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Abstract

A key geodetic contribution for 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 refer-
ence frame as the backbone. Many emerging scientific
as well as non-scientific high-accuracy applications
require access to an unique, technique-independent
reference frame decontaminated for short-term fluc-
tations due to global Earth system processes. Such
a reference frame can only be maintained and made
available through an observing system such as the pro-
posed Integrated Global Geodetic Observing System
(IGGOS), which is expected to provide sufficient in-
formation on changes in the Earth figure and gravity
field. Based on a number of examples from monitor-
ing of infrastructure, point positioning, maintenance of
national references frames to global changes studies,
likely future accuracy requirements for a global ter-
restrial reference frame are set up as function of time
scales. Expected accuracy requirements for a large
range of high-accuracy applications are less than 5 mm
for diurnal and sub-diurnal time scales, 2-3 mm on
monthly to seasonal time scales, better than 1 mm/yr
on decadal to 50 years time scales. Based on these
requirements, specifications for a geodetic observing
system meeting the accuracy requirements can be de-
rived.

1 Introduction

Comprehensive monitoring of the Earth system is
a prerequiste for understanding the Earth system
processes and thus, ultimately for achieving a sus-
tainable development. During the last two decades,
the need for a global monitoring of the Earth has
been recognised in particular by the United Nation in
setting up the Earth Watch programme and initiating
global observing systems.

The space-geodetic techniques are apt to provide both
the reference frame for Earth system observations as
well as observations of crucial parameters related to
changes in the Earth’s geometry, rotation and gravity
field. However, Plag (2000) pointed out that none of
the emerging observing systems includes a geodetic
component or is directly connected to the extensive
global geodetic observing networks established over
the last decade. Thus, the fundamental rule of geodesy
as the backbone for all Earth observations is not for-
mally accounted for in the present systems.

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

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, only the combination of the space-geodetic
techniques into an integrated system monitoring the
Earth surface kinematic, rotational pertubations and
gravity field changes will eventually allow to realise
the reference frame with sufficient accuracy and sta-
bility.

Responding to the emerging scientific and practical
requirements with respect to geodesy, the Interna-
tional Association of Geodesy (IAG) has over the last
five years developed the idea of an Integrated Global
Geodetic Observing System (IGGOS, see e.g. Rummel
et al., 2002). The combination and integration of the
geodetic observation techniques into such a system is
a mandatory step in order to exploit the full potential
of the techniques and to provide the backbone for an
Earth monitoring system as well as to meet the require-
ments of most of the emerging applications.



IGGOS as proposed by Rummel et al. (2002) and fur-
ther specified by Beutler et al. (2003) ”aims at main-
taining the stability of and providing the ready access
to the existing time series of geometric and gravimetric
reference frames by ensuring the generation of uninter-
rupted time series of state-of-the-art global observa-
tions 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 IGGOS, it may be worthwhile to
take, at least for a moment, a user-driven top-down ap-
proach. Here, we will discuss requirements and con-
sequences for the implementation of the IGGOS both
with respect to Earth system monitoring and ad hoc
determination of geodetic positions. In doing so, we
will focus on the reference frame issue. Starting from
the Integrated Global Observing Strategy (IGOS), the
contribution of the IGGOS to the three Global Observ-
ing Systems (G3OS) is discussed (Section 2. Different
examples of ad hoc positioning, which is introduced
in Section 3, are used in Section 4 to condense a set
of future user requirements for access to geodetic po-
sitions in terms of accuracy and latency. Finally, con-
sequences for the goals and implementation of the IG-
GOS are ventilated (Section 5).

2 Global Monitoring of the Earth
System

Recognising the need for global monitoring as a pre-
requiste for understanding the impact of mankind on
the Earth system and to devise actions to mitigate the
predicted changes particularly in the climate system,
three Global Observing Systems for Climate (GCOS),
Terrestrial (GTOS) and Ocean (GOOS) were initiated
and partly established under the United Nations Envi-
ronmental Programme’s (UNEP) Earth Watch activi-
ties1. These systems are developing rapidly following
the IGOS2.

The IGOS emphasises the necessary transition from a
research state to operational observing systems (see,
e.g., Williams & Townshend, 1998). This is justfied
by the requirements for Earth system observations re-
sulting from the nature of the processes in the Earth
system. Key requirements for sustainable monitoring,
which is the overall goal of the observing systems, are

1See http://earthwatch.unep.net.
2See http://www.igospartners.org and particularly the IGOS um-

brella document available there.

that it is long-term and homogeneous in time. These
requirements can only be met by operational observa-
tion systems. Moreover, IGOS requests the monitor-
ing to be multi-parameter, global and integrated. An-
other focus of IGOS is on the data archives, as well as
the accessibility of data, products and information for
user. Here, it is stated that data archives resulting from
Earth observing systems must be integrated, quality-
controlled, homogeneous, consistent, and last but not
least accessible. The last point cannot be overempha-
sised and currently, research in many areas is ham-
pered by difficulties in accessing relevant databases.

A key geodetic contribution for both the G3OS and ini-
tiatives like the European Global Monitoring for En-
vironment and Security (GMES) is an accurate, long-
term stable, and easily accessible reference frame as
the backbone for all observations. At the same time,
geodetic observation techniques provide data related
to the geometry, gravity field, and dynamics of the
Earth. Figure 1 sketches a scenario where the emerg-
ing G3OS, complemented by an integrated ground-
based component form an Earth monitoring system
based on a global geodetic observing systems as a
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 a local or regional reference system. The advent of
the space geodetic techniques allows for the first time
the realisation of a global reference system through
a globally homogeneous reference frame. Moreover,
techniques like GPS and the future Galileo allow to de-
termine positions relative to the global reference frame
ad hoc (i.e. independent of simultaneous measure-
ments at local reference points) with increasing accu-
racy and decreasing latency.

In the so-called precise point positioning (ppp) method
(Zumberge et al., 1997), access 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. How-
ever, 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 system providing highly ac-
curate and comprehensive information on changes in
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Figure 1: Towards a comprehensive monitoring system.
A comprehensive monitoring system would collect all the different networks under a common integrated ob-
serving 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 geophysical observing systems (GGOS), which ideally would integrated as far as
possible most of the ground-based observational sites. Moreover, the GGOS 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 of GGOS, the IGGOS would contribute important observations related to the geometry, potential
field and dynamics of the Earth. At the same time and equally important, the IGGOS would be a utility for the
other components, providing the reference frame. Plag (2000) suggested that progress of the development in
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 from
Plag (2000).

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 Terres-
trial Reference System (ITRS) through the Interna-
tional Terrestrial Reference Frame (ITRF).

Based on a number of examples from monitoring of
infrastructure, point positioning, maintenance of na-
tional references frames to global changes studies,
likely future accuracy requirements for a global terres-
trial reference frame 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 ap-
plications. The excellent service provided by IGS to
scientific and increasingly non-scientific communities
is possible through a global network of GPS tracking
stations, which currently comprises around 300 sta-
tions. Based on this network and a coordinated analy-
sis effort, rapid and precise orbits and satellite clocks
are provided together with ionospheric models and tro-
pospheric products. These products meet many though
not all requirements of high accuracy applications al-



lowing for considerable latency. Experince with appli-
cations 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-seismic strain, measuring changes in sea level and
ice covers, variations of the Earth gravity field, GPS
augmented with the products of the IGS (denoted here
as GPS&IGS) has served both as the primary measur-
ing device (e.g. for observing plate kinematics, seis-
mic strain, and vertical land motion required to de-
tect absolute sea level changes) as well as a tool to
position sensors with unprecedented accuracy (e.g. in
airborne gravimetry, hydrographic survey, satellite al-
timetry). Ten years of experience including compari-
son to model predictions have shown that requirements
are of the order of better than 1 cm in daily or sub-daily
positions and better than 1 mm/yr in secular stability.

Increasingly, GPS&IGS is used to monitor the motion
and stability of large infrastructure such as oil plat-
forms, reservoir dams and bridges. In some cases,
these measurements can be carried out relative to a ref-
erence point that can be assumed to be stable. How-
ever, in many cases no such point can be identified
unanimously and the optimal reference would be a re-
gional or global network. Our experience with oil plat-
forms shows that user requirements for 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/yr for long-term stability. Sim-
ilar requirements apply to reservoir dams and large
bridge, however, here the tolerable latency may be
much lower.

Figure 2 gives 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 settle-
ment into the ocean floor, which is theoretically ex-
pected to be proportional to

� �
, where

�
is time. Daily

coordinates determined from GPS measurements with
ppp allow to estimate physically relevant parameters
of the settlement curve. Combining the GPS obser-
vations with independent measurements of the settle-
ment, 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 mo-
tion of the sea floor in a geocentric reference frame.
This, in turn, is an important information for reservoir
modelling.

In the example, sea floor turns out to be uplifting by
a few mm/yr relative to ITRF2000. A key question is
how much this number is affected by long-term trends

O+M

1995 1996 1997 1998 1999 2000 2001 2002 2003

Year

-90

-30

30

90

m
m

R

-90

-30

30

90

m
m

Figure 2: Monitoring of vertical motion.
Lower diagram: Daily vertical coordinates (symbols)
determined from GPS measurement on a oil platform
and fitted settlement curve (

� �
plus linear trend, where�

is time, solid line). Upper diagram: residual with
respect to the settlement curve.

in ITRF2000 and its approximation through GPS. The
residual vertical motion with respect to the settlement
curve contain intraannual variations of the order of ���
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 as reference. Time series of daily coordinates
determined by ppp allow to determine velocities on the
basis of a moving window. In Figure 3, the vertical
velocities resulting from a four-month moving win-
dow are shown for both off-shore locations (oil plat-
forms) and reference stations on land. The reference
stations (selected arbitrarily in the region around the
North Sea) are Stavanger in Norway, Hearsmonceux
in the U.K., 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 spatial scales and temporal scales of
several months on the velocities. The velocities for the
platforms show larger variations than those found at
the reference sites. However, decontamination of the
coordinate time series for the CMEs prior to the deter-
mination of velocities is a crucial issue. For that, the
global network of tracking stations provides the obser-
vational basis.

Highly accurate positioning of sensors for e.g. air-
borne gravity and hydrographic surveys require on
the one hand positions with high temporal resolution
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Figure 3: Monitoring of vertical velocities.
Vertical velocities determined on the basis of a mov-
ing four-month window. Upper diagram: For two off-
shore 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, Heart-
monceus, U.K. and Westerbork, Netherlands) The ve-
locities are computed from time series of daily coor-
dinates determined by ppp. No corrections for CMEs
have been made. The velocities of the reference sta-
tions on land indicate the order of magnitude of CME
effects on velocities.

(down to 1 second) and of the order of 10 cm in posi-
tion. On the other hand, they also require a high long-
term stability as measurements are carried out over
long time intervals (decades) and should be intercon-
nectable without loss of accuracy. Hydrographic sur-
veys on, for example, oilfields require an accuracy of 5
cm over a time span of up to 50 years, which is equiv-
alent to a long-term stability of 1 mm/yr.

Here it should be mentioned that the rate at which geo-
databases are collected today has increased by several
orders of magnitude over the last few decades. The
database collected today can be expected to be in use
over many years to come. Even without assuming

likely increased future requirements for the accuracy
this will demand a high long-term stability of the ref-
erence frame used for the databases.

GPS is increasingly used for control of processes in
e.g. agriculture, construction work and maintenance.
For all these applications, a high accuracy of 10 cm
(for most agricultural applications) down to 1 cm (for
snow clearing) and even sub-centimetre (for construc-
tion 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 pop-
ulated areas (with high values of real estate) or map-
ping of underground cables and pipelines in cities, ac-
curacy requirements are of the order of 5 cm with low
latency. The cost of surveys strongly depends on the
time needed to achieve this accuracy and the integrity
and availability of the system. Having access to a re-
liable position in near-real time would greatly ease the
surveying tasks and reduce the costs.

For most surveying tasks, it is crucial to be able to re-
late (time dependent) coordinates given in the global
reference frame to (time fixed) coordinates in the na-
tional 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 than 1 mm/yr is required. An er-
ror of 1 mm/yr introduces already an error of 1 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 re-
gions intra-plate deformations exceeding the 1 mm/yr
level require more detailed (empirical) models. For the
height component, even first order models are missing,
except for post-glacial rebound in and around the for-
merly glaciated areas.

When travelling through the troposphere, the electro-
magnetic waves experience a path delay, which can be
used to extract information on the precipitable water
content of the troposphere. Currently, the meteoro-
logical observation systems do not provide sufficient
information on this valuable parameter. In the con-
text of the COST Action 7163, it is demonstrated that
having available the path-delays in near-real time (1-2
hours latency) is an asset for numerical weather predic-
tion, and a future application of ground-based GPS or
Galileo network for numerical weather prediction and
climate seems likely. The quality of the path delays

3See e.g. http://www.oso.chalmers.se/ kge/cost716.html.



depends on the orbit and clock accuracy and the accu-
racy in position for the sensor stations. The accuracy
requirements for numerical weather prediction appli-
cations are of the order of 1 cm in day-to-day position
while climate applications require a long-term stability
of the order of 1 mm/yr or better.

5 Conclusions

In summary, we can identify three main user categories
(UC) for high accuracy applications requiring or ben-
efiting from ad hoc positioning. These categories are
defined on the basis of the allowable latency. ”Real
time positioning” constitues the first category (UC1).
For these users, the most extreme accuracy require-
ments are expected to be considerably lower than 10
cm and in some case even below 1 cm. Some real
time applications will require high integrity (e.g. pro-
cess control) and high update rates. The next cat-
egory, (UC2) comprises ”Near-real time positioning
and other near-real time applications”. Here, accu-
racy requirements will be close to 1 cm in most of these
application (monitoring of infrastructure, meteorolog-
ical applications) while other applications will require
less accuracy (e.g. of the order of 5 cm) but higher in-
tegrity (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 coordi-
nates and a few millimetres on intraannual time scales.
For long-term monitoring tasks, 1 mm/yr in stability
seems to be a critical boundary both for scientific and
non-scientific tasks. This number also applies to col-
lection of geo-databases, which are to be maintained
over time scales of several decades.

Depending on the time scale, we see the following la-
tency and accuracy requirements for high accuracy ap-
plications:

� 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,

� UR4; better than 1 mm/yr on decadal to 50 years
time scales.

Presently, GPS&IGS satisfies most of the requirements
for UC3, though the stability of this combined sys-

tem is still not meeting the 1 mm/yr limit due to defi-
ciencies in the stability of the underlying ITRF. More-
over, too many and uncoordinated changes in the IGS
tracking network with respect to number of stations,
hardware, software, processing strategy, and theory for
programs further decrease the stability of the system.
Thus, the GPS&IGS system still appears to be in a re-
search and pre-operational state.

GPS&IGS does not meet the User Category 1 require-
ments both due to properties of the GPS-alone system
but also to the large latency for crucial IGS products.
For this User Category, local and regional augmenta-
tions are currently required.

Some but not all needs of the User Category 2 are met
by GPS&IGS but again, large latency or insufficient
accuracy of the rapid IGS products leave a consider-
able share of this User Category in the need of local or
regional augmentation systems.

While UR1 and partly UR2 can be met by local to
wide-area augmentation systems, are UR3 and UR4
requirements that depend crucially on the quality of
ITRF and the available products. Moreover, achieving
UR1 and UR2 through a Signal-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 server
the needs of the User Categories specified above, the
following general system specifications can be set up
for the IGGOS and the ITRF:

� Contribution to G3OS:

– long-term operation, both for reference
frame and contribution of observations to
G3OS (long observational records),

– operational kernal, providing long-term sta-
bility,

– integrated, homogeneous (in time), and ac-
cessible databases.

� Access to the ITRF:

– products given in ”single-technique inde-
pendent” ITRF,

– provision of detailed information about sys-
tem state, including technique dependent ef-
fects (CME) and the Earth’s surface velocty
field,

– quality-assured and reliable products,

– progress towards an ”easy”, operational ac-
cess 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 IGGOS includes a
sufficient operational core system, which is as stable as
possible over a long time. It is this specification which
will be most difficult to meet considering both the ex-
pected progress in technology and changes in funding
sources and priorities as well as the key players and
their interests.
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