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Abstract

In this article we briefly review the motivation of the IGS as viewed in the past and today (end of
1998) and we remind ourselves of the key products and the routine achievements, as represented
by the IGS products. Then we address recent developments, in particular the creation of a
number of IGS working groups addressing topics that clearly indicate the interdisciplinary
impact of the IGS. In the final section Epilogue and Outlook we review the changes that took
place by the end of 1998, in particular the change of the IGS chairmanship and the analysis
coordinator, as well as the decision to create the position of an ITRF Coordinator within the IGS.

The IGS as a Service in 1998

Towards the end of the 1980s it became clear that for regional and global high accuracy
applications of the Global Positioning System (GPS) in the fields of geodesy, geodynamics and
fundamental astronomy, the orbit accuracy was the crucial factor limiting the accuracy. This
statement is very well illustrated by Figure 1, which shows the repeatability estimates of the
European 1000Êkm baseline from Graz to Onsala with 24 hour data spans acquired during 90
days in 1994, first using the broadcast orbits (left), then using the IGS precise orbits (right). The
repeatability is about at the 0.1Êppm (parts per million) level for the broadcast and it is of the
order of 1Êcm, or below 0.01Êppm (in all three coordinates), when the IGS precise orbits are used.
By the way, there is clear indication that the repeatability seen in Figure 1 (page 4) is no longer
limited by the orbit accuracy, but by other error sources (e.g., tropospheric refraction estimates).



Figure 1: Repeatability of baseline Graz-Onsala using 24h observation intervals with broadcast
(left) and IGS precise orbits (right) during 90 days in 1994.

When the IGS was created through a Call for Participation in 1991 (Mueller, 1992), participation
was fostered in the following areas: (a) Network, (b) Data Centers, (c) (Associate) Analysis
Centers, (d) Analysis Coordination, and (e) Central Bureau. Basically, this structure still is in
place today. As everybody knows, there are seven IGS analysis centers (even eight for the IGS
rapid products), three global data centers plus a number of regional data centers, and around 200
IGS stations.
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Figure 2: The IGS Station Network in October 1998.

Figure 2 gives an impression of the IGS station network as of October 1998. It is a fantastic
achievement in itself that daily observation files from such a rich global GPS tracking network
are readily available for each day over such a long time period.

Till the end of 1998 Natural Resource Canada (NRCan) was acting as the Analysis Coordinating
Center for the IGS. The Jet Propulsion Laboratory (JPL) serves as Central Bureau since the
creation of the IGS.

 A vital element of the Central Bureau is the CBIS, the Central Bureau Information System. The
current IGS structure, including all the changes made by the end of 1998, is very well
documented in this Information System (accessible though the Internet:
http://igscb.jpl.nasa.gov/). Here, a general description of all the IGS components, all
participating agencies and the currently valid Terms of Reference, etc., may be found. Additional
information concerning the development of the service is summarized, e.g., in (Beutler et al.,
1996).

The results of the IGS Analysis Centers have been made available from the IGS data centers with
decreasing delays, i.e., initially from about three months down to 11 days for the so-called final
products, and with a current delay of less than one day for the so-called rapid products. This fact
and Figure 1, which is based on the 1994 IGS products, indicates that the IGS has reached, rather



rapidly, its primary goal (i.e., to be a scientific orbit determination service in support of
geodynamics).

Analysis coordination proved to be a vital stimulus for IGS analysts and the ideal tool to strive
for the highest accuracy, reliability, and compatibility of IGS products. The principles for the
IGS Analysis Coordination were first presented in (Beutler et al., 1995), the latest review of the
IGS analysis coordination activities may be found in (Kouba et al., 1999). In view of this rich
documentary material, we may confine ourselves here to a brief summary of the essential
elements of IGS analysis coordination.

The IGS orbit and clock combinations were already in place at the start of the approved IAG
service on January 1, 1994. Since May 1995, the so-called rapid IGS combined Earth Rotation
Parameter (ERP) series has been produced and made available by the coordinator with a delay of
only one day. Since June 1996 the products of individual analysis centers account for sub-daily
ERP and include polar motion rates (in addition to the polar motion estimates). Since then the
IGS final products are made available with a delay of only 11 days and  the rapid products with a
delay of 22 hours. Moreover, since this date the IGS combined predicted orbits are also produced
and made available in real time. Since June 1996 the official IGS ERP series accompany both the
rapid and the final orbits. Since 1998, a combined IGS troposphere products containing the
tropospheric zenith delay estimates, with a 2 hour time resolution, for the sites of the IGS global
network, are generated by the IGS troposphere coordinator, Dr. Gerd Gendt of GFZ in Potsdam.

As mentioned earlier, this summary contains only the major events of the coordination arena. It
proves, however, that the development was rapid, significant, and laborious. Figure 3 shows the
time series of the weighted RMS errors of satellite positions as computed by the individual IGS
analysis centers with respect to the IGS combined orbits. It illustrates that the development was
not only laborious, but also highly successful, for more details see Kouba et al., (1999).
Currently, the analysis centers are reaching, or approaching a 5-10Êcm consistency level of
satellite coordinate solutions. In 1991 nobody would have believed that this would be achievable.
It is also encouraging to see in Figure 3 that the IGS Rapid Combinations (IGR), available within
one day after the last observation, is on the same consistency level as the final products of the
best IGS analysis centers.



Figure 3: Weighted orbit RMS with respect to the IGS Final Orbits (starting November 14,
1993).

The realizations of the terrestrial reference frame, the Earth rotation parameters (ERP), and the
orbits in principle have to be fully consistent. It is the IGS policy to use the most recent versions
of the ITRF as the IGS reference frame. To be more precise, since March 1998 all the IGS
products are based on the ITRF96 coordinates and velocities of 47 well selected IGS stations
(Kouba et al., 1999). Since July 1998 all IGS Analysis Centers submit weekly sets of coordinates
for their processed networks of IGS stations, with the above mentioned 47 stations loosely
constrained to the ITRF96 positions and velocities. These network solutions are then combined
by the three IGS Global Network Analysis Centers (GNAACs), namely by JPL, MIT
(Massachusetts Institute of Technology) and NCL (University of Newcastle). These files in turn
are cross-checked and combined by NRCan. The solutions resulting from this combination will
be the basis for the future IGS realization of the ITRF. This latter product will be the essential
GPS input for the future realizations of the ITRF. Together with the results of the other space
techniques, it will be used by the IERS to generate new versions of the ITRF of unprecedented
density, accuracy and reliability.



As all the IGS Analysis Centers, in essence, are now using the same terrestrial reference frame,
their orbits and ERPs may be combined into IGS combined products (orbits, ERPs, and clocks)
that refer to the same reference frame, namely the IGS realization of ITRF96. It is remarkable
that the IGS gives access to the longest continuous ERP series (polar motion (PM) x, y and the
length of day (LOD)) with one-day resolution. Since 1992 up to now, these time series are of
highest value and they are unique because no other technique has covered the above time interval
with comparable time resolution. Figure 4 shows the three components of atmospheric angular
momentum as retrieved from the IERS Subbureau for Atmospheric Angular Momentum (AAM)
(c1 and c2 top, c3 component bottom, left). Also shown here are the corresponding components
computed from the IGS ERP and PM rate data for the time period of December 1997 -
November 1998. The bottom right of Figure 4 shows the power spectrum of the c3 with periods
up to 40 days. Here, the usual dimensionless representation in units of 10-7 is used. The high
degree of correlation between the two time series is obvious. According to our opinion these IGS
ERP time series are not yet fully exploited for geodynamics purposes. Further studies are
possible and encouraged!
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Figure 4: Angular momentum computed from IGS Earth Rotation Parameters (ERP) (and PM
rates) compared to the Atmospheric Angular Momentum (AAM) (units of 10-7).

In recent years the IGS and in particular its network have been (ab)used more and more for
purposes which are no longer purely geodesy or geodynamics related. Let us briefly address in
the subsequent sections the use of the IGS (network) for ionosphere monitoring, for troposphere
calibration, for GLONASS orbit determination, and for time transfer. The activities related to
these topics were set up, and organized in IGS working groups, or pilot projects. Some of them
are joint working groups with other organizations such as BIPM (Bureau International des Poids
et Mesures) or CSTG (IAG Commission VIII on the International Coordination of Space



Techniques for Geodesy and Geodynamics). It is thus fair to state that the IGS has already
moved into the direction of an interdisciplinary service. We can only address a few highlights of
these developments. For additional information we refer to (Beutler et al., 1999).

Earth Rotation: Advanced Aspects

It is mandatory within the IGS to estimate ERP (the x- and y-components of polar motion (PM),
PM rates, and the length of day (LOD)), with the time resolution of one day. Apart from this
tradition, there is no real reason for selecting such a modest time resolution. It is expected, that
the IGS would also estimate ERPs with a time resolution of, let us say, 1-2 hours, if the IVS
(International VLBI Service) would make operational the CORE project (Continuous
Observation of the Rotation of the Earth), with comparable time resolution. For more
information on the CORE project see Clark et al. (1997). Competition is always a stimulus!

The proof that it is possible to exploit the IGS network for monitoring of the Earth rotation with
a much higher than daily resolution has already been delivered, e.g., by Rothacher et al. (1998).
Here, a long time series (three years) with 2-hour resolution has been produced by the CODE
analysis center of the IGS and analyzed, with the goal to determine subdaily ERP. The results
are, at least, of comparable quality as those stemming from altimetry data, of course only for the
ERP effects, not for the estimation of the sea surface topography and ocean tides. Figure 5, taken
from Rothacher (1998), indicates that the ocean tides are very clearly visible in the LOD series
with a time resolution of 2 hours. More details and results may be found in Beutler et al. (1998),
or Rothacher et al. (1998).

Figure 5: Spectra of diurnal and semidiurnal retrograde LOD variations (from Rothacher (1998)).

Let us address one more aspect: we routinely solve for LOD parameters in the IGS analyses.
LOD may be viewed as a (simple) function of the first time derivative of the siderial time q.
Now, q  is just one of the three Eulerian angles that are used for the transformation between the
celestial and the Earth fixed coordinate systems. The other two components are precession plus
nutation y in (ecliptical) longitude and nutation e in obliquity. If we can solve for LOD, then,
from the mathematical point of view, there is no reason whatsoever NOT to solve for the drifts
(i.e., the first time derivatives) of nutation in longitude and obliquity as well. Rothacher et al.
(1999) have shown that the IGS network may even be used to establish some of the nutation



terms. Because of correlation with orbital elements good results may be expected only for the
short period terms. The break even point in accuracy, when compared with VLBI established
series, currently is viewed to be at periods of 15-30 days.

Be this as it may: the current IGS network, accompanied by slight modifications of the
processing schemes of the IGS analysis centers would allow to refine and improve Earth rotation
monitoring within the IGS. This aspect is particularly important if in the near future, we want to
study non-periodic ERP signals, or the time evolution of periodic ERP signals like, e.g., due to
the ocean tides. In collaboration with VLBI, which clearly is indispensable for providing the
long-term stability of the celestial reference frame, the IGS network provides a fantastic
monitoring tool for these advanced aspects of Earth rotation. It would perhaps make sense to set
up a working group advanced aspects of Earth rotation using the IGS and the IVS networks to
address such topics.

The Ionosphere Working Group

As all receivers in the IGS network are dual-frequency band receivers, and as the ionosphere is a
dispersive medium in the microwave frequency band of the electromagnetic wave spectrum, the
IGS network, in principle, is of interest for a global monitoring of the total electron content.

The IGS Ionosphere working group was formally set up at the 9th IGS Governing Board
Meeting on May 28, 1998 in Boston. Dr. Joachim Feltens was elected as the chairman of this
working group. It was the first working group, which was set up according to the rules of the
document IGS POLICY FOR THE ESTABLISHMENT of IGS PROJECTS and WORKING
GROUPS. This document, together with the charter of the ionosphere working group, may be
found in the IGS Central Bureau Information System (Internet address http://igscb.jpl.nasa.gov/).

The ionosphere group prior to the official creation of the working group has already performed a
lot of work. It was, e.g., essential that the IONEX format be accepted as the format in which IGS
Ionosphere Associate Analysis Centers (IAACs) would deliver maps of the ionosphere (Schaer et
al. 1998). This was why the group was fairly rapidly ready to deliver ionosphere maps with a two
hours time resolution. Figure 6 includes four of the original 24 global ionosphere maps generated
by the JPL IAAC. Figure 6 shows the motion of the bulge of electrons over the globe on June 1,
1998.



Figure 6: Ionosphere maps of the JPL IAAC referring to June 1 1998, 02:30 UT (top, left), 08:30
UT (top, right), 14:30 UT (bottom, left) and 20:30 UT (bottom, right).

Currently there are five IAACs (CODE (Center of Orbit Determination in Europe), NRCan
(Natural Resources, Canada), ESA (European Space Operation Center (ESOC) of European
Space Agency), JPL, and UPC (Polytechnical University of Catalonia, Spain)). Their products
are delivered on a daily basis, and the ESA team compares them. It is planned in the future to
come up with a combined ionospheric product.

It is important to note that, thanks to the height of the ionospheric layers above the Earth's
surface, the IGS network is, in principle, well suited to monitor the atmosphere's total electron
content. It is not necessary to mention that the IGS stations in the equatorial zone are of
particular importance for this kind of work. It is of equal importance that these IGS stations are
equipped with receivers that work properly, in particular during the upcoming period of high
solar activity.

The Troposphere Working Group

After the elimination of the orbit errors through the IGS, tropospheric refraction was recognized
to be the major accuracy-limiting factor for high accuracy applications of the GPS.
Unfortunately, tropospheric refraction is NOT wavelength dependent in the microwave band.
Moreover, due to a resonance with water molecules in the atmosphere, tropospheric refraction is
highly variable in space and in time. For GPS analysts this means that the tropospheric zenith
delay has to be modeled, either in a stochastic way, or by setting up, for each station,
tropospheric zenith delay parameters with a high (e.g., two hour) time resolution.



Bevis et al. (1992) have first suggested making use of these, for GPS analysts nuisance solution
parameters, for a GPS based meteorology. They have shown in particular that the integrated
water vapour content can be perfectly monitored above a GPS station, provided excellent
barometers and good thermometers are available at the sites for monitoring of the dry part of
tropospheric refraction. The idea and the first results were very promising, even exciting.

Can we therefore conclude that, in analogy to the ionosphere, that the IGS network is perfectly
suited for global troposphere monitoring? The answer clearly is NO, since each GPS station of
the IGS network monitors only a very small part of the Earth's troposphere. Simple
considerations done, e.g. by Beutler et al. (1998) show that a density of receivers, much higher
than that of the IGS network would be required for this purpose and we are not even considering
the oceans here.

Despite these negative aspects, GPS based meteorology will have a major impact on
meteorology and climatology in the future, through specialized regional networks. What is the
role of the IGS network in this context? IGS will be essential as a calibration tool: the
tropospheric zenith path delays established in the IGS global analyses will be of the greatest
value when processing data from such regional GPS meteorology networks. The IGS-validated
troposphere estimates from the IGS global sites may be used, so to speak, as a ``ground truthÓ for
the regional troposphere projects.

Considerations of this kind led to the establishment of the IGS troposphere coordination center at
GeoForschungsZentrum (GFZ) in Potsdam, Germany, with Dr. Gerd Gendt as the coordinator.
The corresponding IGS working group was set up only at the 10th IGS Governing Board
Meeting held in December 1998 in San Francisco.

Figure 7 illustrates the usefulness of GPS for troposphere monitoring. Here we see the time
series of the tropospheric zenith delay (TZD) of the IGS sites Kourou (equatorial site),
Zimmerwald (mid-latitude site), and McMurdo (Antarctic site). All the delays were reduced to
the sea level. The TZD offsets between these stations are therefore almost entirely caused by the
water vapor above the station. The seasonal signal is clearly seen at the mid-latitude site together
with the high temporal variation, which is, however, decreasing with latitude. These may also be
attributed to atmospheric water vapour effects.
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Figure 7: Time Series of troposphere zenith delay (reduced to the sea level) at the IGS stations
McMurdo (Antarctica), Zimmerwald (Europe), and Kourou (Equatorial zone).

The IGEX-98

IGEX-98, the International GLONASS Experiment 1998, started on October 18, 1998. It is
organized by a joint working group of CSTG (chair Pascal Willis), IGS, and ION (Institute of
Navigation). It is also sponsored by the IERS. It was scheduled to last for three months, but
subsequently it was extended till April 17, 1999. This extension was justified by the launch of
three new GLONASS satellites at the end of December 1998 and by a slow, but steady and
significant growth of the IGEX network. IGEX-98 is a typical project for CSTG. It involves
microwave tracking of GLONASS and GPS satellites, and it allows for SLR support as well (all
GLONASS satellites have SLR retroreflectors). It also involves coordination with other
organizations, in this case the IGS, the ION, and the IERS. IGEX-98 very much relies on the
IGS; (a) through the collocation of sites, (b) by utilizing the GPS orbits as known from the IGS
global analyses. It must be said that without these two loans from the IGS the IGEX-98 could not
have succeeded.

Figure 8 indeed shows that the experiment has been rather successful. It shows, for the first two
months of the campaign, the differences of the SLR distances, as measured by the SLR stations
in the ILRS (International Laser Ranging Service) network, and the corresponding distances
computed from the GLONASS orbits. The broadcast GLONASS orbits are shown on the left and



the IGEX precise orbits (as computed by the CODE Analysis Center) are shown on the right.
One may conclude that GLONASS orbits with an accuracy of a few decimeters are now
available in the same reference frame as the orbits of the GPS satellites, i.e., the IGS realization
of the ITRF. One of the goals of the campaign obviously has already been achieved!

Figure 8: Residuals of SLR observations with respect to the broadcast (left) and IGEX precise
(right) GLONASS orbits.

The IGS/BIPM  Time and Frequency Transfer Project

The IGS/BIPM Project to Study Accurate Time and Frequency Comparisons was set up in
December 1997 at the 8th IGS Governing Board Meeting under the leadership of Drs. Jim Ray
(US Naval Observatory USNO) and Claudine Thomas (Bureau International des Poids et
Mesures BIPM). The project goal is to fully exploit the potential of the GPS and the potential of
the IGS network and the analysis centers by using the precise orbit, position and clock solutions
of the IGS and by operating suitable geodetic-type GPS receivers at timing laboratories. This in
turn should introduce the best available time standards into the IGS processing and products.

It is expected that a highly operational and very accurate time transfers, well below the
nanosecond level (ideally at a few tens of picoseconds), will be achieved, and that frequency
transfer will essentially only be limited by the noise of the phase observable! It is also an
important aspect that the timing network is properly incorporated into the IGS network.

Meanwhile the project is in full progress and encouraging results are being presented. Figure 9
shows Allen deviations as computed by one of the analysis centers in this project for a number of
sites of the IGS/BIPM project. It illustrates the potential of the approach.



Figure 9: Allan deviations for a subset of clocks in the time and frequency network as computed
by the CODE Analysis Center of the IGS.

It is highly desired that the time and frequency network, as established by the IGS/BIPM pilot
project, becomes a permanent part of the IGS network. In analogy to the stations used for ITRF,
this time and frequency station network would facilitate the IGS realization of the UTC (time
scale), which would ensure that IGS solution would confirm to the international time and
frequency standards. For more information concerning the IGS/BIPM Project we refer to Ray
(1999).

Epilogue and Outlook

The year 1998 was a very busy year from the IGS Governing Board point of view. Two
Governing Board meetings were held, No. 9 in May in Boston and No. 10 in December in San
Francisco. Two business meetings of the Board took place, one in February in Darmstadt,
Germany (attached to the 1998 IGS Analysis Center Workshop) and one in October 1998, prior
to the October IAG Section II Symposium held in Munich, Germany.

Amongst the more important issues, there were; the complete revision of the Terms of Reference
(giving, e.g., the working groups a more important role), the decision to set up the ionosphere
and troposphere working groups, the decision to formally terminate the IGS project on the
densification of the ITRF and instead to create the position of the IGS/ITRF Reference Frame
Coordination center at NRCan with Remi Ferland as the coordinator. The charter for this



working group is currently being set up. It is expected that the group may be created at the next
IGS Governing Board meeting.

Last but not least, Prof. Christoph Reigber was elected as the new Chairman of the IGS
Governing Board at the 10th IGS Governing Board Meeting on December 6, 1998. This change
in chairmanship, which has become effective on January 1, 1999, will undoubtedly influence the
future direction of the IGS. It seems clear that space borne applications of the GPS will play a
major role within the IGS. The upcoming IGS/LEO workshop in Potsdam in March 1999
underlines this development.

At the same meeting it was confirmed that Tim A. Springer from the CODE Analysis Center
would succeed Jan Kouba as the Analysis Center Coordinator on January 1, 1999. His term will
last till the end of the year 2002.

For the authors of this paper the IGS chairmanship, respective by the responsibility for the IGS
Analysis Coordination, were a challenge, a burden, an honor, but, last but not least, also a
pleasure. We enjoyed the fruitful collaboration with the IGS Governing Board, the IGS Central
Bureau, the IGS Analysis Centers, and the entire IGS Community.

We wish the new Chairman, the new Analysis Center Coordinator and all the IGS Components,
and in particular its network, which is the basis for all the IGS activities, all the best for the
future.
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