity are interpolated from the JPL ephemeris at an
epoch of osculation specified by the user and are converted to orbital elements (Brouwer
and Clemence Set IIT). The elliptical orbit with these elements agrees with the ephemeris
orbit exactly at the osculation epoch and approximately at other epochs. Solve-for parame-
ters are corrections to the orbital elements of the ephemeris at osculation epoch Tj. Partial
derivatives of position and velocity with respect to these orbital elements are approximated
by those elements from the osculating elliptical orbit. These partial derivatives are used to
determine corrections in the osculating orbital elements, and from those, to apply linear
differential correction to the ephemeris. The parameters that may be adjusted or provided
as input via the global option card PLNBPH are any of the following;:

AE = (6.8-1)

where:

a - semi-major axis

e - eccentricity
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M, - Mean anomaly at osc. epoch T, (ET)

Ap, AG, Aw rotations about axis P,Q, W axes respectively, where P is the direction from focus
to perifocus, @ is § ahead of P in the orbital plane and W = P x Q.

Given position and velocity 7 and 7 obtained from a planetary ephemeris at any time T,
then the corrected position and velocity for the nth global iteration are computed from:

. or
Pn =T+ o= AB, (6.8 - 2)
or | or or or or or or 65-3)
OE — [082" 9Ae’ d(AM, + Aw)’ 0Ap  IAG delw '
or Jdr Oy 0z
OF: [8Ei OE; 8E2} T (6.8 -4)
5%
or
35~ 825 (6.8 - 6)
IF;

First the osculating epoch Tp is designated through user input on the cards PLNEPH. If
it is omitted GEODYN will select the start of run. Then the planet’s state vector at Ty is
calculated from the ephemeris as:

7o = 12000.0 position Interpolated from ephemerides at osculation epoch Ty
7o = J2000.0 velocity interpolated from ephemerides at osculation epoch Tj

Given below are formulae to convert 7o and 7y to the elliptical orbital elements E at Tg [6
- 5] and [6 - 6], where the parameter p is computed from:

p(planet) = ps + pp (6.8-7)

where s and ), are the gravitational constants for the sun and the planet respectively.

o = (7o - fo)% (6.8 - 8)
The semimajor axis a is given by
1
Y (6:8-9)
70 H
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The mean motion 7 is computed from

1
n="1 (6.8 - 10)
a2
and the following computations are made:
ccosEy=1— 2 (6.8 - 11)
a
esinE — 0= % (6.8 - 12)
(no)?
e = [(ecos Ep)? + (esin EO)Q]% (6.8 - 13)
E
cos By = (e cos Fo) (6.8 - 14)
e
in F
sin By = (250 Fo) (6.8 - 15)
The unit vectors P,Q and W are computed from
_ E .
P =20 (%3 sin By (6.8 - 16)
7o 2
W= 0xXr (6.8 - 17)
pa(1 — e2)t
Q=WxP (6.8 - 18)

The partial derivatives g—g and g—g are computed from the orbital elements a,e,n, P,Q

and W which are computed once at epoch T and from the following quantities, which are
computed at each time T that the partials are evaluated.

7,7 = 12000.0 position and velocity interpolated from the ephemeris at time T (ephemeris
time)

r=(F- f)% (6.8 - 19)
=77 (6.8 - 20)
;o (7:“) (6.8 - 21)

i = %f (6.8 - 22)
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The partial derivatives of 7 at ephemeris time T with respect to each element of AE are
given by

=7r — g(T — To)’lj (68 - 23)

= Hii + K7 (6.8 - 24)

where the quantities H; and K which are functions of T, are given by

= w (6.8 - 25)

K1 = a;?;;e [1 L - 62)} (6.8 - 26)
B(AM(?:L Aw) Z (6.8 - 27)

a(agp) =Pxr (6.8 - 28)

a(ffq) =Qxr (6.8 - 29)

a(eagu-;) - E(W X7 z) (6.8 - 30)

Differentiating Eqs, [6.8-23] - [6.8 - 30] with respect to ephemeris time gives the partial
derivatives of 7 at ephemeris time ¢ with respect to each element of AFE: .

or 1. 3 -
8(%) ——2r—§(T—To)r (6.8 - 31)
or _ .
aae) Hyr + Ko7 (6.8 - 32)
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HQ:M{1—;‘[1+Z(1—@2)]} (6.8 - 33)
Ky = Mu - 2) (6.8 - 34)

8(AM§Z Aw) :; (6.8 - 35)

8(((Z;p) —Px7 (6.8 - 36)

a(an) —Qx7 (6.8 - 37)

a(jgw) _ %(W < F— ;) (6.8 - 38)

6.9 TABLE COMPRESSION VIA 2D FOURIER TRANSFORMS
6.9.1 Introduction

As described in the previous section, range correction tables were generated at 17 incidence
angles representing 21 different laser station hardware configurations/characteristics in
use today. Stations with similar configurations arc grouped as shown in Geodyn II File
Description Volume 5, Section 2.9. Each table is a 51x51 matrix of 2 micro-radian resolution
pixels reproducing the far field diffraction pattern (FFDP) at each incidence angle. A data
compression technique was employed to limit the overall size and computer memory storage
requirements of the resulting TOPEX /Poseidon LRA range correction tables. Specifically,
a two-dimensional Fourier transform representation of the tables was investigated and
ultimately adopted.

6.9.2 Theoretical Basis

The data compression goal was to duplicate the original data to within 5mm at any point
within the table. Initially, the range correction tables were expressed in polar coordinates
for input into the Fourier transform. However, in this representation, the range correction
values were discontinuous at the tables boundaries and, therefore, difficult to fit with a
periodic function. Adoption of cartesian coordinates minimized this effect. The following
formulation was used:
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N M
f(X,)Y)=a+b-X+c Y+ Zd+nlcos(s) + fn1sin(s) + Z dpm1 cos(t)+
m=1

n=1

N M
e1m sin(t) + Z Z i €0S(5) €0S(t) 4 €nm cos(s) sin(t)+

n=2m=2

frm sin(s) cos(t) + gnm sin(s) sin(t)

(6.9-1)
where

X — szn
s=(mn—-—1)2l——— 6.9-2
( ) Ymax - szn ( )

Y — Ymin
t=(mn—-—1)2ll————— 6.9-3
( ) Yma:c - Ymin ( )

A least squares was used to obtain the coefficient values for the Fourier series needed for
each table. TOPEX/Poseidon orbits the Earth at an altitude of 1334 km and its veloc-
ity aberration is limited to an approximate range of 20 to 50 micro-radians. The Fourier
transform fit to the range correction data was improved by eliminating all points physically
outside this region. After a series of tests it was determined that a maximum degree of
5 (N =M = 5) for both the X and Y directions provided the best balance between the
number of Fourier coefficients and the fit to the data. This reduced the number of values
stored for each table from 2,600 gridded values to 83 Fourier coefficients.

6.9.3 Application of tile Range Correction Algorithms

The Fourier coefficient representation of the LRA range correction has been implemented
directly in the GEODYN orbit determination code [6-8]. Figure 6.9.1 defines a right-
handed coordinate system whose origin is at the center of the Earth [6-7]. The Zj axis
points through the laser tracking station. The X axis is defined as the cross product of
the satellite position vector and the station vector. The Y, points toward the horizon in
the plane containing the spacecraft and completes the right-handed system. Note that the
satellite and station are both in the YZ plane and that the subsequent calculation assumes
a spherical orbit. The rectangles demonstrate the orientation of the far-field diffraction
pattern (FFDP) in this coordinate system. Plane P contains the satellite velocity vector
and is normal to the satellite position vector (spherical orbit). Angle w is the azimuth of
the satellite velocity with respect to the — X axis. Plane P’, the plane of the diffraction
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pattern, is normal to the transmitter-satellite line of sight. The V’ vector is the projection
of the satellite velocity vector in the P’ plane and is separated from the — X axis by an
angle n. Angle 61, separates planes P and P’.
The location of range correction on the grid is computed using the following equations

z = Ycosn

y = WUsinng
where
2V’
U =
c
n = tan"'(cos 0, tan w)
= AT AN2(sinw cos 6, cosw)
where

R.g
\

V=

3

V' = V\/cos2 w ~+ cos? 0, sin® w

2
0, = cos™* \/1 — <|Pi1€> sin® 6
7

and where

¥ = magnitude of displacement from center of grid

n = azimuth angle of V' measured from —z( in plane P’
V'= component of satellite velocity normal to line of sight
w = azimuth angle of V measured from —x¢ in plane P

1‘ <
N—

w = cos~ H(—Xj -

X

|~

-

Xo =

|~

=

3

fs= zenith angle

R, = Earth’s radius

g = gravitational constant

¢ = speed of light

p = line of sight vector from station to satellite
r = satellite position vector
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For any given observation, the range correction is linearly interpolated between the func-
tion values bounding the incidence angle. If the observation incidence angle exceeds the
maximum value in the tables, nominally 60 degrees, the maximum value is used without
interpolation.
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Figure 12. Figure 6.9-1 Right handed coordinate system:  whose origin is at the Center of the Earth,

¥ lies in plane P perpendicular to 7 and at an aople o from the — x; direction measured in. P.

v is the projection of ¥ onto the plane P perpendicular to the line of sight, and at and angle » from
the — 3 direction measured in P.

The view is from beyond the satellite orbit.
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—

¥ lies in plane P perpendicular to ¥ and at an angle w from the —z( direction measured in

e

¥ is the projection of ¥ onto the plane P perpendicular to the line of sight, and at and angle
n from the —x( direction measured in P. The view is from beyond the satellite orbit.

7 DATA PREPROCESSING

The function of data preprocessing is to convert and correct the data. These corrections
and conversions relate the data to the physical model, and to the coordinate and time
reference systems used in GEODYN. The data corrections and conversions implemented
in GEODYN are to transform all observation times to ET time at the satellite refer right
ascension and declination observations to the true equator and equinox of date correct
range measurements for transponder delay and gating effects correct right ascension and
declination observations for annual and diurnal aberration correct for refraction and par-
allactic refraction convert TRANET Doppler observations into range rate measurements.
Some of these conversions and corrections are performed 'when the data is reformatted,
others are applied to the data on the first iteration of each arc. Each of these preprocessing
items is considered in greater detail in the subsections which follow.

7.1 TIME PREPROCESSING

The time reference system used to specify the time of each observation is determined
by a time identifier on the data record. This identifier also specifies whether the time
recorded was the time at the satellite or at the observing station. The preprocessing ill
GEODYN.transforms all observations to ET time when the data 1S reformatted. If the time
recorded is the time at the station, it is converted to time at the satellite. This conversion
is applied using a correction equal to the propagation time between the spacecraft and the
observing station. The station-satellite distance used for this correction is computed from
the initial estimate of the trajectory. There is special preprocessing for right ascension and
declination measurements from the GEOS satellites when input in National Space Science
Data Center format. If the observation is passive, the image recorded is an observation of
light reflected from the satellite and the times are adjusted for propagation delay as above.
If the observation is active, the image recorded is an observation of light transmitted from
the optical beacon on the satellite. The beacons on the GEOS satellites were programmed
to produce a sequence of seven flashes at four second intervals starting on an even minute.
For the active observations, the times are set equal to the programmed flash time with a
correction applied for known clock errors (Reference I). plus half a millisecond, the time
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allowed for flash buildup. The clock corrections for the active observations are computed by
simple linear interpolation in a table of known errors in the satellite on-board clock.

7.2 REFERENCE SYSTEM CONVERSION TO TRUE OF DATE

The camera observations, right ascension and declination, may be input referred to the
mean equator and equinox of date, to the true equator and equinox of date, or to the mean
equator and equinox of some standard epoch. The GEODYN system transforms these
observations to the true equator and equinox of date.

7.3 TRANSPONDER DELAY AND GATING EFFECTS

The range observations may be corrected for transponder delay or gating errors. If re-
quested, GEODYN applies the corrections. The transponder delay correction is computed
as a polynomial in the range rate:

Ap=ap+ai1p+ ag([))Q (7.3-1)

where ag, a; and ag depend on the characteristics of the particular satellite.

A gating error is due to the fact that actual range measurements are either time delays
between transmitted and received radar pulses or the phase shifts in the modulation of a
received signal with respect to a coherent transmitted signal. Thus there is the possibility
of incorrectly identifying the returned pulse or the number of integral phase shifts. The
difference between the observed range and the computed range on the first iteration of the
arc is used to determine the appropriate correction. The correction is such that there is
less than half a gate, where the gate is the range equivalent of the pulse spacing or phase
shift. The appropriate gate of course depends on the particular station.

7.4 ABERRATION

Optical measurements may require corrections (Reference 2) for the effects of annual aber-
ration and diurnal aberration.

Annual aberration
The corrections to right ascension and declination measurements far annual aberration
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effects are given by

, 207.5(cos o’ cosw cos er + sin o’ sinw)

a=a«
cos o’

§ = 0" — 207 .5[cosw cos er(tan €7 cos & — sin o’ sin §’) + cos o sin ¢’ sin w]

where

a - true right ascension of the satellite
o' - observed right ascension of the satellite

d - true declination of the satellite

0" - observed declination of the satellite
er - true obliquity of date

w - geocentric longitude of the sun in the ecliptic plane

Diurnal Aberration
The corrections to right ascension and declination measurements for diurnal aberration
effects are given by

a =o' +07.320 cos ¢’ cos h, sec &’
§ =6 +07.320 cos ¢ sin h, sin ¢’

where

¢’ - geocentric latitude of the station
hs - local hour angle measured in the westward direction from the station to the satellite
« - true right ascension of the satellite
o' - observed right ascension of the satellite
0 - true declination of the satellite

d" - observed declination of the satellite

7.5 REFRACTION CORRECTIONS

The GEODYN system can apply corrections to all of the observational types significantly
affected by refraction.
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Parallatic Refraction for Right Ascension and Declination

Optical measurements may require corrections (References 3, 4, 5) for the effects of paral-
lactic refraction. These corrections are given by

sin g

=ao — AR
aza cos 9

d =06 —ARcosq
where the change in the zenith angle, AR , in radians is given by

0.453(4.84813) tan Z,

AR =
pcos Zy

[1— e(=1389) 1074y cos Zo] (7.5 -1)
and
« - true right ascension of the satellite

o' - observed right ascension of the satellite

0 - true declination of the satellite

0" - observed declination of the satellite

Zy - observed zenith angle in radians

p - range from the station to the satellite in meters
q - parallactic angle in radians

The parallactic angle q is defined by the intersection of two planes represented by their
normal vectors P; and P .

Pl = Cp X U
pg = V X U
where
Cp = (0,0,1)

V' is the local vertical at the station (defined in inertial coordinates)

4 is the unit vector pointing from the station to the satellite in inertial space
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Therefore, the sine and cosine of the parallactic angle are given by
cosq= P - Py
sing = pg . ]52

where

]51 is the unit vector in the P; direction
]52 is the unit vector in the P, direction

and

5 ]51><va
TP x4

The parallactic angle, ¢ , is measured in the Clockwise direction about the station-satellite
vector (i.e., a left-handed system is used to define this angle). All vectors and vector cross
products used in this formulation conform to a right-handed system.

Tropospheric Refraction Correction

The tropospheric refraction correction model used by GEODYN (for all measurement types
with the exception of right ascension and declination) is the Hopfield Model modified by
Goad to use the Saastamoinen zenith range corrections. [Reference 6 |

The Sasstamoinen zenith range correction is used to determine the height of the troposphere
appropriate for the wet and dry components.

5.0 x 0.002277

.0 -2
N1 x 106 (7 g )

hl = hdry =
where

hary = dry tropospheric height in meters
P = surface pressure in millibars (mb)
N; = deviation from unity of the surface index of refraction (dry component)

= Ngry = 77624 x 1076 £

5.0x0.002277 1125
h"u)et = W [T -+ 005]6
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where

hwet = wet tropospheric height in meters
T = surface temperature in degrees K
e = partial pressure of water vapor in milibars (rob)
Ny = deviation from unity of the surface index of refraction(wet component)
= hwer =371900 x 1070 & - 12.92 x 10704

Range Correction

06 1062~ (7.5 -3)

i=1 =1

9 i 9 i
M= [ 320t o Sy

where

1
C = | L10:2649 | 788828 1733453
- 1 1
173.3-37 77.624 173.3—
~ 1 for radio frequencies
A = wavelength of transmission in microns

r; = \/(ae + hj)? — (aecosf)? — aesinb

= range to top of wet (j = 2) or dry (j = 1) component

ae is semi-major axis of the earth is the elevation angle described above
6 is the elevation angle
Nj, h; described above

a;; defined as follows

Ozlj =1
Osz = 4aj

Oégj = 6&? + 4bj
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Q45 = 4(1]' (a? + 3bj)

Qs = a;* + 12a?bj + 6bj2
Qe = 4ajbj(a§ + 3bj)
Qr; = b?(Ga? + 4bj)

R 33
agj = 4a]bj

_ 14
Qg; = bj
and
sin @
a; =-
] hj
. cos?0
b.] - 2hjae

where all j subscripts denote the following:
j =1 wet component
j = 2 dry component

Range Rate Correction

9 9 7 9 7
: . N; i i—1 . Oaj 5@']’%‘ ob; YigTj
ARmeters = C|: ﬁ |:89 E QigT 5 + % — ; + % 2 ; (75 —4)

j=1 =1

where

Nj, a;5,C,rj described above

ory a. cos O - a2 cosfsinf )
99 ¢ \ﬂae—l—h]’)Z—ag cos2 0
da; _ cosf A
0 = h 0

ob; cos@sinHé

90 T achy

B = doi

v Oaj
and

_ Oayj
Vij = “ap,
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SO

v1; =0
Bri =0 =2
Boj =4 = 73j

B3j = 12a; = v4j

Baj = 1207 + 12b; = vs;
Bsj = 4a§-’bj + 24a;b; = g
Bej = 12a3b; + 1207 =
Brj = 12a;b3 = 7,

Bsj = 4b3 = 9;

Boj =0

where all j subscripts denote the following:
j =1 wet component
J = 2 dry component

Elevation Angle Corrections

20= 0 0TS My 0 )] (755

Ch — | 170.2649 78.8828
0 = |1733—L | | 77.624
)\2
rsqt = range to the satellite

Nj, hj,rjandf defined above

2

7 1

XijTL

Ael — Z 7']' J
=1
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and

X1 =1

X2j =3a;

X3j :3((1]2 +b;)
X4j =a;(6b; + a)

X55 =3bj’i
X6j :3CLJ' b?
X7 =b}

where all j subscripts denote the following:
j =1 wet component

7 = 2 dry component

Azimuth is not affected by refraction.

Optical Frequency

For optical frequencies, the wet term is not used. Therefore, the preceding formulas using
only the dry term hold for Range, Range Rate, and Elevation Angle Corrections with
optical frequencies.

Radio Frequency

For radio frequencies, it should be noted that p (in microns) is much greater than 1, and

therefore ﬁ is considered to be zero.

Direction Cosines
The corrections Al and Am are derived from the elevation correction, A#, for radio data

Al =-sin A, sin(0) A6
Am =-cos A, sin(0)Af

where A, is the azimuth angle computed from the initial estimate of the trajectory, and 6
is the elevation angle.

X and Y Angles
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For X and Y angles the corrections AX and AY are computed as follows:

. sin(A.)A0
AXq =- (sin?(0)+sin?(A;) cos2(9))

___ cos(A;)sin(0)A0
AY, = \/I—COSQ(AZ)COS2(0)

Note that these are also derived from the elevation correction.

7.6 TRANET DOPPLER OBSERVATIONS

TRANET Doppler observations are received as a series of measured frequencies with an
associated base frequency for each station pass. Using the following relationship, the
GEODYN system converts these observations to range rate measurements:

. c(Fp — Fu)

where

F is the measured frequency,
Fp is the base frequency,
and

¢ is the velocity of light.

7.7 SATELLITE-SATELLITE TRACKING DATA PREPROCESSING

The preprocessing on the satellite-satellite tracking involves the determination of all the
appropriate transit times. Because of the station- satellite and inter-satellite distances,
this process must be performed iteratively. The required times are computed during the
first iteration and are then stored for use ill subsequent iterations. The satellite-satellite
tracking measurements are also corrected for tropospheric refraction. The corrections made
here are identical to those which would be made on range and range rate measurements
to the relay satellite only. Although it is theoretically possible for signals from the relay
to low altitude satellite to pass through the atmosphere, such tracking would occur at
reduced signal intensity and would be equivalent to the low elevation tracking of satellite
from ground based stations. Such data is seldom used in orbit estimation. The standard
procedure for transponder delay corrections on satellite-satellite tracking is to use block
data constants for each satellite, with a satellite ID used to identify the appropriate block
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data entries. Since constants for the transponders to be used for satellite-satellite tracking
are not presently available the block data entries must be modified appropriately when the
data becomes available.

7.8 CORRECTIONS TO TIME MEASUREMENTS DUE TO THE EF-
FECTS OF GENERAL RELATIVITY

When the center of mass for orbit integration is the sun, the effects of general relativity, in
particular the measurable bending of light when it passes near a very massive body, must
be taken into account.

The equation for the time it takes light to travel from a satellite orbiting the sun at a point
1, to an earth receiving station at a point j, taking into account the bending of light due
to general relativity is given by:

tj—t (7.8 -1)

C C

T+ T — i
If r(t;) and 73(t;) are the heliocentric position vectors of the satellite at transmission time
t; and the earth receiver at reception time ¢;, then

rig = ri(ty) —ri(ti)]
i = |rj (t)]
i = |rj(t5)]

Also

C' = the speed of light
s = the gravitational constant of the Sun.

The second term in (7.8-1) is the correction to the light time due to special relativity.
General relativity considers time as one coordinate in the space-time coordinate systems
of the satellite and the earth receiving stations. Thus an additional relativistic correction
must be applied to the measured times.

For example, if we consider a range measurement for a signal transmitted at a coordinate
time ¢, from the earth, received and retransmitted at the satellite at its coordinate time
to, and finally received at an earth receiving station at its coordinate time t3 , the total
round trip time given by (1) is

712 + 723

tg—tlzc+2‘é§lnH

7“1+7“2+1"12:| |:7"2—|—7“3—|—7“21:|:|

(7.8 -2)
ry+re—rig| [re+ 13— T3
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Since the measurements on the earth are made-using docks which keep A.1 atomic clock
time, we define t{;‘ as the A.l time at the receiving site at coordinate time t3 , and t{‘ as
the A.1 time at the transmitting site at its coordinate time ¢;. The measured range value
in this case is:
Oty —t

Rieas = (321) (78 —3)
and the calculated range value R4, with the corrections due to general relativity, is given
by:

Ctd —t5 -t + 14 n rL+rotrig||re+1r3+ o3
Rcalc = Rmeas - (3 ! ) - Sln -

2 2 r1+19—1Tri9| |re + 173 — rog
(7.8 -4)

The correction to the range AR due to the difference between t4 and ¢ is then given
by:

—C
AR = 7(753“ —t3—t + 1)

= %[1.658 x 1073 (sin B3 — sin Ey) 4 2.037% cos u(sin(UT3 + \) — sin(UT; + \))]
(7.8 -5)
Here

E; = the eccentric anomaly of the heliocentric orbit of the earth-moon barycenter at
time t;

u = the distance of the atomic clock at the measurement site from the earth’s spin axis
in Km

UT; =the Universal Time corresponding to t; converted to radians

A =the east longitude of the atomic clock

7.9 SCALING TO A NEW VALUE OF SPEED OF LIGHT

Each range, range rate or altimeter measurement is flagged with the speed of light used to
convert the raw measurement to metric units. At present, GEODYN recognizes two values
for the speed of light:
70l1d” speed of light:

Oy = 2.997925 x 105
Sec
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”"New” speed of light:

Cy = 2.99792458 x 108 -
sec
Each measurement is scaled to the internally used value which by default is Cy. The user
may modify the built-in value via the VLIGHT option card. If C' denotes the built-in value
of the speed of light and C; the value used for the measurement, the i** measurement M;
is rescaled to:

C
M = = M;
C

7 .
%

7.10 RELATIVISTIC SPACECRAFT CLOCK DRIFT CORRECTIONS

The range correction due to the space-craft (S/C) relativistic clock drift only applies to
Geodyn range and average range rate measurement types: 39, 40, 41, 42 and 55. See
RELTMC card in volume 3 of the Geodyn documentation for an explanation on how to
invoke this measurement correction.

The rate of a clock aboard a S/C is related to the rate of an earthbound station clock,
including general relativity, by [7 -7] :

1/GM 1 3GM 2.,
TS =T+2( +§Q2(95?S‘TA+Y5%TA) - )TCQ(JCS'CS) (7.10 -1)

A\ TrsTA 2 a

where:
7s = S/C clock time
t = earth bound station clock time
C = speed of light
GM = GM of earth
rsT4 = magnitude of position vector of earthbound station in geocentric coordinates.
Q) = rotation rate of the earth
rsTA = x component of an earthbound station in geocentric coordinates.
yst4a = y component of an earthbound station in geocentric coordinates.
a = semi-major axis of S/C orbit

Zs = position vector of S/C in geocentric coordinates.
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Us = velocity vector of S/C in geocentric coordinates.

For a one-way range measurement that is constructed from a signal that is emitted from the
S/C and received at the station (Geodyn measurement types: 41 and 55) we have:

1/GM 1 3GM 2 .,
T(R) = Ts(e) = TR~ [T(e) T2 <TSTA + 5V (@5ra + Yira) - 2a>7<e) — (@5 )
(7.10 -2)

where:
T(r) = receive time from earthbound station clock
T(ey = emitted time from S/C earthbound station dock time

Multiplying by the speed of light and arranging terms, equation (7.10-2) becomes:

P = Pcalc — — 7QQ($%’TA + y%‘TA) -5

1<GM 1
+
c 2

3GM 2 .
>7'(e) + E(xg - Ug) (7.10 -3)

rsTA 2

where:
p = measured range
Peale = classically calculated range

Thus, the correction to a one-way range measurement, which is constructed from a signal
that is emitted from a S/C and received at a station, is given by:

1
+ §QZ($%TA +Ysra) —

hd e 10 -
p— 2 q T(e)-l-c(a?s vg) (7.10 -4)

1/ GM
Psarisra — ¢

3GM> 2

It should be noted that 7(.) is the time that the signal was emitted from the time that the
station and S/C clocks were synchronized. For the purposes of GEODYN, the synchro-
nization time is the epoch time of the run. Thus,

T(¢) = Modified julian day seconds OF (signal emission time) - (epoch time of run)
(7.10 -5)

For GPS S/C the clocks were synchronized to eliminate the secular drift, thus, the one-way
range correction for GPS S/C is given by:

2.,
corr — E(xs . US) (710 ‘6)

SAT—STA
GPS
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For a one-way measurement that is constructed from a signal which is emitted from the
station and received at the S/C (Geodyn measurement type: 39) equation (7.10-2) be-
comes:

+ SO (@ + Yira) - 2 4

1/GM 1 3GM 2
TS(R) T Te) = |T(R) T 2

A \rgra 2

(7.10 -7)

Then the one-way range correction for a signal which is emitted from the station and
received at the S/C is:

1<GM 1 3GM> 2
p

1 12, 2 2  SGM 2 .
ST ATeAT T @ TSTA+QQ (574 +YsTA) 5 4 )T® C(ﬂfs vs)  (7.10 -8)

7(r) = Modified julian day seconds OF (signal receive time) - (epoch time of run)

and for GPS:
~ 2.5 7.10 -9
sni — (@5 - Us) (7.10 -9)

Geodyn average range rates are constructed as follows:

p(t) ol + )
p= At

(7.10 -10)

If we include the range correction due to the relativistic S/C clock drift then (7.10-10)
becomes:

-~ p(t) + pcorr(t) — p(t + At) — pcorr(t + At)
P= At

(7.10 -11)

Using equation (7.10-4) and (7.10-10) the expression for the the average range rate correc-
tion constructed from signals that emanate from the SIC and are received at an earthbound
station (Geodyn measurement type: 41) is:

. C[1/GM 1, ., ) 3GM
PsarSisra ~ [c (rm T oV @era+ysra) - zaﬂ (710-12)
2[(Fs(t) - Ts(t) — (Fs(t + At) - Ts(t+ At))]

+ At

118

T(R) —07($S'Us) — T(e)



and for GPS:

L 2@s(t) - Ts(t) — (Es(t + At) - Ts(t + At))] (7.10 -13)

SAT—STA At
GPS

Derived in the same manner as above, the expression for the average range rate correction
constructed from signals that eminate from an earthbound station and are received at the
S/C (Geodyn measurement type: 40) is:

p ~|-1 GM+EQ2(:U2 + 92 )7§G7M
Pori%sar = |~ c\rgpa 2 \ESTATYSTA) T 5T 1010
2[(@s(t) - Ts(t) — (Ts(t+ At) - Ts(t + At))]
At
and for GPS:
U@ Ts() — (Fs(t+ An) - Ts(t + Ab)) T1015)

pSTAHSAT At
GPS

8 FORCE MODEL AND VARIATIONAL EQUATIONS

A fundamental part of the GEODYN system requires computing positions and velocities
of the spacecraft at each observation time. The dynamics of the situation are expressed by
the equations of motion, whlch provide a relationship between the orbital elements at any
given instant and the initial conditions of epoch. There is an additional requirement for
variational partials, which are the partial derivatives of the instantaneous orbital elements
with respect to the parameters at epoch. These partials are generated using the variational
equations, which are analogous to the equations of motion.

8.1 EQUATIONS OF MOTION

In a geocentric inertial rectangular coordinate system, the equations of motion for a space-
craft are of the form

=t (8.1-1)

7 is the position vector of the satellite

119



w is GM, where G is the gravitational constant and M is the mass of the Earth,

A is the acceleration caused by the asphericity of the Earth, extraterrestrial gravita-
tional forces, atmospheric drag, and solar radiation

This provides a system of second order differential equations which, given the epoch position
and velocity components, may be integrated to obtain the position and velocity at any other
time. This direct integration of these accelerations in Cartesian coordinates is known as
Cowell’s method and is the technique used in GEODYN’s orbit generator. This method was
selected for its simplicity and its capacity for easily incorporating additional perturbative
forces.

There is an alternative way of expressing the above equations of motion:

WU+ Ap + A (8.1-2)

where

U is the potential field due to gravity,
Ap contains the accelerations due to drag, and

AR contains the accelerations due to solar the accelerations due to solar radiation pres-
sure.

This is, of course, just a regrouping of terms coupled with a recognition of the existence of a
potential field. This is the form used in GEODYN. The inertial coordinate system in which
these equations of motion are integrated in GEODYN is that system corresponding to the
true of date system of 0.0 of the reference day. The complete definitions for these coordi-
nate systems (and the Earth-fixed system) are presented in Section 3.0. The evaluation of
the accelerations for 7 is performed in the true of date system. Thus there is a requirement
that the inertial position and velocity output from the integrator be transformed to the
true of date system for the evaluation of the accelerations, and a requirement to transform
the computed accelerations from the true of date system to the inertial system.

8.2 THE VARIATIONAL EQUATIONS

The variational equations have the same relationship to the variational partials as the
satellite position vector does to the equations of motion.

The variational partials are defined as %—% where T; spans the true of date position and
velocity of the satellite at a given time; i.e.,

Ty = (Z’, Y, Zaiayv Z)
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and 8 spans the epoch parameters; i.e.,

0, Y0, 20 the satellite position vector at epoch

T0, Yo, 20 the satellite velocity vector at epoch

Cp the satellite drag factor
Cp the time rate of change of the drag factor

Cp the satellite emissivity factor

Chm, Snm gravitational harmonic coefficients for each n, m pair being determined

X surface density coefficients

Let us first realize that the variational partials may be partitioned according to the satellite
position and velocity vectors at the given time. Thus the required partials are

or i

a (8.2-1)

0B 0B
where

7 is the satellite position vector (x,y, z) in the true of date system, and
7 is the satellite velocity vector (x, y, z) in the same system

The first of these, (%’ can be obtained by the double integration of

d* [or

— | == (8.2-2)

dt? | 08
or rather, since the order of differentiation may be exchanged,

or

“r 8.2-3

op ( )
Note that the second set of partials, g—g, may be obtained by a first order integration of
g—g. Hence we recognize that the quantity to be integrated is g—g. Using the second form
given for the equations of motion in the previous subsection, the variational equations are
given by

or 0 - -

—=—=(VU+Ar+ A 8.2 -4

55 = 55(VU + An-+ Ap) (32-)
where
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U is the potential field due to gravitational effects
Ap is the acceleration due to radiation pressure
Ap is the acceleration due to drag

The similarity to the equations of motion is now obvious.
At this point we must consider a few items:

e The partial field is a function only of position. Thus we have

{am] 23: [81"187“m]687;n (8.2 -5)

m=1

e The partials of solar radiation pressure with respect to the geopotential coefficients,
the drag coefficient, and the satellite velocity are zero, and the partials, with respect
to satellite position, are negligible.

e Drag is function of Position, velocity, and the drag coefficients. The partials, with

respect to the geopotential coefficients and satellite emissivity, are zero, but we have

0Ap 9Apdz  0ApdCp  9ApdCp
o8~ 0= 0B 9Cp 9B  ICp 0B

(8.2 -6)

Let us write our variational equations in matrix notation. We define
n to be the number of epoch parameters in
F is a 3 x 11 matrix whose j** column vectors are dﬂ

Us. is a 3 x 6 matrix whose last 3 columns are zero and whose first 3 columns are such

that the i, j'" element is given by 6‘2_2(%,_
L)

D, is a 3 x 6 matrix whose 4, column is defined by 3 8’31

th oz,

X, s a6 xn matrix whose ¢*" row is given by a5 Note that X, contains the variational

partials

f is a 3 x n matrix whose first six columns are zero and whose last n — 6 columns are
such that the i, j*" element is given by =2 95 (VU + Ap + AR)i. Note that the first six

columns correspond to the first six elements of 5 which are the epoch and velocity.
(This matrix contains the direct partials of z;, with respect to ).
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We may now write

F = [Use + Dy) X + f (8.2 -7)

This is a matrix form of the variational equations.

Note that Usc, D, and f are evaluated at the current time, whereas X,,, is the output of
the integration. Initially, the first six columns of X,, plus the six rows form an identity
matrix; the rest of the matrix is zero (for i = j, X;ni,j = 1; for i = j, X;ni, 7 = 0).

Because each force enters into the variational equations in a manner which depends di-
rectly on its model, the specific contribution of each force is discussed in the section with
the force model. We shall, however, note a few clerical details here.

The above equation is also applied in subroutine PREDCT to ”chain the partials back
to epoch,” that is, to relate the partials at the time of each set of measurements back to
epoch.

The matrix for %—%, X, above, is initialized in subroutine ORBIT.

The matrices Us. and f will be referred to in each of the following subsections as though
the particular for e being discussed had the only contribution.

8.3 THE EARTH’S POTENTIAL

In GEODYN the Earth’s potential is described by the combination of a spherical har-
monic expansion and a surface density layer. Generally, however, the spherical harmonic
expansion is used exclusively at no surface density terms are included.

8.3.1 Spherical Harmonic Expansion
The Earth’s potential is most conveniently expressed in a spherical coordinate system as
is shown in Figure 8.3-1. By inspection:

e ¢/, the geocentric latitude, is the angle measured from OA ,the projection of OP in
X - Y plane, to the vector OP.

e )\, the east longitude, is the angle measured from the positive direction of the X axis
to OA

e 7, is the magnitude of the vector OP.

123



Let us consider the point P to be the satellite position. Thus, OP is the geocentric Earth-
fixed satellite vector corresponding to 7 the true of date satellite vector, whose components
are (x, y, z). The relationship between the spherical coordinates (Earth-fixed) and the
satellite position coordinates (true of date) is then given by

r = /1.2+y2+22 (83 —1)

¢ = Sin_l[;] (8.3 -2)

A= tan_l[%] — 0, (8.3 -3)

where 6, is the rotation angle between the true of date system and the Earth- fixed system
(see Section 3.4).

The Earth’s gravity field is represented by the normal potential of an ellipsoid of revolution
and small irregular variations, expressed by a sum of spherical harmonics. This formulation,
used in the GEODYN systern, is

GM nmar n
U= [1+ Z Z [ e] P (sin ¢')[Chym cos mA + Sy sin m| (8.3 -4)

n=2 m=0
where
G is the universal gravitational constant,
M is the mass of the earth,
r is the geocentric satellite distance,
n max is the upper limit for the summation (highest degree),
a. is the Earth’s mean equatorial radius,
¢’ is the satellite geocentric latitude,

A is the satellite east longitude,

P (sin¢’) indicate the associated Legendre functions, and

Chm and Sy, are the denormalized gravitational coefficients.
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The relationships between the normalized coefficients (Chyn, Spm) and the denormalized
coefficients are as follows:

(n—m)!(2n + 1)(2 — 6om) %
CET Crm (8.3 -5)

Cnm =

where
Oom 1s the Kronecker delta,
6 =1 for m =0 and d,y,, = 0 for m # 0.

A similar expression is valid for the relationship between Sy, and Spm.

The gravitational accelerations in true of date coordinates (7,9, z) are computed from the
geopotential, U(r, ¢’, \) by the chain rule; e.g.,

. QUdr U8y U A

P %ror T odor T onon (8:3-6)

The accelerations 4 and Z are determined likewise. The partial derivatives of U with respect
to r,¢’, and X, are given by

oU GM "X Tae " .
. [1 + Z [r} Z (Chrum cosmA + Sy, sinmA)
m=0 (83 —7)

x(n+ 1)P!(sin ¢')

n=2

n=2 m=

(8.3 -8)

[e=]

xmP? (sin ¢)

oy T

oU GM nmax . n n
= {a } (Chrim cosmA + Sy, sinmA)

m=0 (83 _9)
X [P[fl(sin ¢') — mtan ¢’ P (sin ¢')

r
n=2

126



The partial derivatives of r,¢’, and A with respect to the true of date satellite position

components are

or
a1
ol 1 2r; 0z
on, ~ AL o)
oA 1 oy ox
ori 2?4y {xﬁn _yf?n]

(The Legendre functions are computed via recursion formulae:
Zonals: m= 0

PR(sing) = ~[(2n — 1)sin ¢/ P0_y sin ¢') — (n — 1) PY_y(sin )]
P (sin ¢') = sin ¢’
Tesserals: m # 0, m leq n
P (sin¢') = P ,(sin¢') + (2n — 1) cos ¢' P! (sin ¢')]
Pl(sin¢) = cos ¢/

Sectorials m = n

P™ = (2n — 1) cos ¢' P (sin ¢')]

The derivative relationship is given by:

C’;;[Pﬁ(sin )] = P,Z”H(sin @) — mtan ¢’ P (sin ¢')

(8.3 -10)
(8.3 -11)

(8.3 -12)

(8.3 -13)
(8.3 -14)

(8.3 -15)
(8.3 -16)

(8.3 -17)

(8.3 -18)

It should also be noted that multiple angle formulas are used for evaluating the sine and

cosine of mA.
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Arrays containing certain intermediate data are used in the computations for the variational
equations. These contain the values for:

GMrﬂn (8.3 -19)

-
Py (sing)

sin mA

r

cosmA

mtan ¢’

for each m and/or n.

The variation equations require the computation of the matrix Us. ,whose elements are
given by

o*U

Waclis = 5,201,

(8.3 -20)

where
r; =the true of date satellite position
U =is the geopotential.

Because the Earth’s field is in terms of r,sin ¢’ and \, we write
°LoU
Use = CTULC —C 8.3 -21
2 1 U2C1 + ; Dex 2%k ( )

where
er ranges over the elements r
U, is the matrix whose 4, 5 element is given by 92U de;de;

C1 is the matrix whose i, j** element is given by af;

. . .. . 2
Cyy, is the matrix whose i, j** element is given by 825?
1075
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We compute the second partial derivatives of the potential U with respect to r, ¢’ and

A

where

nmax

0’U  2GM ~ GM
— + Z

or2 3 r3

> (n+1)(n+2) [‘;]n

X (Crym cos M + Sy sin mA) P (sin ¢')

m=0

aZU GM nmazxr e n n

ordd ) Z (n+1) [r] Z(Cnm cos mA
n=2 m=0

+Spm sinmA) 8?]5 " (sin ¢)

0’U _GM s ae]" )

oroN 12 Z (n+1) [r] Z m(—Chpy, sSinmA
n=2 m=0

o
+Sp mcosm)\)a—(blpn (sin ¢')

82U GMnmax e n n
957 == Z (n+1) [r} Z(Cnmcosm)\

n=2 m=0

2

+S,,m sin m)\)(?gba

[P (sin ¢')]

U  GM &' ae]" -
adoN - 1 nz; (n+1) [r] Z m(—Chpm sinmA

m=0

+Spm cosmA) WPTT (sin ¢')

7:_T [ ] Zm (Chrim cosmA

2
oA n2

+Snm sinm\) P} (sin ¢')

9 [P™(sin ¢')] = P™ L (sin ¢') — mtan ¢/ P™(sin ¢')

lolod
82

8¢’[ "(sin ¢')] = P2 (sin ¢') — (m 4+ 1) tan ¢/ P (sin ¢)

—mtan ¢/[P7(sin ¢') — mtan ¢’ P (sin ¢')]
—msec? ¢/ P (sin ¢')
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(8.3 -22)

(8.3 -23)

(8.3 -24)

(8.3 -25)

(8.3 -26)

(8.3 -27)

(8.3 -28)

(8.3 -29)



The elements of U have almost been computed. What remains is to transform from
(r, @', \) to (r,sin @', \). This affects only the partials involving ¢':

oU U oy

dsing ¢/ Osin ¢’ (8.3 -30)
PU og [0PU] 09 U 3 31)
dsing2  Osing’ | 042 | dsing’  O¢ Osin ¢2 o
where
/
8231(25 = sec ¢/ (8.3 -32)
294/
m = sin ¢’ sec3 ¢/ (8.3 -33)

For the C7 and Cy matrices, the partials of r,sin ¢/, and X are obtained from the usual
formulas:

r=+vaz?+y?+22 (8.3 -34)
sing = = (8.3 -35)
T

A= tan~! m — 0, (8.3 -36)

T

We have for C:

ar r;
Z 8.3 -37
87"2' r ( )
O sin ¢’ zr; 1 0x
it T e (8.3 -38)
oA 1 oy ox
oA _ A el 8.3 -39
(97"1‘ 2 + y2 |::U 87} yam:| ( )
The Cyy, are symmetric. The necessary elements are given by
0%r rir; 10
= - 8.3 -40
Or;Or; r3  ror; ( )
02 sin ¢/ 3zrir; 1 0z 0z or;
_ R AR .3 -41
Or;0r; rd rd [T] or; tr or; + 287‘]} (8.3 -41)
0%\ —2r; 0 Ox 1 dxr 0 0y Ox
Or0r (22 3 [my - y} 2 .2 [ y' - y‘ ) (8.3 -42)
rior; (22 4+y?)? | Or or; (z2 +y?) | Or; Or;  Orj Or;
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If gravitational constants, Cy,, or Sp,, are being estimated, we require their partials in the
f matrix for the variational equations computations. These partials are

o [ oU] GM
o | " ar =n+1)— 2 [r} cos(mA) P (sin ¢') (8.3 -43)
o [ oU] GM | a.
oG |~ 0| =m=— [r} sin(m\) P} (sin ¢') (8.3 -44)
acim — SZ = _C;M [C;e] ' cos(m) [P,Tﬂ(sin @) — mtan ¢ P (sin cb’)]

(8.3 -45)

The partials for S,,,,, are identical with cos(mA) replaced by sin(mA) and with sin(m)
replaced by — cos(mA). These partials are converted to inertial true of date coordinates
using the chain rule; e.g.,

o [_oUu]_ o [ aUlor, o [ oulox o [ oU)os
0Chm oxr|  0Cpm or | 0x  OChm O\ |0z  OCum ¢’

(8.3 -46)

8.3.1.1 Lumped Sum Gravity Model Difference Partial For certain error anal-
ysis studies it is more important to know the effect of an error resulting from different
gravity models than it is to know the effect due to an error in a particular geopotential
coefficient. GEODYN will generate a lumped sum gravity model difference partial in the
following manner. The individual geopotential coefficients are differenced to form

y y v ae(modell) 3

ACN = CN o — ON - oaeto ae(model2)
ae(modell) 3

AS% = S]]‘VJmodell - S]]\\//[moalel2 [a (m0d€l2)]

(8.3 -47)

where the ratio of a.(modell) to a.(model2) is used to scale the second model’s coefficients
to the same reference system as the first model’s coefficients. The partial of the satellite’s
acceleration with respect to the lumped sum gravity model difference is given by

. NMAX N NMAX N
aLSGMD >, 2 acMACN+ >, 2. asM ASY

N=1 M=0 N=1 M=0

The summation for the lumped sum partial does not include geopotential coefficients that
arc estimated in the data reduction run. The partial of the satellite’s position with respect
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to the lumped sum gravity m del difference is given by
X X
—_— = ———————dtdt
OLSGMD OLSGMD
8.3.2 Temporal Variations

To account for temporal variations in the gravity field the GEODYN model has been
enhanced to allow linear rates and/or periodic terms to be specified for each of the geopo-
tential coefficients. The formulation for the time dependent gravity implementation is as
follows:

Cnr = Onor + O (t — to) + Acy y, cos(Qn,nr(t — to)) + Beyy, sin(Quar(t — to))
Snr = S+ Snoar(t — to) + Asy , cos(Qar(t — to)) + By, sin(Qu,a(t — to))
C’N7 M, S ~,m  Normalized geopotential C and S coefficients.
C, S Linear rates for the geopotential coefficients.
top Start time for application of time dependent gravity
t Current time. Time at which time dependent gravity will be computed.

Ay Asyy Amplitude of the cosine term for the Cy pr or Sy s coefficient for application of a
periodic gravity effect.

Bey s Bsyy Amplitude of the sine term for the Cn s or Sy s coefficient for application of a
periodic gravity effect.

8.4 SOLAR, LUNAR, AND PLANETARY GRAVITATIONAL PER-
TURBATIONS

The perturbations caused by a third body on a satellite orbit are treated by defining a
function, R4, which is the third body disturbing potential. This potential takes on the
following form:

1
2 271732
re-Onef[i s 2] -1
Td rq T4

where

myg 18 the mass of the disturbing body.
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74 is the geocentric true of date position vector to the disturbing body.
S is equal to the cosine of the enclosed angle between 7 and 7.

7 is the geocentric true of date position vector of the satellite.

G is the universal gravitational constant.

The third body perturbations considered in GEODYN are for the Sun, the Moon and the
planets.

d 7
iy = — — — 4 -2
i Gmd[D+[Td” (8.4-2)
where
CZ:f—fd

3
2

Dy = [r2 — 2rryS + r?]

- 2
These latter quantities, d and Dy as well as D} are used for the variational equation
calculations. The j* elements of the matrix Usc are given by

67‘1'8?“]' - Dd

§ M i idj
8Rd _G md[aT +3ddj:| (8.4-3)

or; z
J Dé”
This matrix is a fundamental part of the variational equations.

8.5 SOLAR RADIATION PRESSURE

The force due to solar radiation can have a significant effect on the orbits of satellites
'with a large area to mass ratio. GEODYN calculates Ar using average values for the
cross-sectional area, As ,and the reflectivity coefficient C'g.

The accelerations due to solar radiation pressure are formulated as

Ap = —vCr=2P,#, (8.5 -1)

where
v is the eclipse factor, such that
v = 0 when the satellite is in the Earth’s shadow

v =1 when the satellite is illuminated by the Sun
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Cr is a factor depending on the reflective characteristics of the satellite,
A, is the cross sectional area of the satellite,
ms is the mass of the satellite,
P is the solar radiation pressure in the vicinity of the Earth, and
s is the (geocentric) true of date unit vector pointing to the Sun.

The unit vector 7, is determined as part of the luni-solar-planetary ephemeris computations.

The eclipse factor, v, is determined as follows: Compute

D=r i, (8.5 -2)

where 7 is the true of date position vector of the satellite. If D is positive, the satellite is
always in sunlight. If D is negative, compute the vector Pg.

Pr =7 — Dry (8.5 -3)
This vector is perpendicular to 4. If its magnitude is less than an Earth radius, or rather
if

PR . PR < CLg (8.5 —4)

the satellite is in shadow.

The satellite is assumed to be specularly reflecting with reflectivity ps; thus

Cr=1+ps (8.5 -5)

When a radiation pressure coefficient is being determined; i.e., C'g, the partials for the f
matrix in the variational equations computation must be computed. The i*" element of
this column matrix is given by
A
fi = —v=—"P,r, (8.5 -6)

s

8.5.1 Radiation Pressure Models for GPS Satellites

Precise estimation and prediction of the positions of GPS satellites requires an accurate
model of the solar pressure forces acting on the spacecraft. For Block I (earlier satellites)
and Block IT (new GPS satellites), the models used are ROCK4 and ROCK42, respectively.
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They calculate the direct effect of the reflected sunlight from the spacecraft body and solar
panels. They do not include the effect of absorbed and radiated heat, and are supplemented
in practice by empirical estimation of a scaling factor in the radial direction, and of another
quantity called Y -axis bias.

The Rockwell models are expressed in a spacecraft coordinate system. The + Z direction
is toward the Earth, and therefore along the spacecraft antenna. The + X direction is
toward the semi-circle that sees the sun, and + Y completes a right-banded system, and
points along one of the solar panel center beams. There are four contributions considered
to the solar pressure force.

1. All radiation is stopped by an opaque surface, therefore all the momentum of the
incoming quanta is transferred to the spacecraft.

2. Part of the incoming radiation is reflected; In both ROCK4 and ROCK42, the recoil of
reflected light is separated into two components, specular and diffuse; and the force normal
to the reflecting surface is only 2/3 for the diffuse component what it is for the specular.
3. Part of the radiation absorbed by the solar panels is converted to electricity. Most of
this energy will be radiated from the spacecraft body in the form of heat. It is not modeled
in ROCK4, but a rough-and-ready thermal calculation is supplied with ROCKA42.

4. Much of the incoming radiation is absorbed as heat and reradiated back into space by
the absorbing surface. Both empirical models include this.

The X and Z force components (Y being accounted in the Y-bias effect) for the two models
are the following [8 — 35]:

ROCKA4:

X = —4.55sin(A) + 0.08sin(2A4 + 0.9) — 0.06 cos(4A + 0.08) + 0.08
Z = —4.54 cos(A) + 0.20sin(2A4 — 0.3) — 0.03sin(4A)

ROCK42:

X = —8.96sin(A) 4+ 0.16sin(3A4) + 0.10sin(54) — 0.07sin(A)
Z = —8.43 cos(A)

where:

A is the angle between the Sun and the + Z direction that is the direction of the an-
tenna pointing toward the Earth (solar angle).

The above models are used as default models in GEODYN II for radiation pressure on
Block 1 and Block 2 GPS satellites. An earlier version yields a slightly different evaluation
of reflectance and specularity coefficients. This version is also available in GEODYN II
(See Geodyn IT documentation, vol. 3, ROCK4 input card). The formulation for the earlier
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model is the following:

ROCKA4:

X = —4.5sin(A) + 0.08sin(2A4 + 0.9) — 0.06 cos(4A + 0.08) + 0.08
Z =.—45cos(A)+0.2sin(24 — 0.3) — 0.03sin(4A4)

ROCK42:

X = —8.5sin(A) + 0.018 sin(24 + 2) — 0.73sin(4A4 + 1.3) + 0.07
Z = —8.2cos(A) + 0.154sin(2A — 0.3) — 0.052sin(4A + 1.3) + 0.01

The force is translated into acceleration when divided by the spacecraft mass. In GEODYN
IT when GPS satellites are involved, the cannonball solar radiation model is completely
ignored but the SOLRAD input card can still be used to introduce an adjustable solar ra-
diation coefficient. The solar radiation coefficient simply multiplies the acceleration.

8.6 ATMOSPHERIC DRAG

A satellite moving through an atmosphere experiences a drag force. The acceleration due
to this force is given by

- 1 A
Ap = —*CDJ,ODUTFT (8.6 —1)
2 Mg

where
Cp is the satellite drag coeflicient
A, is the cross-sectional area of the satellite
m is the mass of the satellite
pp is the-density of the atmosphere at the satellite position
Uy is the velocity vector of the satellite relative to the atmosphere, and

v, is the magnitude of the velocity vector, v,

Cp is treated as a constant in GEODYN. The factor C'p varies slightly with satellite shape
and atmospheric composition. However, for any geodetically useful satellite, it may be
treated as a satellite dependent constant.
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The relative velocity vector, v, is computed assuming that the atmosphere rotates with
the Earth. The true of date components of this vector are then

Py =& + O,y (8.6 -2)
Jr =9 — Oy (8.6 -3)
be=3 (8.6 -4)

as is indicated from Section 3.4, the subsection on transformation between Earth-fixed and
true of date systems. The quantities &, ¢, and # are of course the components of 7, the
satellite velocity vector in true of date coordinates.

The cross-sectional area of the satellite, A, is treated as a constant. For most work with
geodetic satellites the use of a mean. cross-sectional area does not lead to significant
errors.

The direct partials for the f matrix of the variational equations when the drag coefficient
Cp is being determined given by
1 A

f= _§m78PD'UT7_}r (8.6 -5)

When drag is present in an orbit determination run, the D, matrix in the variational
equations must also be computed. This matrix contains the partial derivatives of the drag
acceleration with respect to the Cartesian orbital elements. We have
1., A v ov, Opp _
Dy = —=Cp=2 | ppu, 28 4 pp S, + 222y 5, (8.6 -6)
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and

%’% is the matrix containing the partial derivatives of the atmospheric density with respect
t

to (see section 8.7.4 on atmospheric density partial derivatives). Because the density is not

a function of satellite velocity, the required partials are 85;75'

8.7 ATMOSPHERIC DENSITY

In the computation of drag, it is essential to obtain models of the atmospheric density which
will yield realistic perturbations due to drag. The GEODYN program uses the 1971 revised
Jacchia Model which considers the densities between 90 km and 2500 km. The following
discussion will cover primarily the assumptions of the models and empirical formulae used
in the density subroutine. The procedure for empirically evaluating the density tables will
also be included in the discussion.

8.7.1 Jacchia 1971 Density Model

The 1971 revised Jacchia model is based on Jacchia’s 1971 report, ”"Revised Static Models
of the Thermosphere and Exosphere with Empirical Temperature Profiles” [8 - 1]. The
density computation from exospheric temperature as well as from variations independent
of temperature is based on density data appearing in that report. This data presented in
Table 8.7-1 shows the density distribution at varying altitudes and exospheric temperatures.
For further detailed development of these empirical formulae, the interested reader should
consult the aforementioned report and Jacchia’s 1970 report [8 - 2].

8.7.1.1 The Assumptions of the Model The Jacchia 1971 model (J71) is based
on empirically determined formulae with some inherent simplifying assumptions. Such an
approach is taken primarily because the various processes occurring in different regions of
the atmosphere are complex in nature. Moreover, at present, a thorough comprehension
of such processes is lacking. The present J71 model is patterned after the J65a (Jacchia
1965a) model which was based upon previous assumptions by Nicolet [8 - 3].

In Nicolet’s atmospheric model, temperature is considered as the primary parameter with
all other physical parameters such as density and pressure derivable from temperature.
This approach was adopted by Jacchia in his 165a model. However, in the J71 model,
there are variations modeled by Jacchia which are independent of temperature. They are
the semi-annual variations, seasonal- latitudinal variations of the lower thermosphere, and
seasonal-latitudinal variations of helium, all of which involve a time dependency. Although
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in J71 Jacchia mentions variations in hydrogen. concentration, he does not attempt any
quantitative evaluation of these variations.

Composition

The J71 model has assumed that the only constituents of the atmosphere arc nitrogen,
oxygen, argon, helium, and hydrogen. This composition is assumed to exist in a state of
mixing at heights below 100 km and in a diffusion state at higher altitudes. A further
assumption on the composition of the atmosphere is that any variation in the mean molec-
ular mass, M, in the mixing region is the result of oxygen dissociation only. The variation
in M has been described by an empirical profile for heights ranging from 90 km to 100 km.

It is also believed that gravitational separation for helium exists at lower height than for
the other components. To avoid the cumbersome ordeal of modeling a separate homopause
for helium, Jacchia has modified the concentration at sea-level by a certain amount such
that at altitudes where helium becomes a substantial constituent, the modeled densities
will correspond to the observed densities. Although this will yield a higher helium density
below 100 km, the contribution of helium to the overall density will be negligible below
this height. Hydrogen does not become part of the density model until a height of 500 km.
At this altitude, hydrogen is assumed to be in the diffusion equilibrium state.

Temperature

The temperature above the thermopause.is referred to as the exospheric temperature. Al-
though this temperature is independent of height, it is subject to solar activity, geomagnetic
activity, and diurnal and other variations. The J71 model assumes constant boundary con-
ditions of 90 km with a constant thermodynamic temperature of 1830 K at this height.
From numerous atmospheric conditions it is suggested that the atmospheric conditions at
90 km do indeed vary nominally, and thus, his assumption may be reasonably acceptable
[8 - 4]. Profiles of the thermodynamic temperature show that it increases with height and
reaches an inflection point at 125 km. Above this altitude, this temperature asymptoti-
cally attains the value of the exospheric temperature. An analytic model of the atmospheric
densities by Roberts [8 - 4] has been constructed based on modifications to Jacchia’s 1970
temperature profile between 90 km and 125 km, The J71 model assumes that the basic
shape of the temperature profiles remains unchanged during atmospheric heating due to
geomagnetic storms, In all likelihood, the profiles at low altitudes become distorted to yield
higher temperatures during such occurrences. Since the J71 model assumes the atmosphere
to be in static equilibrium, for any sudden changes in solar activity or in geophysical condi-
tions, which are characteristically dynamic, the model will generally be unable to properly
represent the variations in both temperature and density due to this invalid assumption.
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The priority has been given to the best representation of density.

8.7.1.2 Variations in the Thermosphere and Exosphere Several types of vari-
ations occurring in the different regions of the atmosphere are incorporated in the J71
model. These variations are: solar activity variations, diurnal variations, geomagnetic
activity variations, semi-annual variation, seasonal-latitudinal variations of the lower ther-
mosphere, and seasonal-latitudinal variations of helium. Still another variation which is
not quantitatively evaluated by J71 is the rapid density fluctuations believed to be associ-
ated with gravity waves [8 - 1]. Each of the above variations may be modeled empirically
from observable data. However, because a static model is used, the various predictions will
exhibit different degrees of accuracy for each variation. It is fundamental, however, to note
that unless the characteristic time for which these variations occur is much longer than
that for the processes of diffusion, conduction, and convection to occur, the predictions
will be poor [8- 1].

Solar Activity

The variations in the thermosphere and exosphere as a result of solar activity are of a dual
nature. One type of variation is a slow variation which prevails over an 11-year period
as the average solar flux strength varies during the solar cycle. The other type is a rapid
day-to-day variation due to the actively changing solar regions which appear and disappear
as the sun rotates and as sunspots are formed.

To observe such activities, the 10.7 cm solar flux line is commonly used as an index of
solar activity. The National Research Council in Ottawa has made daily measurements
on this flux line since 1947. These values appear monthly in the ”Solar Geophysical Data
(Prompt Reports)” by the National Oceanic and Atmospheric Administration and the
Environmental Data Service in Boulder, Colorado (U.S. Department of Commerce). A
linear relationship exists between the average 10.7 cm flux and the average nighttime
minimum global exospheric temperature (Jacchia 1971) and may be expressed as:

Too = 379° + 3.24° Fyo 7(° Kelvin) (8.7 -1)

where

Two is the average nighttime minimum global exospheric temperature averaged over three
solar rotations (81 days).

Fjo.7 is the average 10.7cm flux strength over three solar rotations and measured in units
of 10722 watts m~2H 2! bandwidth.
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Equation (8.7-1) expresses the relationship with solar flux when the planetary geomagnetic
index, K, is zero; i.e., for no geomagnetic disturbances. The nighttime minimum of the
global exospheric temperature for a given day [8 - 1] is

TC = Too + 1.3O(F10_7 — Fm]) (87 —2)

where

Fio.7 is the daily value of the 10.7cm solar flux (in the same units as Fig.7) for one day ear-
lier, since there is a one day lag of the temperature variation response to the solar flux.

Thus, Equation (8.7-2) models a daily temperature variation about the average nighttime
minimum global temperature as determined in Equation (8.7-1).

Diurnal Variations

Computations from drag measurements have indicated that the atmospheric density dis-
tribution varies from day to night. The densities arc at a peak at 2 P.M. local solar time
(LST) approximately at the latitude of the sub-solar point, and at a minimum at 3 AM.
(LST) approximately of the same latitude ill the opposite hemisphere. The diurnal varia-
tion of density at any point is subject to seasonal changes. By empirical relationships, this
variation may be described in terms of the temperature. Again, because a static modelJ
used, the accuracy of this temperature is open to question.

At a particular hour and geographic location, the temperature, 7;, can be expressed in
terms of the actual global nighttime minimum temperature, T, ,for the given day [8 - 1].
Thus, we may write

m

Ty =Tc(1+ Rsin™0) |1+ RCT!%;EEZ o1 cosn g (8.7 -3)
where
R =03
m = 2.2
n = 3.0
T =H+  + psin(H + ) for (7 <7 <)
B = -37° (lag of the temperature maximum with the uppermost point of the sun.)

p = +6° (introduces an asymmetry in the temperature curve.)
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v = +43° (determines the location of the asymmetry in the temperature curve.)
N = 3ABS (¢ — ¢o)
6 = ABS(¢' — ¢o)

¢’ = geographic (geocentric) latitude

0o = declination of the sun

H = hour angle of the sun (when the point considered, the sun, and the earth’s axis are
all coplanar, H = 0. The hour angle is measured westward 0° to 360°)

The parameter R determines the relative amplitude of the temperature variation. Jacchia
and his associates have undertaken investigations of R which reveal indications of its vari-
ation in time and with altitude. After consulting 1969-1970 data, Jacchia presently has
abandoned any attempt at any definitive conclusions about the variations of R with time
or with solar activity [8 - 1]. Instead, he believes this evidence to be the. result of inherent
limitations of the static atmospheric representation. Consequently, in the J71 model, a
constant value of R = 0.3 is maintained.

Geomagnetic Activity

Precise effects of geomagnetic activity cannot be obtained by present measurements from
satellite drag, since such techniques can only show averaged values of densities. It is also
realized that the consequences of a geomagnetic disturbance in view of the atmospheric
temperatures and densities over the global regions are of a complex nature. However, when
such disturbances occur, there are indications of increases in temperature and density in
the thermosphere above the aurora belt. By the time this atmospheric disturbance reaches
the equatorial regions, a period of roughly 7 hours, the effects are damped out considerably
8 - 1].

A static model description of temperature and density cannot be viewed accurately since
the propagation time of the geomagnetic storms is relatively short. Therefore, any empir-
ical formulae used to compute the effects on the parameters yield only a vague picture.

Jacchia et al (1967) [8 - 18] have related the exospheric temperature to the 3-hourly plan-
etary geomagnetic index K. The quantity K, is used as a measure of a three-hour varia-
tion in the earth’s magnetic field. The response of the temperature change to geomagnetic
storms lags the variation in K, by about 6.7 hours. In the following equation [8 - 1] the
correction to the exospheric temperature due to geomagnetic activity is

ATy = 28°K, + 0.03°exp(K)) (8.7 -4)
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for heights above 200km.

Although this K, in equation (8.7-4) is a three- hour planetary geomagnetic index, a K,
averaged over a 24-hour period is used to minimize the amount of input data to GEODYN.
The loss of accuracy in using the daily average of K, is minimized, since the above equation
is for a smoothed effect of the variations derived from satellite data. Below 200 km, density
predictions from equation (8.7-4) prove to be too low. Better results are obtained if the
variations were represented as a two-step hybrid formula in which a correction to the
density and to the temperature is made. Thus, in J71 the following hybrid formula [8 - 1)
is given as

Py = Alog; Op = 0.012K,, + 1.2 x 10 Pexp(K}) (a)
ATy = 14°K, + 0.02°exp(K)) (b) (8.7 -5)

where Alog;, p is the decimal logarithm correction to the density p.

The values of a three-hour K, index are available along with the daily solar flux data in
the publication ”Solar Geophysical Data” by the N.O.A.A. and E.D.S., Boulder, Colorado
(Department of Commerce). In computing the exospheric temperature, accurate daily val-
ues for both the solar and geomagnetic flux must be used. These values are updated as new
information is received. This information may be updated using the appropriate GEODYN
Input Cards. The user should be aware of the fact that these tables are expanded as new
information is made available [8 - 3].

A midpoint point average is used to compute the six solar rotation flux values Fig.7.

Semiannual Variation

The semiannual variation at present is least understood of the atmospheric variations. In
past models, J65, attempts at empirically relating the temperature to this variation seemed
appropriate in the range of heights, 250 to 650 krn, for which data was available. However,
with the availability of new data for a wider range of altitudes, larger discrepancies in the
densities appeared. After close scrutiny, Jacchia in 1971 [8 - 1] found that the amplitude
of the semiannual density does not appear to be connected with the solar activity. It does,
however, show a strong dependence all height and a variation from year to year. Drag
analyses from the Explorer 32 satellite have revealed that a primary minimum in July and
a primary maximum in October occur for the average density variation [8 - 1]. Jacchia in
J71 expresses the semiannual variation as a product function [8 - 1] in which
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Py = Alogigp = [(2)g(t) (8.7-6)

where f(z) is the relationship between the amplitude, i.e., the difference between the
primary maximum and minimum, and the height, z, and where g(t) is the average density
variation as a function of time for the amplitude normalized to 1. The two expressions for
f(2) and g(t) which yield the best fit to the data are

f(2) = (5.876 x 107723331 4 0.06328)exp(—2.868 x 10732) (8.7 -7)
for z in kilometers;
g(z) = 0.02835 + 0.3817[1 + 0.4671 sin(277 4 4.1370)] sin(47 + 4.259) (8.7 -8)

where

7 =® +0.09544[(0.5 4 0.5 sin(27® + 6.035))1659 — 0.5]

P — (1=36209)
~7365.2422

t =time expressed in Modifed Julian Days
(M. J. D. = Julian Day minus 2 400 000.5)
M. J. D. = 36204 is January 1, 1958.

The term ® is the phase of the semiannual variation which is the number of days elapsed
since January 1, 1958 divided by the number of days for the tropical year. Seasonal-
Latitudinal Variations of the Lower Thermosphere In the lower thermosphere, from about
90 kill to 120 km, there are variations occurring in temperature and and density depending
on the latitude and the season. Only the density variation is considered because any
temperature variation proves to be too tedious to handle. Between the heights from 90
km to 100 km, there is a rapid increase in the amplitude of this variation in density
with a maximum amplitude occurring between 105 and 120 km [8 - 1]. Above 120 km
there is no data on which to base predictions of the seasonal-latitudinal variations. This
variation appears to decrease in amplitude to the point where negligible fluctuations exist
at 150 km. Therefore, the seasonal-latitudinal variations are neglected at heights above
160 km. Jacchia in J71 fits the seasonal variations to an empirical correction to the decimal
logarithm of the density [8 - I] as follows:

/
Py = Alogyyp = S|2/|P sin? ¢’ (8.7-9)

where
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®’ = geographic latitude
S = 0.014 (z — 90)exp[—0.0013(z — 90)?]
z = height in kilometers
P =sin(27® 4 1.72)
® = phase as given in equation (8.7-8).

Seasonal-Latitudinal Variations of Helium

Helium in the atmosphere has been observed to migrate towards the winter pole. The
phenomenon of this seasonal shift in the helium concentration in the upper atmosphere
is not yet understood. It therefore becomes necessary to perform an empirical fit to drag
data from which this seasonal variation is derived. The expression which. is used in J71
[8 - 1] to describe the helium variation

B B 0O [ . glm ¢ 6O . 3T
Q2 = Aloggn(He) = 0.65\7| [Sln [4 — 2’5®|] —sin” 7 (8.7 -10)

where
n(He) = number density of helium (number of particles/cm)
0® = declination of the sun
® = geographic latitude
e = obliquity of the ecliptic (e = 23.44°)

The variation of the helium density in subroutine DENSTY is not considered for heights
below 500 km. It is also neglected for latitudes whose absolute value is less than 15° be-
tween the range of heights from 500 km to 800 km.

The correction to the density due to the seasonal latitudinal variations of helium is then

App = 10lg0nHe)[jpAlewnHe) _ 110 gm /em?® (8.7 -11)

where

C' is the molecular mass of Helium divided by Avogadro’s Number.
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8.7.1.3 Polynomial Fit of Density Tables In Jacchia’s 1971 report [8 - 1], there are
tables showing the variation of density with altitude and exospheric temperature. From
heights of 90 km to 100 km, the density values were obtained by numerically integrating
the barometric equations. The diffusion equation was numerically integrated to obtain
values of the density on the altitude range: 100 km < Z < 2500 km. In both cases, an
empirical temperature profile was used for each exospheric temperature. In the GEODYN
the atmospheric density is computed based on the data from these tables after appropriate
corrections are applied to the exospheric temperature. The tabulated densities have been
fitted to various degree polynomials of the form;

Py =logigppr = k'Y jaT! (8.7 -12)
where
ppr is the density in g/cm?
T is the exospheric temperature,
h is the spheroidal height (altitude), and
a;; is a set of appropriate coefficients for the density tables.
A similar form of polynomial was used in fitting the helium number density.
Q1 =logygn(He) =Y h'1Y b7 (8.7 -13)
i J
where
logign(He) is the Helium number density,
T is the exospheric temperature,
h is the spheroidal height, and
b;; is a set of appropriate coefficients for the Helium number density tables.

Because the tabulated density values incorporate a wide range of exospheric temperatures
(500° — 1900°K') and altitude (90 - 2500 km), it is difficult to obtain an accurate represen-
tation from a single polynomial of the form in equation (8.7-11). Therefore, appropriate
coeflicients and polynomials were selected accordingly for varying height and temperature
ranges. The Jacchia density tables were separated into seven sections for polynomial fitting
in order to yield reasonable results.

The lowest region (90 - 200 km) is expressed by a third degree polynomial in height with
its coefficients also fitted by a third degree polynomial in temperature from 500° — 1900°K.
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For the regions 200 - 500 km, 500 - 1000 km, and 1000 -2500 km third degree polynomials
in altitude were used. Within these regions height coefficients were fitted to two ranges
of temperatures, one from 500° — 800°K and the other from 800° — 1900°K. In the last
region (1000 - 2500 krn) for the temperature range of 800° — 1900° K, the coefficients in
height were fitted to a fourth degree polynomial temperature. In all other cases, the height
coefficients were of a third degree fit. The coefficients for the selected polynomials for the
total density are shown in Table 8.7-1. In Table 8.7-2, coefficients of polynomials for the
helium number density are presented. The computed densities from the fitted polynomials
show a reasonable percentage error from the Jacchia density tables. For each of the regions
and temperature ranges, the maximum errors are given in Table 8.7-3. The largest error
of 12% occurs in the region between 500 -1000 km in the temperature range of 500° — 800°
K. In the region of 1000 - 2500 km with temperatures between 800° — 1900° K a fourth
degree fit to the temperature yields a maximum error of 11.0% in the densities.

The helium number density fits are also given in Table 8.7-3. As one can see, the values of
the number density are quite satisfactorily fitted by the polynomials. The maximum error
in the whole range of heights and temperatures is only 2.8%.

Overall, these fits could be improved by either using higher degree polynomials or possibly
other functions, or by further sub-dividing the density table. However, these maximum
errors appear to be tolerable since they are considered to be within the range of accuracy
of the model presently used. Above 2500 km, the density was found to be negligibly small,
and therefore, was set to zero.
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Table 1. Table 8.7-1 Density Polynomial Coefficients (For Decimal Logarithm of Density)

TO T1 T2 T3 T4
90-200 KH
hO 0.42208SE+-01 | 0.983929E-02 | -.649521E-05 | 0.147153E-08
hl -.201342E4-00 | -.234119E-03 | 0.153367E-06 | -.346749E-10
h2 0.785919E-03 | 0.169661E-05 | -.110604E-08 | 0.250069E-12
h3 -.120874E-05 | -.343600E-08 | 0.224571E-11 | -.510691E-15
200-500 KH
FOR 500-800°K
hO -.128384E+-02 | 0.407090E-02 | 0.970741E-05 | -.106425E-07
hl 0.822821E-01 | -.312150E-03 | 0.265426E-06 | -.551933E-10
h2 -.689505E-03 | 0.241015E-05 | -.270581E-08 | 0.990035E-12
h3 0.112628E-05 | -.418072E-08 | 0.506171E-11 | -.204837E-14
200-500 KH
FOR 800-1900°K
hO -.845952E4-01 | -.150005E-03 | -.626402E-06 | 0.246119E-09
h1 -.283949E-01 | 0.177601E-06 | 0.613977E-08 | -.233615E-11
h2 0.559979E-05 | 0.774612E-07 | -.594920E-10 | 0.149206E-13
h3 0.394342E-08 | -.764352E-10 | 0.583326E-13 | -.145952E-16
500-1000 KM
FOR 500-800°K
hO -.776587E4-02 | 0.167271E+00 | -.565702E-04 | -.504240E-07
hl 0.306381E+00 | -.989364E-03 | 0.749320E-06 | -.531783E-10
h2 -.389349E-03 | 0.129726E-05 | -.107765E-08 | 0.141909E-12
h3 0.159620E-06 | -.540490E-09 | 0.467086E-12 | -.718865E-16
500-1000 KM
FOR 800-1900°K
7 ho 0.500815E+02 | -.126002E+00 | 0.838957E-04 | -.182762E-07
hl -.305716E4-00 | 0.617057E-03 | -.414429E-06 | 0.910959E-10
h2 0.417666E-03 | -.887429E-06 | 0.610397E-09 | -.136339E-12
h3 -.179649E-06 | 0.393863E-09 | -.276393E-12 | 0.626491E-16

1000-2500 KM
FOR 500-800°K

ho
hl
h2
h3

0.365321E+02
-.483521E-01

0.111413E-04
-.250589E-10

-.261563E4-00
0.268015E-03
-.774998E-07
0.447248E-11

0.419634E-03
-.482137E-06
0.160423E-09
-.140854E-13

-.216612E-06
0.270953E-09
-.990550E-13
0.104429E-16

1000-1250 KM
FOR 800-1900°K

h0
hl
h2
h3

0.524100E-+02
-.143546E4-00
0.876930E-04

-.157162E-07

-.206525E4-00
0.431133E-03
-.271569E-06
0.496307#310

0.216416E-03
-.461365E-06
0.297453E-09
-.552974E-13

-.906229E-07
0.201789E-09
-.134250E-12
0.254318E-16

0.130541E-10
-.308883E-13
0.213697E-16
-.413038E-20




Table 2. Table 8.7-2 Helium Density Polynomial Coefficients (Decimal Log of Helium Num-

ber Density)

TO T1 T2 T3 T4
500-1000 KM
FOR 500-800°K
hO 0.937121E+01 | -.526336E-02 | 0.529828E-05 | -.204706E-08
hl -.131408E-01 | 0.312183E-04 | -.325977E-07 | 0.125725E-10
h2 0.260710E-05 | -.757300E-08 | 0.930576E-11 | -.406694E-14
h3 -.521562E-09 | 0.190563E-11 | -.265782E-14 | 0.125349E-17
500-1000 KM
FOR 800-1900°K
h0 0.839138E+01 | -.164334E-02 | 0.780320E-06 | -.143227E-09
hl -.690494E-02 | 0.841383E-05 | -.445772E-08 | 0.856271E-12
h2 0.105103E-05 | -.126629E-08 | 0.711337E-12 | -.141795E-15
h3 -.122221E-09 | 0.147453E-12 | -.976579E-16 | 0.214583E-19

1000-2500 KM
FOR 500-800°K
h0
hl
h2
h3

0.910459E+01
-.122592E-01

0.158930E-05

-.118288E-09

-.434096E-02
0.279509E-04
-.358626E-08
0.261383E-12

0.402920E-05
-.279720E-07
0.354761E-11
-.252266E-15

-.145215E-08
0.103710E-10
-.129853E-14
0.897136E-19

1000-2500 KM
FOR 800-19000K
hO
hI
h2
h3

0.861203E+01
-.848471E-02

0.115432E-05

-.945207E-10

-.253633E-02
0.140837E -04
-.198839-08
0.173870E-12

0.189793E-05
-.113857E-07
0.166354E-11
-.153679E-15

-.736962E-09
0.448705E-11
-.676278E-15
0.654017E-19

0.113880E-12
-.690642E-15
0.107063E-18
-.107605E-22

Table 3. Table 8.7-3 Percentage Error of Polynomial Fits to the Densities

Height Range | Temperature Range Maximum Percent Error
(KN) (Degrees Kelvin) | Total Density | Helium Density
90-200 500-1900 11.0
200-500 500-800 11. 6
200-500 800-1900 5.13
500-1000 500-800 12.0 0.44
500-1000 800-1900 8.85 2.8
1000-2500 500-800 4.1 1.0
1000-2500 800-1900 11.0 1. 25
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8.7.1.4 The Density Computation When all of the terms contributing to the atmo-
sphere density are combined

pp = 103[1071+ P2+ P+ Py @1 (1092 — 1) (8.7 -14)

where

pp the atmospheric density in Kg/m?
P, is given by equation (8.7-12),

P, is given by equation (8.7-6),

P5 is given by equation (8.7-9),

Py is given by equation (8.7-5a),

Q1 is given by equation (8.7-13),

Q2 is given by equation (8.7-10), and
C is the molecular mass of Helium divided by Avogadro’s Number = 0.6646 (1023)

8.7.1.5 Density Partial Derivatives In addition to the density, GEODYN also re-
quires the partial derivatives of the density with respect to the Cartesian position coor-
dinates. These partials are used in computing the drag contributions to the variational
equations.

The spatial partial derivatives of the atmospheric density are

dpp _ Opp 09  Opp OX  Opp Oh

or  9¢ or = O\ OF = Oh OF (8.7-15)

where

h = spheroid height of the satellite
¢ = sub-satellite latitude
A =sub-satellite longtitude

7 = true of date position vector of the satellite
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Variations in atmospheric density are primarily due to changes in height. Therefore, only
height variations are computed by GEODYN and

dpp

9pD _ 7-1
3 0 (8.7 -16)
3PD_

ox 0

and consequently

9pp _ 9pp Oh

= = 7-1
or oh OrF (87-17)
where % is presented along with the spheroid height computation in Section 5.1.
The density is given (Section 8.7.4) by
pp = 103[101 PP tP 4 10@1(10%2 — 1)) (8.7 -18)
where
pp = density in Kg/m?
Py=> n0N a T (8.7 -19)
i=1 j=1
Py = g()[5.876(10~")h?33 1 0.06328]exp[—2.868(10~°)A] (8.7 -20)
Py =0.014(h — 90)Pé| sin? ¢'exp[—0.0013(h — 90)?] (8.7 -21)
Py =0.012Kp + 1.2(10*5)ea:p(Kp) (8.7 -22)
Q1 =Y RN b 707V = logn(He) (8.7 -23)
i—1 j=1
Q2 = Alog;yn(He) (8.7 -24)

C = the molecular mass of Helium divided by Avogadro’s Number.
h = height in Km.
a;; = polynomial coefficients used to fit the density table.

b;; = polynomial coefficients used to fit the Helium number density table.
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All other terms are defined in Section 8.7.1.4; and need no further clarification at this point
since they are constants in the partial derivative equations.

Defining two basic derivative formulae,

@ — 72
T e I (8.7 -25)
d d
iy w(x) — % _u(z)Inl0 7.9
10 e (8.7 -26)
—In 106u(:r) In10 du(l‘) — 10u(z) In 1Od’u,(ﬂf)
dx dx
And it follows that
%10P1+P2+P3+P4 = 10 Bt Pa 108%(131 + Py 4+ Py + Py) (8.7 -27)
0 0@
—-109t =109 In10=% 72
o710 09" In 105 (8.7 -28)
Differentiating the components of (8.7-27) and (8.7-28)
apl - . (i—2) = .
= = D (= DAY "y T6(j — 1) (8.7 -29)
i=1 j=1
or _ g(t)(5.876(1077)(2.331)h1 3 exp[—2.868(1073)A)
oh (8.7 -30)
+15.876(107")A%33 4 0.06328](—2.868)(1073)exp[—2.868(103)A])
or; ¢ o 2 2
== 0.014Pmsm ¢'exp[—0.0013(h — 90)2](1 + 2(h — 90)%(—0.0013)) (8.7 -31)
OP,
= =0 8.7 -32
o ( )
i=2 j=1

The resulting partials are in the units of (Kg/m?)/Km and must therefore be multiplied
by 1073,

9pp O P1+Pa+P3+FPy Q2 9 Q1
W%IO + (10 1)0%10 (8.7 -34)
The units of (8.7-34) are then (Kg/nt*).
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8.7.2 Thermospheric Drag Model (DTM)

DTM is an empirical dimensional model (thermospheric temperature density and compo-
sition) developed in terms of spherical harmonics by using satellite drag data which cover
almost two solar cycles. The model gives total densities, partial densities and temperature
as a function of solar and geomagnetic activity, local time, day of the year, altitude and
latitude. The DTM like the Jacchia model is based on satellite drag data combined with
the assumption of diffusive equilibrium. Furthermore, the existence of a new global exo-
spheric model based on direct optical determinations of temperature, provides a different
interpretation of the drag data.

8.7.2.1 Assumptions of the Model The majority of the satellite drag data are ob-
tained in height region 200 km and 1200 km. By numerical integration or analytical
expressions, it is possible to compute total atmospheric density in the vicinity of the satel-
lite perigee. As a consequence of diffusive separation above 1000 km altitude, molecular
nitrogen Ny, atomic oxygen O and helium He, are the major atmospheric constituents.
Therefore the total density can be observed as densities of these individual constituents.
Molecular oxygen Oy and hydrogen H are not major components within the same range
of height and we must introduce some assumptions for their vertical distribution. Further-
more a horizontal and vertical distribution must be adopted to compute distribution of the
individual components. Temperature 7' is given as a function of z (satellite altitude above
the reference ellipsoid).

T(z) = Too — (Tso — T120)exp(—0() (8.7 -35)
where
T is the thermopause temperature
Ty90 is the constant temperature of 120 km (lower boundary altitude) = 3800° K

¢ is the geopotential altitude given by:

(z — 120)(a + 120)
a-+z

¢ = (8.7 -36)

where
a is the semi-major axis of the reference ellipsoid (6356.77 km)
o =8+ (a+120)71

S = 0.02 (temperature gradient parameter)
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S and Tpog are used in the model as constants although they actually vary with seasons.
The contribution of hydrogen H to the total density is negligible for the considered range
of heights. However, for the determination of the helium (He) density above 500 km, we
subtract the atomic hydrogen effect.

For molecular oxygen (Os) contribution to the total density is less than 5%. Therefore,
they adopted a constant value of 4.75 x 10'°cm ™3 at the lower boundary of 120 km.

8.7.2.2 Mathematical Formulation The various densities contributing to the total
density are given by:

ni(z) = Ay,exp|Gi(L) — 1] fi(2) (8.7 -37)

where
Ay, is a constant

fi(z) is a function which result from the integration of the diffusive equilibrium with tem-
perature profile given by (8.7-35)

fi(z) =

1+a;+vi
[ L—a ] ! exp[—ov;(] (8.7 -38)

1 — ae’€
where

a; = thermic diffusion factors (constant for each constituent)

— (migzo)

Vi T KTe
4 =TTy
= %%

m; = molecular mass of constituent
gz, = gravity at zp

K = Boltzman Constant
Too = A1G(L)

Gi(L) from spherical harmonic development depends on various parameters contributing to
the density variation
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Omitting the subscript i , the function G(L) is given by:

G(L) = 1+F1+M+ZCLOPO +BZbOP0

q=1

+8 Z Z ) cos(mwt) + dp' Pl (0) sin(mwt)]

n=1m=1

where

Q = 3% (day ™)

w = 2% (hour™?)

P’ = associated Legendre functions described explicitly later

a,b,c,d = thermonical coefficient provided by the model

Solar activity effect:

Fy = Ay(F — F) 4+ A5(F + F)? + Ag(F — 150)

where

F = solar flux of the previous day

F = moving average of solar flux

Geomagnetic effect:

= (A7 + A3P))K,

where
K, = geomagnetic index of 6 hours earlier
P) = 1(3sing — 1)
¢ = geodetic latitude

Zonal latitude dependent term:

Z alP?(0) ~ Ao P + A3P)
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) cos[pQ(d — 6,)]

(8.7 -39)

(8.7 -40)

(8.7 -41)

(8.7 -42)



where
o 1., .9
Py = 5(35111 $—1)
1
P) = 339 sin® ¢ — 30sin® ¢ + 3)
Annual and semi-annual terms:

Z BOPY(0) cos[pQ(d — 8,)] ~ AN1+ AN2 + SAN1 + SAN?2 (8.7 -43)

where AN1, SAN1 are terms independent of sign of latitude and AN2, SAN2 are terms
where the latitude has opposite signs in opposite hemispheres.

AN1 = (Ag + Ao Py cos[Q(d — Aqp)] (8.7 -44)
SAN1 = (Ao + A13P) cos[2Q(d — Ayy)] (8.7 -45)
AN2 = (A15P) + A1 PY) + A17 P cos[Q(d — Ag)] (8.7 -46)
SAN2 = AygP{ cos[2(d — Ax)] (8.7 -47)
where
P =sing

1
PY = 5(5 sin ¢ — 3) sin ¢
1
PY = §(63 sin? ¢ — 70sin% ¢ + 15) sin ¢
Diurnal, Semidiurnal and Terdiurnal terms:
Z Z ) cos(mwt) + dVPT(0) sin(mwt)] = D + SD + TD (8.7 -48)

n=1m=1

where
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P! = cos ¢

P21 = gsinqﬁ

Pl = %(5 sin ¢ — 1) cos ¢

Pl = é(315 sin? ¢ — 210sin? ¢ + 15) cos ¢

SD = [A31 P} + A3o P2 cos(Q(d — Ayg)] cos 2wt

+ [A33P22 + A34P32 COS(Q(d - alg))] sin 2wt
(8.7 -49)

where

P? = 3cos? ¢
P32 = 15sin ¢ cos ¢
TD = As35P; cos 3wt + AsgP3 sin 3wt (8.7 -50)

where

P = 15cos® ¢
B in equation(8.7-39) is

B8 =1+ F; for O, Ny, and T, and
B8 =1 for He

Finally, the total density, p. is given by the following equation
p=>_ nim (8.7 -51)
i
where m; = molecular mass of constituent .

Finally, the acceleration due to drag is given by:

XD =-S5 p X VREL (87 —52)
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where Vzpr is the relative velocity of the satellite with respect to the atmosphere. In
GEODYN II, we assume that the atmosphere is rotating with the same velocity as the
Earth (rigid body).

A
S=05xCyx — (8.7 -53)
m
where
A = the cross sectional area of the satellite
m = the mass of the satellite, and
C4 = the Drag coeflicient
8.8 TIDAL POTENTIALS
8.8.1 The Love Model

The gravitational potential originating from solid earth tides caused by a single disturbing
body is given [8 - 11].

ke GMy R> _ -
2 e ) -1
Ux(r) = 5 g’ B )~ 1
3 3 (8.8 -1)
_ R GMy Mg Re 17\ Re \ "y g 2
"2 R} |M.RI| |r ¢
and the resultant acceleration on a satellite due to this potential is
_k:gGMng 5 91 A
where

ko is the tidal coefficient of degree 2 called the ”Love Number”
G is the universal gravitational constant

M. is the mass of the earth

R, is the mean earth radius

My is the mass of the disturbing body

M., is the mass of the earth
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Ry is the distance from COM2 to COM3
r is the distance from COM, to the satellite
R, is the unit vector from COM, to COM,

is the unit vector from COM, to satellite

>

8.8.2 The Expanded Tide Model

The gravitational potential arising from solid earth tides caused by a single disturbing body
is given by (Kaula, 1969) [8 - 19, 8 - 20, 8 - 21]:

Tompo = A M Iy cosm(y) 4 r- Sinm(g) upper line for 2 — m even
P 2mp0 3 T .
r —J12mpo x +12mpo T lower line for 2 — m odd
where
. GM* - (2—m)! .
2mp0 — a*3 (lg (2 + ’I?’L)' (2 - 50m)G2p0(€ )
r «\ | COS .
[ +] = KompoFomp(1") [ . ] (Vinp = M2mp0)
— L ompo sin
Vip = (2 = 2p)(w" + M*) + mQ*
and

Kopmpo is the tidal coefficient of degree 2
G is the universal gravitational constant
M* is the mass of the disturbing body
a*,e*, i, 1", w*, Q" are the Keplerian elements of the disturbing body
ae 1s the radius of the earth

P>, is the associated Legendre polynomial of degree 2

x,y,z are the Cartesian coordinates of the satellite
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The resultant acceleration is then

E==> VThmp
m?p

_ * Pom, ry Yy ry . Y
VTompo = —Asmpo [V [7'3} [P_} no cos m(;) + [P_ - sin m(;)
P
—i—% [Fﬂ Vcosm(g) + Fﬂ Vsinm(y)]
r r_ T r_ x
2mp0 2mp0

Now further the variational equations are (summation over m and p implied):

aﬁfmpo (=VTompo) = —Admpo |V [112;”] [—PI?J oo cos m(%) + [_1_‘11_} - sin m(z)]
P:;T [_PF_ ] Vcosm(g) + [—FFJF] Sinm(y)H
+2mpo r = Jompo x
8K§mp0 (=VTomg0) = K;po
Comparison

Current Tide Model in GEODYN : truncated harmonics at [ =2, m =p = ¢ = 0.
Expanded Tide Model : expanded harmonics up tol =2,p =0,1,2,m = 0,1,2 and ¢ =
0.

8.8.3 The 8906 Tide Model

The GEODYN tide model, described by Colombo (1984) [8 - 34], corrects several prob-
lems which previously existed in the tidal force model, making GEODYN better suited to
perform precise tidal analysis of tracking and altimetry data. Specifically, it includes the
osculating eccentricity and inclination of the disturbing body in the ocean tide formulation.
It also implements a side band modulation of the main tidal lines. In the process of making
these modifications, every attempt has been made to improve the speed and accuracy of
the computations. Christodoulidis et al. (1988) expresses the second degree tidal potential
as:

3—m R
(=

V(e A1) =)k sA;Gp .

f

)3 Py, (sin ¢) cos a?E (8.8 -3)
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for the solid Earth and by

R

r

k
U 0r) =3 S 4G R0 g - (

.8 -4
iy 2041 (8.8 -4)

)"HPl,q(sin ®) cos Qp g f+

for the oceans, where the angular arguments are, respectively,

and

Og}?E —

(F) [(2 —2h)w* + (2 —2h+j)M* + kQ*] +mOy +mA 47 — mg + 02,5
(8.8 -5)

O‘lj,Fq,f = (F) [(2 —2h)w* + (2 —2h + j)M™* + k‘Q*} +mOy £ g\ + 7 — mg + Qg f7
(8.8 -6)

where

O, AT

C—)g

P 4(sin )
a*,e*, i

QF wr, M*
A, €ms im
Qs Win, My
Us, s, Ls
O, ws, M
M,

s

i

R

Gp
>

f

latitude, east latitude, and radial distance of the point of evaluation;
Greenwich sidereal hour angle;

associated Legendre functions

Keplerian elements of the disturbing body

referred to the ecliptic;

Keplerian elements of the Moon referred to

the ecliptic;

Keplerian elements of the Sun referred to

the ecliptic;

gravitational constant times the mass of the Moon;

gravitational constant times the mass of the Sun;

gravitational constant times the mass of the Earth;

average radius of the Earth;

equivalent of the Doodson constant;

summation over all tide constituents if) in the expression of the tide-generating po-

tential;
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Ay equivalent of the Doodson coefficient;

ks second degree love number and is its phase;
k‘f load deformation coefficients;
po average density of the oceanic water;

Clq.f+5Giq,r+ amplitude and phase in the spherical harmonic expansion of the ocean tides specified
by I, g, and the tide constituent f.

Notice that the solid Earth potential incorporates the osculating inclination and eccentric-
ity of the disturbing body in the Doodson coefficient. However, no term is a dependent
upon these parameters in the ocean tide formulation. The lunar eccentricity can vary as
much as 40% with respect to its mean value over the course of a month. The tidal am-
plitude exhibits a dependance approximately proportional to the J power of eccentricity,
where J is the integer multiplier of longitude of perigee. For most major tides, where J =
0, this effect can be ignored. However, for J = 1 tides (L2, N2) and J = 2 tides (2 N3) the
variation in the tidal amplitude becomes significant.

0%(J = 0)
Aamplitude ~ 40%(J = 1)
80%(J = 2)

To correct this inconsistency, the new ocean tide model incorporates the osculating elements
of the disturbing body as in the following:

Vit 1+k Ry~ .
U(6.0r) = 3 Y R nGRy () - Cry e ()77 Pyl s o

I Lot 2aA+1
(8.8 -7)
where
Vi =A;Gp
and where
Vi = A;Gp

The time varying tidal amplitude, Vy , incorporates the osculating eccentricity and incli-
nation of the disturbing body. This expression is scaled by V} to ensure that the value is
dose to unity. The following efficiency features have also been added:

e Linearly interpolate tidal amplitude over a variable interval (TIDCON)
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e Only compute distinct frequencies (TIDACC)
e Only compute distinct g\ terms (TIDACC)

The new tidal model also allows for the scaling of the sidebands in conjunction with the
adjustment of the main line constituents. Since the side bands are grouped in a band
about the main line, the admittance function is linear and the tidal potential becomes,
from equation (8.8.3-5)

1+ Kk
U(g, A1) = Z Z 47TGRpo(TH)Cl,q,fi'
l,q,t
| /b o W (8.8 -8)
Pafsing) { A0S0 £+ - mF +9
+By(t)sin(ofy £ g\ +7 —m3 +€)
where
Vi, (¢)
Ap(t) =) ‘;f cos(ap,1) — 0,y (1)) (8.8 -9)
j 0
and
Vi ()
Bp(t) = ‘_;f sin(o s, ) — 0, (t)) (8.8 -10)
j 0

The code for equations (8.8.-7) and (8.8.-8) is primarily located in subroutine TIDACC,
where the time dependent tidal accelerations are computed. Once per global iteration ini-
tializations are performed in PRETJD and PRESET. The Doodson coefficient is computed
in ADOOD. Equations (8.8.-9) and (8.8.-10) are computed in subroutines AANDBE and
AANDBO.

8.9 GENERAL ACCELERATIONS

GEODYN is capable of applying and solving for general satellite accelerations of the
form

X =ai (8.9 -1)

where 4 is a unit vector defining the direction of the acceleration and « is the solved-for
parameter. Below, let X and V' be the satellite’s true of date position and velocity.
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Radial Acceleration

== (8.9 -2)

a= XV (8.9 -3)

.V
In-plane Acceleration
o (X xV)xX
= = _ 8.9 -5
TIX X V) x X| (89-5)

In order to define the GPS general accelerations the GPS body fixed coordinates must be
defined.

let
SS == The vector from the satellite center of gravity (CG) to the sun’s CG.
R == The vector from the center of earth to the satellite’s CG.

then
Zaps = —R
Yops = Zgps X SS
Xaps = Yars X Zagps (8.9 -6)

GPS X axis acceleration

Xaps
| Xcps|

(8.9 -7)

r[)/:

164



GPS Y axis acceleration

. Yops
U= —= 8.9 -8
[Yeps| ( )
GPS Z axis acceleration
. Yaps
U= —= 8.9-9
[Yops| ( )
The variational partials are defined simply as
f=a (8.9 -10)

8.10 DYNAMIC POLAR MOTION

The non-rigidity of the Earth is manifested in the temporal variability of its moments of
inertia in response to both rotational and tidal deformations. The Earth’s axis of figure,
which is the principal axis of angular momentum, exhibits two periodic motions. A daily
motion due to the Earth’s response to the tidal deformation and a much smaller motion,
with a period similar to that of the Chandlerian wobble which is the Earth’s response to
the rotational deformation. The latter is also known as dynamic polar motion.

This motion has been shown to be proportional to the main wobble with a proportionality
factor of K = kﬁ where:

S’

k is the Earth’s Love number ( 0.30)

ks is the so-called ”Secular Love number” ( 0.94), when the geopotential is referenced
on the center of that wobble.

It is well known that the orientation of the axis of figure with respect to some arbitrary
frame of reference is reflected in the values of the second degree, order one, harmonic of the
spherical harmonic expansion of the gravitational field of the body C(2,1), S(2,1). If the
geopotential is referenced on the eTRS (Conventional Terrestrial Reference System). then
one has to account for the offset of that reference pole from the current center of the wobble.

In GEODYN, we use a general formulation which accounts for the temporal variation of the
figure axis through the application of the proportional variations of the C(2,1) and S(2,1)
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harmonics. If we denote the proportionality factor by K the resulting model is:

C271(t) = CA'QJ(to) + 0271(75 —to) + K:Ep(t)ézo
SQJ(t) = 5’2’1(1&0) + 5.1211(1‘, — to) + Kyp(t)SQ’O (8.10 —1)

where Cy 1, 52,1 are the values of these harmonics relative to the CTRS at an initial epoch,
to.

The periodic part, which is represented by the last term, will average out in each Chandler
cycle.

The center of the polar motion migrates slowly, and after some time, accumulates as an
offset. To the extent that this offset (first term) becomes much larger than that of the
periodic part, the second term is included to compensate for this future secular motion. [8
- 32]

8.11 EARTH RADIATION

The evaluation of the acceleration on a satellite due to the Earth’s radiation pressure,
requires integrating the effect of the albedo and emissivity over the surface of the Earth.
In the computation of the acceleration, the satellite visible area of the Earth is divided into
19 elements of equal attenuated projected area. The acceleration from each of the 19 surface
elements is summed together to approximate the actual surface integral. In computing the
albedo and emissivity GEODYN uses the Knocke second degree zonal spherical harmonic
representation of the Earth’s albedo and emissivity. The earth radiation acceleration, due
to a single earth area element, is given by [8-24]

. E,
dAER = CR(CLES COS @S + 67)

A o
7(;2207‘@5 dAT (8.11-1)

where
a = albedo
Cr =1+ ps (where p; is the satellite reflectivity)
e = emissivity
Es = solar irradiance (watts m~2)
I' = distance from earth element to satellite

I = unit vector pointing from earth element to satellite
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C = speed of light
Ag = cross sectional area of satellite
m = mass of satellite

a = view angle (angle between earth area element normal and earth area element-
satellite vector)

dA = area of earth element

Using a summation of earth area elements (visible to the satellite), to approximate the
integral, the earth radiation acceleration is given by

N

App = Z Cr(Kp,a;EscosOg; +
J=1

€jEs) AS

1 ) mCT2 cos ajdA;T; (8.11 -2)
T

where
N is the total number of earth area elements

Kp is equal to 0 when the earth element is in darkness and 1 when the earth element is
in sunlight

In the computation of the acceleration the visible area of the earth is divided into 19
elements, such that the attenuated projected areas for all of the elements are equal. The
attenuated projected area is given by [8-24]

B dA; cos a;

A = 8.11-3

A spherical harmonic expansion is used to calculate the albedo and emissivity for each of
the earth area elements [8-24]. Therefore, the albedo and emissivity are given by

a = ag+ a1 P1(sin @) + aa Pa(sin @)
e =eg+ e1 P (sin @) + ea Po(sin ¢) (8.11 -4)
a1 = cg + ¢y cos(w(JD — tg)) + cosin(w(JD — tg))
e1 = Ko+ Ky cos(w(JD —tg)) + Ko sin(w(JD — ty))

where
to = epoch of periodic terms (December 22, 1981)
w = gagsdays

apg = 0.34
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as = 0.29

eg = 0.68
es = -0.18
co =0

c1 = 0.10
co =

Ky =

K, =-0.07
Ky =0

8.12 THERMAL DRAG EFFECT ON LAGEOS

The drag on LAGEOS has been attributed to geophysical effects and satellite-specific ef-
fects [8 - 33]. An example of the second type of effect is the Yarkovsky thermal drag,
which is due to LAGEOS’s spin and thermal properties. Rubincam (8 - 28) and (8 - 33)
has shown that the drag force lies along the spin axis and can account for 42 - 75% of the
observed along-track acceleration, depending on the spin axis position. The remainder is
accounted for by charged and neutral particle drag.

The thermal drag acceleration on LAGEOS (or LAGEOS type satellites), drp depends on
the position of it’s spin axis [8 - 27] and [8 - 28]. It is computed from:

—,

—D(rq - 5)
(1+¢2)

—
—

drp = (8.12 -1)

Where D is a model constant, ( a parameter, S the unit vector in the direction of the
LAGEOS spin axis and 7y the unit vector from the geocenter to a previous (earlier) posi-
tion of the satellite. The recommended parameter values which are the default values in
GEODYN II are the following:

D = —11.836 x 10~ 12ms—2

¢ =12
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S = +(sin 0 cos A\Z, sin 0 sin A\, cos 2), 6 = 22° and A\ = 313° where 6 is the colatitude of
the satellite’s spin axis and A the right ascension.

The unit vector 7y is defined as the satellite’s position vector obtained by going back-
wards in time from the current position vector by a time corresponding to the orbit angle
6 = arctan (.

The computation of 7y is done approximately using the osculating Keplerian elements.

[cos 2 cos(w + M — ) — cosisinQsin(w + M — 0)]Z
g = | [sin Qcos(w + M — ) — cosicosQsin(w + M — 0)]y (8.12 -2)
[sinisin Qsin(w + M —0)]Z

In the implementation of eq. (8.12-2) in GEODYN II, drp is calculated in the earth
centered true of date at the integration epoch coordinate system. In addition, the Keplerian
elements are rigorously computed from the satellite state vector every 12 hours, while
for every integration step within this time span, only the mean anomaly (M) is updated
from

M = My + nAt (8.12 -3)

where 7 is the satellite’s mean motion, My is the rigorously computed mean anomaly at
time tg and At =t — ¢g.

To invoke this model for any arc, the option card THRDRG must be used with the satellite’s
ID specified. Also, the default values for D, § and 6, A, may be overridden by specifying
new values on the THRDRG card.

8.13 RELATIVISTIC CORIOLIS FORCE

The relativistic Coriolis force (also known as geodetic or geodesic precession) represents the
precession of the axis of a freely falling inertial frame. Thus, the inertial planet-centered
frame precesses with respect to the inertial barycentric frame with angular velocity (if the
sun is considered the only contributor given by [8 - 29] :

—G]WSXES] (8.13 -1)

L3 L
G=2(Ve—V
2(E S)X[ 2R3

where:

Vg = barycentric velocity of the central body
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Vs = barycentric velocity of the sun
Xps = Xp — Xs
Rps = |Xp — Xs|
¢ = speed of light

This precession exhibits itself as acceleration on a space-craft orbiting the central body
much like the Coriolis force. Therefore, the contribution to the equations of motion imple-
mented in Geodyn is given by:

a=(Qx7) (8.13 -2)
where:

¥ = inertial planet-centered velocity of the space-craft

8.14 LENSE-THIRRING

Lense-Thirring acceleration is due to the mass current and gravito-magnetic field of a
rotating gravitating body. A very simple explanation for this is given in Soffel, 1989;
” A rotating central body influences the surrounding space-time in some sense similar as
if it were immersed in a viscous fluid transferring some of its rotational energy to the
surrounding medium.” [8 - 30]. The effect on an orbiting space-craft is to drag the angular
momentum vector of the orbit along with the rotating central body. The contribution to
the equations of motion is implemented in Geodyn as

AGMwR? [ (2% + y? — 222\ . yz '\ .|
Qo = v 3,3 2 y+3( =5 )7
c2r r r |

4 GMwR? 2?4 y? — 222\ | AW
ay = 50273[_ (ﬂ)m—{ﬂ()z (8.14 -1)

" _%GMwR2 NE xy — ya\ |
5 23 r r |

w = angular velocity of the central body

where:

R = radius of the central body

ro=ya?+y?+ 22
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8.15 PLANETARY MOON POINT MASS PERTURBATION

For central bodies other than the Earth, the Earth’s Moon, and the Sun planetary moon
point mass perturbations for up to 5 moons can be requested (see the PLMOON card in
VOLUME 3). The contribution to the equations of motion for a particular moon is imple-
mented in GEODYN in the following manner:

DIRECT EFFECT (direct gravitational force on the space-craft (s/c) from the moon):

GMRE 5 - &
R3 ;R:RS/C_RMOON

i=—

—

R/, = Central body centered position vector of space-craft.

RMOON = Central body centered position vector of the moon.
GM = The product of the Universal gravitational constant and the moon’s mass.

INDIRECT EFFECT (The moon perturbs the origin of the coordinate system (the central
body). Thus, the acceleration on the origin translates to an acceleration on the s/c):

_GMRuoon (8.15 -1)

a= ;

3
RMOON
ﬁMoo ~ = Central body centered position vector of the moon.

GM = The product of the Universal gravitational constant and the moon’s mass.

The V-matrix partials are implemented in GEODYN in the following manner (partials are
of the sum of both the direct and indirect accelerations):

V-MATRIX PARTIALS:
da.  GM N 3GM (x5 — Trr00N)*

;ﬁ = ﬁs/c - ﬁMOON

0%g/c T R3 RS
dagy  3GM(25)c — TM0OON)(Ys/c — YMOON)
ays/c B RS
day _ 3GM($5/C 7 'IMOON)(ZS/C - ZMOON)
aZs/c B R5

*Partials of the y and z components of the acceleration are done in a similar manner.
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The explicit variational equation partials for a particular moon’s GM are implemented in
GEODYN in the following manner (partials are of the sum of both the direct and indirect
accelerations):

EXPLICIT PARTIALS:

:U‘:Ul

EMOON]
3 ]%%IOCUV
R = Rs/c - RMOON

8.16 ORIENTATION INITIAL CONDITIONS - VARIATIONAL EQUA-
TIONS: T. Sabaka

8.16.1 Introduction

Let the position and velocity vectors at time ¢ be given by r(¢) and #(t), respectively, and
let

x(t) = ,f(t) = 7 (8.16 -1)

where f(t) represents a generalized force model on x(t). It follows that

x(t) = f(t,x(t),p)
) (8.16 -2)
x(t) = xo+ [y £(r,x(7),p) dr
where xg = x(0) and p represents a vector of parameters that influence the force model.

We obtain partial derivatives of x(¢) with respect to the initial conditions x¢ as fol-
lows

2(t) = I+ [y E(r)Z(r)dr

0xo 0xo
®(t) = ®(0)+ [y F(r)®(r)dr , (8.16 -3)
®1t) = FO)®(), @®0)=I
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Likewise, we obtain partial derivatives of x(¢) with respect to the parameters p as fol-

lows
() = Jy | + ()] ar
T(t) = [J[F(r)®(r)+ G(r)]dr ; (8.16 -4)
V() = FOT()+G(t), ¥(0)=0

where W(t) = 9X(¢) and G(t) = 5L ().

8.16.2 Application to computing angular velocity and reference frame through
time

Let the angular momentum of a rotating body in the inertial frame, denoted by “~”, be
given by

L(t) = Lo(t), (8.16 -5)

where I, is the moment of inertia tensor and & is the angular velocity. If R(t) is an
orthogonal matrix whose columns represent the principal axes of the body in the inertial
frame, then
R() = ROR(R(),
= [R(Hw(®)] x R(t),
= (t) x R(1),
= fr(t,w(t),R(t)). (8.16 -6)

The torque T(t) is given by

gl

T(t) = L(t),

[R(t)Iew(t)],

Sl

— R(OLw(t) + ROLG(),
— [ROWwO)] x [R(OLw(t)] + REL&(),
R(OT() = R()[La(t) +wlt) x Lw(t)],
T(t) = La(t)+w(t) x Lw(t), (8.16 -7)

where the second term describes the time rate of change of the rotating reference frame
defined by R(t). Therefore, all quantities in eq. 8.16 -7 are in the body-fixed frame. This
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leads to
@) = I7T(t) - w(t) x Tw(t)],
= 1! [RT(t)’i‘(t) —w(t) % Icw(t)} ,
= £,(t,w(t),R(1)). (8.16 -8)

Physically, the torque ’i‘(t) is produced by the non-central force of the body’s gravitational
field on, say, the sun, whose position vector T is given with respect to the body’s center of
mass. The gravity field acceleration is given by

g(t) = R(t)RBS(t7 0, ¢)g(t7 7,0, ¢)’ (816 _9)

where (7,0, ¢) are the spherical coordinates of the sun’s position vector in the body-fixed
frame given by r(t) = RT(¢)F, g(t,r, 0, ¢) is the gravity acceleration on the sun in the local
spherical frame due to the body’s gravitational field, and Rpg(t, 8, ¢) is the rotation matrix
from the local spherical to the body-fixed frame. The equal and opposite force exerted on
the body due to the sun is

fsun(t) — _Msung(t)a (816 —10)

where M, is the solar mass, which leads to

T(t) = F X foun(t). (8.16 -11)

Now, we are interested in the time evolution of both w(t) and R(t) and eqgs. 8.16 -6 and
8.16 -8 allow us to use the procedure analogous to eq. 8.16 -2 such that

w(t) = fu(t w(t),R(t))

, (8.16 -12)
w(t) = wo+ [ fu(r,w(r),R(T)) dr
where wy = w(0), and
R(t) = fr(t,w(t),R(t))
; (8.16 -13)

R(t) = Ro+ [j fr(r,w(r),R(7)) dr

where Ry = R(0).
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8.16.3 Application to computing partials of angular velocity and reference
frame with respect to initial conditions through time

We now wish to obtain partial derivatives of w(t) and R(¢) with respect to the initial
conditions wg and Ry analogously to eq. 8.16 -3. However, we first introduce the Kronecker
product of two matrices, A and B, defined to be

a11B s alnB
A®B= : : , (8.16 -14)

amB - amnB

where A = (a;;) is an m x n matrix. If “vec(-)” is a matrix to vector operator that
sequentially stacks the columns of a matrix on top of one another, then the following
useful properties can be derived

vec(AXB) = (BT ®A)wvec(X), (8.16 -15)
W BT"®A, (8.16 -16)

where A, B, and X are three compatible matrices under the indicated multiplication.
Further properties that will be useful are

vec(u) = wvec(u'), (8.16 -17)
ux = E,, (8.16 -18)
(Ru) x = RERT, (8.16 -19)
where
0 —u, wy Uy
E, = Uy 0 —uy |, u=/\| uy |. (8.16 -20)
—Uy Uy 0 Uy

The key is to compute the partial derivatives g—i(t), m(t), 55(t), and %(t) where we

now treat R as a vector quantity, i.e., vec (R).

8.16.3.1 Computing g—g(t) Here we rewrite eq. 8.16 -8 in order to differentiate with
respect to the two factors of w(t), which we denote wi(t) and wy(t). The partial with
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respect to wi(t) is then

ai(t) _ 8w1 {17! Tows(t) x wi(t)]},

8w1
= Twl {IglEICMQ (t)wl(t)} )
= I 'Erw,(t), (8.16 -21)

where Ep_,, (1) = I.wa(t) x, and the partial with respect to wa(t) is

9 1) = an{ I wi(f) x Twa(1)]}

dws
= an { I 1Ew1( ) ch(t)}’

= —I;'E,, (). (8.16 -22)
Combining eqgs. 8.16 -21 and 8.16 -22 gives the final result
ow Ow ow
—() = —( — (7
o) = g+ 50,
ow _1
%(t) = I, [Ere(t) — Eo(t)L]. (8.16 -23)

8.16.3.2 Computing g—f{(t) Again, we rewrite eq. 8.16 -8 to show dependence on two
instances of R(¢), indicated by R (¢) and Ra(t). Taking the partial with respect to Rq(t)
gives
ow 0
—(t) = ———II'RTOT(R
s = ar U RIOTER()]
_ ~1 T
- = {Ic vec [T (t,Rz(t))Rl(t)} } :
_ 9 g1, [RT
= {Ic vec [T (t,Rz(t))Rl(t)I} } ,
~ ! [I ® TT(t,Rz(t))} , (8.16 -24)

where I is an appropriate identity matrix. Taking the partial with respect to Ra(t)
gives

- T
= LRI (L Ra(0) (816 -25)
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where gg{ (t) is yet to be evaluated. Therefore,

ow ow ow
ﬁ(t) = Tm(t)+@(t)’

= M1 TT(tR@) +RY(t )ZIT{(t R(t ))] (8.16 -26)
We now focus on the evaluation of %(t) from eq. 8.16 -11
) = o {Fx Fant RO
- 8R {E fsun<t R( ))}
= {E R(t)Rps(t, R(t)) Fsun(t, R(1)) } - (8.16 -27)

We now break eq. 8.16 -27 into two instances of R(t), denoted R;(t) and Ra(t). Taking
the partial with respect to Rq(t) gives

aaRTl(t) _ aaRl{Ele(t)RBS(t7RQ(t))FSU"(t’Rz(t))}’
_ i (BB (1) (1. Ra (1))}
_ fsTun(t Ry(t)) © Ex, (8.16 -28)

where fg,,,(t, Ra(t)) is the force in the body-fixed frame. Taking the partial with respect
to Ro(t) gives

ngTQ(t) = aRQ {E R1 )RBS(t7R2(t))Fsun(ta R2(t))}a
= Ex Rl — {RBS t RQ( ))fsun(ta Rg(t))},
— ER.(0) (ra@ 5 (R (60,0 (t.7.0,0)} 25200 i -29)

where, recall, (r,0, ¢) are the spherical coordinates of the sun’s position vector r(¢) in the
body-fixed frame. Since

r sin 0 cos ¢ T
r(t)= | rsinfsing | =1 v |, (8.16 -30)
r cos 6 z
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then

r=vaz2+y2 422, 0 =cos ! (Z) , ¢=tan! (g> , (816 -31)
x

which lead to

a(r, 0,
or

|

Va2 +y? + 22
1 0 0 sinfcos¢ sinfsing cosd
0 % 0 cosfcosp cosfsing —sinf |, (8.16 -32)
0 0 @ —sing cos ¢ 0

and since r(t) = RT(¢)F, then

or
ﬁ(t)

9
OR
= I®FL.

0 -
ﬁ {RT(t)I'} 3

0 -
R {vec [rTR(t)]} ,

{vec [f“TR(t)I] I8

We now deal with partial derivatives of the rotation matrix Rps(t,0, ¢) given by

Rps(t,0,¢) = ( sinfsin¢g cosfsing cos¢

which leads to

ORBs
or

ORpBs
00

ORpBs
¢

t) =

t) =

cos —sind 0

sinfcos¢ cosf cos ¢ singb)

0, (8.16 -35)

—sin6 —cosf 0

0 -1 0
RBR(t503¢) 1 0 0 5
0O 0 O

cosfcos¢p —sinfcosep 0O
cosfsing —sinflsing 0 |,

Rpr(t,0,0)Go, (8.16 -36)

sinfcos¢  cosfcos¢p —sing

0 0 0

0 0 —siné
Rpr(t,0,9) 0 0 —cosf |,

(sinﬁsinqﬁ —cosfsin ¢ COS¢)

sinf cos6 0

Rpr(t,0,0)Gy. (8.16 -37)
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Therefore
0

ORps - sun
(’I" 0 (25 fsun(t r, 6 ¢) +RBS(t 0 (Z))

a(r.0,¢) a(r,0,¢)’
= Rps(t,0,0) | Tw Moo 1 GoFoun B + GYRAG )

{RBstun }

Finally, we deal with partial derivatives of fy,,(t,7,0,¢) with respect to (r,0,¢). If
the acceleration gsyun(t,r,0,0) = VU(t,1,0,¢), where U(t,r,0,¢) is a potential function,
then

ou
or

gsun(taraea¢> = 71"%[9] =

1_oU
rsinf 0¢

—CM sbman (04 1) (2) 3 [cos (me)CI + sin (m) S] Py (6)

2 m=0

me (2)° 520, [eos (ma)Cp + sin (me) 7] 56 () , (8.16 -39)

T

max Z .
7"2 51110 ZE (;) Zm:O m [COS (m¢)Sgn — Sm (mqb)cén] me(e)
where G is the gravitational constant, M is the mass of the body, a is the semi-major axis
of the body, C}* and Sj* are the Stokes coefficients of spherical harmonic degree ¢ and
order m, P;"(f) are the fully-normalized associated Legendre functions of degree ¢ and
order m, and {4, is the degree truncation level. It follows that

8gsun o
or

e (0 + 1) (0 +2) (2)" kg lcos (m@)Cy + sin (mg) S7"] P (6)

—GM S~tmar (4 2) ()" 3¢, [cos (m@)C + sin (mg) Sp] L5 () , (8.16 -40)

SO S (042) (2)" Smg m [cos (mg) Sy — sin (m@)Cy*] Py(0)

73 sin 0

and

8gsun

00
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M S~bmas (1 4 1) (2)° 28 [cos (me)CI + sin (me) S| 22 (6)

G Sbmas (0) 570 Toos (m@)CI + sin (mg) ] Lok () ,

a\t m oo my [ 4P m
TQGS]KG g;”gx (%) Ziqzom [cos (m@) S} — sin (me)C}"] [ 76~ (0) — cot 0P (0)
(8.16 -41)
and
agsun _
oo
—GM S (04 1) (2)° 32y m [cos (m@) S — sin (m@)C] Py(0)
mas (%)g anzo m [cos (me) Sy — sin (me)C}"| ddpém (9) . (8.16 -42)
r2 sm@ Zémam (;) an:O ’I’)’L2 [COS (md))cgn + sin (mgb)sgn] Pém (0)
We use the associated Legendre differential equation to compute dZTém(&) as
d>ppm m? m ap"
The pieces are now assembled to evaluate eq. 8.16 -26 using
oT T oT
ﬁ(t) = 67Rl(t) + 87Rz(t)’
0 a(r,0, ) -
= (fF " f I®F"
(fsun ) +ErR ( 0, ¢ {RBS sun} or ( Qr )7
= (£, ®Ez) + EsRRpsVEuREg (I®F),
(f5, ® Ex) + EzRVf, I0F7), (8.16 -44)

where V and V are the gradient operators in the local spherical and body-fixed frames,
respectively. We now write the final expression as
ow

==L {1eTT+ RT [(£],, © Br) + BRVE,, (10F7)] }. (8.16 -45)
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8.16.3.3 Computing %(t) We use eq. 8.16 -6 to evaluate this as

gi{(t) — (i{a;(t)xR(t)},
_ ai R(Hw(t)] x R()},
- 6‘1 {R(EL () RT(H)R(t)},
_ a% (Ew ()},
_ %{R(t)Ew(t)I},
= TeRO] S0,
0 0 0
0 0 1
0 -1 0
0 0 -1
= IeR@®]| 0 0 o |,
1 0 0
0 1 0
-1 0 0
0 0 0
0 —R.(t) Ry
- R.(t) 0 —R.(t) |,
(Ry(t) R.(t) 0)

where R(t) is written in terms of its column vectors as

R(t) = [ Ra(t) Ry(t) Ru(t) ]

8.16.3.4 Computing gTI%(t) From the previous subsection we have

OR 9
ﬁ(t) = ﬁ{R(t)Ew(t)}7
0
= g UR(ME(1)},
= Elt)®I,
= —E,(t)oL
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8.16.3.5 Variational equations We now wish to compute the partial derivatives of
angular velocity and the reference frame with respect to their initial conditions analogous
to eq. 8.16 -3, and so

Q) = Q0)+ [, F(r)Q(r)dr

) (8.16 -49)
Qi) = F)Qt), 20)=I
where
2o (1) L)
Qt) = , (8.16 -50)
SRt ()
and

(-
S
]
&
€
=
€
e

J | L {re T+ RT[(L, © Er) + BRVE,, (1077)] ]

0 —R. R,
R. 0 —R, ~E, o1
R, R,

(8.16 -51)

8.16.4 Application to IAU reference frames

The TAU convention has determined the type of decomposition to be used for planetary
orientation (rotation) matrices in eq. 8.16 -6. The rotation matrix transforming from J2000

to the planetary system (PS) is of the type
Rpses2000 = Rz (W)Rx(0)Rz(9), (8.16 -52)

where § = 90° — DEC and ¢ = RA 4+ 90°. The IAU angles RA and DEC describe the
position of the planetary north pole as right-ascension and declination, and the angle W
describes the position of the planetary prime meridian as an eastward rotation from the
point of the = axis after rotations by RA and DEC.
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We are interested in integrating the variational equations in J2000 and so we work with
the inverse of this rotation matrix given by

R2000c-ps(t) = Ra(=¢(t))Rs(—0(t))Ra(-W (1)),

Csy —Sy 0 1 0 0 Cw —Sw 0
- | s, Cs 0 0 Cp —Sp Sw Cw 0 |,
0 0 1 0 S5 Co 0 0 1

C¢CW — S¢CQSW —C¢SW — S¢CQCW S¢Sg
S¢CW + C¢C@SW —Sd)SW + C¢C§CW —C¢S49 (,8 16 53)
SpSw SoChw Cy

where C[) and S|] denote cos(-) and sin (), respectively, of an angular argument. An
expression for w(t) can be evaluated from eqs. 8.16 -6 and 8.16 -53 by noting that

Eo(t) = RTOR().
= Ry(W(0)Rx(0(6)Ra(0(1)) [Ra(—(t) Re (—0(8) Ra(—W (1)) +

Ry (~ (1) Rs (—0(8) Ry (~ W (1)) + Ra(~(8) Ra(~0(0) Ra (- W (1))]

0 —Cg S@CW . 0 0 —SW .
= Co 0 —SoSw | o(t) + 0 0 —Cw |0(t)+

—SoCw  SpSw 0 Sw Cw 0
0 -1 0 _
1 0 0 | W(), (8.16 -54)
0 0 O
which leads to
SeSw  Cw 0 P(t)
w(t) = SoCw —Sw 0 0(t) ,

Co 0 1 W(t)

= A(t)a(t), (8.16 -55)

where A(t) is a matrix whose columns represent the three rotation axes in the body-fixed
system and a(t) is a vector of angular rates. It should be noted that eq. 8.16 -55 is in exact
agreement with eqs. 10-12 of Rubincam’s Binary Asteroid Notes where his (¢4,04,V4)
are equivalent to (¢, 6, W).

It should be clear that if given RA(0), DEC(0), W(0), RA(0), DEC(0), and W (0), then
egs. 8.16 -53 and 8.16 -55 can be used to compute Rg = R(0) and wy = w(0), respectively,
given that 6(0) = 90° — DEC(0), ¢(0) = RA(0) + 90°, 0(0) = —DEC(0), and ¢(0) =
RA(0).

Now, after the estimation procedure we have updated values of the initial conditions Ry
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and wq and so we would like to update the values of the AU angles and their rates. From
eq. 8.16 -53 we see that we can get ¢(0), (0), and W(0) from Ry as

(0) = tan~! <m> 0(0) = cos  Ro(3,3), W(0) = tan~! (igg;i)
(8.16 -56)

followed by RA(0) = ¢(0) — 90° and DEC(0) = 90° — #(0). From egs. 8.16 -55 and 8.16
-56 we form A(0) and compute a(0) = A~1(0)w(0), assuming A(0) is invertible, to get
the rates $(0), 6(0), and W (0). This leads to RA(0) = ¢(0) and DEC(0) = —0(0). We
can now move freely between the initial IAU orientation angles and rates RA(0), DEC(0),
W (0), RA(0), DEC(0), and W (0) and the initial reference frame Rg and angular velocity
wq.

8.16.4.1 Direct estimation of angles and their rates from observations that
are functions of the angles We have just discussed updating the TAU angles and
their rates from estimates of wy and Ry, but we may wish to estimate these directly from
observations, particularly observations that are functions of the angles. From eq. 8.16 -55
we compute

ow
96, 0,m)D = B0at) FHma®) F0aw |, (8.16 -57)
where
?92“) =0 (8.16 -58)
CoSw 0 0
%2“) = | GCw 0 0, (8.16 -59)
~S¢ 0 0
OA SeCw  —Sw 0
o = | ~%Sw —Cw 0. (8.16 -60)
0 0 0

Also from eq. 8.16 -55 we get

ow
W(t) = A(t). (8.16 -61)

Now, from eq. 8.16 -53 we have

0
8@6;%(” = | vee (550) vee (30 vee ]

)
=

Q
S

) ] : (8.16 -62)
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where

OR OR;
3 = G (COOR(ONR(-W (D), (516 -63)
OR OR%
%(t) = Rs(—¢(1)) 50 (=0(t))Ra(=W (1)), (8.16 -64)
oR OR;
S ) = Ra(—6()Rs(—0(6) 5 2 (- (1)), (5.16 -65)
with
—Sy —Cy 0
OR; ¢ ¢
5o (o) = | G =Sy 0, (8.16 -66)
0 0 0
0 0 0
a;;’“‘(_e(t)) - (o =s -0 |, (8.16 -67)
0 Cy -5y
IR, —Sw —Cw 0
6W(—W(t)) = Cw —Sw 0 |. (8.16 -68)
0 0 0
Finally, we have
We assemble the following matrix
a(RA,%dEC,W) (t) a(RA,%w'EC,W) (t)
L) = ,
0
a(RA,%IJ{EC,W) (t) 8(R'A,D1:z?C,W) (t)
Ow__(p)  _dw__(¢) 9(6,0,.W
20,0\ 9(6,0,W) % 0 )
- o o o oGagr) | -(8.16-70)
6,((15,97‘,[,)(75) 8(<z'>79',W)(t) d(RA,DEC,W)
where
0.6, W) ___9@6W) [ 5 o], (8.16 -71)
O(RA,DEC,W)  9(RA,DEC,W) 0 0 1

and will use I'(0) to chain the partial derivatives to (RA(0), DEC(0), W (0), RA(0), DEC(0), W (0))
in order to estimate them.
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We now focus on the partial derivatives of (RA, DEC, W, RA,DEC, W) with respect to w
and R, although it is assumed that observations will only be functions of (RA, DEC, W).
From eqgs. 8.16 -55 and 8.16 -56 we see the full functional dependence on w and R to
be

( ¢(t,R(t)))
a(t,R(t)) = ot R(1) | . (8.16 -72)
W (t, R(t))
ot w(t), R())
at,w(t),R(t)) = ( _e(t,w(t),R(t))),
W (t, w(t), R(t))
= AU, R())w(D). (8.16 -73)

It follows that

d(RA,DEC, W) (RA,DEC,W) d(¢,0, W)
o DT Tagew) ow
= 0, (8.16 -74)
d(RA,DEC, W) d(RA,DEC,W) d(¢,0,W)
R ®) = 9(¢,0,W) R
1 0 0
= 0 -1 0
0 0 1
R R
00 0000 et w0
00 0 0 0 0 0 0 - 1)
433
R, R,
00 mim 00 ~mim, O 0 0
d(RA,DEC, W) 1) = d(RA,DEC, W) d(¢,0,W) 0
Ow S (b,6,W) dw 7
1 0 O
= 0 -1 0 | A1), (8.16 -76)
0 0 1

where R;; is the element of R in the ith row and jth column. In order to understand how
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to compute g—g(t), we first compute one column corresponding to R;; such that

0 _ 0A -
om0 = AT Ogp (AT W),
0A | .

= AT )55 (D40)

s (1)
a‘?éfj(t)
_ -1 Ow 90
o ()
which leads to
d(RA,DEC, W) 1) = O(RA,DEC, W) d(,6, W) 0
OR o 9(6,0,W) 2
_ 0 1o A9 (280 W) g6 7
- 0 _0 ) (¢, 0, W) R, i

As a consistency check, we compute the partial derivatives of a(t) and &(t) with respect
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to themselves at time ¢ such that

da  Ja da  da ow  Ow
da O ow OR oo O
= 9
9&  O& 9&  da IR OR
da O dw OR reY O
0 da ow  Ow
R da O
= M
dw) 1 w1 dw da R
(56)  —(58) e 9o 9
da OR
OR O
- )]
0 I
(8.16 -79)
I 0
= , (8.16 -80)
01

where we use the properties that g—g = (g—‘(;)_l, and g—ﬁg—g = 1. It follows that the same
relationship holds between the partial derivatives of (RA, DEC,W,RA, DEC, W) with

respect to themselves.

Finally, we form the matrix

Alt) = [O(RA,ng,W)(t) 8(RA,8DREC,W)(t) }’
— [ o 2BADECW) 4 ] (8.16 -81)

and use it to construct the partial derivatives of interest

8(RA, DEC, W)
a(RAOa DECO> W07 RAO? DECOv WO)

() = A()Q)T(0). (8.16 -82)

These can be chained with any observable that is a function of (RA, DEC, W) in order to
estimate the initial conditions (RA(0), DEC(0), W (0), RA(0), DEC(0), W (0)). One final

) . . d(RA,DEC,W)
note is that we prefer to integrate €2(t) through time rather than (R Ay DECo.Wo RAs DECo o) (t)

because of the possible discontinuities inherent in the angular values when using the lat-
ter.

8.16.5 Application to computing partials of angular velocity and reference
frame with respect to moments of inertia through time

In addition to estimating the initial conditions of the angular velocity and reference frame
we may also be interested in determining the moments of inertia, that is, the independent
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elements of the moment of inertia tensor in the body-fixed frame. This then requires the
computation of partial derivatives of angular velocity and reference frame with respect
to these elements through time. Therefore, we use eq. 8.16 -4 and need to determine the
matrix G(t). Because the moment of inertia tensor is a symmetric, positive-definite matrix,
we only consider the six independent elements, which we denote as the vector s, such that
in the body-fixed frame

I.=1 s(4) s(2) s(5) |. (8.16 -83)

Thus, the matrix G(t) is given by

92(t)
G(t) = . (8.16 -84)

8.16.5.1 Computing %—‘é’(t) We begin by taking the partial derivative of eq. 8.16 -8
with respect to a single element s;. We use the fact that for any invertible matrix A (o)
that is a function of a scalar «, we have

OA~! 0A

o :-A*lafaAfl. (8.16 -85)
This gives
Go(t) = —LGELTTE) () x Lao(0] - 1 [wle) x G w(n)].
L [OL 3 L.
I |Gt + (o) Gewin)].
i [{0L o
1 [l + Bo gyowlt)].
= I '[(&7 wt vec oL . 16 -
= I [(@'()®I) + (w' (t) @ Eu(t))] (asj> (8.16 -86)
This leads to
gj(t) =-L'[(@T(t) 1) + (w'(t) @ Ew(t))] %ISC, (8.16 -87)
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where

o1,
ds

(8.16 -88)

|
O OO OO oo o
OO OO R, OO OO
_ O O OO oo oo
OO OO OO O O
O O OO OooOo
OO O OO~ OoOOo

8.16.5.2 Computing %(t) We see from eq. 8.16 -6 that R(t) is not a function of I.
and so

%I:(t) —0. (8.16 -89)

8.16.5.3 Variational equations We now wish to compute the partial derivatives of
angular velocity and the reference frame with respect to moments of inertia analogous to
eq. 8.16 -4, and so

() = [ [F(r)®(r)+G(r)]dr

, (8.16 -90)
\I’(t) = F)¥(t)+G(t), ¥0)=0
where
82(t) 92 (1)
W(t) = , G(t) = , (8.16 -91)
o (t) 0

and F(t) is the same as in eq. 8.16 -51.

8.16.5.4 Torque-free motion case In the case of torque-free motion, eq. 8.16 -7
becomes

0=Tw(t)+w(t) xLw(). (8.16 -92)

This equation is enforced at each time step during the integration process. Now let s
contain the six independent elements of I. in eq. 8.16 -92. If we now multiply eq. 8.16 -87
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by this s vector, we get

%—(:(t)s = -I'[(@T(t)®I) + (w(t) @ Eu(t))] %s,
= L@ ®T) + (w'(t) ® Bu(t))] vee (Ie),
= I La(t) + Eo(H)Iw(t)]
= —I7'[Ld(t) + w(t) x Tw(t)],
= 1.0,
= 0, (8.16 -93)

where eq. 8.16 -92 has been used. This means that G(¢)s = 0 for all times ¢, as long as s
reflects the current values of I. that are used in eq. 8.16 -92.

Now, let us consider ¥(t) in eq. 8.16 -90. Although in practice the indicated integration
is carried out with sophisticated methods, it will suffice to use the simple Euler forward
method as the canonical form. For our case, it is given by

Y(t,) = W(th—1)+ Aty ¥ (tn—1,¥(tn-1)),
= U(th—1) + Aty [F(tn-1)¥(tn-1) + G(tn-1)],
= [F(tn-1)Atn + 1 ®(tn_1) + G(tn-1)Aln, (8.16 -94)

where At, = t, — t,—1. We will now prove by induction that ¥(¢)s = 0 for all times
t.
Theorem 8.1. If

‘Il(tn) = %%(tn) 5

and s contains the independent elements of 1., then ¥ (t,)s = 0 for all n.

Proof. We are given that ¥(¢y) = 0 and G(t,)s = 0 for all n.
1. Prove true for n = 1: Here we have from the Euler forward method

U(t1) = [F(to)Atr +1]¥(to) + G(to)Als,
— Glt)Ah.

Therefore, W(t1)s = 0.
2. Assume true for n: Therefore, ¥(t,)s = 0.

3. Prove true for n + 1: Here we have from the Euler forward method

W(tni1) = [Ftn) Aty + 18 (t,) + G(tn) Aty 1.
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Therefore, from the previous assumption

\Il(tn+1)s = [F(tn)Atn+1 + I] \I’(tn>S + G(tn)SAtn+1.
0

O]

This is further corroborated by the torque-free form of eq. 8.16 -8 which is seen to be
invariant to a scale factor v on the moment of inertia tensor, that is

Gt) = —(al) " w(t) x (ale) w(t)],
= I 'w(t) x Tw(t)]. (8.16 -95)

This invariance corresponds precisely to the null-space of W(¢) shown in Theorem 8.1.
Therefore, when dealing with torque-free or negligible torque cases, it appears that the
initial orientation angles and their rates can be observed along with all ratios of elements
of the moment of inertia tensor in any body-fixed frame. That is, we can fix a single diagonal
element, say I.(1,1) = 1 and solve for all others relative to this value. The absolute levels
of these elements can be adjusted via comparison with a gravity analysis.

9 INTEGRATION AND INTERPOLATION

GEODYN uses Cowell’s Sum method for direct numerical integration of both the equa-
tions of motion and the variational equations to obtain the position and velocity and the
attendant variational partials at each observation time. The integrator output is not re-
quired at actual observation times; it is output on an even integration step. GEODYN uses
an interpolation technique to obtain values at the actual observation time. The specific
numerical methods used in GEODYN for this integration and interpolation are presented
below. These procedures are controlled by subroutine ORBIT.

9.1 INTEGRATION

Let us first consider the integration of the equations of motion. These equations are three
second order differential equations in position! and may be formulated as six first order
equations in position and velocity if a first order integration scheme were used for their
solution. For reasons of increased accuracy and stability, the position vector 7 is obtained
by a second order integration of the accelerations 7 ,whereas as the velocity vector 7 is ob-
tained as the solution of a first order system. These are both multi-step methods requiring
at least one derivative evaluation on each step.
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The integration scheme is equivalent to the interpolator with arguments 1 and 0 for pre-

dictor and corrector respectively.

To integrate the position components, the predictor
q
Fn+1 = (52 + Z'y;fnfp)h?
p=0

is applied, followed by a Cowell corrector:

a
o1 = (S2+ > Ypln-pr1)h’
p=0

The velocity components are integrated using the predictor:

q+1
'Fn—i-l - (Sl + ZB;Fn—p)h

p=0
followed by an Adams-Moulton corrector;

q+1
7%n+1 = (Sl + Zﬂpﬁn—m—l)h

p=0

(9.1 -1)

(9.1 -2)

(9.1 -3)

(9.1 -4)

in these integration formulae, It is the integration step size, ¢ has the value ORDER-2, and

Yps Vps Bps By are the precomputed coefficients.

Let us next consider the integration of the variational equations. Following section 8.2,

these equations may be written as

V=[A B] erf

where (recall equation 8.2-7)

Y

HER

and, partitioning according to position and velocity partials,

[A B] = [Us + D]

where Uy is defined in equation 8.3-20.
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Because A, B and f are functions only of the orbital parameters, the integration can be
and is performed using only corrector formulae, (Note that A, B and f must be evaluated
with the final corrected values of 7,11 and 7,,41)

In the above corrector formulae, we substitute the equation forY and solve explicitly for
Y and Y:

E;Zﬂ = - m (9.1-6)

Under certain conditions, a reduced form of this solution is used. It can be seen from the
variational and observation equations that if drag is not a factor and there are no range
rate, doppler, or altimeter rate measurements, the velocity variational partials are not used.
There is then no need to integrate the velocity variational equations. This represents a
significant time saving. In the integration algorithm, the B matrix is zero and (I — J) is
reduced to a three by three matrix.

A detailed description of the H matrix and the X,, and Vj, and vectors can be found in
pages 16,17 of [9 - 2].

Backwards integration involves only a few simple modifications to these normal or forward
integration procedures. These modifications are to negate the step size, and invert the time
completion test.

9.2 THE INTEGRATOR STARTING SCHEME

The predictor-corrector combination employed to proceed with the main integration is not
self-starting. That is, each step of the integration requires the knowledge of past values of
the solution that are not available at the start of the integration. Thus, a separate proce-
dure for starting the integration is needed. The method presented here is that implemented
In GEODYN.

A Taylor series approximation is used to predict initial values of position and velocity.
With these ?starting values, the Sum array is evaluated using epoch positions and veloci-
ties. Now the loop is closed by interpolations for the positions and velocities not at epoch
and their accelerations evaluated. The Sums are now again evaluated, this procedure con-
tinues until the Sums COD verge to the desired accuracy.
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9.3 INTERPOLATION

GEODYN uses interpolation for two functions. The first is the interpolation of the orbit
elements and variational partials to the observation times; the second is the interpolation
for mid-points when the integrator is decreasing the step size (used only with a variable
step integrator - not currently avaliable). The formulas used by INTRP are:

X(t+ At) = [52(75) + [Aht — 1] Si(t) + i Ci(At)fnz} h? (9.3-1)
t=0
for positions and
X(t+ At) = [Sl (t) + i Ci(At) fn_,»] h (9.3 -2)
t=0

for velocities S7 and Sy are the first and second sums carried along by the integrator,
[’s are the back values of acceleration, h the step size, and C;, C/ are the interpolation
coefficients.

10 THE STATISTICAL ESTIMATION SCHEME

The basic problem in orbit determination is to calculate, from a given set of observations
of the spacecraft, a set of parameters specifying the trajectory of a spacecraft. Because
there are generally more observations than parameters, the parameters are overdetermined.
Therefore, a statistical estimation scheme is necessary to estimate the ”"best” set of param-
eters.

The estimation scheme selected for GEODYN is a partitioned Bayesian least squares
method. The complete development of this procedure is presented in this section.

It should be noted that the functional relationships between the observations and parame-
ters are in general non-lineal’; thus an iterative procedure is necessary to solve the resultant
non-linear normal equations. The Newton-Raphson iteration formula is used to solve these
equations.

10.1 BAYESIAN LEAST SQUARES ESTIMATION

Consider a vector of N independent observations Z’ whose values can be expressed as known
functions of M parameters denoted by the vector Z. The following non-linear regression
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equation holds:

7= f(@)+¢ (10.1 -1)
where & is the N vector denoting the noise on the observations. Given Z jthe functional
form of f, and the statistical properties of & we must obtain the estimate of & that is ” best”
in some sense.

Bayes theorem in probability holds for probability density functions and can be written as
follows:

V@)

p(7|Z p(Z|7) (10.1 -2)

where

p(#|2) is the joint conditional probability density function for the parameter vector &, given
that the data vector z' has occurred;

p(&) is the joint probability density function for the vector &;
p(Z) is the joint probability density function for the vector Z;

p(Z]Z) is the joint conditional density function for the parameter vector Z, given that the
data vector Z' has occurred;

p(&) is often referred to as the a priori density function of #, and p(Z|Z) is referred to as
the a posteriori conditional density function. In any Bayesian estimation scheme, we
must determine this a posteriori density function and from this function determine a
"best” estimate of & which can be denoted &

To obtain the a posteriori conditional density function, we must make an assumption con-
cerning the statistical properties of the on the observations: the noise vector & has a joint
normal distribution with mean vector O and a variance-covariance matrix >,. Yo is an
N x N matrix and is assumed diagonal, that is, the observations are considered to be
independent and uncorrelated. The "best” estimate of Z, 7 is defined as that vector max-
imizing the a posteriori density function; this is equivalent to choosing the mean value of
this distribution. An estimator of this type has been referred to as the maximum likelihood
estimate in the Bayesian sense [10.2].

A further assumption is that the a priori density function p(ﬂiﬁ) is a joint normal distribution
and is written as follows:

-1 % . .
p(@) = [detfﬂ] exp[ - %(fA — )8, (@4 - 7) (10.1 -3)
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Z4 is the a priori estimate of the parameter vector,

>4 is the a priori variance-covariance matrix associated with the a priori parameter
vector, 4

>4 is an M x M matrix, which may or may not be diagonal.

The conditional density function p(Z]Z) can be written as follows

dng”]x —1[(2—f(§:’)r221 EE] (10.1 -4)

1) = | .

where X, is the variance-covariance matrix associated with the data vectors, Z.

It can be shown from equation 10.1-2 that maximizing the a posteriori density function
p(#|2) is equivalent to maximizing the product p(Z)p(Z|Z) because the density function p(2)
is a constant valued function. Further, this reduces to minimizing the following quadratic
form:

T

T
[:EA - gz’] I [:EA - :E} + [5— f(:%)] ! [:z— f(a%)] (10.1 -5)
This results in the following set of M non-linear equations:
~ T ~
BTy ! {5— f(f)} + 37! [:EA — :z} (10.1 -6)

where B is an N x M matrix with elements

This equation defines the Bayesian least squares estimation procedure. We have not stated
how the a priori parameter vector and variance-covariance matrix were obtained. In prac-
tice these a priori values are almost always estimates that have been obtained from some
previous data. In these cases the Bayesian estimates are identical to the classical maximum
likelihood estimates that would be obtained if all the data were used; in this context the a
priori parameters can be considered as additional observations.

The variance-covariance matrix of fc’, V', is given by the following formula:

V=[B'st+ 2t (10.1 -7)
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Solution of the Estimation Formula

Equation (10.1-6) defines a set of M non-linear equations in M unknowns #; these equation
are solved using the Newton-Raphson iteration formula. Equation (10.2-6) can be written
as follows:

F(Z) =0
The iteration formula is

—r 5N\ —1
- [3F($)] 7

5 () 10.1 -8
0 ) ( )

SIS

where
#(M is the nth approximation to the true solution i

Now

F(Z) = BTs! [z- f(:%)] +37 [fA - f} =0 (10.1 -9)

Then differentiating and neglecting second derivatives,
F(3
{W} = BTy ! (10.1 -10)
ox

Substituting equation (10.1-10) in equation (10.1-8) gives

%’nJrl _ %(n) _ [BTZQIB + 221]71 Bngl[g_ f(.%(n))] + Zzl[fA _ aij»(n)]
(10.1 -11)

Now let Z(+1) — f(”), the correction to the n'" approximation, be denoted by dz(™*+1) and

let 22— f (5?(")), the vector of residuals from the n'* approximation, be dz(™. Equation
(10.1-11) becomes

A2t = [BTS; B 4+ 5717 BTS 1dE™ + 53 4 — 27 (10.1 -12)
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10.2 THE PARTITIONED SOLUTION

In a multi-satellite, multi-arc estimation program such as GEODYN, it is necessary for
reasons of memory size to formulate the estimation scheme in a manner such that the
information for all satellite arcs are not in memory simultaneously. The procedure used
in GEODYN is a partitioned Bayesian Estimation Scheme which requires only common
parameter information and the information for a single arc to be in memory at any given
time. The development of the GEODYN partitioned solution is given here.

The Bayesian estimation formula has been developed in the previous section as

dZ") = [BTWB + Vi BTWdi + Vi 74 — 2] (10.2-1)

where

Z4 is the a priori estimate of Z.

V4 is the a priori covariance matrix. associated with #4. (called ¥4 in section 10.1)

W is the weighting matrix associated with the observations. (called 7! in section 10.1)
Z(") is the nth approximation to the true solution f:’,

dm is the vector of residuals (0-C) from the n** approximation. (called dz(™ in section
10.1)

dz(™*1) is the vector of corrections to the parameters; i.e., ("t = z( 4 gzr+1)

B is the matrix of partial derivatives of the observations with respect to the parameters

were the 7, j*, is given by %ZZ?

The iteration formula given by this equation solves the non-linear normal equations formed
by minimizing the sum of squares of the weighted residuals.

We desire a solution wherein & is partitioned according to @, the vector of parameters
associated only with individual arcs; and E, the vector of parameters common to all arcs.
For geodetic parameter estimation k consists of the geopotential coefficients and station
coordinates.

As a result of this partitioning, we may write B, the matrix of partial derivatives of the
observations, as

B = [Ba, By (10.2 -2)
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Omi
Ba i —
[ ] 5] aaj
8mi

We may also write V4, the covariance matrix of the parameters as
Vo 0
Va= [ 0 Vk] (10.2 -3)

where we have assumed the independence of the a priori information on the arc parameters
and common parameters (in practice valid to an extremely high degree).

We may now rewrite our iteration formula:

dd| _[BIWB,+V;'  BIWB, ] BTde(”)+V ~<n
dk) — | [BIWBWT  BfWBy+V,! BTde()

A Ak
AT K

i)
.

The required matrix inversion is obtained by partitioning. We write

N1 N2 A Ak .
ot L &)= 10279)

and, solving the resulting equations, determine

Ny = A7 = [A71 ANy [AF AT (10.2 -6)
Ny = —A"1ALN, (10.2 -7)

and
Ny=[K — Al A=tA, ! (10.2 -8)

There is no problem associated with inverting A because the existence of the a informa-
tion alone guarantees that the inverse of A exists. On the other hand, the inverse of
K- AZA_IAk is not guaranteed to exist. High correlations between the parameters could
make the matrix nearly singular. In practice, however, the use of a reasonable amount of
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a priori information eliminates any inversion difficulties.

The iteration formula may now be written as

dal [Ny N3] [C.
i = [ vl (e 1029
or
di = [A™ 4 (A" Ap) Ny (Af A™D)]Co — A7 AN Gy, (10.2 -10)
dk = —N4AT A7'C, + N4Cy, (10.2 -11)

Noting the similarities between dd and dk we write

di = A"'C, — A~  Apdk (10.2 -12)
dk = N4(Cj, — ALATIC) (10.2 -13)

Note that most of the elements of A are zero because the measurements in any given arc
are independent of the arc parameters of any other arc. Also, the covariances between the
a priori information associated with each arc are assumed to be zero. Thus, both A and
V,, are composed of zeroes except for matrices, A, and V,. respectively, along the diagonal,
where r is a subscript denoting the 74, arc,

e. g., ar

om; 1 Om;
Aig =) s 10.2 -14
[Ar]ij l Day. 012 dan, +[Vi i (10 )

where

[ ranges over the measurements in the r*" arc and i, j range over the parameters in the
rth arc, d,

V.- is the partition of V, associated with the rth arc.

The reader should note that A~!, like A, is composed of zeroes except for matrices A,
along the diagonal.

We shall also require the partitions of Ay and C, according to each arc. These partitions
are given by

om; 1 Omy
Alii = — 10.2 -1
[Arkli zl:@am o2 Ok; (10.2-15)

201



and

Cli = Z O 1 (10.2 -16)

where the subscript 7 again denotes the 7" arc and I ranges over the measurement partials
and residuals in the 7"

Let us now investigate the matrix partitions in the solutions for da and dk. We consider
A~! to be a diagonal matrix with diagonal elements A-! and C, to be a column vector
with elements C, . Hence

[A7'c,) = A'C, (10.2 -17)

is the r*" element of the product matrix. Aj is considered to be a column vector with
elements A, thus

[ATA7'C,) = AL AYC, (10.2 -18)
The elements in the product A=A}, are given by
[A7 A = A7 A (10.2 -19)

We also require the product A;{A_lAk. Its elements are given by

[AF AT Ay = ALAT Ay (10.2 -20)
Thus,

da, = A;'Cp — A7V Aydk (10.2 -21)

dk = Ny[Cr =Y ALAC] (10.2 -22)
where

Ny=[K - ALA A, (10.2 -23)

These solutions form the partitioned Bayesian estimation scheme used in GEODYN.

Additionally, after all arcs have been independently adjusted, and then the common param-
eters have been adjusted, the covariance matrix. for the arc parameters must be updated
to account for the simultaneous adjustment of the common parameters:

[Ni]r = A+ (A A N [AT AT (10.2 -24)
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Summary

The procedure for computer implementation is illustrated in Figure 1. This procedure is:

1. Integrate through each arc fanning the matrices A, Ak, and C;; and simultaneously
accumulate into the common parameter matrices K and Cj.

2. At the end of each are, form

dal. = A7'C, (10.2 -25)
and modify the common parameter matrices as follows:

K=K-ALA 1A, (10.2 -26)
and

Cp = Cj, — Appdd, (10.2 -27)

The matrices dc?T, Ak, and A1 must also be put in external storage.

3. After processing all of the arcs; i.e., at the end of a global or ”outer” iteration,
determine dk. Note that K has become N, L and C}. has been modified so that

dk = Ky, (10.2 -28)
The updated values for the common parameters are of course given by
EHD — E) 4 g (10.2 -29)

The arc parameters are then updated to account for the simultaneous solution of the
common parameters. Information for each arc is input in turn; that is, the previously
stored dd’ ry Apg, and A1 are read into memory, The correction vector to the updated
arc parameters is given by

da, = da', — (A" Ayr)dk (10.2 -30)
and hence
amr+h = g 1 da, (10.2 -31)

The covariance matrix for the arc parameters, A, is updated by
ATt = AT (AT A KT (A AT (10.2 -32)

This completes the global iteration.
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It should be noted that if only the arc parameters are being determined, as is the case for
”inner” iterations, the solution vector is da’, and hence the updated arc parameters are
computed by

am ) = g™ 4 da, (10.2 -33)

The common parameter matrix K is carried as a symmetric matrix. It is memory-resident
throughout the estimation procedure. Its dimension is set by the number of common pa-
rameters being determined and remains constant throughout the procedure.

The arc parameter matrices A, are are also carried as symmetric matrices. Their dimen-
sions vary from arc to arc according to the number of arc parameters being determined.
Only one arc parameter matrix A, and the corresponding covariance matrix A, are resi-
dent in memory at any given time. These arc parameter matrices are stored on disk during
step 2 of the above summary and recovered during step 3.

The a priori covariance matrix Vj is not carried as a full matrix. The correlation coefficients
between each coordinate of a given station position are carried. The position coordinates
of different stations and the geopotential coefficients are considered to be uncorrelated.

The a priori covariance matrix V., is not carried as full matrices. The drag coefficient,
radiation pressure coefficient, and each bias are considered to be uncorrelated. The covari-
ance matrix. for the epoch elements is carried as a full matrix.

10.3 DATA EDITING

The data editing procedures for GEODYN have two forms:

e hand editing using input cards to delete specific points or sets of points, and

e automatic editing depending on the weighted residual being compared to a given
rejection level.

The hand editing is a simple matching of the appropriate GEODYN control card informa-
tion with the set of observations. The automatic editing of bad observations from a set
of data during a data reduction run is performed in GEODYN. Observations are rejected
when

\%b k (10.3 -1)
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where
O is the observation
C' is the computed observation
o is the a priori standard deviation associated with the observation (input)
k is the rejection level.

The rejection level can apply either for all observations of a given type or for all observations
of a given type from a particular station. This rejection level is computed from

k=FEy-Eg (10.3 -2)
where
FEjs is an input multiplier, and

ER is the weighted RMS of the previous ”outer” or global iteration. The initial value of
ER is set on input.

It should be noted that both Ej; and Er have default values.

10.4 ELECTRONIC BIAS

For certain types of electronic tracking data (e.g., Doppler data), biases exist which are
different from one pass to the next. In many cases, these biases are of no interest per se,
although their existence must be appropriately accounted for if the data is to be used in
an orbit or geodetic parameter estimation. In addition, a single data reduction may have
hundreds of passes of such electronic data, and the complete solution for each bias would
require the use of an excessively large amount of computer memory for storing the normal
matrix for the complete set of adjusted parameters.

The effects of electronic biases can be removed, with the use of only a small amount of
additional memory, based on the partitioning of the biases from the other parameters being
adjusted in the Bayesian least squares estimation. The form which this partitioning takes
can be seen from the solution of the basic measurement equation

om = B.Ab+ BAX + ¢ (104 -1)

where
om = the vector of residuals (O — C),

Ab = the set of corrections that should be made to the electronic biases,
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B, = the matrix of partial derivatives of the measurements with respect to the biases.
The elements of this matrix are either 1’s or 0’s.

AX = the set of corrections to be made to all the other adjustable parameters,
B = the matrix of partial derivatives of the measurements with respect to the X pa-
rameters,
€ = the measurement noise vector.

The least squares solution of (10.4-1) is

Ab]  [BTWB. BTWB| ' [BTWsm (104 -2)
Az| — |B"WB. BTWB BTNém -
with W the weight matrix (W~! = E(ee!)), taken to be completely diagonal in GEODYN.
The Az part of (10.4-2) can be shown to be

Az = [BTWB - BTWB./(BI'WB.)'BTwB]™!

10.4 -3
x[BTWém — BTW B.(BTW B.) "' BT W ém) ( )

To effectively remove the electronic bias effects, Eqn. (10.4-3) states that the normal
matrix BTW B must have BTW Be(BIW B)~! BIW B subtracted from it and the vector
BTWé§m must have BTW B.(BI'W B)~! BT W ém subtracted from it. Due to the assumed

independence of different measurements, it follows that these quantities which must be
subtracted are sums of contributions for different passes,

np
B"WB.(BIWB.)'BIWB =) BI'W,By,(BLW,B.,) ' BLW,B, (10.4 -4)
p=1
np
B"WB.(B!WB,) "' BIWém = > BI'W,B,(BLW,B.,)BL W,om (10.4 -5)
p=1

where ny is the total number of passes with electronic biases and the subscript p denotes
an array for measurements of pass p. The computation of the right hand sides of (10.4-4)
and (10.4-5) requires the arrays

BZWpo =na x 1 array
BIW,B.,, =1x1 array (10.4 -6)
Bz;Wpémp =1x1 array
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where na is the number of adjusted parameters other than biases affecting the arc in which
the biases occur. Thus, na 4+ 2 storage locations must be assigned for every bias which
exists at anyone time.

The individual biases may be adjusted, based on the previous iteration orbital elements
and force model parameters. This bias can then be used, along ’with the above accumu-
lated arrays to properly correct the sum of weighted squared residuals upon which the
program does dynamic editing. Otherwise, however, it will not be possible for the statisti-
cal summaries to incorporate the adjusted values of the electronic biases unless substantial
additional core is allocated.

10.5 CONDITION NUMBERS

Condition numbers are the products of the diagonal elements of the matrix AT W A times
the diagonal elements of the matrix (ATWA)~L.

As part of statistical estimation, GEODYN II computes and prints the condition numbers.
They provide a measure for the stability of the solution. The closer the condition numbers
are to 1, the less ill-conditioned the matrix ATW A is.

In GEODYN II, subroutine ESTIMA calls subroutine CONDNO to compute the condition
numbers.

11 GENERAL INPUT I OUTPUT DISCUSSION

GEODYN is a powerful yet flexible tool for investigating the problems of satellite geodesy
and orbit analysis. This same power and flexibility causes extreme variation in both input
and output requirements. Consequently, GEODYN contains a great deal of programming
associated with input and output.

11.1 INPUT

There are two major functions associated with the input structure. These are the input
of:

e Observation data, and
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e GEODYN Input Cards.

The observation data utilized by GEODYN includes data from all the major satellite
tracking networks. The observational types used to date, together with their originating
networks and instrument types are:

e Right Ascension and Declination
SAO Baker- Nunn cameras
USAF PC-1000 cameras
USC GS BC-4 cameras
SPEOPT All of above except Baker-Nunn cameras
e Range
STADAN GRARR S-Band
SAO GSFC Laser
Laser
AMS SECOR
C-Band FPQ-6 Radar
FPS-16 Radar
MSFN S-Band Radar
e Range Rate
STADAN GRARR S-Band
MSFN S- Band Radar
e Frequency Shift
TRANET - Doppler
e Direction Cosines
STADAN Minitrack interferometer
e X and Y Angles
STADAN GRARR
MSFN S-Band Radars

e Azimuth and Elevation Angles
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STADAN GSFC Laser
C-BAND FPQ-6 Radar
FPS-16 Radar

e Radar Altimetry

The observations are required to be any of a variety of formats as described in the operations
description. The GEODYN Control Cards are the complete specifications for the problem
to be solved including special output requests. Their input consists of data and perhaps
variances for

e Cartesian orbital elements

Satellite drag coefficients

Satellite emissivity

Zero set measurement biases to be adjusted

Station positions

Geopotential and coefficients

Earth tidal parameters
and data for
e Satellite cross-sectional area

Satellite mass

Integration times for the orbit

Epoch time of elements

Criteria for iteration convergence and data editing

Solar and geomagnetic flux

11.2 OUTPUT

The printed output consists of a measurement and residual printout, residual summaries,
and solution summaries as detailed below.

For each arc

Measurement and Residual Printout
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e Measurement date
e Measurement station
e Measurement type
o Measurement value

e Measurement residual

Ratio of residual to sigma

o Satellite elevation
Residual Summary by Station and Type

e Station

e Measurement type

e Number of measurements

e Mean of residuals

e Residual RMS about zero

e Number of weighted residuals

e Mean ratio to sigma for weighted residuals

e Randomness measure for weighted residuals

e RMS about zero for weighted residuals
Residual Summary by Type

e Measurement type

e Number of weighted residuals

e Weighted RMS about zero

o Weighted RMS about zero for all types together
Element Summary

e Previous iteration’s Cartesian elements

e Adjusted Cartesian elements

o Adjustment to Cartesian elements (delta)

e Standard deviations of fit (sigmas)
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Position RMS
Velocity RMS

A priori Kepler elements

e Previous iteration’s Kepler elements

Adjusted Kepler elements

Adjustment to Kepler elements (delta)

Double precision adjusted Cartesian elements (current best elements for arc)
Adjusted Force Model Parameter Summary for Arc

e Drag Coefficients, Solar Radiation Pressure Coefficient, and/or resonant geopotential
coeflicients

e A priori coefficient value
e Adjusted coefficient value
e A priori standard deviations for coefficient
e Standard deviation of fit for coefficient
Adjusted Parameter Summary
e Instrument biases - timing bias and/or constant bias
e A priori bias value
e Adjusted bias value
e A priori standard deviation for bias

Standard deviation of fit for bias

e Time period of coverage

The following items are printed on the last inner iteration of every global iteration:

Apogee and perigee heights

Node rate and perigee rate

Period of the orbit

Drag rate and period decrement if drag is being applied

Updated covariance matrix for Cartesian arc elements

Adjusted arc parameter correlation coefficients
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After all arcs
e Total number of weighted measurements for each measurement type
e Total weighted RMS for each measurement type
e Total number of weighted measurements
e Total weighted RMS

Station Summary
e Earth-fixed rectangular coordinates and geodetic (¢, A\, h) coordinates
e A priori coordinate values

e A priori standard deviations for coordinate values

Adjusted coordinate values

Standard deviation of fit for coordinate values

Correlations between determined coordinate values

Geopotential Summary
e Cpp and Sy, coeflicients for each n, m set determined
e A priori values
e Adjusted values
e Standard deviations of fit for coefficients
Arc Summary for Global Iteration - For Each Arc
e Updated Cartesian elements for arc
e Correlation coefficients between individual arc parameters
e Standard deviation of fit for arc parameters

e Correlation coefficients between individual arc parameters and parameters common
to all arcs

Common Parameter Correlation Coefficients
e Geopotential coefficients

e Cartesian station positions
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GEODYN also produces Cartesian ephemeris and a Ground Track listing upon request: In
addition an osculating Keplerian element printout is provided on option.

The output from GEODYN consists of the following files which can be provided upon users
request:

e Trajectory File: Gives a complete description of the trajectory. Detailed description
of the Trajectory File is given in Vol. 4, Section 4.1.

e Residual File: Provides global information, tracking station coordinates, arc infor-
mation, location data for stations and satellite and residual records for each block of
data (see Vol. 4, Section 4.2).

e Partial Derivative File: Outputs measurement partial derivatives (see Vol. 4, Section
4.3).

e E-Matrix File: Outputs the normal equations (see Vol. 4, Section 4.4).

e V-Matrix File: Outputs the force model partial derivatives (see Vol. 4, Section 4.5).

11.3 COMPUTATIONS FOR RESIDUAL SUMMARY

The residual summary information is computed for printing by the program. The formulas
used for computing each statistic are presented below.

The mean is

1 n ny
e — n[ZRi—ZNbeej] (113 -1)
i=1 j=1

where
R, are the residuals
n is the number of residuals
nyg is the number of electronic biases
Ny, is the number of residuals contributing to the bias computation for be;
bej is the value of the electronic bias.

The RMS is the square root of the sample variance:

RMS = Vs (11.3 -2)
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where

1 n ny
2 = - [;R? — ;ijsz]

The expected value of the sample variance differs from the population variance o2
E(s%) = o —var(ue) (11.3 -3)
or rather
1
E(s?) =0o?(1 - ) (11.3 -4)
n

0% = s (11.3 -5)

This is known as Bessel’s correction. This computed value for the standard deviation, o is
also called the RMS about zero.

The randomness measure used in GEODYN is from a mean square successive difference
test. We have

d2
RND =~ (11.3 -6)

when
RND is the random normal deviate, our statistic;

s? is the unbiased sample variance; and

d* = =1 > (Rip1 — Ri)?

=1

Note that d? is the mean square successive difference. For each i the difference R;; 1 — R; has
mean zero and variance 202 under the null hypothesis that (R1, ....R,) is a random sample
from a population with variance o2. The expected value of d? is then 2. If a trend is
present d? is not altered nearly so much as the variance estimate s?, which increases greatly.

Thus the critical region RN D constant is employed in testing against the alternative of a
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trend [11 - 1]. In order to use this test, of course, it is necessary to know the distribution
of the RN D. It can be shown that in the case of a normal population the expected value
is given by

E(RND) =1 (11.3 -7)
the variance is given by
(RND) = — |1 - 1 (11.3 -8)
r = - 3-
ve n+1 n—1

and that the test statistic, RN D, is approximately normal for large samples (n > 20).

11.4 KEPLER ELEMENTS AND NON-SINGULAR KEPLER ELE-
MENTS

The Kepler elements describe the position of the satellite as referred to an ellipse inclined
to the orbit plane. This is shown in Figures 11.4-1 and 11.4-2. The definitions of these
elements are:

a semi-major axis of the orbit
e eccentricity of the orbit
1 inclination of the orbit plane
Q longitude of the ascending node
w argument of perigee
M mean anomaly
FE eccentric anomaly
f true anomaly

Apogee height and perigee height are sometimes used in place of a and e to describe the
shape of the orbit. As can be seen in Figure 11-4-1, the radius at perigee is a(1 — e) and
and that at apogee is a(1 + e). The heights are determined by subtracting the radius of
the reference ellipsoid at the given latitude from the spheroid height of the satellite. The
computations of these last are detailed in Section 5.1.

Conversion to Kepler Elements

The computation of Kepler elements from the Cartesian positions and velocities x, vy, z, &, ¥, 2
is as follows:
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Compute the angular momentum vector per unit mass:

h=Fx7 (11.4 -1)

where 7 is the position vector and 7 is the velocity vector. Note that v? = 7 -#. The
inclination is given by

h
j=cos | 11.4 -2
i = cos [h] ( )

From the vis-viva or energy integral we have

v? = GM [2 — 1] (11.4 -3)

r a

where G is the universal gravitational constant and M is the mass of the primary about
which the satellite is orbiting. Thus we have

a= [2— v? }1 (11.4 -4)

Recalling Kepler’s Third Law,
h? = GMa(l — e)? (11.4 -5)

we determine

e= [1— [agjw”z (11.4 -6)

The longitude of the ascending node is also determined from the angular momentum vec-
tor:

Q =tan! [ e ] (11.4 -7)
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The true anomaly, f, is computed next. Note that in integrating

7 x h = GM¥|r (11.4 -8)

one arrives at

¥ x h=GM(F + &) (11.4 -9)

where € is a constant of integration of magnitude equal to the eccentricity and pointing
toward perihelion. Thus,
h

7 X é:resinf[_h} (11.4 -10)

or, performing a little algebra,

a(l —e)r-r

i = 114 -11
sin.f reh ( )
The cosine of the true anomaly comes from
1— 2
_al—e) (11.4 -12)
1+ ecosf
that is
a(l—e?) 1
=— = 114 -13
cos f - 3 ( )
The true anomaly is then
1 |sinf
=tan ' |2—L 114 -14
f=tan {f} ( )

At this point a decision must be made as to whether the orbit is an ellipse (1 > e > 0) or
a hyperbola (1 < e < 00). For an elliptic orbit, the eccentric anomaly is computed from
the true anomaly:

cos f+e

F=——
o8 1+ ecos f

(11.4 -15)

V1= eZsi
sin g — VI esinf (11.4 -16)

1+ ecos f
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and

_y sinE

E=t 11.4 -17
an cos & ( )

The mean anomaly is then computed from Kepler’s equation:
M =F —esinFE (11.4 -18a)

In the case of a hyperbolic orbit, we use an equation analogous to Kepler’s equation by in-
troducing F', in place of E.F'is defined in terms of f and e using hyperbolic functions;

sinhFl = Y¥——— 1= cJsinf

14 ecos f

cos f+e

hF=—"——
o8 1+ecosf

The mean anomaly is

M =esinhF — F (11.4 -18b)
where F' = In[sinh F' + cosh F

F is computed by using the definition of sinh and cosh

The central angle u is the angle between the satellite vector and a vector pointing toward
the ascending node:
xcos ) 4 ysin )

cosu = (11.4 -19)
T

(ycosQ — xsinQ) cosi + zsini (11.4 -20)

sinu =
r

(11.4 -21)

_1 |sinw
u = tan

cos u
The argument of perigee is then

w=u—f
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Conversion to Non-Singular Kepler Elements

Non-singular Kepler elements consist of
a’?

ecos(w + )

esin(w + Q)

sin % sin )

sin § cos ()

Q+w+M

and are used with low e(e < 0.005) and low (i < 1°).

The computation of non-singular Kepler elements can easily be performed by using the
Kepler elements converted from Cartesian elements, X, Y, Z, X,Y, and Z.

11.4.1 Partial Derivatives of the Elements

The partial derivatives (P.D.) of the Kepler elements with respect to z,vy, z, &, 7, 2 are as
follows:

P.D. of the semi-major axis:

Oa 9| 2 Or v Ov
- T i 11.4 -22
Os a {7“2 Js * GM 63] ( )
where
r=+/x2+y%+22
v = ,/i.2+y2+52
and
s=ux,v,%,&,y, and Z, respectively.
That is
da _ [0 s=uy,
ga _ 0 TTHYE (11.4 -23)
0s ciilee S=1,U, %
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P.D. of the eccentricity:
de  1—¢€20a 1—¢e?0h

ds  2ae ds  he Os (11.4 -24)
where
h=/h% +hZ+h?
and
oh 1 Ohy Ohy Oh,
25 = h[ mas—i—hyas—l—hzas] (11.4 -25)
See Equations (11-4.26) and (11.4-27). Here:
oh . .
9 yH, - ZH,
gz =zZH, —tH,
oh . .
% = l'Hy — ny
Oh
% = ZHy — sz
gg =xH, — zH,
Oh
2= yH, —xH,
Ohy  Oh Oh, Oh, Oh Oh.
=2=2=2=_F=F= (11.4 -26)

or 9y 9z 0i Oy 0

Ohy . Ohg

By "0 T
Ohy Ohy

ay oz VY
Ohy . Oh,
or 0z
Oh,  Oh,

9r 9
oh,  oh.
or Vg T
oh.  Oh.
ar ~ Vay



and

or _wor_yor_z
or 1’0y r 0z r
ov & Or g Or
oo lg=s (11.4 -27)
P.D. of the inclination:
0i 1 .Oh  Oh,
95 = hsing [coszas ~ 5 ] (11.4 -28)
P.D. of the ascending node:
o0 1 Ohy Ohy,
—-— = x —h 11.4 -29
ds h%—i—h%[ Js y@s} ( )
P.D. of the argument of perigee:
Ow Ou Of
= _=_Z 11.4 -
Os 0O0s Os ( 30)
where
e m[zh cosu + sinu(zhy — yhx)]% + [—yhsinu — xh; cos u] s
: hy oy Oh
+[zhsinu — yh, cos u]g + [—(7-h)sinu — zh, cos u] s
. ox . oy
+[hhysinu — hyh, cos u]@ + [—hhgsinu — hyh, cos u]%
0z
h? — h? =
+[h* cosu cos u| s
(11.4 -31)
and
of 1—¢€%[cosf, . . da alcosf,_ . .
A CFy — 2 _ 9% CF) —
0s re [ h (71 —sinf s r|l h (r-7) —sinf 0
a(l—e?)[cosf _ .]0h a(l—e?) a, . 11.4 -39
+ —h [ - (r-r)g—kﬁ cos f %(r-r) ( )
sinf%
re 0s
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P.D. of the mean anomaly:

oM OF . Oe
s (1- €COSE)E - smE%
3
(1—e)z [9f sinf de] . O
=T e a. —| —sin E— )
(1+ecosf)?2|0s 1—¢€20s S B (11.4 -33)
r of T . Oe
T 2VI_e20s [M“] sinE5e
where
OF _ V=@ [9f sing e .
ds 14+ecosf|Os 1—e20s :
For the case of a hyperbolic orbit,
oM r’ of r de
- S0t |y T L] sinh B 11.4 -
ds — a2\/]1— 2| Os N Lu — " ] S (11.4 -35)

The Partial Derivatives of the Non-Singular Kepler Elements

The partial derivatives (P.D.) of the non-singular Kepler elements with respect to z,yz, &, 9, 2
will be calculated using the partials of the Kepler elements:

»
==

8:x7y7z

ﬂw‘ IS}

Oa
= (11.4 -36)

a®? v

V6, §s=1I,¥,%

Ei[e cos(w + Q)] = gi“os(w +9) —esin(w +9) (2;.: * (?32
i[sin;sinﬁ_ = %cosisinQ%chosQSin%g?
% {sin;cosQ = ;cosicosﬁgi - Sianin%%
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and

0 oM  Ow  0f)
f[M—}‘wﬁ-Q]—g'f‘a‘f‘g

where
S=uzy,2 1,9, and 2,7 = /22 + y2 + 22 and /22 + 2 + 22

Conversion to an Alternate Set of Kepler Elements and Their Partial Deriva-
tives

An alternate set of Kepler elements consists of

a,e, 1,V w+ MM (11.4 -37)

These elements are the same as the previous Kepler elements except w + M. This can be
calculated by simply adding w and M that have been calculated in Kepler elements.

Their partial derivatives with respect to x,¥, z, &, ¥y, and 2 should be the same as the par-
tials of Kepler elements previously calculated. The only difference is the partials of w+ M.
Thus partial derivatives can be calculated by adding the individual partial derivates w and
M.

Conversion from Kepler Elements The input elements are considered to be a, ¢, 1, 2, w,
and M and the Cartesian elements are required. An iterative procedure, Newton’s method,
is used to recover the eccentric anomaly. For an elliptic orbit, the iterative procedure uses
Kepler’s equation (M = E — esin E), to successively compute

E—esinE— M
1—ecosF

E/:E:

For a hyperbolic orbit, the iterative procedure uses

esinh ' — F — M
ecoshFF —1

F'=F—

where F,sinh F' and cosh F' are defined previously.

This procedure for converting a, e, 7, 2, w, M to x,y, z, &, ¥, 2 is performed in the GEODYN
system by subroutine POSVEL.
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The vectors A and B are computed. A is a vector in the orbit plane directed toward
pericenter with a magnitude equal to the semi-major axis of the orbit:

cosw cos ) — sinw sin 2 cos ¢
A=a |coswsin + sinwsin Q2 cos (11.4 -38)
sinw sin ¢

B is a vector in the orbit plane directed 90° counterclockwise from A with a magnitude
equal o the semi-minor axis of the orbit:

) —sinwcos ) — coswsin 2 cos ¢
B=ay1—¢e?|—sinwsinQ + cosw cosQ cosi (11.4 -39)

cosw sin ¢

The position vector 7 is then

7= (cosE—e)A+ (sinE)B (11.4 -40)

The velocity vector is given by

= E[(—sin E)A + (cos E)B] (11.4 -41)

=l

where F is given by

GM

- K
E (11.4 -42)

- 1—ecosFE

11.4.2 Node Rate and Perigee Rate

The node rate  and perigee rate w are computed from Lagrange’s Planetary Equations.
As these are for printout only, GEODYN uses just the Earth oblateness term ill the geopo-
tential. From Reference [11 - 4] , page 39, we have

_E GM].-a-,-35 cosi
o Bt

3 GM [g]_3,51—5cos2i
ae (1 —e2)?

(11.4 -44)
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in radians per second, or

. a,-35 COS?
Q=-997|— —_ 11.4 -45
[ae] (1-— 62)2 ( )
. a--351 —5cos?i
— _4.98[ = 11.4 -46
w [ae} (1—e2)2 ( )

in degrees per day. The quantities used in the above equations are defined as:
ae is the semi-major axis of the Earth

GM is the product of the universal gravitational constant G and the mass of the Earth
M

Cyo is the Earth oblateness term ill the geopotential (see Section 8.3)
a semi-major axis of the orbit
e eccentricity of the orbit

7 Inclination of the orbit

11.4.3 Period Decrement and Drag Rate

The period decrement and the drag rate are determined from the partial derivatives of the
position and velocity with respect to the drag coefficient at the final integrator time step
in the given arc. These (multiplied by the drag coefficient) . represent the sensitivity of
the position or velocity to drag effects. Let us define

0

AD =
aCp

(7) - Cp (11.4 -47)

where
r is the satellite (inertial) position vector
Cp is the drag coefficient
We also define

AD = agD (7)- Cp (11.4 -48)
The (two-body) period of the orbit is
a3
P =m0 (11.4 -49)

227



where
a is the semi-major axis of the orbit

GM is the product of the universal gravitational constant G and the mass of the Earth
M

Thus,

a
AP——&U/EﬁyAa (11.4 -50)

The vis-viva or energy integral has

2 1
2
=GM|- — - 11.4 -51
v =G [7" a] ( 51)
hence
1
7 — &t
Recognizing that A(F) is AD and A(F) is AD
#-AD  F-AD
Aa—2a[ 5,2 +a i } (11.4 -53)
The effect of the drag on the period is then given by
@@ [#-AD  7-AD
AP = 67 GM[ 5,2 +a &l } (11.4 -54)

The daily rate or period decrement is computed as AP/At where At is the elapsed time
(in days) between the last integrator time point and epoch.

The drag rate is computed from the along track (actually normal) portion of AD that is
ADp. We need to construct the unit vector along track, L. The velocity vector r may
be resolved into a radial component and a component normal to the radius vector. The
magnitude of the nodal component is found by the Pythagorean Theorem:

(11.4 -55)
The unit normal vector L is then
“ . 1 .
L=[r—-r-7]/A (11.4 -56)
r
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The normal portion of AD is then
ADy=1L-AD (11.4 -57)

This ADy represents the along-track position effect due to drag over the integrated time
span. The drag rate is computed as ADy/At? where At is again the elapsed time in
days.
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