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Abstract

The IGS reprocessed GPS precise ephemeris (reprol) is evaluated applying the Japanese dense GPS network data for
the period from 869 to 1041 GPS weeks (September 1996 to December 1999; 173 weeks). We compare the weekly
repeatability of the site coordinates of the Japanese network sites applying the reprocessed orbit with that applying the
original IGS final orbit. For the case of the orbit-fixed analysis, the repeatability with the reprocessed orbit is better than
that with the original orbit in the E-W and U-D components, although not significant compared with the standard error.
On the other hand, for the case of the orbit-estimated analysis, the station coordinate repeatabilities are almost the same.
Then we examine the systematic biases of the station coordinates between the reprocessed and the IGS final orbits, and
we find that the coordinates applying the original final orbit deviate in north, east, and upward compared with those
applying the reprocessed orbit although the difference is not significant compared with the uncertainties of site coordinate
solutions. Finally we examine the systematic discontinuity of the station coordinates between the periods of the different
reference frames applied in the IGS final orbit, and find that the jump between ITRF94 and ITRF97 is far larger than that

between ITRF96 and ITRF97, although the most jumps are not significant compared with the one sigma uncertainties.
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1. Introduction

The IGS (International GNSS Service) has re-calculated
the GPS precise ephemeris (reprol reprocessed ephemeris)
for the period from GPS weeks 749 to 1409 (May 1994 to
January 2007) (Gendt and Ferland, 2010). The conditions
of the analysis are almost same as those that were applied
for the period after 1410 week. For the reference frame,
ITRF2005 is adopted (Altamimi et al., 2007), together with
the igs05 absolute phase center variation (PCV) models for
both satellite and receiver antennas. Nine analysis centers
analyzed the tracking data using 2009 state-of-the-art
analysis software. By contrast, in the original IGS final
orbit estimation, there were fewer analysis centers for the
early periods, and the reference frame changes over time
as the ITRF was updated. Moreover there was a significant
discontinuity at week 1400 when the analysis centers
switched to the absolute PCV models from a model that used
a constant (but block-dependent) phase center offset for the

satellite antennas from a relative PCV model for the ground
antennas that assumed zero correction for the commonly used
choke ring antennas (Dow et al., 2009). For example, during
the period June 1996 to February 1998, the IGS adopted
the ITRF94 reference frame and seven analysis centers
analyzed the tracking data using late-1990s the state-of-
the-art software. For this period the satellite position sigmas
indicated in the table in the summary file are much reduced
for the reprocessed orbit compared with the original IGS
final orbit, for instance 887 GPS week (January 5 — 11, 1997)
from 20 — 40 mm sigmas of the final orbit to less than 15 mm
sigmas of the reprocessed orbit.

In this study we evaluate the IGS reprocessed ephemeris
using a subset of the Japanese dense GPS network data for
the period from September 1996 to December 1999 (from
869 to 1041 GPS week; 173 weeks), comparing the estimated
weekly station coordinates using the reprocessed orbits with
those of the original IGS final orbits. We first obtained the
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Fig.1 GEONET and NIED analyzing sites in Tokai area,
Central Japan, with USUD IGS site.

coordinates at the end of time series and the velocity at the
Japanese sites, then evaluate the repeatability (rms scatter) of
the coordinates, and evaluate systematic biases. Finally we
estimate the discontinuities of the coordinates at epochs for
which the reference frame changed.

2. Data and Analysis

Since our primary scientific interest has been the Tokai
area of central Japan (Fig. 1), we use for our evaluation of the
95 GEONET (Miyazaki et al., 1998) and five NIED (Shimada,
1997) stations in this region. However, in order to avoid
contamination of our orbit studies by the seismo-volcanic
event of July to September 2000 (Nishimura et al., 2001)
and the slow earthquake event from mid-2000 to mid-2005
(Miyazaki et al., 2006), we limit the span of our study to the
173-week period from September 1996 to the end of 1999.

We processed the data using the GAMIT/GLOBK
10.4 software (Herring et al., 2010), and estimated site
coordinates, phase ambiguities, hourly tropospheric delays,
and tropospheric gradients every four hours for each site.
We examine two types of analysis, one in which the orbits
are fixed and one in which they are allowed to adjust. In
the latter case, however, we first apply constraints at the
level of ten parts per billion (~2 m in position) to resolve
the phase ambiguities, then relax these constrains for the
final estimation. In the estimating coordinates of the Tokai
network and optionally the orbital parameters, we define the
terrestrial reference frame by minimizing the adjustments of
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Fig. 2 IGS fiducial sites used in the analysis.

the coordinates of ~20 IGS station in and around eastern Asia
(Fig. 2) to their values in ITRF 2005 (Altamimi et al. 2007).
We adopt igs05 PCV models for IGS and NIED network
receivers and satellite antennas, and the absolute PCV model
determined by Geospatial Information Authority of Japan
(Shimada, 2012; Hatanaka et al., 2001a, 2001b) for the
GEONET sites because the network a unique antenna radome
not included in the igs05 models. For the solution longer than
one week we estimate the velocities of stations in addition
but some exception exists mentioned below.

In Fig. 3 we show an example time series of the baseline
between sites 3097 and 3078 in the Tokai network (Fig. 1
shows the location of the sites) applying the reprocessed and
the original final orbits with and without orbit estimation
for both orbits. In some periods the time series show annual
variations especially in the U-D component, although there
does not seem any significant jump in any solution. In general
for the most of the stations in the Tokai network the trend is
linear with few significant jumps. Some time series exhibit
significant annual variation that is not spatially coherent,
suggesting that its causes are either local ground motion or
temperature sensitivity of the antennas or monuments.

3. Results
3.1 Station coordinates repeatability

Table 1 shows the coordinate repeatability of the Tokai
network sites for the solution in which orbit parameters are
not estimated. The coordinates at the end of time series and
the velocity of network sites are obtained applying GLOBK.
The scatter of the coordinate is obtained by the difference
of the observed coordinates and those from the calculation
using the coordinates and velocity obtain by GLOBK. The
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Fig. 3 Time series of the baseline between 3097 and 3078 sites in the Tokai network. (a) Applying the reprocessed orbit with orbit

parameter not estimated. (b) Applying the original final orbit with orbit parameter not estimated. (c) Applying the reprocess

orbit with orbit parameter estimated. (d) Applying the original final orbit with orbit parameter estimated.

repeatability of the reprocessed orbit is better than that of the
original IGS final orbit in all three components, especially
E-W and U-D components. The noise increase (quadratic
difference of the rms values) is 0.6 mm in N-S, 1.5 mm in
E-W, and 3.1 mm in U-D. When the orbits are allowed to
adjust (Table 2) there is virtually no differences between the
original and reprocessed orbits, because the orbit relaxation
reduces the deviation of the original final orbits.
3.2 Systematic biases of the station coordinates

To examine the systematic biases of the station coordinates
between the reprocessed and the original final orbits, we
first estimated the linear velocities of each site using the
reprocessing orbit fixed solutions. We then adopted these
velocities and estimated the average station coordinates
over the data span for both the orbit-fixed and orbit-free
cases (Table 3). The average differences for the network are
about 0.5 mm for the orbit-fixed solutions and 0.1 mm for

Table 1 The repeatability of weekly data of the Tokai network
sites during the period from September 1996 to the
end of 1999 when orbit parameter not estimated. The
uncertainties are the standard deviation.

the orbit-free solutions, for the both horizontal and vertical
coordinates. For the orbit-fixed solutions, the coordinates
applying the IGS final orbit deviate north, east and upward
compared with those applying the reprocessed orbit, although
the one-sigma uncertainties of each station solution distribute
from 0.1 mm to 0.4 mm for the horizontal components,
and from 0.4 mm to 0.9 mm for the vertical component for
both the reprocessed and the original final orbits, thus the
difference is not significant compared with the uncertainties
of the site coordinate solutions.

For the orbit-estimated solutions, the coordinate difference
is far smaller than that of the orbit-fixed solutions. For this
case also the coordinates applying the IGS final orbit deviate
north, east, and upward compared with those applying the
reprocessed orbit, although the one-sigma uncertainties of
each station solution distribute from 0.1 to 0.4 mm for the

horizontal components, and from 0.4 mm to 0.9 mm for

Table 2 The repeatability of the weekly data of the Tokai
network sites during the period from September 1996
to the end of 1999 when orbit parameter estimated.
The uncertainties are the standard deviation.

N-S component  E-W component U-D component

N-S component  E-W component  U-D component

Reprocessed ephemeris

Reprocessed ephemeris

2.0+ 0.6 mm 2.6+ 0.7 mm 6.6+ 1.4 mm 2.7+ 0.5 mm 3.5+ 0.5mm 8.7+ 0.9 mm
IGS final ephemeris IGS final ephemeris
2.1 £0.6 mm 3.0+ 0.6 mm 7.4+1.2mm 2.7+ 0.5 mm 3.5+ 0.5 mm 8.6 £ 0.9 mm




Report of the National Research Institute for Earth Science and Disaster Prevention, No. 81; November, 2013

Table 3 The average of the coordinate difference between
the solutions applying the IGS final orbit and the
reprocessed orbit for 86 Tokai network sites during the
period from September 1996 to the end of 1999. The
uncertainties are the standard deviation.

N-S component E-W component U-D component

(IGS final orbit) — (reprocessed orbit)
when orbit parameter not estimated
042+0.0lmm 0.52+0.0l mm 0.53 +0.09 mm

(IGS final orbit) — (reprocessed orbit)
when orbit parameter estimated
0.103+0.001 mm 0.033 +0.001 mm 0.099 + 0.009 mm

the vertical component for both the reprocessed and the

original final orbits, thus the difference is also not significant

compared with the uncertainties of site coordinate solutions.

3.3 Discontinuity between the different reference frames
in I1GS final orbit

Applying the estimated velocities of the Tokai network
sites in chapter 3.2, we estimated the coordinates for each
of the periods for which the original IGS final orbits were
computed using different reference frames: ITRF94 GPS
weeks 0869-0946, ITRF96 weeks 0947-1020, ITRF97 weeks
1021-1041 (Table 4).

In general the systematic jump between ITRF94 and
ITRF97 is far larger than that between ITRF96 and ITRF97,
although the every discontinuity is not significant compared
with the one sigma uncertainties except the jump in the U-D
component between ITRF94 and ITRF97.

Table 4 The average of the coordinate difference between
the solutions applying the IGS final orbit and the
reprocessed orbit for 80 Tokai network sites for the
period of ITRF94, ITRF96, and ITRF97 reference
frames applied for IGS final orbit. The uncertainties
are the standard deviation.

N-S component
ITRF94 - ITRF97
(IGS final orbit) - (reprocessed orbit)
when orbit parameter not estimated

020+ 020 mm -0.40 + 0.26 mm
(IGS final orbit) - (reprocessed orbit)
when orbit parameter estimated

0.03+0.24 mm -0.07+0.26 mm
ITRF96 — ITRF97
(IGS final orbit) - (reprocessed orbit)
when orbit parameter not estimated

0.07+0.24 mm -0.30 +0.34 mm
(IGS final orbit) - (reprocessed orbit)
when orbit parameter estimated

-0.09+0.24 mm 0.07 £ 0.36 mm

E-W component U-D component

-4.06 = 0.60 mm

-0.26 = 0.68 mm

-0.42 = 0.68 mm

-0.06 £ 0.79 mm

4. Discussion

Shimada (2012) compares the repeatability of the
coordinate solutions of the Tokai network sites analyzing the
absolute and the relative PCV models for the periods from
September 1996 to the end of 1999, and from the beginning
of 2005 to November 2006 using the IGS final orbit. In the
latter period the coordinate solution applying the absolute
PCV model shows the better repeatability than that applying
the relative PCV model, although in the former period the
both solutions show almost same repeatability. The author
concludes that for the former period the regional reference
frame has not yet precisely established in eastern Asia and
the IGS final orbit is not accurate enough to clarify the
superiority of the absolute PCV model comparing with the
relative PCV models. This study proves the speculation
of Shimada (2012) by evaluating the accuracy of the
IGS final orbit compared with the reprocessed. The large
station coordinate difference between ITRF94 and ITRF97
compared with that between ITRF96 and ITRF97 suggests
that deficiencies in the ITRF94 affects the accuracy of the
IGS final ephemeris.

On the other hand, the orbit-estimated solutions indicate
less significant difference in the coordinate repeatability,
the systematic biases, and the systematic discontinuity
between the different reference frame, because the IGS final
orbit has also improved applying the accurate ITRF 2005
coordinates and velocities of the fiducial network sites and
the accurate absolute PCV model, thus the inaccuracy of the
orbit becomes small compared with the orbit-fixed solution
of the original orbit. The repeatability of the orbit-estimated
solution is generally worse than the orbit-fixed solution
because the network of the fiducial sites is not sufficiently
global.

5. Conclusion

We evaluate the IGS reprol reprocessed ephemeris
applying the Japanese dense GPS network data for the period
from September 1996 to December 1999 (from 869 to 1041
GPS week; 173 weeks). We compare the weekly repeatability
of the analyzed site coordinates of the Tokai network, Central
Japan, applying the reprocessed ephemeris and the original
IGS final ephemeris. For the case of the orbit-fixed analysis,
the repeatability of the reprocessed orbit is better than that of
the original final orbit in E-W and U-D components, although
not significant compared with the one-sigma uncertainties.
In N-S component repeatability is almost same for the both
orbits. On the other hand, for the case of the orbit-estimated
solutions, the repeatability of both orbits is almost same.

We examine the systematic biases of the station
coordinates of the Tokai sites and some biases seem between
the IGS final and the reprocessed orbits, although the biases
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are not significant compared with the one-sigma uncertainties
of the site coordinate solutions. The systematic biases with
the orbit-estimated solutions are significant smaller than
those with the solutions that orbit not estimated.

We also calculate the systematic discontinuity of the
station coordinates between the different reference frames
used in the IGS original final orbit. The jump between
ITRF94 and ITRF97 is far larger than that between ITRF96
and ITRF97 for the orbit-fixed solution, although both jumps
are not significant compared with the one-sigma uncertainties
except the jump in U-D component between ITRF94 and
ITRF97. This may show the inaccuracy of the IGS final orbit
based on the ITRF94 reference frame in the region based on
the inaccurate regional reference frame.

Acknowledgments

The GEONET RINEX files and the GEONET absolute
PCV model are provided by the Geospatial Information
Authority of Japan. We use GMT program by Wessel and
Smith (1998) to draw figures.

References

1) Altamimi, Z., Collilieux, X., Legrand, J., Garayt, B.,
and Boucher, C. (2007): ITRF2005: A new release
of the International Terrestrial Reference Frame
based on time series of station positions and Earth
Orientation Parameters, J. Geophys. Res., 112, B09401,
doi:10.1029/2007JB004949.
Dow, J. M., Neilan, R. E., and Rizos, C. (2009): The
International GNSS Service in a changing landscape of

2)

Global Navigation Satellite Systems, J. Geodesy, 83,

191-198, DOI: 10.1007/s00190-008-0300-3.

Gendt, G. and Ferland, R. (2010): Availability of

“reprol” products, IGS Electronic Mail, 6136.

4) Hatanaka, Y., Sawada, M., Horita, A., and Kusaka, M.
(2001a): Calibration of antenna-radome and monument-

3)

3)

6)

7)

8)

9)

10)

11)

12)

multipath effect of GEONET - Part 1: Measurement of
phase characteristics, Earth Planets Space, 53, 13-21.
Hatanaka, Y., Sawada, M., Horita, A., Kusaka, M.,
Johnson, J. M., and Rocken, C. (2001b): Calibration
of antenna-radome and monument-multipath effect
of GEONET - Part 2: Evaluation of the phase map by
GEONET data, Earth Planets Space, 53, 23-30.
Herring, T. A., King, R. W., and McClusky, S. C. (2010):
Documentation for the GAMIT/GLOBK GPS analysis
software. Dept. of Earth, Atmospheric Planet. Sci., Mass.
Inst. of Technol..
Miyazaki, S., Hatanaka, Y., Sagiya, T., and Tada,
T. (1998): The nationwide GPS array as an Earth
observation system, Bull. Geogr. Surv. Inst., 44, 11-22.
Miyazaki, S., Segall, P., McGuire, J. J., Kato, T.,
and Hatanaka, Y. (2006): Spatial and temporal
evolution of stress and slip rate during the 2000 Tokai
slow earthquake. J. Geophys. Res., 111, B03409,
doi:10.1029/2004JB003426.
Nishimura, T., Ozawa, S., Murakami, M., Sagiya, T.,
Tada, T., Kaidzu, M., and Ukawa, M. (2001): Crustal
deformation caused by magma migration in the northern
Izu Islands, Japan. Geophys. Res. Lett., 28, 3745-3748.
Shimada, S. (1997): Crustal movements observed by
GPS fixed-point network in Kanto-Tokai district Central
Japan, In: Segawa, J, Fujimoto, H, Okubo, S (Eds.)
Gravity, Geoid and Marine Geodesy, 265-272.
Shimada, S. (2012): Comparison of the coordinates
solutions between the absolute and the relative phase
center variation models in the dense regional GPS
network in Japan. In: Kenyon, S, Pacino, M C, Marti, U
(Eds.) Geodesy for Planet Earth, Springer, 651-656.
Wessel, P. and Smith, W. H. F. (1998): New, improved
version of the Generic Mapping Tools released, EOS
Trans. AGU, 79, 579.

(Accepted: November 6, 2013)



Report of the National Research Institute for Earth Science and Disaster Prevention, No. 81; November, 2013

"R () GPS BT — & RATIC K B 1GS B i DR I
= Ev %&4

5o S 5 A4 4 i

L

IGS (International GNSS Service) D5 fEMTJE~(reprol) Z, GPS & 749 ~ 1041 (1996 # 9 A ~ 1999 {# 12
) OFREOT A%+ GPS ﬁqf'”ﬁ J:éﬁ_(f'"’T &P WTE Lz, 1IGS 8 M EER Wi fERIZEK
5% '}ﬁi{f'”ﬂ @}l'ﬁ*al'a}???t IGS kTR WEERICK DA REE ORMEE S 2 28k Lk, 9kl
e id e T Lo A, | ERENC K HEOEAREE ST, BERT L THE &I
WZTRNY, RHIJ)U SR T TEMBSE DR L T\, - F, BRE RO e R T LR 0 T
T QNI LA ST E - Tholk. KT, B [EREE S BT K B B TE FED 8 W2 17 e
FEMBEIMEDIMEFTNRNIET A, EFEBENIK D ER e EIE ERENC KSR RELD S - Ak
D -HZHE LTS ZENDN S0, TS OF PR EQRERS & -RTHE TIERMh-> 7.
KB, 1GS S e 54 L7z & ST W 205 kg 1\// 73\5' 122 7AW T & DEELED F s 2N &
Z %, ITRF94 & ITRF97 & & H W2 E D dH 1 7E121E, ITRFI6 & ITRFI7 & &R W2 E D &H
ERVIEZNTH Eltwes N 7en, -7 H&z’r\fjmf‘b‘ctfi@% 13 E TR o 7.

FoU— R SHREE S AT A, 1GS A RS %t GPS &R



