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Fig. 1 Comparison of pole solution
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JET PROPULSION LABORATORY
IGS ANALYSIS CENTER REPORT, 1992

James F. Zumberge", David C. Jefferson* ,
Geoffrey Blewitt!, Michael B. Hefiint, Frank H. Webb!

Beginning in 1992 June and continuing indefinitely as part of our
contribution to FLINN (Fiducial Laboratories for an International Natural
Science Network), DOSE (NASA's Dynamics of the Solid Earth
Program), and the International GPS Geodynamics Service (IGS),
analysts at the Jet Propulsion Laboratory (JPL) have routinely reduced
data from a globally-distributed network of Rogue Global Positioning
System (GPS) receivers.

Three products are produced and distributed weekly: (i) precise GPS
ephemerides, providing satellite positions with one to two orders of
magnitude improvement over the broadcast ephemerides, (ii) estimates
of polar motion and length-of-day, and (iii) a descriptive narrative of the
analysis for the week, These are typically made available to the public
approximately two weeks following the data recording.

Based on comparisons of our earth orientation parameters with
independent techniques, we estimate pole positions accuracies (1 o) of
+0.6 milliarcseconds, and length-of-day accuracies of *0.13 msec.

Based on separate estimates of GPS ephemerides using nearly-
independent data sets, we estimate their accuracy to be approximately
+40 cm (3-dimensional root-sum-squared) in an earth-fixed reference
frame. A comparison of JPL-produced ephemerides with those from
other IGS Analysis centers shows similar agreement.

Ongoing work at JPL is aimed at continuing the trend of producing
more and higher-quality results at lower cost.

INTRODUCTION

The first GPS experiment for the IERS and Geodynamics (GIG ‘91), a two-week campaign
in early 1991, saw the first globally-distributed deployment of precise Global Positioning
System receivers, and demonstrated few-parts-per-billion precision [1] in estimates of
terrestrial site locations. Largely as a result of the success of GIG "91, the International GPS
Geodynamics Service (IGS) began informally in 1992 June. JPL has contributed to the IGS
since it began and, in conjunction with its ongoing support of NASA’s Dynamics of the Solid

Earth (DOSE) program, will continue to contribute.

Shown in Figure 1 is the distribution of terrestrial GPS P-code receivers as of 1993
February. Globa coverage is currently very good, with only a few noticeable “holes’.
Within the next two years it is anticipated that these holes will be plugged with new receivers

at strategic locations.

1Satellite Geodesy and Geodynamics Systems Group, Jet Propulsion Laboratory, California Institute of

Technology, Mall Stop 238-600,4800 Oak Grove Drive, Pasadena, CA 911009.

e Earth Orbiter Systems Group, Jet Propulsion Laboratory, California Institute of Technology, Mail Stop 238-

600,4800 Oak Grove Drive, Pasadena, CA 91109.
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Figure 2 summarizes the steadily increasing number of stations and satellites beginning in
early 1992 and continuing to the present. One can speculate on whether the trend will
continue, but currently the data volume, as measured by stations x satellites, doubles in just
over a year!

Described in this paper are the analysis procedures used at JPL, the resulting products, and
their estimated accuracies. We conclude with a brief look at JPL's plans for improving the
efficiency and quality of its analyses.

PROCEDURE AND PRODUCTS

Figure 3 gives a simplified overview of the routine procedure. JPL’s GPS Networks
Operations (GNO) Group retrieves data from the global network, organizes them by time
and site, converts them to the Rinex format, and makes them available for analysts.

Once it is determined that sufficient data are available for a given day, a file like that shown
in Figure 4 is created. Such a file specifies what data are to be used in the day’s anaysis, as
well as specific sites or GPS satellites from which data should be deleted or deweighted, due
to known problems.

Based on input from this file, a daily script that runs several programs is launched,
requiring a total of approximately 19 hours of cpu time on a17-Mflop Unix workstation
when data from 30 stations and 20 satellites are included. When completed, the daily analysis
results in estimates for earth orientation, GPS satellite ephemerides, and location of
terrestrial sites.

Each day is processed separately using the 24 hours of the UTC day plus the last 3 hours of
the previous day and first 3 hours of the following day. Normal points are formed every 10
minutes. The data types are the undifferenced ionosphere-free phase and pseudorange, with
assumed noise of 5 mm and 50 cm, respectively.

The GPS satellite motion is modeled as a 9-parameter epoch state vector which includes
three-dimensional position, velocity, and solar radiation pressure. Additional parameters
allow the solar radiation pressure to vary in a stochastic way about its average value. The
noise model for this variation is Gauss-Markov with a 4-hour time constant and 10%
standard deviation. Especially during periods when a satellite is in the Earth’s shadow, the
extra variation allows significantly better modeling of its motion.

The nominal value of the Earth’s pole position is that of the IERS Bulletin B predicts, and its
deviation from that nominal is modeled as a linear function of time. The deviation of UT1R-
UTC from the nomina (again, IERS Bulletin B predicts) is also assumed to be linear with
time, but in this case only the rate is estimated. This rate is the negative of length of day
(LODR).
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Figure 1 Distribution of terrestrial GPS receivers used in the daily analyses. The
doued lines represent contours of the distance-to-nearest-site function. The contour

interval is1000 km.
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Figure 2 The number of satellites times the number of stations used in daily
analyses beginning early 1992. At the current rate, the data volume doublesin a

little over 1year.
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The terrestrial sites include eight which are assumed to be at known locations. These are
Algonquin Park, Ontario, Canada; Fairbanks, Alaska, U. S.; Hartebeesthoek, South Africa;
Kokee Park, Hawaii, U. S.; Madrid, Spain; Santiago, Chile; Tromso, Norway, and
Yaragadee, Australia The fixed values are updated at the beginning of each month to allow
site velocities from ITRF91 (IGS mail message 90).

Location of other terrestrial sites are solved for every day.

The operational cycle is one week, during which seven daily analyses are completed.
Together with the result from Saturday of the previous week and Sunday of the following
week, these are used in quality control.

The three dimensional root-sum square orbit overlap Q for a given satellite and day is
defined as

Q2=% IX(t) - X.()” + Xy IX(1) — X, ()2, [1]

where X(t), X.(t), and X,(t) are, respectively, the vector estimates of the satellite’s position
at time t using data from the current, previous, and subsequent days. In the first sum, t
covers the first three hours of the current day, while in the second sum it covers the last
three hours, for a six-hour total overlap with adjacent days.

Four files are produced and distributed weekly, with naming convention jp10www7, Where
ww IS the GPS week and 7 indicates the results are for the entire week. The files are
distinguished by their extension, . sum for a narrative summary, . spior . sP3 for GPS
ephemerides [2,3], and . erp for Earth orientation.

REsuLTS

Earth Orientation

Shown in Figure 5 are the Earth orientation results. A discontinuity at 1992 days 200-201
(July 18- 19) is a consequence of the change in fiducial strategy which went from three
(Fairbanks, Algonquin, and Madrid) fixed sites to the eight described earlier. From July 19
through the end of 1992, excluding some days during which anti-spoofing was in effect, the
average difference between JPL's pole position measurements and those from the IERS
Bulletin B Final values is about 0.8 mas for X and 1.2 mas for Y, with standard deviations
of about 0.6 mas for both X and Y.

Although GPS measurements are almost completely insensitive to UT1 R-UTC, they are
sensitive to its time derivative, essentially the Earth’s spin rate. With T =1 day, the quantity

LODR =-T %(UTIR—UTC) , [2]

is the conventional measure of this spin rate. We began including daily estimates of LODR
beginning with GPS week 660 (1992 August 30). Shown at the bottom of Figure 5 are our
daily estimates of LODR and a smooth curve which represents the negative derivative of the
IERS Bulletin B Final values of UT1 R-UTC. Excluding a few 3¢ outliers, the agreement is
approximately 0.13 msec, 10, with a negligible bias.
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Because the daily estimates of LODR are independent, an integration of them to recover
UTI R-UTC (given some initial starting value) would exhibit random-walk behavior, so
some method is required to prevent the walk from wandering too far away. We are
currently investigating the forward-running filter

UTIR-UTC(t+T) =(x A + (1 - o) [UT1 R-UTC(t) + LODR(t+T/2)], [3]

where A is a separate estimate of UT1 R-UTC(t+T) and « is a free parameter. (We continue
touse T = 1 day.) The parameter a should be small enough so that the resulting UT1 R-UTC
series will exhibit a time variation consistent with the daily GPS-measured LODR values,
and only just large enough to suppress large random-walk excursions. A reasonable choice
for A is the most-recent IERS Bulletin B Final value of UTIR-UTC (typically 30- to 60-
days old), incremented to the present by the daily GPS measurements of LODR. In the near
future we intend to include the results of such a procedure in our . erp files. We expect the
resulting series to be consistent with the IERS Bulletin B Final values to within a few msec
or better, and will be available several weeks earlier.

GPS Satellite Ephemerides

Shown in Figure 6 is a histogram of the quantity Q defined in [1] above, for al satellites and
days from GPS week 666 through 684 (1992 Ott 11 — )993 Feb 20; we began 30-hour daily
arcs with stochastic solar radiation pressure on Ott 11). The median value is 40 cm. Using
this as a measure of orbit accuracy, the precise ephemerides are more than an order or
magnitude better than the broadcast ones.

Another indication of orbit quality is shown in Figure 7. Based on “Orbit Comparison”
results published in IGS Reports and covering GPS weeks 660 through 682 (1992 August 30
— 1993 Feb 06), we show the comparison between JPL-produced ephemerides and those
produced by the Center for Orbit Determination in Europe (CODE). Histograms for the
rotation, translation, and scale indicate how much these need to be adjusted to bring into
alignment the JPL and CODE coordinate systems. Once this is done, the satellite position
estimates differ by amounts indicated in the 3drss histogram. The median value is 39 cm,
remarkably consistent with the distribution of Q.

ErocH 92

The Epoch ’92 period, 1992 July 26 — August 8, occurred when our estimation strategy had
not mat ured to its current state. These days were reprocessed in early 1993 with the current
estimation strategy. The results are on JPL'sbodhi distribution computer, and will be
available also on the Crystal Dynamics Data Information System at Goddard Space Flight
Center.

Figure 8 shows histograms similar to Figure 6. The dotted line is the original result for the

Epoch 92 period, while the solid line is a histogram of the same quantity after reprocessing.
The improvement is clear.
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Figure 8 Improvement in orbit repeatability for the Epoch '92 period (1992
July 26 — August 8). The dotted line indicates the original result, and the solid
line indicates the result after re-processing with the current estimation strategy.

CoNCLUSIONS AND FUTURE PROSPECTS

Since the first half of 1992, JPL has made regular contributions to the 1GS, consisting of
precise GPS orbits and Earth orientation results. We expect to continue these contributions.

Accuracies are currently estimated to be a few tens of cm for GPS orbits, about half a
milliarcsec for pole position, and a bit over 0.1 msec for LODR.

Accuracies of all quantities may improve significantly once we start resolving carrier phase
bias ambiguities [4], which should begin sometime this calendar year (the current limit is
computing resources). Quality control will be enhanced by daily monitoring of several
regional baselines.

A number of weekends during 1992 saw implementation of Anti-spoofing (AS). Only
recently has the Rogue receiver software been upgraded to handle AS data Since the
upgrade, AS has been processed successfully, although with somewhat degraded accuracies.
Analysts at JPL will be investigating modifications of the nominal strategy to better
accommodate AS data.

As was shown earlier in Figure 2, the quantity of data has steadily increased, and will
probably continue to increase in the near future, because of both more satellites and more
receivers. So that the computational burden remains tractable, we may need to process a
select number of stations to fix orbits, and then use fixed orbits for the remaining stations.
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In addition to the current offerings, new products to be distributed soon will be satellite and
station clock solutions. If a demand exists, troposphere estimates and stochastic solar
radiation pressure estimates could also be made available.

Finally, additional automation in the routine processing may reduce the manpower required
to keep up to date with the analyses. The current turnaround of approximately two weeks
could conceivable be reduced to a few days, or even less.
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THE EARTH VIEWED AS A DEFORMING POLYHEDRON:
METHOD AND RESULTS

Geoffrey Blewitt," Michael B. Heflin, Yvonne Vigue,
James F. Zumberge, David Jefferson,
and Frank H. Webb

As geodesists, it is natural for us to think of the Earth’s surface as
approximated by a network of points. We extend this concept to one of a
rotating, braced polyhedron whose origin is at the Earth’s center of mass,
and whose vertices are defined by GPS stations. The realization of a
terrestrial reference frame with estimated site velocities requires the
specification of 3 Euler angles and their first time derivatives to align site
coordinates with convention. We illustrate practical aspects of such
reference frame alignment with examples from global GPS data acquired
from June 1992 to March 1993. Finally, we describe the JPL GPS
coordinate solution, JGC9301, which has also been submitted to the
iIERS Annual Report.

INTRODUCTION

GPS s quite unlike any other geodetic technique, because we can use it to look at the Earth
with high spatial and temporal resolution. For example, the GPS global network provides
us with adaily snapshot of the Earth, allowing usto look with high temporal resolution at
the motion of sites before, during, and after alarge earthquake. At the other extreme of the
spatial and temporal scale, GPS has great potential for mapping post-glacial rebound of the
Earth’s crust.

Currently, the GPS global network has over 30 simultaneously operating receivers. Given
that the current “core” network will double within the next few years, and that the total
number of permanent receivers will possibly reach 200 within 5 years (most of them in
regional arrays), we are faced with the rather daunting and exciting task of reducing all
these data into a consistent picture of the Earth.

This paper does not address the technical issues of communication, storage, and data
processing for such a vast data rate, suffice it to say that regional data reduction, least-
squares partitioning, and collaborative exchange of subnetwork solutions, will all play a
role. This requires international collaboration, and the IGS already provides the
cohesiveness, organization, standards, and goodwill that is necessary to make this work.

The main focus of this paper is to view the Earth an evolving polyhedron, whose vertices
are defined by the GPS sites. We review the prime estimable parameters of the free-
network approach [1, 2], and then go on to describe how a time-series of coordinates can
be derived without imposing external constraints on any particular site coordinate or
velocity. We show examples of time-histories of site latitude, longitude, and height, taken
from a 13-week time period in 1992, including the effects of the Landers earthquake of 28
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June, 1992 in California. Finally, we present Cartesian coordinates for 38 stations at epoch
1992.5, with 3 rotation angles applied so that the polyhedron is oriented to ITRF91 [3,4].

We compare the scale, geocenter, and individual station coordinates of our solution with
ITRF91.

ESTIMABLE PARAMETERS OF THE POLYHEDRON

Figure 1 illustrates parameters which are well-constrained by the GPS data, even when all
station coordinates and satellite orbits are freely estimated without a priori constraints.
Certain functions of these parameters may be even better determined (for example, the

angle between a long baseline and the spin axis, or the differential geocentric distance
between two nearby stations).

Spin Axis

CD @ Station i

- ’ .
-

- * ’,”
-~

.. Station |
Geocenter O

L)
+
L}
L]
L]
]
[]
L]
L
4

Fig 1. Thisfigure illustrates estimable parameters, that is, those parameters which arc well-
constrained by the GPS data, and do not require external constraints. The parameters include
baseline length between station i and station j, /ij, geocentric distance of station i, r;, colatitude of

station i to the instanta neous spin axis, ¥ and the rate of rotation, .

This type of parameterization isinconvenient for least squares estimation and for reporting

results. Quite simply, the polyhedron is over specified. (For example, we could actually
compute rj given all other parameters.)

It is much more convenient to represent the station coordinates as cartesian coordinates.
However,. cartesian coordinates themselves are not estimable! Even if we define the spin
axis lie on the z-axis at a certain time, the azimuthal angle of the polyhedron is not defined.
If we also choose to explicitly estimate the spin axis direction, then a total of 3 Euler angles
are undefined. Note that, if we estimate station velocities, these 3 Euler angles are also free
to drift at a constant rate, hence we would need to specify 3 Euler angles and their 3 first
time derivatives (or, equivalently, 3 Euler angles at two epochs).

We must keep in mind that we are choosing the Cartesian coordinate representation (or the
equivalent representation of latitude, longitude and height for a specified ellipsoid) for
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convenience only, and that the coordinates themselves are not necessary for interpretation
(anation crucia to the development of relativity theory).

SITE COORDINATES

We have chosen to estimate al cartesian coordinates and a daily pole direction, all with very
loose constraints. As a final step, the free-network GPS solution is oriented to ITRF91[3,
4] at epoch 1992.5. When deriving the rotational angles between two reference frames, it
is essential to simultaneoudly estimate the 3 angles, and also 3 trandational components and
a scale parameter. The reason for thisis that the angles are correlated with the translations,
so if the GPS solution’s location of the “geocenter” (Earth’s center of mass) disagrees with
the reference solution, the estimate of 3 angles alone will absorb some of the translational
offset, thus giving an erroneous orientation. Having estimated all 7 parameters, only the 3
angles are then used to transform the GPS sol ution.

15 T ]

ORIGIN ISITRF91
(CSR/SLR Solution)

$  RMSX=38m
100 RMSY =36 cm

McanX=01x11cm
MeanY =0.2+ 1.0 cm

° 1
4. +*§:4§~
e

Geocenter Y (cm)
L+

'
19,

-15°
-15 -lo -5 0 5 10 15

Geocenter X (cm)

Fig 2. Weekl'y GPS solution for the geocenter (Earth center Of mass), as compared with the.
origin Of ITRF91, which is based on a satellite later ranging solution by CSR.

In the following examples, we use data from a 13 week period from June-August, 1992.
For this purpose, we simply assumed a zero-velocity mode] for station coordinates, and
formed a fully weighted average solution for the free-network polyhedron, which was then
oriented to ITRF91 using the above procedure. We then took each weekly solution, and
estimated a 7-parameter transformation into the 13-week combined solut ion.
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Fig. 2 shows the trandational offsetof each weeks solution. These translations can be
interpreted as the discrepancy between the GPS determination of the geocenter and the
origin of ITRF91. Since we know of no mechanism which can induce few-cm level
variations in the Earth’s center of mass (relative to the crust) over such a short period, we
must interpret Fig. 2 as a measure of the stability of the GPS origin, which is implicitly
defined through orbital dynamics. Hence, Fig. 2 illustrates one aspect of orbital
mismodeling. There is no evidence of a bias between GPS and ITRF. The z-component is
not as precisely constrained by the GPS data, but nevertheless agrees on average to better
than 10 cm with ITRF. (Our most recent solution, described below, agrees with the ITRF
origin to within 2 cm in all 3 components).

After removing each week’s geocenter, scale, and orientation so that it is transformed into
the 13-week reference frame, we obtain weekly estimates of station coordinates. Fig. 3
shows a representative examples of time-series of coordinates for Wettzell, Germany.
Wettzell is typical of all northern hemisphere sites. The average RMS for geocentric
coordinates are summarized in Table 1 below.

Fig. 4 shows the motion of Pinyon Flat Observatory (PIN1), California, due to the
Landers earthquake of 28 June, 1992. It isimportant to realize that this plot is showing the
latitude of the station (not baseline estimates, such as those shown in [5] and [6]). This
illustrates the power of this technique to observe absolute co-seismic displacement, without
reference to any particular fixed station. In fact, the geocentric coordinates are generally
better determined than baseline coordinates for long baselines. Baseline precision is at the
level of 2 parts per billion, which exceeds 4 mm for baselines longer than 2000 km.

Table 1
RMS OF WEEKLY GPS GEOCENTRIC COORDINATES
Coordinate Northern Hem. Southern Hem.
( mm) (mm)
Latitude 4.0 11
Longitude 4.4 14
Height 7.5 23
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Fig 4. Weekly GPS solutions for the geocentric coordinates of Pinyon Flat Obscrvatory,
Cdifornia. The step-fumtion is ducto co-seismic displacement associated with the Landers
earthquake of 28 June, 1992.

SITE VELOCITIES

We mentioned atrove the additional complexity in reference frame definition when station
coordinates are estimated as an epoch position plus a velocity: Euler angle rates must be
specified, otherwise the polyhedron is free to rotate about some arbitrary pole. For
example, velocities in the longitudina direction would be perfectly correlated with the Earth
spin rate. Fixing the Euler angle rates will aftect the apparent drift of the coordinates of the
Earth’s spin axis (“apparent,” because it does not affect the estimable parameter, which are
the colatitudes of all stations with respect to the instantaneous spin axis!). Conversely, the
Euler angles and their rates may be arbitrarily fixed by defining the direction of Earth’s pole
on 2 days, and fixing the longitude and longitudinal velocity of one station. The choice. we
suggest here, is to apply arate con.. traint such that the station velocities are aligned in some
average sense with conventional geological plate motion models, such as NUVEL NNR-1
(“NNR” means “no net rotation”) [7].

One way to achieve thisis to expand the notion of a 7-parameter transformation into a14-

parameter transformation (the original 7-parameters plus their rates). We could then solve
for the Euler angles and rates and directly apply it to our free network solution. The
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advantage of such a technique is that no station (or station velocity) has specia treatment in
the reference frame definition, and no coordinate (or velocity) has zero formal error.

WEEKLY FREE-NETWORK SOLUTIONS

; e <A

FORM UNIFIED KINEMATIC FIT, MAP TO WEEKLY EPOCHS =] Polar
zil z ; z Motion
Series

Geocenter '

TRANSFORM WEEKLY SOLUTION INTO UNIFIED FIT "”"“““W’ & Scale

A A

Y

w - ADD RESIDUALS BACK TO UNIFIED FIT
S - 0 ]
=i il A ]
3E 0 ]
WEEK WEEK WEEK WEEK WEEK
1 2 3 4 5

Fig. 5. A schematic description of how to derive a time-series of geocentric station coordinates.
In this example, we obtain weekly station coordinates, pole positions, geocenter location, and
scale parameter. in practice, the pole position is estimated every day.

Figure 5 illustrates how station coordinates at, for example, weekly epochs can be derived
by mapping weekly solutions into a unified kinematic solution (with station velocities
estimated). To avoid complication, the alignment to ITRF is not explicitly shown in this
figure. Note that thisis similar to method used to derive Figs. 3 and 4, (except that station
velocities were not estimated, and pole positions were actualy estimated daily).

JPL GLOBAL COORDINATE SOLUTION JGC9301

JPL solution JGC9301 has been submitted to IERS for inclusion in the Annual Report.
The solution is listed in the Appendix. We describe it here to illustrate how the above
techniques can be applied.
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The inputs to JGC9301 are daily free-network solutions from (approximately) June, July,
August, 1992, plus January and February 1993. (We do not yet have free-network
solutions for the missing months). These daily solutions were first combined into weekly
solutions, and a few (about 5%) suspected problem days were removed by checking
baseline length repeatability. Using these weekly solutions, station velocities and
coordinates were estimated at a specified epoch (in this case, 1992.5). At this point, the
solution was very ill-determined for the reasons given above. Since the period spanned by
the datais afraction of ayear, this solution’s was constrained to the ITRF91 velocity field
[3, 4]. We solved for a 7-parameter transformation into ITRF91 [3] at epoch 1992.5, and
then applied only the 3 rotational angles to the GPS solution. The solution JGC9301,
augmented with the NUVEL NNR-1 velocity field (at designated primary sites on stable
plate interiors) can now be used to define the orientation for al future GPS solutions.

The geocenter and scale for JGC9301 were not fixed to ITRF91. The differences in
geocenter and scale are given in Table 2. Removing the geocenter and scale, the RMS
coordinate difference is 16 mm (for 66 coordinates, 59 degrees of freedom).

Table 2
TRANSFORMATION JGC9301-ITRF91
Sandard errors are given for JGC9301 only

Para meter JGC9301-1TRF9I1
Geocenter X 8.9 +11 mm
Geocenter Y 0.6 +10 mm
Geocenter Z 17.7 15 mm
Scale -2.4 +0.2x10-°

CONCLUSIONS

In conclusion, we suggest that GPS can provide a very strong reference frame, capable of
providing geocentric coordinates with sub centimeter accuracy. The terrestrial reference
frame will be deficient in 6 quantities which must be specified in order for. station
coordinates and their velocities to be consistent with convention. These quantities are 3
Euler angles and their first time derivatives. We suggest orienting free-network GPS
solution at a specific epoch with ITRF (for example, by solving for a 7-parameter
transformation, then applying the solution for the 3 rotation angles). The 3 Euler angle rates
can be fixed by applying a global rotation rate to minimize the RMS difference in station
velocity with NUVEL NNR-1for sites on stable plate interiors.

ACKNOWLEDGEMENTS

The work described in this paper was carried out by the Jet Propulsion Laboratory,
California Institute of Technology, under contract with the National Aeronautical and Space
Administration

172 1993 IGS Workshop Berne



REFERENCES

[1] Heflin, M. B., W.L. Bertiger, G. Blewitt, A.P. Freedman K.J. Hurst, S.M. Lichten,
U.J. Lindqwister, Y. Vigue, FH. Webb, T.P. Yunck, and J.F. Zumberge, Global
geodesy using GPS without fiducial sites, Geophys. Res. Lett., 19, 131-134, 1992.

[2] Blewitt, G., M.B. Heflin, F.H. Webb, U. J. Lindqwister, and R.P. Malla, Global
coordinates with centimeter accuracy in the International Terrestrial Reference Frame
using the Global Positioning System, Geophys. Res. Lett., 19, 853-856, 1992

[3] Boucher, C. and Z. Altamimi, IGS electronic mail message #90, 1992.

[4] Boucher, C., Z. Altamimi, and L. Duhem, ITRF 91 and its associated velocity field,
IERS technical note 12, Observatoire de Paris, 1992.

[5] Blewitt, G., M.B. Heflin, K.J. Hurst, D.C. Jefferson, F.H. Webb, and J.F.
Zumberge, Absolute far-field displacements from the 28 June 1992 Landers
earthquake sequence, Nature, 361, 340-342, 1993.

[6] Bock, Y., D.C. Agnew, P. Fang, J.F.Genrich, B.H. Hager, T.A. Herring, R.W.
King, S. Larsen, J.B. Minster, K. Stark, S. Wdowinski, and F.K. Wyatt, Detection
of crustal deformation from the Landers earthquake sequence using continuous
geodetic measurements, Nature, .?761, 338-340, 1993.

[7] DeMets, C., R.G. Gordon, D.F. Argus, and S. Stein, Current plate motions,
Geophys. J. Int., 101, 425-478, 1990.

APPENDIX
JPL GPS Coordinate Solution: JGC9301

*+ EPOCH OF ADJUSTMENT | S 1992.5; ALL VELOCI TI ES CONSTRAI NED TO ITRF91
** GPs DATA spanN: 1-JUN-1992 tO 30-AUG-1992, and 1-JAN-1993 to 1-MAR-1993.
(1) with thefollowing EXCEPLIONS, ant enna hei ghts are as reported in
| GS Mai | #90. Note that PN1Q, GorLg, and JPIQ refer to post-seismic positions.

(2) All “S’-type points are to the top of the choke ring, hence they shoul d
nore properly be designated a new poMES nunber, |ocated 7 cm above the
current S point.

(3) Unknown or unassigned DOMVES sites are given the number 99999.

(4) Unknown or unassigned DOMES points are assigned the nunber 999.

(5) Station character ID s follow |IGS Mail#90, except for the following:

(a) CASA is an uncatal ogued point near Manmoth Lakes, California.

) HARV is an off-shore oil platform near Vandenberg, Calif.

) KOUR is the new global tracking site at Kourou, S. Anerica.

) NYA* is “post explosives” (refering to the accident of |ate 1992), but
should in principle be equivalent to NYAL. A separate solution was obtained
to assess the new antenna hei ght provided by Statens Kartwerk. Assuned
antenna heights to top of ring were: NYAL=5.286 m NYA*=5.273 m

(e) PAMF is to the top of the choke ring (for June-August, 1992).

(f) PIEl is a new point at Pie Town, New Mexico. According the H Bryant,

Gsrc, the tie fromthe ref. point of CDP 7234 to JPL 4009 S is
DX= 36.9162 m bpY= 34.8267 m DZ= 35.2550 m

(9) USU2 (until Aug 9, 1992) and USU3 (since Aug 9, 1992) are both

different points than USUD (which was valid only for Jan‘91 expt.)

(hy vwpp is a new Rogue nonunent at Vandenberg, calif.
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JPL GPS Coordinate Solution: JGC9301 (continued)

DOMES # gtation  X(m) Y(m}) Z(m) SX(m) SY{(m) SZ{m}
40129M03 ALBH -2341332.8188 -3539049.5063 4745791. 3986

0.0027 0.0036 0.0032
401 O4AMOO2 ALGO  918129.6062 -4346071.2190 4561977.7926 0.0032 0.0036 0.0036
50103S017 CANB -4460996.1118 2682557.1741 -3674443.9985 0.0063 0.0063 0.0050
40437M999 CASA -2444430. 1146 -4428687.6998 3875747.4434 0.0239 0.0338 0.0270
40106MOO2 DRAO -2059164.5868 -3621108.3908 4814432.4129 0.0027 0.0036 0.0032
40408M001 FAIR -2281621. 3153 -1453595. 7717 5756961.9615 0.0027 0.0032 0.0040
404055028 GOLD -2353614. 1045 -4641385.4774 3676976.5198 0.0036 0.0045 0.0036
404058031 GOLQ -2353614.0916 -4641385.4647 3676976.5243 0.0054 0.0076 0.0058
11001MOC2 GRAZ 4194424.0635 1162702.4962 4647245.2583 0.0045 0.0036 0.0045
40400M06 JPL1 -2493304.0622 -4655215.5740 3565497.3586 0.0036 0.0040 0.0036
40400M007 JP1Q -2493304. 0487 -4655215.5673 3565497. 3406 0.0050 0.0072 0.0054
99999S001 HARV -2686069. 1359 -4527084.4727 3589502.2322 0.0040 0.0054 0.0040
30302M02 HART 5084625.4517 2670366. 5648 -2768494.0472 0.0104 0.0090 0.0054
13212M007 HERS 4033470. 3093 23672.7011 4924301. 1537 0.0045 0.0036 0.0045
40424M04 KOKB -5543838.0765 -2054587.5465 2387809.5811 0.0054 0.0050 0.0036
13504M03 KOSG 3899225. 3394 396731. 7611 5015078. 2819 0.0032 0.0027 0.0032
999995999 kKour 3839591. 5927 -5059567. 6757 579956. 8479 0.0076 0.0086 0.0036
13407S012 MaADpR 4849202.5739 -360329.1847 4114913.0528 0.0036 0,0032 0.0032
31303M001 MASP 5439189. 2326 -1522054.8584 2953464.2000 0.0054 0.0040 0.0036
12734M008 MATE 4641949. 8225 1393045.2204 4133287.2514 0.0040 0.0032 0.0032
66001M001 MCMU -1310695. 2319 310468. 8975 -6213363.4752 0.0054 0.0063 0.0081
105035011 METS 2892571.0552 1311843.3063 5512634.0591 0.0027 0.0027 0.0036
10317MOOL NYAL 1202430. 7419 252626. 6293 6237767. 4903 0.0027 0.0027 0.0063
10317MOOL NYA*  1202430. 7483 252626. 6281 6237767.5077 0.0036 0.0032 0.0094
10402M004 ONSA 3370658. 7584 711876.9849 5349786.8156 0.0027 0.0027 0.0032
922018999 PAMF -5245202. 1159 -3080476.4838 -1912828.0770 0.0099 0.0086 0.0045
92201M03 PAVA -5245195.1164 -3080472.3882' -1912825.5272 0.0121 0.0108 0.0050
40129M02 pecl -2327188.0475 -3522529.0014 4764832.3874 0.0040 0.0050 0.0050
40456M999 PI E1 -1640916. 6978 -5014781. 1876 3575447.1450 0.0040 0.0054 0.0045
40407M202 PINL -2369510.3526 -4761207.2139 3511396. 1471 0.0040 0,0054 0.0040
40407M203 PNIQ -2369510.3751 -4761207.2145 3511396.0951 0.0050 0.0072 0.0054
40433M04 QUIN -2517230.9574 -4198595.2959 4076531.3450 0.0036 0.0050 0.0040
40499M202 RcM2 961318.9938 -5674090.9670 2740489.5737 0.0045 0.0068 0.0040
41705M303 SANT 1769693. 2841 -5044574.1095 -3468321.1600 0.0068 0.0086 0.0058
40460M001 S101 - 2455521. 6655 -4767213.4340 3441654.9141 0.0086 0.0139 0.0099
4010LMOOL STJO 2612631. 3467 -3426807. 0053 4686757. 7401 0.0032 0.0032 0.0032
23601M001 TAI'W -3024781.8690 4928936.9104 2681234.5286 0.0063 0.0072 0.0050
10302MOC3 TROM 2102940. 4466 721569. 3569 5958192. 0724 0.0027 0.0027 0.0036
21729S999 USU2 -3855262.6529 3427432.2180 3741020.9954 0.0076 0.0072 0.0063
217295999 USU3 -3855263.0376 3427432.5738 3741020. 4726 0.0063 0.0063 0.0050
40420M099 VNDP -2678090. 4952 -4525439. 0423 3597432.4703 0.0423 0.0625 0.0437
14201S020 WETT 4075578. 7195 931852. 6398 4801570.0361 0.0036 0.0032 0.0036
14201M999 WET*  4075577. 6580 931852.3942 4801568. 7689 0.0040 0.0032 0.0045
50107MOO4 YAR1 - 2389025. 3445 5043316. 8547 -3078530.9517 0.0063 0.0076 0.0050

- 154 -26 . 0.0027
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CONTRIBUTION OF IGS 92 TO THE
TERRESTRIAL REFERENCE FRAME

Claude Botcher*, Zuheir Altamimi®

As a sub-product of the IGS 92 campaign of the Core Network, several
sets of station coordinates are now available. These sets were analysed in
order to assess their accuracy as well as their contribution to the
establishment of a worldwide terrestrial reference frame. In a first step,
these sets have been combined together, leading to a global GPS
combined solution. This have allowed to assess the mutual consistency of
the different solutions. The GPS combined solution was then compared to
the IERS Terrestrial Reference Frame (ITRF91), showing an agreement of
about 1 cm RMS level. Then, a common set of station coordinates has
been obtained by combining the ITRF31and the global GPS combined
solution. This common set was performed in order to be used by thelGS
analysis centers in their orbit computations.

DESCRIPTION OF THE INDIVIDUAL GPS SOLUTIONS

5 GPS solutions based on IGS92 campaign at-e available, coming from 5 different analysis
centers. Table 1 summarizes these solutions.

Table 1
GLOBAL GPS iGS 92 SOLUTIONS
Number
L abel DESIGNATION of COMMENTS
stations
PJ SSCUPL) 92P 02 36 li)gsgczd ‘n a3 month period 01-jun / 01-sep-
PR SSC(S10) 93P 01 48 based on 16 months of PGAA anaysis.
coordinates referred to epoch 1992.836
PC SSC(CSR) 92P 03 24 free network solution based on about 50
days centred on 1992.6
PB SSC(CODE) 92 P01 13 contains european stations only based on the
period 19-jun/ 1 1-oct-1992
PE SSC(EMR) 92P 01 17 based on the period 04-aug / 17-oct-1992

. Institut Géographique National, B.P. 68,2 Avenue Pasteur, 94160 Saint-Mandé, France

IGS Workshop Berne 1993 175



THE GPS COMBINED SOLUTION

A global GPS combined solution has been performed including the 5 solutions described in
Table 1 with the following assumptions:

- the original formal errors of the individual sets were modified in order to obtain
statistically realistic combined solution. This was done using the formula:

o =V A’ + B%?} (1)

where ¢ istheinput error and of isthe original formal error as provided in the individual

sets. A and B are determined by an empirical estimation. The adopted values for A and B
at-egivenin Table 2.

Table 2
WEIGHTING SCHEME OF THE
GPS COMBINED SOLUTION

SOLUTION A(cm) B COMMENTS
PJ 0.0 8.0
PR 1.5 formal error not provided
PC 0.0 8.0
PB 0.8 formal error not provided
PE 0.0 4.0

- due to inconsistency between some solutions, some stations were deweighted in the
individual solutions. This is described in Table 3.

Table 3
DEWEIGHTED STATIONS IN THE
GPS COMBINED SOLUTION

SOLUTION INPUT ERROR (m) | STATIONS

PR 0.200 SANT, PAMA, HART

PR 0.100 MCMU, CANB, YARL

PR 0.050 STJO, ALGO, FAIR, NYAL
Pc 0.200 HART, SANT

Pc 0.100 USUD, TAIW

Pc 0.030 GOLD

PE 0.100 SANT
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- the reference epoch of e SRS <ombined solution is selected to be 1992.6
(MID 48840) which correspond to the central epoch of the IGS 92 campaign ( 21-jun-23
to sep-1992).

As results of the GPS combined solution, Table4gives thetransformation parameters from
SSC@PL) 92 PO2tothe other solutions. On the other hand, Table 5 summarizes the
global statistic issued from the combination. This Table gives for each solution the
following numbers:

-N : number of points common to other solutions,
-SP : unweighed 2-D horizontal RMS

- Su : unweighed vertical RMS

- WSX :weighted 3-D (X, Y, Z) RMS

- NSX : 3-D normalized RMS

-Aand B :thetwo weighting parameters of the equation 1

Table 4
TRANSFORMATION PARAMETERS FROM SSC(JPL) 92 P 02
TO OTHER SOLUTIONS

SOLUTION T1 12 T3 D R1 R3
cm cm cm 10-8 | 0.001" | 0.%1“ | 0.001"
SSC(SIO) 93 P 01 -2.2 2.1 8.6 0.04 -1.62 3.24 -5.91
+0.5| 0.5 +0.4| *0.07 +0.20| *0.18] =0.15
SSC(CSR) 92 P03 -6.3| 20.7 57.8 0.51 -3.87 1.12]| -67.42
+0.5] 0.6 +0.4] +0.06 +0.24 0.15| 0.15
SSC(CODE) 92 P01 -2.9 -4.9