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The Transit System, 1977: performance, plans and potential

By H. D. BLack

The Johns Hopkins University, Applied Physics Laboratory, Johns Hopkins Road,
Laurel, Maryland 20810, U.S.4.

AL B

The precision of the Transit System is described since the introduction of the soft-
ware improvements in 1975. The surveyor’s rather than the navigator’s use of Transit
is emphasized. :

The differences between the basic elements of (1) the classical surveying technique,
and (2) the Doppler technique are contrasted.

It is necessary to consider the geopotential model as part of the Doppler datum
definition. Geopotential model changes create positional shifts which vary from point
to point. Datum transformations on a global scale, then, are much more complicated
than the recent literature indicates.

Current techniques for minimizing correlated errors, principally drag, are dlscussed
as are immediate extensions to sub-metre precision.

A major software change in the Transit orbit generation computation is planned
for late 1979. A new satellite is currently in limited production. Implications for users
of the system are described.
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INTRODUCGTION

The Navy Navigation Satellite System (Transit) provides a global basis for position information
both for navigation and for surveying.

Transit has been available for worldwide use since 1967. The five satellites currently in orbit
were all designed in 1963. The newest satellite has been in orbit for 5 years and the oldest for 12
years. There are currently 12 in storage awaiting the failure of those in orbit. A new series of
satellites (Nova) is currently in limited production.

The system has been repeatedly described as it has evolved (Guier & Weiffenbach 1958,
1960; Kershner & Newton 1962; Newton 1966, 1967; Pisacane ¢t al. 1973; Black et al. 1976).
This last reference contains an annotated bibliography.

'_] The current performance of the system is reviewed and potential improvements are discussed.
<

>
S = Navigation and surveying
[~ E The use of Transit for surveying rather than navigation will be emphasized. Navigation is
= O position determination (latitude and longitude) aboard a moving vehicle (ship), whereas
E 9) surveying is establishing the position of an Earth-fixed point.

In positioning a ship, a navigator is unconcerned with errors comparable to the length of his
ship and, consequently, can use approximations that are unacceptable to a surveyor. Moreover,
the surveyor is interested in his position in three-dimensional space, whereas the navigator is
only concerned with his latitude and longitude. The different requirements of each should not,
however, be unduly stressed: if the navigator’s requirements are for extreme accuracy, as in
positioning a drilling site for an offshore well, then his needs merge with those of the surveyor.
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218 H.D. BLACK

Local and global datums

Until the advent of artificial satellites, geodesists were hampered by oceans, national bound-
aries, and rough terrain. Moreover, they were limited in making measurements in the vertical
by being denied access to the Earth’s centre. In recognizing these obstacles, so-called local
datums were defined to achieve high precision within countries or continents (mathematical
‘neighbourhoods’) (Jones 1973; Mueller 1974; Moritz 1974). Local datums can be characterized
by:

(1) A reference point, i.e. a point having defined coordinates.

(2) The defined azimuth of a line in the local horizon plane at the reference point. This is
equivalent to locating the meridian on the ground.

(8) The ‘deflexion of the vertical’ at the reference point, two angles that specify the direction
of gravity (the gradient of the geopotential including the centripetal term) at the reference point.
(The local plumb bob vertical, the deflexions of the vertical and the line-azimuth taken together
define the plane containing the poles of the coordinate system.)

(4) A set of constants: the semimajor axis and flattening of an Earth-associated ellipsoid.
Consistent with this ellipsoid a ‘standard gravity’ formula is defined. These are used in com-
puting principal terms in the station radius and gravity magnitude. More importantly, they
become a basis of linearization and are used to approximate the ‘real thing’ in computing
small terms (see Mueller 1974).

Several comments are called for: this is only one of many possible ways to characterize a local
datum. Before 1960, polar motion was ignored and astronomical measurements given ‘infinite’
weight (Jones 1973); consequently, correlated errors as large as 10 m probably exist in local
datum coordinates.

The local datum is no longer necessary and should be replaced with a global datum: a single,
Earth-fixed, geocentric, coordinate system within which all terrestrial points are specified. This
will probably not happen by design but will gradually evolve over the next several decades.
In fact, the process is currently an ongoing one. Such a coordinate system will suffice to specify
position with a precision of a few tens of centimetres. For higher precision on a global scale, the
non-rigid character of the Earth must be considered. Newton (1974) has described the necessary
steps to construct a coordinate system on a non-rigid Earth.

There are indications that tables of station coordinates and fiducial points will, in the future,
lose most of their importance: the development of a satellite system and user equipment that
will quickly produce the geocentric coordinates of a point could dramatically change the
surveyor’s art.

Doppler and traditional techniques

The last 10 years have been a very confusing and unsatisfying time for someone trying to
reconcile coordinate positions obtained (&) from traditional sources (land surveys) and ()
from satellite techniques. It would seem that it should be a simple matter to transform one set
of positions into the coordinate system of the other set. The unsuspecting reader proceeds by
studying the coordinate definitions (datums) associated with the data sets. He quickly becomes
enmeshed in a mass of details (Mueller 1969; Bomford 1971; Heiskanen & Moritz 1967; Jones
1973; Whitten 1974; Baker 1974). In the Doppler system, an understandable definition of the
associated Earth-fixed, coordinate system is difficult to find (Anderle 1976).

The reasons for this state of affairs is both human and technical. Part of the reason is that the

[8]
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TRANSIT SYSTEM, 1977 219

classical technique and the Doppler technique start from two different sets of primitives. The
choice of these was strongly influenced by ° the observables’ in each system.

THE BASIC ELEMENTS (PRIMITIVES) OF THE DOPPLER TEGHNIQUE

For Doppler surveying to exist the following basic elements must exist for developing the
system:

(1) A number of satellites equipped with Doppler beacons must be available in long-lived
orbits, 1000 km altitude being satisfactory. The satellites must be at various orbital
inclinations.

(2) A globally distributed set of tracking sites must be available to measure the Doppler shift
and relay it to a central computing facility. (Once the system is developed the global network is
unnecessary.)

(3) Approximations must be available for the following: (a) the tracking site coordinates in a
(single) Earth-fixed coordinate system; () positions and velocities of the satellites at specified
epochs (orbit initial conditions); (¢) a geopotential model (see below); (d) satellite and station
oscillator frequencies; known relative to a common ‘standard’; and (e) tracking-site clock epochs
synchronized relative to a common standard. A convenient way to enforce this synchronization
is to put a secondary time standard in the satellite.

(4) Precise values must be available for: (a) the speed of light (299792.5 km/sec); (b)) GM
(the gravitational constant times the mass of the Earth: 398600.8 km3/s2); (¢) the motion of the
Earth relative to the nearly inertial coordinate system used in describing the satellite motion: if
the data span associated with a single set of initial conditions is limited to a day or two, then the
sidereal rate of the Earth (7.29211585 x 105 rad per mean solar second), the main precessional
term of the equinox and the phase of the Earth’s rotation suffice; (d) the ¢drift’ rates (f, the rate
of change of the frequency) of all station and satellite clocks and oscillators (only those drifts
having correlation times comparable to the pass length need be known; the best way to know
them is to design the system oscillators so that these drift rates are negligibly small).

(6) Measuring and modelling techniques for dealing with ionospheric and tropospheric
propagation effects.

(6) A setofinternally consistent analyses or computer programs for improving the items listed
in (3) above. Most difficult are the procedures that compute the satellite position.

(7) The longitude of one station must be defined, as for any terrestrial coordinate system
definition.

The precision (and accuracy) of the resulting system depends on the care and attention which
are used in designing and building the satellite and in implementing items (2), (4), (5) and (6).
For example, the technique is not very useful until the frequency measurements and computations
throughout the complex of tracking sites, satellites and computing programs are internally
consistent to 10~1° f; where fis the frequency broadcast by the satellite.

The items listed under (3) are revised by using the Doppler data available from the system
itself: items (1)—(7) are deliberately capable of producing redundant information to facilitate
a ‘tightening-up’ of the precision.

The definition of the coordinate system is here but it is not explicitly stated. An explanation is
called for.

[9]
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The origin

The origin of the coordinate system is implicit in a constraint applied in the determination
of the geopotential. The geopotential is conveniently written (Kaula 1966):
oo n m M oy
_ G}/;J 3% P(coso) [CHcosmA + 8 sinmA]

n=0m=0 R

H

where R, 0 and A are the spherical coordinates (radius, colatitude, longitude) of a point exterior to
the Earth. A (finite) number of empirical coefficients in this expansion can be determined from
the Doppler system’s data (Guier & Newton 1965; Guier 1966; Anderle & Smith 1967; Yionoulis
et al. 1972; Lerch et al. 1978). There are four coefficients, in addition to the trivial set S7~°, that
need not be determined. It is easy to show, from the integrals defining these four coefficients,
that C3 = 1 and that CY, C}, ${ are identically zero if the coordinate origin coincides with the mass
centre of the Earth. In a simultaneous determination of site coordinates, geopotential coefficients
and orbit specifications (initial conditions), the conditions C{ = C} = S} = 0 constrain the co-
ordinate system origin to the mass centre. In this determination, the tracking site coordinates are
considered as free points in three-dimensional space, except the longitude of one site which is
fixed.

Two other coefficients, C} and S} are usually constrained to zero. This in turn equates the two
products of inertia I, and I, to zero, implying that the z-axis is assumed to be a principal axis
of inertia.

This process of simultaneously fitting site coordinates, orbits and geopotential coefficients by
least squares (a number of frequency bias terms are simultaneously determined) is analogous —
in classical geodesy — to a ‘ readjustment of the datum’. (W. H. Guier was one of the first (Guier
1963; Guier & Newton 1965; Guier 1965) to understand that such a determination was possible
and to carry it out in a tour de force of analysis and computer programming.)

- It is therefore necessary to include the geopotential model as part of the (Doppler) datum
definition. As a result, we gain access to the Earth’s centre of mass for the coordinate origin.

The longitude reference

Fixing the geocentric longitude of one site is equivalent to locating the zero-meridian on the
ground. The choice was such that the zero-meridian of the Transit System is highly consistent
with the convention that the brass strip in the courtyard at the Old Greenwich Observatory is 0°
(astronomic) longitude. This brass strip has longitude 5.69” + 0.2” W in the Transit coordinate
system (Dillon ef al. 1977). The x-axis lies in the plane of the reference meridian, passes through
the coordinate origin and is orthogonal to the z-axis.

_ o The z-axis

The z-axis of the coordinate system is the CIO pole. (I have previously made the mistake
of calling the CIO ‘the mean pole 1900-1905°. P. Melchior has kindly corrected me and has
described (Melchibr 1974) the operational changes that made the two points distinct.) This
pole is implicit in the station coordinates of the four operational stations. The daily coordinates
of the rotational pole are obtained from Bureau International de I'Heure (BIH) Circulars
B/C (Pisacane ¢t al. 1973).

As we know (Beuglass & Anderle 1972) it is not necessary to use BIH coordinates for the

[ 10 ]


http://rsta.royalsocietypublishing.org/

71—\

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

a
s

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

TRANSIT SYSTEM, 1977 221

instantaneous rotational pole. These coordinates could be determined from the system, but this
is not the current practice.

The y-axis
The y-axis is conventionally defined: lying in the equatorial plane (i.e. passing through the
coordinate origin) and normal to the -z plane. The sense of y is chosen so that (x, y, z) form an
orthogonal, right-handed system.

The ellipsord

Since the ellipsoid definition occupies a central place in a local datum definition, its omission
in the satellite case is a striking difference between satellite-derived datums and those that are
classically defined. An ellipsoid is here but it is very much in the background. (The system
operates quite nicely as a ‘surveying instrument’ without the use of an ellipsoid.) The ellipsoid
is implicit in the geopotential model (Cook 1959; Rapp 1970). The point here is that the ellipsoid
is a derived, ancillary entity in the satellite discipline rather than occupying a central place as it
does among the elements of classical geodesy. The ellipsoid definition is not used anywhere in the
orbit computation. In a Doppler datum readjustment, the ellipsoid is almost the last thing
derived, and to obtain it, levelling data obtained on the ground from each of the tracking sites are
used. The Doppler-derived station radii, with the station heights above mean sea level subtracted
(the ‘orthometric’ height), are points on a mean sea level equipotential surface, the geoid. An
ellipsoid is fitted to these points by least squares.

The navigator (not the surveyor) uses the ellipsoid in computing his distance from the Earth’s
centre of mass: the sum of (@) the radial distance from the centre of the Earth to the ellipsoid;
(b) the local distance from the ellipsoid to mean sea level, the so-called geoid height, and (¢)
the height of the navigator’s antenna above the sea. The geoid height (‘ undulation’) is computed
from a first-order series expansion of the geopotential about the ellipsoid reference figure:

U(r,0,2) = Ures(r, 0, A) +£] - Ar,
or 7,0, A
where Ar is the geoid height and Urer is the geopotential of the Earth-associated ellipsoid (Rapp
1970). The geoid height is supplied to the navigator in the form of a map (see Staff of the Space
Department 1975). Since 1975 there have been dramatic improvements in the sea surface
geoid produced from the Geos-3 altimeter results (figure 9): a 60 cm x 120 cm geoid map
giving 1 m contours over most of the oceans is given in Brace (1977).

Relations between various datums

Considering ‘the’ datum as a set of geopotential coefficients, station coordinates and constants,
transformations between various datums are not position-invariant. A relation thatis valid in one
area may not give ‘good’ resultsfor another. The reason for this is not hard to find: the change in
the datum produces satellite position differences that are geographically correlated. A description
of positional differences that arise as a consequence of satellite-derived datum changes is given
by Holland et al. (1977). Figure 1, taken from that report, shows the along-track difference (the
component of the vector difference between the two ephemerides resolved in the along-orbit
direction) for four different satellites; one ephemeris computed with Transit station coordinates
(and geopotential coefficients) and another ephemeris computed with the corresponding APL

[11]
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222 H.D. BLACK

4.5 quantities (Black 1968). All the orbits are polar, have different nodes and perigee arguments,
and have (slightly) different eccentricities and mean motions.

The abscissa is time-elapsed since all the trajectories passed through a common geographical
point. As the polar orbits have periods that are small fractions of a sidereal day, the large peaks on
this figure occur when all satellites are (approximately) at the same longitude. As figure 1 shows,
there is appreciable geographical correlation in the difference created by the datum change.
Not all of this effect would show up in a site survey. This along-track difference would cause a
latitude shift which would reverse sign with the direction of satellite motion. Consequently,
there would be a tendency to average out part of this difference in a multi-pass solution. The
satellite position difference remaining in the two site surveys (the ‘local datum shift’) would
depend on, for instance, the number of passes used, the number of north-going to south-going

Data taken on:

» Satellite (day/yr)
1! 30120 ——— 74/70
i 30130 =~ == 74/70
! 30140 74/70
g 30740 meemmemr 268/70
I 30140 269/70
i 30140 —— —— 271/70
/ 30180 — ~ —— 74/70

1 { 1 1 L

|
0.5
elapsed time/sidereal days

Ficure 1. Along-track difference due to geodesy change. For a number of different satellite ephemerides,
the differences are geographically correlated.

passes, other errors in the system, and asymmetries in the geometry between north and south
passes. Holland ez al. (1977) compute the coordinate changes associated with correlated orbit
differences. These computations indicate the effect of changing datums when consistency
between site coordinates and a geopotential model are an integral part of the datum definition.
The question arises whether or not these changes could have been removed with a coordinate
rotation and scale change as described below: in changing station coordinates we were careful to
preserve the same longitude reference and pole of the coordinate system, i.e. not to rotate the
coordinate system. The largest change in any station coordinate was 6.1 m in latitude at Hawaii.
GM was decreased by 3 parts in 10° (Black 1976).

We shall perhaps make changes again, smaller than the current global system precision
(3-5 m), when the geopotential models are sufficiently precise to justify changing again. Recent
improvements facilitated by Geos-3 altimeter data have produced dramatic results (Brace 1977;

[12]
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TRANSIT SYSTEM, 1977 293

Lerch et al. 1978). Within the next year or so, it seems that there will be ample justification to
change geopotential coeflicients and Transit station coordinates, i.e. to readjust the Transit
system datum.

In comparing satellite-derived positions with those from classical adjustments, Lambeck
(1971) transforms three local datums to a global geocentric system. He derives the seven-element
transformation (three rotations and three translocations plus a scale change) from station co-
ordinate differences at common points.

CORRELATED ERRORS

The error budget, like the system, has remained unchanged for several years (Black 1976).
Table 1 shows this budget, and until items 3 and 4 are appreciably reduced, there is hardly any
point in discussing the others. We will have more to say on this later.

TABLE 1. TRANSIT SYSTEM: SURVEYOR’S SINGLE-PASS ERROR
BUDGET (OCTOBER 1977)

error/m
(1) uncorrected propagation effects (3rd-order ionospheric and 1-5
neglected tropospheric effects)
(2) instrumentation (navigator satellite oscillator phase jitter) 1-6
(3) geodesy (uncertainty in the geopotential model) 5-10
(4) incorrectly modelled surface forces (secular error growth due 10-25
to incorrect period; drag and radiation pressure)
(8) unmodelled U.T.1—U.T.C. effects and incorrect coordinates of 1
the pole
(6) ephemeris rounding error (last digit of ephemeris is 5
rounded)
I.8.5. 12-28
Drag

We should qualify the statement that the error budget has not changed; the 11 year solar
cycle is currently approaching a peak in 1980 (Schatten 1978). There will be an occasional day
when the drag model (C.I.R.A. 1972) poorly represents the upper atmospheric air density. We
have recently seen one such day after a solar storm on day 97 (7 April) 1978 (see figure 2).
We know enough now to prevent this from happening again (we believe): the orbit plane of that
particular satellite intersected the maximum-density region which is at 1700 h local time (5 h
ahead of the Sun in right ascension) (Jacchia 1977).

We have made appreciable progress in understanding one source of drag bias: there is a semi-
annual term in the atmospheric air density (Cook & Scott 1969) which we found to require
modification (Eisner & Yionoulis 1977). However, a model representing current knowledge of
the upper atmospheric air density requires constant attention and change. The usual mani-
festation of incorrectly modelled drag is a linearly (actually a weak quadratic) growing error
in the along-orbit, ‘ along-track’, position of the satellite. This error is easy to evaluate post facto:
by using several days of Doppler data an ephemeris is generated and extrapolated (numerically
integrated) beyond the epoch of the last data point, predicting the position into a future which is
past. Using data acquired atknown sites we can evaluate the satellite position error by navigating
the site positions, a computation having a known a priori result. The error in the computation

[ 13 ]
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[ | ]
0 40 80 120
day 1978

Ficure 2. Navigation error: satellite 30140. On 7 April 1978 (day 97) a large solar flare occurred which
dramatically affected the upper atmospheric air density.

then becomes a measure of the satellite position error. The along-track component of such a
computation is shown in figure 3. Here the orbit error clearly grows linearly with time. The sign
convention is such that the negative slope corresponds to a modelled drag less than the actual
drag. The slope is negative about as often as it is positive but superimposed on a long-period
term mentioned above. Figure 4 shows values of this slope for satellite 30140 during 1977.

50
é 04— e _ e 0 oo | o
P o ® °
] * ® o P
- 9 [ ]
b o0 o ® °
—50- .
extrapolation
6 i 1 1 ].I6 1 - 1 1 3!2 1 1 1 418 1 1 1 614 1 1 L 810

elapsed time/h
Ficure 3. Along-track component of orbit error. The error, when the ephemeris is extended outside the data
interval, grows owing to the effects of drag. Time origin: 1977 day 338, 6 h 00min 00s.

Eisner & Yionoulis (1977) show that the error in the modelled mean air density (5p) is
proportional to this slope:

5 __E(L”l>i1_1_ |
P =" \34V) VA
[ 14 ]
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8 o002
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[
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g 00 160 540 520
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Ficurk 4. Time rate of change of the along-track error: satellite 30140.
A long period term is quite apparent.

where Cyq is the drag coeflicient, m is the satellite mass, z is the mean motion, 4 is the frontal area
of the satellite, Vis the speed of the satellite, A# is the data span used in deriving the orbit speci-
fication, and 4, is the slope of the along-track error growth in metres per unit change in the mean
anomaly. This equation is the principal analytical tool used in revisiting the air density model
with the along-track error growth as a source of data. The term in parentheses is about
2% 1079 g/cm3.

Removing the effects of correlated errors

Figure 3 shows that the drag-induced errors for a given satellite are strongly correlated over
the extrapolation interval. The fact that the errors are correlated for appreciable lengths of time
provides the basis for a number of techniques for removing or minimizing their effects.

(1) Iftwo or more points (7, 73, ...) are being surveyed and if a satellite can be simultaneously
observed from several points, then their relative positions (7, — 7, for example) are more accurately
produced than is either absolutely. Because of the correlation, a large part of the error is
eliminated in the subtraction. This technique is called ‘translocation’ (Westerfield & Worsley
1966; Kouba & Wells 1976; Wells 1976).

(2) Including equal numbers of north-going and south-going passes of a given satellite tends
to cancel some of the drag-induced latitude errors.

(3) A logical extension of the translocation technique is to include models for satellite-
associated errors as part of a multi-station survey. For example, the drag error in the ephemeris
is modelled as a linear function of time; the slope and intercept are then determined along with
the survey coordinates. Brown (19764, b) has developed and extended this ‘short-arc technique’
and reports sub-metre accuracy for regional results. See Kouba & Wells (1976) for a different
implementation of this idea.

TROPOSPHERIC REFRACTION

The detailed tropospheric effects on Doppler surveying and navigation are now basically
understood (Hopfield 1969, 1971): the troposphere is not dispersive, its index of refraction is not
frequency-dependent, but rather it depends on the pressure, temperature and water vapour
pressure (Smith & Weintraub 1953). As a consequence, correction for the tropospheric effect
relies on modelling and weather data. The troposphere increases the apparent range to the
satellite. Because of the form of the index of refraction, it is convenient to separate the correction
into the sum of two corrections, one due to the dry atmosphere and another due to the ‘wet’,
the water vapour. Below 5° elevation, there is an additional ‘curvature’ effect. The dry term
accounts for 85-909, of the combined effect. Figure 5 shows the dry term for three different

[ 15 ]
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[o.e]
(=]

dry tropospheric range effect/m
B
S

elevation angle/deg

Ficure 5. Effect of the dry troposphere on the electromagnetically measured range. The zenith effect is 2.3 m.
Water vapour in the atmosphere augments the dry tropospheric effect by 10-15%. In preparing the figure,
a lapse rate of 6.7 K/km was used.

surface temperatures. By current standards, the effect is too large to ignore; moreover, if
ignored it will force a correlated error into the longitude and height (Black 1976).
For elevation angles greater than 5° the dry term can be written (in metres)

o= 2t p(T422)s,

I~ [1 _( cos B )2}“%,
1+0.15 i/r
where P is the surface pressure at the site in standard atmospheres (1 atm =1013.25x 102 Pa), T’
is the surface temperature in kelvins, 4 = 148.98 (7'—4.12) is the effective ‘ extent’ or ‘ height’ of
the dry troposphere in metres, £ is the instantaneous elevation angle of the satellite, 74 is the
distance in metres from the centre of the Earth to the site, and Asq is the tropospheric correction
in metres (Black 1978).
The simple approximation (for elevation angles above 30°) to the above equation,

Asq = 2.31 Pcosec E,

is practically exact but between 6 and 30° the approximation is 13% in error, which is too large
to be useful for modelling but suggestive of the important functional dependence.

The theory for the wet term is in a much less satisfactory state, principally because we cannot
describe the height distribution of water vapour with appreciable accuracy. Hopfield (1969)
has found that the analytical forms which have been derived for the dry term have appreciable
validity for the wet. Moreover, since the wet effect is about an order of magnitude less than the
dry, we do not currently have to be so careful. Hopfield’s finding, together with the intuitive
appeal of the cosecant approximation, suggests that we write for the sum of the wet and dry
terms

As = Cp 1,
and determine Cy, as a pass-associated bias. This removes a correlated error most of the time,
even without constraining the uncertainty in Cy. Figure 6 is taken from Eisner (1977): the top
figure shows the residuals from a (along-track, range, frequency-bias) ‘navigation’. The bottom
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Ficure 6. Effect of fitting a tropospheric bias on range-difference residuals. The tropospheric biases are clearly
present on both ends of the top figure (r.m.s. = 0.03888 Hz). Fitting to a single parameter (lower figure)
clearly removes the biases (r.m.s. = 0.02462 Hz). Elevation at time of closest approach (arrows) = 27°.

figure includes additionally a fit to the tropospheric parameter Cy. The reduced correlation in
the residuals is quite apparent. As a result of including the tropospheric parameter fit, the site
coordinates changed by 9 m for this particular determination.

The key to reliable tropospheric parameter estimation is better low-elevation models where
the effect is largest. We have worked intensively in this area (Hopfield 19764, b; Goldfinger
et al. 1978) but there is still much work to do.

Tonospheric refraction

The two-frequency technique for ionospheric compensation (Guier 1961) has its genesis in
the work of Seddon (1953), Weekes (1958) and Graves (1960). The index of refraction of the
ionosphere, in the frequency region 150-400 MHz, is frequency dependent and as a consequence
the Doppler shift can be written for either frequency

Af(t) = {~a)+“§9-+ﬁg)+f§?+
The coeflicients a,(£), ..., a5(¢) areintegrals of the weighted electron density over the instantaneous
line of sight to the satellite. The term a,(¢)/f is called ‘first order’. Typical values of the three
terms are shown in figure 7 for a satellite transmitter at 50 MHz and moderately elevated
ionospheric conditions. Clearly at this frequency, the first and third order terms are about the
same order of magnitude and the second order term is negligible. At the lowest Transit fre-
quency (150 MHz) the third order term is typically an order of magnitude less than the first
order term and the second order term remains negligible. This observation provides the motiv-
ation for truncating the series after the first order term, broadcasting two frequencies and solving a
pair of simultaneous equations to eliminate the first order term from further consideration. This
leaves part of the third order term as a correlated error (its shape resembles the tropospheric
effect but is opposite in sign) in the measurements. This problem has been extensively studied
(Tucker 1970). Because of the anti-symmetric shape of the error (figure 7), the resulting error
appears in site altitude and site longitude. Figure 8, taken from (Tucker 1970), shows the residual
error resulting from uncorrected third order ionospheric effects in a navigation solution. Data
acquired while the satellite was below the elevation cut-off angle’ was not used in the
computation. Clearly, because the third order effect is largest at low elevation angles, data
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Ficure 7. First (a), second (b), and third-order (¢) ionospheric contributions to the Doppler shift (scaled to
50 MHz). Raising the frequency supresses the third-order term relative to the first. The second-order term
is negligible in any case. Spherically symmetric ionospheric model; N,,, = 2 x 1012 electrons/m?® ( f,;, =
12.7 MHz); hy,, = 250 km (f = 50 MHz); satellite in circular polar orbit (E,, = 90°).

below 5-10° should not be used. The error is largest when the ionosphere is most active which
is in turn correlated with the time of day, season of the year and the 11 year solar u.v. activity
cycle (Schatten 1978).

We have indicated the dependence on season and solar activity with the two smaller graphs
in figure 8. The error is clearly least in spring and summer, almost disappears at night and
is currently increasing with the rising solar u.v. activity.

Not all of the error shown in figure 8 appears in the surveyed coordinates: the error is corre-
lated over several hundred kilometres, distances such that the line of sight to the satellite from
any two points passes through the same ionospheric structure. Consequently, relative coordinates
derived from the ‘translocation’ or ‘short-arc’ technique contain only a small fraction of the
error. The absence of the error in passes made in the night tends to halve the resulting error in a
multi-pass site determination. With all of these precautions, however, it would be difficult to
claim sub-metre accuracy for the coordinates of a point in a global datum.

POTENTIAL FOR IMPROVEMENT

In developing and using the Transit System, the question has frequently been asked: what are
the accuracy limits of an improved Transit System?

In a long analysis, Newton (1976) has addressed this issue. He finds that the limit on the
single-pass fix precision is about 18 cm (on a global scale) plus the error assignable to geo-
potential model uncertainties. The improvements from using multiple passes (or co-location)
would then follow in the usual way. This same limit exists not only for Doppler location but for
other types of space-orientated systems. I shall briefly outline the thrust of Newton’s analysis.

[ 18]
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Ficure 8. Navigation error caused by uncorrected third-order ionospheric refraction on the 150-400 MHz
Doppler data. The upper left figure superimposes the diurnal cycle on the seasonal variation: the ionospheric
effect is less in summer than in winter and autumn. It nearly disappears at night. The upper right figure
indicates that the years 1977-81 will be somewhat more disturbed than were the years 1965-9.

A number of changes would be required which are technically trivial, that is, they require no
new knowledge or fundamentally new hardware devices.

(1) The ephemeris of the satellite as stored in the satellite would have to be stored to the
nearest 1 cm, rather than to the nearest 10 m.

(2) We should () raise the frequencies broadcast by the satellites from 150 and 400 MHz to
600 and 1600 MHz, or (b) broadcast a third frequency, or (¢) provide a model for reducing the
third order ionospheric error by about two orders of magnitude. Efforts at both the University
of Texas (Tucker ef al. 1976) and the Johns Hopkins University Applied Physics Laboratory
have successfully removed about 70%, of the third order ionospheric effect by using modelling
techniques. It is significant here that the 150 and 400 MHz choice of frequencies was largely
determined by the electronic technology of the early 1960s. Raising the frequency of the satellite
would in turn require raising the power radiated from the satellite if non-steerable antennae are
to be utilized.

(3) The antennae throughout the system need minor improvement. The antenna phase
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centres are not fixed (relative to the Earth) but change with satellite elevation angle. D. E. Wells
(see Kouba 1976) has measured the phase centre motion and found that for a commonly used
receiving antenna (the ‘CHU?), the effective (150 and 400 MHz) phase centre of the antenna
moves vertically about 25 cm as the satellite crosses the sky. Better antennas could be used or the
effects removed by modelling.

(4) The frequency stability of the user and satellite oscillators would have to be improved by
about an order of magnitude. The current stability is several parts in 10! both for averaging
times of 1s and for 1 day. Computer simulations (Guier & Weiffenbach 1960) show that a
frequency instability of 3 parts in 10 per hour contributes 40 cm to the single-pass fix error.

The crystal oscillator designed for the new series of Transit satellites (Nova) has a frequency
stability easily meeting this requirement (Norton 1976). Norton’s design achieves a frequency
stability of 8 parts in 102 for averaging times of 1 s and 4 parts in 1013 for averaging times of
10-100s.

(5) The satellites and station clocks would have to be slightly improved. The satellite clocks
are now consistent with U.T.C. as defined by the U.S. Naval Observatory with an r.m.s. error
of about 20 ps while the station clocks in the Transit System are within + 5 ps of U.T.C. (U.S.
Naval Observatory 1978). As a consequence, the satellite is mispositioned by about 14 cm. It
will be easily possible to reduce this by an order of magnitude by using the hardware clock
incorporated in the Nova satellite (Ruegar & Bates 1978).

(6) The surface forces acting on the satellite must be carefully managed: the air density at
1100 km altitude is 10-18 to 10~ g/cm?® (C.I.R.4. 1972). By using 1017 as a usual value, this
drag level (0.1 dyn m—2%) would result in an error of 100 m/day in the ephemeris if totally
uncompensated. The process of fitting the orbit by least squares approximates the quadratically
growing drag error with a linear function of time. As a consequence, the error remaining in the
orbit is  (100) ~ 17 m. If, however, as we do, we model the drag (Jacchia 1965) and addition-
ally fit (as we currently do not) a quadratic term to absorb errors in the mean (modelled) drag
level, we can remove all of the quadratic term down to a level imposed by the geodetic uncer-
tainties. (It is significant here to mention that when a major improvement was made in the
geopotential model, the secular errors in the orbit also diminished (Black 1976). An orbit-
frequency term (about 30 m in amplitude) associated with the quadratic phase error was
simultaneously eliminated.) The principal remaining errors due to drag uncertainty are then
higher (in frequency) than the orbital rate and we estimate at twice orbit frequency. Con-
sequently, 30 m/(2 x 13)2 = 0.04 m, or 4 cm.

We can repeat this type of procedure for radiation pressure. Although the force is larger, about
% dyn m~? of satellite cross-sectional area, the force can be more accurately modelled than can
drag. When most effective (Sun in the orbit plane) the force nearly cancels when averaged over
a revolution, the remaining secular effect being of the order of the eccentricity. The models are
good enough to give residual effects of radiation pressure well below 10 cm.

Rather than repeating Newton’s analysis of radiation pressure, I should like to mention
another way of compensating for surface-force effects; the so-called ‘ Discos’ system (Staff of
the Space Department 1974). This device, a free-mass accelerometer inside the satellite,
activates jets to counteract surface forces. An in-orbit experiment showed that the un-
compensated surface forces were less than 10-11 g. The requirement for real-time positioning,

and the attendant necessity for orbit prediction, provided the incentive for the  Discos’ device.
t 1 dyn m~2 = 10~ Nm~2,
[ 20]
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Geodetic limits

To achieve an accuracy of a few tens of centimetres, we have to extrapolate the current geo-
potential models beyond our existing knowlege. Currently (1978) the r.m.s. fit of the ephemeris
to 48 h of data is typically 3—6 m. In the last 15 years, this value has decreased by about two
orders of magnitude, about a factor of 10 in the last decade (see Black 1968). We are currently
making rapid progress. The Geos-3 altimeter (Hofmeister 1973; Hofmeister ef al. 1976) has
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EE Ficure 9. Contribution of the Geos-3 satellite altimetry to sea surface topography. The figure on the left is

‘before’ (ca. 1968) and that on the right is ‘after’ (ca. 1977) using the altimeter data. (From Brace (1977).)

TABLE 2. A COMPARISON OF ALTIMETER CHARACTERISTICS

Geos-3 Seasat-1
(intensive mode)
mean satellite altitude/km 841 800
antenna beamwidth/deg 2.6 1.6
frequency/GHz 13.9 13.5
peak r.f. power/kW 2 2
average r.f. power/W 0.24 6.5
pulsewidth (uncompressed)/ps 1 3.2
pulsewidth (compressed)/ns 12.5 3.125
repetition frequency/Hz 100 1020
y <« ‘footprint’ diameter/km 3.6 1.7
= h altitude precision (r.m.s.)/cm < 50 <10
< status launched launched
>_‘ >.4 v 9 April 1975 26 June 1978
O ~ Source: MacArthur (1976). Note: Seasat-1 failed on 10 October 1978, and the Geos-3
e E . altimeter expired on 19 September 1978.
= O . .
T O improved our knowledge of mean sea surface topography from an uncertainty of 5 m to one of
=w 1 m and improved (decreased) the scale size of known detail from 1000 km to less than 100 km.

(Brace 1977; Anderle 1978). (See figure 9 for a comparison of the sea surface topography ¢ before’
and ‘after’ Geos-3.) The ‘footprint’ of the Geos-3 altimeter, the area illuminated on the surface,
is 3.6 km in diameter; consequently, the instrument is capable of greater detail than has yet
been published. Geos-3 is still producing data on the ocean topography and its altimeter has
provided a dramatic increase in our knowledge of the geoid. The Seasat—1 altimeter represents a
further development of this technology; see table 2 (MacArthur 1976). With Seasat and its 10 cm
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resolution over a distance of a few kilometres, it should be possible to make corrections to the
measurements (of the sea surface) for currents and tides. This is a necessary part of extending
geopotential model improvements below the 1 m precision level.

The Geos-3 altimetry data are currently being used to refine geopotential models (Lerch
et al. 1978). The next step will be to add fine-scale geopotential information obtained from
satellite-to-satellite tracking (Schwartz 1970; Vonbun 1976; Roucher ¢t al. 1977; Pisacane 1978).

The impression is that appreciable improvements in geopotential models are now possible
and that there are no physical limitations to this process until we are well below 1 m. Certainly,
below 10 cm, limits are imposed by continental drift. The time dependence of site coordinates
caused by the Earth tides will have to be introduced. These displacements, mostly vertical, are
of the order of 25 cm in the mid-latitudes and 50 cm near the equator (Kuo ¢t al. 1970).

ERROR SUMMARY OF AN IMPROVED TRANSIT SYSTEM

Newton places the root sum square of these various error sources (except the geodetic error)
at 18 cm, with drag (10 cm), uncertainty in the water vapour correction (12 cm) and instrumen-
tation sources (9 cm) accounting for nearly all of it.

It is clear, if the numbers are accepted as an indication only, that the system is capable of
(single pass) accuracy in the neighbourhood of a few tens of centimetres. The improved precision
(available from multiple passes or translocation or the short-arc technique) will then reduce this
to the global limit imposed by continental drift. Subsequently, if no unexpected biases intrude,
the data population available for studying continental drift (and earthquake displacement fields)
will appreciably increase.

For a while at least, uncertainty in the geopotential model will be the controlling error source
and then, perhaps, be surplanted by third order ionospheric errors. Be that as it may, the geodetic
error is destined to diminish appreciably over the next several years as a consequence of data
sources that are already available or planned.

THE IMMEDIATE FUTURE OF THE TRANSIT SYSTEM

There are currently about 4000 users of the Transit System, about 700 military and the
remainder civilian. The estimated investment in Transit navigation equipment is $108 M
(Stansell 19784, b). There are still 12 satellites (and 9 launch vehicles) in storage awaiting some
compelling need to launch them.

If and when the U.S. Navy navigational needs currently satisfied by Transit are considered
for reassignment, then the earliest that this could occur is 1985. It would then require at least
4 years to re-equip the existing ships. This would, in turn, assure Navy maintenance of the system
at least until 1989 or 1990.

Several significant improvements in the system are planned for 1979.

In 1969 we began a low-level effort to rewrite the orbit determination software; the extant
version was finished in 1963 and was written in assembly language for the 7094 computer.

With the announcement in the late 1960s of a new generation of computer hardware together
with a computer language and system having great power (PL/1), it was clearly time to rewrite
the software. We worked for several years and then put the effort aside until 1975. It was com-
pleted in early 1978 and will be implemented in 1979 on an IBM 360/65 computer at the
Navy Astronautics Group at Point Mugu, California. This new program, called the Orbit
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Determination Program, considerably eases the tedium associated with maintaining the system.
In rewriting the program, we found no significant errors in the old one. It would have been very
difficult to extend the older version to sub-metre precision because of a word-length limitation
in the 7094. The IBM 7094-11 computer used in the system since 1964 has been a paradigm of
reliability.

Three satellites of a new design (Nova) are currently in production. One of the three is
scheduled for launching in autumn 1979. Characteristics of this satellite have been previously
published (Black 1976; Staff 1975). None of these changes will require any user to modify his
software or hardware.

This work was supported by the Department of the Navy under Contract N00024-78-C-5384
with the Johns Hopkins University Applied Physics Laboratory.

I am indebted to S. G. Dillon, W. L. Ebert, B. B. Holland, M. M. Feen, and R. B. Kershner
for their assistance in preparing this paper.

RerFerRENCES (Black)

Anderle, R. J. 1976 Error model for geodetic positions derived from doppler satellite observations. Bull. géod.
50, 43—77 (see particularly p. 75).

Anderle, R. J. 1978 Ocean geoid deduced from GEOS-3 satellite radar altimetry data. Presented at the Second
International Symposium on the Use of Artificial Satellites for Geodesy and Geodynamics, Athens, Greece,
24 May-3 June 1978.

Anderle, R. J. & Smith, S. J. 1967 NWL-8 geodetic parameters based on doppler satellite observations. NWL Technical
Report no. 2106.

Baker, L. S. 1974 Geodetic networks in the United States. The Can. Surveyor 28, 445-451.

Beuglass, L. K. & Anderle, R.J. 1972 Refined doppler satellite determinations of the earth’s polar motion,
Geophys. Monogr. Ser., vol. 15, pp. 181-186. American Geophysical Union.

Black, H. D. 1968 Doppler tracking of near-earth satellites. JHU /APL Report no. TG 1031.

Black, H. D. 1976 Position determination using the Transit System. In Proceedings of the International Geodetic
Symposium on Satellite Doppler Positioning, Las Cruces, New Mexico, 12-14 October, vol. 1, pp. 25-45.

Black, H. D., Jenkins, R. E. & Pryor, L. L. 1976 The Transit System, 1975. JHU/APL Report no. TG 1305.

Black, H. D. 1958 An easily implemented algorithm for the tropospheric range correction, J. geophys. Res. 83
(B 4), 1825-1828.

Bomford, G. 1971 Geodesy, 3rd ed. London: Oxford University Press.

Brace, K. L. 1977 Preliminary ocean-area geoid from GEOS-III satellite radar altimetry. Presented at the
N.A.S.A. Geos-III Investigations Final Meeting, New Orleans, Louisiana, 18-19 November (Defense
Mapping Agency, Aerospace Center, St Louis Air Force Station, Missouri 63118).

Brown, D. C. 1976a Doppler positioning by the short-arc method. Proceedings of the International Geodetic Symposium
on Satellite Doppler Positioning, Las Cruces, New Mexico, 12-14 October, vol. 1, pp. 97-140.

Brown, D. C. 19765 Doppler surveying with the JMR-1 receiver. Bull. géod. 50, 9-25.

C.LR.A. 1972 The Cospar International Reference Atmosphere, 1972. Berlin: Akademie-Verlag.

Cook, A. H. 1959 The external gravity field of a rotating spheroid to the order of ¢>. Geophys. J. 2, 199-214.

Cook, G. E. & Scott, D. W. 1969 The semi-annual variation in air density at height of 1100 km from 1964 to
1967. Planet. Space Sci. 17, 107-119.

Dillon, S. C., Gebel, G. & Pryor, L. L. 1977 Navigation at the prime meridian revisited. Navigation, Wash.
24, 264-266.

Eisner, A. 1977 Fitting a troposphere parameter. Unpublished JHU/APL report.

Eisner, A. & Yionoulis, S. M. 1977 The semi-annual variation in the upper atmosphere (900-1200 km) at solar minimum.
JHUJAPL Report no. TG 1314.

Goldfinger, A. D. et al. 1998 A satellite system for measuring atmospheric surface pressure. JHU /APL Report no. SDO
5077.

Graves, C. D. 1960 Radio propagation measurements using the Explorer VI satellite. J. geophys. Res. 65, 2585—
2587.

Guier, W. H. 1961 Ionospheric contributions to the doppler shift at VHF from near-earth satellites. Proc. Inst.
Radio Engrs 49, 1680-1681.

Guier, W. H. 1963 Determination of the non-zonal harmonics of the geopotential from satellite doppler data.
Nature, Lond. 200, 124-125.

[ 23]


http://rsta.royalsocietypublishing.org/

THE ROYAL A
SOCIETY [\

PHILOSOPHICAL
TRANSACTIONS
OF

A

a
s

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

234 H.D. BLACK

Guier, W. H. 1965 Satellite geodesy. APL tech. Digest 4(3), 2-12. :

Guier, W. H. 1966 Geodetic problems and satellite orbits. In Lectures in applied mathematics, vol. 6 : Space mathematics,
part 2 (ed. J. B. Rosser), pp. 170-211. American Mathematical Society.

Guier, W. H. & Weiffenbach, G. C. 1958 Theoretical analysis of doppler radio signals from earth satellites.
JHU/APL BB-176.

Guier, W. H. & Weiffenbach, G. C. 1960 A satellite doppler navigation system. Proc. Inst. Radio Engrs 48, 407-
516.

Guier, W. H. & Newton, R. R. 1965 The earth’s gravity field as deduced from the doppler tracking of five
satellites. J. geophys. Res. 70, 4613-4626.

Heiskanen, W. A. & Moritz, H. 1967 Physical geodesy. San Francisco: W. H. Freeman.

Hofmeister, E. L. 1973 Analysis and measurement of the performance of a signal tracking loop for a satellite
radar altimeter when excited by a random process. Ph.D. thesis, Syracuse Univeristy, New York.

Hofmeister, E., Keeney, B., Godbey, T. & Berg, R. 1976 Data users handbook and design error analysis GEOS-C
altimeter, vol. 1. Utica, New York: General Electric Co.

Holland, B. B., Eisner, A. & Yionoulis, S. M. 1977 The effect of WGS-12 geopotential in the Navy Navigation Satellite
System surveys. JHU/APL Report no. TG 1311.

Hopfield, H. S. 1969 Two-quartic tropospheric refractivity profile for correcting satellite data. J. geophys. Res.
74, 4487-4499.

Hopfield, H.S. 1971 Tropospheric effect on electromagnetically measured range: prediction from surface
weather data. Radio Sci. 6, 357-367.

Hopfield, H. S. 1976a Tropospheric effects on signals at very low elevation angles. JHU/APL Report no. TG 1291.

Hopfield, H. S. 19765 Tropospheric effects on low-elevation-angle signals: further studies. JHU /APL Report no. SDO
4588.

Jacchia, L. G. 1965 Static diffusion models of the upper atmosphere with empirical temperature profiles.
Smithson. Contrib. Astrophys. 8, 215-257.

Jacchia, L. G. 1977 Thermospheric temperature, density, and composition: new models. Smithsonian Astrophysical
Observatory Special Report no. 375.

Jones, H. E. 1973 Geodetic datums in Canada. Can. Surveyor 27, 195-207.

Kaula, W. M. 1966 Theory of satellite geodesy. Waltham, Toronto and London: Blaisdell Publ. Co.

Kershner, R. B. & Newton, R. R. 1962 The Transit System. J. Inst. Navig. 15, 129-144.

Kuo, J. T., Jachens, R. C., Ewing, M. & White, G. 1970 Transcontinental tidal gravity profile across the
United States. Science, N.Y. 168, 968-971.

Kouba, J. 1976 Doppler leveling. Can. Surveyor 30, 21-31.

Kouba, J. & Wells, D. E. 1976 Semi-dynamical doppler satellite geodesy. Bull. géod. 50, 27-42.

Lambeck, K. 1971 The relation of some geodetic datums to a global geocentric reference system. Bull. géod.
99, 37-54.

Lerch, F. J., Wagner, C. A., Klosko, S. M. & Belott, R. P. 1978 Gravity model improvement using GEOS-3
altimetry (GEM 10A and 10B). Presented at the 1978 Spring Meeting of the American Geophysical Union,
Miami, Florida.

MacArthur, J. S. 1976 Design of the SEASAT-A radar altimeter. In Proceedings of the MTS/IEEE Oceans 1976
Confference, Washington, D.C., pp. 106-1 -~ 106-8.

Melchior, P. 1974 On some problems of BIH and IPMS services. In Reference coordinate systems for Earth dynamics,
Proceedings of the International Astronomical Union Colloquium no. 26, Torun, Poland, 26-31 August, p. 412.
Moritz, H. 1974 Gravimetric and astrogeodetic reference systems in space and time. Reference coordinate systems
for Earth Dynamics, Proceedings of the International Astronomical Union Colloguim no. 26, Torun, Poland, 26-31

August, pp. 161-179.

Mueller, I. 1. 1969 In Spherical and practical astronomy as applied to geodesy, pp. 80-84 and 338. New York: Frederick
Ungar Publi. Co.

Mueller, I. I. 1974 Review of the classical methods for the determination of geodetic datums. In Reference co-
ordinate systems for Earth dynamics, Proceedings of the International Astronomical Union Collogquium No. 26, Torun,
Poland, 26-31 August, pp. 321-339.

Newton, R. R. 1966 The Navy Navigation Satellite System, Space Research VIL. In Proceedings of the Seventh
International Space Science Symposium, Vienna, Austria, pp. 735-763.

Newton, R. R. 1967 The United States Navy doppler geodetic system and its observational accuracy. Phil.
Trans. R. Soc. Lond. A 262, 50-66.

Newton, R. R. 1974 Coordinates used in range or range-rate systems, and their extension to a dynamic earth.
In Reference coordinate systems for Earth dynamics, Proceedings of the International Astronomical Union Colloguium No. 26,
Torun, Poland, 26-31 August, pp. 181-200.

Newton, R. R. 1976 The near-term potential of doppler location. JHU/APL Rep. no. TG 1318. (In the press.)

Norton, J. R. 1976 An ultra-stable low power, 5 MHz quartz oscillator qualified for space usage. In Proceedings
of the 30th Annual Frequency Control Symposium, Atlantic City, New Jersey, 2-4 June, pp. 275-2178.

Pisacane, V. L., Holland, B. B. & Black, H. D. 1973 Recent (1973) improvements in the Navy Navigation
Satellite System. Navigation, Wash. 20, 224-229.

[ 24]


http://rsta.royalsocietypublishing.org/

THE ROYAL A
SOCIETY /A

PHILOSOPHICAL
TRANSACTIONS
OF

A

a
s

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

TRANSIT SYSTEM, 1977 235

Pisacane, V. L. 1978 Filtering of satellite-to-satellite observations: low—low configuration. JHU /APL Report no. CP 062.

Rapp, R. H. 1970 Methods for the computation of geoid undulations from potential coefficients. Scientific Report no. 5,
Ohio State University, Columbus. )

Roucher, P., Castel, L. & Balmino, G. 1977 Results of a low-low SST simulation study between Spacelab and
a subsatellite. Proceedings of the 28th IAF Congress, Prague, 25 September—1 October.

Rueger, L. J. & Bates, A. G. 1978 NOVA satellite time experiment. JHU/APL internal report no. S3E-028-78.

Schatten, K. H. ef al. 1978 Using dynamo theory to predict the sunspot number during solar cycle 21. Geophys.
Res. Lett. 5, 411-414.

Schwartz, C. R. 1970 Gravity field refinement by satellite-to-satellite tracking. Department of Geodetic Science Report
no. 147, Ohio State University, Columbus.

Seddon, J. C. 1953 Propagation measurements in the ionosphere with the aid of rockets. J. geophys. Res. 28,
323-335.

Smith Jr, E: K. & Weintraub, S. 1953 The constants in the equation for atmospheric refraction index at radio
frequencies. Proc. Inst. Radio Engrs 41, 1035-1037.

Staff of the Space Department, The Johns Hopkins University Applied Physics Laboratory and the Staff of the
Guidance and Control Laboratory, Stanford University 1974 A satellite freed of all but gravitational
forces: TRIAD 1. J. Spacecraft Rockets 11, 637-644.

Staff of the Space Analysis and Computation Group, The Johns Hopkins University Applied Physics Laboratory
1975 Planned improvements in the Transit System (1975). Navigation, Wash. 22, 352-359.

Stansell, T. A. 19784 The many faces of Transit. Navigation, Wash. 25, 1.

Stansell, T. A. 19785 The Transit navigation satellite system, status, theory, performance and applications. Magnavox
Corporation Report.

Tucker, A.J. et al. 1970 Quarterly Progress Report no. 8 (under JHU/APL Subcontract 271734, Task E, June 3
1970). Applied Research Laboratory of the University of Texas at Austin.

Tucker, A. J., Clynch, J. R. & Supp, H. L. 1976 Modelling of residual range error in two-frequency corrected
doppler data. In Proceedings of the International Geodetic Symposium on Satellite Doppler Positioning, Las Cruces,
New Mexico, 12-14 October, vol. 1, pp. 357-376. .

Vonbun, F. O. 1976 Probing the earth’s gravity field using SST. National Aeronautics and Space Administration,
Goddard Space Flight Center Report no. X-900-76-40.

Weekes, K. 1958 The ionosphere and the radio emission from the satellites. Proc. R. Soc. Lond. A 248, 77-81.

Wells, D. E. 1976 Concept of satellite doppler positioning using translocation techniques. In Proceedings of the
International Geodetic Symposium on Satellite Doppler Positioning, Las Cruces, New Mexico, 12-14 October, vol. 1,
pp. 77-96.

Westerfield, E. E. & Worsley, G. 1966 Translocation by navigation satellite. APL. tech. Dig. 5, 6.

Whitten, C. A. 1974 Where were we, where are we, and where are we going? Can. Surveyor 28, 440-444.

Yionoulis, S. M., Heuring, F. T. & Guier, W. H. 1972 A geopotential model (APL 5.0-1967) determined from
satellite data at seven inclinations. J. geophys. Res. 77, 3671-36717.

Discussion

N. A. G. LerrarD (Directorate of Military Survey, Feltham, Middlesex, U.K.). With the launching of
the Nova satellites, will the number of satellites available for navigation and geodetic use be
increased, or will the present constellation of five or six satellites be maintained?

H. D. Brack. The current position is that a constellation of (at least) four satellites will be
maintained at least until 1990.

J. C. BLANKENBURGH (Continental Shelf Institute, Trondheim, Norway). The first-order correction
model for ionospheric refraction is used on the assumption of normal conditions, thatis when both
wave paths cross the same parallel ionospheric layers of equal electron content. Mr Black stated
that the correction is modelled best in summer and during the night. Is this also true for the
northernmost areas where the ionospheric activity is at maximum during the winter night?

H. D. Brack. For a number of years we had a tracking station in Fairbanks, Alaska and during
that period found the first-order ionospheric correction to be entirely satisfactory. Currently, the
accuracy of the system is much improved and I would not be surprised if third-order ionospheric
effects were an important error source, particularly at high latitudes.
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P. G. Svurter (c/o Shell EP/12, P.O. Box 162, The Hague, Netherlands). From graphs that I
have prepared of the values of the major broadcast orbit parameter over the past 10 years, the
changes in the semimajor axis showed some striking discontinuities. During 1968-70 the satellites
were falling at the rate of nearly 1 m/day. Beginning 1971 this decreased suddenly and reached
about 0.25 m/day in 1976. At the end of 1977 this increased again sharply to about 1 m and
more per day. Would Dr Black say that this is also due to the cycle in solar activity that he
referred to?

H. D. Brack. The Chairman may like to reply.

D. G. King-HeLE, F.R.S. This is certainly so. Satellites in low orbits have been falling back to
Earth at a much increased frequency during the past year. The satellite decay rates are directly
proportional to the upper atmospheric air density, which in turn increases with the solar u.v.
flux, and we are now approaching the maximum of the 11 year solar cycle.
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