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Abstract

A key geodetic contribution to both the three Global Observing Systems and initiatives like the European Global Monitoring for
Environment and Security is an accurate, long-term stable, and easily accessible reference frame as the backbone. Many emergi
scientific as well as non-scientific high-accuracy applications require access to an unique, technique-independent reference fran
decontaminated for short-term fluctuations due to global Earth system processes. Such a reference frame can only be maintaine
and made available through an observing system such as the Global Geodetic Observing System (GGOS), which is currentl
implemented and expected to provide sufficient information on changes in the Earth figure, its rotation and its gravity field. Based
on a number of examples from monitoring of infrastructure, point positioning, maintenance of national references frames to global
changes studies, likely future accuracy requirements for a global terrestrial reference frame are set up as function of time scales
Expected accuracy requirements for a large range of high-accuracy applications are less than 5mm for diurnal and sub-diurne
time scales, 2-3 mm on monthly to seasonal time scales, better than 1 mm/year on decadal to 50 years time scales. Based on the
requirements, specifications for a geodetic observing system meeting the accuracy requirements can be derived.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Comprehensive monitoring of the Earth system is a prerequisite for understanding the Earth system processes ar
thus, ultimately for achieving a sustainable development. During the last two decades, the need for a global monitoring
of the Earth has been recognised in particular by the United Nations in setting up the Earth Watch programme anc
initiating Global Observing Systems.

The space-geodetic techniques are apt to provide both the reference frame for Earth system observations as we
as observations of crucial parameters related to changes in the Earth’s geometry, rotation and gravity field. Howevet
Plag (2000)ointed out that none of the emerging observing systems includes a geodetic component nor is it directly
connected to the extensive global geodetic observing networks established over the last decade. Thus, the fundamen
role of geodesy as the backbone for all Earth observations is not formally accounted for in the present systems. |
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is, however, expected that the current discussion in the frame @¥the on Earth Observations (GEO) will lead
to a broad acknowledgement of the fundamental importance of a sufficiently accurate terrestrial reference frame ar
geodetic observations for Earth observations.

Increasingly, access to highly accurate geodetic positions is demanded for many scientific and non-scientific appl
cations. This is equivalent to requiring access to an unique, technique-independent reference frame decontaminat
for short-term fluctations due to global Earth system processes. Providing instantaneous and ad hoc access to hig
accurate positions in such a unique, global, long-term stable reference frame would considerably ease present apy
cations and open up for many new applications, particularly if combined with the rapidly developing communication
tools and geo-databases.

Techniques like GPS and the future Galileo are, in principle, able to provide such positions relative to a unique
global reference frame ad hoc, i.e. without simultaneous measurements at local reference points. However, on
the combination of the space-geodetic techniques into an integrated system monitoring the Earth surface kinemati
rotational pertubations and gravity field changes will eventually allow to realise the reference frame with sufficient
accuracy and stability.

Responding to the emerging scientific and practical requirements with respect to geodesy, the International Assoc
ation of Geodesy (IAG) has over the last 5 years developed the idea of an Global Geodetic Observing System (GGO
originally named Integrated Global Geodetic Observing System, IGGOS, sdeuengnel et al., 2002 The combi-
nation and integration of the geodetic observation techniques into such a system is a mandatory step in order to expl
the full potential of the techniques and to provide the backbone for an Earth monitoring system as well as to meet th
requirements of most of the emerging applications.

The IGGOS as proposed Bummel et al. (20023and further specified bBeutler et al. (2003)aims at maintaining
the stability of and providing the ready access to the existing time series of geometric and gravimetric reference
frames by ensuring the generation of uninterrupted time series of state-of-the-art global observations related to the
three pillars of geodesy”. The three pillars of geodesy are considered to be (1) geometry and kinematics, (2) Earth
orientation and rotation, and (3) gravity field and its variability.

In designing the GGOS, it may be worthwhile to take, at least for a moment, a user-driven top-down approach. Here
we will discuss requirements and consequences for the implementation of the GGOS both with respect to Earth syste
monitoring and ad hoc determination of geodetic positions. In doing so, we will focus on the reference frame issue
Starting from thelntegrated Global Observing Strategy (IGOS), the contribution of the GGOS to the three Global
Observing Systems (G30S) is discussed (Se@jobifferent examples of ad hoc positioning, which is introduced
in Section3, are used in Sectiohto condense a set of future user requirements (UR) for access to geodetic positions
in terms of accuracy and latency. Finally, consequences for the goals and implementation of the GGOS are ventilate
(Sectionb).

2. Global monitoring of the Earth system

Recognising the need for global monitoring as a prerequiste for understanding the impact of mankind on the Eart
system and to devise actions to mitigate the predicted changes particularly in the climate system, three Global Observil
Systems for Climate (GCOS), Terrestrial (GTOS) and Ocean (GOOS) were initiated and partly established under th
United Nations Environmental Programme’s (UNEP) Earth Watch actiitiEsese systems are developing rapidly
following the IGOS.

The IGOS emphasises the necessary transition from a research state to operational observing systems (see ¢
Williams and Townshend, 1998This is justified by the requirements for Earth system observations resulting from the
nature of the processes in the Earth system. Key requirements for sustainable monitoring which is the overall goal of tf
observing systems are that it is long-term and homogeneous in time. These requirements can only be met by operatio
observation systems. Moreover, IGOS requests the monitoring to be multi-parameter, global and integrated. Anoth
focus of IGOS is on the data archives, as well as the accessibility of data, products and information for users. Here, it

1 seehttp://earthobservations.arg
2 Seehttp://earthwatch.unep.net
3 Seehttp://www.igospartners.orand particularly the IGOS umbrella document available there.
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Fig. 1. Towards a comprehensive monitoring system. A comprehensive monitoring system would collect all the different networks under a common
integrated observing strategy, i.e. IGOS. A solid basis of in situ data for the three emerging Global Observing Systems GCOS (climate), GTOS
(terrestrial) and GOOS (ocean), which are still strongly focusing on remote sensing, could be provided by a Ground-based In-situ Observing
Systems (GIOS), which ideally would integrate as far as possible most of the ground-based observational sites. Moreover, the GIOS would deliver
an integrated set of observations of geophysical quantities related, e.g. to the seismicity of the Earth and the Earth magnetic field. As a part o
GIOS, the GGOS would contribute important observations related to the geometry, potential field and dynamics of the Earth. At the same time and
equally important, the GGOS would be a utility for the other components, providing the referenceRtag@000suggested that progress in the
development of the monitoring should be assessed at a high level, preferably through an Intergovernmental Panel on Global Monitoring (IPGM)
comparable to the Intergovernmental Panel on Climate Change (IPCC). The Figure is adoptetaf¢ad00)

stated that data archives resulting from Earth observing systems must be integrated, quality-controlled, homogeneou
consistent, and last but not least accessible. The last point cannot be overemphasised and currently, research in ma
areas is hampered by difficulties in accessing relevant databases.

A key geodetic contribution to both the G30S and initiatives like the European Global Monitoring for Environment
and Security (GMES) is an accurate, long-term stable, and easily accessible reference frame as the backbone for
observations. At the same time, geodetic observation techniques provide data related to the geometry, gravity field
and dynamics of the Eartlrig. 1 sketches a scenario where the emerging G30S, complemented by an integrated
ground-based in situ component form an Earth monitoring system based on a global geodetic observing systems as
backbone.

3. Ad hoc positioning and the reference frame

Traditionally, highly accurate geodetic positions were determined through measurements relative to a set of local
reference points with known (fixed) coordinates in alocal or regional reference system. The advent of the space geodeti
techniques allows for the first time the realisation of a global reference system through a globally homogeneous referenc
frame. Moreover, techniques like GPS and the future Galileo allow to determine positions relative to the global reference
frame ad hoc (i.e. independent of simultaneous measurements at local reference points) with increasing accuracy ar
decreasing latency.

In the so-called precise point positioning (PPP) metlifudr{berge et al., 1997access to the reference frame is
given through highly accurate satellite orbits and clocks, which in turn are determined on the basis and relative to a
global network of tracking stations. However, a reference frame sufficiently accurate and stable in time to satisfy most
user requirements can only be maintained and made available through an integrated global geodetic observing syste
providing highly accurate and comprehensive information on changes in the Earth’s figure, rotation and gravity field.
A likely candidate for this future unique global reference frame, in fact, is the realisation of the International Terrestrial
Reference System (ITRS) through the International Terrestrial Reference Frame (ITRF). This notion is also supportec
by the fact that the European Union and the USA recently agreed to align the reference frames of GPS and the futur
Galileo system as closely as possible to ITE8ropean Commission, 2004
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Fig. 2. Monitoring of vertical motion. Lower diagram: Daily vertical coordinates (symbols) determined from GPS measurements on an oil platform
and fitted settlement curve/f plus linear trend, whergis time, solid line). Upper diagram: residuals with respect to the settlement curve.

Based on a number of examples from monitoring of infrastructure, point positioning, maintenance of national
references frames to global changes studies, likely future accuracy requirements for a global terrestrial reference frar
as well as access to it can be set up as function of time scales.

4. User requirements

GPS on its own does not satisfy the requirements of applications requiring high-accuracy and/or long-term stability
One crucial initiative to improve the accuracy of GPS has been the International GPS Service (IGS), which initially
served the needs of many scientific applications. The excellent service provided by IGS to scientific and increasing|
non-scientific communities is possible through a global network of GPS tracking stations, which currently comprises
around 300 stations. Based on this network and a coordinated analysis effort, rapid and precise orbits and satelli
clocks are provided together with ionospheric models and tropospheric products. These products meet many thou
not all requirements of high-accuracy applications allowing for considerable latency. Experience with applications of
IGS products over the last 10 years forms an excellent basis to assess future user requirements.

In monitoring different aspects of the Earth system, such as motion of the tectonic plates, pre-, co- and post-seism
strain, measuring changes in sea level and ice covers, variations of the Earth gravity field, GPS augmented with tt
products of the IGS (denoted here as GPS&IGS) has served both as the primary measuring device (e.g. for observi
plate kinematics, seismic strain, and vertical land motion required to detect absolute sea level changes) as well as a t«
to position sensors with unprecedented accuracy (e.g. in airborne gravimetry, hydrographic survey, satellite altimetry
Ten years of experience including comparison to model predictions have shown that requirements are of the order |
better than 1 cm in daily or sub-daily positions and better than 1 mm/year in secular stability.

Increasingly, GPS&IGS is used to monitor the motion and stability of large infrastructures such as oil platforms,
reservoir dams and bridges. In some cases, these measurements can be carried out relative to a reference point
can be assumed to be stable. However, in many cases no such point can be identified unanimously and the optin
reference would be a regional or global network. Our experience with oil platforms shows that user requirements fo
monitoring of such infrastructure are of the order of less than 1 cm for sub-daily positions available with a latency
of a few days and 1 mm/year for long-term stability. Similar requirements apply to reservoir dams and large bridge;
however, here the tolerable latency may be much lower.

Fig. 2gives an example of monitoring the motion of an oil platform with the help of GPS. The vertical movement
of the platform is dominated by the settlement into the ocean floor, which is theoretically expected to be proportiona
to +/7, wheret is time. Daily coordinates determined from GPS measurements with PPP allow to estimate physically
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Fig. 3. Monitoring of vertical velocities. Vertical velocities determined on the basis of a moving 4-month window. Upper diagram: For two offshore
platforms assumed to be not or very moderately subsiding. Middle diagram: For six different off-shore installations known to be subsiding and
separated by up to 30 km. Lower diagram: For three reference stations in Europe (namely Stavanger, Norway, Herstmonceux, UK and Westerbork
The Netherlands). The velocities are computed from time series of daily coordinates determined by PPP. No corrections for CMEs have been made
The velocities of the reference stations on land indicate the order of magnitude of CME effects on velocities.

relevant parameters of the settlement curve. Combining the GPS observations with independent measurements of t
settlement, which are obtained by monitoring the movement of the platform with respect to an invar rod solidly fixed
to the ocean bottom, allow to determine the motion of the sea floor in a geocentric reference frame. This, in turn, is
important information for reservoir modelling.

In the example, sea floor turns out to be uplifting by a few mm/year relative to ITRF2000, which is the latest
realisation of ITRS Altamimi et al., 2002. A key question is how much this number is affected by long-term trends
in ITRF2000 and its approximation through GPS. The residual vertical motion with respect to the settlement curve
contain intra-annual variations of the orderg? cm, which are largely due to so-called Common Mode Errors (CME)
affecting PPP based on GPS.

Another example is the determination of instantaneous subsidence rates of oil platforms on monthly to annual time
scales. In the absence of a local stable reference frame, the global network of IGS tracking stations can be used ¢
reference. Time series of daily coordinates determined by PPP allow to determine velocities on the basis of a moving
window. In Fig. 3, the vertical velocities resulting from a 4-month moving window are shown for both off-shore
locations (oil platforms) and reference stations on land. The reference stations (selected arbitrarily in the region arounc
the North Sea) are Stavanger in Norway, Herstmonceux in the UK, and Westerbork in the Netherlands. The sites
though separated by up to thousand km, show some coherent variations, which indicate the effect of CME with large
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spatial scales and temporal scales of several months on the velocities. The velocities for the platforms show larg
variations than those found at the reference sites. However, decontamination of the coordinate time series for the CMI
prior to the determination of velocities is a crucial issue. For that, the global network of tracking stations provides the
observational basis.

Highly accurate positioning of sensors, for e.g. airborne gravimetry and hydrographic surveys require on the ont
hand positions with high temporal resolution (down to 1 s) and accuracy of the order of 10 cm. On the other hand, the
also require a high long-term stability as measurements are carried out over long time intervals (decades) and shol
be interconnectable without loss of accuracy. Hydrographic surveys on, for e.g. oilfields require an accuracy of 5 cn
over a time span of up to 50 years, which is equivalent to a long-term stability of 1 mm/year.

Here, it should be mentioned that the rate at which geo-databases are collected today has increased by several orc
of magnitude over the last few decades. The database collected today can be expected to be in use over many year
come. Even without assuming likely increased future requirements for the accuracy this will demand a high long-tern
stability of the reference frame used for the databases.

GPS is increasingly used for control of processes in, e.g. agriculture, construction work and maintenance. For a
these applications, a high-accuracy of 10 cm (for most agricultural applications) down to 1 cm (for snow clearing)
and even sub-centimetre (for construction work) is required in real time. Currently, for all these applications, local
augmentation systems have to be set up.

For the most demanding land surveying tasks such as determination of real estate boundaries in densely populat
areas (with high values of real estate) or mapping of underground cables and pipelines in cities, accuracy requiremer
are of the order of 5cm with low latency. The cost of surveys strongly depends on the time needed to achieve thi
accuracy and the integrity and availability of the system. Having access to a reliable position in near-real time woulc
greatly ease the surveying tasks and reduce the costs.

For most surveying tasks, it is crucial to be able to relate (time dependent) coordinates given in the global referenc
frame to (time fixed) coordinates in the national reference frame. In order to transform ad hoc coordinates in ITRF
to national coordinates, a detailed knowledge of the velocity field of the Earth surface with accuracy better thar
1 mmlyear is required. An error of 1 mm/year introduces already an error of 1 c¢cm in ad hoc positions over 10 years
In some regions, plate tectonic models provide a first order approximation to the horizontal velocity field. However,
in many regions intra-plate deformations exceeding the 1 mm/year level require more detailed (empirical) models. Fc
the height component, even first order models are missing, except for post-glacial rebound in and around the former
glaciated areas.

When travelling through the troposphere, the electromagnetic waves experience a path delay, which can be us
to extract information on the precipitable water content of the troposphere. Currently, the meteorological observatiol
systems do not provide sufficient information on this valuable parameter. In the context of the COST Actianig16
demonstrated that having available the path delays in near-real time (1-2 h latency) is an asset for numerical weath
prediction, and a future application of ground-based GPS or Galileo network for numerical weather prediction anc
climate seems likely. The quality of the path delays depends on the orbit and clock accuracy and the accuracy |
position for the sensor stations. The accuracy requirements for numerical weather prediction applications are of th
order of 1 cm in day-to-day position while climate applications require a long-term stability of the order of 1 mm/year
or better.

5. Conclusions

In summary, we can identify three main user categories (UC) for high-accuracy applications requiring or
benefiting from ad hoc positioning. These categories are defined on the basis of the allowable |Rwiiayné
positioning” constitutes the first category (UC1). For these users, the most extreme accuracy requirements ar
expected to be considerably lower than 10 cm and in some cases even below 1 cm. Some real time applications w
require high integrity (e.g. process control) and high update rates. The next category (UC2) conNuigsesd!
time positioning and other near-real time applications”. Here, accuracy requirements will be close to 1cm in
most of these applications (monitoring of infrastructure, meteorological applications) while other applications will

4 See e.ghttp://www.o0so.chalmers.se/kge/cost716.html
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require less accuracy (e.g. of the order of 5¢cm) but higher integrity (e.g. land surveying). Finally, UC3 includes
all “Post-processing with extreme requirements”. Most of these applications can accept considerable latency but
will require accuracy at the 1 cm level for daily coordinates and a few millimetres on intra-annual time scales. For
long-term monitoring tasks, 1 mm/year in stability seems to be a critical boundary both for scientific and non-scientific
tasks. This number also applies to collection of geo-databases, which are to be maintained over time scales of sever
decades.

Depending on the time scale, we see the following latency and accuracy requirements for high-accuracy applica:
tions:

UR1: better than 10 cm in real time and near-real time;

UR2: less than 5 mm for diurnal and sub-diurnal time scales, latency hours to days;
UR3: 2-3 mm on monthly to seasonal time scales;

URA4: better than 1 mm/year on decadal to 50 years time scales.

Presently, GPS&IGS satisfies most of the requirements for UC3, though the stability of this combined system is still
not meeting the 1 mm/year limit due to deficiencies in the stability of the underlying ITRF. Moreover, too many and
uncoordinated changes in the IGS tracking network with respect to number of stations, hardware, software, processin
strategy, and theory for programs further decrease the stability of the system. Thus, the GPS&IGS system still appear
to be in a research and pre-operational state.

GPS&IGS does not meet the UC1 requirements due to properties of the GPS-alone system combined with the larg
latency for crucial IGS products. For this user category, local and regional augmentations are currently required.

Some but not all needs of the UC2 are met by GPS&IGS but either the large latency of the precise IGS products or
the insufficient accuracy of the rapid IGS products leave a considerable share of this user category in the need of loce
or regional augmentation systems.

While UR1 and partly UR2 can be met by local to wide-area augmentation systems there are UR3 and UR4
requirements that depend crucially on the quality of ITRF and the available products. Moreover, achieving UR1
and UR2 through &ignal-in-Space Only system would considerable increase the areas of applications and provide
significant economic advantages.

In order to meet the user requirements and to serve the needs of the user categories specified above, the followir
general system specifications could be set up for the GGOS and the ITRF:

e Contribution to G30S:
o long-term operation for the reference frame as well as the contribution of geodetic observations to G30S (long
observational records);
o operational kernel, providing long-term stability;
o integrated, homogeneous (in time), and accessible databases.
e Access to the ITRF:
o products given in “single-technique independent” ITRF;
o provision of detailed information about system state, including technique dependent effects (CME) and the Earth’s
surface velocity field;
o quality-assured and reliable products;
o progress towards an “easy”, operational access to ad hoc positions in ITRF.

Finally, it is emphasised here that in order to serve both scientific and non-scientific users for high-accuracy
applications, it is mandatory that the GGOS include a sufficient operational core system, which is as stable as possibl
over a long time. It is this specification which will be most difficult to meet considering both the expected progress in
technology and changes in funding sources and priorities as well as the key players and their interests.
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