
Foreword

The Global Geodetic Observing System (GGOS) has been established by the Inter-
national Association of Geodesy (IAG) in order to integratethe three fundamental
areas of geodesy, so as to monitor geodetic parameters and their temporal varia-
tions, in a global reference frame with a target relative accuracy of 10� 9 or bet-
ter. These areas, often called `pillars', deal with the determination and evolution
of (a) the Earth's geometry (topography, bathymetry, ice surface, sea level), (b) the
Earth's rotation and orientation (polar motion, rotation rate, nutation, etc.), and (c)
the Earth's gravity �eld (gravity, geoid). Therefore, Earth Observation on a global
scale is at the heart of GGOS's activities, which contributes to Global Change re-
search through the monitoring, as well as the modeling, of dynamic Earth processes
such as, for example, mass and angular momentum exchanges, mass transport and
ocean circulation, and changes in sea, land and ice surfaces. To achieve such an am-
bitious goal, GGOS relies on an integrated network of current and future terrestrial,
airborne and satellite systems and technologies. These include: various positioning,
navigation, remote sensing and dedicated gravity and altimetry satellite missions;
global ground networks of VLBI, SLR, DORIS, GNSS and absolute and relative
gravity stations; and airborne gravity, mapping and remotesensing systems. The
optimal assimilation of such heterogeneous observations into models of geodynam-
ics, oceanography, hydrology, glaciology, and weather andclimate, will be done by
interdisciplinary teams of researchers from geodesy and other sciences, and through
the coordinated work of all IAG Services and Commissions. Naturally, addressing
problems of such large scale and complexity requires international effort and com-
mitment. Such initiatives are already underway (GEO, GEOSS), and GGOS repre-
sents IAG, and geodesy in general, in all of them, and provides the scienti�c and
infrastructure contribution of geodesy to the Earth sciences.

The science and applications that GGOS addresses have important implications
for the well-being of the global society. In an era of economic uncertainty and rapid
environmental change it is imperative that action be taken to minimize risks from
natural hazards, climate change, sea level rise, etc., to develop forecasting mod-
els for oceans and weather, and early warning systems for severe storms, tsunamis,
and other hazards, and to manage our natural resources and our environment in a
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sustainable manner. To understand the Earth processes responsible for the afore-
mentioned hazards requires continuous monitoring campaigns over long periods of
time, as well as novel modeling of the observed changes with time. In other words,
we can no longer speak of geodesy in three dimensions; we haveentered a new and
exciting era of four-dimensional geodesy, in which modern geodesy has become an
indispensible contributor to the understanding of System-Earth and its evolution in
time. IAG is well-positioned and proud to be able to contribute to this international
effort through the work of GGOS, and therefore considers GGOS as its �agship
Component.

The GGOS 2020 document describes the challenges, science, technology, appli-
cations, strategies, future plans and expected contributions of IAG and GGOS to the
Earth sciences through the next decade. It contains the collective work over a period
of several years of many individuals and organizations too many to list here without
whom this volume would not have been possible. The IAG, and I personally, express
our sincere gratitude to each one of them. Many thanks are dueto the authors of the
various chapters and the editors of this volume, and in particular to Hans-Peter Plag,
for the countless hours he has devoted to writing, editing and coordinating, and his
enthusiastic dedication to the project.

Calgary, February 2009 Prof. Michael G. Sideris
President, International Association of Geodesy



Preface

About this book

Background

This book describes the scienti�c rationale and the speci�cations for the Global
Geodetic Observing System (GGOS) of the International Association of Geodesy
(IAG) in terms of concepts, conventions, infrastructure and services, that would
meet future requirements of a global community facing increasingly challenges on
a changing planet. With this in mind, the document provides the basis for the further
development of GGOS over the next decade and beyond. GGOS is built upon the
basis provided by the existing Services and Commissions of IAG and is one of the
major IAG components. In order to maximize the bene�ts to users of the consider-
able infrastructure and resources available to these Services, the concept for GGOS
and the strategy for its development and implementation require careful considera-
tions of the future needs of society for geodetic observations and services.

Improvements to the International Terrestrial Reference Frame (ITRF) and the
availability of geodetic observations of changes in Earth's shape, gravity �eld and
rotation over the last few decades have been a major driver ofscienti�c discovery.
Further improvement can be expected to lead to more excitingdiscoveries, particu-
larly in combination with emerging new observation technologies for monitoring the
variability of the Earth's gravity �eld and surface deformations. In a broader sense,
the geodetic reference frames and observations have contributed to a transition of
many processes in society and are expected to continue to do so. This great poten-
tial for scienti�c progress in support of societal needs associated with an improved
geodetic observing system motivated the process that led tothis book.

The context for this book is the increasing societal and scienti�c need for Earth
observations, and their dependence on an appropriate geodetic foundation as well
as a continuous series of geodetic observations. There is a growing awareness that
sustainable development, which is the agreed-upon leadingprinciple and goal of the
global community, cannot be achieved without suf�cient knowledge about the state,
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trends and processes in the Earth system. This is manifestedin the establishment of
the Group on Earth Observations (GEO) with currently about 75 member countries.
The main purpose of GEO is to facilitate the implementation of the Global Earth
Observation System of Systems (GEOSS), with the vision for this systemto realize
a future wherein decisions and actions for the bene�t of humankind are informed
by coordinated, comprehensive and sustained Earth observations and information
(GEO, 2005a).

Geodesy provides the foundation for most Earth observations as well as crucial
observations of changes in the Earth's geometry, gravity �eld, and rotation, which
are all related to mass transport in the Earth system and the system dynamics. There-
fore, geodesy is crucial for meeting many of the requirements for observations of
global change and observations supporting studies of the Earth system. Providing
the basis for precise positioning and navigation, geodesy is also crucially supporting
or enabling many activities and processes in a modern society.

Realizing the importance of the geodetic reference frame and the contribution of
geodesy to Earth observations, GEO has included a speci�c Task AR-07-03 “Global
geodetic reference frames” in its Work Plan 2007-2009 and and as Sub-Task DA-
09-2c in the Work Plan 2009-2011. Understanding the requirements for GGOS is a
central goal of this task. The present book provides this input to the GEO Task.

The development of Earth observations takes place in a context where a consid-
erable fraction of the funding for Earth observation infrastructure and research is
allocated in response to major natural and anthropogenic disasters without a suf�-
ciently well developed core infrastructure stable over time. Many satellite missions
are research-oriented, whereas operational monitoring ofmany key indicators of the
Earth system is insuf�ciently implemented (GEO, 2005b).

In geodesy, this situation is not much different. Current limitations in funding,
often with a lack of appreciation of decision makers of the importance of the geode-
tic observing system for Earth observations and society at large, has led to the global
geodetic community seeking yo provide better products and services based on in-
cremental improvements to the system in an overall framework that severely limits
the options for such improvements.

Scope

The advent of the space-geodetic techniques, and the rapid improvement and growth
of communication techniques and capacities, has launched arevolution in the �eld
of applied and global geodesy. Moreover, geodetic imaging increasingly gains im-
portance, and the integration of the new techniques and methods into the traditional
point-based approach of geodesy poses a major challenge. Therefore, it is timely to
assess thoroughly the user requirements for the geodetic observations and products,
and based on these requirements to design an optimal future system, which makes
use of the maturing space-geodetic techniques as well as emerging imaging tech-
niques. In order to do so, the authors for the contributions collected in this book had
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to take a fresh approach to the problem, not only with respectto the infrastructure
but even more so concerning the underlying concepts, including the conventional
approach to geodetic reference frames. Some of the conceptsdescribed or proposed
here contradict current “best practices” and time will tellwhether these new con-
cepts will facilitate signi�cant progress or whether they will have to be modi�ed.

The authors of the contributions collected in the book do notattempt to assess
current systems, concepts, products and services, but rather take a new look at the
problem of building a geodetic observing system. The starting point is a rigorous
review of the societal and scienti�c problems that require geodetic observations
for their solution. This analysis leads to a set of general user requirements. These
requirements are then, in a second step, used to derive functional system speci�ca-
tions. A third step focuses on the design of a system that would meet these speci�-
cations.

Collectively, the chapters of this book provide:

(1)a description of the scienti�c and societal problems, aswell as practical applica-
tions that bene�t from geodetic observations, services andproducts;

(2)a comprehensive overview of the user requirements for geodetic observations and
products as derived from a broad range of societal bene�t areas and scienti�c
requirements;

(3)the functional speci�cations for a geodetic observing system capable of meeting
the user requirements;

(4)a concept for future realizations of a (terrestrial) reference system able to meet
the user requirements;

(5)the design of a system capable of addressing the functional speci�cations, in
terms of conventions, techniques, infrastructure, and data analysis; and

(6)considerations and recommendations for the system implementation.

The anticipated audience

This book is a comprehensive document describing the background rationale for
GGOS. It was written by a team of Chapter Lead Authors, each supported by Chap-
ter Writing Teams. Besides including geodetic experts in all relevant �elds, the chap-
ter teams also include experts from other �elds of Earth sciences and Earth observa-
tions. This book serves two purposes: (1) to inform users of Earth observations (in
particular, GEO) of the potential of GGOS, and (2) to ensure that the GGOS com-
munity is aware of the users' needs and requirements so as to integrate GGOS into
GEOSS for maximum mutual bene�t. Thus, this book seeks to facilitate commu-
nication across several sectoral and discipline boundaries, including those between
geodesy and other Earth sciences, between scientists and operational agencies, and
between GGOS and GEOSS.
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Documents consulted

Geodesy has a long tradition of assessing the requirements of society and of pro-
jecting these into future developments of the geodetic techniques and observing
systems. This book continues this tradition, and it therefore bene�ted from a num-
ber of reports made available over the last four decades. These reports include, but
are not limited to, the “Williamstown Report” (Kaula, 1970), the “Erice Report”
(Mueller & Zerbini, 1989), the report on geodesy in 2000 prepared by the U.S. Na-
tional Research Council in 1990 (Commission on Physical Sciences, Mathematics,
and Applications, 1990), the “Coolfont Reports” (NASA, 1991a,b,c), the gravity
report by the U.S. National Research Council (Commission onGeosciences & Re-
sources, 1997), theLiving on a Restless Planetreport of the Solid Earth Science
Working Group of NASA (Solomon & the Solid Earth Science Working Group,
2002), the report of an InSAR Workshop (Zebker, 2005), and the recent ESA docu-
mentThe Changing Earth(Battrick, 2006).

In the frame of the Integrated Global Observing Strategy - Partnership (IGOS-
P) and GEO, several reports documented the needs for Earth observations in sev-
eral societally relevant �elds. Examples are the documentsof GEO, such as GEO
(2005a,b), the IGOS-P Theme reports (e.g., IGOS-P Ocean Theme Team, 2001;
Lawford & the Water Theme Team, 2004; Marsh & the Geohazards Theme Team,
2004; Townshend & the IGOL Writing Team, 2004; Key & the IGOS-Cryo Writ-
ing Team, 2004), as well as reports produced by the various United Nations (UN)
Agencies and programs. The latter include in particular therecent UN Water report
(United Nations, 2006).

In a number of recent reports, user requirements for geodetic observations have
been considered. Some of these reports are focused on national developments (e.g.,
Williams et al., 2005), improvements to the current situations (e.g., Plag, 2006a),
or single technological aspects (such as Niell et al., 2006). Of direct importance for
this book are the documents and publications produced by IAGscientists and teams
focusing on GGOS, namely the papers in Rummel et al. (2000) and the GGOS Im-
plementation Plan (Beutler et al., 2005). A considerable number of recent studies
concerning relevant Earth system processes and the geodetic observations required
to study these processes have been produced. Examples are the UNAVCO report on
solid Earth science (UNAVCO, 1998), the German report on mass movements (Ilk
et al., 2005), and the U.S. report on InSAR (InSAR Working Group, 2005). In addi-
tion to these report, a number of science reports from related �elds have been con-
sulted, such as the report on earthquake science by the National Research Council
(Board on Earth Sciences and Resources, 2003), the NASA study on a global earth-
quake satellite system (Raymond et al., 2003), and the National Research Council
Decadal Survey (National Research Council, 2007).

Reno, Boston, Hans-Peter Plag
March 2009 Michael Pearlman
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Executive Summary

H.-P. Plag, B. Lilja Bye, R. Gross, T. A. Herring, M. Pearlman, P. Poli, C. Rizos, D.
Sahagian, J. Zumberge

Preamble: Geodesy is the science of determining the geometry, gravity�eld, and
rotation of the Earth, and their evolution in time. Traditionally, geodesy has been
serving other sciences and many societal applications, including mapping. With the
advent of satellite geodesy and an accuracy improvement of more than three or-
ders of magnitude over the last three decades, geodesy has developed into a science
making unique contributions to the study of the Earth system, its inherent dynam-
ics, and its response to climate change, as well as a tool underpinning a wide variety
of other remote sensing techniques. Facilitated by the Global Navigation Satellite
Systems such as the Global Positioning System, a wide and growing variety of ap-
plications associated with positioning and navigation arebeing developed, particu-
larly in combination with products derived from global geodetic observations. This
book describes the requirements for a global observing system to provide products
and services with the geodetic accuracy necessary to address important geophysical
questions and societal needs, and to provide the robustnessand continuity of service
which will be required of this system in order to meet future needs.

(Chapter 1)Living on a dynamic planet – the challenge:A growing population
is living on a dynamic planet, endowed with �nite resources and limited capacity to
accommodate the impact of the increasingly powerful anthropogenic factor. Sustain-
able development is crucial for realizing a stable and prosperous future for the an-
throposphere, as has been acknowledged by a number of World summits. Although
there are many in�uential factors, a detailed understanding of the Earth system with
its major processes and its trends is one of the prerequisites for sustainable develop-
ment. A deeper understanding cannot be reached without suf�cient observations of
a large set of quantities of the Earth system. As emphasized by the Earth Observa-
tion Summits (EOSs), there is an urgent need for a comprehensive, coordinated and
sustained program of Earth observation. Earth observations are not only necessary
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for a scienti�c understanding of the Earth, they are fundamental for most societal
activities, ranging from disaster prevention and mitigation, the adequate provision
of resources such as energy, water and food, the understanding of climate change,
the protection of the biosphere, environment, and human health, to the building and
management of a prosperous and sustainable global society.

(Chapter 1)Geodesy is fundamental in meeting this global challenge:Geodesy
provides the foundation on which all Earth observation systems are built. In this
function, geodesy is essential for Earth observation just like the foundation and
frame of a house are necessary to keep it stable over time. Butmodern geodesy
does more: it also provides comprehensive observations of changes in the Earth's
shape, gravity �eld and rotation, the so-called “three pillars of geodesy.” The prin-
cipal geodetic quantities associated with these “pillars”are intimately related to
mass transport in the �uid envelope of the solid Earth and itsinterior, as well as the
dynamics of the Earth system. Therefore, the geodetic observing system provides
essential observation of Earth system processes. It turns out, not surprisingly, that
the geodetic observing system is similarly essential for exploring the planets, the
solar system, and beyond.

(Chapter 1)Geodesy is in transition:The advent of space-geodetic techniques and
the rapid improvement of communication technologies and capacities have funda-
mentally changed, if not revolutionized, geodesy and its methods. While previously
point coordinates were given with respect to local or regional reference frames, po-
sitions can now be observed with respect to a global reference frame with unprece-
dented accuracy. Based on these techniques, changes in the Earth's shape, rotation
and gravity �eld are determined with increasing spatial andtemporal resolution, in-
creasing accuracy, and with decreasing latency. These observations capture the “�n-
gerprints” of mass movements in the oceans, atmosphere, icesheets and terrestrial
water storage; they provide the “scales” to weigh changes inthe mass in the ocean;
they allow the determination of the kinematics and strain �eld of the Earth's surface
and the displacement �eld associated with earthquakes; they provide information on
the water content in the atmosphere; and they constitute crucial constraints for all
models of mechanical processes in the Earth system.

With the development of the space-geodetic techniques, thescope of the geode-
tic observing system is rapidly extending from a provider ofthe reference frame,
and the tools for the determination of accurate positions, to a system monitoring
the mass transport and the dynamics of the solid Earth and its�uid envelope with
unprecedented spatial and temporal resolution and accuracy. Thus, this observing
system is in transition from a utility for other geoscientists, to a provider of a con-
sistent set of Earth observations relevant for nearly all societal bene�t areas of Earth
observations.

Geodesy is a “service science”. In the past the “customers” of geodesy mainly
came from the surveying and mapping profession; today, however, geodesy also
serves the geophysical, oceanographic, atmospheric, and environmental science
communities. Thus, it is their user requirements that also in�uence the development
of the geodetic observing system.



Executive Summary xv

(Chapter 2)International cooperation is essential for geodesy:Over many years,
the international scienti�c community has managed in a major cooperative effort
the establishment and maintenance of a global infrastructure that provides the ob-
servational basis for the determination of highly accuratepositions anywhere on
Earth and in space. This achievement has been facilitated bythe International As-
sociation of Geodesy (IAG) and is based on the voluntary commitment of national
geodetic authorities, space agencies, research institutes, universities, and individ-
uals. Two reference systems are basic in geodesy, namely thecelestial reference
system and the terrestrial reference system. The International Earth Rotation and
Reference Systems Service (IERS) has the responsibility for de�ning these geomet-
ric reference systems, and to realize them through appropriate frames. The Interna-
tional Celestial Reference System (ICRS) is the fundamental basis for the de�nition
of celestial positions, and the International TerrestrialReference System (ITRS) is
the fundamental basis for describing terrestrial positions. These systems are conven-
tional coordinate systems including all conventions for the orientation and origin of
the axes, the scale, physical constants, models, and processes to be used in their
realization.

The ICRS is realized through the International Celestial Reference Frame (ICRF),
which is a set of estimated coordinate positions of extragalactic reference radio
sources distributed over the sky. The ITRS, in turn, is realized through the Inter-
national Terrestrial Reference Frame (ITRF), which is a setof globally distributed
points on the solid Earth's surface, for which estimates of coordinate positions and
(currently constant) velocities are derived from space-geodetic observations at these
points.

Conceptually, the link between ITRS and ICRS is provided by the Earth rotation.
Consequently, the ITRF and ICRF are connected through estimates of the Earth
rotation parameters, which are also derived and made available through the IERS
as so-called Earth Orientation Parameters (EOP) as determined by space-geodetic
techniques.

Currently, the ICRF is determined by the technique of Very Long Baseline
Interferometry (VLBI). For the determination of the ITRF, acombination of several
independent space-geodetic techniques, including VLBI, Satellite Laser Ranging
(SLR), Lunar Laser Ranging (LLR), Global Navigation Satellite System (GNSS),
and Doppler Orbitography and Radiopositioning Integratedby Satellites (DORIS)
is employed. Similarly, the EOPs are derived from a combination of these tech-
niques. For each of these techniques, a technique-speci�c IAG Service maintains a
global network of tracking stations (based on voluntary efforts of many contribu-
tors). Each of these techniques has unique advantages as well as disadvantages, and
only the combination of the techniques guarantees an accurate and stable reference
frame. Therefore, the most important elements for the determination and mainte-
nance of the ITRF are the so-called “core stations”, which have at least three of
the independent space-geodetic techniques co-located (inaddition to absolute and
relative gravity observations and tide gauges, where possible). However, globally,
there are currently only about 15 of these core stations, while about 40 stations are
considered necessary in order to meet the most demanding user requirements.
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The GNSSs have developed into the most widely applied technique for po-
sitioning (and navigation). The dramatic development of the Global Positioning
System (GPS) over the last ten years into an accurate and highly ef�cient tech-
nology for positioning has been facilitated by the work of the International GNSS
Service (IGS).

The Global Geodetic Observing System (GGOS) of the IAG is theproposed
unifying umbrella for the IAG Services, which integrates the observing systems
for changes in the Earth's shape, gravity �eld, and rotationand improves internal
consistency. It links the geodetic services into the globalEarth observation systems
in order to provide a consistent service to the users. In particular, GGOS aims to
ensure that the geodetic products and tools respond to increasingly more demanding
user requirements.

Much of the international cooperation originates from regional and national or-
ganizations, which not only facilitate the dissemination of the global developments
into the regions, but also are in�uential in motivating national bodies to contribute
to international geodetic activities. Today, the ITRF, andthe products and services
that give access to the ITRF anywhere and anytime, are crucial for many economic
and scienti�c applications. They have become so integratedin many applications
that they are often taken for granted, as an integral part of the societal infrastruc-
ture freely available to everybody. However, without the international cooperation
in geodesy, this global reference frame could not be maintained at its current level
of accuracy and accessibility. Considering the nature of the voluntary commitment
of many contributors on which GGOS is based, the incomplete spatial coverage of
the ground-based networks, and the complementarity of the geodetic techniques,
national decisions to discontinue geodetic infrastructure such as the operation of
ground stations, or to withdraw support for speci�c techniques, can have severe
consequences for GGOS and its products, in particular the ITRF.

(Chapter 3)The development of the geodetic observing system needs research:
Maintaining a terrestrial reference frame at the level thatallows, for example, the
determination of global sea level changes at the sub-millimeter per year level, pre-
, co- and postseismic displacement �elds associated with large earthquakes at the
sub-centimeter level, timely early warnings for earthquakes, tsunamis, landslides,
and volcanic eruptions, as well as the monitoring of mass transport in the Earth
system at the few gigatons level, requires a comprehensive Earth system approach.

Currently, geodesy is facing an increasing demand from science, the Earth ob-
servation community, and society at large for improved services, observations and
products. Most of these requirements are in terms of improved accuracy (in par-
ticular, instantaneous accuracy), better reliability (including addressing the issue
of liability), and improved access to the reference frame. The IAG and GGOS are
aware of the enormous challenges implied by the demand to improve the accuracy
from an average level of close to 10� 9 (i.e., 1 ppb of the Earth's radius) to an in-
stantaneous level (with daily or higher temporal resolution) of 10� 10, as required in
order to meet emerging user requirements. In fact, GGOS faces two types of scien-
ti�c and technological challenges, namely an “internal” challenge and an “external”
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challenge. The “internal” challenge to geodesy is concerned with developing GGOS
and the geodetic technologies in order to meet the demandingrequirements in terms
of reference frame accuracy and availability, as well as thespatial and temporal
resolution and accuracy of the observations. In many cases,it is not so much the
measurements from a single technique that ultimately limits accuracy, but rather the
ability to attribute signals to speci�c sources, and to model these. Therefore, meet-
ing this challenge requires integration of techniques and models. This challenge is
a central theme for research and development inside IAG for the future. The “exter-
nal” challenge is related to geodesy's contribution to Earth system monitoring and
science. The signals induced by global change in the Earth'sshape, gravity �eld and
rotation are small (on the order of parts-per-billion of thequantities) and embed-
ded in often larger variations not caused by global change. Besides measuring the
geodetic quantities with an accuracy considerably better than the signals, identify-
ing and extracting the global change signals also requires the modeling of all known
processes in an Earth system model taking into account the interactions between the
various Earth system components. This challenge requires geodesy to interact with
all Earth sciences and to accommodate the terrestrial processes in data processing
and modeling.

(Chapter 4)The bene�ts of the global and national geodetic infrastructure are
enormous: A very accurate and stable global geodetic reference frame,such as
the ITRF, is indispensable for Earth observation, science and the functioning of a
modern society. In such a frame, coordinates can be attachedto points and objects
(e.g., an airplane, a measuring sensor, a mark in the ground)and their movements
over time can be described (e.g., the position of a point on the Earth's surface before,
during, and after an earthquake). The bene�ts of the ITRF andthe global geodetic
infrastructure are wide-ranging. GGOS and, in particular,the key product ITRF:

� contribute substantially, directly or indirectly, to manyeconomic activities and to
the global wealth;

� allow for the exploitation of the space-geodetic technologies for a wide range of
practical and scienti�c applications;

� provide a foundation on which today's national and regionalreference frames are
built and link these frames to each other;

� allow the interrelation of all geo-referenced data to be described in the same
frame, thus facilitating full interoperability of geo-related databases and services;

� support governmental and intergovernmental priorities and international activi-
ties, such as sustainable development, climate change, theGlobal Earth Obser-
vation System of Systems (GEOSS), the Intergovernmental Panel on Climate
Change (IPCC), and the United Nations (UN);

� provide a mechanism in many countries, including developing ones, for national
participation in important global programs aimed at a better understanding of the
Earth system, its climate, global geodynamics, geohazards, etc., and the mitiga-
tion of the impact of natural and anthropogenic hazards on society; and
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� provide a mechanism for participation of the private sectorand research institutes
in international projects and activities, particularly inthe �eld of technology de-
velopment.

(Chapter 4)The societal prospects of space geodesy:The technological develop-
ment facilitated through the new space-geodetic techniques for navigation and po-
sitioning poses challenges by creating new requirements for accessibility, accuracy
and long-term stability. The rapid development of satellite-based precise point posi-
tioning techniques, which allow the determination of very accurate position anytime
and anywhere on the planet, enables a wide range of position-related applications.
The new geodetic technologies are leading to fundamental changes not only in all
areas of navigation and transport, but also for applicationin process control (e.g.,
farming, construction, mining, resource management), construction and monitor-
ing of infrastructure (e.g., off-shore platforms, reservoirs dams, bridges, and other
large civil structures), surveying and mapping (includingoff-shore), and Earth ob-
servation. Geodetic techniques are crucial for the assessment of geohazards and
anthropogenic hazards, and they will play a pivotal role in early warning systems of
such hazards and disasters. The outcomes include increasedsecurity, a better use of
resources, and progress towards sustainable development.

A well-de�ned and accessible reference frame, together with high-speed com-
munications and advanced data processing, enables modern societies to operate in
a very cost ef�cient manner, and hence create a basis for higher standards of living.
National studies have shown that a number of major areas in national economies de-
pend to a large part (up to 40%) on their geodetic infrastructure and services. Taking
into account the fact that most national reference frames are fully dependent on the
global infrastructure and frames, any degradation of the global infrastructure may
have serious consequences for national economies.

The availability of a global geodetic reference frame such as ITRF and the tools
to determine precise point coordinates anytime and anywhere on Earth have a pro-
found effect on almost all areas of society. Since the ITRF isaccessible anywhere on
the planet, it improves access to an important technological resource, particularly in
developing countries. Therefore, it is an important contribution compatible with the
principle of sustainable development demanding equal access to resources for all.

(Chapter 5)Towards a geodetic Earth system service:Changes in the Earth's
shape, gravity �eld, and rotation are inherently related tothe dynamics of and mass
transport in the Earth system. With the rapid progress of thegeodetic observation
techniques, an integrated GGOS constitutes the basis for anEarth system service
that provides information on the state of and trends in the Earth system with respect
to relocation of mass, deformations of the Earth's surface,and changes in the Earth's
dynamics.

Mass transport on time scales up to decades takes place mainly in the �uid en-
velope of the solid Earth, where water transport is three orders of magnitudes larger
than any other type of mass transport. Thus, information on the �uxes in the global
water cycle, including the ice sheets and glaciers, oceans,and terrestrial hydrosphere
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can be provided with unprecedented spatial and temporal resolution and accuracy,
particularly for global and regional scale changes. This information is crucial to
understanding the impact of global change on the water cycle, in particular the ice
sheets, sea level, and large terrestrial water catchments,

Surface displacements are related to both mass relocationson and above the solid
Earth's surface and geodynamic processes within the solid Earth. Surface displace-
ments are caused, for example, by earthquakes, tectonic processes, magma �ow
in the crust, and anthropogenic ground water changes. Thus,information on surface
displacement provides a basis for, for example, scienti�c studies of geohazards, haz-
ard assessment, early warning, and resource management.

For times scales of up to decades, changes in the dynamics of the Earth system,
particularly its rotational dynamics, are brought about toa large extent by changes
in the climate system. The solid Earth, oceans, and atmosphere continuously ex-
change angular momentum, and changes in the mean circulation of the atmosphere
and ocean affect the rotation of the solid Earth. Mass redistribution on the Earth's
surface, for example, through melting of ice sheets, deformthe solid Earth and, as
a result, also change the rotation. Earth rotation is affected by these processes in an
integral way, and thus is an ideal parameter to assess the overall state of the system.

(Chapter 5)Geodetic observations and products are crucial for maximizing
the bene�ts of Earth observation: Geodesy provides the foundation for a global
geodetic reference frame such as the ITRF that can be used by all Earth observing
systems to monitor atmosphere, ocean, and other resources,and which relates the
measurements to a globally consistent reference frame. Without a suf�ciently accu-
rate and stable ITRF, the bene�t of Earth observations for most of the nine Societal
Bene�t Areas (SBAs) identi�ed by the EOSs would be signi�cantly reduced. Mon-
itoring quantities relevant to geohazards, the global water cycle, climate, weather,
energy, and even health, depends on a ready and reliable access to an accurate global
geodetic reference frame. Today, only the ITRF meets these requirements of most
applications. Therefore, a the ITRF is crucial for realizing GEO's vision for GEOSS,
i.e.a future wherein decisions can be based on suf�cient information for the bene�t
of humankind.

Geodesy supports Earth system observation, modeling, interpretation, and pre-
diction in general. Some of the tools of geodesy, in particular GNSS, already yield
routine observations of the atmosphere, such as the water vapor �elds in the lower
troposphere, the mass �elds in the stratosphere, and the electron content �elds in the
ionosphere. The raw GNSS measurements are inherently calibrated with respect to
atomic clocks. There are no other observations of the Earth's global atmosphere that
can claim such a recurrent, atomic calibration. In that respect, geodesy could further
help track climate change. On the modeling and prediction issues, geodesy could
support the development of Earth system circulation modelsfor the �uid envelope
of the Earth with space- and time-varying gravity �elds.

Despite considerable progress over the last two decades, mainly due to tech-
nological improvements, the quality of the reference framehas been hampered by
�uctuations in institutional support and contributions. In particular, infrastructure
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central to the long-term stability of the reference frame, such as SLR stations and
VLBI antennas, have been retired without replacements; a development potentially
leading to a degradation of the ITRF accuracy. In the near future, satellite missions
central for monitoring ice sheets, sea level, and the globalwater cycle will cease to
operate, and follow-on operational missions must be planned now.

Unanticipated impacts of global change can be very costly interms of life and
property. However, unnecessary mitigation can be costly, too. A good example is
provided by the anticipated sea level changes widely acknowledged as a slowly
developing hazard with potentially disastrous consequences. Mitigation of the sea
level rise impact is a long-term process which requires a planning and implemen-
tation time scale of the order of decades. Mitigation of sea level rise impact is
extremely expensive and risky: too little will cause severeimpact, too much will
put unnecessary demands on national and regional economies. Therefore, decisions
must be based on solidly founded sea level scenarios in orderto minimize the risk
associated with misjudgment (in either direction). Considering the typical life time
of coastal infrastructure of 100 to 200 years, the sea level scenarios have to cover at
least one hundred years. Crucial information required to improve the understand-
ing of sea level and ice sheet changes, and to set up future sealevel scenarios
comes from Earth observation systems. Satellite altimeters, satellite gravity mis-
sions, GNSS satellites, tide gauges and otherin situ techniques are all necessary
components of the “sea level observing system”. However, with all these compo-
nents in place, the observations cannot provide the required �delity if not linked to
a stable global reference frame. Without this frame, past and present changes in ice
sheets and sea level cannot be suf�ciently quanti�ed and understood, and plausible
future scenarios of regional and local sea level cannot be provided to society as a
basis for informed planning.

(Chapter 6)Geodesy is essential for exploring the planets, solar system and be-
yond: Planetary geodesy, radio science, interferometry (including imaging VLBI,
astrometric VLBI, and Earth-space VLBI), and interplanetary navigation all require
accurate terrestrial and celestial reference frames well linked together by Earth rota-
tion observations for making and interpreting their measurements. The performance
of the GGOS is not a limiting factor for these applications. However, in order to
meet demanding future requirements, it will be important todevelop GGOS such
that the terrestrial and celestial reference frames and theEarth rotation parameters
meet these requirements.

(Chapter 7)User requirements for geodetic observations and products are de-
manding: The current scienti�c and societal user requirements are demanding in
terms of accuracy, resolution, latency and reliability, and the requirements are ex-
pected to increase in the future. The GGOS products must havesuf�cient accuracy,
temporal and spatial resolution, and latency to meet these requirements. The most
demanding users of the terrestrial reference frame in termsof accuracy and long-
term stability are most likely the scienti�c studies of sea level change caused by cli-
mate change. In order to have a frame at least an order of magnitude more accurate
than the signal to be monitored, the terrestrial reference frame should be accurate
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at a level of 1 mm and be stable at a level of 0.1 mm/yr. The most demanding ap-
plications of the geoid are likely to be the determination ofthe mean sea surface
topography for oceanic general circulation models, and theGNSS determination of
the height of surface points at the millimeter level. These applications require the
static geoid to be accurate at a level of 1 mm and to be stable ata level of 0.1 mm/yr;
consistent with the accuracy and stability of the terrestrial reference frame. The most
demanding application in terms of accuracy and latency of EOPs and their consis-
tency with the terrestrial and celestial reference frames is likely to be the tracking
and navigation of interplanetary spacecraft. This application is capability-driven and
requires the most accurate EOPs that can be determined, realizing that those deter-
mined in near real-time are somewhat less accurate than those determined with a
delay of a couple of weeks. Quantitatively, an accuracy at a level of 1 mm for the
EOPs should be achieved. For the time variable geoid, the monitoring of the water
cycle at sub-regional to global scales appears to be the mostdemanding applica-
tions requiring the geoid variations to be monitored accurate to 1 mm, stable to 0.1
mm/yr, with a spatial resolution of 50 km and a time resolution of 10 days.

(Chapter 8)Towards a modern geodetic reference frame:A modern geodetic
reference frame supporting precise point positioning consists of:

� a highly-accurate, global geodetic reference frame based on a suf�cient number
of multi-technique tracking stations;

� a service providing satellite orbits and clocks as well as Earth rotation parameters
of high quality and long-term consistency in this global reference frame;

� a highly-accurate model of the gravity �eld (in particular,the geoid) and its
changes;

� a well-determined tie between the geometric and gravimetric reference frames;
and

� a velocity model that allows the determination of time-variable transformations
between the global reference frame and national reference frames.

On a national level, the classical geodetic reference frames are still typically re-
liant on relative positioning. However, it is anticipated that increasingly for many
applications a transition to precise point positioning will take place in many coun-
tries. A core element for this transition will be a referenceframe service providing
access to the reference frame anywhere on Earth, including the ocean surface, with
a high instantaneous accuracy.

A de�ciency of the current terrestrial reference frame is that it is only de�ned for
relatively few points (of the order of 500) on the Earth's land surface. For all other
points, no 'reference motion' is available hampering the identi�cation of anomalous
motion. Therefore, it is proposed to augment the current reference polyhedron with
a dynamic Earth reference model. This model, in principle, will provide in�nite
spatial and temporal resolution for geometry and gravity, and thus establishes a ref-
erence frame accessible anywhere on Earth (and above) at anytime. The dynamic
Earth reference model will combine geometry, gravity and rotation into one con-
sistent model. However, implementing this model poses signi�cant scienti�c chal-
lenges, which will de�ne a central theme for geodesy over thenext decade.



xxii Executive Summary

(Chapter 9) Infrastructure for geodetic Earth system monitoring: GGOS is
based on a combination of terrestrial, airborne, and spaceborne techniques, each
with unique characteristics and contributions, and a layered infrastructure ranging
for the ground-based networks to arti�cial satellites, infrastructure on the Moon, and
quasars. Parts of the infrastructure are still in the form ofresearch facilities, while
other parts are fully operational.

The global ground-based infrastructure comprises not onlythe globalin situnet-
works of several geometric and gravimetric techniques, butalso the numerous data
centers, analysis centers, and web-based services, that are required to determine and
maintain the reference frames as well as to make them accessible for a wide range
of users and their applications. Despite a large international effort, most networks
are still characterized by spatially uneven distributions, and hence have large gaps
in coverage. For some techniques, such as SLR, spatial gaps are large and place sig-
ni�cant limitations on the achievable accuracy. Of particular importance are stations
where several techniques are co-located, thus allowing theintegration of the prod-
ucts of techniques into one coherent frame. Of the order of 40evenly distributed
core stations, i.e., stations with three or more space-geodetic techniques co-located,
are required; however, currently there is a severe gap over the southern hemisphere.
Without closing this gap, many of the most demanding user requirements will not
be met.

The satellite component contributing to GGOS includes low Earth orbiting satel-
lites (e.g., dedicated gravity missions and altimeters), dedicated laser-ranging satel-
lites (e.g., LAGEOS), and GNSS satellites. The former provide observations related
to mass transport and displacements of the solid Earth, ice,and ocean surfaces. Mis-
sion continuity is a key infrastructure issue.

The dedicated laser-ranging satellites are crucial for theconnection of the refer-
ence frame origin to the center of mass of the Earth system, a mandatory require-
ment for studies of global processes. These satellites havevery long lifetimes, but
their number is very small.

The signals from the GNSS satellites provide the basis for the “work horse” in
GGOS. With currently about 400 tracking stations in more than 80 countries, this
“work horse” allows for an accurate monitoring of the globalreference frame and
for access to the frame anytime and anywhere on Earth. Without the freely available
signals of GPS, the impressive development of geodesy over the last two decades
would have been impossible.

Today, infrastructure on the Moon consists of retro-re�ectors for LLR.
VLBI utilizes radio signals emitted by quasars, and contributes unique obser-

vations that are especially important for the monitoring ofEarth rotation, which
provides the link between ICRF and ITRF. In fact, VLBI is the only space-geodetic
technique capable of simultaneously monitoring ITRF, ICRSand Earth rotation.
Furthermore, unlike the other space-geodetic techniques,VLBI provides a unique
ITRF scale, traceable directly to the speed of light, which is essential to various
long-term monitoring goals of GGOS, including changes in global hydrology and
sea level rise.
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Observations with terrestrial gravimeters, both absoluteand relative, provide the
basis for studies of many geophysical phenomena, including(but not limited to)
free oscillations of the Earth, solid Earth and ocean tides,surface loading, changes
in ice sheets, and sea level changes. Absolute gravimetry, combined with geometric
techniques, is a terrestrial technique supporting SLR in constraining the tie between
the reference frame origin and the center of mass of the Earthsystem.

In total, an estimated 500 person years per year are providedon the basis of vol-
untary commitment by national operational and research institutes to maintain the
ground-based networks, the data centers, analysis centersand user interfaces. Not
included in this estimate are the resources required to support the satellite missions
and the GNSS satellites themselves.

(Chapter 9)For a full exploitation of the potential, an operational core compo-
nent is needed:Currently, GGOS and the IAG Services are based on the voluntary
commitments of many national authorities, institutions, and individuals. Moreover,
GGOS, to a large extent, is still science-driven. As a consequence, the observing sys-
tem keeps changing due to technological developments and scienti�c priorities, as
well as national political decisions. The impact of �uctuations in the regional cover-
age of the terrestrial component can be severe, often dependent on national priorities
or funding availability. A high redundancy is needed to compensate for these �uctu-
ations. Technological progress leads to changes that are not always properly coordi-
nated. Satellite missions are even more science-driven than the other components of
GGOS, and discontinuation of important observation programs has happened in the
past, and unfortunately are likely to continue to happen in the future. Funding for
the global geodetic infrastructure depends on the nationaldecisions and priorities in
many countries, and this implies considerable volatility,sometimes threatening the
proper maintenance of the reference frames and of the IAG Services themselves.
All of these factors lead to temporal inhomogeneities in thesystem, its observa-
tions, and, most importantly, the geodetic reference frames. At the same time, as a
consequence of the growing demands for geo-referencing in awide range of appli-
cations, issues are raised concerning the reliability and continuity of the geodetic
products, as well as liability of the service and data providers. Therefore, in order
to fully exploit the potential of geodesy and to develop GGOSinto an Earth sys-
tem service, a fully operational core infrastructure is needed. Considering the scale
of GGOS, such a core will require an approach based on intergovernmental agree-
ments, implying �rm commitments by the contributing nations. GGOS therefore
has started a dialog at the international level, in particular within GEO, in order to
develop an intergovernmental framework for these activities.

(Chapter 10)Implementation of GGOS needs a multi-faceted organizational
framework: GGOS is based on the IAG Commissions, Inter-Commission Com-
mittees, and the Services of IAG. In order to maintain GGOS inthe future, the
technique-speci�c and the combination services must continue their work using
state-of-the-art observational and analysis tools, with GGOS providing the over-
arching strategy and organizational framework. In particular, GGOS will have to
ensure the coordination of the multi-technique network (including the data �ow), it
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will have to maintain the standards and conventions necessary to ensure consistency
across the components contributing to GGOS, and it will haveto develop a plan for
an uninterrupted sequence of geodesy-related space missions. GGOS will need to be
embedded within the framework of global Earth observation currently represented
by GEO, the surveying and navigation communities, and the science community.
GGOS will have to serve as an interface to all these stakeholders in GGOS as well
as society at large. An on-going dialog of GGOS with its stakeholders, including
the funding agencies, the space agencies, and relevant UN agencies, with the goal
to ensure long-term stability of GGOS, and to secure long-term funding for GGOS,
will be central for a successful implementation of GGOS.
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Météo France, Centre National de Recherches Météorologiques (CNRS/GAME),
CNRM/GMAP, Toulouse, France (now at ECMWF, Reading, U.K.)

Stephen J. Reid (Chapter 5)
Environmental Initiative, Lehigh University, Bethlehem,PA, USA

Bernd Richter (Chapter 9)
BKG, Frankfurt, Germany

Chris Rizos (Exec. Sum., Chapters 1, 11)
School of Surveying & Spatial Information Systems, The University of New South
Wales, Sydney, Australia

Matthew Rodell (Chapter 5)
Hydrological Sciences Branch, NASA's Goddard Space FlightCenter, Greenbelt,
MD, USA

Markus Rothacher (Chapters 3, 10, 11)
ETH Zurich, Switzerland

Reiner Rummel (Chapters 1, 10, 11)
Institute for Astronomy and Physical Geodesy, Technische Universität München,
Munich, Germany

Dork Sahagian (Exec. Sum., Chapters 1, 11)
Environmental Initiative at Lehigh University, Lehigh University, Bethlehem, PA,
USA

Uli Schreiber (Chapter 2)
Forschungseinrichtung Satellitengeodäsie, Technical University of Munich,
Fundamentalstation Wettzell, Kötzting Germany
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Chapter 1
Introduction

H.-P. Plag, G. Beutler, R. Gross, T. A. Herring, C. Rizos, R. Rummel, D. Sahagian,
J. Zumberge

1.1 The challenge: living on a changing, dynamic planet

Earth is a restless planet (Solomon & the Solid Earth ScienceWorking Group,
2002). With its atmosphere, oceans, ice cover, land surfaces and its interior, it is
subject to a large variety of dynamic processes operating ona wide range of spatial
and temporal scales, driven by large interior as well as exterior forces. Many areas
of the Earth's surface are exposed to natural hazards causedby dynamic processes
in the solid Earth, the atmosphere and the oceans. Earthquakes, tsunamis, volcano
eruptions, tectonic deformations, landslides, deglaciation, sea level rise, �oods, de-
serti�cation, storms, storm surges, global warming and many more are well known
phenomena that are expressions of the dynamics of our restless planet. In modern
times these processes are in�uenced, as well, by anthropogenic effects; to what ex-
tent is still largely unknown.

Earth is a �nite planet. Resources such as clean water, arable land, �ora and
fauna, minerals, and energy are limited. Probably even moreimportantly, the capac-
ity of the Earth system to maintain a delicate equilibrium under increasing anthro-
pogenic pressure is limited.

A growing population has to cope with this restless, and �nite, planet. On the one
hand, settlements are encroaching into areas of high risks from natural hazards with
major infrastructure being built in locations with high risks of large earthquakes,
volcanic eruptions, storm surges, tsunamis, landslides and �ooding, thus increasing
the vulnerability of society. Increasingly, critical infrastructure is destroyed in nat-
ural disasters, affecting the economy on national and global levels, and displacing
large populations, with severe social implications. On theother hand, the growing
demands for access to food, water, materials, and space put stress on the �nite re-
sources of the planet. The anthroposphere has grown into a powerful force rapidly
transforming the Earth's surface layers (as documented, e.g., by Turner II et al.,
1990) and capable of changing major processes, including those of the climate sys-
tem. However, humanity has not reached the necessary understanding to actually
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wield this power. Earth system processes, whether natural or modi�ed by humans,
affect our lives and the lives of future generations: decisions made today will in�u-
ence the well-being of future generations. In order to minimize the anthropogenic
impact on Earth system processes and in order to preserve resources for future gen-
erations, a better understanding of Earth system processesis required.

Reaching a condition of “sustainable development” has beenrecognized as a nec-
essary (albeit not suf�cient) prerequisite for living on a restless planet with �nite re-
sources, and with a limited capacity to accommodate the impact of the increasingly
powerful anthropogenic factor. A number of World Summits have acknowledged
that a sustainable development is mandatory for realizing astable and prosperous
future for the anthroposphere. Although there are many other in�uential factors,
understanding the Earth system, its major processes and itstrends, is one of the pre-
requisites for the success of the quest for sustainable development. Major decisions
determining our future will have to be based on a much deeper understanding of this
complex system.

A deeper understanding of the Earth system cannot be achieved without suf�cient
observations of a large set of quantities characteristic ofEarth system processes. As
emphasized by the Earth Observation Summits (EOSs), there is an urgent need for
comprehensive Earth observations (see the documents in theAppendices of GEO,
2005b). Earth observations are not only necessary for a scienti�c understanding of
the Earth, they are fundamental for most societal areas ranging from disaster pre-
vention and mitigation, the provision of resources (such asenergy, water and food),
improving our understanding of climate change, the protection of the biosphere, en-
vironment, and human health, and ultimately to the buildingand management of a
prosperous global society.

1.2 The potential: geodesy's contribution to a global society

Geodesy is the discipline that deals with the measurement and representation (ge-
ometry, physics, temporal variations) of the Earth and other celestial bodies (Sideris,
2007). The “three pillars” of geodesy are the Earth's time-dependent geometric
shape, gravitational �eld, and rotation (Figure 1.1). Today, along with these pillars
a number of related quantities are observed with terrestrial and space-geodetic tech-
niques using a combination of spaceborne and airborne sensors andin situnetworks
(see Chapter 2). With its observational means, geodesy has the potential to deter-
mine, unambiguously and with utmost precision, the geometric shape of land, ice,
and ocean surfaces as a global function of space and time. Since the dense web of
microwave radiation used for geodetic positioning passes through the atmosphere,
its interaction with the atmosphere yields important weather parameter information.
The geometric methods when combined with global gravity information and the
geoid, allow us to infer mass anomalies, mass transport phenomena and mass ex-
change in the Earth's system. Finally, the variations in Earth rotation re�ect mass
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transport in the Earth system and the exchange of angular momentum among its
components.

Observations of the Earth's variable shape, gravity �eld, and rotation provide the
basis for the realization of the reference systems that are required in order to assign
(time-dependent) coordinates to points and objects, and todescribe the motion of the
Earth in space (Figure 1.1). For this purpose, two referencesystems are intrinsic in
geodesy, namely the celestial reference system and the terrestrial reference system,
which are dynamically linked to each other by the Earth's rotation. The two most
accurate reference systems currently available are the International Celestial Refer-
ence System (ICRS) and the International Terrestrial Reference System (ITRS)(see
Section 2.2 for more details), which are de�ned by the International Earth Rota-
tion and Reference Systems Service (IERS). These systems are conventional co-
ordinate systems that include all conventions for the orientation and origin of the
axes, the scale, and the physical constants, models, and processes to be used in
their realization. Based on observations, these systems can be realized through their
corresponding “reference frames”. The frame corresponding to the ICRS is the In-
ternational Celestial Reference Frame (ICRF), which is a set of estimated positions
of extragalactic reference radio sources. The frame corresponding to the ITRS is
the International Terrestrial Reference Frame (ITRF), which is a set of estimated
positions and velocities of globally distributed reference marks on the solid Earth's
surface. These two frames are linked to each other by estimates of the Earth Orien-
tation Parameterss (EOPs). ICRS, ITRF and the EOPs are provided by IERS.

Today, the internationally coordinated geodetic observations of the global geode-
tic station networks provide a continuous monitoring of theITRF. This well-de�ned,
long-term stable, highly-accurate, and easily accessiblereference frame is the basis
for all precise positioning on and near the Earth's surface.It is the indispensable
foundation for all sustainable Earth observations,in situ, as well as airborne and
spaceborne. Furthermore the ITRF underpins all geo-referenced data used by soci-
ety for so many uses. At the most foundational level the ITRF rigorously supports
the Spatial Data Infrastructure (SDI). The SDI is a model of all geo-referenced data
that consists of many layers, all connected to the geodesy layer which is the realiza-
tion of the ITRF at national and regional (and increasingly the international) scale.
The other layers of the SDI are like elements of a ”house”, built on strong founda-
tions, and include map and image data of the physical surfaceof the Earth, its terrain,
waterways, forests, vegetation and habitats; transport and built infrastructure such
as roads, railways, and other structures; cadastral land boundaries; political bound-
aries; and many others. These layers of digital geo-referenced data are crucial for
many activities, ranging from mapping, construction, landdevelopment, natural re-
source management and conservation, navigation - in fact all decision-making that
has a geo-related component.

Historically, geodesy was limited to determining the shapeof the Earth, its grav-
ity �eld, and its rotation including their changes over time. With modern instrumen-
tation and analytical techniques, the scope of geodesy has extended to include the
causes of the observed changes, i.e., the dynamics of and mass transport within the
Earth system. With this broader scope, new pathways emerge in which geodesy can



4 Plag et al.

Fig. 1.1. Constituents of an integrated geodetic monitoring system. The “three pillars”
of geodesy provide the conceptual and observational basis for the reference frames
required for Earth observation. These three pillars are intrinsically linked to each other
as they provide different observation related to the same Earth system processes.

contribute to the scienti�c understanding of the Earth system as well as the devel-
opment, functioning, and security of society in general.

To a large extent, geodesy is a “service science”. In the past, the main “cus-
tomers” of geodesy came from the surveying and mapping profession, while today
geodesy serves all Earth science, including the geophysical, oceanographic, atmo-
spheric, and environmental science communities. Consequently, today the develop-
ment of the geodetic observing system is guided by the user requirements of a much
broader “customer” base.

With the “three pillars”, geodesy precisely observes and consistently monitors
mass movement in the Earth system and its associated dynamics:

� Geokinematics: measuring the geometric shape of the Earth's surface (solid
Earth, ice and oceans) and its kinematics and variations, onglobal to local spatial
scales, and at time scales from rapid to secular;

� Earth rotation: monitoring the variations of the Earth's rotation as an indicator
of all angular momentum exchange inside, on or above the solid Earth, as well
as of the torques acting on the solid Earth (including those due to the Sun and
Moon); and

� Gravity �eld: determining and monitoring the Earth's gravity �eld and inferring
the underlying mass redistributions in the solid Earth, liquid core, atmosphere,
oceans, hydrosphere, and cryosphere.
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Ultimately, all geodetic observations are affected by the same physical Earth sys-
tem processes. Thus, geodesy provides a unique framework for monitoring and ul-
timately understanding the Earth system as a whole. Modern space-geodetic tech-
niques are well suited for observing phenomena on global to regional scales, and
thus are an important complement to traditionalin situ observation systems.

The rapid development of space-geodetic techniques (see Chapter 2) also enables
auxiliary applications that utilize the atmospheric disturbance of geodetic measure-
ments (ionosphere, troposphere, magnetic �eld) for non-geodetic applications. At-
mospheric disturbances formerly were the natural factor limiting the accuracy of
geodetic measurements. Now this “noise” is increasingly being recognized as “sig-
nal”, and the distortions of microwave signals propagatingthrough the atmosphere
can be “inverted” for atmospheric parameters and utilized for numerical weather
prediction (e.g., Jerrett & Nash, 2001; Elgered et al., 2005), climate studies, and
studies in atmospheric physics.

A major driver for the development of the geodetic observingsystem is the
progress of science. In addition, technological advances with improved sensors, net-
works, and communications, the impact of nanotechnology, and the development of
new and improved observing systems (for example, Interferometric Synthetic Aper-
ture Radar (InSAR), LIght Detection And Ranging (LIDAR) andall remote sensing
missions, including Gravity Recovery and Climate Experiment (GRACE), Gravity
�eld and steady-state Ocean Circulation Explorer (GOCE), and future satellite mis-
sions) are key drivers. As pointed out above, the mounting pressure of environmen-
tal changes and the associated societal needs demand improved Earth observations
which in turn put increasing demands on the geodetic observing system. Issue such
as hazards monitoring and understanding of global change, the exponential growth
of, and need for, geo-spatial information, and the complexity and scale of the global
problems that cannot be solved by a single science require a well developed geodetic
observing system. Geodetic expertise is therefore increasingly needed, and valued,
by other sciences (Sideris, 2007).

With this development, geodesy faces several challenges (Sideris, 2007), namely:
(1) inter-disciplinarity is required in order to contribute to collaborative solutions to
problems, to allow for an optimal assimilation of a wide spectrum of observations
into inter-disciplinary models, and to enable to interpretation and separability of the
various signals; (2) development of a framework for a four-dimensional geodesy
is required, in which temporal variations in the shape of theEarth and its gravity
�eld are fully accounted for, long-term observation campaigns and archiving are
planned with the 4-D nature of the system in mind, and an accuracy level for geo-
metric and gravimetric quantities of much better than 10� 9 (approaching 10� 12) is
achieved; and (3) the recognition of what geodesy is and who bene�ts from needs to
be communicated through appropriate outreach, and geodesy, in particular the Inter-
national Association of Geodesy (IAG), faces the challengeof how best to promote
the geodetic contributions to science and society at large.

Many scienti�c applications depend on a detailed knowledgeof the Earth's
shape, its gravity �eld and rotation (see Chapter 3), and in the past geodesy has
(with ever-increasing accuracy) provided the necessary observations. The relatively
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recent advent of space-geodetic techniques has brought about a rapid development
in global geodesy. The relative precision of the measurements is approaching the
very impressive level of 1 parts per billion (ppb) or even better. Today, geodetic
techniques permit the measurement of changes in the geometry of the Earth's sur-
face with an accuracy of millimeters over distances of several thousand km.

Over the last one and a half decades, the global geodetic networks have pro-
vided an increasingly detailed picture of the kinematics ofpoints on the Earth's
surface and the temporal variations in the Earth's shape. Among other applications,
the observations have been used to determine improved models of the secular hor-
izontal velocity �eld (e.g., Kreemer & Holt, 2001; Kierulf et al., 2002; Kreemer
et al., 2003), to derive seasonal variations in the terrestrial hydrosphere (e.g., Ble-
witt et al., 2001), to study seasonal loading (e.g., Dong et al., 2002), to invert for
mass motion (e.g., Wu et al., 2003), and to improve the modeling of the seasonal
term in polar motion (Gross et al., 2004). Geodetic techniques provide the means to
observe surface deformations on volcanoes (e.g., Lu et al.,2000; Lanari et al., 2002;
Bonforte & Puglisi, 2003), in unstable areas (e.g., Ferretti et al., 2004), associated
with earthquakes and fault motion (e.g., Banerjee et al., 2005; Vigny et al., 2005;
Kreemer et al., 2006b), or subsidence caused by anthropogenic activities such as
groundwater extraction (e.g., Strozzi et al., 2002). Current developments indicate
that geodetic observing techniques will be able to determine the magnitude of large
earthquakes in near-real time and thus help mitigate the problem of low initial mag-
nitudes estimated by seismic techniques (Blewitt et al., 2006b).

Spaceborne sensor systems play an important role in Global Change studies.
With satellites it is feasible to observe Earth system processes globally, uniformly
and with relatively rapid repetition rates. Nevertheless,the results are still inconclu-
sive, as evidenced by the ongoing debate about global warming (see, e.g., Hogan,
2005, and the references therein).

If the geodetic observations and products can be provided ona global scale with
a precision at or below the 1 ppb level, consistently, and with suf�cient stability over
decades, geodesy can make very important contributions to our understanding of the
state and dynamics of System Earth (see Chapter 5). A prerequisite for exploiting
the full potential of geodesy for Earth observation, Earth system monitoring, and
many practical applications, is a sophisticated integration of all geodetic techniques
(spaceborne, airborne, marine and terrestrial), processing models and geophysical
background models into one system model. This integration will permit – as part
of global change research – the assessment of surface deformation processes and
the quanti�cation of mass anomalies and mass transport inside the individual com-
ponents, and mass exchange between the components of the Earth's system. These
quantities serve as input to the study of the physics of the solid Earth, ice sheets and
glaciers, hydrosphere and atmosphere. They are of particular value for the study of
complex phenomena such as glacial isostatic adjustment, the evolution of tectonic
stress patterns, sea level rise (and fall), the hydrological cycle, transport processes
in the oceans, and the dynamics and physics of the atmosphere(troposphere and
ionosphere).
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Geodesy is crucial not only for Earth observation and science, but today it is also
indispensable for many activities in a modern society. Traditionally, geodesy has
served society by providing reference frames for a wide range of practical applica-
tions from regional to global navigation on land, sea, and inthe air, construction
of infrastructure, to the determination of reliable boundaries of real estate proper-
ties. Reference frames were, however, national or regionalin scope, adequate for
the determination of coordinates relative to a network of reference points. Thus, de-
termination of precise coordinates required simultaneousmeasurements at several
points. Today, the Global Navigation Satellite System (GNSS) also provides ac-
cess to precise point coordinates in a global reference frame anytime and anywhere
on the Earth's surface with centimeter-level accuracy, without requiring additional
measurements on nearby reference points.

On the user side, such technological developments have stimulated new ap-
plications demanding even greater accuracy and improved access to geodetically-
determined positions. On local to regional scales, applications such as land survey-
ing, monitoring of critical infrastructure, prevention and mitigation of impacts of
environmental hazards, and numerous technical applications require more or less
instantaneous access to a reliable reference frame with centimeter-level accuracy or
better. Already today, the economic bene�t of the geodetic reference frame is enor-
mous (see, e.g., Williams et al., 2005), and as more and more societal applications
become depended on precise positioning this is very likely going to increase. In
particular, the emerging combination of broadband communications, geo-databases
and easily accessible accurate positioning can be expectedto facilitate the develop-
ment of many new applications and services (see Chapter 4), which will transform
society and lead to an increasing dependence on the geodeticfoundation, i.e., the
terrestrial geodetic reference frame and tools for easy access to this frame.

1.3 The observing system: the current development of the Global
Geodetic Observing System

The international cooperation fostered by the IAG has led tothe establishment of
the IAG Services, which provide increasingly valuable observations and products
not only to the scienti�c community but also for a wide range of non-scienti�c
applications. The IAG has therefore taken the �rst steps towards the implementation
of the Global Geodetic Observing System (GGOS). GGOS was created as an IAG
Project during the IUGG meeting in 2003 in Sapporo, Japan. After the �rst two
years devoted to the de�nition of the internal organizational structure of GGOS and
its relationship with external organizations, the Executive Committee of the IAG at
its meetings in August 2005 in Cairns, Australia, decided toprogress the Project into
the implementation phase. Finally, at the IUGG meeting in 2007 in Perugia, Italy,
the IAG elevated GGOS to the status of a full Component of IAG as the Observing
System of IAG.



8 Plag et al.

Fig. 1.2. Organizational links and relationships of GGOS. GGOS is being built on the
scienti�c support from the IAG Commissions and the infrastr ucture of the IAG Services.
GGOS integrates the work of the Services through a number of GGOS Working Groups
and provides coordination and advice through its Committees. GGOS links these en-
tities to the main programs in Earth observations, and provides a unique interface for
GGOS users to the geodetic services. Modi�ed from Plag (2006 a).

GGOS as an organization is being built on the existing IAG Services as a uni-
fying umbrella. Figure 1.2 shows the current organizational structure of GGOS
with its Committees, Panels and Working Groups, the links tothe IAG Services
and Commissions, regional organizations, and to the outside world. In particular,
the large international programs such as the Group on Earth Observations (GEO),
which is implementing the Global Earth Observation System of Systems (GEOSS),
and the relevant United Nations programs (see Chapter 5 for more details of these
programs). GGOS provides the links between the IAG Servicesand the main pro-
grams in Earth observations and Earth science. It constitutes a unique interface for
many (although not all) users of the geodetic services. GGOSadds a new quality
and dimension to Earth system research by combining the geodetic techniques into
one observing system of highest accuracy in a well-de�ned and reproducible global
terrestrial frame. The observing system, in order to meet its objectives, has to com-
bine the highest measurement precision with spatial and temporal consistency that is
maintained over decades. The research needed to achieve these goals will in�uence
the agenda of the IAG Commissions and the GGOS Working Groups.

According to the IAG By-Laws, GGOSworks with the IAG Services and Com-
missions to provide the geodetic infrastructure necessaryfor the monitoring of the
Earth system and global change research.The vision for GGOS implicit in this
statement is to empower Earth science to extend our knowledge and understanding
of Earth system processes, to monitor ongoing changes, and to increase our capa-
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bility to predict the future behavior of the Earth system. The mission of GGOS
embedded in the statement is to facilitate collaboration ofthe IAG Services and
Commissions, and other stakeholders in the Earth science and Earth observation
communities, to provide scienti�c advice and coordinationthat will enable the IAG
Services to develop products that can meet the requirementsof global change re-
search, and to improve the accessibility of geodetic observations and products for
a wide range of users. The IAG Services bene�t from GGOS as a framework for
communication, coordination, and scienti�c advice necessary to develop improved
or new products with increased accuracy, consistency, resolution, and stability. IAG
bene�ts from GGOS as an agent for improved visibility of geodesy's contribution
to the Earth sciences and to society in general. The users bene�t from GGOS as
a single interface to the global geodetic observation system not only for access to
products but also to voice their needs. Society bene�ts fromGGOS as a utility sup-
porting Earth science and global Earth observation systemsas a basis for informed
decisions.

GGOS as an observing system utilizes the existing and futureinfrastructure pro-
vided by the IAG Services. It will provide consistent observations of the spatial and
temporal changes in the shape and gravity �eld of the Earth, as well as the temporal
variations of the Earth's rotation (Figure 1.1). In particular, GGOS will provide on a
global scale and in relation to one reference system a means to determine the spatial
and temporal changes in the shape of the solid Earth, oceans,ice cover and land
surfaces. In other words, it will provide a global picture ofthe surface kinematics of
our planet. It will provide, in addition, estimates of mass anomalies, mass transport
and mass exchange within the Earth system. Surface kinematics and mass transport
together are the key to the determination of global mass balance, and an important
contribution to the understanding of the energy budget of our planet (e.g., Rummel
et al., 2002, 2005; Drewes, 2006). Moreover, the system willprovide the obser-
vations that are needed to determine and maintain a terrestrial reference frame of
higher accuracy and greater temporal stability than what isavailable today (Beutler
et al., 2005).

GGOS as a system will exploit (and try to extend) the current constellation
of satellite missions relevant to this goal, and missions planned for the next two
decades, by integrating them into one observing system. Thefoundation for this
integration are the existing global ground networks of tracking stations for the
space-geodetic techniques: Very Long Baseline Interferometry (VLBI), Satellite
Laser Ranging (SLR), Lunar Laser Ranging (LLR), GNSS, and Doppler Orbitog-
raphy and Radiopositioning Integrated by Satellites (DORIS). GGOS will integrate
these tracking networks with terrestrial gravity networks. GGOS will complement
the space segment and global ground network with airborne and terrestrial cam-
paigns that serve the purpose of calibration and validation, regional densi�cation,
and re�nement. Assimilation of these observations into models of weather, climate,
oceans, hydrology, ice and solid Earth processes will fundamentally enhance the
understanding of the role of surface changes and in the dynamics of our planet. Fur-
thermore, through the analysis of the dense web of microwaveradiation connecting
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the GNSS satellites with Low Earth Orbiters (LEO) and with the Earth's surface a
powerful new technique emerges for probing the atmosphere's composition.

It is clear that GGOS has two very distinct aspects: (1) the “organization GGOS”
consisting of components such as the Steering Committee, Science Panel, Bureaus,
Working Groups, etc., and (2) the “observating system GGOS”comprising the in-
frastructure of many different instrument types, satellite missions, and data and anal-
ysis centers. While GGOS as an organization is establishingits structure from es-
sentially new entities, the observational infrastructurefor GGOS as the observing
system is being largely provided by the IAG Services. Most ofthis book addresses
issues related to the observing system aspect of GGOS, whilethe organizational
aspect is considered mainly in Chapter 10.

The challenge for geodesy in terms of Earth system monitoring is well summa-
rized by Chao (2003), who states: “After three decades and three orders of mag-
nitude of advances, space geodesy is poised for prime time inobserving the inte-
grated mass transports that take place in the Earth system, from high atmosphere
to the deep interior of the core. As such space geodesy has become a new remote
sensing tool, in monitoring climatic and geophysical changes with ever increasing
sensitivity and resolution.

The transport of mass and energy are key processes that determine the dynamics
of our Earth system. The Earth system can be conveniently viewed through its com-
ponents, so-called geophysical �uids – the atmosphere, hydrosphere, cryosphere,
biosphere, lithosphere, and the deep interior of mantle andcores. All geophysical
�uids undergo a host of mass transports for various reasons,external as well as
internal. Studying these processes is undoubtedly one of the most interdisciplinary
�eld in all of Earth sciences. However, mass transport has not received due at-
tentions.” Meeting the challenge of developing the geodetic observing system into
a mass transport and dynamics observing system is a primary motivation for this
book.

GGOS (the observing system) faces two types of scienti�c andtechnological
challenges, namely an “internal” challenge and an “external” challenge (see Chap-
ter 3). The “internal” challenge to geodesy is to develop GGOS and the geodetic
technologies so that they meet the demanding user requirements in terms of refer-
ence frame accuracy and availability, as well as in terms of spatial and temporal res-
olution and accuracy of the geodetic observations. Developing an observing system
capable of measuring variations in the Earth's shape, gravity �eld, and rotation with
an accuracy and consistency of 0.1 to 1 ppb, with high spatialand temporal resolu-
tion, and increasingly low time latency, is a very demandingtask. Accommodating
the transition of new technologies as they evolve in parallel to maintaining an oper-
ational system is part of this challenge. The “external” challenge is associated with
the integration of the “three pillars” into a system providing information on mass
transport, surface deformations, and dynamics of the Earth. The Earth is a complex
system with physical, chemical and biological processes interacting on spatial scales
from micrometers to global and temporal scales from secondsto billions of years.
Therefore, addressing the “external” challenge requires a“whole Earth” approach
harnessing the expertise of all �elds of Earth science.
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Fig. 1.3. The dynamic Earth. The interaction of solid Earth, hydrosphere, and atmo-
sphere processes has created a highly complex system. From Solomon & the Solid
Earth Science Working Group (2002).

The “internal” challenge provides GGOS with a central themefor research and
development inside IAG. This book is a �rst step in sketchinga roadmap for this
central theme that will lead to a fully de�ned implementation plan.

The biggest challenge for geodesy, however, may arise from recent developments
in global Earth observation. Stimulated by the international quest for sustainable
development and the resulting demand for information on thecurrent state and fu-
ture evolution of the Earth system (GEO, 2005a), the need forcomprehensive Earth
observations is acknowledged in extensive programs of the United Nations, the Eu-
ropean Union, and the international community, culminating in the establishment
of the GEO at the EOS-III on 16 February 2005 in Brussels, Belgium. GEO has
the task of implementing according to the Ten-Year Implementation Plan (TYIP)
endorsed by EOS-III (GEO, 2005a, see also Section 5.1). ThisTYIP is likely to
guide the development of global Earth observation programsover the next decade.
The challenge is therefore to integrate GGOS as an organization into the context
of Earth observation and society, and to develop GGOS as an observing system in
accordance with the strategies and methodologies of the global observing systems
for the mutual bene�t of all. Earth observation and society at large will bene�t from
the availability of geodetic observations and products, and GGOS will bene�t from
an improved visibility and acknowledgment of the valuable service it provides.

In order to facilitate the integration of GGOS into GEOSS, IAG is a Partici-
pating Organization in GEO and is represented there by the GGOS organization.
GGOS is also a contributing system to the GEOSS, which is implemented by GEO.
GGOS was a Partner of Integrated Global Observing Strategy Partnership (IGOS-P)
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(Plag et al., 2006a) and continues to contribute to several of the GEO Community of
Practices (COPs) that developed out of IGOS-P Themes. Moreover, steps are being
taken to strengthen joint initiatives with government organizations and international
bodies. These initiatives will enhance the visibility of geodetic activities in the con-
text of Earth sciences, Earth observation and practical applications (Plag, 2006b).

1.4 The strategy: where to go from here

Identifying the requirements for observations and products of geodesy for a wide
range of scienti�c and societal applications is an important prerequisite for de�n-
ing a set of functional speci�cations of a geodetic observing system that would be
able to serve some or all these applications. Compiling a comprehensive set of URs
for geodetic observations and products and deriving functional speci�cations for a
global geodetic observing system is one of the two major goals of this book. The
other goal is to specify, based on the functional requirements, the system design of
a future GGOS and to de�ne the steps towards the implementation of this GGOS.

In Chapter 2 we �rst give an introduction to the “ways and means of geodesy” in
general, and global geodesy in particular. Emphasis is on the introduction of modern
geodetic techniques and methods, but the achievements and current contributions
are brie�y reported. This Chapter sets the stage for what is currently available and
achievable.

Chapters 3 to 6 review the requirements for geodetic observation, products, and
services for scienti�c investigations, monitoring the Earth system, maintaining a
modern society, and exploring the planets and the solar system, respectively. In
Chapter 3, the open scienti�c questions concerning the solid Earth, atmosphere, hy-
drosphere, and cryosphere and their interactions are reviewed with emphasis on how
geodetic observations could contribute to providing answers to these fundamental
questions. Chapter 4 looks at the many activities in a modernsociety that depend
on or bene�t from geodetic observations and products, such as navigation, survey-
ing, mapping, construction, process control, and outdoor activities, and discusses
the requirements particularly in terms of access to coordinates in a well-de�ned and
well-maintained reference frame. Chapter 5 starts with therequirements of the key
societal bene�t areas of Earth observation (see Table 5.1 inChapter 5 on page 155)
as identi�ed by the EOS-II, listed in the Reference Documentfor the TYIP for
GEOSS (GEO, 2005b). These essentially qualitative requirements are then further
developed into a set of quantitative requirements. Geodesyis not only essential for
many applications on Earth but it also provides the basis forstudying and exploring
the planets and the solar system. These requirements are addressed in Chapter 6.

In Chapter 7 the results of the previous chapters are used to compile a compre-
hensive set of quantitative requirements linking the different requirements to ap-
plications and users. Based on this set, functional speci�cations for an observing
system are derived.
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Two global geodetic references systems, one rotating with the solid Earth, and
the other one �xed in space, are fundamental concepts for geodetic theories, models
and observations, and their realization through corresponding reference frames is a
key task of global geodetic activities. Both the reference systems and the frames are
governed by conventions not only concerning the axes and origin of the reference
system but also the observations, constants, analysis methods, and models used in
their realization. Chapter 8 reviews the current approach and develops it further
so that future reference frames will meet the requirements de�ned in the previous
chapters.

Chapter 9 addresses the design of the GGOS that is able to meetthe functional
speci�cations set out in Chapter 7. In this Chapter, use is made of the full set of
available techniques including a consideration of the ground-based, airborne and
spaceborne components.

The current GGOS is based on the voluntary commitment of manycontributing
countries, organizations, institutions and individuals.This situation leads to �uctu-
ations in available resources, and therefore requires a high degree of redundancy in
order to ensure a suf�cient geodetic infrastructure. This infrastructure is central to
the provision of a reference frame meeting the requirementsof both scienti�c and
non-scienti�c applications as well as for the contributionto international programs
and activities directed towards global Earth observation.Chapter 10 describes steps
necessary for the implementation of the system de�ned in Chapter 9 taking into
account the available infrastructure as well as the currentorganizational and fund-
ing situation. With respect to the organizational background, the Chapter considers
alternative approaches, including an intergovernmental one.

Finally, Chapter 11 provides recommendations for the development of GGOS,
the implementation of its proposed components, and its future organization. Rec-
ommendations are given for improving the framework conditions, the infrastruc-
ture, the products, and the organizational background for global geodesy as a multi-
national endeavor.





Chapter 2
The goals, achievements, and tools of modern
geodesy

H.-P. Plag, Z. Altamimi, S. Bettadpur, G. Beutler, G. Beyerle, A. Cazenave, D.
Crossley, A. Donnellan, R. Forsberg, R. Gross, J. Hinderer,A. Komjathy, C. Ma,
A. J. Mannucci, C. Noll, A. Nothnagel, E. C. Pavlis, M. Pearlman, P. Poli, U.
Schreiber, K. Senior, P. L. Woodworth, S. Zerbini, C. Zuffada

2.1 Introduction

Friedrich Robert Helmert (1843-1917) de�ned geodesy as thescience “of measure-
ments and mappings of the Earth's surface”. Over time, this de�nition of geodesy
has been extended, mainly as a consequence of technologicaldevelopments al-
lowing geodesy to observe the Earth on global scales with high accuracy. Today,
geodesy is the science of determining the geometry, gravity�eld, and rotation of the
Earth and their evolution in time. This understanding of modern geodesy has led to
the de�nition of the “three pillars of geodesy”, namely (1) Geokinematics, (2) Earth
Rotation and (3) the Gravity Field (see Figure 1.1 on page 4).These three pillars
are intrinsically linked to each other, and they jointly change as a consequence of
dynamical processes in the Earth system as a whole. The changes in Earth's shape
(including the surface of the water and ice bodies), i.e. thegeokinematics, are the
result of dynamic processes in the solid Earth and its �uid envelope, affecting mass
distribution and angular momentum, and thus changing the gravity �eld and Earth
rotation.

Traditionally, geodesy has been a service science, providing an important utility
to other sciences and many applications. This aspect has remained unchanged, and a
principal tool and output of geodesy is a reference frame allowing the determination
of the position of points relative to each other. But geodesyhas developed into a
science that can no longer satisfy this service aspect without encompassing and
monitoring the whole Earth system, its kinematic and dynamics. As an additional
bene�t, geodesy is increasingly forced not only to “measure” the geokinematics,
gravity �eld, and rotation, but also to “model” these quantities on the basis of mass
transport and dynamics.

The instruments (or measurement tools) are of crucial importance in geodesy.
They in essence de�ne the scope of the problems, which may be addressed by
geodesy. Before the advent of the space age the geometrical aspects were studied
mainly by measuring angles and time (time-tagging of the observations). In the best
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case, angles were measured with sub-arcsecond accuracy, and time with an accuracy
of a few microseconds. The angles de�ne a unit vector from theobserver to the ob-
served object (a terrestrial target or a celestial object such as stars, the Moon, etc.) at
particular epochs. When observing celestial objects, the classical observation tech-
nique is calledastrometry. For time measurement one made the distinction between
theastronomical clocks(de�ned, for example, by Earth rotation or, alternatively,by
the motion of the Moon and/or planets) and the man-made mechanical clocks. Ac-
curacy and long-term stability of the astronomical clocks could never be reached by
mechanical clocks. They were, however, of crucial importance for solving practical
problems in navigation (like the problem of determining thelongitude at sea or the
longitude difference between sites on different continents) and, of course, for inter-
polating the astronomical time. Gravity was studied by measuring the zenith (actu-
ally nadir) direction (i.e., the unit vector along which gravity acts) in a well-de�ned
geometric reference frame and/or by measuring the absolutevalue of the gravity
vector. Both measurement types are heavily affected by the mass distribution in the
environment of the measuring instruments, which makes the interpretation of their
contribution to global gravity �eld determination problematic.

The advent of the space age (marked by the launch of the �rst arti�cial Earth
satellite on October 4, 1957) together with the developmentof atomic clocks (�rst
realized by crystal oscillators in the 1950s, then by atomicclocks like, for example,
the hydrogen masers) to precisely measure epochs and time intervals initiated an
extremely rapid development of novel observation techniques and, associated with
that, scienti�c opportunities, which revolutionized the entire �eld of geodesy. It be-
came in particular possible to

1. connect different continents by simultaneously observing high orbiting, bright
satellites from sites located on different continents using astrometry;

2. measure distances through the measurement of the propagation time of short
light pulses between an observatory on the Earth's surface and an arti�cial Earth
satellite;

3. exploit the signals emitted by stable oscillators onboard navigation satellites and
recorded by receivers on the Earth surface or in the near-Earth space to determine
the time development of the distance between the satellite emitting the signal and
the receiver(s) recording it;

4. correlate the signals emitted by Quasars (radio galaxies“at rest” in the inertial
space) and received by two radio telescopes to establish thedistance difference
between the telescopes, as seen from the Quasars at the measurement epochs;

5. use the trajectories of arti�cial Earth satellites to determine the Earth's gravity
�eld;

6. use atomic time to study the rotation of the Earth and the motion and rotation of
other objects in our planetary system.

The �rst of the above items initiated the concept of modern terrestrial reference
systems and frames, with the frames being the realization ofthe systems. Items 2-4
represent “new” observation techniques, which in essence ruled out astrometry and
replaced it by the measurement of distances or distance differences. A somewhat
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simplistic order of magnitude calculation shows that this step resulted in a gain
in accuracy of about 2-3 orders of magnitude: A typical errorof 0.1”-1.0” in the
astrometric position implies a tangential error at a typical distance of 1000 km to a
satellite of about 0.5-5 m, whereas the new observation techniques typically measure
distances with accuracies of about 1-5 mm. This gain gives access to a whole suite
of new problems, which can now be addressed by modern geodesy. Items 1 to 3 are
so-called satellite-geodetic techniques. Items 1 to 4 are also referred to as space-
geodetic techniques.

Item 5 allows us to study the Earth's global gravity �eld in detail. By modeling
the satellite orbits as solutions of the equations of motion, which contain the param-
eters describing the Earth's gravity �eld, and by using the satellite geodetic observa-
tions in particular of the Laser satellites, and, more recently, of LEOs equipped with
GNSS receivers, it became possible to determine the Earth'sglobal gravity �eld al-
ready before the end of the 20th century in astonishing detail. A quantum jump in
accuracy and resolution is being achieved with the suite of dedicated space missions
Challenging Minisatellite Payload (CHAMP), GRACE, and, most recently, GOCE,
which were deployed in the �rst decade of the 21st century.

Item 6 marks an important change of paradigm in geodesy and fundamental as-
tronomy: Instead of using the Earth rotation and lunar/planetary motion to de�ne
and realize time, in particular Universal Time (UT), it is now possible to study the
Earth's rotation and planetary motion as a function of atomic time (or Coordinated
Universal Time (UTC), which is today derived uniquely from atomic time). This
aspect is of particular importance for the problems associated with the second pillar
of modern geodesy, namely the study and monitoring of Earth rotation.

In accordance with the development of measuring techniques, the concepts of
the Earth system, including the solid Earth, changed, in�uenced by both geodetic
observations and a better understanding of the Earth systemand its main processes.
For a long time, geodetic concepts were based on a static viewof the solid Earth,
and terrestrial reference frames were based on �xed coordinates of points on the
Earth's surface. Over the last �ve decades, the developmentin our understanding of
the solid Earth and the total Earth system has made it clear that the solid Earth's
surface undergoes continuous deformations, changing the relative position of all
points on a wide range of time scales. The invention and rapidimprovement of the
space-geodetic technologies have provided a wealth of observations documenting
the surface deformations, irregularities in the Earth's movement in space and the
extent of mass movements in the Earth's system. At the same time, scienti�c and
societal applications pose increasing requirements on theaccuracy and reliability of
positioning as well as navigation. A detailed review of requirements for geodetic ob-
servations and products in Earth observations, scienti�c studies, and societal appli-
cations (see Chapters 3 to 7) demonstrates that in terms of precise point positioning,
the requirements in terms of accuracy are on the order of centimeter for real-time
or low-latency application, 1 cm or better on daily time scales, a few mm/yr for
intraseasonal time scales, and of the order of 0.1 mm/yr on interannual to secular
time scales. Thus, relative to the size of the Earth, a general accuracy requirement
for geodetic observations and products of the order of 10� 9 or less can be stated.
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Considering the characteristics of the spatio-temporal variations in Earth's shape,
rotation and gravity �eld, the task to establish a referenceframe with an accuracy at
or below the 1 ppb level is a demanding and scienti�cally challenging endeavor. The
Earth's surface is constantly deformed by internal and external processes including
earthquakes, Earth tides, surface loading (present and past) caused by the atmo-
sphere, hydrosphere, and cryosphere, sediment loading, and mantle convection. All
these processes have to be accounted for at a level well belowthe targeted accuracy
of 1 ppb. This requires geodesy to interact with other geosciences and to take an
Earth system approach, which considers the effects of external forcing, atmosphere,
ocean, terrestrial hydrosphere, and cryosphere on the solid Earth. Consequently,
the realization and maintenance of reliable reference frames on local, regional and
global scales as well as the provision of techniques for high-precision positioning
has received growing attention within geodesy and in Earth science in general.

Considering the importance of the geodetic reference frames, in Section 2.2, the
concepts for reference systems and their realization through reference frames is in-
troduced and the two main geodetic reference systems are described. This sets the
stage for a more detailed discussion of the “three pillars ofgeodesy” and their inter-
relations in Section 2.3 and the current state-of-art of theobserving system in each
of the three pillars in the Sections 2.4 to 2.6, respectively. Subsequently, Section 2.7
addresses a central issue for geodesy, that is access to accurate time. Section 2.8
brie�y describes measures taken to ensure consistency between the geodetic obser-
vations and identi�es key open questions. Finally, Section2.9 introduces auxiliary
applications of geodetic and related observations, which increasingly are developed
adding a multi-application aspect to geodesy and opening new �elds of research.

2.2 Geodetic reference systems and frames

As pointed out earlier in this book, a principal goal of geodesy is to provide the
means to assign coordinates to points as a function of time. Position and movement
are not absolute quantities and depend on the reference frame to which they are re-
ferred. In particular, observations of any celestial body,be it natural or arti�cial, or
of a point in the Earth system, can be used to describe the motion of this body only
if the observations can be referred to a well de�ned coordinate system. In an ideal
world, such a system could be de�ned through three coordinate axes, the origin, and
a scale, with the axis either being �xed in space or having a known movement with
respect to something else that is �xed. In the real world, theprovision of an acces-
sible coordinate system requires far more de�nition, whichcomprises a reference
system.

In the context of space geodesy, making use of natural and arti�cial celestial ob-
jects, there is a need for both the Celestial Reference System (CRS) and a Terrestrial
Reference System (TRS). The CRS, which is �xed in space, is required to describe
the motions of galaxies, stars, the sun, planets including the Earth itself, the Moon
and the satellites of other planets, and arti�cial satellites. Observations of points on
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the Earth's surface or related to the Earth's surface are often easier to relate to move-
ments of these points if they are referred to a TRS with axes �xed in some way to
the solid Earth and moving with the Earth in space.

It is of obvious practical advantage to agree upon one de�nition for each of the
celestial and terrestrial reference systems. This has led to the adoption of conven-
tional celestial and terrestrial reference systems (CCRS and CTRS, respectively). A
conventional reference system includes the speci�cation of the origin, the direction
of the axes (orientation in space), and the scale of the system in an appropriate way.
However, more is needed in order to complete the system such as conventions (see
Box 1 for an de�nition of geodetic conventions) on physical constants.

Box 1: Geodetic conventions and standards.
Convention In the context of this report, convention refers to an agreement between groups,
especially an international agreement, that is slightly less formal than a treaty. Conventions are
for example the agreed-upon way to transform from inertial frame to terrestrial frame, splitting
three unique angles that connect the two frames to a set of conventionally de�ned sub-group
of angles (polar motion, Earth rotation, nutation and precession). In geodesy, conventions often
regulate ways to process data in order to ensure comparability of the resulting products. In many
cases, standards (see below) adopted by e.g. IAG/IUGG become part of conventions. For exam-
ple, standards that de�ne the “refractivity” of the atmosphere at various wavelengths adopted by
IAG/IUGG are later used in “conventional” approaches of thedetermination of the propagation
delays through the atmosphere.
Standard In geodesy, a standard refers to an authorized model (normally authorized by IAG
or IUGG or other international bodies recognized by IAG/IUGG) used to de�ne a unit of mea-
surement. Examples of standards are the de�nition of the meter, the speed of light, and similar
physical constants.

Another issue is to gain access to such a reference system. Modern conventional
celestial and terrestrial reference systems in fact are realized through coordinates of
a set of points and objects determined from observations analyzed with appropriate
mathematical and physical models. Such a realization of a reference system is de-
noted as reference frame. In practice, the realization of a reference system through
such a frame requires continuous monitoring of the points orobjects. Given the
nature of the problem, any realization also requires the speci�cation of additional
boundary conditions that the reference frame should ful�ll. Moreover, models used
to analyze the observations and to correct for disturbancesin the coordinates of the
points and objects are an integral part of the realization, and therefore have to be in-
cluded in the convention specifying the reference system and its realization through
a frame.

It is not always clear whether the boundary conditions and models are considered
as part of the conventional reference system, part of the reference frame realizing
the system or the subject of an additional convention. Thereis certainly a trade-off
between the completeness of the conventions specifying thereference system and
the need to change the reference system when models or constants improve.

Figure 2.1 gives an overview illustrating the conventionalreference systems and
their realizations presently adopted by the relevant international scienti�c unions.
The two fundamental systems accepted by the relevant international scienti�c bodies
are the ICRS and the ITRS, which are realized by IERS through the ICRF and the
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Fig. 2.1. Overview of current conventional reference systems and their realizations.
The current Conventional Celestial Reference System (CCRS) adopted by the IAU is
the ICRS. In the radio-wavelength, this system is realized as ICRF through VLBI mea-
surements of extragalactical objects and as such maintained by the IERS. At optical
wavelengths, the observations made with the HIPPARCOS satellite allowed the ma-
terialization of the ICRS through the HIPPARCOS stellar frame.The tie between the
HIPPARCOS and the ICRS is determined to a high degree of accuracy (Kovalevsky,
1997). The current Conventional Terrestrial Reference System (CTRS) accepted by
IUGG is the ITRS, which is realized through the ITRFmaintained by the IERS. The tie
between the ICRF and ITRF is provided by the IERS' EOP. These describe the ori-
entation of the Celestial Ephemeris Pole (CEP) in the terrestrial and celestial systems
through the polar coordinates x and y and the nutation offsets dy and de, respectively,
and the orientation of the Earth around this axis through UT1-TAI as function of time.
From Plag (2006a).

ITRF, respectively. The IERS is a service under the joint auspice of IAG and IAU,
and for the ICRF, both organizations take responsibility.

These two frames are linked to each other through the Earth rotation. Today,
IERS provides parameters related to Earth's rotation underthe name of EOPs.

The ICRS is de�ned and maintained by the IERS. It was adopted by the IAU and
the IUGG as the primary celestial reference system, replacing its optical predeces-
sors based on fundamental star catalogs (see Box 2). The observation and analysis
aspects related to the realization of the ICRS through the ICRF are today coordi-
nated by the International VLBI Service for Geodesy and Astrometry (IVS).

The ITRS is also de�ned and maintained by the IERS. It is adopted by IAG and
IUGG as the primary terrestrial reference system, in particular, for Earth science ap-
plications. Unlike the ICRS, the realization of the ITRS through the ITRF is based
on a combination of results from several space geodetic techniques, and local sur-
vey measurements between reference points of geodetic instruments (so-called local
ties) co-located at the same sites. The combination is coordinated by the IERS, while
the observational aspects for each individual technique involved are coordinated by
technique-speci�c Services. Co-location sites (where twoor more instruments are
operating in close vicinity), are key elements in the ITRF combinations. While any
individual space geodesy technique (VLBI, SLR, DORIS, GNSS) is able to provide
necessary information for the ITRF, only the combination ofthe independent tech-
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Box 2: The ICRF
The ensemble of distant extragalactic objects constitutesa quasi-inertial reference frame in which
the motion and orientation of the Earth can be measured. In practice, this frame is accessed from
the Earth through VLBI observations of compact radio sources, for the most part quasars. The
red shifts of these quasars are large enough that their physical transverse movement cannot be
detected by current radio or optical techniques, and the objects can be treated conceptually as
�xed points in the sky. The International Astronomical Union (IAU) recognized the utility and
accuracy of the extragalactic celestial reference frame byadopting the ICRF effective 1 January
1998. ICRF-Extension.2 is a catalog of some 700 radio sourcepositions (Fey et al., 2004, see also
Figure 9.5). The positions and errors of the 212 “de�ning” sources of the ICRF de�ne (realize)
the axes and precision of the ICRS on which all celestial positions are now placed. While the
right ascension origin and pole of the ICRF are consistent with the previous FK5 stellar frame
within the much larger errors of FK5, the concept of the ICRS/ICRF is fundamentally different
in several respects. The de�ning objects of the ICRF have no real proper motions, and the axes
of the ICRS are decoupled from the equator, the ecliptic and any particular epoch.
The quasars and other compact radio sources that are included in the ICRF have point-like op-
tical images. Their red shifts indicate great distances so their emissions must be powered by
processes different from stars and galaxies, most probablymass in�ow onto massive black holes.
At the resolution of geodetic/astrometric VLBI using S-band (2 GHz) and X-band (8 GHz), the
objects are generally not point-like but have some structure that can also change with time. Such
structure changes can be seen as changes in position up to 1 milliarcsecond. The brightest extra-
galactic radio sources in fact have too much detectable structure to be good astrometric objects.
By balancing the competing criteria of source strength, compactness and constancy of structure
and position, a set of� 100 geodetic sources has been selected for routine geodeticVLBI obser-
vations while the remainder of the ICRF improves the distribution and density over the sky (see
Figure 9.5). It should be noted that the small number of VLBI stations in the Southern Hemi-
sphere causes the ICRF to be weaker in all aspects in the southern sky. The quasars in the ICRF
emit relatively strongly at microwave frequencies while the great majority of quasars are much
weaker or radio-quiet.
The ICRF now constitutes the fundamental celestial frame for all astrometric and geodetic pur-
poses. This includes both planetary ephemerides and satellite orbits. The former have been related
to the ICRF by specialized VLBI observations of transmitters on planets and spacecraft as well
as from locations of VLBI stations. Satellite orbit determination requires accurate measurements
of the actual rotation angle of the Earth UT1-UTC as a priori information since the rotation of the
orbit nodes cannot be modeled over a long period. VLBI observations of GNSS satellites should
be feasible in the future as the observing bandwidth for geodetic VLBI is extended. Such obser-
vations would directly connect the satellite frames to the ICRF. The motion of the Earth's axis
in space, precession and nutation, is also observed using the ICRF. These measurements provide
information about the structure of the Earth as it responds to the torques of the Sun, Moon and
planets.
The ICRF is essential to geodesy as it is the frame for measuring EOP and the ultimate frame for
satellite orbits. The ICRF is also the basis for astrometry.In this regard the ICRF has different
realizations at various wavelengths, the microwave VLBI realization being the most accurate at
this time. The astrometric satellite GAIA is scheduled for launch in late 2011 and has the potential
for generating an optical extragalactic realization with an order of magnitude better precision
and two orders of magnitude more objects. Other space missions may re�ne the positions and
proper motions of the brightest stars with corresponding improvement of star tracking for satellite
orientation. For most geodetic purposes, however, these improvements will not be applicable
since no correspondingly precise ground-based observing system exists. An accurate microwave
realization for geodetic VLBI will still be needed.
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niques allows for the complete determination of ITRF (origin, scale and orientation).
In principle, the particular strengths of one observing method can compensate for
weaknesses in others if the combination is properly constructed, suitable weights
are found, and accurate local ties in co-location sites are available.

The conventions for both the ITRS and ICRS and their realizations are detailed
in the IERS Conventions (e.g., McCarthy & Petit, 2004). As accuracy requirements
evolve and technical and modeling capabilities increase, these conventions are mod-
i�ed and developed under the auspice of IERS in a continuous process with support
from the broad geodetic science community.

In the conventions, the motion of the reference points in ITRF currently is de-
scribed by a linear model, thus reducing the information necessary to determine the
motion of the reference points relative to their coordinates at a reference epoch and
a constant velocity. This representation is no longer appropriate to accommodate
possible future user requirements to have access to the actual instantaneous point
position over the Earth surface and new representation and models are being dis-
cussed (see Chapter 8).

The coordinates and constant velocities of the points that de�ne a particular ref-
erence frame depend on the points, techniques, models, and analysis tools used in
the determination of these quantities. Therefore, for any given reference system,
there can be a multitude of reference frames realizing the system at various degrees
of accuracy. For global terrestrial reference frames, the ITRS is increasingly used
as the underlying system, thus gaining importance for practical applications. For
example, the U.S. Government and the European Commission agreed to align the
reference frames of the Global Positioning System (GPS) andGALILEO as close as
possible to ITRS (European Commission, 2004). In practice,this goal is achieved
by aligning the GNSS reference frames to the ITRF, which is the most accurate
realization of ITRS. The reference frame of the positioningservices provided by
GPS, is the most recent realization of the World Geodetic System 1984 (WGS 84)
(e.g., Assistant Secretary of Defence for Command, Control, Communication, and
Intelligence, 2001). As a consequence, this realization ofWGS84 is today closely
aligned to ITRF and in fact supported by ITRF.

ITRF is currently the most accurate realization of ITRS (Altamimi et al., 2002,
2007). The ITRF is updated regularly with the most recent versions being ITRF97,
ITRF2000, and ITRF2005. In geodetic analyses of observations of different groups
using different techniques and different software packages, coordinates agree to the
centimeter level. Secular trends determined from long GPS records using different
analysis approaches may disagree on the order of 1 to 2 mm/yr,but most of these
discrepancies are due to the approach used to align the solution to ITRF. A signif-
icant bias may result from a potential secular translation of the Reference Frame
Origin (RFO) with respect to the Center of Mass of the whole Earth system (CM).
Recent studies estimate the bias to be of order� 2 mm/yr (e.g., Ray et al., 2004;
Morel & Willis, 2005; Plag, 2006b; Plag et al., 2007a), depending on the geograph-
ical location.

The translation of the RFO with respect to the CM introduces particularly large
uncertainties in sea level studies. Taking the effect on vertical velocities of the sec-
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ular translation between ITRF2000 and ITRF2005 (Figure 2.2) as an indication of
the uncertainty in the tie of the RFO to the CM, the effect on global sea level trend
estimates is of the order 0.2 to 0.3 mm/yr. Consequently, notonly maintenance but
also improvement of the ITRF as the essential architecture for almost all geodetic
measurements is a crucial requirement for sea level studies.
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Fig. 2.2. Effect of secular translation between ITRF2000 and ITRF2005 on vertical
rates. The vertical rates are for a secular translation velocity of d = ( � 0:2;0:1; � 1:8)
mm/yr as given on http://itrf.ensg.ign.fr/ITRF solutions/2005/.

2.3 The tools and products of modern geodesy

Today, the toolbox of geodesy comprises a number of space-geodetic and terrestrial
techniques, which together allow for detailed observations of the “three pillars of
geodesy” on a wide range of spatial and temporal scales (Figure 2.3). With a mix
of terrestrial, airborne, and spaceborne techniques, geodesy today determines and
monitors changes in Earth's shape, gravitational �eld and rotation with unprece-
dented accuracy, resolution (temporal as well as spatial),and long-term stability
(Table 2.1). At the same time, geodetic observation technologies are in constant
development with new technologies extending the observation capabilities almost
continuously in terms of accuracy, spatial and temporal coverage and resolution,
parameters observed, latency and quality. Together, theseobservations provide the
basis to determine and monitor the ITRF and ICRF as the metrological basis for
all Earth observations. Equally important, the observations themselves are directly
related to mass transport and dynamics in the Earth system. Thus, the geodetic mea-
surements form the basis for Earth system observations in the true meaning of these
words. Beutler et al. (1999) suggested a development towards an interdisciplinary
service in support of Earth sciences for the IGS. With the establishment of GGOS,
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Fig. 2.3. The “three pillars of geodesy” and their techniques. Today, the space-geodetic
techniques and dedicated satellite missions are crucial in the determination and moni-
toring of geokinematics, Earth's rotation and the gravity � eld. Together, these observa-
tions provide the basis to determine the geodetic reference frames with high accuracy,
spatial resolution and temporal stability. From Plag (2006a), modi�ed from Rummel
(2000). For acronyms, see the list in Appendix 11.

IAG has extended this concept of an observing system and service for Earth system
sciences to the whole of geodesy.

From the discussion of the reference systems and frames in the previous section it
is obvious that there is an intimate relationship between the three pillars of geodesy
and the reference systems and frames (Figure 2.3). For geokinematics and Earth
rotation, the relationship works both ways: The reference systems are required for
positioning purposes (terrestrial and celestial) and for studying Earth rotation, and
monitoring through the space geodetic techniques is necessary to realize the two
frames and the (time-dependent) transformation between them.

The ICRF, the ITRF, and the EOPs are needed to derive a gravity�eld, which
is consistent with the ICRF, the ITRF, and the correspondingEOPs. Therefore, one
might think at �rst that the gravity �eld is not necessary to de�ne and realize the
geometric reference systems. However, in order to realize the ITRF, observations
made by the satellite geodetic techniques (SLR, GNSS, DORIS) are needed. For
these techniques, a gravitational reference system and frame (including a gravity
�eld representation and the parameters associated with it,and the geoid, the mean
equipotential surface “near sea level”, which may be derived from the gravity �eld
representation) is required as well and cannot be separately determined from the
geometrical frames. The problems are obviously inseparable when dealing with the
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Table 2.1. The Global Geodetic Observing System (GGOS). For acronyms, see the list
in Appendix 11.

Component Objective Techniques Responsible

I. Geokinemat-
ics (size, shape,
kinematics, defor-
mation)

Shape and temporal vari-
ations of land/ice/ocean
surface (plates, intra-plates,
volcanos, earthquakes,
glaciers, ocean variability,
sea level)

Altimetry, InSAR,
GNSS-cluster, VLBI,
SLR, DORIS, imaging
techniques, leveling,
tide gauges

International and na-
tional projects, space
missions, IGS, IAS, fu-
ture InSAR service

II. Earth Rotation
(nutation, preces-
sion, polar motion,
variations in LOD)

Integrated effect of changes
in angular momentum and
moment of inertia tensor
(mass changes in atmo-
sphere, cryosphere, oceans,
solid Earth, core/mantle;
momentum exchange be-
tween Earth system compo-
nents)

Classical astronomy,
VLBI, LLR, SLR,
GNSS, DORIS, un-
der development:
terrestrial gyroscopes

International geodetic
and astronomical com-
munity (IERS, IGS,
IVS, ILRS, IDS)

III. Gravity �eld Geoid, Earth's static gravi-
tational potential, temporal
variations induced by solid
Earth processes and mass
transport in the global wa-
ter cycle.

Terrestrial gravimetry
(absolute and relative),
airborne gravimetry,
satellite orbits, dedi-
cated satellite missions
(CHAMP, GRACE,
GOCE)

International geophysi-
cal and geodetic com-
munity (GGP, IGFS,
IGeS, BGI)

IV. Terrestrial
Frame

Global cluster of �ducial
point, determined at mm to
cm level

VLBI, GNSS, SLR,
LLR, DORIS, time
keeping/transfer, abso-
lute gravimetry, gravity
recording

International geodetic
community (IERS with
support of IVS, ILRS,
IGS, and IDS)

de�nition in the geometry and gravity domains (origin, orientation, scale of the ge-
ometric networks, low degree and order terms of the Earth's gravity �eld).

This consistency between geometric and gravitational products is important to-
day, it will be of greatest relevance in the future for the understanding of the mass
transport and the exchange of angular momentum between the Earth's constituents,
in particular between solid Earth, atmosphere, and oceans.The aspect of consis-
tency is also of greatest importance for all studies relatedto global change, sea level
variation, and to the monitoring of ocean currents. Only if consistency on the 10� 9

level or better between all reference frames it achieved, will it be possible to perform
meaningful research in the areas mentioned.

In the narrowest possible sense, geodesy has the tasks to de�ne the geometric
and gravitational reference systems, and to establish the celestial, terrestrial, and
gravitational reference frames. Moreover geodesy has to provide the transformation
between the terrestrial and celestial reference frames. These key tasks would be rel-
atively simple to accomplish on a rigid Earth without hydrosphere and atmosphere.
However, in the real Earth environment already the de�nition of the terrestrial and
gravitational reference systems is a challenge. The corresponding reference frames
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can only be established by permanent monitoring based on a polyhedron of terres-
trial geodetic observing sites, and of space missions.

This ambitious and expensive geodetic monitoring is necessary and its result,
properly time-tagged and mutually consistent, is a stringent requirement in a broad
�eld of scienti�c and societal applications. There is strong science justi�cation for
these geodetic products as a prerequisite (see Chapter 3). Also, some tasks of soci-
etal relevance may only be addressed if this permanent geodetic monitoring is avail-
able (see Chapter 4), and monitoring of the Earth system, including for example sea
level and ice sheet variations, would not be possible without it (see Chapter 5).

The following three sections give an overview of the currentstatus of the global
geodetic observing system relevant to the three pillars. Many (but not all) items or
activities, which will be mentioned in these section below,are coordinated by enti-
ties working under the auspices of IAG. IAG has been in the “monitoring business”
since the late 19th century, when the International Latitude Service (ILS) wascreated
to monitor polar motion. More recently the IAG created technique-speci�c Services
to coordinate observation and analysis for the new space geodetic techniques. Also,
on the level of IUGG and IAU the IERS was given the charter mentioned above and
is coordinating related activities. These Services, whichwill be mentioned below,
are important building blocks of the GGOS.

2.4 Observing Earth geometry and kinematic

2.4.1 Overview

Changes in the Earth's shape are measured with a mix of ground- and space-based
techniques. These techniques can be separated into two broad classes:

(1)space-geodetic tracking techniques that monitor the deformation of a polyhedron
(points) de�ned by ground-based networks of tracking stations which either pas-
sively utilize signals from satellites (GNSS) or stellar objects (VBLI) or actively
send out signals to satellites (SLR and DORIS); and

(2)air- or spaceborne remote sensing techniques that send signals from airplanes or
satellites to the Earth's surface and utilize the re�ections to map the surface.

The space-geodetic tracking methods provide time series ofpoint movements with
high temporal resolution and high accuracy. Tracking stations are normally placed
on the land surface. Remote-sensing techniques in general have much lower tem-
poral resolution but provide information with potentiallyhigh spatial resolution and
much better coverage, including the surface of oceans, lakes, and ice sheets. Beside
altimeters, the remote-sensing techniques also include the imaging techniques (such
as InSAR and LIDAR), which provide high-resolution images of a surface and its
temporal changes.
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2.4.2 Space-geodetic tracking techniques

The geometric space-geodetic techniques in general consist of a ground-based com-
ponent of �xed stations from which the motion of satellites or astronomical objects
(moon, quasars) are tracked with electromagnetic waves (including visible light).
These stations can be passive in the sense that they do not emit signals but “only”
receive signals from remote sources (GNSS, VLBI) or active (SLR, LLR, DORIS).

Common to all these methods is that the data analysis requires a gooda priori
station motion model describing in particular any variation with periods shorter than
the analysis interval (for example, 1 day). For the methods based on range measure-
ments, effects on the satellite also need to be accommodated. Coordinate time series
resulting from space-geodetic analyses therefore are generally residuals with respect
to the station motion model and other modeled effects.

VLBI: Very Long Baseline Interferometry is a space-geodetic technique based on
radio astronomy and developed in the 1970s. A radio interferometer consists of a
pair of directional antennas (radio telescopes) receivingradio signals from sources
in a targeted radio frequency band. The signals from the two receivers are cross-
correlated (multiplied and accumulated) to produce a cross-correlation “fringe pat-
tern”.

VLBI uses networks of radio antennas typically 20-30 metersin diameter (Fig-
ure 2.4) to observe radio signals from extragalactic objects (quasars). Quasars are
at such great distances from Earth that they provide �xed points in the sky. Their
transverse physical motion cannot be detected with any existing observing system.
A radio signal from a quasar passing a VLBI station is received and recorded dig-
itally with very precise time provided by a hydrogen maser. The same signal will
travel an additional distancect before arriving at the second VLBI station, wherec
is the speed of light andt is the time difference of the signal arriving at the �rst and
second station (Figure 2.5). The distancect depends on the length of the baseline
between the stations and its orientation with respect to thedirection to the quasar
(e.g., Lambeck, 1988; Robertson, 1991; Sovers et al., 1998). The time delay between
the arrival times at the two stations can be determined with aprecision equivalent to
a few millimeters using purpose-built hardware correlators.

The global network of 40 VLBI stations (see Figure 2.6) is today coordinated by
the IVS. A typical VLBI session currently includes eight stations observing about
60 quasars several times in a time period of 24 hours. Overlapping networks and
network sessions of up to 20 stations connect the 40 global VLBI stations. The time
delays from each baseline in the network are used to estimatethe station positions
with precision of< 1 cm, and the (relative) station velocities can be measured by
observations over several years.

Currently, VLBI is the only non-satellite geodetic technique contributing to the
IERS. Its unique and fundamental contributions to geodesy and astronomy are (1)
the ICRF, the realization of the ICRS, (2) UT1-UTC (apart from leap seconds the
difference of universal time as realized by Earth rotation and the atomic time, re-
spectively, see Section 2.7), (3) long-term stability of nutation, and (4) the scale
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Fig. 2.4. 32-meter VLBI antenna in Tsukuba, Japan.

Fig. 2.5. Principle of very long baseline interferometry.

of the ITRF (together with SLR). VLBI also contributes with station positions and
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velocities to the establishment of the ITRF and is able to provide several further
geodynamical, astronomical, or meteorological parameters.
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Fig. 2.6. Locations of the 40 VLBI stations in the global network of the IVS.

Fig. 2.7. Principle of satellite laser ranging.

SLR and LLR: SLR and LLR use very short laser pulses and fast electronics
to measure the instantaneous round trip time of �ight of the pulses to satellites
equipped with special retrore�ectors (Figure 2.7) and to retrore�ectors on the Moon
(Figure 2.9), respectively. This provides range measurements of a few millimeter
precision which are accumulated to help de�ne the terrestrial reference frame and
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to support Precision Orbit Determination (POD) for active spaceborne Earth sens-
ing missions and studies of lunar science and fundamental physics. The fundamental
targets for the reference frame are the LAser GEOdynamics Satellite (LAGEOS)-
1 and -2 (Figure 2.8), whose spherical shape and high mass-to-area ratios provide
long-term orbital stability for measuring the dynamics of the Earth.

The basic range measurement is sensitive to any geophysicalprocess that changes
the distance between the satellite and the observing station, such as displacements
of the satellite due to perturbations of the Earth's gravitational �eld, motions of the
observing station due to tidal displacements or plate tectonics, or a change in the
orientation of the Earth (which changes the location of the observing station with
respect to the satellite). These and other geophysical processes must be modeled
when �tting the satellite's orbit to the range measurementsas obtained at a number
of globally distributed tracking stations. Adjustments tothea priori models used for
these effects can then be obtained during the orbit determination procedure, thereby
enabling, for example, the determination of station positions and Earth orientation
parameters (Smith et al., 1985, 1990, 1994; Tapley et al., 1985, 1993).

The technique of LLR is similar to that of SLR except that the laser retro-re�ector
is located on the Moon instead of on an arti�cial satellite (Mulholland, 1980; Lam-
beck, 1988; Williams et al., 1993; Dickey et al., 1994; Shelus, 2001). LLR is tech-
nically more challenging than SLR because of the need to detect the much weaker
signal that is returned from the Moon. Larger, more powerfullaser systems with
more sophisticated signal detection systems need to be employed in LLR; conse-
quently, there are far fewer stations that range to the Moon than range to arti�cial
satellites (see Figure 2.10).

The international network of about 40 SLR and two LLR stations (Figure 2.10)
currently tracks on a daily basis about 30 satellites ranging in altitude from 400 km
to 22,000 km and four retrore�ectors on the Moon. As a Serviceof the IAG and a
component of GGOS, laser ranging activities are coordinated by the International
Laser Ranging Service (ILRS), which develops standards andspeci�cations nec-
essary for product consistency, sets priorities and tracking strategies, oversees data
operations, and provides quality control and a user interface.

These laser ranging activities support programs primarilyin geodetic, geophysi-
cal, and lunar research activities. The ILRS currently provides the IERS with weekly
solutions for station coordinates and EOPs for the monitoring of the ITRF, contribut-
ing exclusively the de�nition and time-varying motion of its origin (with respect to
the CM), and in combination with VLBI, its scale. Other contributions include the
estimation of static and time-varying components (harmonic coef�cients) of Earth's
gravity �eld; accurate satellite ephemerides for POD and validation of altimetry (for
satellites such as ICESat, shown in Figure 2.11), relativistic and satellite dynamics
tests; and Lunar ephemeris for relativity studies and lunarlibration for lunar inte-
rior studies. SLR, as a backup system, has also provided POD for missions whose
primary tracking systems failed (e.g., GFO-1, ERS-1, Meteor-3M, etc.). Prior to
the launch of CHAMP in the 2000, knowledge of the Earth's gravity �eld was al-
most uniquely based on SLR and terrestrial gravity measurements. SLR is an essen-
tial calibration technique for the GNSS technique and for the new space missions
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Fig. 2.8. The LAGEOS-1 satellite (identical to LAGEOS-2). Dedicated laser ranging
satellites have a long-term orbital stability because of their spherical shape and high
mass-to-area ratio.

Fig. 2.9. Laser re�ector on
the Moon (image courtesy of
NASA).

CHAMP, GRACE, and GOCE. The ILRS is now preparing to support space mis-
sions to the planetary system with optical transponders.
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Fig. 2.10. Locations of 38 SLR stations in the tracking network of the ILRS.

Fig. 2.11. ICESat Satellite (image courtesy of ICESat Science Team).

GNSS: Today's GNSS are the successors of the so-called Doppler systems. They
are based (1) on about 30 to 45 satellites emitting microwavesignals on at least two
carriers, and (2) an unlimited number of receivers capable of tracking the signals
of all satellites simultaneously in view (usually between 4and 12). Today's GNSSs
occupy the so-called Medium Earth Orbit (MEO)-belt. The satellites orbit the Earth
in heights around 20000 km and complete one revolution within approximately half
a day. The U.S. GPS with nominally 24 satellites (see Figure 2.12), uniformly dis-
tributed in six orbital planes, which are in turn inclined by55� with respect to and
separated by 60� in the equator, is the best known and most widely used GNSS. The
Russian Global Navigation Satellite System (GLONASS) withnominally 24 satel-
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Fig. 2.12. GPS satellite. From http://www.af.mil/shared/media/factsheet/gps.jpg.

lites (Figure 2.13) in three orbital planes inclined by 63 degrees with respect to the
equator and separated by 120 degrees in the equator, is currently not fully available
(in January 2007 only nine satellites were fully operational). The plan is to achieve
Full Operational Capability (FOC) by 2010. The �rst experimental satellite of the
European GALILEO system (GIOVE-A, Figure 2.15) was launched on December
28, 2005 and early in May 2007, this satellite successfully transmitted its �rst nav-
igation message, containing the information needed by userreceivers to calculate
their position. GALILEO is planned to reach FOC in 2012. By then, this GNSS is
projected to have 30 satellites positioned in three circular MEO planes (Figure 2.15).

Fig. 2.13. Illustration of GLONASS satellite.

The microwave band (the L-band) of the electromagnetic spectrum allows for
the weather-independent use of the systems, the two carriers for the elimination of
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Fig. 2.14. Artist's impression of the �rst experimental GALILEO satel lite GIOVE-A.
From http://esamultimedia.esa.int/images/galileo/GSTB satellite/.

Fig. 2.15. Artist's impression of the complete GALILEO constellation of thirty satellites
orbiting in three planes. The three MEO planes are at an inclination of 56� with respect
to the equatorial planes, resulting in a good coverage up to a latitude of 75� . From
http://esamultimedia.esa.int/images/navigation/.

the ionospheric refraction. The quasi-simultaneity of theobservations of different
GNSS satellites allows for the elimination (or signi�cant mitigation) of the syn-
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chronization errors of the receiver clock with respect to GPS system time (Beutler
et al., 2004).

The GNSS were/are deployed primarily for navigation — whichis by de�nition
a real time task. They may, however, also be used for science and other position-
ing applications requiring high accuracy. In this case the observable of choice are
not the signals (also called code) modulated on the carrier waves, but the recon-
structed carrier itself. The analysis is usually done in thepost-processing (but also
increasingly in the real-time) mode. This carrier phase observable may be recon-
structed with mm-accuracy, which in turns allows for mm-accurate relative posi-
tioning, provided not only the receiver clock corrections are estimated from the ob-
servations, but the satellite clock corrections, as well. Alternatively to the estimation
of the clock errors one may also form the so-called double difference observation
(the between-satellite-difference of two between-receiver-difference observations,
all observations assumed to be simultaneous).

For science, the following quantities may be determined on adaily basis from a
global network of well monumented, permanently operating tracking receivers (the
ground tracking network):

� GNSS geocentric satellite positions for the entire day (accurate to few cm)
� GNSS satellite clock corrections (accurate to a few ten picoseconds)
� Mean receiver coordinates per day (accurate to a few mm)
� Position of the Earth's rotation axis on the Earth's surface(polar wobble) (daily

estimates, accurate to few mm)
� Length of day (daily estimates, accurate to a few microseconds)
� Tropospheric zenith delays for all stations (which in turn allow it to estimate

the total water vapor content over the station - provided station pressure and
temperature are recorded as well) with high time resolution.

� Global models/maps of mean electron content (two hours timeresolution)
� time and (in particular) frequency transfer between time laboratories (sub-nanosecond

accuracy)

It is in essence this catalog of quantities, which is determined every day by the
IGS since January 1, 1994 (seehttp://igscb.jpl.nasa.gov/ ). Since 2003
not only the GPS, but also GLONASS observations are used routinely to derive the
of�cial IGS products. The IGS products are based on a weighted combination of
the IGS Analysis Centers, generated by the IGS Analysis Coordinator (at least) on
a daily basis.

The series of IGS station coordinates is in turn used by the IERS to realize the
ITRF together with the corresponding results of the other space-geodetic techniques
VLBI, SLR/LLR, and DORIS. The large number of IGS sites (currently more than
400, see Figure 2.16) provides easy access to the ITRF for theuser community -
going far beyond science.

The IGS series of Earth rotation parameters (see Section 2.5) are also used by
the IERS to issue the of�cial transformation parameters between the ICRF and the
ITRF. The full set of transformation parameters contains inaddition to the above
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Fig. 2.16. Locations of the more than 400 GNSS stations of the global tracking network
of the IGS as of December 2006.

mentioned items UT1-UTC and the nutation angles. These latter quantities can only
be provided accurately by VLBI.

In summary one may state that the GNSSs are the workhorses of space geodesy.
They provide the basis for numerous applications in geodesyand surveying (vir-
tually all national �rst order networks refer to the ITRF andare realized using the
IGS products) and in the wider area of Earth sciences (in particular atmosphere and
ocean sciences, meteorology, and climatology).

DORIS: The DORIS system was designed and developed by the Centre Na-
tional d'Etudes Spatiales (CNES), in partnership with the Groupe de Recherche
de Géodésie Spatiale (GRGS) and the Institut Géographique Nationale (IGN), for
precise orbit determination of altimeter missions, and consequently also for geode-
tic ground-station positioning (Crétaux et al., 1998; Soudarin & Crétaux, 2006).
Like GNSS, DORIS is a satellite geodetic technique based on microwave signals,
however DORIS is an uplink system from ground stations to spacecraft (Jayles
et al., 2006). DORIS beacons transmit on two frequencies, namely 2036.25 Mhz,
and 401.25 Mhz. The DORIS system consists of a ground segment, the network of
beacons, as well as a space segment, the user satellites, a subset of which actually
contribute to the determination of IERS products such as station positioning, and
Earth orientation. One characteristic of the DORIS system that is unique with re-
spect to the other space geodetic techniques is the much morehomogeneous station
distribution. It is the only space geodetic technique with abalanced station distribu-
tion in both the Northern and Southern Hemispheres. In addition, another important
characteristic is the relative stability of the sites and their longevity with relatively
few antenna changes over time (Jayles et al., 2006; Fagard, 2006).

The DORIS network (see Figure 2.17) consists of 50 to 60 stations around the
world. The beacons assure an 80% coverage of user satellite orbits near 800 km al-
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Fig. 2.17. Locations of the 56 DORIS stations of the tracking network of the IDS.

titude, and a 95% coverage of user satellite orbits at 1335 kmaltitude. Each ground
beacon is equipped with a dual frequency transmitter, an Ultra-Stable Oscillator
(USO) delivering the reference frequency with a stability of 5:0� 10� 13 over 10 to
100 seconds, an omni-directional dual-frequency antenna,a a battery pack provid-
ing backup power to the beacon during electricity outages, and a meteorological
package providing in situ measurements used for the tropospheric correction. Func-
tionally, each beacon may play one of several roles: (1) broadcast upload transmis-
sion, (2) time and frequency reference station, (3) time correction beacon, and (4)
positioning station. Late in 2005, three stations played the role of master beacons,
whose clocks are tied to atomic clocks, and whose delays are estimated with re-
spect to TAI atomic time by time/frequency experts (Jayles et al., 2006). The master
beacons serve as time and frequency references for the DORISsystem, and handle
uploading of data and commands needed by the DORIS spacecraft receivers.

Ground station requirements include the following: (1) Thetransmitting beacon
and its backup power supply must be in a room with moderate temperature with
continuous power available; (2) The antenna must be installed outside with a clear
sky view above 10� elevation; (3) The local host agency must be willing to carry
out minor veri�cations and adjustments; (4) The frequencies transmitted by DORIS
should not interfere with existing receivers in the same area (Fagard, 2006).

An important activity was initiated in 1999 to improve the DORIS system
through improvements of the monumentation, installation of new antennae and sup-
port structures, and other measures to ensure the stabilityof the DORIS antenna
reference point to within 1 cm over ten years (Fagard, 2006).For example, one goal
is that in so far as is possible, ground antennae are now mounted on a concrete pillar
deeply anchored into the ground, or on a rigid tower on a deep concrete founda-
tion (see Figure 2.18). As of 2006, 35 of 56 stations are now considered 'excellent'
compared to only 10% in 2000 (Tavernier & et al., 2006). The improvements in the
network quality are dramatically visible in the residuals (RMS of �t) of DORIS data



38 Plag et al.

for the SPOT-2 and TOPEX/Poseidon satellites with the RMS declining from 0.55
mm/s in 1993 to 0.45 mm/s in 2005.

Fig. 2.18. Illustration of two DORIS stations. The stations are Rothera, Antarctica (top),
and Thule, Greenland (bottom).

As of 2006, there were co-locations between DORIS antennae and other active
IERS techniques at 38 of the 56 permanent DORIS stations. These co-locations
are distributed as follows: with GPS at 37 sites, with SLR at 9sites, and with
VLBI at 7 sites. Among these stations, �fteen sites have three co-locations (8 for
GPS+SLR+DORIS, and 7 for GPS+VLBI+DORIS). Only two sites worldwide have
co-locations with four techniques (GPS+VLBI+SLR+DORIS):Hartebeesthoek and
Greenbelt. During the effort of network renovation, some stations were speci�cally
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displaced to satisfy both operational constraints and to increase the number of co-
locations between DORIS and other geodetic techniques. These include Jiufeng
(replacing Purple Mountain), Male (replacing Colombo), Miami (replacing Rich-
mond), Santa Cruz (replacing Galapagos), and Monument Peak(replacing Gold-
stone) (Fagard, 2006). Since the 1990's, with the growing interest in monitoring
changes in global mean sea level, DORIS stations have been increasingly sited near
tide gauges. As of 2006, 21 DORIS tide-gauge co-locations were available (Fagard,
2006).

Fig. 2.19. DORIS data available at the IDS Data Centers as of January 2006 (from
Tavernier & et al., 2006).

The space segment of the DORIS system consists of receivers on user satellites
in low Earth orbit. Four satellites have carried �rst-generation DORIS receivers:
TOPEX/Poseidon, SPOT-2, SPOT-3, and SPOT-4. A new second-generation dual
channel DORIS receiver was developed in the 1990's. This receiver has been car-
ried on ENVISAT, and a miniaturized version on Jason-1 and SPOT-5 (Tavernier
& et al., 2006). Figure 2.19 summarizes the availability of the DORIS data at the
data centers of the International DORIS Service (IDS). A DORIS receiver (together
with a GPS receiver and a laser retro�ector array) is also included on Jason-2
(launched in 2008). Future plans include DORIS receivers onCryosat-2 (launch
in 2009), SARAL/Altika (joint with CNES and the Indian SpaceResearch Organi-
zation, launch in 2009-2010). Other possible future DORIS user satellites include
Jason-3, HY-2A (a proposed altimeter mission with CNES and the Chinese National
Space Agency), and SENTINEL (European Space Agency satellite(s) dedicated to
Earth remote sensing).

A major product of the DORIS system are the precise orbits forthe user satellites.
For satellite altimeter missions such as TOPEX/Poseidon, Jason-1 and ENVISAT,
the precise orbits are the key to satisfying the mission objectives of accurately map-
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ping the ocean topography on a routine basis, and determining variations in global
mean sea level. The precise orbits have an accuracy of 1-3 cm in the radial direc-
tion. DORIS also enables the delivery of routine altimetricscience products with
latencies of several days. For Jason-1, these rapid delivery orbit products (for use
on the IGDR or Interim Geophysical Data Record) have an accuracy of a few cm in
the radial component. DORIS near-real-time products will also be available within
a few hours on Jason-2. These orbits are expected to have a 10 cm accuracy in the
radial component (Jayles et al., 2006). For missions such asJason-2 and Cryosat-2,
a new geodetic bulletin will be available on-board, providing latitude and longitude
of the sub-satellite point, and altitude of the satellite over the geoid. The altimeter
will use this information in its tracking loops.

The IDS offers routine delivery of ground station positionsand Earth orientation
based on analysis of the DORIS data in the form of weekly SINEX�les. Three
analysis centers contributed these SINEX time series to theITRF2005 solution (Al-
tamimi et al., 2006). The quality of the positioning was evaluated in the construction
of the ITRF2005 solution (Altamini et al., 2006). The weighted RMS of the individ-
ual weekly time-series combinations can be used as an indication of the positioning
quality. The effect of the addition of the large number of satellites in 2002, and
the effect of the network improvement project starting in 2000 are clearly visible
(see Figure 2.20). Positioning quality with four satellites (post-2002) is 1 to 1.5 cm
WRMS. We note that the ITRF2005 DORIS contribution did not include the con-
tribution of Jason, as the USO on the spacecraft experiencesa disruption due to
periodic passage through the South Atlantic Anomaly (Willis et al., 2004). A cor-
rection model has been developed which can partially mitigate the effect (Lemoine
& Capdeville, 2006) in the DORIS data. Future DORIS spacecraft USO's will be
annealed to prevent this radiation-induced perturbation and resultant data degrada-
tion.

Since DORIS is a dual-frequency system, it also measures theionosphere con-
tent along the slant range from the DORIS satellite (800 or 1335 km altitude) to
each DORIS ground station. The sampling path is quite different from GPS, whose
path from ground station to receiver stretches 20,000 km from Earth. No routine
DORIS ionosphere product is delivered as of 2006, however DORIS data were used
to validate the ionosphere correction on TOPEX and compute corrections for the
Poseidon altimeter (Jayles et al., 2006).

2.4.3 Altimetry

Satellite radar altimetry provides height measurements ofthe instantaneous surface
(sea, ice, or open water on land) with respect to a �xed reference (typically a conven-
tional reference ellipsoid embedded in a global reference frame): the onboard radar
altimeter transmits a short pulse of microwave radiation with known power towards
the nadir. Part of the incident radiation re�ects back to thealtimeter. Measurement
of the round-trip radar signal travel time provides the height of the satellite (alti-
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Fig. 2.20. Weighted RMS of the individual weekly time-series combinations from Tav-
ernier & et al. (2006). The results are depicted for four DORIS analysis centers. Note
the sensitivity to the number of available satellites, and the effect of the rejuvenation of
the network (2000-2005).

Fig. 2.21. Principle of satellite altimetry. From http://icesat.gsfc.nasa.gov.

metric range) above the instantaneous sea/land water/ice surface. Its difference with
the satellite altitude above the reference ellipsoid (computed through precise orbit
determination, a long-tested approach in space geodesy) gives sea/land water/ice
surface height measurements with respect to the reference (see Figure 2.21).
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Fig. 2.22. The Jason-1 satellite altimetry mission. Courtesy NASA/JPL.

The range from the satellite to mean sea level must be corrected for various com-
ponents of the atmospheric refraction and biases between the mean electromagnetic
scattering surface and mean sea level at the air-sea interface. A number of correc-
tions due to a number of geophysical effects must also be taken into account.

Table 2.2. Satellite gravity and altimeter mission products to determine mass transport
and mass distribution in a multi-disciplinary environment.

Mission Type Mission
Duration

CHAMP Gravity, magnetic �eld, atmosphere 2000–2008
GRACE Gravity (static and temporal), atmosphere 2002–2010
GOCE Gravity (stationary, high-resolution) 2009–2011
TOPEX/Poseidon Ocean altimetry 1992–2005
Jason-1 Ocean altimetry 2001–2008
Jason-2 Ocean altimetry 2008–2015
ICESat Ice altimetry 2003–2008
CryoSat-2 Ice altimetry 2009–2013
ERS-2 Altimetry, SAR/InSAR, climate, environment 1995–2007
ENVISAT Altimetry, SAR/InSAR, climate, environment 2002-2008
TerraSAR-X SAR, InSAR, atmosphere 2006–2011
SWARM Magentic �eld 2009–2014
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Fig. 2.23. Jason-1 and DORIS. The map shows the visibility of the JASON satellite to
each DORIS ground station.

State of the art satellite radar altimetry has more than 2 decades of heritage:
GEOS-3 (1975), SEASAT (1978), Geosat (1985- 1989), ERS-1 (1991-1996),TOPEX-
/Poseidon (1992-2006), ERS-2 (since 1995), GFO (since 2000), ENVISAT (since
2002) and Jason-1 (since 2001, see Figure 2.22). Over the years, technologi-
cal improvements (especially for TOPEX/Poseidon, ENVISATand Jason-1) have
decreased considerably the instrumental noise for a point-to-point measurement.
Moreover, thanks to a concerted effort in precise modeling of the geophysical and
environmental corrections as well as in precise orbit computation, the total rms mea-
surement accuracy of altimetry-based sea surface height iscurrently about 1-2 cm
for a single measurement (e.g., for Jason-1).

Although developed for oceanographic purposes, early altimetry missions have
mainly served to map the marine geoid globally with high precision and resolu-
tion, leading to considerable achievements in several areas of marine geophysics
(e.g., marine tectonics, mechanical and thermal structureof the oceanic lithosphere,
sea�oor topography, etc.). With the launch of the TOPEX/Poseidon mission in the
early 1990s, the precision of sea surface height measurements improved by a factor
10 or more, allowing for the �rst time precise determinationof the temporal vari-
ability of the ocean surface, with numerous applications inoceanography. Major
results have been obtained on surface currents and the oceandynamic topography,
ocean seasons, El Nino, ocean heat content, sea level rise, ocean tides, waves, etc.
Satellite radar altimetry (together with laser altimetry,e.g., the IceSat mission) have
also proved very useful for measure the change in elevation of the ice sheets (hence
their mass balance in response to global warming) and more recently the water level
of lakes, rivers and �oodplains on land.
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Sea level measured relative to the geoid (the fundamental level surface which will
be determined to good accuracy by space geodetic missions such as GOCE in the
next few years, see Section 2.6.5), provides the “sea surface topography” which al-
lows estimation of ocean transports, and contributes ultimately to an understanding
of climate change (Johannessen et al., 2003).

2.4.4 GNSS scatterometry and re�ectometry

In the past few years the potential of GNSS signal re�ectionsfor ocean altime-
try and remote sensing of sea surface roughness has generated considerable inter-
est. The Passive Re�ectometry and Interferometry System (PARIS) was the �rst
concept proposed for ocean altimetry using GNSS L-band signals (Martin-Neira,
1993). Within the PARIS scheme direct and ocean-re�ected signals are detected
by spaceborne receivers and altimetric height informationis extracted from the de-
lay in arrival times of the re�ected in relation to the directsignals (Figure 2.24).
In the following years altimetric heights with accuracies below 5 cm were deter-
mined in a number of airborne and ground-based experiments using special purpose
GNSS receiver instrumentation (GNSS re�ectometry, e.g., Garrison & Katzberg,
2000; Treuhaft et al., 2001).

Fig. 2.24. Use of re-
�ected GNSS signals
for altimetric mea-
surements. An Earth-
orbiting instrument uses
direct GNSS signals
for precise position-
ing, but also receives
re�ected signals to
make several simulta-
neous bistatic altimetric
measurements.

In addition, the shape of the code correlation as a function of time delay and
Doppler frequency and its dependency on the re�ecting surface's slope characteris-
tics can be used to infer the sea surface roughness (GNSS scatterometry, Garrison
et al., 1998). Using parameterizations relating the observed roughness to the surface
wind vector GNSS scatterometry allows for the remote detection of wind speed and
wind direction as well (e.g., Katzberg et al., 2001; Germainet al., 2004).

First spaceborne observations of GNSS signal re�ections are reported by Pave-
lyev et al. (1996) and Lowe et al. (2002). Later, signatures of coherent GPS re�ec-
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tions at grazing incidence angles were found in radio occultation data observed by
the GPS/MET, CHAMP and SAC-C satellites (Beyerle & Hocke, 2001; Hajj et al.,
2004). More recently, the GNSS scatterometry experiment aboard the United Kin-
dom's Desaster Monitoring Constellation (UK-DMC) satellite successfully demon-
strated the feasibility of sea surface state remote sensingfrom low Earth orbit (Glea-
son et al., 2005). In the future, satellite constellations furnished with GNSS scat-
terometry and re�ectometry instruments could contribute to the long-term observa-
tions of ocean topography as well as constitute essential elements of early warning
systems for catastrophic tsunami events.

Science with GPS re�ected and scattered signals:This section discusses an
emerging technique for Earth remote sensing based on detecting a GNSS signal af-
ter it is re�ected off the Earth surface, to measure surface topography and roughness
at high spatial resolution and rapid temporal coverage. Theweak re�ected signals
require a high-gain multi-beam steerable antenna. Becausethis technique is promis-
ing in terms of spatial and temporal resolution, we devote here some space to the
discussion of its potential in a few major areas.

Global Ocean Altimetry: The Oceans, and their interactions with the atmosphere
and the lithosphere, play a signi�cant role in Earth's climate. Understanding climate
variability implies quantifying all the signi�cant processes that contribute to climate
and its changes. One such process, mesoscale ocean eddies, analogous to atmo-
spheric storms, represents one of the dominant global climate errors (see HOTSWG
2001 for a review); they are essential to understanding ocean circulation on all scales
and are an important contribution to the carbon cycle.

On the regional scale, eddies can induce local upwelling andenhance biological
production. In the equatorial Paci�c, eddies associated with the tropical instability
waves can increase the supply of iron and silicate to the euphotic zone resulting in
enhancement of the biological productivity (Barber et al.,1996). On the global scale,
mesoscale eddies play an important role in the overall transport of heat and mo-
mentum. Numerical model simulations with and without the inclusion of mesoscale
eddies show a 30% difference in the equator-to-pole heat transport over the Atlantic
Ocean (Smith et al., 2000). Ocean eddies have a typical spatial scale on the order
of 10 to 100 km and a temporal scale from days to weeks. The sea level signal
associated with mesoscale eddies is usually 10 cm or more.

At present, quantifying the role of mesoscale eddies in the ocean circulation and
therefore climate variability is limited because their spatio-temporal structures are
not resolved by the conventional remote-sensing techniques. Observations of sea
surface temperature (e.g., those from Advanced Very High Resolution Radiometers)
are frequently contaminated by clouds in the atmosphere. The conventional satellite
radar altimeter measures the sea surface height at high spatial resolutions along
its ground track (e.g., 7-km for TOPEX/Jason). However, thecross-track distance is
usually quite large. For a 10-day repeat orbit with TOPEX/Jason, the cross-track dis-
tance is more than 300-km at the equator. Another limiting factor is the long repeat
cycle of a given satellite, e.g., 10 days for TOPEX/Jason, 17days for the Geosat-
Follow-On (GFO), and 35 days for Earth Remote Sensings (ERSs). Additionally,
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some barotropic (i.e., vertically uniform) waves with a periodicity of 20 days or less
can be aliased into the 10-day sea level map produced by the TOPEX/Jason data.
Hence, there is a need for high spatial and temporal resolution altimetry.

High-resolution ocean altimetric measurements will allowoceanographers to
compute high-order quantities like vorticity and eddy �uxes, which will be used
to study the interactions between the eddy �elds and the time-mean �ow. Several
important science questions can be addressed by such a high-resolution data. For
example, what is the role of mesoscale (ocean) eddies in the large-scale ocean cir-
culation and climate variability? What is the impact of mesoscale eddies on the
biological production and therefore the global carbon cycle? If mesoscale eddies
are important in modulating the large-scale ocean circulation and climate, there is a
need to resolve (or parameterize) ocean eddies in the Earth System Model (coupled
atmosphere-ocean-land) for climate prediction purposes.

Fig. 2.25. Re�ec-
tion point loci for one
receiver at 400 km,
assuming its antenna
beam can capture all
available re�ections,
per day. Horizontal axis
is longitude, vertical
axis is latitude.

Traditional altimetry is limited to looking in the (nominal) nadir direction and ob-
taining one height observation at a time below the altimeter, following very nearly
repeatable tracks passing over the same point every ten days. The concept of wide-
swath ocean altimetry improves the coverage and spatial resolution of traditional al-
timetry by �lling the gaps between satellite tracks. However, the wide-swath ocean
altimetry uses the same ground tracks of TOPEX/Jason repeating every 10 days.
By contrast, a GPS receiver in low-Earth orbit (LEO) with an antenna pointed to-
ward the Earth's surface can, in principle, track about 10 GPS re�ections simulta-
neously, therefore providing a coverage that is an order of magnitude denser than
nadir-viewing altimeters. For example, the re�ection ground tracks of one single
satellite at the altitude of 400 km would cover the Earth nearly uniformly in just
1 day, with at most about 75 km across-track separation, as shown in Figure 2.25.
Such dense coverage can be translated into a higher temporaland spatial resolution
than that of TOPEX/Jason or the proposed wide swath coverage, thereby provid-
ing the ability to recover certain ocean topography features or processes that are
precluded with traditional altimeters.

Ocean Surface Statistics and Wind Retrieval:GNSS re�ections from the ocean
can be used to infer statistical properties of the surface, namely the slope distribu-
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tion of sea-surface gravity waves, with high spatial and temporal resolution. Such
measurements would likely be made concurrent with altimetric measurements (see
Ocean Altimetry section above) because the measurement techniques are quite sim-
ilar. The primary observable is the Mean-Squared Slope (MSS), and recent stud-
ies (Germain et al., 2004) have shown a 2D directional-MSS can be obtained. The
MSS �eld provides useful input to ocean-atmosphere coupling phenomena such as
surface breaking waves and gas exchange. For example, CO2 �ux measurements
may be derived from MSS. With additional assumptions, wind speed or wind vec-
tor retrievals can also be obtained from MSS measurements (Garrison et al., 1998;
Komjathy et al., 2000; Cardellach et al., 2003; Zuffada et al., 2003). Finally, MSS
measurements may clarify the relationship between surface-height dynamics and
wind-driven surface velocities (Chelton et al., 2004).

Analysis of the GPS re�ection waveform also provides an estimate of the wind
speed and direction. While scatterometers such as QuikScator SeaWinds provide
near global coverage in one day, the observations are not necessarily co-located in
time and space with the GPS altimetry observations. Instead, GPS re�ections pro-
vide a unique set of co-located sea surface height and wind observations with near-
global daily coverage and with resolution suitable for studying mesoscale features.
Accurate sea surface height retrieval requires simultaneous measurements of ocean
vector winds. The accuracy of GPS wind measurements is about2 m/sec for wind
speeds ranging from 3 to 15 m/sec, comparable to the traditional radar scatterome-
ter. Thus, the GPS-measured ocean winds will complement theexisting radar scat-
terometer wind observations and, in the context of sea surface height measurement,
will provide the needed data set to retrieve the sea surface height with high accu-
racy. It is anticipated that the GPS altimetry will improve our current capability in
two important ways: 1) High-spatial-resolution ocean topography and 2) Improved
temporal resolution through rapid coverage. Another possible application of very
rapid coverage of the ocean is the monitoring of fast moving barotropic waves that
propagate across ocean basins too quickly to be seen by the Jason 10-day repeat
cycle.

Ice Science:Detection of GPS re�ections at low or grazing angles has the advantage
of being coherent and, when combined with the direct signal,provides interferomet-
ric fringes from which a very precise estimation of bi-static path delay (down to sub-
centimeter) can be detected. In the presence of strong L1 andL2 signals to calibrate
the ionosphere, this can be translated into accurate heightsurface measurements at
the specular re�ection point.

Recent analysis (Cardellach et al., 2004) used this interferometric signal, detected
with the CHAMP radio occultation experiment, to demonstrate a surface height pre-
cision of 0.7 m after 0.2 s of integration with a re�ection angle of < 1� (i.e., 89�

incident angle). The GRSPI instrument will allow the detection of the coherently
re�ected signal at a higher elevation angle reducing the error in inferred ice surface
height to less than 10 cm.

Global observations of sea ice, ice sheets, ice caps, glaciers and their surrounding
seas, are paramount in order to determine their mass balance, contributions to sea
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level change, global circulation and climate change. In fact, model simulations and
recent observations suggest that the ice-covered regions of the Earth are the most
sensitive to climate change. In the polar region the combination of atmospheric,
cryospheric, and oceanographic processes have a large in�uence on the global cli-
mate. Unfortunately, these climatic processes are poorly understood, principally be-
cause of a dearth of observations for diagnosing the processes and validating nu-
merical models.

Changes in ice thickness are an indicator of climate change in the polar region as
a result of heat exchanges between ocean and atmosphere, andare themselves a pri-
mary driver of climate change through the effect of these heat �uxes on atmospheric
circulation patterns and the strong positive planetary albedo feedback provided by
changes in sea ice, snow cover and melt water. Given the multi-beam bi-static re�ec-
tions of GPS, a GPS cryospheric sensing system can provide a substantially denser
and more rapid coverage than traditional ice altimetry instruments and allow the
determination of seasonal and annual variations in sea-iceand land-ice thickness.

Soil Moisture: Soil moisture is an important part of the land hydrology cycle, where
it represents the immediate store of in�ltrating rainfall,before it either evapotran-
spires or contributes to groundwater recharge. When the soil gets too dry, plant
transpiration drops because the water is becoming increasingly bound to the soil
particles. Conditions where soil is too dry to maintain reliable plant growth is re-
ferred to as agricultural drought, and is a particular focusof land management. Soil
moisture may be measured in situ with different instruments, such as Time Do-
main Re�ectometry (TDR), neutron probe, capacitance probe, etc. but no global
remote sensing measurements are currently available. The potential for measuring
soil moisture with GPS has been explored through some ground-based and airborne
experiments over smooth terrain, led by the University of Colorado in Boulder and
NASA Langley Research Center. Theoretical models show thatmoist soils generate
strong re�ective layers at the GPS frequencies, due to high gradients in dielectric
constant. It was experimentally observed that variations in the re�ected signal are
uniquely related to changes in the dielectric permittivity, and therefore, to soil mois-
ture because roughness of the area with low grass remains constant. More work
is needed to assess requirements, including antenna gains,for potential GPS-based
systems for global soil moisture measurements.

Traceability Matrix for Ocean Observations: The 2007 NRC Decadal Report
(National Research Council, 2007) stresses that future directions for Earth science
at NASA/NOAA will focus on achievement of a national strategy for the Earth Sci-
ences that balances international economic competitiveness, protection of life and
property, and stewardship of the planet for this and future generations. Based on the
need for climate measurements identi�ed in the report, JPL promoted a study (Sher-
wood et al., 2006) to explore the science bene�ts of maintaining GPS receivers on all
satellites in orbit for climate science. This is a particularly timely topic since there
are currently ten GPS-science capable satellites (COSMIC 1-6, MetOp1, CHAMP,
SAC-C, GRACE).
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The study performed a series of simulations to determine thescience return that
could be achieved with varying sizes of GPS receiver constellations. This study can
be used to consider the advantages of including GPS science receivers on future
satellites as dedicated constellations or constellationsof opportunity. For ocean sci-
ence, we assumed each satellite would be equipped with a Togareceiver (now in
development under NASA's Instrument Incubator Program, see Table 2.3), and a
steerable 20-dB gain antenna with �eld of view capable of intercepting all available
re�ections.

Table 2.3. Instrument characteristics of TOGA receiver. The parameters are for multilag
processing and 20 dB antenna gain.

Integration Height prec. Footprint
time (cm) (km)

1 sec Near nadir, 5 Along track,< 10
Near grazing, 25 Cross track,< 10

To evaluate the needed size of receiver constellations as a function of the ocean
science capabilities, simulations were performed using the following assumptions:
a) the current GPS constellation as available as transmitters and b) re�ection-capable
receivers are available on constellations of 6, 18, and 37 LEO satellites, respectively.
In the �rst case only the orbits of the COSMIC constellation were chosen, whereas
the third case simulates the situation where all existing NASA satellites (assuming
their orbits are representative of future satellites) are equipped with GPS receivers
capable of tracking and processing re�ections. The intermediate case assumes that
an additional set of twelve LEO satellites, chosen randomlyamong the existing
NASA satellites, have been added to the COSMIC set. The characteristics of a single
measurement are summarized in Table 2.3.

Table 2.4. GPS ocean re�ections science questions.

No. Science Question

1 Can we measure sea ice surface topography (freeboard), to determine sea ice thickness and
mass balance?

2 Can we measure wind for a) improved vertical mixing at the mesoscale; b) monitoring and
prediction of severe weather systems; c) high resolution wind forcing and attendant coastal
ocean response (e.g., local upwelling)?

3 Can we measure the sea surface topography with suf�cient spatial and more importantly
temporal resolutions to monitor the evolution of mesoscaleocean eddies and coastal oceans?

The traceability matrix summarizing the �ow down from science questions (Ta-
ble 2.4) to observations' requirements and constellation size is presented in Ta-
ble 2.5. Two science areas have been addressed: ice-free seasurface topography
and sea ice topography and mass. Correspondingly, the observational requirements
are mapped into latitudinal bins, cell sizes and revisit times. For each case, the per-
centage of cells that records at least one (in some cases more) re�ection is reported.
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Table 2.5. Traceability matrix from science questions to observation requirements for
GPS ocean re�ections measurements.

Cellsize Science Latitude Time Precision Constellation size
(km) Question Bin Scale (cm) 6 18 37

2 1 > 60 15 days 5� 10 < 78% < 90% < 95%
1 30 days < 95% 100% 100%
2 All lats 6 hours N/A - - -

5 2 All lats 6 hours N/A -< 20% < 25%
3 1 day 2� 10 < 23% < 52% < 75%
3 � 60< x < 60 1 day 2� 10 < 52% < 78% < 90%

10 3 � 60< x < 60 1 day 2� 10 < 63% < 94% 100%
3 5 days < 99% 100% 100%

25 3 � 60< x < 60 1 day 2� 10 < 95% 100% 100%
3 5 days 100% 100% 100%

The table quanti�es coverage, and required precision. It isvery dif�cult to establish
how the precision requirement is met. In fact, this depends on the re�ection angle,
as reported in Table 1, for the individual measurement as well as on the number of
re�ections in a given cell and time. The required precision is met with the highest
con�dence for the situation of 25 x 25 km cell size, both 1 and 5days repeat cycles.
By contrast, the simulations clearly show inadequate coverage for the situation of
5 x 5 km cell size (and below), 6 hours repeat cycle. It is notedthat if the constel-
lation of transmitters increases while the number and orbitof the receivers is held
constant, the number of measurements in any given cell increases commensurately,
thus improving the precision. The coverage is not expected to improve dramatically,
since it is ultimately determined by the number and positionof the receivers.

2.4.5 Geodetic imaging techniques

InSAR: The processing of Synthetic Aperture Radar (SAR) images using the
InSAR techniques has demonstrated the potential to revolutionize deformation mon-
itoring from spaceborne platforms. As opposed to conventional point-level position-
ing techniques, InSAR gives deformation information for extended areas (up to a
few hundred km across). In this sense InSAR truly is a remote sensing technique. It
can provide spatially smooth three-dimensional maps of surface change, including
that from earthquakes, volcanoes, ice sheets, glaciers, �uid extraction, and land-
slides.

InSAR for geodetic applications is a method by which radar signals are radiated
from a moving platform and are re�ected back to the antenna from the surface of
the Earth. The intensity and phase of the re�ected signal aremeasured. In order to
measure topography, two antennas separated in space are used to measure phase
differences between the two antennas from a radar signal re�ected from one point
on the Earth's surface (Figure 2.26, top picture). The Shuttle Radar Topography
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Fig. 2.26. Principle of InSAR. Two antenna separated in space can be used to deter-
mine topography (top), while an exact repeat pass of a radar instrument can be used
to determine topographic or surface change (bottom).
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Fig. 2.27. Interferograms from ERS showing deformation. Each color cycle corre-
sponds to 5 cm of deformation. Left image: InSAR has revealed that four Andean
volcanoes (named on the small interferograms on the left of the image), thought to
be inactive, are now known to be rapidly deforming. The top three volcanoes are in-
�ating and Robledo is de�ating (Pritchard & Simons, 2002). R ight image: Hector Mine
earthquake observed from ERS (courtesy G. Peltzer, UCLA).

Mission (SRTM) is an example of a radar mission that mapped 80% of the Earth's
topography using this technique. In order to measure surface change, a single radar
is used, measuring the surface at two times from an exactly repeated pass. A change
in the line-of-site distance to the satellite results in a phase change that can be used
to infer surface change (Figure 2.26, bottom panel).

Several radar missions have used interferometric techniques for topography and
surface change. SRTM mapped 80% of the Earth's topography ina 10-day mission
in 2000. The European ERS-1 and ERS-2 missions, the JapaneseJERS-1 and ALOS
missions, and the Canadian Radarsat missions have providedimportant data sets
for measuring surface change. The European and Canadian missions are C-band
instruments, and the short wavelength signal decorrelatesover vegetated regions. A
recently released report of the U.S. National Research Council (National Research
Council, 2007) recommends an L-band InSAR mission with 8-day repeat to provide
global coverage of Earth's deforming regions. The report recommends a launch in
the 2010-2013 time frame, essentially the earliest possible juncture.

Successes from radar interferometry include the SRTM topographic map, discov-
ery of actively in�ating volcanoes that were thought to be dormant (Figure 2.27),
measurement of interseismic, coseismic, and postseismic deformation related to
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earthquakes that have truly in�uenced physical models of Earth's crust, observation
of incipient landslides, and subsidence due to water and oilwithdrawal. Long-term
systematic measurements will also provide insight into time dependent behavior of
earthquake, volcanic, and other solid Earth and cryospheresystems.

The above documents emphasize the increasing importance ofimage geodesy.
However, a major challenge is still the integration of pointand image geodesy (Plag
et al., 2007b; DESDynI Writing Committee, 2007). Solid Earth science and many
applications require observations of Earth's surface displacements at the sub-cm
level. Solid Earth processes exhibit temporal scales from seconds (e.g., coseismic
displacements) to secular with respect to the lifetime of a mission (e.g., isostatic ad-
justments), and spatial scales from local (e.g., local subsidence, volcanoes) to global
(e.g., great earthquakes, glacial isostatic adjustment).This wide range of temporal
and spatial scales poses a major challenge for the extraction of unbiased surface
displacements from InSAR observations.

The determination of surface displacements from InSAR requires at a minimum
a high-resolution Digital Elevation Model (DEM) and information on tropospheric
water vapor content. Additional data of ionospheric Total Electron Content (TEC),
for example, from GPS/GNSS is likely to improve the correction of ionospheric
path-delay based on InSAR observations alone. Ifa priori deformation models are
available, tropospheric water vapor content can be estimated directly. However, the
strategies for an optimal combination ofa priori information on DEM, water vapor,
surface deformation, and ionospheric TEC are still the object of research. Particular
emphasis should be on consistent treatment of errors in thea priori information.

The “Decadal Survey” (National Research Council, 2007) states that a stable
global geodetic reference frame is indispensable for all satellite missions, and this
is also true for geodetic imaging missions. For most Earth science applications, the
surface displacements need to be given relative to such a stable, global geodetic ref-
erence frame. For example, for local sea level studies, coastal subsidence or uplift
need to be given in a reference frame well tied to the CM. Glacial isostatic adjust-
ment is important for the conversion of ice surface displacements into ice volume
and mass changes. The deformation of the solid Earth surfacedue to ice loads has
large spatial scales and need to be referred to the same reference frame as that of
the ice surface displacements. Large earthquakes have displacement �elds exceed-
ing by far the size of several adjacent images. Likewise, postseismic deformation,
which is a key quantity for earthquake process studies, can have spatial scales of the
order of 1000 km. For all these phenomena it is crucial to relate the displacements
from different interferograms to the same unique referenceframe in order to capture
the large-scale displacement pattern. However, as discussed in Chapter 8 (see also
DESDynI Writing Committee, 2007), the present approach to the realization of the
ITRS has limitations that reduce the achievable accuracy and necessitate conceptual
improvements.

In particular for early warning and disaster damage assessments, high tempo-
ral resolution and low latency are key requirements. Typical InSAR missions have
repeat periods of several days of longer. Hazardous volcanoes and unstable slopes
can be monitored with such repeat period, but in critical phases, early warning may



54 Plag et al.

need much shorter repeat periods. In these cases, supporting measurements with
airborne LIDAR (see below) and InSAR can be used to achieve improved temporal
resolution. Ground-based GPS/GNSS can also provide a higher temporal resolu-
tion, especially if the repeat time increases. In cases of earthquakes, landslides, and
volcanic eruptions, emergency response requires rapid information on the extent of
damage. Surface displacements are indicative of damage. Inorder to reduce the la-
tency, again airborne LIDAR and InSAR can support the mapping. In all these cases,
the appropriate algorithms for the combination of the spaceborne, airborne, andin
situ observations need to be developed.

LIDAR: Another imaging technique to be mentioned here is LIDAR. Based on the
same principle as RADAR the LIDAR instrument transmits light out to a target
(Kavaya, 1999). The transmitted light interacts with and ischanged by the target.
Some of this light is re�ected and/or scattered back to the instrument where it is
analyzed. The change in the properties of the light enables some property of the
target to be determined. The time for the light to travel out to the target and back to
the LIDAR is used to determine the range to the target.

There are three basic generic types of LIDAR:

� Range �nders: These are the simplest LIDARs. They are used tomeasure the
distance from the LIDAR instrument to a solid or hard target.

� DIfferential Absorption LIDAR (DIAL): These LIDARs are used to measure
chemical concentrations (such as ozone, water vapor, pollutants) in the atmo-
sphere. A DIAL uses two different laser wavelengths which are selected so that
one of the wavelengths is absorbed by the molecule of interest whilst the other
wavelength is not. The difference in intensity of the two return signals can be
used to deduce the concentration of the molecule being investigated.

� Doppler LIDARs: These are used to measure the velocity of a target. When the
light transmitted from the LIDAR hits a target moving towards or away from
the LIDAR, the wavelength of the light re�ected/scattered off the target will be
changed slightly. This is known as a Doppler shift - hence Doppler LIDAR. If
the target is moving away from the LIDAR, the return light will have a longer
wavelength (sometimes referred to as a red shift), if movingtowards the LIDAR
the return light will be at a shorter wavelength (blue shifted). The target can
be either a hard target or an atmospheric target - the atmosphere contains many
microscopic dust and aerosol particles which are carried bythe wind. These are
the targets of interest to us as they are small and light enough to move at the true
wind velocity and thus enable a remote measurement of the wind velocity to be
made.
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2.5 Observing Earth's rotation

Most Earth rotation observations today originate from the geometric space-geodetic
techniques described in the previous Section. In the following, focus is therefore
only on the speci�c aspects related to rotation.

2.5.1 Space-geodetic techniques

VLBI: As described in Section 2.4 VLBI observes radio signals emitted by quasars.
These �xed points constitute the ICRF (see Section 2.2), andvariations in the orien-
tation of the Earth are measured with respect to the ICRF. This technique is sensitive
to processes that change the relative position of the radio telescopes with respect to
the source, such as a change in the orientation of the Earth inspace or a change in
the position of the telescopes due to, for example, tidal displacements or tectonic
motions. If just two telescopes are observing the same source, then only two com-
ponents of the Earth's orientation can be determined. A rotation of the Earth about
an axis parallel to the baseline connecting the two radio telescopes does not change
the relative position of the telescopes with respect to the source, and hence this com-
ponent of the Earth's orientation is not determinable from VLBI observations taken
on that single baseline. Multibaseline VLBI observations with satisfactory geometry
can determine all of the components of the Earth's orientation including their time
rates-of-change. In fact, the motion of the axis of rotationof the Earth in space (pre-
cession and nutation) and the rotation angle around the axisof rotation are uniquely
monitored by VLBI through its direct connection to the ICRF.

GNSS:GNSS signals observed by a network of ground stations can be used to de-
termine the orientation of the network of receivers as a whole. In practice, in order
to achieve higher accuracy, more sophisticated analysis techniques are employed to
determine the EOPs and other quantities such as orbital parameters of the satellites,
positions of the stations, and atmospheric parameters suchas the zenith path delay
(Bock & Leppard, 1990; Blewitt, 1993; Beutler et al., 1996; Hofmann-Wellenhof
et al., 1997; Leick, 2003). Only polar motion and its time rate-of-change can be in-
dependently determined from GNSS measurements. UT1 cannotbe separated from
the orbital elements of the satellites and hence cannot be determined from GNSS
data. The time rate-of-change of UT1, which is related to thelength of the day, can
be determined from GNSS measurements. But because of the corrupting in�uence
of orbit error, VLBI measurements are usually used to constrain the GNSS-derived
Length of Day (LOD) estimates.

SLR and LLR: Although a number of satellites carry retro-re�ectors for track-
ing and navigation purposes (see Section 2.4.2), the LAGEOSI and II satellites
were speci�cally designed and launched to study geodetic properties of the Earth
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including its rotation and are the satellites most commonlyused to determine EOPs.
Including range measurements to the Etalon I and II satellites has been found to
strengthen the solution for the EOPs, so these satellites are now often included in the
process. The EOPs are recovered from the basic range measurements in the course
of determining the satellite's orbit and station coordinates. However, because varia-
tions in UT1 cannot be separated from variations in the orbital node of the satellite,
which are caused by the effects of unmodeled forces acting onthe satellite, it is not
possible to independently determine UT1 from SLR measurements. Independent
estimates of the time rate-of-change of UT1, or equivalently, of LOD, can be deter-
mined from SLR measurements, as can polar motion and its timerate-of-change.

In the case of LLR, the EOPs are typically determined from observations by
analyzing the residuals at each station after the lunar orbit and other parameters such
as station and re�ector locations have been �t to the range measurements (Stolz
et al., 1976; Langley et al., 1981; Dickey et al., 1985). Fromthis single station
technique, two linear combinations of UT1 and the polar motion parameters can
be determined, namely, UT0 and the variation of latitude at that station. A rotation
of the Earth about an axis connecting the station with the origin of the terrestrial
reference frame does not change the distance between the station and the Moon, and
hence this component of the Earth's orientation cannot be determined from single
station LLR observations.

DORIS: Processing DORIS observations (see Section 2.4.2) allows the orbit of the
satellite to be determined along with other quantities suchas station positions and
EOPs. As with other satellite techniques, UT1 cannot be determined from DORIS
measurements, but its time rate-of-change can be determined, as can polar motion
and its rate-of-change (Willis et al., 2006).

2.5.2 Ring laser gyroscopes

Ring laser gyroscopes are a promising emerging technology for determining Earth
rotation (Figure 2.28). Ring lasers are active Sagnac interferometers: two mono-
mode laser beams propagate in opposite directions around a polygon (ring) cir-
cumscribing an enclosed area. Since the ring laser gyroscope is rotating with the
Earth, the effective path length of the beam that is co-rotating with the Earth is
slightly longer than the path that is counter-rotating withit. Because the effective
path lengths of the two beams differ, their frequencies differ, so they interfere with
each other to produce a beat pattern. The beat frequency is strictly proportional to
the rate of rotation experienced by the entire apparatus. Therefore, ring lasers are
very sensitive to rotational, but entirely insensitive to translational motion. In fact,
the beat frequency is proportional to that component of the instantaneous angular
velocityw(t) of the Earth that is parallel to the normal of the plane of the ring. Ring
laser gyroscopes measure the absolute rotation of the Earthin the sense that, in prin-
ciple, just a single measurement is required to determine the Earth's instantaneous



2 Modern geodesy 57

rotation. All of the other techniques discussed above are relative sensors because
they infer the Earth's rotation from the change in the orientation of the Earth that
takes place between at least two measurements that are separated in time.

Fig. 2.28. Ring laser gyroscope for Earth rotation monitoring. The picture shows the G
ring laser at Wettzell.

The sensitivity of the ring laser depends on the area enclosed. Ring lasers with
an enclosed area between 1 and 833 m2 have been built and they achieved sensor
sensitivities reaching from 5� 10� 10 to 5� 10� 12 rad/s/

p
Hz. However, sensitivity is

only one of the important parameters. It is also critical to reduce the instrumentally
induced drift.

The most stable ring lasers experience a non-negligible drift of 2 � 10� 6 degrees
per hour, several orders of magnitude smaller than the best known commercial laser
gyros. Therefore, these sensors capture the effect of diurnal polar motion and tilt
effects from solid Earth tides. Earth rotation variations are resolved to approximately
1% at integration times of about 1 day. Recent progress in reducing the aging of
the laser gain medium substantially reduced the drift by approximately 2 orders of
magnitude.

Compared to other space-geodetic techniques such as VLBI and GPS, currently,
ring lasers have a resolution about one order of magnitude worse. However, be-
cause ring lasers are local sensors, they are already revealing interesting crustal
deformation effects from a region several hundred kilometers in diameter around
the observatory. Furthermore they are operated continuously. Their main advan-
tage over other techniques is the very high temporal resolution. Within the next
decade, a substantial improvement in sensor stability as well as a much higher sen-
sor resolution is expected. Apart from Earth rotation research, ring lasers are the
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�rst sensors that have shown their sensitivity for measuring rotations from seismic
and tele-seismic events at high resolution. It is expected that this application will
expand the global network of ring lasers considerably; a development bene�cial for
Earth rotation monitoring with ring lasers.

2.6 Observing Earth's gravity field

The gravity �eld of the Earth is observed within situ airborne and spaceborne sen-
sors. Relative gravimetry surveys gravity mainly in order to improve the geoid lo-
cally at short wave-lengths but also for exploration purposes. Superconducting and
absolute gravimeters measure temporal variations of gravity locally and stationary at
sites at the Earth surface (Sections 2.6.1 and 2.6.2, respectively). Modern gravimetry
also supports studies of land motion (Section 2.6.3). Gravimeters on ships and air-
plane measure pro�les along the track of the vessel (Section2.6.4). Satellite orbits
are affected by the gravity �eld at the satellite, and orbit perturbations can be inte-
grated to determine a static gravity �eld model with low spatial resolution. Recently,
dedicated satellite gravity mission have been designed andplaced in orbit. One in
particular (GRACE, see Section 2.6.5) not only gives the static �eld with increasing
spatial resolution and accuracy but also the temporal variations of the gravity �eld
with low temporal resolution.

2.6.1 Superconducting gravimetry

With the advent of the cryogenic, or Superconducting Gravimeter (SG), in the mid
1980s, the time resolution of the gravity �eld routinely increased from sampling in-
tervals of minutes to 1 hour to sampling intervals of 1 to 10 seconds. SGs now over-
lap with seismometers in the recording of high frequency ground motions caused
for example by earthquakes in the 1 to 1000 seconds range. Gravimeters measure
acceleration, whereas seismometers are velocity recording devices. This difference
determines the transfer function of the instruments and impacts the conversion of
the observations to ground displacement. The accuracy of the SG in the time do-
main is on the level of 1 nms� 2 (= 10� 9 ms� 2 = 0.1 microgal) or better, which
translates into a frequency domain accuracy at high frequencies (< 1 d� 1) at the
level of 0.01 nms� 2 (= 10� 11 ms� 2 = 1 nanogal). SGs are known to have a small
instrumental drift (a few microgal per year) that can be established by co-located
measurements with an absolute gravimeter, and their calibration is very stable in
time and determined to better than 0.1%.

The high temporal resolution of SGs is particularly useful in the high frequency
domain for recording the long period normal mode spectrum (Figure 2.29), although
a sampling interval of 1 s is insuf�cient for body wave seismology. In the time
domain, the high temporal resolution allows for precise determination of effects
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Fig. 2.29. Long period normal modes from the Mw = 9.1 Sumatra-Andamen earthquake
(2004/12/26) recorded by the SG at Canberra. The vertical lines are the theoretical
multiplet peaks. The high signal-to-noise ratio is generally high.

Fig. 2.30. Example of atmospheric mass transport during heavy rain. The signal at the
top of the �gure (at the start of the record) is gravity with ti des removed, and the curve
beside it is the pressure. After correcting with a frequency dependent admittance, the
residual gravity is the lower curve (left). Note this residual gravity begins to decrease
sharply just before the onset of the rain (lowest curve) due to a mass increase above
the station that is not seen in the surface pressure.

such as coseismic mass changes associated with of earthquakes, offsets due to rapid
atmospheric changes (Figure 2.30), and at periods of minutes the changes in gravity
due to hydrological effects such as extreme rainfall. The traditional goal of high
accuracy relative gravimetry has been the recording of Earth tides from ter-diurnal
to annual periods, mainly for studies of solid Earth an oceanloading tides. Today,
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Fig. 2.31. Global network of SG stations contributing to GGP. The stations shown are
either operating or planned to start operation in 2007 or 2008.

the solid-Earth tidal component is considered to be a known phenomenon that can be
predicted theoretically at the 1 nanogal level. Current interest is in the discrimination
between models of ocean tidal loading, which amounts to a fewpercent of the total
tidal signal. With in the frame of the Global Geodynamics Project (GGP), some 30
SG are currently operated or planned in a global network (Figure 2.31, Crossley
et al., 1999; Hinderer & Crossley, 2004). .

2.6.2 Absolute gravimetry

The low-frequency variations in gravity at a site are usually determined by episodic
observations with an Absolute gravimeter (AG). Today, AG are almost invariably of
the free-fall type (FG5) manufactured by “microG” (now LaCoste-Romberg). This
instrument is an absolute measurement device that registers the value of gravity over
the period of time it takes the mass (a small corner cube) to traverse approximately
one meter in free fall. Typical measurement sessions take a few days. Single drops
carried out every 20 seconds or so have a high scatter, but an accuracy of 1-3 mi-
crogal is achieved from the mean of a large number of drops that are done over
typical campaign durations of several hours to days. In order to extract the secular
signal from these observations, high-frequency variations caused by solid-Earth and
ocean loading tides, polar motion and atmospheric loading have to be modeled and
corrected for. Hydrological loading is usually not included in these corrections.

In order to check the instrument stability and calibration,intercomparisons be-
tween AGs are done every few years. These intercomparisons have established
agreement at the level of a few microgal between the best instruments.

AG measurements have been very successful in measuring long-term gravity
changes such as the post-glacial rebound in regions such as Fennoscandia and North
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America. For example, Figure 2.32 shows the secular trend cause mainly by post-
glacial rebound combined with an interesting long-term saw-tooth signal due to
episodic slip on the Cascadia subduction zone. In this example the use of a continu-
ous recording SG would enable interpolation between the AG values and thus give
the time history of each slip event. At many sites it has become common to perform
intercomparisons between the SG and AG instruments, both from the point of view
of calibrating the SGs and to monitor the continuous gravitychanges during, and in
between, the AG observations.

Fig. 2.32. Variations in absolute gravity at Ucluelet (western coast of Vancouver Island)
showing some concordance with the episodic slip and seismic tremor activity above the
Cascadia subduction zone (�gure courtesy of T. Lambert.). T he downward trend is due
to postglacial rebound.

Gravity changes at a point on the Earth's surface are generally associated with
displacements of the Earth surface or some other processes.The gravity anomaly
measured by a gravimeter is therefore the sum of the effect due to the vertical mo-
tion of the gravimeter through the unperturbed gravity �eldand the contribution
from mass changes in the vicinity of the gravimeter. In orderto separate these two
effects, gravimeters need to be co-located with geometric instruments such as a
GNSS receiver. Wahr et al. (1995) discussed combined gravity and geometric ob-
servations, which, in principle, can be used to detect mass changes, for example,
in ice sheets, while Plag et al. (2009) showed that spatiallydistributed observations
of secular trends in gravity and vertical displacements constrain the tie between the
RFO and the CM, thus supporting SLR in this function.

2.6.3 Land movements and terrestrial gravimetry

Among the terrestrial observation techniques used for estimating vertical land move-
ments, gravimetry is a completely independent method with respect to space geode-
tic techniques. The task of gravimetry is the measurement ofgravity, which is the
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magnitude of the acceleration due to the force of gravity, and of the gravity gra-
dient at the surface of the Earth, or near to it. Time-dependant gravity variations
are important in the study and comprehension of phenomena leading to crustal de-
formation. The study of crustal deformation plays a key rolein the determination
of mean sea-level changes. A crustal deformation process implies a variation of the
position (coordinates) and a variation of the gravity �eld.This last because the grav-
ity �eld is directly affected by the variation of the position of the measuring point
(mainly of the vertical component) and because crustal deformation is associated
with changes in the density �eld in the Earth's interior (dueto viscoelastic defor-
mation, pre-seismic dilatancy, dislocation or transfer ofinternal masses). Therefore,
the combination of gravity and position changes allows the computation of changes
of the potential and can provide important information on the dynamics of the phe-
nomena (Marson, 2000).

Over the last �ve decades, gravimetry has made impressive progress. The pre-
cision of both absolute and relative measurements has improved by almost three
orders of magnitude to presently 10� 9. The instrumental accuracy of the absolute
gravimeter FG5 is about 10-20 nms� 2 at good stations for a 24 hours observation
period (Niebauer et al., 1995). Continuous measurements are not feasible because
of the wear and tear of the mechanical system. Van Camp et al. (2005) demonstrated
that gravity trends with uncertainties of 1 nms� 2yr� 1 can be achieved over a time
span of 7 years with annual observations. A technology to measure the temporal
variations of the gravity �eld continuously at a given site by means of supercon-
ducting gravimeters (SG) exists. The SGs are relative instruments but very stable
in time. Absolute gravimeter observations taken at the location of a SG allows the
identi�cation of outliers and the correction for long-period, mostly environmen-
tal signals. In this way the accuracy mentioned above can be achieved in a much
shorter time span (Zerbini et al., 2002; Richter et al., 2004). Continuous monitoring
of height and gravity changes allows the separation of the gravity potential signal
due to mass redistribution from the geometric signal due to height changes and the
sound interpretation of crustal deformation processes (Zerbini et al., 2006).

2.6.4 Airborne gravimetry

Airborne gravimetry is an effective way to cover the medium-range wavelengths
(10-1000 km) of the Earths' gravity �eld, supplementing thesatellite gravity �eld
missions, which at best gives gravity �eld information for wavelengths longer than
some 400 km (corresponding to 200 km resolution on the surface). The high-
resolution gravity �eld information is essential for determining the geoid with suf�-
cient accuracy, especially relevant for unifying height systems and geometric infor-
mation around core GGOS sites.

The development of airborne gravity has been made possible by the use of the
kinematic GPS technique as well as improvement in airborne gravity acceleration
sensor systems (Figure 2.33). Current accuracies are routinely in the 1 to 5� 10� 5
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Fig. 2.33. Principle of
airborne gravimetry.

ms� 2 r.m.s. domain, with relatively large differences between different sensor sys-
tems and implementations. Major commercial airborne activities are ongoing in
connection with geophysical exploration for oil and gas; for mining airborne gra-
diometry systems at accuracies of 1 E or better have been developed in recent years.
Commercial gravity and gradiometry survey projects are generally restricted to rel-
atively small areas, and data are usually not available for more widespread geode-
tic use. Long-range airborne gravity surveys for geodetic gravity �eld applications
(geoid and spherical harmonic reference models) have been operational since the
early 1990s, and many regions of the Earth has been covered, including major parts
of the Arctic, and major countries such as Malaysia, Mongolia, Afghanistan and
Ethiopia. Currently US, European, Russian and Chinese groups are active in carry-
ing out such surveys.

Albeit many airborne surveys are currently classi�ed or proprietary, experience
has shown that many such surveys may fully or in part be included in future high-
resolution spherical harmonic reference models. Such reference models, like the
new EGM2008, complete to degree and order 2159, would be the major static grav-
ity �eld product of GGOS. To improve the quality of such models, generally there
is a need for continued surveys in many inaccessible areas ofthe globe, especially
the Amazon, mountainous areas, large parts of Africa, coastal regions (high accu-
racy geoid across the coastal zones) and especially Antarctica, which is the largest
continental void of gravity on the globe. Coordinated global surveys should be ac-
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companied by effort to secure release of terrestrial gravity data, still unavailable for
large parts of the Earth.

2.6.5 Satellite missions

Arti�cial satellites have played a dominating role in determining the gravity �eld
of the Earth since the early sixties (e.g., Kaula, 1966). Theobservations of non-
Keplerian variations in orbital motion using either terrestrial (radio or laser) tracking
or space-based GPS have long been analyzed to extract the long-wavelength com-
ponents of the gravity �elds. Earth gravity models such as the EGM96 (Lemoine
et al., 1998) used decades of tracking data to Earth orbitersto derive the mean long-
wavelength gravity models. Determinations of the time-variability were limited to
the hemispheric scales, however. The signi�cance of time-variable gravity to cli-
mate sciences was well established from the study of three-decade long time series
of the Earth's oblateness (Js), determined from satellite laser ranging to LAGEOS
satellites, and showing clear signals from Post-Glacial Rebound (PGR), atmospheric
and hydrological mass redistribution, and ice-mass changes (e.g., Cheng & Tapley,
2004).

Data from a large number of space missions have contributed to the determi-
nation of the Earth's gravity �eld in the past. Some recent examples are given in
Table 2.2. In addition, terrestrial and space-based tracking to nearly twenty satel-
lites, some dedicated to geodesy and other missions of opportunity, has contributed
to the determination of the Earth's gravity �eld in the past.

A signi�cant step forward in the determination of the gravity �eld from satellites
with respect to resolution and precision has been provided by the satellite missions
CHAMP (e.g., Reigber et al., 1999), and GRACE (e.g., Tapley et al., 2004b,a), in
orbit since 2000 and 2002, respectively. GRACE (Figure 2.34) has enabled the im-
provements in our knowledge of the static gravity �eld to centimeter level accuracy
in the geoid determination to spherical harmonic degree 70,with further improve-
ments forthcoming as longer data spans are analyzed. The European GOCE mission
(e.g., Le Provost et al., 1999; Drinkwater et al., 2003; Ilk et al., 2005) will comple-
ment the results achieved so far with an extremely high precision and resolution of
the static part of the gravity �eld.

Gravity �eld determination using space missions has also contributed tremen-
dously to advances in geodesy. Improvements in gravity �eldmodels obtained over
the last three decades have gone hand-in-hand with improvements in the reference
frames and Earth orientation from the LAGEOS and other low-orbiting satellite
laser-ranging targets. The innovative sensor technologies used in these gravity �eld
missions have already contributed to a substantial improvement of the Earth static
gravity �eld recovery (e.g., Reigber et al., 2003; Tapley etal., 2004b). Figure 2.35
shows the dramatic improvement of the gravity �eld during the last decade. Grav-
ity �eld models from GRACE have bene�ted the space geodetic analysis of the
DORIS tracking data (Willis & He�in, 2004). They have been used to improve the
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Fig. 2.34. The GRACE
satellites.

Fig. 2.35. Improvement of the Earth's gravity �eld models. The models a re (from top left
to bottom right) GRIM-5S1: Best gravity �eld model before CH AMP and GRACE com-
puted from SLR data only; EIGEN-CHAMP03S: Gravity �eld from CHAMP; EIGEN-
GRACE03S: Gravity �eld from GRACE; EIGEN-CG03C: Gravity �e ld from GRACE
combined with terrestrial data. Source Reigber et al. (2005).

knowledge of the orbits of ocean radar altimetry satellites(Haines et al., 2004), and
for laser altimeters, thereby enhancing the geodetic contributions from other space
missions. Gravity missions are also of central importance for altimetry, because the
precise geoids are required to refer the sea surface topography to the geoid. The
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Fig. 2.36. GRACE-determined variations in water storage on land. Upper row: Ten-
day estimates of the mass change with respect to a multi-year averaged gravity model
in a 4� � 4� grid. The values shown are the mass change mapped into an equivalent
change in a surface layer of water in units of cm. To estimate these values, the effects
of atmospheric pressure changes and solid Earth and ocean tides have been removed
based on model predictions. Lower row: Numerically modeled soil moisture and snow
mass �elds from the Global Land Data Assimilation System (GL DAS) by Rodell et al.
(2004). From http://grace.sgt-inc.com/.

integration of all the satellite missions with the existingspace-geodetic techniques
for the determination of the Earth's shape creates new opportunities to determine
and study the mass transport in the Earth system in a globallyconsistent way (e.g.,
Kusche & Schrama, 2005; Wu et al., 2006; Gross, 2006) or to derive information on
changes in part of the water cycle (e.g., the large ice sheets, see Velicogna & Wahr,
2005, 2006).

The GRACE mission in particular is providing unprecedentedinsight in the water
cycle on regional scales and on intraannual to submonthly time scales. This mission
is designed to monitor local, regional, and global changes in the Earth's gravity �eld.
The changes observed in the gravity �eld are mainly caused bymass transport in the
hydrology cycle, in particular the oceans, atmosphere, andon land. Analysis of the
data delivered by GRACE using an approach based on Stokes coef�cients yields a
direct measure of mass �ux with high spatial resolution on the Earth's surface with
a temporal resolution of one month and a spatial resolution of � 500 km (e.g., Wahr
et al., 2004; Davis et al., 2004; Tapley et al., 2004b,a; Crowley et al., 2006). Recent
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developments using a mass concentration (mascon) approachhave been successful
in recovering submonthly mass �ux at a high spatial resolution over certain regions
of interest. The mascon gravity representation largely mitigates the spatial and tem-
poral aliasing problems encountered with monthly GRACE solutions using Stokes
coef�cients (Luthcke et al., 2006).

Figure 2.36 shows a time series of discrete ten-day estimates of the mass change
with respect to a multi-year averaged gravity model in a 4� � 4� grid for the Indian
sub-continent and adjacent land areas together with the predictions of the GLDAS.
GLDAS ingests satellite- and ground-based observational data products and uses
advanced land surface modeling and data assimilation techniques, in order to gen-
erate optimal �elds of land surface's hydrological state and its �uxes (Rodell et al.,
2004). Agreement of the GRACE-derived and model predicted changes in water
mass are on the few centimeter level.

2.7 Observing time

2.7.1 Relativity: proper and coordinate time; realized time scales

Relativity distinguishes locally measurable (proper) quantities from coordinate
quantities which are, by de�nition, dependent on conventions. Therefore one should
distinguish proper time, which is the output of an ideal clock, from coordinate time,
which is one of the coordinates chosen to represent the four-dimensional space time.
In its Resolution A4, the IAU in 1991 explicitly introduced general relativity as the
theoretical background for space-time reference frames. For the geocentric system,
it de�ned two time coordinates the Geocentric Coordinate Time (TCG) and Ter-
restrial Time (TT), which differs from TCG by a constant rateso that the scale
unit of TT agrees with the International System of Units (SI)second on the geoid.
To account for upcoming improvements in accuracy, the IAU re�ned the relations
between these relativistic coordinate times in its Resolution B1 in 2000. Interna-
tional Atomic Time (TAI), established by the Bureau International des Poids et
Mesures (BIPM), is a realization of TT. TAI has stability well below 1� 10� 15 for
averaging times between 5 days and 6 months and can be accessed with an uncer-
tainty of about 1 ns with modern time transfer techniques (see Section 2.9.4). UTC
differs from TAI by an integer number of seconds. UTC has therefore the same
metrological characteristics as TAI and is universally used to date events.

2.7.2 Geodetic measurements and geodetic coordinates

Time enters geodesy in (at least) two ways. First, present-day geodetic measure-
ments (VLBI, GNSS, Doppler, Laser ranging, Radar) are all based on local mea-
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surements of proper time or frequency. These raw measurements are subsequently
processed to obtain geodetic coordinates. Second, a reference coordinate time scale
is required to date all measurements and results. Because the magnitude of relativis-
tic effects in the vicinity of the Earth is close to 10� 9 in relative value, a complete
relativistic treatment is mandatory for all techniques. Asa result, (geodetic) coordi-
nates must be understood in a fully relativistic sense and have no direct relationship
with a measurable quantity (meter stick). However, coordinate differences, for ex-
ample, between results from different techniques or the variation of coordinates with
time, are small enough to be directly interpreted as physical quantities, provided that
the different sets of coordinates have been determined in a consistent manner. Note
that the IUGG in 1991 adopted the IAU relativistic frameworkto de�ne its CTRS.
However, as two time coordinates are possible (TCG and TT), geodetic coordinates
may differ in scale by 7� 10� 10 depending on the time coordinate used.

2.7.3 Clocks and geodesy: future trends

The performances of clocks, counters, and other time/frequency devices seem, at
least in principle, suf�cient to cover the present and foreseeable needs of geodetic
measurements. However progress is needed on the one hand in calibration tech-
niques, in order to obtain unbiased measurements. On the other hand, the require-
ments posed by geodesy to a reference coordinate time scale seem to be ful�lled.
For example, a 1-year integration of the motion of a satellite with 1 mm accuracy
requires about 1� 10� 15 accuracy in the reference time scale.

Nevertheless improving clocks and timescales should provide several improve-
ments related to geodesy, in two domains. First, some progress is possible in the
geodetic techniques: for example, GNSS will bene�t from more stable clocks on
board satellites by allowing less frequent updates of clockparameters and yield-
ing a better modeling, i.e. a better determination, of the transmitted clock parame-
ters. VLBI could also bene�t from more stable clocks at the stations, however this
would necessitate that the entire hardware chain has stability characteristics simi-
lar to those of the clock itself. Second, the development of anew domain, that of
relativistic geodesy, can be envisaged. Because the relativistic frequency shift expe-
rienced by a clock is about 10� 16 per meter of altitude at the surface of the Earth,
clocks accurate to 1� 10� 17 or 1� 10� 18 can sense geopotential with 10 cm or 1 cm
accuracy, respectively, with respect to some reference. This reference would be free
of the limitations inherent to any geophysical realizationlike the geoid. Ultimately,
the fundamental time/frequency reference would be provided by accurate clocks in
space, where the relativistic frequency shift can be modeled with 1� 10� 18 accuracy,
while accurate clocks on Earth would be measuring the geopotential. It would also
be necessary to reconsider the de�nition and procedure of realization of TAI in order
to bene�t from such improvements, in the accuracy range 1� 10� 17 and below.

Important progress has been accomplished in recent years, bringing new horizons
to terrestrial time scales and promising the future development of new ultra-stable
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and ultra-accurate clocks. Two main directions are being explored for these clocks:
laser cooling of atoms and ion traps. In the �rst direction, several Cs fountains have
been in routine operation since the early 2000s, and they realize the SI second with
uncertainties that, since 2006, reach a few parts in 1016. It is expected that an ac-
curacy of 1� 10� 16 may be reached with such a fountain and that a fountain using
rubidium atoms may be even more stable. Based on a slow beam ofcold atoms, sim-
ilar devices operating in space in zero gravity may reach an accuracy of 1� 10� 17.
A �rst step towards operating such clocks in space will be PHARAO/ACES which
should �y on board the ISS in 2013. In the second direction, clocks based on optical
transitions promise to achieve still better performance instability and in accuracy,
thanks to a transition frequency several orders of magnitude larger. Already in 2006,
a clock based on a transition in Hg+ has demonstrated that allsystematic effects
could be modeled at the level of 7� 10� 17. The prospects of relativistic geodesy look
bright, even though the technical challenge is formidable.

2.8 Ensuring consistency of the observations of geometry, gravity
field, and rotation

The “observations” that GGOS will eventually disseminate are really the products
of the various supporting IAG Services, i.e., results of theanalysis and reduction of
the raw observations gathered by various ground and space-based systems. Consis-
tency across these products can only be assured if the raw data are collected using
consistent standards and practices, and if their analysis and reduction follows again
consistent standards and conventions across all three pillars. Of similar importance
is the integration of the various techniques on the observation level, that is through
co-location of techniques at the same location and with known local ties between the
respective reference points. In the following, we �rst summarize the situation con-
cerning co-location and then describe the main issues related to common standards
and practices across the techniques.

2.8.1 Consistency through co-location

Co-location of techniques at the same location is not only a means to ensure consis-
tency across techniques but it allows full exploitation of the different strength of the
individual techniques and mitigation of their weaknesses.Core geodetic sites are
those site with three or more space-geodetic techniques co-located and connected
through well monitored (on the level of 1 mm) local ties between the techniques.
In most cases, a core site will include at least three out of SLR, VLBI, GNSS,
and DORIS and also be co-located with absolute and relative (superconducting)
gravimeters. However, the number of core sites with three ormore of the space-
geodetic techniques co-located is only of the order of �fteen sites (see Table 2.6 for
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Table 2.6. Co-location sites. Listed are those stations that currently have three or more
space-geodetic (geometric) techniques co-located.

Site Name Latitude Longitude GNSS SLR VLBI DORIS Gravimeter(1)
Cryogenic Absolute

Arequipa -16.47 -71.49 X X - X - -
Concepcion -36.84 -73.03 X X X - X X
Greenbelt 39.02 -76.83 X X X X - -
Hartebeesthoek -25.89 27.69 X X X X X(2) X
Kokee Park 22.13 -159.66 X - X X - -
Matera 40.65 16.7 X X X - - -
McDonald/Fort Davis 30.68 -104.01 X X X - - X
Metsahovi 60.22 24.7 X - X X X X
Monument Peak 32.89 -116.42 X X - X - -
Mount Stromlo -35.32 149.01 X X - X X X
Ny Alesund 78.93 11.87 X - X X X X
Shanghai 31.10 121.20 X X X - - -
Simeiz 44.41 33.99 X X X - - -
Syowa -69.01 39.58 X - X X X X
Tahiti -17.58 -149.61 X X - X - -
Wettzell 49.14 12.88 X X X - X X
Yarragadee -29.05 115.35 X X X(3) X - -

NOTES:
(1) Where there is a SCG operating it is assumed that there will also be ABSOLUTE measure-
ments done, since they are part of the SCG's calibration process.
(2) Located in Sutherland
(3) Future VLBI occupation

the current network of core sites) and in fact decreasing over time. In the late 1990s,
more than 20 core sites existed, as demonstrated by the larger number of core sites
used for the determination of ITRF2000 (Figure 2.37, upper diagram).

The international space geodesy network has recently suffered several debili-
tating closures and reductions in the last several years dueto budgetary cutbacks.
NASA support for the SLR stations at GSFC and Texas has been reduced to single
shift. The Arequipa and Maui stations have recently reopened after a 2 year hiatus.
The budgetary situation has also been a factor in the delayedcompletion of the Next
Generation SLR (NGSLR). Despite clear international recommendations to avoid a
“weekend effect” on space-geodetic products, budget cuts in Italy forced weekend
operations at the Matera station to be discontinued. There,also lack of funds for
necessary maintenance and analysis have hampered the station operation and data
processing. In 2005 and 2006, the VLBI network lost both the Algonquin and Yel-
lowknife stations as a result of Canadian government budgetcuts and the Gilmore
Creek/Fairbanks station in Alaska due to NASA funding reductions. Several sta-
tions have been threatened with closure which was averted inpart through strong
international support.

Table 2.6 also indicates the gravimetric observations carried out at the core sites.
Only about half of these sites have co-located superconducting gravimeters. On the
other hand, the GGP currently operates or has plans to start operation for about 30
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Fig. 2.37. Network of core geodetic sites and the temporal evolution. Upper diagram:
Sites used in the determination of ITRF2000, which included 25 sites with three co-
located techniques. Lower diagram: Current network of core sites with three or more
space-geodetic stations co-located. Circles are core sites, stars indicate the GGP sta-
tions (see Section 2.6.1).

superconducting gravimeter sites (see Section 2.6.1). Figure 2.37 illustrates these
two networks, and shows that enhanced coordination of the GGP station selection
with the choice of core sites has the potential to signi�cantly increase the tie between
the geometric and gravimetric techniques.
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2.8.2 Consistency of data collection and processing: conventions

Since the very early days, international geodesy has alwaysadhered to some form
of standards and conventions, the best known of which being the Geodetic Refer-
ence System (GRS), revised appropriately on decadal scales, the last version being
GRS80. GRS consistently covered geometry, gravity and rotation, albeit at the very
top level of required constants and the most basic formulae,with an eye towards
classical techniques and approaches, which at the time werestill the main source
of geodetic products. At that time however, a new project wasconceived and suc-
cessfully executed with international participation at all levels, including design,
execution and evaluation; a project that would eventually lead geodesy from the
classical era to that of the space age. The project Monitoring Earth Rotation and
Inter-comparison of Techniques (MERIT) (see e.g., Muelleret al., 1982), acted as
the pilot for what was later to become the IERS. Along with it came an expanded
compilation of constants and standard formulas, mostly associated with the refer-
ence frame and Earth rotation, to be used by the project participants. These came
to be known as the MERIT standards and with the establishmentof the IERS, they
became the basis for the development of the IERS Conventionsas we know them
and use them today (for the last version, see McCarthy & Petit, 2004).

While, at the beginning, the Conventions mainly served as a guideline for the
purpose of data analyses and reduction for Earth orientation monitoring only, they
gradually developed as “the” reference for geometry and reference frame work as
well, including all aspects of the required techniques, from geometric modeling of
the observables to all of the required geometric and dynamiccorrections in order
to achieve the accuracy that IERS expected for these products. To achieve this, the
Conventions slowly expanded to encompass models and constants that were well
beyond the observations for geometry and rotation, including the gravity �eld and
all of its temporal variations (tides and secular changes aswell as loading effects
from the oceans and atmosphere), relativistic correctionsand environmental cor-
rections (e.g. atmospheric delays). The area where these Conventions are focused
is that of the space geodetic observations, leaving out mostof the constants and
practices for ground-based geodesy. This is perhaps due to the fact that the prod-
ucts that concern IERS are of global nature and none of the ground-based geodetic
techniques can contribute signi�cantly or compete with thesatellite-borne or space-
based techniques. Looking at it from a spectral view, they cover the long-wavelength
part of the spectrum of products. Geodesy however can deliver signi�cant infor-
mation at the high-frequency end of the spectrum, albeit in some areas only. One
of these areas, the most important one, is that of the gravitational �eld of Earth.
Ground and airborne surveys provide very high quality and high-resolution local
information that is used along with the long-wavelength information obtained from
spaceborne instruments (CHAMP, GRACE, GOCE), to develop extremely high res-
olution global Earth gravity models that will never be derived from space data alone
(see, e.g., Reigber et al., 2005, , and the new EGM2008 complete to degree and or-
der 2159). This is the area that the Conventions need to coverin more detail, both,
in the description of the required constants and the standard formulas and practices
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in reducing such data. Once this is accomplished, the foundations of all three pillars
will be ably supported by the same, unique set of Conventionsand Standards.

While the expansion and enrichment of the existing Conventions and Standards
is a rather simple task, the actual enforcement in practice is by far a more challeng-
ing task. While most institutions seek to be part of the appropriate IAG Service in
order for their products be granted the seal of approval fromthat Service, it is usu-
ally very dif�cult to force the required changes in the software and the procedures
followed by that institution to make it conform with the IERSrules. As most Ser-
vices discovered, it took years for the various Analysis Centers within a technique
to achieve this harmonization. It will take quite an effort to ensure that this harmo-
nization exists also across techniques, since the geodeticproducts are for the most
part a combination of inputs from several if not all of the Services.

An even more dif�cult and taxing effort will be required in making sure that not
only the same constants, theoretical or empirical models, and reduction procedures
are consistent, but also all of the background information used in forward-modeling
geophysical processes are also consistently derived and applied in the various anal-
yses and reductions of geodetic observations.

When all the above are accomplished, there is still going to be an issue concern-
ing the parameterization of the same effects across techniques. Recognizing that not
all techniques are equally sensitive (or sensitive at all) to all of the “geodetic prod-
ucts”, we will need to identify what parameters each technique should deliver and
at what frequency, in order to ensure that this information can be easily and readily
combined with inputs from other techniques. This issue has been given enough at-
tention for the set of parameters that cover the geometric and rotational group, with
only minor attention given to some very long-wavelength gravity information.

To some extent this approach has been reasonable since the very short wave-
length gravitational information is well below the sensitivity of any space technique
at this point, and for many years to come. There are other areas though where part
of such information can be applied in a different form, as a constraint to the results
obtained from the global space techniques. For example, incorporating some abso-
lute gravity measurements at a few points on Earth in the development of a precise
orbit from some type of tracking data is practically meaningless. On the other hand,
imposing a constraint on the height change of a tracking station based on repeated
absolute gravity measurements at that site is a very useful piece of information in-
dependent of the primary source of data determining the position and motion of that
site. A global network of combined absolute gravity and space-geodetic stations can
constrain the tie between the RFO and CM (Plag et al., 2009).

Such synergistic use of various inputs with a common, singleoutput can only be
done if the information from all sources adheres to one set ofconventions.
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2.9 Essential additional observations and applications

2.9.1 Atmospheric sounding

Besides the variables of direct geodetic interest, the space-geodetic infrastructure
enables soundings of the atmosphere and ionosphere by electromagnetic waves of
the GNSS. Properly equipped GNSS receivers on the ground canfor example ob-
serve the integrated precipitable water vapor content in the atmosphere and the total
ionospheric electron content in the ionosphere, respectively.

A number of studies conducted in the 1990s have shown that theamount of pre-
cipitable water contained in the neutral atmosphere can, infact, be retrieved using
ground-based GPS receivers (Figure 2.38). Assimilation ofthis information from
ground-based GNSS networks into numerical weather forecasting models may im-
prove particularly the prediction of extreme events (e.g.,Elgered et al., 2005). Prac-
tically, zenith total delay observations collected by European ground-based GPS
stations are assimilated operationally in numerical weather prediction since 2006
(Poli et al., 2007).

In addition, it has been demonstrated (Kursinski et al., 1995) that a GPS receiver
aboard a microsatellite in a low Earth orbit, supported by a ground-based network
of receivers, can be used to collect observations of atmospheric refraction as a func-
tion of altitude during the event of satellite occultation by the Earth's atmosphere
and ionosphere (Figure 2.39). Thus, the availability of remote sensing observations
from GPS radio occultation sensors provides a unique opportunity to improve the
quality of ionospheric and meteorological analyses, particularly over the tradition-
ally under-sampled regions, as well as promise higher vertical and temporal reso-
lutions, if a suf�cient number of sensors is launched and supported by an adequate
ground-based tracking network.

Fig. 2.38. Atmospheric sensing with ground-based GPS receivers.
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Fig. 2.39. Geometry of GPS occultation illustrated here with the CHAMP satellite.

Fig. 2.40. Global coverage of GPS radio occultations. Shown are geographic locations
of the soundings collected by CHAMP, GRACE, and FORMOSAT-3/COSMIC (F3C),
1–7 March 2007, and as received in near-real time by national numerical weather pre-
diction centers. The number of GPS radio occultations collected by each GPS receiver
is shown in parentheses.

As of 2008, there are twelve satellites in orbit carrying GNSS occultation-capable
receivers: FORMOSAT-3/COSMIC (F3C) 1 to 6, METOP, CHAMP, GRACE-A and
B, TERRASAR-X, SAC-C. Only the �rst nine of these produce near-real time ob-
servations of GNSS occultations. Such GNSS occultations are particularly promis-
ing for meteorological applications and are already today providing routinely in-
formation to operational weather services. Figure 2.40 shows the spatial cover-
age achieved by the radio occultation experiments CHAMP, GRACE, and the six-
satellite F3C (Anthes et al., 2008). Each point on the map corresponds to a radio
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Fig. 2.41. Atmospheric temperature retrievals from GPS radio occultations. (a) Zonal
average of one week of FORMOSAT-3/COSMIC retrievals (March 1-7,2007), binned to
1 km vertical and 10 degrees latitude resolutions. (b) Standard deviation of the temper-
ature retrievals within each bin.

occultation event probing the neutral atmosphere from the near-surface up to the
upper stratosphere (about 40 km altitude) at 200 meter vertical resolution. The data
for the points shown were received by national weather prediction centers between
March 1-7, 2007. Figure 2.41a shows the zonal mean temperature retrieved from
the F3C GPS refraction measurements. Note that in the lower troposphere (below
about 7 km altitude in the tropics, about 2 km altitude in the mid-latitudes), the
retrieval of temperature information from GPS radio occultations requires the use
of a priori information as constraints and hence this information cannot be consid-
ered as completely independent measurements. The zonal temperature structure ob-
served by the sole F3C retrievals is consistent with known climatology (for example,
tropopause around 15 km altitude in the tropics, double structure around 60� N lat-
itude). As expected, the Tropics present a smaller variability than the mid-latitudes
(Figure 2.41b). A region of strong variability can be observed in the stratospheric
Northern polar vortex as the Arctic region emerges from the winter polar night.
Because of the multitude of receivers, these results can be generated with only one
week of GPS radio occultation data with high vertical resolution. In the future, more
GNSS receivers in space could decrease the time needed to getsuch a global pic-
ture of the atmosphere. The temperatures retrieved from theGPS radio occultation
technique as shown here are invaluable in the sense that theyprovide atmospheric
physicists with a fairly new and now near-complete coverageof the Earth's atmo-
spheric mass �eld in the upper troposphere and stratosphere, complementing passive
measurements from existing infra-red and micro-wave sounders.
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Fig. 2.42. Global coverage of 1000 GPS tracking stations for December 26, 2004.
Vertical TEC is plotted and a 5-day average ionosphere has been removed.

Another emerging technique for atmospheric sounding is LIDAR, which, in
principle, can be used to measure atmospheric CO2 (see Section 2.4.5). One cur-
rently developed approach is a ground based zenith viewing LIDAR to measure
CO2pro�les as function of time (roughly hourly) with an altitude range of a few km,
that is essentially to the top of the boundary layer (Burris et al., 2006). The other
alternative is a down-looking CO2 sounder to measure CO2 content in the column
below an aircraft or, eventually, from space (Abshire et al., 2007). The implication
of these new developments are further discussed in Section 5.7.1.

2.9.2 Ionospheric remote sensing: one person's signal is another
person's noise

The signals from the GNSS satellites must travel through theearth's ionosphere on
their way to receivers on or near the earth's surface. To achieve the highest possible
positioning accuracies for geodetic and surveying applications, one must correct for
the propagation delays imposed on the signals by the ionosphere. Whereas these
effects may be considered a nuisance by most GNSS users, theywill provide the
researchers with an opportunity to use GNSS satellites as a tool to better understand
the plasma surrounding the Earth. The dispersive nature of the ionosphere makes it
possible to measure its TEC using dual-frequency e.g., GPS observations collected
by ground and spaceborne receivers.
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Fig. 2.43. Schematic view of COSMIC ionospheric occultations and the expected 3000
daily pro�les.

There are a number of techniques available to mitigate the ionospheric effect in-
cluding global empirical and physics-based ionospheric models. For geodetic appli-
cations, the most effective technique has been to use dual-frequency GPS observa-
tions to estimate TEC. Between 1997 and 2007, the number of GPS ground receivers
has increased approximately by an order of magnitude. Currently, there are more
than 1500 globally-distributed dual-frequency, ground-based GPS receivers avail-
able using publicly accessible networks including, for example, the IGS and Con-
tinuously Operating GPS Stations (CORS). To take advantageof the vast amount
of GPS data worldwide, researchers use a number of techniques to estimate pa-
rameters e.g., satellite and receiver inter-frequency biases, directly affecting the
GPS TEC measurements of the ionosphere. Most techniques estimate vertical iono-
spheric structure and, simultaneously, hardware-relatedbiases treated as nuisance
parameters (e.g., Mannucci et al., 1998, 1999; Schaer et al., 1998). Other approaches
take advantage of all available GPS receivers and calibratethe biases using process-
ing algorithms based on Global Ionospheric Mapping (GIM) techniques developed
at various research centers (for illustration using about 1000 GPS stations, see Fig-
ure 2.42). These techniques are designed to estimate receiver biases for all stations
in the global network and solve for the instrumental biases by modeling the iono-
spheric delay and removing it from the observation equation(Komjathy et al., 2005).
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We seem to be in the midst of a revolution in ionospheric remote sensing
driven by not only the abundance of ground but also the space-based GPS re-
ceivers, new UV remote sensing satellites, and the advent ofdata assimilation tech-
niques for space weather. The GLONASS constellation is nearing its completion and
GALILEO satellites are expected to contribute signi�cantly to ionospheric data cov-
erage starting in the early next decade. As for spaceborne data coverage in particular,
the COSMIC 6-satellite constellation was launched in April2006 (see Figure 2.43).
COSMIC now provides unprecedented global coverage of GPS occultations mea-
surements (1700 per day as of May 2007), each of which yields electron density in-
formation with unprecedented� 1 km vertical resolution. Calibrated measurements
of ionospheric delay suitable for input into assimilation models is currently made
available in near-real time (NRT) from COSMIC with a latencyof 30 to 120 min-
utes. Similarly, NRT TEC data are available from two worldwide NRT networks of
ground GPS receivers (� 75 5-minute sites and� 125 additional hourly sites, oper-
ated by NASA JPL and others). The combined NRT ground and space-based GPS
data sets provide a new opportunity to more accurately specify the 3-dimensional
ionospheric density with a time lag of only 15 to 120 minutes.With the addition of
the vertically-resolved NRT occultation data, the possibility exists of retrieving the
hour-to-hour ionospheric “weather” much more accurately than previously possible.

New Global Assimilative Ionospheric Model (GAIM) techniques are used to
monitor space weather, study storm effects, and provide ionospheric calibration for
various users including NASA �ight projects. GAIM is a physics-based 3D data as-
similation model that uses both 4DVAR and Kalman �lter techniques to solve for the
ion and electron density state and key drivers such as equatorial electrodynamics,
neutral winds, and production terms (e.g., Mandrake et al.,2005; Schierless et al.,
2004; Spencer et al., 2004). Daily GAIM runs typically accept as input ground GPS
TEC data from more than 1200 sites, occultation links from CHAMP, SAC-C, and
the COSMIC constellation, UV limb and nadir scans from the TIMED and DMSP
satellites, and in situ data from a variety of satellites (DMSP and C/NOFS). Real-
Time GAIM (RTGAIM) ingests multiple data sources in real time, updates the 3D
electron density grid every 5 minutes, and solves for improved drivers every 1-2
hours.

The abundance of ground and space-based GPS ionospheric observations is ex-
pected to help create new and exciting applications including e.g., space weather
monitoring during ionospheric and geomagnetic storms (e.g., Fedrizzi et al., 2005)
and developing a tsunami early warning system using GPS-derived ionospheric
signals. Researchers have shown considerable progress in understanding the geo-
physics of tsunami-atmosphere coupling and determine the feasibility of using
GNSS technology as part of an improved future tsunami warning system comple-
menting more traditional methods of tsunami detection.
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2.9.3 Tide gauges

Sea level measured by tide gauges is an important parameter for geodesy for several
reasons. For example, geodetic datums in most countries have been de�ned histori-
cally in terms of sea level measured at their coasts. A secondexample concerns the
linkage of GGOS to other components of global observing, notably the Global Cli-
mate Observing System (GCOS) and the Global Ocean ObservingSystem (GOOS).

Historical tide gauge records are mainly derived from �oat and stilling well
devices. Tide gauges based on mechanical �oat devices have lasted for more
than 150 years. Still in 1983, a survey conducted by the International Oceano-
graphic Commission (IOC) of United Nations Educational, Scienti�c and Cultural
Organization (UNESCO) showed that 94% of the tide gauges were mechanical. The
situation has considerably changed since then. The �oatinggauges are progressively
replaced by new technologies. Modern types of gauges are mainly based either on
the measurement of the subsurface pressure, or on the measurement of the time of
�ight of a pulse, acoustic or radar. It is worth pointing out here that, whatever the
technique is employed, the basic quantity provided by tide gauges is an instanta-
neous height difference between the level of the sea surfaceand the level of a �xed
point on the adjacent land. Hence, tide gauges not only record ocean tides but also
a large variety of sea-level signals that can be caused by variations in atmospheric
pressure, density, currents, continental ice melt, as wellas vertical motions of the
land upon which the measurement instrument is located. The recorded processes
have characteristic time scales from several minutes to centuries. Many other scien-
ti�c applications than tidal research and modelling may therefore bene�t from tide
gauge records (Woppelmann et al., 2006).

Sea-level data from tide staffs or tide gauges have been usedfor more than a
century to establish vertical reference systems on land andon sea in order to de-
�ne the height and depth datums. The main elements in a height-system de�nition
are an origin, a vertical reference surface of zero level, and a ”type” of height, for
example dynamic heights. The geoid, de�ned as that equipotential surface of the
Earth's gravity �eld that most closely coincides with the mean sea level, was orig-
inally selected as reference surface because it was believed that the average level
of the sea was constant over long periods of time, which we nowknow it is not
true. In general, each Country chose one tide gauge station for the computation of
the ”mean sea level” over a certain arbitrary period of time.However, whatever the
choice of the site, the mean sea level varies from place to place and at one speci�c
place over time. Therefore different height datums may refer to different equipoten-
tial surfaces, resulting in constant offsets between them.Space geodesy provides the
mean to evaluate these offsets in a well-de�ned geocentric reference system (Wop-
pelmann et al., 2006).

At present, vertical crustal motions at tide gauges can be measured to high ac-
curacy independently of the sea-level reference surface bymeans of space tech-
niques, therefore it will be possible to separate the crustal motions from the absolute
sea-level variations. Tide gauge measurements are dif�cult to compare because tide
gauges are referred to local reference systems and they havenot yet been connected
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on a common datum. However, it should be pointed out that several international
efforts are underway both at global (IOC, 1997; International GPS Service, 2001)
and regional scales (Zerbini et al., 1996; Becker et al., 2002) which aim to overcome
this problem.

Nowadays, gauges are available based on many technologies (digital �oat, radar,
acoustic, pressure) which can provide low latency, accurate sea level information
optimized for the particular installation. For tide gauge details see IOC (2006). Tra-
ditionally, tide gauges measure local sea level with respect to a nearby benchmark
on land. Modern geodetic techniques provide the means to position the tide gauges
in a global geodetic reference frame (see Figure 2.44). Today, permanent GNSS sta-
tions (and in some cases DORIS stations) at tide gauges are used to determine the
land motion at these sites in a global reference frame, and toposition the tide gauge
in the same frame as the satellite altimeters (see also Section 3.7 and below). Mea-
surement of vertical land movements at gauge sites allows the determination of sea
surface height changes in the same reference frame as the altimeter data. Absolute
gravity measurements provide an independent control of thevertical land motion
rates determined from the GNSS observations, and help to eliminate a bias of these
rates due to a potential secular motion of the reference frame origin with respect to
the CM. At some sites, an additional GNSS station is used in a dual-CGPS approach
(Plag et al., 2000a) to control the stability of the tide gauge monument with respect
to the adjacent land, thus replacing or augmenting episodicleveling.

Internationally, tide gauge sea level measurements are coordinated through the
Global Sea Level Observing System (GLOSS) of the IOC (Woodworth et al., 2003).
GLOSS de�nes a worldwide Core Network of approximately 300 stations (see Fig-
ure 2.45 on page 83), which is densi�ed by means of inclusion of regional and
national networks. The use of GPS at gauge sites is the topic of the current IGS
TIde GAuge Pilot Project (TIGA).

GLOSS does not dictate to tide gauge operators which technology is preferable;
GLOSS standards simply require measurements to better than1 cm accuracy in all
weather conditions. However, especially since the Sumatratsunami of December
2004, one would expect that any new GLOSS installation wouldconsist of dual
gauges (e.g. a “sea level” gauge based on radar, and a “tsunami” gauge based on
pressures) and dual telemetry. Data �ow would be both near-real time (especially so
for tsunami and storm surge applications) and delayed-modefor scienti�c applica-
tions.

Geodetic techniques have extended the number of ways by which local sea level
can be measured. Techniques which have been developed in thelast few years in-
clude the use of GPS on buoys (in effect extending coastal tide gauge measurements
off-shore), and the use of GNSS scatterometry and re�ectometry (see Section 2.4.4).
The emerging use of GNSS receivers for earthquake magnitudedetermination (Ble-
witt et al., 2006b), with tsunamis being the potential sea level consequence, indicates
another role for space geodetic techniques in a sea level observing system.

However, even in the established methods, geodesy has resulted in major im-
provements. Positioning of sensors (such as tide gauges andocean buoys) in a global
reference frame has already been mentioned above. The provision of precise timing
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Fig. 2.44. Principle of tide gauge measurements. From
http://sealevel.colorado.edu/tidegauges.html. See also IOC (2006).

through GNSS (see Section 2.9.4) to the equipment (for example, the clock of a
tide gauge) is another example. Before GNSS, positioning and timing were accom-
plished by almost as many methods as research groups. The result of the new tech-
niques and a more standardized approach is more precise dataand meta-data with
consequent improvement in our knowledge about sea level.

Geodesy has in effect terminated some traditional areas of work. An example
concerns the replacement of chart datum as the height reference on nautical charts,
hitherto based on interpolations of information on lowest astronomical tide at tide
gauges, with the use of geo-located tide gauge data and off-shore mean sea sur-
face information from altimetry, together with the availability of GPS positioning
to mariners. Another example includes the replacement of long distance leveling
by GNSS-minus-geoid, thanks to the availability and accuracy of GPS and regional
geoid information, with most recent geoid improvements following GRACE opera-
tions and further ones anticipated from GOCE (see Section 2.6.5).

Today, the largest database of monthly mean tide gauge data is provided by the
Permanent Service for Mean Sea Level (PSMSL). Since 1933, PSMSL has been
responsible for the collection, publication, analysis andinterpretation of sea level
data from the global network of tide gauges. The PSMSL is a member of the Feder-
ation of Astronomical and Geophysical Data Analysis Services (FAGS) established
by the International Council for Science (ICSU), and it is based in Liverpool at the
Proudman Oceanographic Laboratory (POL).

The database of the PSMSL contains monthly and annual mean values of sea
level from almost 2000 tide gauge stations around the world (Figure 2.45, upper
diagram) received from almost 200 national authorities. Onaverage, approximately
2000 station-years of data are entered into the database each year, and in December
2006, the database contained over 55000 station-years.

The data are provided in two data sets, namely the METRIC dataset contain-
ing basically all data, and the Revised Local Reference (RLE) data set containing
records for which the history of the local reference is knownso that time series anal-
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Fig. 2.45. Upper diagram: location of the roughly 2000 tide gauges for which data are
stored in the PSMSL data base. Lower diagram: locations of tide gauges in the GLOSS
core network.

ysis of secular sea level changes can be performed (Woodworth & Player, 2003).
Long records from this data set have been the basis of most analyses of secular
changes in global sea level during the last century. The geographical distribution
of longer RLR records contains signi�cant geographical bias towards the northern
hemisphere, a situation which is being recti�ed by the establishment of the GLOSS
global sea level network (Figure 2.45, lower diagram). A major conclusion from the
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Fig. 2.46. NOAA's DART stations. Top: Location of NOAA's DART stations. Bottom:
Schematic illustration of the DART system. For explanation, see text. Figures taken
from NOAA's DART system page at http://www.ndbc.noaa.gov/Dart/dart.shtml.
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global tide gauge data has been that global sea level has indeed risen by approxi-
mately 10 to 20 cm during the past century (Church et al., 2001).

BottomBottom Pressure Recorders (BPRs) use similar pressure sensors to those
in coastal pressure tide gauges with two main differences. One is that the sensors
obviously have to be capable of operating at greater depths (often down to 5000 m)
and as a consequence are more expensive. The other is that they have to be 'absolute'
sensors, recording total pressure at the sea bed, which includes the pressure due to
the water plus atmospheric pressure. In coastal pressure gauges, it is more normal to
use a 'differential' sensor, which is compensated for atmospheric pressure, although
absolute sensors employed in combination with conventional barometers are also
available and are preferred by some operators.

Data from deep ocean bottom pressure recorders are particularly relevant for
comparison to temporal space gravity data from missions such as GRACE. How-
ever, only a few BPRs have been deployed so far explicitly forsuch comparison
purposes; the POL BPRs in the South-West Atlantic being one example (Hughes
et al., 2007).

BPRs have a long history in oceanography, but were developedmost intensively
in the 1970-1980s for tidal research (Spencer & Vassie, 1997). Instruments were
placed on the sea bed for typically a year and recovered during a second visit by
a research ship. This provided a one-year record which was adequate for a tidal
analysis. More recently, BPRs have been deployed for longerperiods (up to 5 years
for the POL Multi Year Return Time Level Equipment (MYRTLE))for non-tidal
studies, such as monitoring the variability of ocean currents. Data retrieval remains
a major issue, and recovery by means of acoustic release of the whole BPR by a
ship is still the main method. MYRTLE additionally containsa number of 'data
podules' which are released by a timing mechanism at regularintervals (e.g., once
a year) with data transmitted from the podule to a satellite when on the surface. The
podule itself may be recovered if a ship happens to be nearby but can otherwise be
considered disposable.

However, this technology can never provide real-time information required for
tsunami warning systems. For that, one requires undersea cables or the use of acous-
tic transmission from a BPR to a surface buoy. The most advanced systems currently
in use are the Deep-ocean Assessment and Reporting of Tsunamis (DART) stations
deployed by NOAA mainly in the Paci�c (Figure 2.46a). DART systems consist of
an anchored sea�oor bottom pressure recorder (BPR) and a companion moored sur-
face buoy for real-time communications (Gonzalez et al., 1998, see Figure 2.46b).
An acoustic link transmits data from the BPR on the sea�oor tothe surface buoy.
The data are then relayed via a GOES satellite link to ground stations (Milburn
et al., 1996), which demodulate the signals for immediate dissemination to NOAA's
Tsunami Warning Centers.

A major source of uncertainty in understanding sea-level variations from tide
gauges is the accurate knowledge of vertical crustal movements which are embodied
in the sea-level measurements. In fact, tide gauges measuresea-level changes as the
difference between the height of a geodetic benchmark attached to the Earth's crust
and the height of the sea surface. Vertical land movements need to be accounted
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for if tide gauge records are to be compared to satellite altimetry measurements of
sea surface height changes. At global scale, post glacial rebound, a vertical crustal
motion due to the isostatic readjustment of the Earth's crust to the last deglaciation,
is the only coherent geological contribution to the long-term sea-level change for
which a thorough understanding of the physical process has been achieved (Mitro-
vica et al., 1994; Peltier, 2004). Isostatic adjustment is the process by which the
Earth attains gravitational balance with respect to superimposed forces. If a gravita-
tional instability occurs, the crust rises or sinks to compensate this instability. Mod-
eling the post-glacial rebound effects, however, still leaves in the vertical crustal
rates different regional and local isostatic components aswell as tectonic effects
which are dif�cult to model.

At present, vertical crustal motions at tide gauges can be measured to high ac-
curacy by means of space techniques such as, for example, theGNSS DORIS
(Soudarin et al., 1999). Continuous GPS, however, has shownto be the technique
of use in this particular application due to the ease of use, high precision, and its di-
rect connection to the ITRF through the products of the IGS. On the other hand, by
means of simultaneous GPS measurements performed at tide gauges and at �ducial
reference stations of the global reference system, tide gauge benchmarks can be tied
in a global well-de�ned reference system (Becker et al., 2002; Zerbini et al., 1996).
The possibility to refer the tide gauge data to the same high precision global refer-
ence system allows the comparison between the different tide gauge data sets to be
made. This was not the case until about 15 years ago when tide gauge benchmark
coordinates were mostly available in the different national height systems.

The long-term sea-level trends at tide gauge stations is measured to about 0.3-0.5
mm/yr (Zerbini et al., 1996), provided that the time series are long enough (20-50
years). The accuracy required by GPS shall be in the same range; tide gauge po-
sitions must be monitored at the level of 10 mm absolute position error so that a
long-term trend with a realistic error of 0.3 mm/yr can be obtained over 20 years or
so (Becker et al., 2002). The current accuracy of GNSS products provided by Inter-
national GNSS Service (IGS) is 3, 3, 6 mm for weekly mean values of the north,
east and up coordinates respectively and 2, 2, 3 mm/yr for theassociated linear ve-
locities (see for instance Altamimi et al., 2002, 2007), with a signi�cant contribution
of the error in the velocities originating from long-term stability of ITRF (Blewitt
et al., 2006a). The height determination using GPS data is a delicate task because
of several reasons, among them, the atmospheric refractionin the troposphere and
the geometric weaknesses in the height component of the GPS in general, and the
complicated interactions of the GPS receiver and antenna hardware imperfections
(like antenna phase-center variations and multipath). Moreover, with the exception
of areas with natural or anthropogenic subsidence, active tectonics and strong seis-
mic events, vertical rates are smaller by an order of magnitude as compared to the
horizontal crustal motions, i.e. they are in the mm/yr range(Woppelmann et al.,
2006).
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2.9.4 Geodetic time and frequency transfer

High-accuracy geodetic methods using dual-frequency GPS observables are now
routinely employed to produce positioning repeatabilities globally at the centimeter
level for one-day integrations, as demonstrated for example in products of the IGS.
Similarly, the same methods have been shown to produce equivalent global time and
frequency comparisons with precisions approaching about 100 picoseconds at each
analysis epoch, but whose accuracies are limited to roughlythe 1-ns level because
of instrumental calibration uncertainties, particularlyfor the GPS antennas. Current
techniques yield calibration uncertainties of about 3 ns for standard GPS antennas
(Plumb et al., 2005).

The essential ingredients for the geodetic GNSS method involve the availability
of dual-frequency carrier phase as well as pseudorange (code) observables, recorded
typically at 30 s intervals, together with an analysis modeling of one-way signal
propagation accurate to the millimeter level. Standard errors for GPS phase and code
data are about 1 cm and 1 m respectively with multipath believed to be the dominant
source of error for both. The code data are needed to separatethe otherwise indis-
tinguishable clock offset and phase cycle ambiguity. The effect of utilizing both
observables in this way is that the noisier code data are effectively smoothed by the
more precise carrier data and that the overall accuracy of the time transfer is deter-
mined from the code data; the precision within a continuous analysis arc (typically 1
day) is determined from the quieter carrier data. Formal errors for the geodetic clock
estimates are typically about 120 ps (3.6 cm), but have been shown to be highly op-
timistic in many cases. A more realistic measure of the accuracy may be determined
by performing a classic repeatability test, comparing the agreement at successive
analysis arc boundaries. Such a test is only feasible if the underlying clock stabil-
ity is suf�cient, which effectively restricts its use to GPSreceivers equipped with an
external H-maser frequency standard. A detailed analysis of day-boundary clock es-
timate discontinuities was performed for a subset of stations contributing to the IGS
Combined Clock Products (Ray & Senior, 2003, 2005). The analysis showed that
performance is highly site-speci�c, varies widely among the stations studied, and is
independent of the choice of receiver or antenna model used.In many cases, poor
performance or abrupt changes in performance was traced to changes in equipment
or installation problems such as loose cable connections orpoor external frequency
distribution. Some stations showed distinct seasonal variations in the level of discon-
tinuities which can not be fully explained by thermal effects. However, in the best
cases sites have day-boundary discontinuities (rms) that are commensurate with the
formal errors. The stability �oor for the current state of the art geodetic time transfer
technique has been inferred to be about 2� 10� 13t � 1=2 for t intervals up to 1 day,
consistent with a random walk process. Deducing the limit ofthe method beyond 1
day will require comparisons using more precise frequency standards such as cold
atom clocks.

As evidenced in the above performance measure, the limit of geodetic timing is
determined from the quality of the pseudorange data. Therefore, in order to achieve
the highest quality time and frequency comparisons, there are some special consid-
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erations for monumentation and instrumentation which should be made to minimize
multipath and signal re�ections. Receivers vary widely with respect to their sensitiv-
ity to thermal effects and so thermal control of the receivers is generally necessary.
Also, phase stable cabling with low thermal sensitivity should also be employed
with cable runs having minimal length and environmental exposure. Thermal con-
trol of the antennas is not required (Ray & Senior, 2001, 2003; Rieck et al., 2003),
however the antenna siting should strive to minimize code and phase multipath.
Some recent work has also indicated the possibility that long-wavelength multipath
from below may also be an issue (Ray & Senior, 2005; Elóseguiet al., 1995). In
the near future, the largest gains in performance will likely come from new GNSS
broadcast signal modulations whose multipath characteristics are likely to be greatly
improved over those of the current GPS system.



Chapter 3
Understanding a dynamic planet: Earth science
requirements for geodesy
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Rothacher, S. Stein, R. Thomas, P.L. Woodworth, S. Zerbini and V. Zlotnicki

3.1 Introduction

The complexity of the Earth system has been discussed in manyfundamental doc-
uments in recent years. Trying to understand the Earth system and improve our
forecast capability step by step are the great challenges ofEarth system science.
The opening sentence of the recent NRC report “Earth Scienceand Applications
from Space: Urgent Needs and Opportunities to Serve the Nation” (2005) nicely
expresses this current situation: “Understanding the complex, changing planet on
which we live, how it supports life, and how human activitiesaffect its ability to
do so in the future is one of the greatest intellectual challenges facing humanity. It
is also one of the greatest challenges for society as it seeksto achieve prosperity,
health and sustainability.” Chapter 1 discussed what the role of GGOS will be in
this challenge. It is evident that only a joint effort of manyscienti�c disciplines will
make it possible to shed more light into the complexity of theEarth system. Despite
enormous progress in recent years the uncertainties of predictions are still rather
high. A recent analysis of the deeper reason for the limited quality of climate fore-
casts led to the unanimous conclusion that “data are still poor” (see Hogan, 2005,
and the references therein). Data from space will and must play a central role in
Earth system research. Only satellites are capable of providing data globally, of uni-
form quality, and with acceptable repetition rate. Moreover, complementary sensor
systems can be combined and data delivered in near real time,(compare, e.g., Bat-
trick, 2006). Observations are also the crucial element of asecond central element of
Earth system research, up-scaling and down-scaling. This is the process of establish-
ing representative and reliable connection from local datato global processes and
vice versa. Establishment of this connection will unify thewide range of temporal
and spatial scales in Earth system models.

Geodesy is a “measurement discipline” much like astronomy.Its modern de-
velopment and success is intimately connected with progress in space science and
engineering. The successes in the scienti�c applications of satellite and lunar laser
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ranging, microwave satellite ranging, radar altimetry, VLBI and many more result
from this development.

Geodetic space techniques have reached a level of maturity and precision that
make them an important tool for Earth system sciences. Important added-value and
new areas of application will result from a combination of the fundamental three
types of geodetic parameters: surface geometry, Earth rotation and gravity. This is
what GGOS intends to provide. Examples of this modern development are detec-
tion and monitoring of tectonic, ice and ocean motion, the determination of mass
anomalies and implicitly density anomalies, observation and quanti�cation of mass
transport processes in the hydrosphere and in the oceans, estimation of global and
regional mass changes in the Earth components, separation of the thermal and mass
components of sea level change, ionospheric and tropospheric sounding.

This chapter deals with the science prospects resulting from the GGOS and with
the science requirements connected to this task. There are two dimensions to this
theme. One is the analysis of the challenges geodesy faces inthe realization of
a global observing system at a precision level of 1 ppb relative to Earth dimen-
sion and with decadal stability in space and time. This part will be discussed in
Section 3.2. The second dimension is the analysis of the bene�ts for Earth system
science and application that will result from GGOS. One can view this from two
opposite directions. The �rst is as Earth scientist; to elaborate on possible bene�ts
of GGOS for solid Earth geophysics, glaciology, oceanography and climatology.
This will be done in Section 3.3 for geophysics, Section 3.4 for glaciology, Sec-
tion 3.5 for oceanography, Section 3.6 for weather and climate, Section 3.7 for sea
level studies, and Section 3.8 for hydrology. Alternatively the bene�ts of GGOS for
understanding the Earth system can be considered from the geodesist's view: the
expected added-value for Earth system sciences resulting from a combination of the
three data types surface geometry, Earth rotation and gravity. Taking this perspective
Section 3.9 will deal with mass transport and mass anomaliesin Earth system, Sec-
tion 3.10 will describe the link between Earth rotation and geophysical �uids, and
Section 3.11 explores what Earth rotation tells us about core and mantle processes.

In these discussions it is worth noting two uses of the terms “model” and “mod-
eling”. Geodetic models, e.g. gravity or Earth rotation models, essentially condense
large numbers of observations (satellite, VLBI and terrestrial data) into a meaningful
set of parameters. In contrast, we often use the term “models” to describe the math-
ematical representation of some geophysical processes such as climate, atmosphere,
ocean, ice or solid Earth. These two types of modeling also appear in the scheme
of Figure 3.1 where the geodetic modeling is termed “observation modeling” while
“in�uence/modeling” refers to modeling in geosciences.

3.2 The scientific and technological challenges for GGOS

Geodesy is a measuring science. Loosely speaking it provides data in space, time
and gravity at a level of 1 ppb relative to the Earth's dimension. One of the novel and
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most important features of GGOS results from the integration of the traditional three
fundamental types of geodetic parameters: surface geometry, i.e., the determination
and monitoring of the surfaces of land, ice, and ocean, Earthrotation comprising
nutation, polar motion and variation in length of day, and gravity with the Earth's
gravity �eld and geoid. This integration will permit the separation of the thermal
and mass contribution to sea level change, and the study of mass anomalies, mass
transport, and mass exchange in the Earth system.

Global change phenomena are very small and therefore dif�cult to measure.
Often changes cannot be measured directly but are inferred from data derived by
complementary sensor and observation systems and by comparison with numeri-
cal models (see Figure 3.1). A good example is dynamic ocean topography. It is
derived from accurate radar altimetric measurements of theocean surface along
satellite tracks in combination with a geoid surface based on global gravity models
derived from the data of gravimetric satellite missions. Both altimetry and the geoid
model have to refer the same global coordinate system, free of any distortion. Pro-
cessing of altimetry (a data model in Figure 3.1) requires elimination of effects such
as ionosphere, troposphere, tides and sea state biases and has to be consistent with
a similar processing chain that leads to the geoid model. Hence a variety of sensor
systems, mission characteristics, tracking systems, and sampling patterns have to
lead — with high precision — to a uni�ed and consistent model of dynamic ocean
topography. In a second step ocean transport estimates are derived from the assim-
ilation of dynamic ocean topography into global or regionalnumerical circulation
models.

The resulting research challenges are:

1. The various geodetic satellite systems, comprising boththeir instrumentation and
observatories that establish the link from ground stationsto the orbiters, have to
operate as a global entity in a global reference frame. Thus,space techniques
(SLR, VLBI, GPS, DORIS, (differential) INSAR, ocean altimetry, ice altimetry),
gravimetric space techniques (orbit perturbation analysis, high-low and low-low
satellite-to-satellite tracking, satellite accelerometry and gradiometry), relevant
astrometric techniques and missions, and geodetic techniques of atmospheric
sounding from GNSS satellites to low Earth orbiters or to ground stations have
to be uni�ed and integrated at the 1 ppb level. Moreover, the global network of
observatories and receivers must operate in one Earth �xed coordinate system at
this precision level. Speci�cally, its 3D positions and geopotential heights must
be known and monitored with such precision and with the same long term stabil-
ity over time. For an overview see Table 2.1.

2. The space segment has to be complemented by terrestrial and airborne/shipborne
techniques and campaigns. This implies the combination of measured data of
very different density and resolution. It may be referred toas the geodetic “up
and down-scaling problem,” (Section 3.1). Terrestrial andairborne measurements
serve a threefold purpose. They provide calibration and validation to the space
segment, lead to a regional densi�cation in terms of spatialand temporal reso-
lution and accuracy and are essential in the attempt to separate individual geo-
physical effects which can be observed from space only in their superposition.
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Fig. 3.1. Measuring and modeling the Earth system.

The land, ice and ocean surfaces are to be monitored with highspatial resolution.
The required resolution depends on the surface type (land, ice, or ocean) and on
the region (tectonically active zones, major ocean currents etc.). The latter im-
plies the necessity of establishment and integration of regional projects in areas
of particular geophysical relevance. These projects have to comply with the over-
all GGOS standards. The development of new terrestrial and airborne/shipborne
techniques needs attention and encouragement.

3. A link has to be established between the global time seriesof geodetic param-
eters delivered by GGOS and relevant geophysical process models. This is a
demanding and highly interdisciplinary task that requiresa close cooperation
with geophysicists/geologists, glaciologists, oceanographers, hydrographers and
atmospheric physicists. Thus, geodesists will need to be involved into numerical
Earth modeling. The ultimate goal is the development of a comprehensive Earth
model constrained by geodetic time series of global surfaceprocesses, rotation
parameters, gravity models and mass transport and exchangedata. They should
contribute to our understanding of solid Earth processes such as Glacial Isostatic
Adjustment (GIA), tectonic motion, volcanic activity or earthquakes, ice mass
dynamics and balance and the dynamics of sea ice, the structure and changes
of ocean circulation, and mass and heat transport in the oceans, to the various
components of sea level change and to their separation and quanti�cation, to the
global water cycle, and to atmospheric dynamics.

4. The measured temporal variations of Earth rotation and gravity and geoid rep-
resent the total integrated effect of all mass changes in theEarth system. Thus,
strategies have to be developed for their separation into individual contributions
(although interaction between the various processes at or above the accuracy
level may not allow for separation and rather require an integrated modeling
approach). The complementarity of satellite techniques, sampling strategies, for-
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mation �ights of several satellites, terrestrial calibration sites, permanent record-
ings and campaigns and geophysical models will prove important for this task.
Of similar character is the problem of the limited resolution in time and space
of any space con�guration, which leads to aliasing problemsthat need careful
analysis.

The rationale of this program is summarized in Figure 3.1. The left box lists the
most important geodetic measurement techniques. They haveto be processed and
combined in a consistent manner to form a uni�ed and global observatory. They
yield geodetic parameter sets and time series for surface geometry, Earth rotation
and gravity. Their contribution to the study of the Earth system results from their
introduction, assimilation and/or integration into models of Earth processes. In ad-
dition to forward modeling, there results a reverse feedback. Improved Earth pro-
cess modeling can also improve analysis of the geodetic parameter sets and lead to
a more consistent data processing.

These goals are at the cutting edge of what is possible today and in the near
future. They require a joint effort in theory, numerical methods, data handling, mea-
surements and campaigns, instrument development, organization and management.
The de�ned goals for precision, uniformity, consistency and stability result in a
series of geodetic requirements for all components and stages of geodetic data pro-
cessing. Several, that are complex and not yet fully understood, have to be regarded
as research topics. Agreement has to be reached in terms of:

� fundamental constants;
� geodetic world datum in space, time and geopotential at 1 ppm;
� standards;
� geophysical backgroundmodels (solid Earth and ocean tides, atmosphere, oceans,

ice, loading, ionosphere, troposphere) used for data reduction, remove-restore
steps and separation of effects;

� combination and comparison of global and regional/local data;
� determination of �eld quantities (gravity �eld) from �nitesampling in space and

time (aliasing, leakage, truncation, �ltering, regularization, etc.);
� complementary measurements from other disciplines.

In the past the use of separate geodetic and geophysical models for data reduc-
tion and analysis was acceptable. However, when generatingtime series of the very
small geodetic “global change” parameters, resulting froma combination of the
three parameter types surface geometry, Earth rotation andgravity, the consistency
of these models is mandatory. Developing a uni�ed geodetic Earth system model
that is applicable to all geodetic observation techniques is challenging but certainly
worthwhile considering.

A central contribution of geodesy to Earth science is the provision of a stable
reference frame and tools to assign coordinates in this reference frame to any point
with high accuracy, and spatial and temporal resolution. This enables scientists to
reliably monitor processes on land, on ice, and on the ocean with high short-term
accuracy and long-term stability. It has allowed accurately positioning sensors in
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motion (e.g., on air planes, ships, satellites), and thus facilitated the development of
observation techniques with high spatial coverage. Because geodetic observations
re�ect to the mechanical processes in the Earth system, theyconstitute a fundamen-
tal data set for Earth sciences.

3.3 Solid Earth physics

Space geodesy has revolutionized the study of solid Earth processes through its
ability to measure the deformation of the Earth's surface and the Earth's gravity
�eld with extraordinary accuracy. These measurements provide our best data about
the motion of the great plates of the Earth's lithosphere, crucial insight into the
resulting hazards posed by earthquakes and volcanoes, and powerful constraints on
the forces within the Earth that drive them.

Nonetheless, despite signi�cant progress over the last fewcenturies, many ques-
tions remain about fundamental processes in the solid Earth(e.g., NASA, 1991a;
Solomon & the Solid Earth Science Working Group, 2002; Boardon Earth Sciences
and Resources, 2003; Ilk et al., 2005; Space Studies Board, 2005; Battrick, 2006).
These re�ect the complex nature of the Earth system in which chemical, physical,
and biological factors jointly yield a highly non-linear system in partial homeostasis
(Lovelock, 1979; Schellnhuber & Wenzel, 1998). Understanding the complex Earth
system requires integrated sets of observations on global to regional spatial scales
and with high spatial and temporal resolution. In the pre-space era, few parameters
were observed with global coverage or suf�cient spatial andtemporal resolution. In
the space era, this has changed for many parameters, but not for all.

These limitations of data are being addressed by regional and global collabo-
rative programs. The NASA Crustal Dynamics Project (CDP) (Smith & Turcotte,
1993a,b,c) and the Working group of European Geoscientistsfor the Establishment
of Networks for Earth-science Research (WEGENER) (e.g., Plag et al., 1998a) were
established in the beginning of the 1980s as interdisciplinary programs applying
space geodetic and other techniques to the study of geodynamics and crustal dy-
namics. A recent example is the U.S. EarthScope Program, a major national under-
taking applying modern observational technologies and analytical methods to the
study of the structure and evolution of the North American continent and the un-
derlying physical processes that cause associated phenomena such as earthquakes
and volcanic eruptions (Carlson & 42 others, 2002). EarthScope is developing new
facilities for seismology, geodesy, and borehole geophysics, to provide a foundation
for fundamental and applied research throughout the UnitedStates. This network
of geodetic and geophysical instruments is signi�cantly expanding capabilities to
observe the structure and ongoing deformation of the North American continent.
EarthScope seeks to promote multidisciplinary research addressing some of the
grand scienti�c challenges in Earth science.

Geodetic observations play a major role in these programs because they are fun-
damental for the understanding and modeling of Earth systemprocesses. Changes
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in the Earth's shape, its gravitational �eld, and its rotation are caused by external
forces acting on the Earth system and internal processes involving mass transfer
and exchange of angular and linear momentum. Thus, variations in these geodetic
quantities re�ect and constrain mechanical and thermo-dynamic processes in the
Earth system.

Understanding these processes transcends purely scienti�c goals because these
processes have signi�cant societal impact (Solomon & the Solid Earth Science
Working Group, 2002). Thus, understanding of these processes and their interac-
tions is important for sustainable development and has important consequences for
natural hazard mitigation.

This Section examines some of the scienti�c problems in solid Earth physics
that would bene�t from improved geodetic observations. In particular, it elaborates
on the added-value of the combination of time-dependent positioning (geometry),
Earth rotation and gravity/geoid.

This analysis is designed to motivate the design of the future GGOS in terms of
requirements for accuracy and resolution of geodetic observations. Typically, scien-
ti�c requirements are simply 'as good as possible'. Nevertheless, we attempt to iden-
tify quantitative threshold and target requirements that are likely to help distinguish
between models and hypotheses and thus improve our knowledge signi�cantly.

We also attempt to anticipate the impact of likely technological developments.
One is the maturing of geodesy on the ocean bottom. Because the ocean covers
two-third of the Earth's surface, sea�oor geodesy could lead to signi�cantly better
understanding of geodynamic processes. Spiess (1990) predicted thatby the year
2000 we will be discussing at least a few real multi-year datasets and using them to
constrain our models of the structure and dynamics of the crust beneath the sea - its
genesis, its evolution as it moves away from the mid-ocean ridges, its destruction in
the trenches, and the effects of its interaction with continents and islands. However,
progress has been slower than anticipated in that statement. The program documents
of the International Year Of Planet Earth (IYPE) again emphasize the need to extend
geodesy to the ocean �oor (Chen et al., 2005).

Another example are time measurements, where accuracy and daily stability of
10� 16 should be possible with Atomic Clock Ensemble in Space (ACES) clocks.
Time is the geodetic observable from which geodetic parameters are derived. The
anticipated progress in time measurements should signi�cantly improve geodetic
measurements, and thus make them even more valuable.

Improved geodetic data should advance our understanding ofmany open ques-
tions related to mass movements in the Earth system, deformation of the Earth's
surface, and dynamics of the solid Earth:

� Convection:are the anomalies in seismic velocities detected by seismictomog-
raphy in the Earth's mantle due to chemical anomalies or temperature anoma-
lies? This is crucial for the question of whether convectionextends throughout
the whole mantle or is layered, which has major consequencesfor the thermal,
chemical, and mechanical evolution of the Earth.

� Plate tectonics:the location of some plate boundaries and the processes thatoc-
cur at plate boundaries still pose many questions. Large uncertainties exist par-
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Fig. 3.2. Model of tectonic plates. The model of the stable parts of the tectonic plates
(top) is derived from the strain �eld (bottom) (data from Kre emer et al., 2003). The
upper diagram shows the individual stable parts of the plates by different colors. For
large areas, the surface is deforming and the exact location of the plate boundaries is
often uncertain.

ticularly for the ocean bottom, which covers more than two-third of the Earth's
surface. Likewise, the extent of deformation zones is uncertain in many regions
of the Earth's surface (see Figure 3.2). Strain rates, whichvary in space and
time, are known only for parts of the Earth's surface, as illustrated by the prob-
lems in de�ning the “stable parts” of the continents (e.g., Nocquet et al., 2001)
and assessing seismic hazards there. The strain �eld of the ocean �oor is mostly
unknown, which is a severe limitation assessing earthquakeand tsunami hazards.

� Ice sheets/glaciers and sea level:there are large uncertainties with respect to
the ice load history, in particular, for Antarctica. Even the sign of the present-day
changes in ice sheets are still uncertain for parts of the icesheets. Consequently,
their contribution to sea level changes are highly uncertain.

� Rheology:despite its fundamental importance, the appropriate rheology (linear
or non-linear) of the Earth's mantle and its dependence on time scales (transient
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versus steady-state) is not well understood. Moreover, understanding the effect
of lateral heterogeneities in mantle and crust (including plate boundaries) is still
in an early stage (Plag et al., 1998b) and models incorporating these effects are
just emerging (e.g., Latychev et al., 2005).

� Core-mantle dynamics:much remains to be learned about processes at the core-
mantle boundary, the dynamics of the core, and its coupling with the mantle.

� Hydrological cycle: better quanti�cation of the �uxes between the different
reservoirs is required. How large are groundwater movements? What are the vari-
ations in continental water storage?

� Solid Earth response to loading:much remains to be learned about the mass
loads on the Earth's surface, in particular continental water storage, non-tidal
ocean loading, and ice loads, and the resultant deformations of the Earth (in-
cluding gravity changes), which depend on crust and mantle composition and
rheology.

� Rotational dynamics: despite recent progress, issues remain in the areas of the
coupling of angular and linear momentum equations, free modes of the ocean on
a rotating Earth, and the forcing of rotational perturbations.

� Tides: indextidesvalidation of ocean tide models and an improved knowledge of
tidal friction is both important on its own and for analysis of other geodetic data.

� Earthquakes: Plate tectonics provides a general kinematic framework forrelat-
ing individual earthquakes to geological deformations . However, understanding
earthquakes as a physical process, as a source of societal hazard, and as manifes-
tations of Earth deformation remains a major challenge. Among the fundamental
questions remaining are how earthquakes result from the cycle of strain accumu-
lation at faults, how rupture begins, and whether earthquakes can be predicted.
It is unclear why in some areas crustal strains localize on major faults, whereas
others show more continuous deformation. It is not clear howbrittle crustal de-
formation couples to the ductile motion of the convecting solid mantle. Such
questions connect the study of earthquakes to many basic aspects of solid-Earth
research (from Board on Earth Sciences and Resources, 2003).

� Earth structure: Despite great recent progress, much remains unknown about
the structure and composition of the deep Earth, and its relation to lithospheric,
asthenospheric, and mantle dynamics.

3.3.1 Plate motion

Space geodesy is revolutionizing tectonics by providing our �rst measurements of
plate motions over time scales of years — rather than millions of years — and our
�rst clear insight into the motions within the deforming zones at plate boundaries
that cover about 15% of the Earth's surface and are homes to about 40% of the
human population.

Using space-based measurements to measure plate motions was suggested by
Alfred Wegener when he proposed the theory of continental drift in 1915. Wegener
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realized that proving continents moved apart was a formidable challenge. Unfortu-
nately, surveying methods available at that time offered nohope of measuring these
slow motions. Wegener thus decided to measure the distance between continents us-
ing astronomical observations. However, because measuring continental drift called
for measurement accuracies far greater than ever before to show small changes in
positions over a few years, Wegener's attempts failed, and the idea of continental
drift was largely rejected.

By the 1970s the story was very different. Geologists accepted continental drift,
in large part because paleomagnetic measurements showed that continents had in
fact moved over millions of years. It thus seemed natural to see if modern space-
based technology could accomplish Wegener's dream of measuring continental
motions over a few years. Three basic approaches were attempted. Each faced
formidable technical challenges - and all succeeded. Henceplate motions can now
be measured to a precision of a few mm/yr or better using a few years of data from
systems including VLBI, SLR, and GPS.

Space geodesy measures both the rate and azimuth of the motions between sites,
and can thus be used to compute relative plate motions. One ofthe most important
results of space geodesy is that plate motions have remainedgenerally steady over
the past few million years. This is shown by the striking agreement between motions
measured over a few years by space geodesy and the predictions of global plate mo-
tion models that average over the past several million years. The general agreement
is consistent with the idea that although motion at plate boundaries can be episodic,
as in large earthquakes, the viscous asthenosphere damps out the transient motions
and causes steady motion between plate interiors. This steadiness implies that plate
motion models can be used for comparison with earthquake data.

Space geodesy also gives detailed views of the spatial distribution of deformation
within broad plate boundary zones like western North America, the Mediterranean,
and the Himalayas. This surmounts a major dif�culty faced bygeologic plate mo-
tion models, which predict only the net motion across the boundary. Hence they
give only partial insight into earthquakes, volcanism, andother deformation that oc-
cur in boundary zones. Understanding this deformation is a major geological prob-
lem, which also has social relevance because of the resulting geologic hazards to
populated areas. Thus space geodetic data play a rapidly growing role in assessing
hazards and developing strategies to mitigate them.

Building on these successes, space geodesy is poised for signi�cant advances
in several areas in years to come. As geodetic data improve due to additional sites,
longer time series, and higher precision analyses, we are likely to see major progress
on topics including:

� Resolving plate motions in complex boundary zones: Even after the giant 2004
Sumatra earthquake, we know little about the plate geometryand motions that
caused it, and hence how often such earthquakes recur. The earthquake resulted
from subduction of the Indian plate beneath the Burma microplate, a sliver plate
between India and the complex deforming zone in southeast Asia that can be
regarded as a single Sunda plate or a series of microplates. The southern extent of
rupture may be where the subducting plate changes from Indiato Australia. None
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of the plates' motions are well constrained, because of the limited GPS data and
because many of the sites are near trenches and thus in�uenced by interseismic
strain accumulation. Similarly, the plate geometry and motions are very poorly
known in areas like Northeast Eurasia (from Siberia to northern Japan) or the
East African Rift. New GPS and InSAR data, ideally complemented by sea�oor
geodesy, will be of great value.

� Time variability of plate motions: Space geodesy has reached the point where
discrepancies between plate motions inferred from space geodesy and from ge-
ologic models are no longer regarded as necessarily due to errors in one or both
techniques. Increasingly, they appear to indicate real changes in motions over the
past few million years. For example, GPS data show that as theAndes mountains
grew, the subduction of the Nazca plate beneath South America slowed. Simi-
larly, we appear to be seeing a slowing of the opening of the South Atlantic, and
changes in the plate motions around the Adriatic. As these data improve due to
additional sites, longer time series, and higher precisionanalyses, they will give
new insight into the physical processes changing plate motions.

� Relation between earthquakes and deformation in plate boundary zones: By map-
ping the present strain �elds in boundary zones like the eastern Mediterranean,
western North America, or the India-Eurasia convergent zone, space geodesy is
giving crucial insight into the dynamics of these areas. A major research thrust
is understanding how the geodetic deformation seen today relates to the historic
record of earthquakes and geologic record of faulting. It isbecoming increas-
ingly clear that loci of seismicity and faulting have migrated with time within
some boundary zones, and in some places are doing so today. Improved geodetic
data are crucial for characterizing these effects, modeling their dynamics, and
using the results to better understand earthquake hazards.

� Intracontinental earthquakes: Space geodesy is giving newinsight into the mys-
terious, relatively rare, but sometimes large, earthquakes within plates. It shows
that the deformation causing these earthquakes is surprisingly slow. The geodetic
data are being combined with earthquake locations, focal mechanisms, and other
geological and geophysical data to investigate the motionsand stresses within
plates and how they give rise to earthquakes. A growing body of evidence �nds
that continental intraplate earthquakes often occur in temporal clusters on faults
that remain active for some time, and then have long quiescent periods during
which seismicity migrates to other faults. Space geodetic data are letting us ob-
serve these processes as they occur today, with important prospects for hazard
estimation.

3.3.2 Earthquake and volcano physics

Space geodesy observes the deformation that occurs during the long intervals be-
tween earthquakes and volcanic eruptions, and thus provides important insight into
the physical processes that control them and for strategiesto mitigate their hazards.
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Traditional earthquake and volcanic eruption studies focus on what occurs during
these dramatic events and the results, with a goal of understanding the underlying
processes. Space geodesy can now expand this view by observing the deformation
�eld between events and spanning a broad region around a fault or volcano. GPS
measurements are being complemented by InSAR from satellites, which does not
require monuments on the ground.

The advent of space-based methods like GPS and InSAR, which make collect-
ing geodetic data faster and easier, have made geodesy and seismic wave studies
complementary approaches to earthquake studies. Hence although seismology and
earthquake geodesy had been viewed as distinct, owing to thedifferent instrumenta-
tion, earthquake geodesy is increasingly viewed as very-low-frequency seismology
(or earthquake seismology as high-frequency geodesy).

In years to come, we expect these advances to continue. In particular we antici-
pate:

� Continued advances in observing and understanding the physics of faulting:
Space geodetic measurements are providing important information about earth-
quake mechanics. Data from many regions show that signi�cant afterslip, not
detectable seismologically, is a common phenomenon. Theseobservations offer
insight into the effects of the stress changes during earthquake, and provide con-
straints on the rheology of the lithosphere and asthenosphere. Such data are of
special importance given the emerging view that stress transfer between faults
may contribute to earthquake triggering. GPS and InSAR dataare also showing
transient deformation between earthquakes in some regions, notably at subduc-
tion zones, and thus providing new insight into the processes by which strain
accumulates and hence where and how it can be released. Thesedata are increas-
ingly being used in earthquake and tsunami hazard assessment. In addition, GPS
and InSAR data permit comparison of geodetic, seismological, and geologic es-
timates of the rates and directions of deformation within active regions. Initial
data from around the world suggest that these rates can be quite different, and
should lead to an improved understanding of the partitioning between seismic
and aseismic deformation. The issue of this partitioning iscrucial for seismic
hazard assessment.

� Major advances in volcano monitoring: Although less appreciated by the pub-
lic, volcanoes can pose dangers just as severe as the weather. Eruptions directly
threaten over 200 million people worldwide, can potentially knock jet aircraft out
of the sky by choking their engines with ash, and can disrupt global commerce
by suddenly blanketing key regions with thick layers of debris. In contrast to
earthquakes, which commonly strike without warning, volcanoes typically show
telltale signs of unrest. Nonetheless, our ability to forecast the timing, magni-
tude and impact of future eruptions is frustratingly imprecise. For every major
predictive success, like at the Philippines' Mt. Pinatubo in 1991, which saved
over $ 1 billion of equipment and tens of thousands of lives, there are tragic fail-
ures, like at Colombia's Nevada del Ruiz in 1985, where mud�ows triggered by
a small eruption killed over 25,000 people. Most hazardous volcanoes are not
presently monitored, largely due to the costs involved. Space geodetic data are



3 Earth science requirements for geodesy 101

proving a powerful tool for volcano monitoring. They provide a less expensive,
rapid and remote (hence safe) way of measuring surface deformation associated
with volcanic processes, which will both, signi�cantly improve our fundamental
understanding of volcanic processes and will aid in eruption forecasting.

3.3.3 Deep Earth dynamics

Observations of motions at the surface, together with gravity data that constrain
mass distribution at depth, provide crucial constraints onmantle dynamics and thus
the Earth's thermal and mechanical structure and evolution.

Plate tectonics is the primary surface manifestation of theheat engine whose na-
ture and history govern the planet's thermal, mechanical, and chemical evolution.
Because the lithosphere is the cold outer boundary layer of the mantle's convection
system, our most important constraint on this system comes from the rates and di-
rections of plate motion. Space geodetic data are crucial for this purpose, especially
via their ability to resolve plate motions on time scales of years for comparison with
those observed over geologic time. Our ability to observe these changes provides
important constraints for understanding how they result from plate driving forces.
Similarly, understanding the deformation pattern in boundary zones like mountain
belts is prompting new models of the processes at work, some which involve com-
plex interactions between tectonics and climate.

Space geodetic data also provide other constraints. GPS andgravity data from
the GRACE mission are giving new insight into PGR or GIA, the response of the
solid Earth to the changing surface load brought about by thewaxing and waning
of ice sheets and glaciers. In the past 20,000 years GIA has caused up to several
hundred meters of relative sea-level fall and over 100 m of sea-level rise in differ-
ent parts of North America and Europe. Until recently, present-day observations of
GIA were limited in two important ways. First, horizontal motions could not be ob-
served. Second, vertical motions were measured only along coasts via sea and lake
level changes, which requires climatic and hydrographic corrections. The advent of
space-based geodesy, which can measure crustal velocitiesof less than a few mm/yr
and provide detailed images of the changing gravity �eld, has changed this situation.

This is important because GIA is the subject of active research for three major
reasons. First, the delayed response to deglaciation is oneof the few ways of con-
straining the viscosity structure of the mantle, which is crucial for understanding
the mantle convection process. Second, GIA can provide a powerful constraint on
the distribution and thickness of ice since the last glacialmaximum, about 21,000
years ago. Although the general pattern is known from glacial geomorphology, sig-
ni�cant questions remain on which GIA can provide importantinformation. Third,
GIA has been suspected to be a major cause of deformation within continental plates
interiors.

The gravity data are also important for mapping the Earth's deep interior. Al-
though we seek to understand the composition, mineralogy, and temperature at
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depth, our measurements are sensitive instead to parameters like density and seismic
velocity that can result from various combinations of composition, mineralogy, and
temperature at a various depths. As a result, our ideas re�ect inferences from com-
bining geodetic and seismological data with results from geology, geomagnetism,
cosmochemistry, and the physics and chemistry of materialsat high temperature
and pressure. These give a snapshot of the present stage of the Earth's thermal and
chemical evolution, which is our best constraint on the Earth's evolution and crucial
in developing our ideas about the other terrestrial planets.

In years to come, we anticipate that the increased density and accuracy of space
geodetic data will dramatically improve models of both the rheology of the Earth's
interior and of the history of glacial loading. This potential is shown by the fact
that although the vertical motions are generally consistent with the predictions of
GIA models, the horizontal data illustrate the need and opportunity to improve the
models via more accurate descriptions of the ice load and laterally-variable mantle
viscosity.

3.3.4 Surface loading

Mass relocation on the solid Earth's surface and in the �uid envelope constantly
loads the solid Earth and induces deformations and changes in the gravity �eld.
On time scales of minutes to years, most of the loading is due to mass re-location
in atmosphere, ocean, terrestrial hydrosphere and cryosphere, i.e., the global water
cycle. On decadal to century time scales, slow climatological changes in land water
storage, glaciers and ice sheets are major sources of loading. The cycle of ice ages
with the associated large changes in ice sheets has typical time scales of 103 to 104

years. Sediment loading induces signi�cant load on even longer time scales of up to
several million years.

While the theory for the elastic response to loading is well developed (see, e.g.,
Farrell, 1972), major uncertainties exist in the atmospheric, oceanic and hydrologi-
cal loads (see, e.g., Van Dam et al., 2003). For ocean tidal loading, the accuracy of
the ocean tidal models has increased considerably over the last years, and the ocean
tidal loading signal in surface displacement and gravity changes can be predicted
with high accuracy, particularly for locations not directly at the coast. For non-tidal
ocean loading, the ocean bottom pressure �eld is still a major source of uncertainty.
Uncertainties may be reduced with the help of gravity satellite missions. For atmo-
spheric loading, the surface pressure �eld is a major uncertainty (Plag et al., 2007a),
which can be reduced by improved processing. Models for changes in land water
storage show still large inter-model differences, indicating large uncertainties. Here,
too, satellite gravity missions may be a viable source for improvements.

For longer time scale, the rheology of the Earth's mantle andsimpli�cations of
the Earth model still constitutes signi�cant contributions to the uncertainties (see,
e.g. Plag et al., 1998b). For PGR, these uncertainties also impact the ice history
derived from relevant observations. Ice histories determined on the basis of spher-
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ical symmetric Earth models and model predictions of the present-day PGR sig-
nal in surface displacement, gravity �eld, and rotation show a wide range of varia-
tions, which in turn hampers the interpretation of geodeticobservations in terms of
present-day changes in, for example, ice sheets and global sea level.

Recent attempts to include lateral heterogeneities in the Earth model (e.g., Laty-
chev et al., 2005) are necessary steps but these models are just a beginning. 3-D
Earth models need to be developed. However, results from seismic tomography also
show a wide range of possible Earth models and research will have to focus on these
issues in order to improve the interpretation of the geodetic observations in terms of
mass re-locations.

3.4 The cryosphere

Ice sheets, glaciers, and sea ice are intricately linked to the Earth's climate sys-
tem. They store a record of past climate; they strongly affect surface energy budget,
global water cycle, and sea-level change; and they are sensitive indicators of climate
change.

Geodesy is crucial for these studies because of its ability to measure the motions
of ice masses and changes in their volumes. Since the mid 1990s, new geodetic
observation techniques have shown rapid changes: Arctic sea ice is shrinking, both
in extent and thickness (e.g., Stroeve et al., 2008); low-latitude glaciers and ice caps
are losing mass at rapidly accelerating rates (e.g., Meier et al., 2007); and even parts
of the vast ice sheets in Greenland (Zwally et al., 2002; Velicogna & Wahr, 2005;
Tedesco, 2007; Khan et al., 2007, e.g.,) and Antarctica (e.g., Thomas et al., 2004;
Zwally et al., 2005; Velicogna & Wahr, 2006) are shrinking.

Various geodetic techniques, largely involving measurements from aircraft and,
increasingly, from satellites have led to the recent improvement in our knowledge of
what is happening to ice on Earth. Detailed imagery, at wavelengths ranging from
visible to microwave, precise altimetry, and measurementsof temporal changes in
gravity have yielded the largest returns: highly-accuratemeasurements of ice veloc-
ity from repeated GPS surveys; spatially detailed measurements of glacier motion
from interferometric SAR (InSAR); ice thickness measurements over glaciers and
ice sheets from low-frequency radar; ice-sheet thickening/thinning rates over vast
areas from laser and radar altimeters; estimates of rates ofchange of the mass of
entire ice sheets from satellite measurements of temporal changes in Earth's gravity
�eld; time series of sea-ice extent and motion from passive-microwave and SAR
images; and routine mapping over almost entire ice sheets ofcharacteristics, such
as temperatures, iciness, and wetness, of surface snow. Although some of these data
have been available for many years, recent advances allow much more data to be ac-
quired and allow more accurate quantitative estimates. These advances involve both
measurement systems and improved geodetic reference frames. In particular, many
techniques that are now the “bread and butter” of glaciological research became
possible only after GPS data became easily available and widely applied.
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The importance of geodesy to ice research is highlighted by the rapid changes in
the ice sheets that have been revealed only recently. Their detection, and investiga-
tion of their causes, would not have been possible without accurate geodesy. A key
question posed by these changes was how much could be explained by natural vari-
ability in snowfall and melt rates, and how much required longer-lasting changes in
ice-sheet dynamics. Ice velocities measured by interferometric SAR data from satel-
lites showed that, in many regions, the observed rapid thinning was accompanied by
local glacier acceleration, indicating substantial changes in glacier dynamics.

Calculation of highly accurate orbits and aircraft trajectories requires a reliable
reference frame and continued tracking of key satellites and Earth crustal motion.
This has direct bene�ts for glaciological research by improving the accuracy of mea-
sured parameters, such as ice-surface elevation, detection of temporal changes in ice
cover and ice-surface velocities, and indirect bene�ts, such as improved knowledge
of rates of sea-level change and post-glacial uplift.

Until recently, the most reliable information on the mass balance (net rates of
mass change) of glaciers and ice sheets was provided by our knowledge of sea-
level change. This provided bounds on how rapidly the mass ofland ice could be
changing, that were more reliable than the results of decades of glaciological mea-
surements. Recent advances in our ability to measure ice behavior have changed this
situation. Ten years ago, it was not possible to determine even whether total mass
was increasing or decreasing. Now, measurements show that,over those ten years,
ice has contributed an average of about 1 mm/yr to sea-level rise. Setting this infor-
mation in context requires accurate measurement of total sea-level change, which
also depends on geodesy, both to provide a reliable reference frame to tie together
tide gauges from all over the globe, and to provide accurate orbits for altimetric
satellites used to map sea-level over entire oceans. Results show that recent changes
in ice mass are responsible for� 30% of a total sea-level increase of> 3 mm/yr.

There are three ways to measure the mass balance of the large ice sheets in Green-
land and Antarctica: comparison of total snowfall with total losses; measurement of
volume changes, using altimetry of the ice surface; and measurement of temporal
changes in gravity that are indicative of mass changes. All but the �rst require cor-
rection for changes in the elevation of rock beneath the ice.This is particularly so for
interpretation of gravity changes, because rock is much denser than ice. By neces-
sity, the required estimates of crustal motion beneath ice sheets come from models,
which become progressively more reliable as more information becomes available
on actual vertical motion. This in turn depends heavily on highly accurate geodetic
measurements.

In addition to these approaches for measuring ice-sheet mass balance, changes
in length of day and in the direction of the Earth's rotation axis also reveal mass
redistribution. These techniques are still under development, but also require precise
geodetic measurements.
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3.5 Ocean processes and their climatological implications

Geodetic instrumentation and techniques are at the heart ofpresent day ocean stud-
ies. First, geodesy provides precise positions for shipboard samples or those from
�oating instruments. Second, geodesy provides direct observations. Satellite altime-
try has become an essential input for numerical ocean models. Gravimetric satellites
provide the horizontal for altimetric determinations of surface pressure gradient.
Time varying gravity data from gravimetric satellites, thelatest entry into this �eld,
yields information on time varying ocean heat content and bottom currents, as well
as ice mass variation, a sensitive indicator of climate change.

Geodesy will play an increasing role in ocean circulation and climate studies
in years to come: It will provide techniques to monitor the oceans and cryosphere
for seasonal to interannual changes, which is of immediate societal relevance. This
ability to provide long term climate-quality time series tosee our planet change on
decadal time scales must be a fundamental goal of GGOS. Hencethe technology
should be designed to increase coverage and resolution and monitor new observ-
ables.

3.5.1 Providing the reference frame and the means for precise
positioning

The accurate determination of position at sea is much more demanding in terms
of reference frame than on land, where landmarks provide information about po-
sition. Marine observations such as a sample from the sea �oor, the tempera-
ture and salinity of seawater, or wind at the surface, require accurate measure-
ment of the position of the sensors. Tide gauges are peculiarinstruments, al-
ways af�xed to land, but measuring an ocean property (sea level). Their position
in a reference frame is essential to determine whether the sea surface went up,
or the land surface went down. GPS, and more general GNSS, hasbecome the
standard for all these measurements, although positioningby Argos transmitters
(http://www.cls.fr/html/argos/welcomeen.html) is still popular with moving plat-
forms (such as for tracking animals), due to the low mass and power consumption of
the transmitter. GLONASS, and the imminent GALILEO constellation will greatly
expand the positioning service, and thus minimize the length of time a �oat needs
to be at the surface, while increasing the accuracy of its position, and thus of the
derived water velocity. This crucial application requiresaccurate reference frames
to which highly accurate satellite positions can be referenced. Although these refer-
ence frames have little visibility outside the geodetic community and often are taken
for granted, they are crucial to the success of present day ocean studies.
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3.5.2 Altimetry and ocean circulation

Satellite radar altimetry has existed for over 30 years, since Skylab carried the �rst
radar altimeter. The subsequent TOPEX/Poseidon mission, launched in 1992, and
its successor JASON-1, produced a large improvement in accuracy to 4 cm or better
overall, which opened the door to a variety of new discoveries in ocean physics.
The largest source of that improvement was the precision orbit determination for
the altimeters. Since tides are the largest ocean signal andmust be removed before
other signals can be studied, renewed interest in modeling ocean tides was spurred.
This not only produced the most accurate global ocean tidal models to date (An-
dersen et al., 1995), and better estimates of their energy dissipation, but also led to
a new understanding of the possible energy source for the meridional overturning
circulation, the slow (order of 100 years) predominantly vertical transport of waters
of different densities. Another fundamental observation was that Rossby waves, the
slow, westward propagating waves crucial in carrying information from one location
in the ocean to another, had a velocity versus latitude function that differed signif-
icantly from that in standard theory. This led to a revision of theories to describe
these waves.

These advances have practical applications. Satellite altimetry lets us 'see' an El
Nino/Southern Oscillation mode of interannual variability in its early stages of de-
velopment, allowing accurate forecasts of its consequences. Radar altimetry lets us
map the ocean's heat content at low latitudes, a quantity termed 'hurricane poten-
tial' for its ability to feed these storms, thus helping forecast their path and intensity.
Moreover, global satellite altimetry data are being assimilated into numerical mod-
els of the ocean circulation data to determine the state of the oceans at any one time
which is consistent with ocean physics and the available data. This capability has
become the basis for operational oceanography.

An interesting indirect application of satellite altimetry to ocean circulation stud-
ies comes from the close relationship between the shorter scales (order 100 km) of
the gravity �eld over the oceans and bathymetry. Thus gravity data are used to derive
maps of bathymetry (Smith & Sandwell, 2004) which provide information on the
ocean bottom roughness that is a source of mixing rate variation (Kunze & Smith,
2004), with direct effect on climate.

The next generation of instruments should permit further advances. To date radar
altimetry uses downward (nadir) pointing instruments on satellites usually �ying
alone, or at best from two or three satellites not intended for joint operation. This
has prevented extending detailed mapping of coastal waters, where the length scales
are much shorter than in the deep ocean, and thus shorter thanthe 150 or 300 km be-
tween tracks of nadir altimeters. We envision several advances: a) an imaging instru-
ment, essentially an interferometric SAR that draws a wide swath along the ocean,
rather than a narrow thin one; b) a constellation of relatively inexpensive nadir al-
timeters; these would avoid many of the characteristics that made TOPEX/Poseidon
expensive, such as an onboard radiometer, etc, paired with one TOPEX/Poseidon
class high accuracy altimeter for crossover adjustments, and c) a constellation of
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satellites of opportunity equipped with antennae and electronics capable of detect-
ing re�ections from the signals transmitted by the GPS satellites.

3.5.3 Satellite gravity, ocean circulation and climate

A basic application of satellite gravimetry in oceanography is to provide the horizon-
tal at every point on the ocean surface, because the slope of the sea surface measured
by radar altimetry relative to this horizontal is the pressure gradient associated with
the geostrophic component of surface currents (and the other component, called
the Ekman component, is associated with winds and has no signal in sea surface
height). For this calculation, time changes in the gravity �eld are much smaller than
uncertainties in the mean sea surface. This calculation wasdramatically improved
by the CHAMP and GRACE gravity missions. Further re�nementswill come from
the gravity gradiometric satellite mission GOCE launched in March 2009. The sur-
face component of velocity can also be derived fromin situ data, with the latter
providing the shorter scales and satellite altimetry minusthe geoid providing the
longer scales.

Precise measurements of the time variations in the global gravity �eld from
GRACE offer a powerful new method to study the oceans and the cryosphere. Mea-
surements of the temporal variations in gravity averaged over the global oceans
show the exchange of water between the atmosphere, land, cryosphere, and ocean
reservoirs. Such measurements show changes in deep pressure gradients, indicative
of temporal changes in deep currents or in vertically-averaged currents.

When combined with sea surface heights inferred by radar altimetry, the gravity
data provide information on the geographic distribution ofmonthly or submonthly
changes in ocean heat content. Altimeter record changes in local water column
height, whether produced by expansion due to heat (and, to a lesser extent, salt),
or by mass addition, whereas gravity is only sensitive to thelatter. Hence the differ-
ence reveals changes associated with heat and salt, dominated by the former.

The gravity data also are valuable for cryospheric and climatic studies. One of the
most dramatic results from GRACE is detection of ice mass losses from Antarctica
and Greenland (Velicogna & Wahr, 2005, 2006).

The next section will discuss further applications of time-averaged and time-
varying satellite gravity measurements, in combination with other data. Given what
has been accomplished in the 6 and 4 years of the CHAMP and GRACE missions
(see Section 2.6.5), both of which were the �rst of a kind and produced new data
scientists were unaccustomed to and are still learning to exploit, further important
discoveries are likely ahead of us.

Because of the long lead times needed to get new satellite missions approved,
and the need to demonstrate results from �rst-of-a-kind missions such as CHAMP
and GRACE, it is essential that further missions to measure the gravity �eld from
space, especially its time-varying component, are plannedand budgeted. GOCE,
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which will provide much shorter scales of the global gravity�eld than CHAMP or
GRACE, is an excellent �rst step.

3.5.4 Synergistic combination of measurements

The greatest power of the measurements discussed above comes when two or more
technologies measure essentially the same quantity. For example, surface ocean ve-
locity is measured both from space and by surface drifters (although the positioning
relies on GNSS). The velocity includes both Ekman and geostrophic components,
the latter of which is directly linked to much deeper velocities. After modeling and
removing the Ekman component, in principle one is left with the geostrophic com-
ponent. Thus, current efforts are blending the two data types to resolve their different
scales and error characteristics.

Similarly, time varying ocean heat content distributions can be obtained from
satellite gravity and altimetry, or from sea surface (Argo)�oats. However, owing to
limited coverage, data from the Argo �oats need to be combined with GRACE and
altimetry time-varying data.

A third example of synergistic application of data is estimating the �ux of mois-
ture from the ocean into the land. One approach combines datafrom atmospheric
sounders that yield atmospheric water vapor with surface ocean vector wind mea-
surements from scatterometers. For comparison, river runoff from the land can be
obtained from poorly constrained climatological estimates of evaporation minus
precipitation over land. However, by mass conservation, the balance of the pre-
vious terms is the storage of water over the land, and so can beestimated from
GRACE data. Ultimately, all the data are assimilated into numerical models to con-
strain a physically plausible description of the coupled system including the oceans,
cryosphere, land, and atmosphere. Thus, the satellite dataare combined with ob-
servations at or below the sea surface and assimilated into numerical models of the
oceans. The satellite data improve this process signi�cantly.

3.5.5 Future needs

Longer-term altimeter observations from multiple missions are clearly needed in
the future and with suf�cient overlap. Since gravitational�eld observations, such as
those from GRACE, are sensitive to processes that change theEarth's mass distri-
bution, they can be used to investigate sea level rise and icesheet volume changes.
Moreover, since the Earth's gravitational �eld is not sensitive to the thermal expan-
sion of sea water, observations of the gravitational �eld can be used in concert with
sea level change observations to separate the change due to thermal expansion or
contraction from that due to oceanic mass changes, thereby helping to quantify the
extent to which greenhouse warming is sequestered in the oceans. Satellite altime-
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try provides measurements of the time-varying sea level which, when assimilated
into oceanic general circulation models along with other remotely sensed and in
situ measurements, provide improved estimates of the three-dimensional oceanic
temperature, salinity, and velocity �elds. The Earth's gravitational �eld will change
as the ocean-bottom pressure changes, and, under the principle of the conservation
of angular momentum, the Earth's rotation will change as theoceanic angular mo-
mentum varies due to �uctuations in the ocean-bottom pressure and velocity �elds.
These three data sets (satellite altimetry, gravity, and Earth rotation) therefore pro-
vide a powerful means of investigating the causes and consequences of sea level
change (Blewitt et al., 2006a).

3.6 Studies of weather and climate processes

The contribution of geodesy to the study of the weather is four-fold. Geodesy can
help observation and prediction of the weather by (1) geo-referencing meteorolog-
ical observing systems, (2) providing atmospheric weathermodels with space- and
time-varying gravity �elds, (3) collecting observations of the stratospheric mass and
lower tropospheric water vapor �elds, and (4) contributingto tracking atmospheric
global change.

3.6.1 Geo-referencing of all meteorological observations

Since the early days of meteorology, the need for time synchronization of atmo-
spheric observations has been recognized in order to be ableto compare simulta-
neous measurements and establish a dynamically consistentpicture of the weather.
Observations must also be referred spatially, both in horizontal and vertical position.
As measurements have moved away from the ground to be made aloft, from aircraft
or balloons, pressure was chosen as the independent coordinate to reference mea-
surements in the vertical. Horizontal positioning was obtained by various systems
and now more commonly by GPS. Thesein situ measurements are now comple-
mented by thousands of remote measurements from satellites. Many of these are
passive emissions for which vertical positioning does not apply. However, more and
more such measurements are (and will be) LIDAR returns and limb sounding radio
occultation refraction (or delay) data, both with an unprecedented vertical accu-
racy. In order to exploit these measurements and use them in combination within
situ measurements, considering all atmospheric measurements in a single reference
frame is crucial .

The World Meteorological Organisation (WMO) recently (November 2006)
adopted a world geodetic system and global geoid model for positioning all weather
observing stations. Meteorological measurements reported to WMO are now located
in the horizontal (latitude, longitude) using WGS 84, and inthe vertical (altitude)
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with respect to Earth Gravity Model (EGM)96. Hence the continued improvement
of these reference frames is a powerful tool for meteorologists. The close alignment
of WGS84 to ITRF ensures the accuracy of WGS84.

3.6.2 Providing atmospheric weather models with space- and
time-varying gravity �elds

Weather observations today are assimilated into numericalmodels to predict the
weather and issue forecasts. Most of these model atmospheric circulation assuming
a perfectly spherical Earth, a constant gravity acceleration, and a thin layer of at-
mosphere. However, the use of observations from the real world forces atmospheric
models to recreate surface pressure �elds consistent with observations and in line
with the actual shape of the Earth. It is currently only in that process where the
model assumptions of spherical symmetry and constant gravity are starting to be
accounted for. Future atmospheric models could use geodetic data to re�ning some
of these assumptions.

Geodesy could provide weather models with three-dimensional gravity �elds at
regular time intervals. These �elds would be used to map the observations' altitudes
onto geopotential heights and constrain newer models whosedynamics have been
upgraded to account for non-constant gravity �elds.

3.6.3 Collecting observations of the upper-atmospheric mass and
lower tropospheric water vapor �elds

Extreme weather events are often associated with signi�cant rainfall and latent heat
release. The prediction of the timing and intensity of theseevents is critical to ensure
proper warning and preparation of the affected populations. Although atmospheric
water vapor is currently observed globally, using passive sounders andin situ mea-
surements, the time- and space-resolution is too poor to support ef�cient warning
for extreme events.

This situation is changing due to space-based geodesy. Instruments using GPS
and VLBI technology rely on radio signals that traverse the atmosphere between
platforms on the ground and space-based instruments or distant radio sources out-
side the atmosphere. These signals are modi�ed by the atmosphere, which intro-
duces a noise from the geodesist's point of view that is now routinely accounted for
to yield atmospheric-corrected geodetic observations. The converse of that process
is that geodesy produces atmospheric observations from thecomplex web of radio
links that constitute the core of GGOS.

Weather prediction already bene�ts from atmospheric observations made from
the ground with GPS receivers (e.g. Elgered et al., 2005). For example, Meteo
France now uses observations of zenith radio path delays as part of its global and Eu-
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ropean weather forecast systems after trials showed that these data helped improve
the forecasts.

Similar observations made with the radio occultation technique using GPS re-
ceivers on LEO such as CHAMP have been shown to help improve weather fore-
casts in the stratosphere at several national weather centers (see also Section 2.9).
Radio occultation observations of (refraction) bending angles provide indirect infor-
mation on the stratospheric mass �eld and hence informationon the stratospheric
temperature (assuming hydrostatic equilibrium).

Geodesy already helps atmospheric science by providing high-temporal resolu-
tion observations of the lower troposphere via atmosphericdelays that contain infor-
mation on the atmospheric water vapor �eld. Densi�cation and improved timeliness
of such observations could bene�t the prediction of intenserainfall events.

Radio occultation observations are now collected in near-real time by the recent
COSMIC mission, with an array of 6 receivers (see Section 2.9). Current missions
such as CHAMP and GRACE and future missions are expected to deliver similar
observations. Ensuring the processing and delivery of these to weather prediction
centers would help them observe and forecast temperatures in the stratosphere.

3.6.4 Tracking global change in the atmosphere

The attempts of atmospheric physicists to monitor long-term atmospheric trends
have been limited by the issue of instrument calibration. Some of the instruments
that make up the GGOS hold the key for auto-calibrated, long-term stable atmo-
spheric measurements. Because GPS satellites rely on accurate (atomic) clocks, the
phase of the signals they transmit is calibrated from atomicclocks on board, which
are regularly updated with clocks on the ground. In contrast, no other observation
of Earth's atmosphere relies on such a recurrent, atomic calibration procedure. For
example, measurements of passive infrared radiation need to be calibrated with re-
spect to a blackbody of known temperature to compensate for optics and detector
aging in the instrument. However, monitoring the decay of that blackbody over a
long period of time proves dif�cult (if not possible), unless it is brought back to
known experimental conditions in a laboratory. Because this is impossible to do
with in-orbit radiometers, their time drift is thus dif�cult to estimate. GGOS could
develop a record of atmospheric delays from a set of ground stations whose position
is monitored over time using other means such as VLBI. A similar record based on
atmospheric-induced frequency shifts could also be collected by radio occultation
missions. Thus, GGOS could provide data on the climate change effects anticipated
in: temperatures, altitudes of constant pressure levels, and atmospheric mass trans-
port.

The metric most often used for assessing climate change is the rate of change of
atmospheric temperature near the surface, because it is related to human activities
and controls our environment. To monitor that temperature,instruments and meth-
ods must be designed to collect measurements with an accuracy within the suggested
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climate trends of 0.1 K per decade. While it is important to plan and realize such
measurements with the desired accuracy, it is equally important to measure the con-
sequence of such trends on the static and the dynamic structures of our atmosphere.

For example a magnifying effect of temperature change is on air density and
hence atmospheric layer thicknesses. Assuming for examplea 0.1 K homogeneous
warming throughout any given atmospheric layer whose boundaries are de�ned by
�xed pressure levels, that atmospheric slab would expand byabout 0.04% of its
original thickness. In real terms and with a tropospheric average temperature of 250
K, this would raise the mid-latitude near-tropopause levelof 200 hPa by 5 meters.
With GGOS system capable of ensuring a reference frame with adecimeter ac-
curacy over a decade to locate upper-air atmospheric pressure in situ sensors, and
accounting also for possible changes in height at the Earth surface in the same time
frame, this trend could be identi�ed.

Temperature change would also affect patterns of atmospheric circulation. As
horizontal temperature gradients change, the cells that make up the general cir-
culation are affected in their strength and shape (including extent and position).
(Vecchi et al., 2006) have found evidence of a weakening in the tropical Paci�c
Walker circulation between 1861 and 1992 based on sea level pressure observations
in that region. Using climate models to elaborate on the origin of that decline, they
found that anthropogenic changes in the atmosphere could explain the observed
decrease in sea level pressure gradient. Similarly, Intergovernmental Panel on Cli-
mate Change (IPCC) simulations made at Meteo France, predict a weakening of the
Hadley cell. The total mass of air �owing through the upper branch of that cell at
the latitude 15� N and between 200 and 100 hPa pressure levels is currently about
50 Megatons per second in January. A shift in the location of that upper branch of
the Hadley cell predicts that by January 2030 this �ow would decrease by up to
5 Megatons per second. GGOS could help in measuring such changes by looking
at mass displacements, which would complement atmosphericmeasurements of air
density and wind �ow measurements in the example mentioned here.

3.7 Sea level change

From a geophysical point of view, sea level has a twofold interest both because the
ocean itself is one of the major components of the Earth system and because sea
level is the boundary between the ocean and the atmosphere. Recently, due to the
increasing attention and evidences for anthropogenic changes induced in the Earth
system, one aspect of sea-level has come into focus: a rise inglobal sea level is
considered as one of the more severe consequences of the predicted global warming.
However, besides this impact aspect, sea level may also prove to be an important
indicator of global warming, especially if an accelerationof the sea-level rise can
be detected.

Observations of sea-level variations on different time scales are highly relevant.
On the one hand, they allow for the analysis and description of sea-level variability
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which is a prerequisite to a better understanding of the causes behind these vari-
ations. On the other hand, they constitute crucial constraints for models related to
sea level, such as hydrodynamical models or coupled atmosphere-ocean circulation
models (Plag et al., 2000b).

The contributions of geodesy to sea level science can be divided into two main
groups. Geodesy provides the essential data sets needed to monitor sea level change
and vertical land movements. It can also supply a range of information by which the
reasons for sea level change can be understood, leading eventually to more precise
sea level change prediction.

3.7.1 Geo-location of sea and land levels and their changes

Information on historical sea level changes takes the form of measurements of the
height of the ocean surface relative to that of the nearby land (see Section 2.9.3).
This is true of all “relative” sea level measurements, whether geological, archaeo-
logical or tide gauge. The long term changes in sea levels estimated by such meth-
ods are necessarily affected by vertical movements of the land itself with respect
to the CM which for some locations and timescales can exceed the changes of the
sea surface with respect to the CM. Carefully conducted combined GNSS and ab-
solute gravity measurements can provide an independent monitor of vertical land
movement, and thereby facilitate decoupling of sea surfaceand land level changes
in tide gauge records. Such a decoupling supports an improved understanding of the
various processes responsible for change.

The use of GNSS at tide gauge sites is far from straightforward, requiring suit-
able benchmark monumentation and precise leveling in port areas which are often
extremely busy and subject to frequent redevelopment. In addition, operations at the
coast can potentially lead to larger tropospheric variability in GPS data sets than
those from inland.

The spatial variability of vertical land movements can be studied with networks
of GNSS receivers and from space by INSAR. The latter is of special interest in
providing insight into the spatial variations in land movement in the local areas
near to tide gauges, and thereby into how well the movements measured by GPS
at the gauge apply also at some distance from it (e.g., whether very localized subsi-
dence exists). With the use of data from various geodetic techniques, complementary
global, regional and local models of vertical land movementcan be constructed for
application to tide gauge data for which no corresponding GNSS information might
exist (e.g., in developing countries).

Satellite radar altimeters measure the sea surface positions in a geometric refer-
ence frame through precise orbit determination of satellites such as TOPEX/Poseidon
and Jason-1 by SLR, GPS and DORIS (see Section 2.4.3). Such space data sets can
be calibrated by means of tide gauge sea level measurements located in the same
geometric reference frame with GNSS, thus enabling effective combination of mea-
surements from the two sources.
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While sea surface measurements are relatively straightforward to undertake from
space, a major challenge is to make measurements relative toa geopotential surface
(geoid) by means of which absolute ocean currents and �uxes can be determined,
enabling direct comparison of transports measuredin situ (e.g., by current meters)
to those inferred from sea level data, and the constraint of such parameters in ocean
and climate models. The GOCE mission (see Section 2.6.5) should provide such
insight into the geoid for application to oceanographic research, including sea level
science, and to an extended range of geophysics.

Temporal space gravity measurements such as those by GRACE (see Sec-
tion 2.6.5) provide information on the variability of mass around the globe, which
over the ocean can be studied as a parameter akin to ocean bottom pressure (essen-
tially barotropic sea level). Such changes, when combined with data on sea level
variability from altimetry and tide gauges, enable a decoupling of barotropic and
baroclinic ocean variations. The latter in effect allow oceanographers to study ocean
properties beneath the surface of a global ocean, somethingwhich can be performed
less comprehensively only with hydrographic vessels or a network of sub-surface
�oats (Argo). Complementary sub-surface information derived fromin situ mea-
surements and from space can be assimilated into ocean models providing ongoing
3-D assessment of the state of the ocean.

3.7.2 Understanding sea level change

Changes in global sea level due to volumetric changes of the ocean water are thought
to constitute the “climate signal” in sea level, which is composed of two parts: (1)
melting of land-based ice adds water to the ocean, and (2) a change in the heat
content of the water of the oceans leads to a volume change, for example, warming
of the ocean increases the volume of the water. Therefore, knowledge of the global
ocean water mass and volume as function of time constitutes acrucial constraint
for the reconstruction of past climates, as well as the validation of models used to
predict future changes in the global ocean mass and volume. However, extracting
this climate signal from sea level records is a delicate task. One reason for this
delicacy is the complicated mass budget of the ocean which isthe major reservoir
of the global hydrological cycle. Thus, a once established change in global sea level
cannot directly be equated to the climate signal (Zerbini etal., 1996). Ignoring in
this context changes in the volume of the ocean basins which are believed to be
relatively small, the global ocean mass and volume may be affected by all changes
in the other reservoirs of this cycle such as groundwater, soil moisture, humidity
of the air, terrestrial surface, ice sheets, glaciers or perma-frost. At present, human
interference such as deforestation, groundwater extraction, irrigation, river basin
developments or reduced in�ltration due to infrastructures and urban development
are at a level where the global hydrological cycle is signi�cantly affected. Various
studies have been conducted on these anthropogenic in�uences; however, there are
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considerable differences in the results obtained, mostly because these studies were
based on insuf�cient data.

A major contribution to the ocean mass changes is due to land ice which, if
it were all to melt, would cause more than 60 m sea-level rise.Glaciers in most
mountain regions are known to be retreating. In Greenland thinning of the ice sheets
predominates at rates that are increasing with time. The picture is less clear for
Antarctica (Pfeffer et al., 2008, e.g.,), but net loss appears probable, with dynamic
losses also increasing with time (Steffen et al., 2006).

Monitoring the changes of the surfaces of the large ice sheets still poses consid-
erable problems to the remote sensing methods currently in use including satellite
radar altimetry and satellite and airborne laser altimetry. These problems will not be
addressed here. The GRACE mission data allow deriving information on temporal
changes in the mass distribution of the ice sheets and underlying rock. Because of
the GRACE satellite altitude, mass balance estimates with spatial resolution of only
several hundred km are possible; however, there is the advantage of covering entire
ice sheets, which is extremely dif�cult using other techniques (Steffen et al., 2006).

Besides mass exchange with the cryosphere, the volume increase due to thermal
expansion of the ocean is considered as a major contributor to sea-level change and
variability. Signi�cant progress has been made during the past 20 years in observing
and understanding the decadal variability and, to a lesser extent, the multi-decadal
trends in global ocean heat content and thermosteric sea level. As of the 1980's,
the sign of global thermosteric sea-level change was unknown due to insuf�cient
sampling. Among other reasons, advances in technology havecontributed to change
the nature of the problem dramatically. The World Ocean Circulation Experiment
(WOCE) provided a global top-to-bottom survey of ocean temperature and salinity
during the 1990's and it enabled the global Argo array whose implementation began
in 2000. Future prediction of ocean thermal expansion and thus future sea-level rise
(including its regional distribution) depends on coupled ocean atmosphere models
(Roemmich et al., 2006).

Geodetic techniques have revolutionized our understanding of sea level variabil-
ity through the provision of new data sets and more accurate versions of existing
ones. Such understanding is reviewed and summarized at regular intervals in the
assessments of the IPCC, with the 4th Assessment Report (Solomon et al., 2007)
being the most recent one.

One might summarize several of the main reasons for sea levelchange and how
geodesy contributes as follows:

� Thermal expansion:space gravity missions (e.g. GRACE) provide observations
that allow the determination of effective bottom pressure;GNSS locates Argo
�oats.

� Cryosphere changes:GNSS allows the measurement of changes in the height
and extent of glaciers and ice sheets and their �ow rates and thereby provides
insight into their dynamics (see Section 3.4); space gravity missions provide es-
timates of changes in mass balance of glaciers; laser and radar altimetry measure
topographic changes (see Section 2.4.3).
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� Hydrosphere changes:Space gravity missions provide observations related to
ground water changes in large basins.

� Geosphere changes:GNSS, in particular if combined with absolute gravity mea-
surements can aid improvement in models of postglacial rebound and tectonic
processes.

� Meteorological changes:GNSS-meteorology contributes to improved atmo-
spheric models and subsequent air pressure and wind �elds; water vapor mea-
surements are of direct importance to altimetric data accuracy.

The importance of geodesy to ocean and climate modeling can be mentioned in its
own right. GPS on research vessels and advanced hydrographic techniques (acous-
tic depth gauges, Doppler current meters etc.), together with satellite altimetry and
gravity data, provide information on shape and bathymetry of ocean basins and the
currents in them which modelers require. Space gravity is a particularly exciting
recent development: GOCE should enable estimation of absolute ocean transports
down to short (� 100 km) spatial scales for application throughout deep and coastal
ocean and climate modeling, and temporal gravity (GRACE) data may help to se-
lect best choices of parameterization of physical processes in Atmosphere Ocean
General Circulation Models. Such modeling results in improved modeling and un-
derstanding of the oceanic reasons for sea level change.

Sea level is intimately connected to the three “pillars of geodesy”. Consequently,
geodetic observations can characterize highly precise spatial and temporal changes
of the Earth system that relate to sea level changes. The challenge for quantifying
long-term change in sea and land levels imposes most stringent observation require-
ments, and can only be addressed within the context of a stable, global reference
frame, such that measurements today can be meaningfully compared with measure-
ments several decades later with millimeter accuracy. The reference frame becomes
the foundation to connect observations in space and time andde�nes the framework
in which global and regional observations of sea level change can be understood and
properly interpreted.

However, long-term stability of the reference frame alone is not suf�cient. Since
the sea surface adjusts closely to an equipotential surfaceof the Earth's gravitational
�eld, the RFO needs to be tied to the CM. A potential secular translation of the RFO
with respect to the CM is expected to bias global sea level trend estimates on the
order 0.2 to 0.3 mm/yr (see Section 2.2).

Consequently, improvements of ITRF are a crucial requirement for sea level stud-
ies. Moreover, observations of changes in Earth's shape with GNSS and other tech-
niques (VLBI, SLR, DORIS), in LOD, and in polar motion are essential data sets
for the understanding of the processes forcing sea level variations. Deformations
on land as a result of load changes (ice, ground water, etc.) and geological pro-
cesses, which can subsequently result in a sea level signal,can also be monitored by
GNSS, complementing space measurements by GRACE. Therefore, a rich source of
geodetic information needs to be maintained if the reasons for any future observed
sea level change are to be properly identi�ed and understood.
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3.8 The hydrological cycle

Considering the importance of the hydrological cycle for the functioning of the bio-
sphere as well as of the most near-surface processes of the Earth system, and its role
as a major constituent of the climate engine, the need for innovation in techniques
applicable to the monitoring of water-mass movements cannot be over-emphasized.
There is a clear need for novel approaches in this �eld including, for example, the
continuity of the new generation of gravity missions such asGRACE (Tapley et al.,
2004b) designed to detect relatively small mass movements in the Earth system
(Plag et al., 2000b; Ilk et al., 2005).

Many parameters characterizing the hydrological cycle such as ground moisture,
effects of in�ltration on groundwater renewal, percolation of groundwater, subsur-
face discharge of groundwater into the ocean are known with large uncertainty lim-
its. The uncertainties are basically due to spatially and temporally insuf�cient ob-
servations of the transport of water within nearly all components of the hydrological
cycle. To a large extent, this lack of observations is causedby the absence of tech-
nologies that allow suf�cient monitoring of the relevant parameters within given
economic constraints.

Understanding of the land component of the global water cycle is of profound
importance for bio productivity, global water supply, and climate change. This is so,
even though its total volume amounts to only 3.5% of the totalwater cycle. However
the land component is by far the least understood part of the global water cycle. This
is due to the fact that there exist (1) a severe scaling problem with the relevant scales
reaching from molecular to global and from sub-daily to secular, (2) some quantities
such as evaporation, soil moisture, bio productivity or photo synthesis are dif�cult
to measure and (3) the residence time of water masses depend on vegetation soil,
and rock storage compartments, hydro geological conditions and topography and
are therefore highly uncertain.

The observability of the essential variables will improve in the near future. New
satellite techniques are under development which are able to measure bio mass vol-
ume, photosynthesis (directly related to the actual bio activity), soil moisture, snow
cover and precipitation. Thus, on a global scale it is an evolving area of research.

Geodesy and GGOS alone will not be able to solve the above problems. However
GGOS is able to provide very important contributions to the study of the continen-
tal water cycle. Recent studies of the Amazon region, of the monsoon cycle and
of smaller river catchments employing GPS, satellite altimetry and temporal grav-
ity changes from GRACE are indications of the geodetic potential for hydrological
research.

GGOS will be able to provide the following measurements relevant for hydro-
logical studies, and they will be delivered in a unique global reference system:

� sub-seasonal, seasonal and secular movements of continental water masses as
measured by satellite gravimetry such as GRACE (challenges: higher spatial res-
olution, separation of continental water mass changes fromother time-varying
gravimetric signals)
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� the wet part of troposphere from atmospheric sounding usingthe global ground
network of GNSS receivers and geodetic VLBI telescopes. (challenge: this tech-
nique is still evolving but it is used already routinely by several weather services)

� loading and un-loading of the land surface due to seasonal changes of groundwa-
ter, to be measured by the global network of GNSS stations (challenge: separation
from other local station movements)

� local measurement of the integral variation of ground waterfrom permanent
gravimetric tidal stations (challenge: separation of the hydrological signal from
signals such as temperature, pressure and environmental effects)

� measurement of water level of major lakes and rivers by satellite altimetry (chal-
lenge: locking algorithm of altimeters)

� improved digital terrain models, as basis for �ux modeling of surface water and
�ood modeling (challenge: actual water �ow is in�uenced by plant cover and soil
characteristics)

� geographic information systems (GIS) for the establishment of comprehensive
geo-references data modeling.

Nowadays uncertainty of the hydrological signal is a main uncertainty in model-
ing Earth rotation (compare Section 3.10). Its improvementwill help Earth rotation
modeling. In turn, one day, Earth rotation parameter may provide important global
constraints on the climatological trends of the global water cycle.

3.9 Mass transport and mass anomalies in the Earth system

Fig. 3.3. The interrelation of gravity, gravity variations, mass transport and distribution.
From ESA (1999).
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Fig. 3.4. Interconnections between processes and research themes related to mass
transport and mass distribution. Arrows in the center of the �gure indicate mass ex-
change and dynamic feedback mechanisms. Other arrows connect the gravimetric and
geometric observations (on top of the �gure) to the physical processes or indicate ex-
ternal in�uences and complementary �elds (at the bottom of t he �gure). From Ilk et al.
(2005).

3.9.1 Mass redistributions and geodesy

The gravity �eld and its variations - measured by satelliteswith unprecedented accu-
racy - are closely interrelated with mass transport and massdistribution. Figure 3.3
gives an overview of gravity-related phenomena, associated with anomalous signals
in the geoid, in gravity or with temporal changes of geoid or gravity. The atmo-
sphere, hydrosphere, ice covers, biosphere, land surface and solid Earth interact in
various ways, ranging from sub-seasonal and interannual todecadal and secular
variations on a global to regional spatial scale. This makesit dif�cult to develop
realistic models that are capable to yield realistic predictions. Rather sophisticated
partial models exist, for example, for weather predictions, the coupled atmospheric
and ocean circulation, of local hydrological processes, orof glacial isostatic mass
adjustment, but we are still far from a comprehensive description and understand-
ing of the dynamics of Earth system. An important, and so far missing, segment
of Earth system models is the determination of mass anomalies, mass transport and
mass exchange between Earth system components and, ultimately, the establishment
of global mass balance.
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Quanti�cation and understanding of mass transport and massdistribution re-
quires a close cooperation of many Earth system research areas: oceanic transport,
continental hydrology, ice mass balance and sea level, dynamics of mantle and crust,
and geodetic signal analysis of the satellite missions. Such an interdisciplinary ap-
proach is necessary due to two reasons. The �rst reason is theimportance of water
mass exchange across the boundaries of the system components oceans, land, ice
and atmosphere. The goal is a consistent modeling, where mass output from one
model (e.g. for an ice sheet) is used as mass input for anothermodel (e.g. for the
neighboring ocean). The other reason is the integral character of the satellite ob-
servations. The satellite gravity data as well as surface geometry changes observed
by satellite altimetry contain a complex superposition of various mass signals. For
instance, in Antarctica gravity and height changes due to ice mass changes are su-
perimposed by similar signals from mass change in the underlying crust and mantle
due to glacial isostatic adjustment, from tectonics, and from mass changes in the ad-
jacent oceans and in the atmosphere. To enable a reliable separation of such effects,
an intensive exchange of results is required.

The quantities to be delivered from the combination of the three fundamental
pillars geometry, gravity/geoid, and Earth rotation are small and therefore dif�cult
to determine. In order to be useful for global change studiesthey have to be derived
free of bias and consistently in space and time. In general they are derived from
the combination of complementary sensor and observation systems. For example,
dynamic ocean topography is to be derived from the accurate measurement of the
ocean surface by radar altimetry in combination with a geoidsurface provided by
gravity satellite missions. It shows that a variety of sensor systems, mission char-
acteristics, and tracking systems have to be combined with utmost precision. The
interconnections between mass transport processes, and the relations between ob-
servable parameters of gravity and geometry and the different processes are sketched
in Figure 3.4.

Earthquakes, volcano eruptions, tectonic deformations, land slides, glacial iso-
static adjustment, deglaciation, sea level rise, ocean mass and heat transport, deep
ocean circulation, the water cycle, atmospheric and ocean loading and many more
are typical and well known phenomena of this kind. Mass anomalies, the transport
and exchange of masses and mass balances are not measurable by any other means
and add signi�cantly to the understanding of global Earth dynamics. But it is clear
that not all of these phenomena can be detected because of limitations in space and
time. Figure 3.5 shows for the gravity �eld the requirementson the static gravity
�eld in terms of spatial resolution and typical time periodsfor the temporal varia-
tions. In the following, mass transport phenomena are brie�y listed which can be
detected by a careful signal analysis and signal balancing.Subsequently, these phe-
nomena are addressed in more detail in individual sections.

Ocean circulation and transport: The combination of geoid and altimetry allows
for the �rst time the direct determination of the global dynamic ocean topography.
The geostrophic balanced surface currents can be deduced from the inclinations of
the dynamic topography. From these, complete pro�les of theocean circulation can
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Fig. 3.5. Resolvability of mass transport by satellite missions. Mass transport phenom-
ena and mass distribution characteristics and its resolvability by the satellite missions
CHAMP, GRACE and GOCE. From Ilk et al. (2005).

be derived by combination with traditional hydrographicalmeasurements. New in-
sights in global and basin related heat and mass transport can be expected. Temporal
variations of the dynamic ocean surface are caused mainly bytemperature related
volume changes where the mass column remains unchanged. Mass changes by �uid
dynamics causes more problems and can be detected only by changes of the grav-
ity �eld as expected by the GRACE mission. This will lead to a clear progress in
the understanding of ocean circulation. Future topics of research include the de-
termination of large-scale heat and mass transport, the investigation of circulation
systems such as the Antarctic circum polar current, Weddell- and Ross eddies, the
separation of steric and mass-related changes of the globalsea surface and of the
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dynamics of currents, and the interaction of temporal and quasi-static circulations
(eddies, fronts).

Hydrological cycle: The time dependent gravity �eld as expected from the GRACE
mission enables for the �rst time to detect continental masschanges with a resolu-
tion of 1 cm water column in monthly snapshots. This allows toclose the hydro-
logical cycle at different scales in time and space. Topics of research include the
global water balance and water transfer between atmosphere, continents, oceans and
ice shield, the large-scale variations of terrestrial water storage under characteristic
conditions, the large scale temporal variations of evapotranspiration, the evaluation
and development of large-scale hydrological models, the water balances in dif�cult
accessible regions, the long term trends of continental water storage as a conse-
quence of environmental changes, and identi�cation of hydrological problem zones
with respect to water management and the availability of water resources.

Ice mass balance and sea surface:The polar ice caps play a key role in Earth sys-
tem because imbalanced masses and resulting changes of the sea surface are global.
Of central relevance is the precise determination of the mass balance of the com-
plete ice shields by the actual gravity �eld missions CHAMP,GRACE and GOCE.
Altimetry enables the precise measurement of the topography and of ice height
changes, with the missions CryoSat and ICESat also in the climate sensitive ice
shield regions. Interferometric SAR (ENVISAT) enables thearea-wise determina-
tion of ice motions which can be compared to balance velocitymodels. The precise
measurement of the thickness of the sea ice (CryoSat) provides new insight in the
actual climate development. Topics of research are: registration of mass changes
of the polar ice caps and the consequences for sea level rise;investigation of the
changes in the border areas of ice masses; validation and improvement of glacio-
logical models as important component in coupled climate models; determination
of ice mass induced recent crust deformations (glacial isostasy); additional data sets
for validation, densi�cation and interpretation of satellite data; modeling of sea ice
dynamics based on new remote sensing data.

Crust and mantle: The new gravity �eld missions open new dimensions in the
research for geodynamic mass transport within the Earth: GOCE will improve the
resolution of the static gravity potential and its gradients in the medium and short
wavelength range by more than one order of magnitude; GRACE will provide for
the �rst time the temporal variation of the potential down toa resolution of 400 km;
it can be expected that mass distribution and mass transportwill become directly
observable. Topics of research are: glacial-isostatic adjustment processes and lat-
eral variations of mantle viscosity; global mass transportin the mantle and dynamic
topography based on new seismic tomography data and 3D-distributions of mantle
viscosity; sub-lithosphere mantle convection and deviations of seismic discontinu-
ities in 410 and 600 km depth; models of active and passive continental margins
based on high-resolution gravity data, decoupling processes at active subduction
zones; episodic mass redistributions at plate margins; improvement of global and
regional crust and lithosphere models.
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3.10 Earth rotation: understanding Earth system dynamics

3.10.1 Earth rotation measurements

Changes in the Earth's rate of rotation become apparent whencomparing time kept
by the rotating Earth, known as Universal Time, to uniform time scales based either
upon atomic clocks or upon the motion of the Sun and other celestial bodies. Prior
to the development of atomic clocks, the most accurate measurements of changes in
the Earth's rate of rotation were obtained by timing the occultations of stars by the
Moon. With the advent of atomic clocks in 1955, a uniform atomic time scale be-
came available that could be used as a reference when measuring the transit times of
stars as they pass through the local meridian. Changes in theEarth's rate of rotation
could then be determined more accurately from optical astrometric measurements of
star transits than they could from measurements of lunar occultations. And prior to
the development of space-geodetic techniques, optical astrometric measurements of
changes in the apparent latitudes of observing stations yielded the most accurate es-
timates of polar motion. The space-geodetic techniques of VLBI, GNSS like GPS,
and SLR and LLR are now the most accurate techniques available for measuring
changes in both the Earth's rate of rotation and in polar motion.

An integral part of geodesy has always been the de�nition andrealization of
a terrestrial, body-�xed reference frame, a celestial, space-�xed reference frame,
and the determination of the indexEarth orientation parametersEOPs (precession,
nutation, spin, and polar motion) that link these two reference frames together. But
with the advent of space geodesy — with the placement of laserretro-re�ectors on
the Moon by Apollo astronauts and Soviet landers, the launchof the LAGEOSs, the
development of very long baseline interferometry, and the development of global
navigation satellite systems like the global positioning system — a quantum leap
has been taken in our ability to realize the terrestrial and celestial reference frames
and to determine the Earth orientation parameters.

The only space-geodetic measurement technique capable of independently deter-
mining all of the EOPs is multibaseline VLBI. All of the othertechniques need to
either apply external constraints to the determined Earth orientation parameters or
can determine only subsets of the EOPs, only linear combinations of the EOPs, or
only their time rates-of-change.

Ring laser gyroscopes (see Section 2.5.2) are a promising emerging technology
for determining the Earth's rotation. In a ring laser gyroscope, two laser beams prop-
agate in opposite directions around a ring. Since the ring laser gyroscope is rotating
with the Earth, the effective path length of the beam that is co-rotating with the Earth
is slightly longer than the path that is counter-rotating with it. Because the effective
path lengths of the two beams differ, their frequencies differ, so they interfere with
each other to produce a beat pattern, the frequency of which is proportional to that
component of the instantaneous angular velocityW(t) of the Earth that is parallel to
the normal of the plane of the ring. Ring laser gyroscopes measure the absolute rota-
tion of the Earth in the sense that, in principle, just a single measurement is required
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to determine the Earth's instantaneous rotation. All of theother techniques discussed
above are relative sensors because they infer the Earth's rotation from the change in
the orientation of the Earth that takes place between at least two measurements that
are separated in time.

Earth orientation parameters can be determined from measurements taken by
each of the techniques discussed above. But each technique has its own unique
strengths and weaknesses in this regard. Not only is each technique sensitive to
a different subset and/or linear combination of the Earth orientation parameters, but
the averaging time for their determination is different, asis the interval between
observations, the precision with which they can be determined, and the duration of
the resulting EOP series. By combining the individual series determined by each
technique, a series of the Earth's orientation can be obtained that is based upon
independent measurements and that spans the greatest possible time interval.

3.10.2 UT1 and Length-of-Day Variations

Length-of-day observations show that it consists mainly of: (1) a linear trend of rate
� 1:8 ms/cy, (2) decadal variations having an amplitude of a few milliseconds, (3)
tidal variations having an amplitude of about 1 ms, (4) seasonal variations having
an amplitude of about 0.5 ms, and (5) smaller amplitude variations occurring on all
measurable time scales.

Linear trend: Tidal dissipation causes the Earth's angular velocity and hence rota-
tional angular momentum to decrease. Since the angular momentum of the Earth-
Moon system is conserved, the orbital angular momentum of the Moon must in-
crease to balance the decrease in the Earth's rotational angular momentum. The
increase in the orbital angular momentum of the Moon is accomplished by an in-
crease in the radius of the Moon's orbit and a decrease in the Moon's orbital angular
velocity. The tidal acceleration of the Moon can be determined from observations of
the timings of transits of Mercury as well as from satellite and lunar laser ranging
measurements. Tidal forces distort the �gure of the Earth and hence its gravitational
�eld which in turn perturbs the orbits of the Moon and arti�cial satellites. Lunar and
satellite laser ranging measurements can detect these tidal perturbations in the satel-
lites' orbits and can therefore be used to construct tide models and hence determine
the tidal acceleration of the Moon. Using LLR measurements,a value of 25:73� 0:5
”/cy for the tidal acceleration of the Moon is found, which byKepler's law corre-
sponds to an increase of 3:79� 0:07 cm/yr in the semimajor axis of the Moon's
orbit, and which should be accompanied by a 2:3 ms/cy increase in the length of the
day.

By a priori adopting a value for the tidal acceleration of the Moon, lunar and
solar eclipse observations can be used to determine the secular increase in the length
of the day over the past few thousand years. Using eclipse observations spanning
700 BC to 1600 AD, lunar occultation observations spanning 1600 to 1955.5, and
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optical astrometric and space-geodetic measurements spanning 1955.5 to 1990, it
was found that the length-of-day has increased at a rate of 1:80� 0:1 ms/cy on
average during the past 2700 years.

Since the observed increase in the length of the day is 1:8 ms/cy, whereas the
observed tidal acceleration of the Moon implies a 2:3 ms/cy increase in the length
of the day, some other mechanism or combination of mechanisms must be acting to
change the length of the day by 0.5 ms/cy. One of the most important mechanisms
acting to cause a secular trend in the length-of-day on time scales of a few thou-
sand years is glacial isostatic adjustment (GIA). Other possible mechanisms include
present-day changes in glacier and ice sheet mass and the accompanying change in
nonsteric sea level, tectonic processes taking place undernon-isostatic conditions,
plate subduction, earthquakes, and deformation of the mantle caused by pressure
variations acting at the core-mantle boundary that are associated with motion of the
�uid core.

Decadal variations:The most important mechanism acting to cause decadal vari-
ations in the length of the day is core-mantle coupling. It has been recognized for
quite some time that the core is the only viable source of the large decadal LOD vari-
ations that are observed, and current models of Core AngularMomentum (CAM)
predict decadal length-of-day variations that agree reasonably well with those ob-
served.

While the exchange of CAM with the solid Earth can clearly cause decadal LOD
variations of approximately the right amplitude and phase,the mechanism or mech-
anisms by which the angular momentum is exchanged between the core and solid
Earth is less certain. Possible core-mantle coupling mechanisms are viscous torques,
topographic torques, electromagnetic torques, and gravitational torques.

Viscous coupling is caused by the drag of the core �ow on the core-mantle bound-
ary, with the strength of the coupling depending on the viscosity of the core �uid.
Given current estimates of core viscosity, it is generally agreed that viscous torques
are too weak to be effective in coupling the core to the mantle.

If the core-mantle boundary is not smooth but exhibits undulations or “bumps”,
then the �ow of the core �uid can exert a torque on the mantle due to the �uid pres-
sure acting on the boundary topography. The strength of thistopographic coupling
depends on the amplitude of the topography at the core-mantle boundary. Because
of uncertainties in the size of this topography and a controversy about how the topo-
graphic torque should be computed there is as yet no consensus on the importance of
topographic coupling as a mechanism for exchanging angularmomentum between
the core and mantle.

Electromagnetic torques arise from the interaction between the magnetic �eld
within the core and the �ow of electric currents in the weaklyconducting mantle that
are induced by both time variations of the magnetic �eld and by diffusion of electric
currents from the core into the mantle. The strength of this electromagnetic torque
depends on both the conductivity of the mantle and on the strength of the magnetic
�eld crossing the core-mantle boundary. If the conductivity of the mantle, or of
a narrow layer at the base of the mantle, is suf�ciently large, then electromagnetic
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torques can produce decadal length-of-day variations as large as those observed. But
because of uncertainties in the conductivity at the base of the mantle, the importance
of electromagnetic coupling, like that of topographic coupling, as a mechanism for
exchanging angular momentum between the core and mantle remains unclear.

Gravitational attraction between density heterogeneities in the �uid core and
mantle can exert a torque on the mantle, leading to changes inthe length of the day.
The strength of this gravitational torque depends upon the size of the mass anoma-
lies in the core and mantle, which are poorly known. As a result, there have been few
quantitative estimates of the magnitude of the gravitational torque. However, Buf-
fett (1996a,b) has suggested that the inner core may be gravitationally locked to the
mantle. If so, then any rotational disturbance of the inner core, possibly caused by
electromagnetic torques acting on the inner core, will be transmitted to the mantle,
causing length-of-day changes. Mound & Buffett (2005) consider this last mecha-
nism to be the most viable mechanism for exchanging angular momentum between
the core and mantle.

Tidal variations: Tidal forces due to the gravitational attraction of the Sun,Moon,
and planets deform the solid and �uid parts of the Earth, causing the Earth's inertia
tensor to change and hence the Earth's rotation to change. Dissipation associated
with mantle anelasticity causes the deformational and hence rotational response of
the Earth to lag behind the forcing tidal potential. As a result, not only does mantle
anelasticity modify the in-phase rotational response of the Earth to the tidal poten-
tial, but out-of-phase terms are introduced as well. Anelastic effects are found to
modify the elastic rotational response of the Earth by a few percent.

Dynamic effects of long-period ocean tides on the Earth's rotation can be com-
puted using ocean tide models based upon Laplace's tidal equations. But the ac-
curacy of ocean tide models and hence of the predicted effectof ocean tides on
the Earth's rotation greatly improved when satellite altimetry, in particular ERS-1
(for high latitudes) and TOPEX/Poseidon sea surface heightmeasurements became
available. Dynamic ocean tide effects are larger at the fortnightly tidal frequency
than they are at the monthly frequency.

Ocean tides in the diurnal and semidiurnal tidal bands also affect the Earth's rate
of rotation. Comparisons of observations with models show the dominant role that
ocean tides play in causing subdaily Universal Time 1 (UT1) and LOD variations,
with as much as 90% of the observed UT1 variance being explained by diurnal and
semidiurnal ocean tides. Apart from errors in observationsand models, the small
difference that remains may be due to nontidal atmospheric and oceanic effects.

The diurnally varying solar heating of the atmosphere excites diurnal and semid-
iurnal tidal waves in the atmosphere that travel westward with the Sun. These ra-
diational tides are much larger than the gravitational tides in the atmosphere, with
the amplitude of the surface pressure variations due to the radiational tides being
about 20 times larger than the amplitude due to the gravitational tides. While grav-
itational tides in the atmosphere have no discernible effect on the Earth's rotation,
the radiational tides do have an effect. Since the oceans respond dynamically to tidal
variations in the atmospheric wind and pressure �elds, the oceans also contribute to
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the excitation of UT1 and LOD by the radiational tides. In fact, the effect of radia-
tional tides on UT1 and LOD is typically included in tables ofthe effects of diurnal
and semidiurnal ocean tides on the Earth's rate of rotation.

Seasonal variations:Seasonal variations in the length-of-day are primarily caused
by annual and semiannual changes in the angular momentum of the zonal winds.
Although only 1% of the atmospheric mass is located in the region of the atmo-
sphere above 10 hPa, the strength of the zonal winds there is great enough that they
have a noticeable effect on seasonal length-of-day variations. Apart from errors in
observations and models, the residual that remains after modeled atmospheric and
oceanic effects have been removed from the observations maybe caused by hydro-
logic processes.

Interannual variations: Like seasonal variations in the length of the day, variations
on interannual time scales are also predominantly caused bychanges in the angular
momentum of the zonal winds. The most prominent feature of the climate system on
these time scales is the El Niño Southern Oscillation (ENSO) phenomenon. Numer-
ous studies have shown that observed LOD variations on interannual time scales,
as well as interannual variations in the angular momentum ofthe zonal winds, are
(negatively) correlated with the SOI, re�ecting the impacton the length-of-day of
changes in the zonal winds associated with ENSO.

Studies of the effects of oceanic processes show that they are only marginally
effective in causing interannual length-of-day variations. The interannual LOD sig-
nal that remains after atmospheric and oceanic effects are removed may be caused
by hydrologic processes. Like seasonal variations, betteratmospheric, oceanic, and
hydrologic models are needed to close the LOD budget on interannual time scales.

Intraseasonal variations:Like the seasonal and interannual variations in the length
of the day, variations on intraseasonal time scales are alsopredominantly caused by
changes in the angular momentum of the zonal winds. The Madden-Julian oscilla-
tion with a period of 30 to 60 days is the most prominent feature in the atmosphere
on these time scales and a number of studies have shown that �uctuations in the
zonal winds associated with this oscillation cause the length-of-day to change. Stud-
ies of the effects of oceanic processes show that they are only marginally effective
in causing intraseasonal length-of-day variations. Hydrologic effects on intrasea-
sonal length-of-day variations are thought to be relatively insigni�cant, although
the monthly sampling interval of current hydrologic modelsmakes it dif�cult to
study such rapid variations.

3.10.3 Polar Motion

Observations of polar motion show that it consists mainly of: (1) a forced annual
wobble having a nearly constant amplitude of about 100 mas, (2) the free Chandler
wobble having a period of about 433 days and a variable amplitude ranging from
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about 100 to 200 mas, (3) quasi-periodic variations on decadal time scales having
amplitudes of about 30 mas known as the Markowitz wobble, (4)a linear trend
having a rate of about 3.5 mas/yr and a direction towards 79� W longitude, and (5)
smaller amplitude variations occurring on all measurable time scales.

Linear trend: One of the most important mechanisms acting to cause a lineartrend
in the path of the pole on time scales of a few thousand years isglacial isostatic
adjustment (GIA). The isostatic adjustment of the solid Earth as it responds to the
decreasing load on it following the last deglaciation causes the �gure of the Earth
to change, and hence the pole to drift. Models of GIA show thatits effect on the
pole path is sensitive to the assumed value of lower mantle viscosity, to the assumed
thickness and rheology of the lithosphere, to the treatmentof the density disconti-
nuity at 670 km depth, and to the assumed compressibility of the Earth model.

However, GIA is not the only mechanism that will cause a trendin the pole path.
The present-day change in glacier and ice sheet mass and the accompanying change
in nonsteric sea level will also cause a linear trend in polarmotion. But the effect
of this mechanism is very sensitive to the still unknown present-day mass change of
glaciers and ice sheets, particularly of the Antarctic ice sheet. Other mechanisms
that may cause a linear trend in the path of the pole include tectonic processes
taking place under non-isostatic conditions, plate subduction, mantle convection,
upwelling mantle plumes, and earthquakes.

Decadal variations:Since optical astrometric measurements are known to be cor-
rupted by systematic errors, there has always been some doubt about the reality
of the decadal variations evident in these measurements. But since the highly ac-
curate space-geodetic measurements are less susceptible to systematic error than
are optical astrometric measurements, decadal variationsseen in the space-geodetic
measurements can be considered to be reliable.

The cause of the decadal-scale polar motion variations evident in space-geodetic
measurements is currently unknown. Since core-mantle processes are known to
cause decadal variations in the length of the day, they may also excite decadal vari-
ations in polar motion. But electromagnetic coupling between the core and mantle
appears to be two to three orders of magnitude too weak and topographic coupling
appears to be too weak by a factor of three to ten. Like the decadal variations in the
length-of-day, invoking the inner core when modeling core-mantle processes may
ultimately provide the long-sought explanation for the cause of the decadal varia-
tions in polar motion.

Tidal variations: Tidally induced deformations of the solid Earth caused by the
second-degree zonal tide raising potential cause long-period changes in the Earth's
rate of rotation. But since this potential is symmetric about the polar axis, tidal
deformations of the axisymmetric solid Earth cannot excitepolar motion. However,
due to the nonaxisymmetric shape of the coastlines, the second-degree zonal tide
raising potential acting on the oceans can generate polar motion via the exchange of
nonaxial oceanic tidal angular momentum with the solid Earth.
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Better observations of the effect of long-period ocean tides on polar motion are
needed, as are better models for these effects. Observations of these effects are in-
ternally incosistent, and predictions from the available theoretical ocean tide models
do not agree with each other or with the observations.

Comparisons of observations with models show the major rolethat ocean tides
play in causing subdaily polar motion variations, with as much as 60% of the ob-
served polar motion variance being explained by diurnal andsemidiurnal ocean
tides. Apart from errors in observations and models, the difference that remains
may be due to nontidal atmospheric and oceanic effects.

Chandler wobble: Any irregularly shaped solid body rotating about some axis that
is not aligned with its �gure axis will freely wobble as it rotates. The Eulerian free
wobble of the Earth is known as the Chandler wobble in honor ofSeth Carlo Chan-
dler, Jr. who �rst observed it. Unlike the forced wobbles of the Earth, such as the
annual wobble, whose periods are the same as the periods of the forcing mecha-
nisms, the period of the free Chandler wobble is a function ofthe internal structure
and rheology of the Earth and its decay time constant, or quality factor Q, is a func-
tion of the dissipation mechanisms acting to dampen it. The observed values for the
period and Q of the Chandler wobble can therefore be used to better understand
the internal structure of the Earth and the dissipation mechanisms, such as mantle
anelasticity, that dampen the Chandler wobble causing its amplitude to decay in the
absence of excitation.

While there is growing agreement that the Chandler wobble isexcited by a com-
bination of atmospheric, oceanic, and hydrologic processes, the relative contribution
of each process to its excitation is still being debated.

Seasonal polar motion:The annual wobble is a forced wobble of the Earth that is
caused largely by the annual appearance of a high atmospheric pressure system over
Siberia every winter.

A rather large residual remains after the effects of the atmosphere and oceans
are removed from the observed seasonal polar motion excitation. This residual is
probably at least partly due to errors in the atmospheric andoceanic models, but
could also be due to the neglect of other excitation processes such as hydrologic
processes.

Interannual polar motion: Like the seasonal wobbles, the wobbling motion of the
Earth on interannual time scales is a forced response of the Earth to its excitation
mechanisms. For periods between 1 year and 6 years excludingthe annual cycle,
oceanic processes are much more important than atmosphericin exciting interannual
polar motions.

Intraseasonal polar motion: Like the seasonal and interannual wobbles, the wob-
bling motion of the Earth on intraseasonal time scales is a forced response of the
Earth to its excitation mechanisms. For periods between 5 days and 1 year exclud-
ing the seasonal cycles, atmospheric processes are more effective than oceanic in
exciting polar motion.
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3.11 Earth rotation: understanding processes in the solid Earth

The key questions that are addressed in this note are the following: What can
we learn from Earth rotation about the Earth's interior (core, mantle)? What can
we learn about the exterior �uids (global mass balance, hydrological cycle, global
change)? Similar techniques can be applied to the other terrestrial planets and help
us to better understand their interior, their evolution, and their external and internal
�uids. The Section 6.1 will address that question.

3.11.1 Earth's interior from Earth rotation

The Earth rotation and orientation are measured by VLBI, satellite observations
using DORIS, GNSS, as well as SLR, and LLR. The precise use of reference frame,
terrestrial and celestial reference frames, allows a very good determination of the
Earth position and orientation in space as a function of time. This allows a very
good precision on the EOPs as a function of time that compriseprecession, nutation,
length-of-day variations, and polar motion. Precession and nutation allow getting
information on phenomena related to the deep Earth interiorsuch as core-mantle
coupling, mantle anelasticity, or inner core coupling withthe liquid core and the
mantle. Figure 3.6 presents the geophysical parameters that are determined from
nutation.

Fig. 3.6. Geophysical parameters obtained from nutation.
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At this step it must be noted that the very good constraints that are obtained are
constraints on the coupling constants but not really on the coupling mechanisms in-
volved. In other words, the coupling constant can be determined from the EOPs but
for explaining these coupling constants, one needs to consider the physical mech-
anisms such as inertial coupling, electromagnetic coupling, topographic coupling,
or viscous coupling. The choice of the mechanism is related to other considera-
tions. The evaluation of the relative in�uence is related tofurther computation and
improvements are still necessary in that �eld. The situation for nutation is a good
example. There is a trade-off between the �attening of the core (in particular the
non-hydrostatic contribution) and the real part of the coupling constant at the Core-
Mantle Boundary (CMB). The presently adopted nutation theory has considered
electromagnetic coupling as coupling mechanism at the CMB.Consequently, with
the help of a complicate theory, it was possible to relate theimaginary part of the
coupling constant and its real part. The �attening of the core could be determined
to correspond to an increase of about 350 m of the equatorial radius with respect to
the polar radius, in addition to the hydrostatic contribution computed from the core
rotation inside the Earth. But if the coupling mechanism is different or is a combina-
tion between electromagnetic coupling and topographic coupling, this may not hold.
Consequently, it is true that the observation of EOPs may help to understand the in-
terior of the Earth a but further step in the theory is still necessary. Additionally,
the external geophysical �uids in�uence the nutation. Although the most important
in�uence is at the nutation corresponding to one solar day asexpected, there are
other non-well determined in�uences on other nutation periods. The interpretation
of the data in terms of physics of the interior may be in�uenced by that. For exam-
ple, a semi-annual modulation of the diurnal atmospheric effect on Earth may have
a considerable contribution on the retrograde annual nutation, which is the most im-
portant nutation for determining the resonance parametersand the core coupling.
GGOS will aim at better determining the geophysical �uid effects on the Earth and
in particular on Earth rotation. This will further help to better determine the internal
geophysical contribution to nutation and to better constrain the physics of the Earth
interior. This determination has some limitation from the modeling point of view
but should certainly be one of the most important advances inour understanding of
the Earth.

3.11.2 Geophysical �uids from Earth rotation

The geophysical �uids have large effects on Earth rotation.They are related to the
global behavior of the atmosphere, of the ocean, or hydrosphere. For the nutation,
for instance, the in�uence mentioned above can be determined as resented in Fig-
ure 3.7.

Additionally, the dynamical �attening can be determined from precession and
nutation. On the other hand, geophysical �uids contributions to it can also be deter-
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Fig. 3.7. Determination of atmospheric global properties from nutation and from the
parameters determined from nutation.

mined and we will bene�t from a comparison of both kinds of observations. This is
presented on Figure 3.8.

Concerning the other Earth orientation parameters, the geophysical �uids such as
the ocean, the atmosphere and the hydrosphere are the most important contributions.
Observations of polar motion and length-of-day variationsprovide access to the
global contributions from these geophysical �uids. The only remaining problem will
be to separate the relative contributions. The interactionbetween these geophysical
�uids is important to consider for that matter. We have represented our view in
Figure 3.9.

3.11.3 General remarks

The high precisions of observation in different �elds (orientation, gravity, geophys-
ical �uids) are very necessary to better understand our planet as well as to better un-
derstand the other planets (see Section 6.1). GGOS aims at re�ning the consistency
and determination of all these and will consequently greatly enhance our under-
standing of the interior of the Earth. Similar projects of synergism are desirable and
its concept is already applied to other planets. The consequences of the GGOS effort
will be huge and have a great potential for a better understanding of the interior of
the Earth.
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Fig. 3.8. Comparison of the dynamical �attening obtained from preces sion and nutation
to the contributions determined from the geophysical �uids .

Fig. 3.9. Geophysical �uid effects on polar motion and on Length-Of-D ay variations.





Chapter 4
Maintaining a modern society

C. Rizos, D. Brzezinska, R. Forsberg, G. Johnston, S. Kenyon, D. Smith

In innumerable ways, geodesy contributes to the functioning of a modern society.
While that contribution is critical, it is not necessarily well known or understood by
most outside the geodetic community. Geodesy de�nes the coordinate infrastruc-
ture underlying many of the functions of modern society. Like the wooden frame of
a house, that infrastructure is the unseen framework upon which different “layers”
of spatial information (e.g., the geometric data and thematic description of spatial
elements such as points, polygons, lines, 3D objects, and their topologies – i.e., how
they relate to each other –, and imagery from space and airborne platforms) are con-
structed so that they align with each other perfectly. This infrastructure is known as
SDI, and geodesy de�nes the foundation of the SDI. In this chapter the terms “spa-
tial” and “geospatial” will be assumed to be inter-changeable. In many countries,
the importance of SDI has risen to the level of government mandate. In parallel with
this SDI development, Positioning, Navigation and Timing (PNT) is increasingly
needed in many aspects of life, in many business and engineering applications, and
to aid decision-making at all levels of government and private enterprise. Due to
the globalization and interoperability requirements, spatial data and positioning are
increasingly required with respect to a global reference frame. Both, spatial data
and (geo)positioning rely on geodesy and increasingly on global geodesy. “Georef-
erencing” is de�ned here as the process of assigning coordinates (or “positioning”)
to an entity (point, line, polygon, etc.).

4.1 Spatial data infrastructure

In the U.S., for example, the government's Of�ce of Management and Budget
(OMB) issued circular A-16 (“Coordination of Geographic Information and Related
Spatial Data Activities”). This document establishes thatthe Federal Geographic
Data Committee (FGDC) be in charge of establishing the National Spatial Data
Infrastructure (NSDI). Furthermore, it identi�es the National Oceanic and Atmo-
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spheric Administration (NOAA) as the “lead agency” in providing “geodetic con-
trol” for the federal government in support of the NSDI. The geodetic control is
speci�cally referred to as the National Spatial Reference System (NSRS). Because
no other agency inside of NOAA is responsible for geodetic control (nor speci�-
cally the NSRS), the naming of NOAA as the lead agency effectively translates into
the National Geodetic Survey (NGS), an of�ce within NOAA. This means that in
the United States, NGS must de�ne, maintain and provide access to the NSRS -
that is, make sure that everyone who needs to reference anything spatially (e.g. to
“position” anything), can do so consistently with others.

One important aspect for georeferencing for military and civilian activities all
over the world is the use of a globally consistent reference frame such as the ITRF.
As the most accurate realization of ITRS, the ITRF provides asingle, accessible 3-D
reference frame for geospatial data from a variety of sources. Another global refer-
ence system currently still used for many applications is the WGS 84. As pointed out
in Section 2.2, the realizations of WGS 84 (through GPS) today are closely aligned
to ITRF and supported by ITRF.

Local maps and geodetic control are still commonly used worldwide and the
conversion of this information into a common system provides users with the ability
to unambiguously georeference with respect to locations onor above the Earth's
surface. It also minimizes possible errors when using modern satellite-based geopo-
sitioning technologies such as GNSS. Hence increasingly national, and even local,
datums are “compatible” with ITRF, i.e. these datums are Earth-centered, Earth-
�xed, and their relationship to the very accurate, high integrity ITRF is determined
to a high level of con�dence. In many countries and regions, the relations between
the national or regional frames are monitored on a continuous basis by the national
agency responsible for operational geodesy in that country.

In Australia, SDIs are being developed largely within individual government
jurisdictions: federal, state and territory and, increasingly, local government. The
Australia and New Zealand Land Information Council (ANZLIC), the peak Spatial
Information Council comprising senior government of�cials from the Australian
Government, eight State and Territory governments, and NewZealand, coordinates
the development of the Australian Spatial Data Infrastructure (ASDI). ANZLIC has
a number of standing committees to advise it on technical issues, amongst which
the Intergovernmental Committee on Surveying and Mapping (ICSM) develops and
promotes data standards across the jurisdictions. The mosttangible component of
the ASDI is the Australian Spatial Data Directory (ASDD), comprising 25 geo-
graphically distributed and independently maintained nodes, collectively containing
over 40,000 metadata records. Groups of agencies are comingtogether to develop
coordinated SDIs in response to major national priorities.Australian Government
agencies, for example, have formed the Australian Ocean Data Center Joint Facility
to coordinate marine data. The Australian SDI comprises a diverse set of organi-
zations and locations and relies heavily upon the Australian National Geospatial
Reference System (NGRS) to link them together and provide seamless coordinate
sets for the entire continent. For this reason the responsibility for maintenance of
the national geodetic infrastructure, and provision of thelinkage to the international
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geodetic infrastructure, falls to the agency Geoscience Australia (GA). The national
datums are maintained cooperatively by GA and the respective state government
agencies.

A similar federated model exists in Canada. The Canadian Geospatial Data
Infrastructure (CGDI) contains all of the technology, standards, access systems
and protocols necessary to harmonize all of Canada's geospatial databases, and
make them available on the Internet (Geoconnection, 2007).Geospatial databases
include: topographic maps, air photos, satellite images, nautical and aeronautical
charts, census and electoral areas, forestry, soil, marineand biodiversity inven-
tories. Geospatial information plays an important role in the everyday lives of
Canada's citizens, echoing the drivers of the NSDI and ASDI referred to already.
In essence, geospatial information provides details or characteristics (i.e. buildings,
roads, demographics, water, soil, weather, topography, wildlife, farming, etc.) re-
garding a geographic location, on land or water, and at a street, local, regional,
provincial, national, or global level. As in the case of the US, Australia and Eu-
rope (see below), the Canadians have recognized that developments in information
technology over the past decade have made both the access to and the need for
geospatial information expand exponentially. In 1999, theGovernment of Canada
invested Canadian $60 million in a national partnership initiative to improve access
to geospatial information over the Internet. This initiative, known as “GeoConnec-
tions” (http://www.geoconnections.org), was led by Natural Resources Canada and
was mandated to accelerate the development of a CGDI.

In Europe the SDI program is known as the Infrastructure for Spatial Informa-
tion in Europe (INSPIRE) (see http://inspire.jrc.it/home.html). The general situa-
tion regarding spatial information in Europe is one of fragmentation of data sets and
sources, gaps in availability, lack of harmonization between data sets at different ge-
ographical scales, and duplication of information collection. It was concluded that
“these problems make it dif�cult to identify, access and usedata that is available.”
Awareness has been growing at both the national and EU level regarding the need
for quality geo-referenced information to support, in the case of one quoted exam-
ple, “understanding of the complexity and interactions between human activities
and environmental pressures and impacts.” On the 29 January2007, the European
Council adopted a directive aimed at establishing INSPIRE,in accordance with the
joint text agreed by the Council and the European Parliamenton 21 November 2006
(see http://inspire.jrc.it/home.html for details).

While SDI initiatives are much more than about reference frames and coordi-
nates, there is a trend towards ever higher accuracies in theSDI. This means that a
corresponding improvement in the accuracy of the geodetic infrastructure generally
one order of magnitude higher is required. The SDI can be visualized as many layers
of spatial information resting on a strong geodetic “foundation” (see Figure 4.1, an
example taken from the ASDI). Hence this foundation must be de�ned and main-
tained to a high level of integrity. Any crustal motion impacts the realization of the
national reference frame, and must therefore be monitored so that a valid 4D ref-
erence system can always be reconstructed. Furthermore, all geospatial data sets
must be referenced to the correct 4D reference frame or datum. The transforma-
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tions between different data, some historical (e.g. contained within analog or digital
cartographic data), some contemporary, must be de�ned to the appropriate level of
accuracy. Finally, the quality and integrity of the GNSS technology (the geoposition-
ing “workhorse”) and the associated high accuracy techniques, must be consistent
and quanti�able if the crucial connection between geopositioning and SDI is to be
maintained for the bene�t of so many applications.

Fig. 4.1. A Model of the Australian Spatial Data Infrastructure.

The potential economic, social or environmental impacts ofinconsistent geopo-
sitioning or misaligned spatial data sets are illustrated by the following examples:

1) Two engineering crews building a bridge from opposite sides of a bay; failing to
align properly when they meet in the middle.

2) Floodplain maps, levee construction, and ocean storm surge models all using
different height systems; thus failing to adequately identify which city areas are
vulnerable to �ooding during hurricanes or storm surges.

3) Road construction and car navigation systems using different coordinate systems;
failing to safely determine which lane a car is driving in.

4) Automated airline navigation systems which facilitate takeoff and landing at air-
ports using different, inconsistent geopositioning for their runways; thus poten-
tially leading to safety failures.

5) Geospatial products to support disaster relief efforts,such as in the case of Hur-
ricanes Katrina and Rita in 2005 in the U.S. Gulf Coast Region.

These examples are but a handful that demonstrate the critical nature of a well-
de�ned and widely-adopted SDI. The use of geodesy to de�ne the spatial data in-
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frastructure of a city, region, country or even of the entireplanet (the ultimate goal)
impacts the functioning of modern society in so many ways. Without an appreciation
of SDI, the applications discussed here would appear disjointed and unconnected,
yet the reality is very different. This chapter will highlight the economic and so-
cial impact of geodesy in different application areas by focusing on the common
theme – that geodesy is the foundation for all high �delity spatial data, and the very
different applications of geopositioning/georeferencing and spatial information are
merely industry-speci�c examples.

4.2 Navigation

Navigation is the act of guiding a person or moving platform (ship, aircraft, space-
craft) in a safe and expeditious manner from one point to a destination. A crucial
characteristic of navigation is that geopositioning is required in real time, while
underway. For many centuries navigational science has beena driver for advances
in geodesy, applied mathematics, cartography, mechanical(and in the 20th century
electronic) position determination technology, to name but a few. Initially navigation
was intimately related to maritime commerce and warfare, but in the 20th century
navigation has been applied �rst to air �ight, later to spacecraft operations, and in-
creasingly in the last decades to land and personal navigation. The next frontier is
navigation as an indispensable capability of robotic or autonomous vehicles (Sec-
tion 4.3). Modern navigation is reliant on geopositioning technology (these days
principally GPS) and spatial data (i.e., digital maps and geospatial databases).

The GPS of the U.S. has truly revolutionized geodesy, surveying and navigation
in the last two decades. Remarkably, the same space hardwareand control facilities
allow geodesists to determine the ITRF to sub-cm accuracy, and navigators at sea
to position their ships to ten meter accuracy. Hence GPS (andsoon other GNSSs)
is one of the “threads” that links geodesy to vital applications such as navigation.
Although maritime navigation is subject to guidelines issued by the International
Maritime Organisation (IMO), and aircraft navigation to standards and procedures
approved by the International Civil Aviation Organisation(ICAO), both have identi-
�ed GPS/GNSS as the critical geopositioning technology. Furthermore, national and
international charts (and other forms of spatial information) are increasingly based
on a reference frame de�ned through geodesy. Therefore, another bene�t of the SDI
is to ensure the layer of spatial information vital for safe navigation on the surface
of the Earth is “aligned” with all other data, such as the natural topography, trans-
port infrastructure, the built environment, etc. The WGS 84datum, although not
of the same �delity as ITRF, is important as it is the reference system of broadcast
GPS data and thus is the “default” reference frame of non-augmented real-time GPS
point positioning. Most international maritime and aeronautical charts are based on
the WGS 84 datum.
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4.2.1 Marine navigation

The ever increasing reliance of navigation on GPS/GNSS, andspatial information
georeferenced by the geodetic framework or datum, means that society bene�ts
enormously from the increased ef�ciency and safety of maritime, air, space and land
navigation. This can be illustrated with many examples, butconsider one from mar-
itime navigation. In the U.S., the NGS participated in a navigation demonstration
in the San Francisco Bay region. Bathymetric charts were converted to an ellipsoid
height system (to be totally consistent with GPS heights, which are also ellipsoidal)
and GPS receivers were placed around the Bay, on buoys and at three locations on
a ship (to determine roll, pitch and yaw). These sources of data, combined with de-
tailed information about the size and shape of the ship, wereused with kinematic
positioning software to determine, in real time, the location of the ship's under-
keel location to a few centimeters of accuracy in real time. Because the bathymetric
charts had been converted from a hydrographic to a geodetic (ellipsoid) frame, they
were consistent with the GPS positions of the ship. This allowed for a accurate lo-
cation of the bottom of the ship relative to the dredged channel in the Bay to be
determined to a few centimeters accuracy (requiring the bathymetric charts to be of
equal accuracy). Normally, a ship's knowledge of its underkeel clearance is on the
order of a meter or so and this often means that ships must maintain greater than a
meter of clearance as a safety buffer, simply because of vertical uncertainties. And
what that, in turn, means is that ships intentionally carry less cargo so as to �oat
higher to maintain this larger safety buffer. What the demonstration proved was that
this buffer could be signi�cantly decreased while maintaining safe passage. Specif-
ically for the shipping industry this means an increase in cargo capacity, increased
shipping ef�ciency, lower freight charges (and increased pro�t), without the need
for expensive port and channel upgrades. This application has been identi�ed as
crucial for improved marine navigation in many other countries.

4.2.2 Air navigation

Similar examples may be quoted from civil aviation, which has made GNSS the
cornerstone of the Future Air Navigation System (FANS). According to ICAO, at
its simplest level, FANS-equipped aircraft use GPS to determine their location and
altitude. GPS in this context replaces older and less accurate navigation systems.
The aircraft transmits its location using Very High Frequencies (VHF) or satellite
communications so that Air Traf�c Control (ATC) can learn the locations of aircraft
without the need to use radar. ATC radar is often absent over oceans and certain
continental areas, so the �rst bene�t is an increase of safety - decreasing the risk
of midair collisions. Prior to the advent of FANS, pilots hadto speak their location
over voice links, typically HF radio. Given the inaccuracy of Inertial Navigation
Systems (INS) and the noise present on High Frequencies (HF)links, ATC would
insist on quite large separations between aircraft. By increasing accuracy and thus
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decreasing separations, FANS allows aircraft to �y closer to their preferred routes
or ideal routes. An ideal route is typically: a) that great circle route (the shortest dis-
tance between two locations), and b) the route best suited tothe prevailing winds.
The optimal route is to position the aircraft with a maximum tail wind, certainly
doing the utmost to avoid strong head winds. However, for airnavigation more im-
portance is often placed on the reliability and integrity ofthe geopositioning tech-
nology (and the charts/maps) than on navigational accuracy. For this reason ICAO
has encouraged the development of independent GNSSs (e.g. Russia's GLONASS,
and the planned EU GALILEO), as well as new transmitted GNSS signals, in order
to provide for suf�cient redundancy. Geodetic monitoring of the quality of GNSS,
as well as the datum upon which the terrain features are mapped, are critical contri-
butions that geodesy makes to air navigation.

The potential use of GNSS positioning to assist aircraft landings, particularly
in low visibility conditions, is also currently being considered. Clearly this is one
example where consistency of SDI is imperative, ensuring the air�eld information
is compatible with the datum used by the aircraft navigationsystem.

4.2.3 Land navigation

Land navigation is a rapidly growing segment of what is now generally known as the
“telematics” market, and it also relies on the “twin” geodesy contributions of a pre-
cise geopositioning technology such as GNSS on the one hand,and digital road/map
data on the other. New Location-Based Service (LBS), for consumer and enterprise
users, are valued at tens of billions of dollars per year, andrepresent a new industry
segment with massive potential for growth (expected to growat over 10% per year
over the next decade or so). Increasingly the SDIs must expand to accommodate ever
more spatial data sets of interests to LBS users, such as points-of-interest, satellite
and ground-level imagery, and even information with short temporal relevance.

4.3 Engineering, surveying and mapping

This �eld has traditionally been the preserve of experts in measurement and geopo-
sitioning. However, as in the case of navigation, with the advent of GPS, and more
generally GNSS, the ability of more and more people to quickly generate their own
accurate geopositioning information has expanded signi�cantly. There is no doubt
that �eld mapping/surveying (and construction/mining engineering that are depen-
dent upon the products of mapping/surveying) has seen signi�cant improvements in
productivity, reliability and accuracy – leading to associated savings in construction
and mapping costs. Increased automation of machinery, advances in Information
and Communication Technology (ICT), increased integration of different geospatial
measurement and imaging technologies, and the trend to morereal time operations
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(including sophisticated �eld-to-�nish surveying systems that exchange geospatial
information between of�ce and �eld units, across data networks, and even between
�eld units), all will place ever greater demands on geodesy and geopositioning tech-
nologies. That includes offshore engineering and hydrographic mapping operations.

There is unfortunately a downside. In mere seconds, users ofGPS can obtain 3-
D coordinates. However, detailed knowledge of what reference frame or datum the
positions are referred to, the type of height obtained, and the accuracy of the coor-
dinates may not be obvious to those without professional education. This situation
is exacerbated when new technologies such as Real-Time Kinematic (RTK)-GNSS
are used in engineering and other precise applications. TheRTK systems allow sub-
centimeter differential positioning between a “base station” and a “rover”. The most
alarming problem with this situation is that a base station whose true location is
not properly known will yield rover coordinates that are equally in error. Consider,
for example, the situation where two local governments (saya municipality and a
state) operate RTK base stations and offer an RTK subscription service. If those
two overlapping services do not have their base stations consistent with one another
(e.g. through ties in some form to the SDI), then all engineering projects built with
one service will not align properly with those of the second service. This coordinate
inconsistency could lead to massive economic losses and is nowadays a critical chal-
lenge to governments at all levels. The issue of overlappingRTK networks already
exists in many places in the world. In the U.S., this issue hasspurred NGS to begin
investigating the creation of an RTK accreditation system to ensure that overlapping
RTK networks will be “NSRS compatible.”

4.3.1 Machine guidance

For example, the guidance of construction machinery is primarily based on centime-
ter level RTK-GNSS techniques, possibly augmented with inertial, laser scanners,
close-range radar, optical guidance, and other positioning sensors. The construc-
tion vehicle driver is “guided” so that trenching, grading and other operations are
carried out according to a design model. This results in greater certainty in con-
struction, higher productivity and less waste (e.g. over-excavating), and less labor,
with commensurate improvements in safety. In addition, when the track of where
the machinery has been is determined and transmitted back toan of�ce a perma-
nent digital record of the new terrain surface becomes available. The trend is toward
fully-automated machinery, “controlled” by precise GNSS navigation and its aug-
mentations (inertial, etc.). Similar trends are expected with the automation of farm-
ing (see Section 5.8.3), container port loading/unloadingoperations and open-cut
mining, to name but a few potential machine automation applications. Initially such
automation will take place for machinery operations on the surface of the Earth,
where GNSS signals can be tracked. Indoor positioning at such high levels of ac-
curacy is far more challenging, and advances in technology and its implementation
will be slower than in the case of “open sky” applications. However, it must be
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emphasized that for many of these applications what is required is accuracy and
reliability of geopositioning, both in a coordinate/reference frame sense (i.e., the
coordinates must be expressed in the correct datum, to whichother spatial data are
referred) and relative to the “real world” (i.e., objects and terrain that the machinery
must navigate around and over).

4.3.2 Land titling and development

Land development and infrastructure engineering requiresintegrity of coordinates
(both those derived from GNSS, as well as implied from previously mapped fea-
tures). Imagine the uncertainty of land boundaries combined with ambiguous geopo-
sitioning in the �eld: designs for a new road or other infrastructure would be wrong,
and this mistake would be compounded in the �eld when the geopositioning technol-
ogy guides construction machinery to the wrong location. Land ownership remains
to this day one of the cornerstones of national and personal wealth. Current trends
are towards a cadastre where parcel boundaries are described by coordinates rather
than length. This trend is in response to the need to overlay aseries of other land
management data sets onto the cadastre, and to implement ef�ciencies when sur-
veyors relocate existing boundary corners. Land owners andgovernmental agencies
can now correctly interpret land use patterns on a parcel-by-parcel basis, including
the location of underground services like sewage, communications, water and elec-
tricity. A unique challenge occurs in mining operations: how to relate underground
operations (where GNSS cannot be used) to the surface (whereincreasingly GNSS
is the critical geopositioning technology). Furthermore,with increasing interest in
the “marine cadastre”, and the de�nition of offshore boundaries in general (Exclu-
sive Economic Zone, state jurisdiction, continental shelf, �sheries, mining/drilling,
conservation zones, etc.), coordinates on the ocean surface and those at the sea bot-
tom must be seamlessly connected to a nation's land datum. Again, the SDI layer
model is pertinent.

Another concept is the inclusion of cadastral survey observations into regional
geodetic adjustments constrained by space geodetic techniques. This is commonly
referred to as a “geodetic cadastre”, and has the impact of propagating geodetic co-
ordinates at a far greater density than most geodetic networks could hope to achieve.
In countries like New Zealand this is used to monitor the temporal deformation in
network geometry caused by localized tectonics.

4.3.3 Engineering geodesy and structural monitoring

Engineering geodesy is the term that describes the use of very precise measurement
and analysis models to monitor the deformation of anthropogenic structures such as
tall buildings, stadiums, bridges, breakwaters and other port engineering, offshore
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platforms, dams, etc., as well as ground subsidence due to a underground mining,
soil compaction and �uid extraction (e.g., oil, water, gas). Increasingly, GNSS re-
ceivers, accelerometers and a variety of geotechnical sensors (inclinometers, strain-
meters, �ber-optic cables, etc.) are being installed at thetime of construction. Such
a whole-of-life “structural health monitoring” approach to infrastructure manage-
ment is in contrast to the current practice of retro�tting structures to monitor loads
(and subsequent deformations) after they have been built, for example to ensure safe
continued operation of a structure as it nears the end of its life, or when/after it is
subjected to loads well beyond what it was designed to withstand. A precise, consis-
tent and time-stable geodetic reference frame (which may bea local datum, and not
necessarily a global one) is essential, as well as high integrity geopositioning tech-
nologies such as GNSS and differential InSAR (in the case of ground subsidence).

4.3.4 Geographic information systems

Mapping technologies such as scanning and imaging sensors need direct georef-
erencing (e.g. using GNSS/INS). These days geospatial dataare stored, manipu-
lated, analyzed and visualized within special database andcomputer graphics sys-
tems known as Geographic Information Systems (GIS). GIS is designed to allow
the display and query of spatial data in the form of “layers”.To “stack” the spatial
data layers so that they are aligned correctly requires thatthey be carefully refer-
enced to the underlying geodetic layer or datum (Figure 4.1). Geographic elements
within each layer include points, lines and polygons, each with “attribute” informa-
tion (e.g., describing what it is, and other pertinent textual/contextual information).
A special example of point data are terrain models such as ground-level DEM, or
tree/building-top Digital Surface Model (DSM). It is this combination of spatial and
text information that gives GIS its unique abilities to provide both graphical and
quantitative answers to “what if?” scenarios and queries framed in terms of Boolean
operations, as well as to create “custom” thematic maps or graphical outputs. GIS
is increasingly being used as a decision-making tool, assisting policy advisers, gov-
ernment agencies and businesses to determine the consequences of a certain action
or impact on land, communities, infrastructure, biota, etc. GIS technology, geoposi-
tioning and spatial information are all necessary for natural and built environmental
monitoring, natural resource management, land development, disaster and emer-
gency management (see Section 4.5), transport planning, epidemological studies,
and much more.

Increasingly GIS capabilities are being offered via the World Wide Web (WWW)
as “web-GIS”, so that users can create custom “views” of spatial data by selecting
from many spatial data sets those that are of interest to them. Queries can then be
made as in the case of traditional desktop GIS (see above). Again, it is crucial for
correct decision-making that the data sets are integrated within the SDI, so that there
are no ambiguities with respect to the datum.
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Mapping technologies such as LIDAR, and airborne and satellite digital cam-
eras/sensors, are generating enormous volumes of data. Thegrowth of spatial
databases, especially those containing remote sensed highresolution (i.e. sub-meter
ground object resolution) satellite images, is very rapid.Direct georeferencing en-
sures that this data can be correctly integrated with historical spatial data and data
generated from ground-level surveys. The management of these spatial databases is
an increasingly challenging problem.

4.3.5 Height systems

The vertical datum is a critical issue for many engineering,surveying, and map-
ping operations. Extremely accurate airborne and helicopter LIDAR systems are
being used to support many engineering projects and to develop new DEMs and
DSMs, but in many cases they depend on the quality of the vertical reference sur-
face to meet the requirements of the project. The reason is LIDAR systems, as in
the case of digital and traditional photogrammetric systems, derive their georefer-
encing information from GNSS/INS. Hence the height information is in relation to
a reference ellipsoid, and not to the geoid (or other physical/mean sea level datum).
EGMs can de�ne the vertical surfaces to which heights are referenced, but being
global in nature, are incapable of capturing local geoid structures. This can lead
to errors of decimeters to meters over areas tens to hundredsof km across. In the
case of the NASA/NGA SRTM, all heights are referenced to a geoid model such as
EGM96, while many heights used for engineering and surveying projects in the con-
tinental U.S. use the detailed geoid models developed by NGS(using a combination
of EGMs, DEMs, local surface gravity measurements as well asleveling and GPS
data), the latest referred to as GEOID03. In Australia the geoid model, developed
by GA, is known as AUSGEOID98, and involves a combination of geopotential
model, surface and oceanic gravity anomalies, leveling data and satellite altimetry
data. In Europe, the European Gravimetric Geoid 1997 (EGG97) is being updated
because signi�cant new and improved data sets have become available since the last
computation in 1997. These improvements include better global geopotential mod-
els from the CHAMP and GRACE missions, better DEMs in some regions (e.g.,
new national DEMs, SRTM3, GTOPO30), updated gravity data sets for selected
regions, updated ship and altimetric gravity data including improved merging pro-
cedures, the use of GPS/leveling data, as well as improved modeling and compu-
tation techniques. In Canada the vertical heights derived from GNSS can be con-
verted to the system known as CGVD28 using a geoid-based transformation model
(http://www.geod.nrcan.gc.ca/software/gpshte.php). Every nation maintains their
own vertical reference system, frequently (though not exclusively) tied to mean sea
level (at least locally) and therefore “connected” to a regional model of the geoid
by some means. Increasingly it is being recognized that geodesy must unify these
vertical datums in order to ensure interoperability, in much the same way that most
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nations have migrated to an Earth-centered, Earth-�xed (ECEF)-datum such as an
ITRS realization.

4.4 Timing applications

GPS is used for time transfer between precise “clocks” (see Section 2.9.4), as well
as an inexpensive and readily available time-base for synchronization of computer
networks, telecommunications switches, energy grids, etc. The integrity of GPS and
in the future GNSS, which can be considered a byproduct of modern geodesy, is
therefore vital.

4.5 Early warning and emergency management

Search and rescue operations rely on accurate geopositioning and up-to-date spa-
tial information. For example NGA developed a host of GIS products for emer-
gency management of Hurricanes Katrina and Rita in 2005, andthe tsunami that
struck Indonesia in 2004. Ef�cient rescue operations depend on maps and GIS in-
formation that are of high quality, and increasingly developed from the latest spa-
tial data sources, e.g. commercial high-resolution satellite imagery, or in future
from “rapid mapping systems” based on Unmanned Aerial Vehicle (UAV)-mounted
and terrestrial imaging/scanning systems. The ability of ahost of agencies to then
utilize high quality GIS information provides superior situation-awareness and al-
lows �rst-responders the means to make informed decisions.Emergency crews then
“navigate” the disaster area, and relief supplies and equipment are delivered, using
GPS/GNSS technology.

Risk management requires modeling the effects of severe natural events such as
cyclones and tsunamis, which require a uniform and accurateunderstanding of the
topography, including the transition from land-based DEMsto bathymetry. This al-
lows engineers to accurately estimate inundation zones andwind speed variations
in the case of cyclones, and inundation and run-up zones for tsunami events. The
only system capable of providing accurate heighting for both is based on the ellip-
soid, since the relationship between Lowest Astronomical Tide (generally used for
bathymetry) and Mean Sea Level (generally, though erroneously used for DEMs)
is not well understood at all locations. Geodetic infrastructure provides access to
accurate height information.

Another emerging application of geopositioning in the emergency management
area is vehicle and personal location systems in emergencies, particularly bush or
forest �res where visibility is much reduced. A knowledge ofthe location of assets
directly impacts on �re management, and evacuation processes. This is analogous
to minimizing occurrences of “friendly �re” in the militaryenvironment.
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Many high-pro�le events held around the world, including the Olympics, Super
Bowl, World Series, Soccer World Cup, political conventions, G8 and APEC lead-
ers meetings, etc., depend on high quality geospatial information in preparation for
possible emergencies that may arise from an act of terrorismor other threat. These
GIS products are built from imagery and other geospatial data, and need to be refer-
enced to a common datum, and be accessible to emergency management of�cials if
and as they are needed. The rapid deployment and response of emergency personnel
can only happen if they know precisely the geospatial “picture” of the situation.

4.6 Infomobility

Modern society is mobile, requiring timely answers to such queries as: “Where am
I?”, “Where are you?”, “Where is that?”, “How do I get from here to there?” while
on the move. The availability, on the one hand, of wireless communications and so-
phisticated mobile information devices (the cell or mobilephone, personal digital
assistant, etc.), together with GPS/GNSS and GIS on the other hand, has spawned
a new ICT �eld of “infomobility”. This new cross-disciplinary �eld (also known
as location-aware or context-aware computing, pervasive or ubiquitous computing,
telematics, telegeoinformatics, etc.) links informationtechnology and wireless com-
munications (together representing the ICT discipline), and geopositioning systems
to digital maps and geographically-referenced data delivers information-rich ser-
vices appropriate to the location of a person or object, via amobile device. Infomo-
bility is part of the broader �eld of geotechnology (also known as geoIT, geospatial
information science, etc.) identi�ed by the US Department of Labor in 2004 as one
of the three most important emerging and evolving �elds, along with nanotechnol-
ogy and biotechnology (Gewin, 2004). The characteristic which most distinguishes
infomobility from other geotechnology applications is thesmall interactive mobile
device having both wireless connectivity (to web servers via the mobile Internet)
and location determination capability (via GPS or some other means), running spe-
cial client software.

Infomobility applications are also often referred to as LBS, although it could be
argued that LBS is a subset of infomobility as it implies somesort of “transaction”
between the mobile user and a service provider. Infomobility may be partitioned
into three major categories:

� Vehicle-based applications, sometimes also known as “telematics” services, com-
prising essentially of car navigation systems, driver and passenger assistance
services, and vehicle management systems (Rizos & Drane, 2004). These rely
primarily on GNSS, augmented with wheel sensors and map-matching to pro-
vide continuous location information, even in urban areas and tunnels where
GPS/GNSS signals do not penetrate.

� Personal services, many of them similar to vehicle telematics services, but deliv-
ered to a portable device to aid people on the move. The requirements to deliver
geopositioning is far more stringent than for vehicles, as people spend a lot of
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their time inside buildings, where GNSS is not well suited (though Assisted-
GNSS techniques do increase the sensitivity of receivers toweak satellite sig-
nals attenuated by buildings, walls, trees, etc. Thereforepedestrian navigation
requires a “mix” of geopositioning technologies, including cellphone signals,
WiFi, inertial, pedometer, and so on.

� The tracking of inanimate objects, in logistics and warehousing applications.
These may be for individual high value assets, or container/pallet tracking. As
with pedestrian applications, the mix of geopositioning technologies may have
GPS/GNSS as a core, but augmented with short range communications sensors,
such as Radio-Frequency (RF) tags known as Radio-FrequencyIdenti�cation
(RFID) and WiFi to give indoor coverage.

What sets infomobility or LBS-type applications apart from“information on
the move” (e.g., m-commerce, e-commerce) is the central role played by geopo-
sitioning and geospatial data in general. GNSS is a key technology, but there are
other geopositioning sensors that may be used in combination with GNSS (or even
on their own), such as inertial sensors, pedometers, altimeters, WiFi, cellphone,
UWB (UWB), RFID, and vision systems. It must be emphasized that these appli-
cations have commercial (or business) counterexamples to personal (or consumer)
ones, such as:

� The tracking of commercial �eets of vehicles (taxis, couriers, public transport,
etc.) is an important telematics application.

� Positioning/tracking of emergency service workers (e.g.,�re�ghters, police, res-
cue workers) and soldiers, are examples of personal infomobility applications.
The environments in which they are expected to operate challenge standard
GNSS technology, which has led to considerable innovation in geopositioning.

� The massive uptake of RFID “tagging” systems will displace barcodes as the pri-
mary means of keeping track of stock in warehouses, in transit, in retail shops,
etc. Within a decade many household items will be “tagged”, and hence “track-
able”.

It is predicted that there will be a massive growth in such applications, and listed
here are just some of these in order to give an impression of the future infomobility
applications:

� cyber-geography,geo-blogging,GeoSearch, georeferencing web pages, the Geospa-
tial Web;

� spatialized (media) art, location-based games;
� context-sensitive (location-based) advertising, spatial searches (e.g., Google Earth,

NASA's World Wind, Microsoft's Virtual Earth, Yahoo), tourism guides;
� augmented and mixed reality for work and pleasure;
� supranet, smart dust, sensor nets, etc.;
� information portals for mobile workers (answering questions such as “Where are

you?”, “Are you all right?”);
� tracking and location privacy (rights and freedoms in a modern “spatially-

enabled” society);
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� RFID-tracking, enterprise databases and navigation queries (answering questions
“Where is it?” about inanimate objects); and

� telematics and Intelligent Transport Systems.

Geospatial information is the Information Technology (IT)“content” for most,
if not all, of these applications. As with many other geospatial applications, geoIT
requires that different spatial data (the coordinates of a mobile device, the location
of a place-of-interest, the road network linking differentparts of the city, and so on)
must all be consistent, i.e. on the same geodetic datum.

4.7 Management of and access to natural resources

4.7.1 Water management and hydrology

The SDI of geodesy provides a framework for basic water management - river mon-
itoring relies on a fundamental reference system, and the assessment of water rights
is fundamentally tied to the properties of area and geography. The assessment of
aquifers is aided by new technology: satellite and absolutegravity measurements
can infer changing volumes of water stored in subterrain aquifers, and repeated
GPS/GNSS observations and InSAR can detect surface movements caused by de-
pletion of such aquifers. Geodesy therefore can play a role in monitoring the rate
of �uid extraction (including illegal groundwater mining), providing information to
the relevant authorities.

The new satellite missions measuring gravity change (currently, GRACE) promise
major improvements of the quanti�cation and understandingof the global hydrolog-
ical cycle. Whereas traditional hydrological models have focused on details, using
models of snow and rain falls, groundwater changes, river runoff, etc., on local to
regional scales, the measurement of gravitational changesgives overall integrated
bounds on the hydrological cycle on continental scales. Theproven monitoring of
the yearly hydrological cycle over major tropical regions such as the Amazon Basin
and South-East Asia are spectacular examples of the successof the new class of
gravity �eld change-measuring satellites, and with likelynew technological break-
throughs (e.g., laser interferometry missions) within thenext decade, the gravita-
tional monitoring of major drainage basins on a global scalemay be feasible.

Major engineering structures used for water management (dams, channels, etc.)
are obviously heavily relying on the geodetic SDI. The levelof water is dependent
on the gravity �eld, and accurate 3D-networks with associated gravitational infor-
mation (geoid models) are a necessity for major construction projects. The monitor-
ing of such projects after construction is another domain where geodesy plays a key
role, with the long-term stability of reference frames and monuments being essen-
tial for the measuring any movements or subsidence of the structures and arti�cial
lakes.
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4.7.2 Energy resources

Energy, in the form of electricity, is derived from a varietyof renewable and non-
renewable sources. Examples of the former include photovoltaic technology, wind,
hydrodynamic and tidal power. The latter include coal, nuclear and gas-�red power
stations. All forms of energy generation require massive investments in infrastruc-
ture: power stations, pipelines, transmission lines, power grids, etc. From a strictly
engineering point of view, such infrastructure must be designed and built in the right
location, the structures may need to be monitored (episodically or continuously),
and the components must “�t” together (not just in a physicalsense, but operations
need to be synchronized to microsecond levels of accuracy - see Section 4.4).

Traditionally the geodesy and surveying disciplines have assisted exploration
geophysicists in locating coal, ore bodies, gas and oil �elds, through the provision of
land and marine gravity data, including marine gravity derived from satellite radar
altimetry. There is still considerable activity in seekingout non-renewable sources
of energy from offshore locations, in deeper water, furtheraway from shore. Off-
shore engineering is a discipline that is becoming increasingly important. However,
apart from the challenge of working in a watery environment,the SDI off shore is
very much wanting. Geospatial data quality is very patchy, and it is generally con-
ceded that the quality of maps of the Moon's surface is betterthan for many parts
of the Earth's deep oceans. The challenge in ocean bottom geodesy has long been
recognized (Spiess, 1990, e.g.,), and despite the fact thatthe IYPE has the goal to
extend the success of geodesy on land onto the ocean bottom(Chen et al., 2005), it
is not likely that considerable progress will be made soon.

Increasingly the geodesy and surveying skills (and the underlying geodetic ref-
erence frame) must support new power generation technologies, such as designing
new wind farms, tidal power systems, etc. In these cases use is made of GIS to assess
the likely impact of new infrastructure on the land, communities and biota. A new
�eld of mapping is in support of Carbon Credits, e.g. in the planting and monitoring
of forests.

4.8 Monitoring the environment and improving predictabili ty

Vulnerability of society to extreme weather events, disturbances in critical infras-
tructure by environmental disasters, and potential impacts of climate change ne-
cessitate improved predictions of weather, climate, and other environmental events.
Geodetic techniques, in particular, GNSS, sense the atmosphere with electromag-
netic waves, which can be used to extract information on ionospheric electron
content, tropospheric water vapor content, and, potentially, carbon dioxide. Below,
GNSS meteorology and space weather are identi�ed as examples. Other applica-
tions such as monitoring of sea level, ice sheets, lake levels, and carbon dixoide are
addressed in other chapters.
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4.8.1 GNSS meteorology

Water vapor plays a crucial role in the dynamics and thermodynamics of many atmo-
spheric processes that act over a wide range of temporal and spatial scales, covering
both the global hydrological and energy cycles, which effectively de�ne the local
and global climate change, contributing largely to the greenhouse effect, and play-
ing a critical role in the vertical stability of the atmosphere and in the structure of
the evolution of atmospheric storm systems. The scarcity oftraditional meteorolog-
ical observations, especially over the Southern Ocean and Polar Regions, as well as
the shortcomings of the traditional methods over the land, have contributed greatly
to uncertainties in global and regional weather analysis. GNSS offers a more eco-
nomical, and in principle near-real time, method of measuring atmospheric water
vapor.

A number of studies conducted in the 1990s have shown that theamount of pre-
cipitable water contained in the neutral atmosphere can, infact, be retrieved using
ground-based GNSS receivers (see Section 2.9.1, Figure 2.38 on page 74). In addi-
tion, it has been demonstrated that a GPS receiver aboard a microsatellite in a low
Earth orbit, supported by a ground-based network of receivers, can be used to deter-
mine the atmospheric refractive index as a function of altitude during the event of
satellite occultation by the Earth (see Figure 2.39). Thus,the availability of remote
sensing observations from GNSS radio occultation sensors provides a unique oppor-
tunity to improve the quality of regional meteorological analysis, particularly over
the traditionally under-sampled regions, as well as promise of higher spatial and
temporal resolutions, if a suf�cient number of sensors are launched and supported
by an adequate ground-based tracking network.

4.8.2 Space weather

Space weather refers to conditions on the sun and in the solarwind, magneto-
sphere, ionosphere and thermosphere that can in�uence the performance and re-
liability of space-borne and ground-based navigation and communication systems,
and can even endanger human life or health. Thus, ionospheric irregularities are
one of the key components of the space weather that require special attention. Ad-
vances in space-weather forecasting require improved understanding of the iono-
sphere/thermosphere system. Any forecast model must beginwith a detailed spec-
i�cation of the current state of the system, which is provided either by empirical
models or by assimilative models. The ionosphere is one of the most detrimental
error sources in satellite navigation and communication systems. While spatial and
temporal distribution of ionospheric disturbances are of primary interest in their own
scienti�c context, they are also of special interest to communication, surveillance
and safety-critical systems supporting air navigation, asthey affect the skywave sig-
nal channel characteristics.
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A large number of globally distributed permanently tracking GNSS stations can
deliver large volumes of data suitable for continuous, near-real time ionosphere
monitoring during the disturbed and quiet geomagnetic conditions, and offers an
attractive alternative to the traditional methods. GNSS provides high-resolution
TEC measurements. Traditional ionosphere monitoring methods based on ionoson-
des and Incoherent Scatter Radars (IRS) have many disadvantages as compared to
GNSS. Hence GNSS geodesy offers the best option for providing detailed infor-
mation on ionospheric conditions, an essential component of any space weather
monitoring system.



Chapter 5
Earth observation: Serving the needs of an
increasingly global society

D. Sahagian, D. Alsdorf, C. Kreemer, J. Melack, M. Pearlman,H.-P. Plag, P. Poli,
S. Reid, M. Rodell, R. Thomas, P. L. Woodworth

In this chapter, we examine the potential of geodesy from thepoint of view of
what society needs in terms of Earth observations to ensure the security of peo-
ple and resources, and to achieve a sustainable utilizationof ecosystem goods and
services. Many of these applications depend on Earth observations, bothin situ and
remotely from space or airborne sensors. The framework for these observations is
dominated by a few international programs, such are implemented and supported by
GEO, IGOS-P, Committee for Earth Observation Satellites (CEOS), the European
Commission (EC), United Nations (UN) agencies, and national contributions.

GEO's visions for GEOSS, in brief, is to enable a future wheredecisions can
be based on information (see GEO, 2005a, for the full text of the vision; also on
page 280). GEO is focused around nine Societal Bene�t Areas (SBAs) of Earth
observation as identi�ed by EOS-II (see Table 5.1). Thus, westart here from the
information needs of these SBAs, which then can be translated into observational
needs. Finally, the potential contribution of geodesy can be extracted from these
needs. In the next section, we will brie�y review the Earth observation framework
and introduce the nine SBAs. Subsequently, we devote separate sections to each of
the SBAs that can bene�t from geodetic observations and/or products.

5.1 The current and future framework of global Earth
observations

Major early milestones towards integration of the global Earth observing systems
were the de�nition of the Integrated Global Observing Strategy (IGOS), and the es-
tablishment of the Global Three Observing Systems (G3OS) inthe context of the
United Nations Framework Convention on Climate Change (UNFCCC) in the mid-
1990's. Initially, IGOS was of particular importance within Earth monitoring based
on remote sensing (see, e.g., Williams & Townshend, 1998), and it was developed
in the framework of the G3OS (see, e.g., Dahl, 1998). The drivers for IGOS are
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the scale of the issues (global climate change, sustainabledevelopment) to be ad-
dressed, the cost of space components for remote sensing of the Earth environment,
the logistics especially forin situ data, and the need for data integration from mul-
tiple sources for products of use to decision makers, science, and society at large.
For key variables of the Earth system, IGOS attempts to provide long-term conti-
nuity, adequate data archives and accessibility, consistency of data records, and the
ancillary data required for data quality assessment. IGOS provides the framework
for a coherent response of the monitoring system to the integrated user require-
ments. IGOS intends to build upon existing strategies for international observation
programs, focusing on the identi�cation of areas where the existing systems can be
improved, where duplication of observations can be reduced, and gaps in observa-
tions and data sets can be identi�ed. If effectively implemented, IGOS appears to
be the strategy for providing the observational basis for a future Earth information
system. A key issue identi�ed in IGOS is the need to transformmany observational
activities from their research states into operational monitoring.

In 1998 the further development and implementation of IGOS was put into the
frame of the IGOS-P (see, e.g., Smith, 1998, for the early development of IGOS-P).
IGOS-P is a partnership of organizations that are concernedwith global environ-
mental change issues. IGOS-P links research, long-term monitoring and operational
programs. IGOS-P seeks to provide a comprehensive framework to harmonize the
common interests of the major space-based andin situ systems for global obser-
vations of the Earth. Its aim is to provide an over-arching strategy for conducting
observations relating to climate and atmosphere, oceans and coasts, the land surface
and the Earth's interior. The Partners, through IGOS, buildupon the strategies of ex-
isting international global observing programs, and upon current achievements, in
seeking to improve observing capacity and deliver observations in a cost-effective
and timely fashion. Main efforts of IGOS-P are directed to those areas where satis-
factory international arrangements and structures do not currently exist. Most of the
IGOS-P efforts are concentrated in a small number of so-called Themes with strong
linkages to critical social issues.

The last few years have seen a rapid programmatic development in Earth obser-
vations on global scale, stimulated in part by activities inEurope. There, the Global
Monitoring of Environment and Security (GMES) initiative was launched in May
1998 and adopted by European Space Agency (ESA) and the European Union (EU)
Councils in June and November 2001, respectively. The overall aim of GMES is to
support Europe's goals regarding sustainable developmentand global governance
by providing timely and quality data, information and knowledge (European Com-
mission and ESA, 2003).

Following up the recommendations of the World Summit on Sustainable Develop-
ment (WSSD) held in Johannesburg in 2002, the �rst EOS-I was held in Washing-
ton, DC, in July 2003. This summit initiated an unprecedented global effort towards
coordination of global Earth observation. Through its declaration (see Annex 1 in
GEO, 2005b), EOS-I established thead hocGEO with the task to draft a 10-Year
Implementation Plan for GEOSS. Subsequently, thisad hocGEO met six times, and
supported by several Subgroups, drafted the requested plan(GEO, 2005a) together
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Table 5.1. The nine Societal Bene�t Areas of Earth observations as iden ti�ed by EOS-
II. From GEO (2005b).

Area Objective of GEO

Disaster Reducing loss of life and property from natural andhuman-made disasters
Health Understanding environmental factors affecting human health and well being
Energy resources Improving management of energy resources
Climate Understanding, assessing, predicting, mitigating, and adapting to climate vari-

ability and change
Water Improving water resource management through better understanding of the

water cycle
Weather Improving weather information, forecasting, and warning
Ecosystems Improving the management and protection of terrestrial, coastal, and marine

ecosystems
Agriculture Supporting sustainable agriculture and combating deserti�cation
Biodiversity Understanding, monitoring and conserving biodiversity

with a reference document containing many details of the vision for GEOSS (GEO,
2005b). It is noted here that in less than two years of its existence, the membership
of the ad hocGEO had grown from initially about 30 countries to more than 60
countries.

The work of GEO was guided by the Framework Document adopted by the EOS-
II, which was held in Tokyo in April 2004 (see Annex 2 in GEO, 2005b, for the full
text). This Framework document identi�ed nine major SBAs ofEarth observations
(see Table 5.1) and emphasized strongly the importance of coordinated global Earth
observations.

The GEOSS Implementation Plan was adopted by EOS-III, whichtook place in
February 2005 in Brussels. The same meeting transitioned the ad hocGEO into a
permanent group. The presence is dominated (and so will be the next few years) by
the �rst steps towards an implementation of GEOSS. IAG is involved in this process
in order to ensure that the geodetic observing system is developed consistently with
the needs and progress of GEOSS for a maximum bene�t.

GEO (2005b) provides for each of the bene�t areas an overviewof the require-
ments in terms of quantity and status of the observational capacity. Extracting the
quantities potentially coming or bene�ting from GGOS results in the list compiled
in Table 5.2.

Geodetic observations contribute to Earth observation in two very distinctive
ways, namely (1) geodesy provides the reference frame in which all Earth obser-
vations can be associated with coordinates, and (2) geodesyprovides observations
of quantities related to relevant processes (see Section 2.3).

All measurements depend upon a suitable reference frame in which positions
can be determined and against which changes in position can be measured. Based
on the available tools (see Chapter 2) geodesy provides thisreference frame for the
Earth on a global scale in the form of the ITRF as well as for space in form of
the ICRF (see Section 2.2). With these reference frames, geodesy serves a common
need for all SBAs and society at large (see Chapter 4). In the following, we will not
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address these requirements to any detail. Rather, we will focus on the requirements
for geodetic observations.

Geodetic observations can provide insights into a number ofcritical areas that
impact human society. These range from understanding earthquake processes, as-
sessments of hazards, detecting and tracking tsunamis to monitoring the effects of
climate change, and even prediction of volcanic eruptions (see Chapter 3). The fol-
lowing sections consider the observational needs for sevenout of the SBAs listed in
Table 5.1.

Table 5.2. Requirements for geodetic observables for the nine Societal Bene�t Areas
as reported in GEO (2005b). The �elds and their status are ext racted from the discus-
sion of the User Requirements (URs) for the nine bene�t areas in GEO (2005b). There,
the status is indicated with the follow classes: 0: ok; 1: marginally acceptable accuracy
and resolution; 2: could be ok within two years; 3: could be available in six years; 4: still
in research.

Observable quantity Status
Deformation monitoring, 3-D, over broad areas 3
Subsidence maps 3
Strain and creep monitoring, speci�c features or structures 2
Gravity, magnetic, electric �elds - all scales 3
Gravity and magnetic �eld anomaly data 2/3
Groundwater level and pore pressure 4-1
Tides, coastal water levels 1
Sea level 2-1
Glacier and ice caps 2
Snow cover 2
Moisture content of atmosphere/water vapor 2
Extreme weather and climate event forecasts 3
Precipitation and soil moisture 3-1

5.2 Disasters: Reducing loss of life and property from natural
and human-made disasters

One of the most important services that science can provide to society is under-
standing, predicting, and reducing of vulnerability to natural hazards. These can
be divided into those stemming from the dynamics of the �uid envelope of the
Earth such as storms, storm surges and �oods, those stemmingfor the dynamics
of the solid Earth, such as earthquakes, volcanoes, sinkholes, subsidence, precar-
ious rocks, rockslides, and landslides, and those resulting from interaction of the
solid Earth with its �uid envelope, in particular tsunamis triggered by earthquakes,
rockslides, volcanic eruptions, and submarine landslides.

In disaster prevention and mitigation, Earth observationsare pivotal in at least
three aspects: (1) understanding the processes causing these hazards and assessing
their risks for planning and mitigation, (2) monitoring thedevelopment of hazardous
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situations and providing a basis for a decision on early warnings, and (3) determin-
ing the extent of a disaster as support for rescue and damage assessment. The �rst
two aspects are central for early warning systems. A comprehensive and effective
early warning system requires four elements, namely

� risk knowledge:a priori knowledge of the likely risk scenarios a community
might be faced with;

� monitoring and warning service: the capacity to monitor risks and rapid and reli-
able decision mechanisms for early warning;

� communication: the ability to disseminate understandablewarnings to those at
risk;

� response capability: knowledge and preparedness capacityby all partners of the
information chain to act appropriately.

Geohazards are intimately connected to displacements and deformations of the
Earth's surface. Consequently, geodetic observations play a crucial role in all three
aspects of disaster prevention and mitigation, including risk knowledge and the
monitoring of hazardous situations required for the implementation of early warn-
ing systems. The importance of geodetic observations for these hazards has been
emphasized by many (e.g. UNAVCO, 1998; Solomon & the Solid Earth Science
Working Group, 2002; Raymond et al., 2003). Marsh & the Geohazards Theme
Team (2004) state that “Geohazards driven directly by geological processes all
involve ground deformations. Their common observational requirements are for
global, baseline topography and geoscience mapping, against which surface defor-
mations ... can be monitored.” Thus, the observations provided by existing global
and regional geodetic networks have already transformed our understanding of geo-
hazards, and it is likely that these networks will play an even more important role in
the future as their coverage and precision improve. In many regions, observing sys-
tems dedicated to geohazards would also have to be �exible inspatial and temporal
resolution, as well as readiness on demand. Therefore, in many parts of the world,
dedicated ground-based geodetic networks are needed. In addition to the classical,
point-oriented geodetic techniques, 2-dimensional imaging techniques such as In-
SAR are also needed. These techniques allow the monitoring of relevant areas with
high spatial resolution, although currently not with the low latency and temporal
resolution required for some geohazards applications.

5.2.1 Landslides, rock falls and subsidence

Landslides are a major hazard causing many fatalities and signi�cant damage in
many locations. In the past century (1903-2006), landslides killed more than 60,000
people globally, affected more than 10 million people (manyof them homeless af-
ter the event), and caused damage on the order of 5 billion dollars (Salichon et al.,
2007). Many landslides take place in widespread areas of slope instabilities caused
by severe storms, earthquakes, volcanic activity, coastalwave erosion, and wild�res.
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Landslide danger may be high even as emergency personnel areproviding rescue
and recovery services. Often, earthquakes are accompaniedby landslides, rockfalls,
and other surface disruptions that can cause as much or more damage to anthro-
pogenic structures and systems than the earthquakes themselves. These events are
dif�cult to predict, but depend on recent weather conditions (i.e., precipitation and
soil moisture), as well as land cover, topography,and earthquake recurrence interval.
Steep topography near lakes and fjords has the potential of large waves caused by
rockslides into the water below and pose a potential threat in some areas. Moreover,
in many mountainous areas, the steep hill sides are a potential threat for the people
living at the base of these slopes or for the infrastructure at the bottom of such hills.
In many areas, slop slides or slow landslides pose a problem,too.

In order to provide accurate landslide hazard maps, forecasts of landslide occur-
rence, and information on how to avoid or mitigate landslideimpacts, several ques-
tions must be considered: Where and when will landslides occur? How big will they
be? How fast and how far will they move? What areas will they affect or damage?
How frequently do they occur in a given area?

In known unstable areas, networks of campaign-type or permanent GNSS sta-
tions can be used to detect a change in the motion and thus indicate a potentially
perilous situation. However, the recurrence period of land- and rockslides can be
long and in many areas the risk is not obvious. InSAR is an emerging technology
that allows the determination of surface deformation with high spatial resolution and
accuracy in many regions (see Section 2.4.5). InSAR is expected to play a leading
role in the detection of geohazards and the monitoring of hazardous areas. InSAR
has been successfully applied to the mapping of coseismic displacements (e.g., Mas-
sonet et al., 1993), deformation at volcanoes, silent landslides (Ferretti et al., 2004),
and anthropogenic subsidence. In particular, the combination of permanent GNSS
stations with InSAR is expected to improve the time series ofdeformation measure-
ments considerably.

Potentially hazardous landslides and slow landslides associated with human ac-
tivities, as well as anthropogenic soil subsidence caused by groundwater, oil, and
gas extraction and mining activities, can increasingly be detected by using InSAR.
Ferretti et al. (2004) analyzed an InSAR-based time series of surface displacements
and detected several unstable areas in the San Francisco Bayarea. In order to reveal
such areas at an early stage of the development of landslidesor larger deformations,
an accuracy of 1 mm/yr and high spatial resolution (< 100 m) are required.

The monitoring of anthropogenic subsidence also requires high spatial resolution
and the determination of changes in the secular velocity of vertical land motion
on the level of 1 mm/yr. In areas with active mining and groundwater extraction,
changes in secular land motion have to be available with low latency in order to
detect potential hazards in a timely manner.
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5.2.2 Volcanic eruptions

Volcanic eruptions are comparable to landslides in number of fatalities and extent
of damage (Salichon et al., 2007). Major volcanic eruptionshave local to global
impacts, and are typically presaged by directly observableevents, including seis-
micity and infra sound (Johnson et al., 2008), gas release, surface deformation, and
small precursor eruptions. Modern volcano monitoring systems integrate localized
monitoring components and remote sensing.

GNSS and gravity measurements are integral parts of any monitoring system of
potentially hazardous volcanoes. The combination of thesemeasurements provides
a basis for understanding the dynamics of subsurface magma movements and the
development of hazardous situations. Surface displacements can indicate magma
movements not necessarily associated with increased seismicity.

Increasingly, InSAR is applied to the monitoring of volcanoes (see Section 2.4.5).
However, for early warning purposes, the combination with local GNSS networks
is crucial. Unfortunately, many hazardous volcanoes are not suf�ciently monitored.
The development of relatively cheap disposable GNSS stations would be an advan-
tage at hazardous volcanoes.

5.2.3 Earthquakes

Earthquakes are a major causes of disasters which, over the last hundred years
(1903-2006), killed nearly 2 million people, affected nearly 100 million people,
and caused damage of more than 300 billion U.S. dollars (Salichon et al., 2007).
Increasingly, megacities are developing in areas prone to experience major earth-
quakes, thus making disasters more likely. As in the case of volcano monitoring,
local in situ observation systems are increasingly supplemented by continuous and
broad scale networks such as the Plate Boundary Observatory(PBO) in the U.S.
The GNSS networks provide fundamental observations of the deformation process
during the complete earthquake cycle from preseismic to co-and postseismic defor-
mations. Hence, strain rates determined from geodetic observations are increasingly
used in hazard assessments. Moreover, image techniques such as InSAR are increas-
ingly supplementing the ground-based techniques.

Much of the geodetic infrastructure is currently focused onresearch related to
the processes causing earthquakes. Increasingly, the geodetic networks also support
the rapid detection of earthquakes for early warning and damage reduction response
(e.g., by rapid shutdown of gas pipelines, stalling or diversion of traf�c on roads and
railroads, shutting down of nuclear power plants, etc. Thisapplication requires real-
time detection of ground motion with reaction times in the range of a few seconds),
as well as rapid damage assessment in support of rescue.

Seismic hazards can also result from mining, �lling of reservoirs, and extraction
of oil and gas. In order to detect seismic hazards induced by mining, monitoring
of the strain rates in the mining area is the appropriate tool. The seismic hazard
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associated with the �lling of large reservoirs is thought tobe caused by changes
in the subsurface pore pressure and not the loading-inducedstress (Roeloffs, 1988;
Talwani & Acree, 1985).

Fig. 5.1. Location of the largest earthquakes since 1900. Indicated are the locations
of earthquakes with Mw > 8:5.

5.2.4 Tsunamis

Tsunamis are generated by submarine earthquakes, landslides and volcanic erup-
tions. Although tsunamis are frequent, most have small amplitudes (a few centime-
ters) and do not pose any danger for coastal areas. Only largeearthquakes (moment
magnitude greater than 7.5) with an epicenter at shallow depth can excite tsunamis
which can result in dangerous coastal wave heights larger than a few meters. Gen-
eration of tsunamis by earthquakes is therefore restrictedto submarine seismogenic
regions with shallow and potentially large earthquakes. However, knowledge of the
location of these faults is not suf�cient to identify all potentially hazardous areas.
Therefore, an important task is the detection of potentially hazardous regions in the
ocean.

Over the last hundred years, most of the large earthquakes with magnitudes of 8.5
and larger, which are potentially responsible for devastating ocean-wide tsunamis,
were located around the Paci�c Ocean (Figure 5.1). However,large tsunamis can
also originate in other regions. Smaller tsunamigenic earthquakes occur in many
other regions (e.g., the Mediterranean and the Caribbean),and pose a danger for
nearby coastal areas.
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Submarine landslides can happen in large areas of the continental shelves, where
suf�cient sediments have accumulated to allow turbidity currents to form. Moreover,
in some areas of steep topography and appropriate geology, rockslides can occur, as
in the Mona Rift area north of Puerto Rico (Grindlay & Hearne,2005). Coastal
landslides can result in large waves if suf�cient material is involved. Examples are
the landslides on Stromboli on 30 December 2003, where the ash deposits slid and
created a tsunami traveling around the coast of the island and causing considerable
damage, with waves reaching maximum heights of 5 to 10 m (Bonaccorso et al.,
2003). Much larger slides have happened at this island over the last 13,000 years,
which are likely to have caused large tsunamis affecting theAeolian Islands and the
coasts of South Italy (see La Rocca et al., 2004, and the references therein).

The major difference between tsunami generation by a landslide and an earth-
quake is in the movement of the source region. For an earthquake, a tsunami is
generated mainly by vertical movement in the source region (usually 100 kilome-
ters or more wide), causing a sea surface anomaly. However, in a landslide, a much
smaller source region moves mainly horizontally. As a consequence, the long-wave
approximation is valid for tsunamis generated by earthquakes, but not for landslides.
Moreover, directivity of the tsunami is generally more expressed for those created
by landslides.

Submarine volcanic eruptions are mainly associated with mid-ocean ridges,
hotspots, and back-arc basins. However, in most cases, the mid-ocean ridge and
hotspot volcanoes are not likely to be explosive, and these eruptions are not likely to
create tsunamis. Similarly, earthquakes at mid-ocean ridges are normally not large
enough to trigger signi�cant tsunamis.

Knowledge of the tsunamigenic source locations is only a �rst step in establish-
ing the tsunami hazards for a given coast. Most tsunamigenicsources have strong
anisotrophy in the propagation of tsunami energy away from the source (e.g. Titov
et al., 2005b). Consequently, the tsunami hazard at any point on a coast depends
not only on the distance to potential sources, but also the direction with respect to
the propagation pattern for a particular source. Moreover,the shape of the coast, its
topography and the bathymetry of the ocean basin between thecoast and the source
are important factors determining the tsunami hazard.

Tsunami hazard maps, and more generally, sea level hazards maps, are necessary
for planning of a reliable and economically feasible sea level hazard observing sys-
tem. This has also been acknowledged in the de�nition of a task for the GEO Work
Plan focusing on a Global Tsunami Hazard Map (GTHM). The methodology will
have to take into account problems that the incomplete record of events causes for
the direct application of a probabilistic analysis, comparable to probabilistic seis-
mic hazard analysis (see e.g. Wang & Ormsbee, 2005). The experience gained in
establishing the Global Seismic Hazard Map (GSHM) (Shedlock et al., 2000), the
Global Stress Map (Heidbach et al., 2004) and the Global Strain Map (Kreemer
et al., 2003) can help in developing the methodology for the GTHM, and the infor-
mation contained in these maps is of direct relevance. Thus,geodetic observations
of the kinematics of the Earth's surface that allow the determination of the strain
�eld near subduction zones, are an important input to this hazard assessment.
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Geodesy also plays a role in the monitoring required for any early warning sys-
tem. A rapid and precise quanti�cation of earthquake sources is central to tsunami
warning systems, because tsunami models are initialized byassuming a displace-
ment �eld of the ocean �oor. The early prediction of tsunamison the basis of de-
tected earthquakes is currently limited due to two shortcomings:

� First estimates of the magnitude of large earthquakes oftenprove to be too low
(Kerr, 2005; Menke & Levin, 2005) due to saturation of the near-real time meth-
ods, leading to an underestimation of the tsunamigenic potential.

� Tsunami propagation models are sensitive to the initial conditions (i.e., the model
of the seismic rupture process, Titov et al., 2005a). However, establishing the rup-
ture processes of particularly large earthquakes for a speci�c earthquake in near-
real time is dif�cult. Currently, it takes considerable studies before the relevant
details are investigated (as well illustrated by the sequence of papers addressing
the magnitude and rupture process of the 2004 Sumatra-Andaman earthquake,
see, e.g., Plag et al., 2006b, for references).

After the 2004 Sumatra tsunami, at least seven large undersea earthquakes oc-
curred. Large-scale tsunami warnings were issued for �ve ofthem (Nias, March
2005, M 8.7; West California, June 2005, M 7.1; Tonga, May 2006, M 7.8; Kuril
Islands, November 2006, M 8.3; and Kuril Islands, January 2007, M 8.1). However,
most of these events did not generate signi�cant tsunamis inthe areas for which
warnings were issued. However, the July 2006 West Java eventwith a magnitude
of 7.7 and the April 2007 Solomon earthquake with magnitude 8.0 each generated
unexpectedly large local tsunamis that killed more than 600and 30 people, respec-
tively. These incidents illustrate that the currently usedmethod for early warnings
based on earthquake-magnitudes from seismometers alone isnot reliable to accu-
rately predict the size and impact area of tsunamis. In the case of an earthquake,
there are two steps in the prediction of tsunami impact in a speci�c region: (1) de-
termination of the tsunami potential of the event based on the magnitude and rupture
process, (2) prediction and/or detection of the tsunami propagation towards the spe-
ci�c region.

Static coseismic displacements determined from GPS stations in the near-�eld
of earthquakes agree well with the displacements determined through integration
of strong motion records (Larson et al., 2003; Miyazaki et al., 2004). Blewitt et al.
(2006b) demonstrated that a relatively sparse GPS station network with a radius
of about 2000 km around the epicenter of the 2004 Sumatra earthquake was suf-
�cient to determine the magnitude of this event accurately using the GPS data up
to 15 minutes after the earthquake origin time. Their results indicate that if GNSS
data from a suf�ciently dense network around the source of a large earthquake were
available in real time, GNSS ground-based stations could yield realistic low-latency
(order 15 minutes) estimates of the seismic moment and displacement �eld of the
event. This information would be a valuable addition to tsunami warning systems
for devastating oceanwide tsunamis. However, even with such networks in place
and an operational processing set up, it would still take about 30 minutes for reli-
able tsunami predictions. Although such predictions wouldbe of very high value



5 Earth observation for a global society 163

for oceanwide tsunamis, this time lag is unacceptable for coastal areas close to the
epicenter.

In summary, the current state-of-the-art in the low-latency detection of tsunami-
genic sources and the subsequent low-latency prediction ofthe tsunami propa-
gation and impact do not warrant a tsunami monitoring systembased solely on
source detection and numerical propagation predictions (Defra, 2005). Moreover,
some tsunamigenic events are not associated with strong or clear seismic signals
(e.g. landslides, impacts) and cannot be detected easily. Therefore, a key element
in a monitoring system for early warning purposes will directly focus on the prop-
agation phase of the tsunami and aim to detect a tsunami at an early stage of this
propagation phase.

In most cases, sea level information gathered by a suitable monitoring network
will help to reduce the uncertainties in the source detection and classi�cation, and
thus provide a sound basis for the decision to issue timely warnings. In many cases,
only an observing system aiming at the tsunami itself will provide the necessary
observations to identify a tsunami. This monitoring systemin principle will also be
applicable to other sea level hazards, in particular large storm surges. However, sea
level observations alone may not be suf�cient since most existing sea level sensors
currently are located at coastal locations, while the sea level events need to be de-
tected before they reach the coastal parts under risk. Tsunami monitoring systems in
the Paci�c therefore apply a number of ocean bottom sensors both for the detection
of tsunamigenic events and the monitoring of the tsunami itself (see Section 2.9.3).
But these systems are expensive and demanding in maintenance, and it is unrealistic
to assume a dense-enough network in many parts of the global oceans.

In the aftermath of the Sumatra-Andaman earthquake, a number of groups have
developed algorithms and software for detecting tsunamis in tide gauge data for con-
�rmation of previous alerts and passing warnings along (Woodworth, 2008, private
communication). Moreover, a number of studies have suggested other approaches
that may help in tsunami warning. For example, Garcés et al.(2005) indicated the
detection potential of deep infra-sound associated with tsunamis. Plag et al. (2006b)
pointed out that GPS networks and gravimeters, in principle, could sense the load-
ing deformations induced by the tsunami and the associated gravity perturbations,
respectively, and Nawa et al. (2007) con�rmed this by showing that the tsunami
signal was present in observations of superconducting gravimeters. Tilt meters and
horizontal seismometers can observe loading induced tilt.GNSS buoys can measure
the sea level variations caused by a passing wave, and in somecases, i.e. in shal-
lower areas, also currents associated with the orbital motion of the particles in these
waves. Bao et al. (2005) showed that the Sumatra tsunami affected GRACE ob-
servations. Coupled ocean-ionospheric signals have also been studied with respect
to their early warning potential (Occhipinti et al., 2006).Gower (2005) studied the
signal of the 2004 Sumatra tsunami in satellite altimetry and found these observa-
tions valuable for the post-event validation of model predictions. After that, tsunami
source models inferred from satellite altimetry data have reported by others (e.g.,
Hirata et al., 2006; Song et al., 2005; Fujii & Satake, 2007).Ablain et al. (2006)
applied more advanced technique to extract tsunami signalsfrom sea level anomaly
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data by satellite altimetry to raw data and produced high quality tsunami signals.
Hayashi (2008) studied the detectability of tsunami in satellite altimetry observa-
tions and constructed tsunami-height pro�les with only 4- to 5-cm root mean square
errors. However, real-time applications are limited by satellite locations at the time
of an event (inappropriate observation timing), insuf�cient observation frequency,
and a lack of real-time data processing capabilities.

Storm surges and tsunamis are barotropic waves associated with transport of
large masses that load and deform the solid Earth's surface,similar to ocean tides,
and thus produce surface displacements, tilts, and gravitysignals. For example, large
storm surges in the German Bight induce surface displacements of up to 50 mm.
The tsunami excited by the 2004 Sumatra earthquake resultedin maximum verti-
cal displacements of the Earth's surface of the order of 20 mm(Plag et al., 2006b)
with a deformational signal of the order of 10 mm arriving in Ceylon and India
about 20 minutes before the tsunami. These geodetic signalsin principle can be
measured with GNSS, sensitive gravimeters, and tiltmeters, respectively. While the
direct measurement of the vertical displacement at single GNSS sites may be dif�-
cult to achieve against the typical noise level of high-resolution GNSS time series,
it is likely that GNSS networks can sense the deformational signal, particularly if
these networks extend suf�ciently far in-land. Free oscillations of the Earth, which
have periods in the same range as the tsunami waves, are not expected to create
signi�cant problems for the GNSS detection of the loading signals, as the geomet-
ric amplitudes of the free oscillations are extremely smalland expected to be at
the maximum at the 1 mm level. Single gravimeter stations equipped with super-
conducting gravimeters in principle are able to measure thegravity signal resulting
from the sum of the mass relocation and the induced deformation. This application
requires procedures which allow the separation of the non-tidal part of the signal in
near-real time. For large earthquakes, which generate freeoscillations of the solid
Earth, the separation of these free oscillations from the loading induced signal in
gravity constitutes a particular challenge. The advantageof all signals induced by
the loading is that they propagate well in advance of the load. However, most of the
available sensors have a relatively high noise level at the time scale important for
the detection of an event from minutes to several hours. It isexpected that the noise
level in displacements determined from GNSS data with high sampling rates (1 to
30 s) can be reduced considerably in the near future through improved processing
algorithms. Nevertheless, all these techniques are currently being researched.

Most of the approaches mentioned above require feasibilitystudies quantifying
the tsunami and storm surge signals as well as ambient noise levels. Moreover,
development of observational techniques capable of detecting the signals in those
quantities that turn out to be promising is required.

The occurrence of devastating tsunamis and extreme storm surges is relative rare.
As pointed out in a recent U.K. report (Defra, 2005), only a system used more
or less continuously can be expected to be operational in thecase of a rare event.
Thus, a dedicated tsunami detection system is likely not to be operational in the
case of a rare but devastating tsunami, while a multi-hazardand multi-application
system is far more likely to ensure continuous operation. GNSS networks with their
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many applications are therefore well suited for integration in early warning systems
for rare events, and their potential for low-latency detection of displacement �elds,
loading signals, and ionospheric signals should be exploited.

5.2.5 Storm surges

Many of the World's coasts have a long history of disasters caused by storm surges,
with large loss of lives and property. Though many of these areas are today pro-
tected by advanced systems of dikes, barriers and levies, these protective devices
can fail under extreme storm surges. Preparedness for extreme events is low and the
resulting disaster can be expected to be of regional scale, affecting the economic
development of whole countries or regions. The potential and long-lasting effect of
events leading to failure of coastal protections has been sadly demonstrated by the
2005 New Orleans disaster.

There is considerable knowledge and understanding of stormsurge hazards for
many coastal areas based on those experienced over the last few hundred years.
However, recent �ndings indicate that storm surge statistics based on the observa-
tional records might severely underestimate the risk of extreme storm surges exceed-
ing those observed in the last few hundred years. For some coastal areas combined
meteorological and hydrodynamic models predict storm surges with considerable
accuracy. However, because extreme storm are likely to be underestimated by the
current models, it appears reasonable to include detectionof extreme storm surges
into a monitoring system for tsunami detection.

In coastal regions, there is growing concern about the impacts of hurricanes and
other major storms. Although these events are frequent, their courses and landfall
positions are challenging to predict before the storm develops, at which point present
system do increasingly well. However, precise gravimetricmeasurements of ocean
thermal structure both horizontally and vertically, make it possible to forecast the de-
velopment and intensity of major storms along various path scenarios dependent on
synoptic atmospheric circulation systems and location of air masses in the vicinity
of the storm. More precise elevation mapping can better characterize coastal vul-
nerability to such events. Similar to the case of tsunamis (see Section 5.2.4 above),
geodetic observations can also play a role in detecting a moving surge as part of a
warning system.

5.2.6 Flooding

River �oods in continental interiors lead to devastation ofinfrastructure, loss of
crops, and often loss of life. While it is relatively straightforward to predict the
frequency of �oods on a statistical basis (100-yr �oods, etc.), typical land uses in
�oodplains (urban, agricultural, etc.) are too valuable for complete and permanent
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abandonment in anticipation of rare events. Consequently,there is great value in
the ability to predict �oods using runoff and soil moisture observations upstream
of a locality of interest. For major drainage basins, gravimetric techniques (e.g.,
GRACE, see Chapter 2) can be applied to the monitoring of available and mobile
surface and near-surface water masses and their variability in time and space, so
that drainage network models can be reliably applied to prediction of �ooding in
key locations, such as St. Louis (1993) or New Orleans (2005). In the interest of
preparing for the impacts of �ooding, more precise elevation maps of the soil surface
(cm resolution), and ultimately of the water table (m resolution) would be bene�cial
to disaster preparation and identi�cation of vulnerable areas.

Floods due to failure of natural or anthropogenic reservoirdams can be disas-
trous. Therefore, geodetic monitoring of major reservoir dams should be considered
in order to detect any instabilities at an early stage.

5.2.7 The slowly developing disasters: sea level rise

A slowly changing Local Sea Level (LSL) by itself need not constitute a severe
sea level hazard. Many coastal areas cope with secular LSL changes of up to� 10
mm/yr, and some locations with large extraction of groundwater, oil or gas, with
considerably larger rates. In many cases, LSL changes of theorder of a few mm/yr
are easily accommodated by slow adaptations through coastal engineering. How-
ever, slow LSL changes affect the statistics of extreme sea levels and can lead to
signi�cant changes in hazards and risks. A recent example isNew Orleans, where
rapid subsidence combined with a LSL rise increased the vulnerability of the area
and contributed to the disaster caused by Hurricane Katrina(Dixon et al., 2006).

Moreover, changes in atmospheric conditions also affect the statistics of the ex-
tremes and in particular the maximum sea levels that can be expected in a speci�c
location. Consequently, in assessing the sea level hazardsat a given location, scenar-
ios of future LSL on all relevant time scales (for storm surges, tsunamis, and slow
LSL changes) will have to be considered.

In the recent past, LSL changes caused by increased ice sheetmelting has gained
considerable public attention. A rapid melting of the Greenland ice sheet, as con-
sidered by Zwally et al. (2002), would have severe global consequence including
wide-spread societal impacts due to migration of coastal population. GEO consid-
ers secular LSL changes as a potential, slowly developing disaster. The �lm 'An
inconvenient Truth' also focuses on the implications of future sea level rise. The
severe consequence of a signi�cant rise in sea level for coastal zones in the world
were illustrated by Rowley et al. (2007). As an example, the effect of a regional
sea level rise of four meters around Florida is illustrated in Figure 5.2. Day et al.
(2007) discuss the potential contribution of a relatively stable sea level after the last
deglaciation for the emergence of complex societies. The changes in coastline ex-
pected as a consequence of a rapid sea level rise could have the reverse effect and
signi�cantly impact the stability of the global society.
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Fig. 5.2. Effect of a regional LSL rise of 4 m on the coastline in Florida. Although a
regional rise in LSL of 4 m is not predicted by any of the IPCC scenarios (Bindoff et al.,
2007), a catastrophic disintegration of parts of the Greenland or Antarctic ice sheet, as
discussed for example by Zwally et al. (2002) for Greenland, could lead to changes of
this order of magnitude. Left: present day coast line. Right: Coast line after a regional
sea level rise of 4 m.

At any location, the position of the sea surface is determined by a number of
processes in the atmosphere, ocean, and solid Earth. Its position with respect to the
underlying land surface, i.e., LSL, is the output of numerous Earth system processes
acting on a wide range of spatial and temporal scales. For lowfrequencies, this leads
to a complex equation of LSL as a function of the heat and salinity distribution in the
ocean, ocean currents and atmospheric circulation, mass changes in the ocean, large
ice sheets, continental glaciers, and the terrestrial hydrosphere, postglacial rebound,
geodynamic and anthropogenic vertical land motion and geoid changes, as well as
changes in shape and extent of the ocean basins (Plag, 2006a,, and Figure 5.3). As
a consequence, local and regional LSL changes show large deviations from a global
average. Over the last century, a global average rise in sea level of 1 to 2 mm/yr
has been determined (see Section 5.5.4). However, in many regions and locations,
secular trends in LSL of the order� 10 mm/y and more are seen.

Understanding sea level variations requires observationsfrom a very carefully
designed observing system providing all quantities in a long-term stable reference
frame well tied to the gravity �eld (i.e., the CM). In fact, understanding and pre-
dicting LSL changes may be one of the most demanding applications for geodetic
observations. Because the sea surface adjusts closely to anequipotential surface
of the Earth's gravitational �eld, the RFO needs to be tied tothe CM. A potential
secular translation of the RFO with respect to the CM of the order of 2 mm/yr is ex-
pected to bias estimates of global sea level trend on the order 0.2 to 0.3 mm/yr (see
Section 2.2). However, locally this translation can resultin biases of vertical land
motion on the order of� 2 mm/yr and more. In order to reduce the uncertainties, the
tie between RFO and CM should be constrained to� 0:5 mm/yr or better.
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Fig. 5.3. Processes and factors affecting long-period local sea level. Mass movements
in the terrestrial hydrosphere (groundwater, rivers, lakes, and reservoirs) and land-
based cryosphere (glaciers and ice sheets) and mass exchange with the ocean load
and deform the solid Earth and affect the gravity �eld. The de formations and the associ-
ated gravitational changes result in LSL changes, depending on where mass has been
relocated. Ocean mass changes as well as ocean volume changes caused by heat and
salinity changes affect the sea surface position. Heat and salinity changes also affect
the ocean currents and thus change the Dynamic Sea Surface Topography (DST). At-
mospheric circulation forces regional wind-driven currents affecting the DST. DST and
sea surface changes caused by regional and global processes change LSL in any loca-
tion. The atmosphere also acts locally on the sea surface and thus changes sea level.
Past changes in the ice sheets and glaciers lead to postglacial rebound, which affects
sea level through vertical land motion and geoid changes. Tectonic processes in the
solid Earth both result in vertical land motion, changes in the size of the ocean basins,
and changes in the geoid. In areas where sedimentation takes place, the compaction
of the sediments and their load on the solid Earth introduce vertical land motion. More-
over, changes in LSL feed back on the solid Earth and can cause the destruction of
peat through oxidation and thus lead to subsidence. Anthropogenic vertical land mo-
tion associated with exploitation of groundwater, oil and gas as well as changes in
sedimentation can change the Earth surface position. Variations in sedimentation due
to river regulation (reduction) or land use (increase) also affect LSL, particularly near
river deltas. Figure modi�ed from Plag (2006a).
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Scenarios of plausible future trajectories of LSL require realistic global, regional
and local assumptions. These include assumptions concerning changes in the global
ice sheets, ocean and atmospheric circulation, water storage on land, and local ver-
tical land motion. For present-day, past and future changesin the water mass stored
on the continents, the cryosphere and ocean, the �ngerprints in sea level (Plag &
Jüttner, 2001; Mitrovica et al., 2001, 2009) can be computed using the so-called
“sea level equation” (Farrell & Clark, 1976; Milne et al., 1999; Mitrovica & Milne,
2003). These �ngerprints of LSL changes induced by mass transports are spatially
variable with the local changes exceeding by far� 100% of the global average close
to the changing load and reaching up to+ 140% in the far�eld. For other contribu-
tions such as changes in ocean and atmospheric circulation,a global Earth system
model with suf�cient spatial resolution is required. Finally, vertical land motion re-
sulting from natural and anthropogenic causes need to be based on observational
evidence.

In some coastal areas, anthropogenic subsidence can combine with LSL changes
to constitute a severe threat to the coastal population and infrastructure. For exam-
ple, in the northern part of the Gulf of Mexico, a combinationof sediment loading
and oil extraction has caused LSL in Galveston to rise nearly1 cm/yr over the last 50
to 100 years. In Porto Corsini in the Adriatic, excessive groundwater extraction has
caused large subsidence of the soil and a local sea level increase reaching peak val-
ues of several cm/yr. Another example is the city of Venice and the Lagoon, where
pumping of groundwater during the �rst half of the 20th century led to signi�cant
anthropogenic subsidence, which was superimposed on a natural subsidence of the
Lagoon due to tectonic and sediment processes. In these cases, monitoring of the
Earth's surface with a combination of GNSS station networksand InSAR appears
to be capable of providing the accuracy and high spatial resolution required to assess
and predict LSL changes.

5.3 Energy Resources: Improving management of energy
resources

Traditionally, geodesy has contributed to the explorationof energy sources such
as oil and gas resources in particular by measuring gravity anomalies (see Sec-
tion 4.7.2). Airborne gravimetry (see Section 2.6.4) has contributed substantially
to our knowledge of the geographic location of potential resources.

Exploitation of energy resources such as oil, gas and coal isinevitably associ-
ated with impacts on the Earth surface and the infrastructure implemented for the
exploitation. Space-geodetic techniques allow the monitoring of surface displace-
ments in the vicinity of mines or in areas of oil and gas extraction. These displace-
ments are indicative of the reservoir dynamics and the observations help to enable a
controlled exploitation.

Stability of infrastructure such as offshore oil and gas platforms is intimately re-
lated to the exploitation of the underlying resources. GNSSmeasurements on plat-
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forms allow the determination of instantaneous subsidencerates, which can be used
to regulate the extraction rates. However,the current stability of the global geodetic
reference frame is not suf�cient to provide reliable velocities on monthly to yearly
time scales, particularly for sites far off-shore, where nonearby stable reference
sites can be found(Plag, 2005). In cases, where platform settlement is observed, the
subsidence of the platform measured by GNSS provides information on the verti-
cal displacement of the ocean �oor, which in turn is directlyrelated to reservoir
properties (Plag, 2005).

In open-pit mining, the steering of heavy equipment increasingly depends on
geodetic techniques (see Section 4.3). Currently, the steering is mainly based on
local augmentation systems, requiring a high level of localtechnical skills. It can be
expected that improved access to a global reference frame would reduce the level of
local skills required.

The use of renewable energy sources also bene�ts from geodetic techniques, ob-
servations and tools. Ef�cient management of forests is greatly eased by having pre-
cise positioning available, for example, to registered infested trees and to monitor
spreading of tree disease. Wind �elds are increasingly derived from SAR observa-
tions. Mapping tidal and wave energy also bene�ts from satellite altimetry and SAR,
respectively.

The improved capability to measure surface displacement with GNSS and from
these observations to deduce strain �elds has led to new applications of geodetic
techniques related to energy resources. One example is in the area of geothermal
energy. Geothermal activity in places such as Iceland and New Zealand is generally
associated with magmatic processes and has an evident impact on the surrounding
landscape.Non-magmatic geothermal activity, on the otherhand, is often much less
evident at the Earth's surface, yet its potential as an energy source can be signi�-
cant.For example, most of the geothermal resources in the Great Basin in the west-
ern United States are non-magmatic.Of particular interestis northwestern Nevada,
which �nds itself tectonically between crustal extension in the East and shear defor-
mation in the West.Deformation that results from tectonic activity can generally be
expressed in terms of a strain rate tensor �eld and can be quanti�ed through the use
of geodetic velocities.

A GPS network has been installed in northwestern Nevada to make semi-
continuous measurements in order to obtain a station velocity solution that is then
used to map the 2D strain-rate tensor �eld. Crustal strain iscorrelated with the lo-
cations of current geothermal systems and details of the tensor style, and its spatial
variation are explored (Blewitt et al., 2003, 2005; Kreemeret al., 2006a). Current
�ndings suggest a strong correlation between locations of existing systems and the
level of transtensional strain.Transtensional strain is acombination of shear and di-
latation and can be accommodated through strike-slip and normal faulting, respec-
tively. Conceptually, shear strain would continuously fracture fault planes through
the entire crust, whereas dilatation tends to pull fault planes apart, allowing path-
ways for the movement of �uids. The combination of shear and dilatation can thus
create �uid conduits to great depths, and sustain them through continued stress.
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If geothermal output is controlled at a crustal scale, the geodetic stations need
to be separated no further than the thickness of the seismogenic crust (� 15 to 20
km in Nevada) to best map crustal strain. Smaller spatial scaling adds redundancy,
because the measured strain distribution is the result of slip at depth on a fault that
is locked at the surface, and hence is spatially smoothed by an amount related to the
seismogenic thickness. Thus geodetic networks can be used to characterize regional
strain partitioning, but cannot determine whether partitioning occurs along a single
fault.

The network deployed in Nevada consists of stainless steel pins as markers,
which allows for the antenna to be re-mounted with sub-millimeter precision at
each measurement campaign. Sites are occupied about 30 to 50% of the time. The
combination of monument set-up and site occupation historyhas provided veloci-
ties that after 2.5 years of data collection overlap within 95% con�dence with those
determined at available co-located deep-braced continuous monuments over more
than 6 years. The average strain rate in northwest Nevada is about 20 nanostrain/yr.
Thus for a network of about 20 km spacing, the differential station velocity is� 0.4
mm/yr. Formal uncertainties in velocity after 2.5 year datacollection are an order
of magnitude smaller than this suggesting that we can adequately resolve velocity
variations on the scale of individual crustal blocks.

Because the aim is to relate geothermal resources to the (often slow) interseismic
strain accumulation, InSAR techniques may not be useful as adirect application
tool. However, the exploration of geothermal resources often requires substantial
water pumping which can affect the local deformation �eld near existing facilities.
InSAR is a very effective tool for quantifying the extent anddepth of such defor-
mation. As such it can bene�t the interpretation of potential local strain anomalies
derived from the GPS measurements.

5.4 Climate change: Understanding, assessing, predicting,
mitigating, and adopting to climate variability and change

One of the major consequences of climate change is the propensity of all systems to
generate feedback which may operate in concert or in opposition. A clear example
of a positive feedback mechanism arose from the anthropogenic depletion of the
ozone layer. A reduction in ozone led to weaker absorption ofultraviolet radiation
in the middle stratosphere, which in turn led to stratospheric cooling which helped
to sustain the heterogeneous processes responsible for destroying ozone, thereby
cooling the stratosphere still further.

The ozone loss problem has been largely resolved by banning (or at least reduc-
ing) the emissions of chloro�uorocarbons (CFCs), substituting species which tend
to break down in the troposphere (hydrochloro�uorocarbons, or HCFCs) which are,
themselves, in the process of being phased out. In mitigating the stratospheric ozone
loss problem, we have unfortunately contributed to tropospheric warming by replac-
ing ozone destroying catalysts with strong greenhouse gasses.
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The long-term effects of altering atmospheric composition, such as elevating the
concentrations of greenhouse gases, are only partially understood. Viewed against
the backdrop of the large natural variability in the Earth system, it may seem to some
as if the relatively small anthropogenic alterations in planetary radiative balance
are insigni�cant and do not warrant mitigation. However, the impacts of sea level
rise, melting permafrost, and an increase in extreme atmospheric events such as
hurricanes (like Katrina and Rita hitting the USA in 2005, and Gustav and Ike hitting
the USA in 2008) or cyclones (like Nargis hitting Myanmar in May 2008) offer
sobering reminders of the devastating in�uence of extreme atmospheric events, and
that it would be wise to tread with caution.

Recent research (e.g., Emanuel, 2003; Pielke Jr. & Landsea,1998) suggests that
there might be some causality between hurricane intensity and rising ocean tem-
peratures, this sensitive, they claim, to global warming. Whether warming is due to
natural or to anthropogenic forcing is immaterial, but it does emphasize the need
for a better understanding of the complexities of the Earth system before further
modifying the composition of the atmosphere.

Evidence for climate change has been gathered by scientistsin several areas, such
as ice caps melting, sea level rise, modi�cation of migrating species habitats, and
others. These changes have a strong impact on some particularly exposed commu-
nities (e.g. low-level islands). The global society needs to prepare for these proven
effects which will eventually concern all of us either via the food chain or via pop-
ulation migration. Identi�cation of future risks is required for proper preparation.
Such identi�cation requires that climate change be better understood and quanti-
�ed, and then to a certain extent, forecast. Forecast cannotbe dissociated from the
ability to �rst observe the phenomena associated with climate change.

The attribution of climate trends in the current atmospheric observations is com-
plicated by natural atmospheric variability and large-scale oscillations such as the
ENSO or the eleven-year solar cycle. However, reanalyses enable us to infer climate
signals from a combination of model and ensemble of measurement systems. It has
been suggested that reanalyses would be more robust and reliable than single instru-
ment records. This superiority has emerged only recently asnew methods such as
variational bias correction are being used to detect and correct instrumental drifts
as well as instrument problems, provided some reference observations are available.
These climate reanalysis models can be used to simulate the past and can also be
used to project future climate to help us prepare for changes.

Critical to that process is the availability of long-term records from single instru-
ments, free of breaks and instrumental biases, and to which the entire data assim-
ilation system runs can be anchored. The instruments that are part of GGOS can
provide such observations of atmospheric-induced delays in regions away from the
lower boundary (ground) where other effects (urban heat islands, land use changes,
etc.) may interfere with the atmospheric trends observed. Measurements of delays in
GNSS propagation signals between transmitters and receivers placed in low-Earth
orbit can provide such so-called radio occultation measurements (see Section 2.9.1)
and thus offer a way to monitor the stratospheric mass �eld inclimate reanalyses.
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Geodetic observations are also valuable for the validationof reanalyses. Atmo-
spheric and oceanic mass transport induce signals in the geodetic observations. Mass
transport changes the gravity �eld and, through interaction with the solid Earth im-
pacts Earth rotation. The surface loading associated with the mass transport in atmo-
sphere and ocean loads and deforms the solid Earth. The improved ability to predict
these signals will allow validation of climate models basedon geodetic observations.

The metric of choice most often used for assessing climate change is the rate
of change of atmospheric temperature near the surface, because it is easily measur-
able and because it controls other environmental parameters. In order to monitor
that temperature, particular emphasis has been given to designing instruments and
methods to collect measurements with precision of 0.1 K per decade within the sug-
gested climate trends. While it is important to plan and obtain such measurements
with the necessary precision, it is equally important to measure the consequence of
such trends on the static and the dynamic structures of the atmosphere. As such,
magni�ed effects of climate change are also to be considered.

For a static illustration, referring to the hydrostatic equilibrium of the atmo-
sphere, there is a magnifying effect of temperature change on air density and hence
atmospheric layer thicknesses. Assuming for example a 0.1 Khomogeneous warm-
ing throughout any given atmospheric layer whose boundaries are de�ned by �xed
pressure levels, that atmospheric slab would expand by about 0.04% of its origi-
nal thickness. In real terms and with a tropospheric averagetemperature of 250 K,
this would amount to raising the mid-latitude near-tropopause level of 200 hPa by 5
m, all other parameters held constant. With GGOS ensuring a reference frame with
centimeter accuracy over a decade, positioning upper-air atmospheric pressurein
situ sensors, accounting also for possible changes in height at the Earth surface in
the same time frame, this trend could be identi�ed with high reliability.

The dynamic impact of climate change is re�ected in alterations in the patterns
of atmospheric circulation. As horizontal temperature gradients change, the cells
that make up the general circulation system are affected in their strength and shape
(including extent and position). Vecchi et al. (2006) have found evidence of a weak-
ening in the tropical Paci�c Walker circulation over 130 years (between 1861 and
1992) based on sea level pressure observations in that region. Using climate models
to elaborate on the origin of that decline, they found that anthropogenic changes
in the atmosphere could explain the observed decrease in sealevel pressure gra-
dient. Similarly, on the basis of climate simulations made at Meteo France for the
4-th assessment report of the IPCC, a weakening of the Hadleycell circulation sys-
tem is also predicted under IPCC climate scenarios. The total mass of air �owing
through the upper branch of that cell at latitude 15� N and between 200–100 hPa
pressure levels is currently about 50 Megatons per second inJanuary. A shift in the
location of that upper branch of the Hadley cell in the climate runs mentioned here
would mean that by January 2030 this atmospheric �ow would decrease by up to 5
Megatons per second. With an ability to measure mass displacements, GGOS could
help in monitoring such changes. This would complement the atmospheric efforts
to measure detailed structural changes such as air density and wind measurements.
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Moreover, changes in ocean and atmospheric circulation will affect the angular
momentum transfer between ocean and atmosphere on the one hand and the solid
Earth on the other. This will affect Earth rotation. Therefore, observations of Earth
rotation variations are a data set providing constraints for general circulation mod-
els.

Geodesy thus has the potential to bring to climatologists data sets that will help
anchor and validate climate models from which forecasts of atmospheric trends can
be made for the purpose of preparing for the impact of climatechange on the global
society.

In terms of monitoring climate change, geodetic observations are pivotal in sev-
eral aspects. Changes in the dynamic sea surface topographyare derived from satel-
lite altimetry observations and can be compared to those changes derived from tem-
perature and salinity data.

Because of the sensitivity of the ice sheets and glaciers to global warming, mon-
itoring of the mass and volume of the Earth's ice bodies are a key activity, also
fundamentally relying on the geodetic reference frame and being facilitated by new
measurement techniques. Satellite and airborne measurements of ice surface heights
by laser and radar provide direct measurements of changes. However, glaciers are
very dynamic bodies, and local elevation changes are often aconsequence of chang-
ing ice dynamics, which is not always representative of larger regions. Therefore
repeated large-scale monitoring is required, notably by a combination of laser, radar
and gravity satellite missions. Such missions are complementary and will eventually
give the full picture of change both on local and continentalscales.

To asses the results of such ice monitoring missions, knowledge of crustal uplift
associated with melting ice sheets is needed. Such assessment requires data from
permanent GNSS stations and repeated absolute gravity measurements from net-
works spanning wide zones around the ice sheets (Wahr et al.,1995; Plag et al.,
2007c). Currently such uplift models are the limiting factor for gravitational change
monitoring of Antarctica, whereas the melting of the margins of the Greenland ice
sheet is clearly demonstrated with GRACE.

Geodesy is fundamental in monitoring sea level changes, oneof the most serious
impacts of climate change. Global sea level changes are derived from satellite al-
timetry observations, which pose the most stringent requirements on the stability of
the geodetic reference frame (e.g., Blewitt et al., 2006a).Projected scenarios of local
and regional sea level rise provide a basis for planning of adaptation strategies, but
require detailed understanding of trends in oceanic and solid Earth contributions.
The latter poses high demands on the tie between RFO and the CM.
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Fig. 5.4. The large-scale features of the global water cycle. Numbers are �uxes in km 3.

5.5 Water: Improving water resource management through
better understanding of the water cycle

5.5.1 The global hydrological cycle

Earth is a unique, living planet due to the abundance and vigorous cycling and re-
plenishing of water throughout the global environment. Thewater cycle operates
on a continuum of time and space scales and exchanges large amounts of energy
as water undergoes phase changes and is moved from one part ofthe Earth system
to another. Water is essential to life and is central to society's welfare, progress,
and sustainable economic growth. However, global water cycle variability which
regulates �ood, drought, and disease hazards is being continuously transformed by
climate change, erosion, pollution, salinization, and agriculture and civil engineer-
ing practices. The water cycle delivers the consequences ofclimate change while
responding directly to the drivers of that change. The most visible manifestation
that could be expected from climate warming would be changesin the distribu-
tion of precipitation and evaporation, and the exacerbation of extreme hydrological
events, �oods and droughts. From both scienti�c and practical perspectives, the key
question is whether projected climate change will entail signi�cant changes in the
Earth's global water cycle.

The water cycle plays the following key roles in the Earth system:

� Water exists in all three phases in the climate system and thephase transitions are
a signi�cant factor in the regulation of the global and regional energy balances.

� Water vapor in the atmosphere is the principal greenhouse gas and clouds at
various levels and composition in the atmosphere representboth positive and
negative feedback in climate system response to anthropogenic perturbations —
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hence the water cycle and its dynamics represent a major source of predictive
uncertainty about global change.

� Process such as ocean, ice-sheet, soil moisture, and groundwater dynamics rep-
resent the slow water cycle components that form the basis for understanding
and predicting global and regional climate, while processes such as precipitation,
cloud dynamics, water vapor, and evaporation represents the fast components of
the water cycle and forms the basis for prediction of hydrological extremes.

� Water is an excellent solvent and global biogeochemical andelement cycles are
mediated by the dynamics of the water cycle.

� The variability and changes in the global cycling of water islinked to variabil-
ity and changes in cycling of carbon, methane, nitrogen, andother nutrients at
regional and global scales.

� In total, water is the element of the Earth system that most directly impacts and
constraints human society and its well-being.

Despite the fundamental role of the coupled water and energycycle for the Earth
system, the knowledge of key quantities is still associatedwith large uncertainties
(e.g., Dooge, 2004; U.S. Climate Change Research Program, 2007). For example,
the �uxes between the main reservoirs in the global water cycle published in litera-
ture over the last three decades (for an example, see Figure 5.4) have changed con-
siderable indicating potentially large uncertainties in these numbers. In particular,
�uxes between terrestrial surface waters, cryosphere, andgroundwater are largely
unknown. The determination of the continental water storage in space and time
is not possible nowadays with suf�cient accuracy. However,as discussed in Sec-
tion 2.6.5, the gravity missions particularly if combined with changes in Earth's ge-
ometry and rotation have already provided new insight in monthly and submonthly
changes in continental water storage, and a continuation ofthese missions is likely
to provide a monitoring of these changes on spatial scales down to a few hundred
kilometers and temporal scales down to a few days.

5.5.2 Water for life: the challenge of water management

The importance of natural resources to modern society has never been greater, nor
have resources ever been more threatened by global change, human population in-
crease, and anthropogenic activity in general. The importance of the management
of natural resources is probably best illustrated by the example of water. In many
areas of the world, current demands exceed the supply (as indicated by the water
scarcity index, Figure 5.5), and water has to be transportedover great distances.
This situation is expected to become more severe over the next decades (e.g., EEA,
1999; Lawford & the Water Theme Team, 2004; Bernasconi & others, 2005; Oki &
Kanae, 2006; United Nations, 2006).

Clean, fresh water is arguably the most important resource to human society, as it
controls our ability to produce suf�cient food to support the burgeoning human pop-
ulation. Usable water resources reside in lakes, streams, arti�cial (dammed) reser-
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Fig. 5.5. Earth's water resources: relation of supplies to demands. From Oki & Kanae
(2006).

voirs, and groundwater. Of these, groundwater represent the greatest volume, and is
also the most vulnerable to long-term contamination. The level of highly variable
internally draining lakes must be consistently monitored in order to track changes in
available irrigation water as a result of surface water diversion (commonly for irri-
gation) in areas such as the Aral Sea and Lake Chad. Further salinization of surface
waters, rendering them useless or irrigation and other usesshould be monitored so
that water use policy upstream can be more effectively developed.

The discharge of rivers into the global ocean controls coastal zone water chem-
istry and ecosystem function, yet is highly modulated by water use throughout the
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drainage basin. Geodetic observations that track river stages globally can comple-
ment river stage gauges and discharge stations to follow changes in water utilization
as well as provision of fresh water to the coastal zone. This information would be
useful to those concerned with water resource depletion by one state or nation before
it reaches the region or coast of another. In many cases, �ow control through dams in
river systems is the subject of controversy between those upstream and downstream.
Reservoir levels can readily be monitored using geodetic techniques to inform and
support short and medium-term resource planning.

The vast majority of liquid fresh water on the planet residesunderground, and
is easily accessible through wells. However, in semi-arid to arid regions, where the
stress on water resources is most acute, aquifers do not recharge at a signi�cant
rate relative to rate of withdrawal. Utilization of such water resources is considered
“mining” as this water is a non-renewable resource. Consequently, water tables drop,
and the aquifers are assigned limited lifetimes before depletion. The changing mass
distribution due to water withdrawal, whether in a con�ned aquifer (leading to land
surface subsidence), or uncon�ned aquifer (leading merelyto lowering of the water
table and deepening of the unsaturated zone), can be detected geodetically, and can
provide global assessments of groundwater alterations, previously unavailable due
to either lack of data, unwillingness to share such information, or the impracticality
of concatenating thousands or millions of local to regionalaquifer reports.

The water crisis is largely a crisis of governance (United Nations, 2006), brought
about by water management obstacles such as sector fragmentation, poverty, corrup-
tion, stagnated budgets, declining levels of development assistance and investment
in the water sector, inadequate institutions and limited stakeholder participation,
but the lack of detailed knowledge of the global water cycle from local to global
scales is contributing and enforcing this crisis. Therefore, Earth observations can
improve the knowledge base and thus help to mitigate this crisis. As discussed in
Section 2.6.5, on regional to global scales, the mass transports observed by GGOS
are already improving the database concerning the motion ofwater through the hy-
drological cycle, and future combined analysis of the variations in Earth's gravity
�eld, shape and rotation will help to reduce the uncertainties.

5.5.3 Observations of the Global Water Cycle

The path forward for observing the global water cycle must bebased on integrated
observations, as opposed to isolated observations that focus on a single �ux or state.
The components of the water cycle need to be measured simultaneously in order to
allow the estimation of �uxes between the components of the climate system. Pre-
cipitation and evapotranspiration over land and ocean surfaces require that the state
of the system at the surface and in the atmosphere be monitored simultaneously.
By integrated observations, we mean the simultaneous retrieval of related water cy-
cle variables. From a technical perspective, this suggestsa satellite platform with
sensors for multiple frequencies, combining passive and active sensors, and per-
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haps LIDAR. From an Earth science perspective, the water cycle variables and the
required spatial and temporal observation requirements tosatisfy the science and
applications should drive the sensor package and not (as is often done traditionally)
the inverse.

It would be most useful to develop the water cycle observational perspective
considering that the water cycle can be divided into slow andfast branches. The
'slow branch' would consist of measurements relevant to theretrieval of soil mois-
ture, groundwater, snow and ice, freeze-thaw states, oceandynamics, ocean salinity
and perhaps water body extent and river discharge. These components do not have
a regular diurnal cycle. The 'fast branch' would consist of precipitation (liquid and
solid), evapotranspiration, clouds and water vapor. The dynamics of the components
can vary signi�cantly within a day. Table 5.3 provides a summary of the measure-
ment requirements for a complete monitoring of the water cycle and the capability
to retrieve �uxes at interfaces of the land, atmosphere, andocean components of the
water cycle.

Table 5.3. Key variables required for monitoring the Earth system water cycle and
�uxes.

Variable Role in the Measurement
Water Cycle Orbit Horiz. Temporal

Spatial Revisit
Resolution

Precipitation Rate/Type Diabatic heating, surface forcing GSO 1-5 km 0.5 Hrly
Soil Moisture Link water, energy, biogeochem-

istry
LEO 1-10 km Daily

Surface Freeze/Thaw
and Sea-Ice

Climate, Carbon cycle, Ocean Dy-
namics

LEO 0.1-1 km Daily

Open Ocean and Coastal
Salinity

Density �ows in Oceans LEO 10 km Weekly

Snow Cover Extent Surface energy balance LEO 0.1-10 km Daily
Snow Water Equivalent Water storage dynamics LEO 0.1-10 km Daily
River and Lake Elevation Water transport, biogeochemistryLEO 0.1 km Daily
Water Vapor Water and energy transport GSO 5-10 km Horiz.; 0.5 Hrly

0.5 km Vert.
Cloud Properties Water and energy transport, radia-

tion balance, precipitation genesis
GSO 1-5 km 0.5 Hrly

Land and Sea Tempera-
ture

Energy balance GSO 1-10 km 0.5 Hrly

Ocean Height Ocean currents and vertical mixing LEO 10-100 km Daily
Evaporation (Land and
Ocean)

Water, energy, and carbon cycle LEO 1-10 km 0.5 Hourly

Ocean Salinity Ocean currents and vertical mixing LEO 10-100 km Daily
Water Quality Environmental and human health LEO 0.1-10 km Daily

From an observational and technological perspective, the 'slow branch' would be
observed from LEO, with the technological focus primarily on improved spatial res-
olution and 'fast branch' having the technological challenge of obtaining the needed
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resolution at a GeoStationary Orbit (GSO). Below we lay out some challenges that
should be met over the next decade or so.

5.5.4 Slow branch challenges

The challenge for observing the slow branch of the water cycle is to progress from
single-variable isolated water cycle instruments to multi-variable integrated water
cycle instruments. It is most likely that the desired integration will progress along
the lines of extending and integrating the capabilities of sensor technologies in given
electromagnetic band families. For example, we have several current sensors that
make observations in different microwave wavelengths - oursuggestion is that we
progress towards integrating these capabilities into fewer more capable instruments
that can simultaneously observe multiple components of thewater cycle. Because
the slow branch of the water cycle generally changes on timescales longer than 1
day, LEO orbits are appropriate. Below we summarize a few of the current and
planned measurements of the slow branch of the water cycle that should be progres-
sively integrated over the next few decades.

Soil moisture and freeze-thaw state:Given its critical role in the terrestrial hydro-
sphere as the 'regulator' between the water and energy cycles, it is clear that im-
provements in weather and seasonal climate forecasting will depend on improved
soil moisture observations. Soil moisture (including its freeze/thaw state) is a key
variable that links the water, energy, and biogeochemical (carbon, nutrients, and
elements) cycles. It has long been recognized that this state of the terrestrial hydro-
sphere needs to be monitored at high resolution and with good�delity in order to
make signi�cant advances in Earth system science as a whole.It is expected that the
availability of soil moisture data will link the science communities in water, climate-
energy, and biogeochemistry. In addition, soil moisture serves as the memory of the
terrestrial hydrosphere and it has signi�cant impacts on operational weather and
seasonal predictability of the climate system. Further, there are long-standing needs
of these primary observations for decision makers, especially in the area of drought
and �ood management. Currently soil moisture is being estimated from the NASA
Aqua AMSR-E sensor at 10.7 GHz, with a nominal resolution of about 50-km and
posted at a 25-km spacing based on over-sampling. However, the high microwave
frequency is severely limited by low penetration depth and scattering by vegetation.
A soil moisture mission providing a 40-km product using radio-brightness measure-
ments from 1.4 GHz (L-band), a 3-km product based on an activeL-band sensor
and a combined passive-active 10-km product is possible. Airborne campaigns have
de�nitively shown that combination of sensors and frequencies are optimal for soil
moisture monitoring.

Seasonal snow:Snow plays two important roles within the terrestrial watercy-
cle. Its cover and seasonal duration provides signi�cant albedo contrast that has
been shown to affect hydrological and climate variability at global scales, and its
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amount is a fundamental source of moisture that transfers wintertime precipitation
into spring and summer soil moisture and river discharge. Its measurement is syn-
ergistic to soil moisture. Since radio-brightness measurements at higher frequencies
are used in the retrieval of snow, the same antenna used for soil moisture will provide
higher resolution for the higher frequencies, perhaps leading to improved retrievals
in areas with large terrain. Therefore there is a natural synergy between soil mois-
ture and snow. The low frequency (L-band) active radar is theobservational sensor
of choice regarding freeze-thaw state, and is also synergistic to the measurement
needs for soil moisture.

Surface water extent and hydraulics:The ability to measure, monitor, and fore-
cast the supply of fresh water, is of high-priority and concern to GEO, the World Cli-
mate Research Programme (WCRP) strategic framework 2005-2015 Coordinated
Observation and Prediction of the Earth System (COPES), andthe relevant UN
agencies. The seasonal extent of wetlands and the extent of �ooding of tropical
rivers like the Amazon is a critical variable for understanding the biogeochemical
cycle within the earth system. Currently estimating the discharge of highly braided
Arctic rivers is problematic, yet critical to the understanding of the changes being
observed in the Arctic and their predictive consequences. At present, the satellite-
based measurement of surface water extent and stage has occurred through 'observa-
tions of convenience' from altimeters designed for ocean applications. Nonetheless,
these measurements have demonstrated that monitoring water bodies from space is
feasible and the information provides critical new insights into the terrestrial hy-
drological cycle in environments not well-monitoredin situ. Additionally, it is the
only feasible measurement platform to provide consistent,global measurements.
The technological challenge is to provide an antenna-sensor package to image wa-
ter bodies with an intrinsic resolution on the order of ten meters, so that both its
elevation and slope can be estimated, allowing for both water extent and (for rivers)
discharge estimation. A design based on interferometric Ka-band radar with a base-
line of � 10 m would allow for these retrievals. Such a satellite system is needed
to determine the spatial and temporal variability in freshwater stored in the world's
terrestrial water bodies – a most critical water cycle issue.

Groundwater mass:A promising measurement concept is the gravimetric determi-
nation of changes in groundwater storage, based on extremely precise observation of
time-dependent variations in the Earth gravity �eld, usingspace-based gravity gra-
diometer systems. Groundwater constitutes ninety-six percent of Earth's unfrozen
fresh water (Shiklomanov, 1993 Shiklomanov, 1993). It is a vital resource which
provides for irrigation, industry, and domestic usage. In many parts of the world it
is being depleted due to unsustainable rates of pumping, which may lead to future
con�icts and human hardship. Groundwater varies slowly relative to soil moisture,
surface water, and non-permanent snow cover, but it is dynamic on seasonal to in-
terannual timescales (Alley et al., 2002). Indeed, changesin terrestrial water stor-
age, particularly groundwater storage, have contributed to observed changes in sea
level during the past two decades (Milly et al., 2003; Sahagian, 2000). Quantifying
groundwater storage variations is critical for improving large scale water balance as-
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sessments (see also above, Section 5.5.2). Groundwater maintains streams between
storms by supplying base�ow, and, with soil moisture, it determines the in�ltration
to runoff ratio and thus the timing, duration, and intensityof �oods. Groundwater
also feeds back to atmospheric processes and the carbon cycle by enabling phreato-
phytes to continue to transpire during droughts.

Despite its importance, groundwater's natural variability and vulnerability to
overproduction and climate change have not been adequatelycharacterized by the
scienti�c and water resources communities. It is often assumed that over the course
of a year, a zero net change in groundwater storage will occur. In fact, the interan-
nual variability of aquifer storage can be substantial, of the same magnitude as root
zone soil water storage variability (e.g., Eltahir & Yeh, 1999; Rodell & Famiglietti,
2001; Seneviratne et al., 2004). Groundwater may be an important indicator of nat-
ural and human induced climate variations, if the effects ofpumping and injection
can be removed.

Inadequate monitoring, political boundaries, and the absence of centralized, dig-
ital archives of measured groundwater levels have restricted the number and quality
of aquifer storage and �ux assessments, even in developed nations. Indeed, two
major conclusions of National Research Council (2004) were, 1) “Our ability to
quantify spatial and temporal variability in recharge and discharge is inadequate
and must be improved given the importance of groundwater in the hydrological cy-
cle, the contribution of groundwater to base �ow in streams and in�ow to lakes,
and society's reliance upon groundwater for water supply”, and 2) “The roles of
groundwater storage, and recharge and discharge �uxes in the climate system are
under-appreciated and poorly understood”.

Geodetic measurement systems can be valuable to groundwater resources assess-
ments and scienti�c investigations because they enable data to be obtained through
non-destructive means (i.e., without digging). In particular, satellite based monitor-
ing of Earth's time variable gravity �eld has the potential to revolutionize the study
of hydrology providing global observations of water mass redistribution. Whereas
the current generation of radar and radiometer based remotesensors only provide
data on water stored in the upper few centimeters of the soil column, satellite
gravimetry has an unlimited penetration depth.

The GRACE mission (see Section 2.6.5), which is the �rst twinsatellite gravime-
try mission, is now being used to generate time series of total terrestrial water vari-
ations, among other applications (e.g. Tapley et al., 2004a). Rodell & Famiglietti
(2002); Rodell et al. (2006) have shown how groundwater storage variations can
be isolated from the GRACE derived water storage �elds. However, the resolution
and accuracy of the gravimetry technique must be improved before it is fully em-
braced by the hydrological community. The sensitivity of this �rst demonstration
of “photon-less” remote sensing is expected to allow detection of changes in mass
distribution equivalent to� 1 cm variation in water storage over a 500� 500 km2

area. Current GRACE measurement uncertainties are on the order of 10 kg H2O/m2

(1 cm equivalent height of water) over a 750,000 km2 region, and they degrade
rapidly as the spatial resolution increases (Wahr et al., 2006). While this is suf�cient
for many large scale hydrological and oceanic investigations, most water resources,
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meteorological, agricultural, and natural hazards applications require higher reso-
lution data. Furthermore, GRACE launched in 2002 with an expected lifetime of
nine years, while climate variability assessments requirea longer, nearly continu-
ous record. This emphasizes the importance of developing a follow-on gravimetry
mission with advanced technology to increase spatial resolution while decreasing
uncertainty. The monthly temporal resolution of GRACE is anissue for many appli-
cations, but it should be suf�cient for groundwater assessments. Moreover, recently
introduced new analysis methods of GRACE data have yielded submonthly tempo-
ral resolution (see Section 2.6.5 and Luthcke et al., 2006).

Cryosphere:Ice in the boreal and polar latitudes shows signi�cant interannual vari-
ability in the instrumental record. The ice cover has a signi�cant effect on surface
albedo and hence it is a source of diabatic heating anomalieson large scales. The
ice is also a signi�cant insulator, and subsurface thermal regime and heat �uxes into
the atmosphere are affected by variability in seasonal ice cover. Recent studies in at-
mosphere and ocean dynamics have demonstrated that sea ice could be a signi�cant
source of interannual memory in the climatic system. Its extent is also a major deter-
minant of polar ampli�cation of global change. Major melting of polar cryosphere
could also be the trigger for catastrophic climate change ifthe ocean thermohaline
circulation is disrupted by major �ow of freshwater into polar saline oceans. Paleo-
climate indicators show that the ocean thermohaline circulation can change regimes
if freshwater inputs are dramatically changed — an example is the freshwater input
into the North Atlantic due to the break-up of the Laurentideice sheet. All these
considerations indicate that the monitoring of the cryosphere is important for un-
derstanding and predicting the role of the water cycle on theEarth system. The age
of ice (�rst-year versus multi-year ice) and ice extent at high-resolution need to be
estimated. New multi-frequency active and passive microwave systems will be re-
quired in order to overcome the confounding effects of snow cover and melt pools
that limit current capabilities.

The contribution of geodesy to the investigation of ice sheets, glaciers, and sea
ice is discussed in Chapter 2 and in Section 3.4, and here we consider the relevance
of such investigations to society. Since the mid 1990s, new observation techniques
have shown that nearly all ice on Earth is undergoing rapid change: Arctic sea ice is
shrinking, both in extent and thickness; low-latitude glaciers and ice caps are losing
mass at rapidly accelerating rates; and even parts of the vast ice sheets in Greenland
and Antarctica are shrinking (although there is considerable uncertainty in mass bal-
ance, especially for Antarctica). Although some of these changes may simply repre-
sent natural variability that we are only seeing now becauseof the new observation
techniques, some undoubtedly represent recent changes resulting from substantial
local warming. These changes have clear societal impacts: shrinking low-latitude
glaciers affect tourism and local water availability; shrinking Arctic sea ice affects
regional weather, climate, and living conditions for Arctic �ora and fauna, including
humans, and potentially opens new ship routes; and increasing losses from glaciers
and ice sheets certainly affect the rate of sea-level rise, and potentially affect ocean
circulation patterns, and hence global climate. Thus, apart from the scienti�c moti-
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vation to improve understanding of our planet, there are important practical reasons
for monitoring the behavior of these ice bodies.

As discussed in Chapter 2 and Section 3.4, the recent improvement in our knowl-
edge of what is happening to ice on Earth results largely fromremote-sensing mea-
surements from aircraft and, increasingly, from satellites. This includes the measure-
ment of parameters that are of obvious relevance to glaciology, such as ice-surface
elevation and velocity and ice thickness, but also measurements of less obvious rel-
evance. These include measurements of temporal changes in Earth's gravity �eld,
which give insights into the rates of change of the mass of entire ice sheets, estimates
of the rate of sea-level change from tide gauges and satellite altimeters, and estima-
tion of the rate of crustal motion beneath the ice. All of these measurements share a
heavy dependence on geodesy to provide an accurate framework within which to set
the measurements, and on very accurate aircraft and satellite trajectories to ensure
that the accuracy of the measurements and their locations within the framework are
known, with a good understanding of associated errors.

There are three ways to measure the mass balance of the big icesheets in Green-
land and Antarctica: comparison of total snowfall with total losses; measurement
of volume changes, using altimetry of the ice surface; and measurement of tempo-
ral changes in gravity, indicative of mass changes. Of these, all but the �rst require
correction for changes in the elevation of rock beneath the ice. This is particularly
so for interpretation of gravity changes, because rock is somuch denser than ice.
By necessity, the required estimates of crustal motion beneath ice sheets come from
models, which become progressively more reliable as more information becomes
available on actual vertical motion to constrain the models. This in turn depends
heavily on highly accurate geodetic measurements.

In addition to the approaches described above for measuringice-sheet mass bal-
ance, changes in length of day and in the direction of the Earth's rotation axis also
reveal mass redistribution. Precise geodetic observations of these changes are valu-
able constraints for mass redistributions on regional to global scales, particularly
if combined with observations of gravity changes and surface displacements (see
Section 2.6.5).

Earth's climate is changing, with temperatures increasingalmost everywhere. In
most regions, the increase is slow and accompanied by periods of cooling, but in
others, such as the Antarctic Peninsula and parts of Greenland, it is remarkably fast.
Ice is responding to these changes, but it also has the potential to affect them. As
the spatial extent of Arctic summer sea ice shrinks, it is replaced by dark ocean,
capable of absorbing far more solar radiation than the sea ice, and thus amplify-
ing the warming. More subtly, drainage of meltwater from shrinking glaciers and
ice sheets, affects the density “layering” of the sea, and this affects the deep ocean
currents responsible for transferring enormous amounts ofheat from low to high lat-
itudes. Possible consequences are the subject of ongoing research, and there is little
agreement on whether they may be serious, but in view of the very large amounts
of heat transferred by the ocean, this is an issue that cannotbe ignored. Required
research will include a detailed monitoring of Earth's ice.
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The reservoirs of ice on Earth are vast enough to raise sea level by 55 m if all
ice melted. Although this would take many thousand of years,it is clear that even
the melting of just a small percentage of this ice could be catastrophic for tens of
millions of people and impact hundreds of millions, with enormous costs both to
global �nances and to global security. Continuing to monitor ice on Earth, as well as
ocean density, structure, and continental water impoundment distribution will play a
key role in future studies of sea-level change, and this in turn requires continuation
and enhancement of geodetic measurements.

Climate change and global ecology:Climate affects all life on Earth, with small
changes having serious impact on some life forms, some of which may play im-
portant, and perhaps yet unrecognized, roles in processes affecting human welfare.
Thus, even those humans with little interest in global ecology would be well ad-
vised to preserve ecosystems and the environment that sustains them to the extent
possible. Already, climate change is affecting many aspects of global ecology, in-
cluding: growing season for crops and forests; �sh and sea mammal migrations;
patterns of insect migration, with associated effects on the distribution of diseases;
and the viability of polar bears in a world of diminishing summer sea ice. On a more
frivolous, yet of local economic concern level, climate change is affecting our recre-
ation habits, with ski slopes closing from lack of snow, and fewer glaciers to visit
as they retreat to higher and higher elevations. Far more signi�cant than impacts
on tourism, such changes have the very serious effect of substantially altering the
timing and amount of meltwater available to sustain nearby agriculture.

Sea-level change:Results from the measuring techniques largely made possible by
accurate geodesy show that changes in ice mass since the mid 1990s are responsible
for � 30% of a total sea-level increase of> 3 mm/yr, and that this contribution is
increasing with time. Clearly, as a progressively increasing percentage of human-
ity shifts to homes near the coast, this is a source of increasing concern. Only a
decade or two ago, it was generally accepted that sea level was rising by about 1
mm/yr over the 20th century, and, although this was probably an under-estimate
(1 - 2 mm/yr may be a better average), we are now experiencing triple this rate.
Some of the observed increase has been caused by ocean warming, with the remain-
der likely to be caused by melting ice. There is a third component in the sea level
equation that may have been confounding attempts to projectfuture sea level rise
from the observed 20th century sea level records from tide gauges. This component
stems from direct human activities that transfer water between reservoirs (e.g. be-
tween continents and ocean). While some activities such as groundwater mining,
deforestation, and surface water diversion serve to transfer water from continents
to oceans, thus increasing the rate of sea level rise, these contributions were coun-
teracted and possibly overwhelmed in the 20th century by the construction of new
dams and water impoundment on the continents (Sahagian et al., 1994; Chao, 1994).
With dams “holding back” water at a rate of at least 0.5 mm/yr sea level equivalent
(and perhaps up to 2 mm/yr), tide gauge measurements over the20th century would
not have re�ected the entire contribution of ocean warming and glacial melting. As
such, if the construction of new dams in the 21st century is not continued at as great
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a rate as it was in the 20th (as it is not expected to for various reasons), we should
expect to see an increase in observed sea level rise, as indeed, we are already seeing.

Ocean height:The data from the early ERS and TOPEX/Poseidon ocean height
missions provided oceanographers with unprecedented means to constrain the mod-
els of ocean circulation. They transformed the discipline and allowed oceanogra-
phers to model and predict case situations in ocean climate.The success of the early
missions motivated follow-ons, including the current Jason missions. These ocean
height missions provide data at fairly coarse resolution. Development of future ca-
pability to perform high-resolution and high-repetition mapping of ocean height will
enable oceanographers to address the ocean weather challenge in support of coastal
hazards and biogeochemical cycle applications.

Ocean salinity: Surface ocean salinity affects the density of surface waters and the
extent of vertical mixing. The vertical mixing is a signi�cant determinant of ocean
heating gradients and circulation. The vertical mixing rate across the oceans is also
a signi�cant factor in the biogeochemical cycles. The Aquarius Earth System Sci-
ence Path�nder (ESSP) is scheduled to provide open ocean salinity measurements.
Follow-on capabilities should include sensors that can mapcoastal waters at high
resolution. Mixing in the coastal zone has signi�cant implications for water quality
monitoring and biogeochemical cycles science.

5.5.5 Fast branch challenges

In addition to the integration of sensor technologies to enable simultaneous multi-
variable observations of the fast branch of the water cycle,we are also challenged
with providing observations at a suf�ciently high temporalresolution that pro-
cesses such as storms can be tracked. The ability of the Geostationary Satellite
Server (GOES) to track water vapor from a GSO should motivatethe extension
of these capabilities to precipitation, cloud properties and highly accurate measure-
ments of air temperature, humidity, clouds, and surface temperature: A GSO version
of Global Precipitation Measurement (GPM), CloudSat, Calipso and Atmospheric
Infra-Red Sounder (AIRS) . Without such sensor systems, it is unclear whether the
critical advances in cloud resolving parameterizations, and subsequent advances in
weather forecasting, can be achieved. While studies that evaluate the trade-offs be-
tween temporal and spatial resolution need to be carried out, we need to become
creative in developing technology to achieve these goals. Below we summarize a
few of the current and planned measurements of the fast branch of the water cycle
that should be progressively integrated and moved to geostationary platforms over
the next few decades.

Precipitation: The experimental Tropical Rainfall Measuring Mission (TRMM)
demonstrated the capability to combine the advantages of the active and passive
microwave techniques for precipitation observation. Precipitation radar-data can
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be used to better constrain the cloud models incorporated inretrieval algorithms,
thereby considerably improving the accuracy of retrievalsbased on passive mi-
crowave observations only. The seminal work of the TRMM teamforms the sci-
enti�c and technological basis for a global precipitation measuring-system, com-
bining observations from at least one active precipitationradar in inclined orbit, a
constellation of several (6-8) passive microwave imaging radiometer-spacecraft in
staged polar orbits, and surface-based rain gauges. This GPM mission constellation
concept , together with more detailed characterization andimproved modeling of
cloud structure and properties, constitutes the best currently feasible approach for
quantifying the rate of the global water cycle. GPM is one of the next generation of
systematic measurement missions that will be launched around 2010 by a consor-
tium of international space agency partners.

Water vapor and clouds: Water vapor in the lower troposphere directly impacts
precipitation forecasts, and water vapor (principally) inthe upper-troposphere is the
largest contributor to the atmospheric greenhouse effect.NASA has made a ma-
jor scienti�c and technological investment in the development of the experimen-
tal AIRS instrument. Imaging multispectral radiometers, such as the Moderate-
Resolution Imaging Spectroradiometer (MODIS) on Earth Observation Satellite
(EOS) Terra and Aqua provide measurements of a variety of basic water and en-
ergy cycle variables, from sea- and land-surface temperature to cloud amount and
optical properties and radiation �uxes. In addition, the planned experimental mis-
sions Cloudsat and CALIPSO will provide measurements of global cloud properties
and their vertical structure. CloudSat is designed to measure the vertical structure
of clouds and precipitation from space. A measurement and algorithm approach is
used that combines radar information with radiance data obtained from other sen-
sors of the EOS constellation. Information derived from this combination includes
detailed vertical pro�le information about the water and ice contents of clouds, the
occurrence of precipitation and quantitative informationabout precipitation (solid
and liquid precipitation are readily detected by 94 GHz radar). CloudSat will pro-
vide new knowledge about clouds and precipitation and the connection of clouds
to the large-scale motions of the atmosphere, offering tests of global climate and
weather forecast models as well as cloud resolving models and related parameteri-
zations. Finally, the AIRS/Advanced Microwave Sounding Unit (AMSU)/Humidity
Sounder for Brasil (HSB) instrument suite observes surfacetemperature, cloud frac-
tion, cloud top pressure and temperature, pro�les of atmospheric temperature and
water vapor, plus a rain �ag. All are directly or indirectly relevant to the hydrolog-
ical cycle. Challenges remain, however, before the AIRS observations reach their
full potential for forecasting precipitation events.

Evaporation: Evaporation from continents and ocean surfaces serves as the crucial
link between the surface water and energy budgets. To date, efforts have aimed to
provide estimates of ocean evaporation from remotely-sensed data of the Special
Sensor Microwave/Imager (SSM/I) measuring near-surface humidity and winds.
However, the veracity and utility of these estimates are limited by the quality of
the retrieved data, the absence of other crucial data (such as near-surface tempera-
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ture), and assumptions regarding the algorithmic formulas. Thus improvements can
be made in two ways, through improved satellite data (such asQuickScat which
could provide improve near-surface winds and Aqua with higher quality humid-
ity retrievals) as well as the advancement of existing algorithms that use not only
current space-based instrument measurements but also adapt to forthcoming satel-
lite retrievals. The feasibility of measuring continentalevaporation via remotely
sensed data (from the SSM/I and the Advanced Very High Resolution Radiometer
(AVHRR)) has been demonstrated. However, most of these pilot studies are limited
in space and time and therefore currently possess no capability to globally esti-
mate continental evaporation. Our only current capabilities for providing global es-
timates of continental evaporation rest upon global land modeling efforts - such as
the Global Soil Wetness Project (GSWP) and the GLDAS. A two-pronged effort is
needed to improve our capabilities to remotely sense evaporation. First, the surface
and near-surface atmospheric quantities which are required as input for algorithms
must be advanced, either by revisiting previous data or by exploiting data from fu-
ture missions. This not only includes data used for algorithmic expressions, but
also in-situ data that can verify the veracity of the remotely sensed measurements.
Equally important is to revisit previous efforts and advance them through further
development of the theoretical framework upon which the retrieval algorithms are
based.

Innovative technology solutions:There are potentially many solutions to the above
challenges, but long-term technological development is needed. Taking the required
resolutions from Table 5.3, we need to convert these into antenna (and related hard-
ware) requirements, and develop a technology strategy withend dates related to
space demonstration. Below three areas are brie�y presented:

� Carpet Sensors:One potential area for innovative technology is the develop-
ment of 'carpet satellites'. Here a 'mat' of 9 to 16, small-scale sensors would �y
in formation-like a sensor mat-resulting in an effective large-scale antenna, not
unlike the 2-D array of the ESA Soil Moisture and Ocean Salinity (SMOS) stick
antenna. Location among the sensors would be done through laser ranging, and
the result would be an effective antenna perhaps a few kilometers in size. Differ-
ent sensors may be on different micro-satellites, with a 'central' satellite having
a more complete set of sensors than on some of the other components. This idea
is perhaps the most innovative (risky) and a multi-decadal effort of Observing
System Simulation Experiments (OSSE) studies and demonstrations would be
required, but it would offer solutions that otherwise may betotally elusive to
Earth observations.

� Technology for GSO observations:Table 5.3 lists measurements at GSO that
are new and dif�cult, such as precipitation or cloud properties. Through OSSEs,
the observational and sensor requirements can be developedso that the techno-
logical challenges can be laid out. If large antennae cannotbe deployed at GSO,
sensor carpets might be an alternative. The spatial-temporal trade-off for precipi-
tation measurements at GSO versus LEO will determine how this technology can
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contribute, although it is often stated that these measurements at GSO cannot be
done, but this must be re-examined continuously.

� Spaceborne lasers:We must continue technology solutions to improve space-
borne lasers. This is critical for a number of science needs,including improved
ranging, altimetry, and measuring chemical constituents,including CO2. For ex-
ample, the development of accurate laser ranging and signalprocessing could
enhance future GRACE-like missions, as well as provide interferometric obser-
vations.

New solutions for old problems:There are a number of yet-unresolved technol-
ogy problems that require additional effort. Lasers have already been cited. Oth-
ers include the development of large-scale antennae, either in�atable or ultra-large,
lightweight mesh antenna to provide improved resolution for low-frequency radiom-
etry. Some years ago there was a test deployment of an in�atable antenna of� 100
m, but any continued work on this important technology does not seem to take place.
Additionally, there has been little progress in developingcheaper, light weight, low
power space radars. There must be a technological solution to this (old) problem as
well. Another mundane, but important area is the development of improved correla-
tors, especially if stick antenna or sensor carpets are implemented.

Advanced radiative transfer methods:Satellite remote sensing requires invert-
ing the radiative transfer equation to retrieve geophysical quantities of interest. In
view of the sensitivity of retrieval products to even small changes in outgoing radi-
ation, the inversion (retrieval) process must be based on the best possible radiative
transfer model(s) that cover all wavelengths from Ultraviolet (UV) to microwave,
discriminate polarizations in incoherent and coherent radiation, and accommodate
both passive and active sensing techniques. To support the development of advanced
satellite retrievals, radiation transfer models must havephysically consistent repre-
sentations of atmospheric composition, cloud ice and waterparticles, hydrometeors
and precipitation, surface roughness, and vegetation or soil properties across the
whole electromagnetic spectrum. Models should specify each component in terms
of physical variables (even if values have to be assumed) instead of empirical re-
lationships, and aggregate detailed scattering and emission parameters on satel-
lite footprint scales. Further advances in fundamental quantum physics and spec-
troscopy may be required to accurately model continuum absorption and emission
of gases.

Radiation transfer codes that fully satisfy these requirements do not currently ex-
ist. The development of more accurate radiation transfer models is the fundamental
underpinning of any major new advance in satellite remote sensing. Therefore, we
call for the development of a new generation of radiation transfer codes for water
cycle remote sensing applications. The radiative transferprocesses for wavelengths
from UV to microwave for irregularly shaped objects and uncommon size distribu-
tions, and in complex inhomogeneous media, such as ice and snow particles and
snow packs, grass and tree leaves and vegetation canopies, and soils, are major dif-
�culties of radiation calculations, and must be investigated in detail.
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Most current retrieval techniques exploit only a few selected wavelengths from
a single satellite instrument, and therefore do not provideeither the best analysis of
the available satellite data nor total physical consistency across data products. New,
faster retrieval techniques (e.g., adjoined model equations or statistical-inverse mod-
els) must be developed, that are general enough to allow the simultaneous retrieval
of a range of geophysical quantities from multiple wavelength, multiple sensor and
multiple platform measurements. Such methods must be basedon rigorous forward
models of the measured radiation. We must develop advanced multi-variate retrieval
methods that can exploit the totality of the spectral information acquired by future
satellite constellations, and eventually analyze data from the whole energy and wa-
ter cycle observing system. The development of more powerful radiative transfer
codes and multi-variate retrieval methods is a prerequisite for acquiring crucial in-
formation for the success of water cycle research.

5.6 Weather: Improving weather information, forecasting,and
warning

Predicting the weather is of utmost importance for many routine human activities
today, ranging for example from agriculture to energy distribution, including trans-
portation of passengers and freight by air and sea routes, and many other activities.
Daily weather prediction also aims at the early prediction of extreme weather events
which can have signi�cant human and �nancial impacts. This is exempli�ed for ex-
ample in the coastal regions of the Gulf of Mexico where population has increased
in the past twenty years and so has the overall population vulnerability to hurricanes.
Issuing weather prediction today requires numerical models which ingest millions
of atmospheric observations every day.

Much time has passed since scarce observations of the weather were made by
passionate individuals with limited instrument technology. Since the 1960s, the
Earth has been observed from space by weather satellites. Observations of the at-
mosphere today have increased to large numbers, increasingtenfold in the last �ve
years and approaching now 107 individual observations per day. This wealth of in-
formation is ingested at �rst and within a few hours after collection into atmospheric
models to issue weather forecasts. As for the observations collected a few years ago,
they are also useful in the framework of reanalysis initiatives that recreate a best es-
timate of the past weather using all available information at the time. This means
that the atmospheric measurements of today serve two purposes: today, the predic-
tion of weather, and, tomorrow, the reconstruction of today's climate via reanalyses.
However, many aspects of our atmosphere such as the global wind �eld and the
water cycle remain poorly observed.

An increasing number of observations of the atmosphere are collected every day.
These observations are useful for weather forecasting and climate monitoring. In
order to be useful to everybody, atmospheric observations would need to be refer-
enced in a consistent reference frame. Weather prediction would bene�t from such
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a consistent reference frame to locate various platforms, the number and the vari-
ety of which is bound to increase. Also, weather prediction lacks good water vapor
observations.

Like many other technology areas, weather observing and data dissemination
systems move toward more distributed systems, rather than centralized systems.
Such distributed observing networks will eventually communicate intelligently with
each other and some of them be located optimally. The timing and location of ob-
servations will be targeted to areas of particular forecasterror sensitivity. Com-
plementing the existing and developing weather space missions, UAV will collect
measurements in the lowermost part of the atmosphere where weather affects the
most human activities and violent events such as tornadoes unleash their destruc-
tive force. UAVs present the advantage of bringing to atmospheric scientists and
meteorologists the power ofin situ observations with an on-demand location and
timing possibility. Furthermore, the easily upgradeable technology onboard UAVs
requires less technological advances than space-compatible solutions at a fraction
of the cost. Finally, the vicinity of the measurements to thephenomena of interest
puts less constraints on optics and detector technology that do not need to reach
the fast integration times required by fast-moving space platforms located several
hundred of kilometers above the Earth atmosphere. However,unlike their satellite
counterparts, UAVs will measure phenomena of very �ne horizontal and vertical
scale (about ten meters) and location errors acceptable today for satellite location
determination will be unacceptable for UAV measurements, should one want to as-
similate the data. With the modernization of the GPS constellation and the addition
of a more precise L2C signal, and the advent of the GALILEO system, positioning
UAVs in real-time with high accuracy in ITRF will become feasible at low cost.

Year-round, manifestations of violent weather remind us that improvements in
forecast accuracy and lead time need to be achieved in order to increase prepared-
ness of affected populations. Among the various basic meteorological observables,
water vapor is both important in regard to the phenomena in which it is involved
(e.g., hurricanes, �ash �oods, etc.) and dif�cult to observe, for it presents a very
high space- and time-variability. Water vapor plays a crucial role in the dynam-
ics and thermodynamics of many atmospheric processes that act over a wide range
of temporal and spatial scales, covering the global hydrological and energy cycles
that effectively de�ne the local and global climate change,contributing largely to
the greenhouse effect, and playing a critical role in the vertical stability of the at-
mosphere and in the structure of the evolution of atmospheric storm systems. The
scarcity of traditional meteorological observations, especially over the Southern
Ocean and Polar Regions, as well as the shortcomings of the traditional methods
over the land, have contributed greatly to uncertainties ina global and regional
weather analysis. Given that we currently do not have the means to observe on a
global scale the sources and sinks of water vapor (evaporation at the surface and
precipitation over land and ocean), observing the water vapor �eld is a another way
of studying the water cycle. This also bears on water resources management. Im-
proving the quality of weather forecasts will require observations of water vapor
with more geographical coverage and higher temporal frequency than what is avail-
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able today fromin situmeasurements or passive infra-red and micro-wave sounders.
GNSS offers a new, more economical, and in principle, real-time method of atmo-
spheric water vapor recovery (see Section 2.9.1). Therefore, GGOS can provide
atmospheric scientists with near-real-time observationsof atmospheric delays en-
countered by GNSS signals. If observed along the vertical, these delays can bring
information on the lower tropospheric water vapor content.If observed between a
GNSS satellite and a receiver in low-Earth orbit, these delays can help gather infor-
mation on the stratospheric mass �eld.

5.7 Ecosystems: Improving the management and protection of
terrestrial, coastal, and marine ecosystems

Management and protection of ecosystems depends on our ability to observe cer-
tain key environmental parameters that control their behavior, and upon which they
depend. All ecosystems are closely linked to the global carbon cycle, and terrestrial
wetlands are particularly important, as they are both highly productive yet vulnera-
ble to land use, and readily monitored remotely.

5.7.1 Measurements of CO2 spatial and temporal distribution to
better understand the Earth's carbon cycle

There is very clear scienti�c evidence that the increasing concentration of green-
house gases is seriously affecting the Earth's climate. Of greatest concern is the
increasing concentration of CO2 which is resulting from human activity such as the
burning fossil fuels and the tropical biomass. Current CO2 mixing ratios in the at-
mosphere are 30% above those at the beginning at the industrial revolution and are
increasing at about 1.5 parts per million per year.

The processes that generate CO2 are relatively well understood; the substantial
sinks that absorb CO2 are not. In order to understand how the CO2 cycle operates
and how we are affecting this cycle over the long term, the nature and location of
these sinks must be understood because this in�uences the spatial and temporal dis-
tribution of CO2 within the atmosphere's boundary layer. Mapping and monitoring
the CO2 distributions, combined with transport models, can be usedto better under-
stand the CO2 cycle and thereby better determine the processes and spatial location
of sinks.

Presently, CO2 is measured within situ sensors near the surface and on towers.
Occasional measurements are made via sampling on research aircraft. Several ac-
tivities are underway to extend the observation of CO2 from the surface of the Earth
and from space. Differential absorption LIDAR techniques are being developed at
Goddard Space Flight Center and other institutions to monitor the vertical pro�le
on and off a CO2 absorption line in the near infrared (see also Section 2.4.5). Initial
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activities are focused on measurements in the boundary layer, but as more powerful
lasers become available this work will be extended to higheraltitudes. This program
is being developed in response to requirements from the North American Carbon
Program to make measurements of CO2 within the boundary layer of 1 pppm vol-
ume (1 ppmv) with a vertical resolution of� 10 meters. The �rst instruments have
been built during the last few years and are being tested.

Laser-based sensing techniques are also being developed atGoddard Space
Flight Center, other NASA centers, and by ESA for measuring CO2 column den-
sities from airborne and eventually from space space The �rst step is to demonstrate
a LIDAR that will measure the CO2 column density from an aircraft. The ultimate
goal is a space based LIDAR sensor that can measure the CO2 mixing ratio to 1
ppmv to provide a continuous synoptic measurement of its spatial distribution in
the lower troposphere. These will measure at all times of dayand continuously over
the ocean. A �ight mission approach is being developed for ananticipated �ight
opportunity in the 2013 - 2016 time frame.

5.7.2 Monitoring wetlands

Flows of water in wetlands, especially in extensive lowlandsystems such as the Pan-
tanal, Amazon, Everglades, Niger inland delta and Okavango, are forced largely by
subtle slopes or differences in head, e.g., mm to a few cm. These slopes are gener-
ated by spatial variations in the inputs and losses of water across the wetlands (Le-
sack & Melack, 1995). Since stage gauging of rivers or lakes very seldom includes
measurements within adjacent wetlands and because of the spatial heterogeneity
of the subtle differences in head within wetlands, it is quite dif�cult to determine
water, solute or particulate �uxes in wetlands. Recent applications of interferomet-
ric synthetic aperture radar have demonstrated the possibility of quantifying the
differences in elevation across extensive wetlands (Alsdorf et al., 2000, 2001b,a).
However, validation of these results and implementation ofhydraulic models within
wetlands requires accurately and precisely measuring the levels of multiple stage
gauges. Current capabilities with high end GPS units permitmaking the required
measurements, in principle, but doing so in large remote systems is quite dif�cult.
Establishing a network of base stations or repeatedly moving and repositioning a
base station is necessary and lengthy recording at each sitefrom a �oating platform
compounds the dif�culty of the process.

5.8 Agriculture: Supporting sustainable agriculture and
combating deserti�cation

Agriculture, including forestry, has had a profound impacton the composition of
soil, land cover, and changes in topography (e.g., Turner IIet al., 1990). Monitoring
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the impact of agriculture and society at large on land cover therefore is of crucial
importance in order to understand the interactions of humanactivities and the en-
vironment. The advent of remote sensing has been a boon for monitoring human
modi�cations of the Earth's land surface so that the impactsof land use on global
systems, including climate, can be better assessed. With remote sensing, continuous
and consistent characterizations of the Earth's land surface became possible. Land-
sat satellite data has especially become the standard for mapping land cover changes
due to human activities. Landsat 1 was launched by NASA in 1972, and measure-
ments continue today with Landsat 7, making it the longest running remote sensing
program. Monitoring the changes in land use and cover causedby deforestation and
agriculture are considered in Sections 5.8.1 and 5.8.2, respectively.

Considering the great impact of agriculture on the environment, ef�ciency in
terms of nutrients and chemicals introduced into the environment is bene�cial.
Based on geodetic techniques, Precision Farming (PF) is developed and increas-
ingly used to reduce the resources required in food production, thus not only keeping
prices for food at a low level but also reducing the environmental impact of farming
(Section 5.8.3).

5.8.1 Monitoring deforestation and logging

Landsat data, with 30 m resolution, is ideal for mapping landcover changes over
large areas. In particular, it has become valuable for monitoring deforestation around
the world. The �rst large-scale deforestation mapping using satellite imagery was
applied to the Brazilian Amazon. More recently, through theNASA Path�nder Hu-
mid Tropical Deforestation project, repeat assessments have been made by various
studies for the Amazon (Tardin & da Cunha, 1990; Skole & Tucker, 1993), and for
much of the tropics (Skole et al., 1994).

However, while Landsat data are valuable for mapping land cover change over
large areas, they have still been too expensive in terms of effort, time, and labor
costs, for mapping land cover change continuously over the entire tropics or the
entire planet. Therefore, several attempts have been made to map deforestation us-
ing a sampling approach. The FAO Remote Sensing Survey (see,e.g., FAO, 2001;
Mayaux et al., 2005) used a 10% sampling of Landsat scenes to map tropical de-
forestation for the 1980s and 1990s. However, FAO's 10% sampling approach has
been deemed insuf�cient to map forest change because deforestation is clustered,
and not randomly distributed (Townshend & Justice, 1995). Some studies have
suggested that complete wall-to-wall mapping is necessary(Townshend & Justice,
1995), while others have suggested that a 10% sample is suf�cient for large-area
estimates. A sampling of Landsat scenes was also used by the recent TREES II
project of the Joint Research Center of the European Commission to map defor-
estation rates for the entire humid tropics (Achard et al., 2002, 2004). However, to
address the concern about the clustered nature of deforestation, they used a strati�ed
random sampling approach, which focused the samples withina priori delineated
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deforestation hotspots in the humid tropics. Another approach to map deforestation
over large areas has used the coarse-resolution AVHRR Path�nder data (about 8 km
resolution) over the 1982-1999 period (Hansen & DeFries, 2004), calibrated to re-
gions with known estimates of deforestation mapped using higher-resolution remote
sensing. Both the TREES II and AVHRR studies indicated that deforestation rates
were much lower than reported in the Forest Resources Assessment of Food and
Agriculture Organization (FAO) (Hansen & DeFries, 2004).

Two other recent studies using remote sensing to examine deforestation dynam-
ics are worth mentioning. While Landsat data have been used to map large-scale
deforestation around the world, good estimates of selective logging have not been
available. Asner et al. (2005, 2006) developed a method to estimate selective log-
ging over the Amazon Basin using Landsat data, and found thatforest area damage
from selective logging matched or exceeded reported rates of deforestation. This
has been a remarkable advance in our ability to use remote sensing data to map �ne-
scale patterns of land use practices such as logging. In another recent study, Pongratz
et al. (2006) examined the dynamics of land cover change following deforestation in
Mato Grosso, Brazil. Mato Grosso state has seen enormous expansion of soybeans
in recent years, and it has been debated whether the soybean expansion has occurred
on abandoned pasture land, or whether it is resulting in new deforestation. Pongratz
et al. (2006) estimated that total conversion of forest to cropland exceeded 540,000
ha over the 2001-2004 period, peaking at 23% of the total deforestation in 2003.

5.8.2 Agricultural land cover and land use

Mapping agricultural land cover and land use over large areas has proved surpris-
ingly more challenging. Global satellite data such as the 1 km AVHRR data or
the more recent 250 m-1 km MODIS data have been used to derive global land
cover maps (e.g., IGBP DISCover product (Loveland et al., 2000), University of
Maryland land-cover maps (Hansen et al., 2000), or Boston University land cover),
but have paid scant attention to detailed characterizationof the world's agricultural
lands (McCabe & Wood, 2006). While deforestation registersa clear signal in global
satellite data, it has been dif�cult to characterize the heterogeneous agricultural land
use practices around the world. While large-scale mechanized intensive agriculture
in regions such as Iowa and Kansas are clearly visible from satellites, it is more
dif�cult to characterize the heterogeneous landscapes in places like West Africa
(Ramankutty, 2004).

5.8.3 Precision farming

There is a trend to PF, which in common with many engineering activities (see Sec-
tion 4.3.3) requires precise geopositioning of farm machinery, and reliable spatial
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information (e.g., maps of the property, terrain, soil type, growing patterns, etc.).
Farmers in Europe, North America and Australia are adoptingPF practices very
rapidly. Bene�ts of PF include sustainable farming practices, 24 hour-operations,
increased automation, which all together result into reduced environmental impact
of farming and contribute to lower food prices.

A particularly challenging form of PF is Control track farming (CTF). Currently,
GNSS-RTK is used to guide the farm machinery during all stages of the grain grow-
ing cycle, so that the wheels of the machinery always travel along the same “ruts”
of compacted soil. This leads to less breakup of the soil, decreases soil erosion, and
makes possible innovative practices such as growing a second crop interlaced with
the main grain crop. The ability of the farmer to guide his/her machinery along the
same ruts, over and over again, is possible because the GNSS datum can be de�ned
to the centimeter level. However, currently PF and CTF depend on the availability
of local augmentation system providing the accuracy at the few centimeter level.
Improved real-time access to ITRF and compatibility of databases with this ref-
erence frame would support these applications globally without local expertise in
establishing and maintaining augmentation systems.

Forestry practices also bene�t from geodetic innovations such as directly georef-
erenced airborne laser scanners. These instruments known as LIDAR, can determine
the DEM and DSM, as well as scan understorey, etc. In effect the difference between
the two surfaces can be used to estimate biomass, and help forest management prac-
tices, such as when to harvest, where tree growth is sub-optimal, etc.

The increased availability of GNSS and improved access to ITRF also provides
the means to change livestock practices. Examples could be livestock equipped with
GNSS sensors, which would make them trackable. Particularly in open ranching, the
combination of such sensor on free ranging livestock with spatial information could
also be used for warning systems indicating animals approaching roads through
open ranching country.



Chapter 6
Geodesy: Foundation for exploring the planets,
the solar system and beyond
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Martin-Mur, J. Oberst, J. G. Williams, X. Wu

The utility of a Global Geodetic Observing System is not limited to our home planet,
but also extends to scienti�c studies of the planets and their moons (including our
own Moon), observations beyond the solar system, and the exploration of space in
general. Examples of the �rst two of these include PlanetaryGeodesy and Radio
Science, where the GGOS infrastructure is a requirement formaking and interpret-
ing measurements for these sciences; we include a section oneach.

The exploration of space in general involves spacecraft in Earth orbit and beyond.
Tracking these spacecraft from Earth depends critically onthe GGOS infrastructure.
In the section on inter-planetary navigation we describe the current and future re-
quirements of GGOS for this application.

6.1 Planetary geodesy

The most accurate estimates of the time-dependent orientation of the planets and
their satellites are based on radio-frequency range and Doppler measurements be-
tween spacecraft in orbit or landed on those bodies and Earthtracking stations.
Planetary geodesy provides invaluable information about the distribution and state
of the matter of which they are comprised. Future measurements are expected to
help in determining whether liquid water exists under the surface of bodies such as
Europa. Rotation variations also provide means to measure the interaction between
the planetary surface and the atmosphere. The most accurateplanetary orientation
measurements are for Mars, where the large number of past andpresent landers and
orbiters provides a large data set.

The accuracy of the determination of the Mars orientation isapproaching that
of the Earth not very long ago. The accuracy is expected to improve over the next
decade with a new generation of landers with improved radio capabilities.

The reference frame for planetary geodesy is established bymeasurement of the
Earth's orientation. Thus maintaining and even increasingthe accuracy of knowl-
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edge of the orientation of the Earth is needed to improve our understanding of the
other bodies in the solar system.

In the following sections, we �rst discuss the relevance of geodetic quantities to
rotation and interior properties of the planets. Sections 6.1.2 to 6.1.4 illustrate the
challenges in planetary geodesy using examples of Mars, theMoon, and Europa. Fi-
nally, Section 6.1.5 discusses future geodetic infrastructure on or near to the planets
and their satellites.

6.1.1 Planetary rotation and interior properties

The principle of using rotation parameters, as discussed inSection 3.11 for obtain-
ing information on the interior properties of Earth, may be applied to other terrestrial
planets. Similarly, the interiors of other terrestrial planets will affect their nutations
and wobbles. Librations are also in�uenced by interior properties, and as such, ob-
servations of librations will lead to further knowledge on the interior of slowly ro-
tating planets such as Mercury.

Precession and nutation are induced by the tidal gravitational torque on an oblate
planet; this is the case for Mars and for the Earth. This motion is very helpful for
studying the deep interior of Mars, mainly because it is different for a planet with a
solid core than for a planet with a liquid core. The dimensionof the core (or equiv-
alently the core moment of inertia) can also be determined from these observations.
Figure 6.1 shows the relative in�uence of the dimension of the core on the nutation
transfer function of Mars.

Similarly for the planet Mercury in a spin-orbit resonance 3:2, librations of am-
plitude 500 m are expected if the core is liquid and half as much if the core is solid.
The dimension of the core also in�uence these values. Generally speaking the global
parameters such as the mass, the moment of inertia, the rotation, the orientation and
their changes may be used to better constrain the interior properties of terrestrial
planets.

Length-of-day variations are deviations from the uniform rotation speed of a
planet. They are mostly related to geophysical �uids (core,ocean, atmosphere,
hydrosphere, etc.) in the system, if they exist. For Mars theseasonal condensa-
tion/sublimation of the icecaps induce polar motion as wellas large changes in the
length-of-day at the seasonal periods. This is easy to understand from the moment
of inertia changes induced by the mass repartition and from angular momentum
conservation between the solid part of the planet and the �uid surrounding it. The
seasonal length-of-day changes correspond to a change withrespect to the uniform
rotation at the level of 15 meters at the equator, which can becomputed from general
circulation models and constraints from the observations.

In parallel, information on planetary interiors can also beobtained from mea-
surements of global parameters from the gravity �eld. The determination in parallel
of Love numbers representing the tidal effects are also important global parameters
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that can be used to determine the internal structures of the terrestrial planets and
their satellites in the solar system.

Fig. 6.1. Resonance induced when different dimensions of the core are considered.
The vertical lines show where nutation could be observed.

6.1.2 Example: Mars

The only observations of Mars which provide insight into itsinterior structure are
based on geodesy. (Other clues to the interior structure areprovided by meteorites
found on Earth which originated on Mars, though these may be more indicative of
the surface than of the interior.) A series of spacecraft, from the Viking orbiters in
the 1970's to the current Mars Reconnaissance Orbiter and Mars Express space-
craft have provided increasingly accurate determinationsof the Martian gravity
�eld (Smith et al., 1998; Konopliv et al., 2006). The martianprecession constant
was originally determined by measurements of the Viking landers and the Mars
Path�nder lander radio signals (Folkner et al., 1997). The combination of the preces-
sion constant and the low-order gravity �eld determine the polar moment of inertia,
which gives the �rst indication of the size and mass of the martian core. The more
recent gravity �eld determinations are increasingly sensitive to the martian orienta-
tion and can provide estimates of the precession constant with accuracy comparable
to the Viking and Path�nder landers (Konopliv et al., 2006).

The martian gravity �eld is also sensitive to the distortionof the planet as its
distance from the sun varies due to Mars' eccentric orbit. Estimates of the tidal
deformation Love numberk2 suggest that the core is liquid rather than solid (Yoder
et al., 2003; Konopliv et al., 2006). Comparison of the gravity �eld to topography al-



200 Zumberge et al.

lows estimation of the crustal thickness and possible explanation for the dichotomy
between the southern lowlands and the northern highlands (e.g., Smrekar et al.,
2004).

The martian rotation rate varies due to seasonal evaporation and condensation of
the polar CO2 icecaps. The lander and orbiter radio measurements provideestimates
of the variation in the distribution of the mass of the icecaps, providing insight into
the climate and formation of polar layered deposits.

Future landers with improved radio instrumentation are expected to improve the
accuracy of the martian precession constant by a factor of ten or more, and also
be accurate enough to measure nutation and polar motion withsuf�cient accuracy
to determine the size, density, and state of the martian core. These will comple-
ment expected seismometry to provide a much more thorough understanding of the
structure and formation of Mars. The future martian geodesymeasurements will
approach milli-arcsecond accuracy, comparable to the current accuracy of Earth ori-
entation measurements. Continued monitoring of Earth orientation to at least this
accuracy will be required to accurately interpret the martian measurements.

6.1.3 Example: Earth's Moon

Missions to the Moon include orbiters, impactors, landers and surface rovers. There
have also been �ybys of spacecraft heading for other destinations. Orbiting missions
may have experiments to image the surface at different wavelengths and also to mea-
sure surface topography by altimetry, gravity �eld by spacecraft tracking, magnetic
�eld, remote sensing of surface composition, and near Moon particles and �elds.
Landers can deliver instruments (�xed or roving) and astronauts to the surface for
exploration. The future LCROSS experiment will impact the Moon throwing up ma-
terial to be analyzed. Also in the future, there will be a needto follow the movements
of rovers and astronauts on the lunar surface.

Orbiting, landing, roving and impacting missions must knowhow the position of
the spacecraft changes with time. Orbiters need the direction and distance to surface
targets under study. Tracking of the highest accuracy is needed for gravity �eld
determination. For an impactor, the location and time of impact are needed. Landers
need to arrive at their intended destination.

The use of tracking data for navigation of spacecraft requires Earth orientation
information. For operations and maneuvers this information must be extrapolated
forward from recent accurate measurements, so quick analysis is important. The �t-
ting of tracking data for determining the gravity �eld can take advantage of the more
accurate past Earth orientation parameters available fromanalyzing measurements
after the tracking data is taken.

Radio range and Doppler as well as laser ranging techniques have been used for
tracking at the lunar surface. LLR requires no power source on the Moon which has
allowed ranges to be acquired for more than three decades. LLR data analysis has
contributed to lunar science, gravitational physics, ephemerides, and Earth science.
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LLR is both a contributor to and a user of Earth orientation information. The laser
range accuracy is presently making a transition from centimeter to millimeter levels.
With current renewed interest in lunar exploration, studies on future lunar geodesy
experiments are currently under way involving active lasers on the lunar surface
pointed at Earth. Current lunar ranging requires sophisticated ground equipment and
is carried out by few Earth stations only. On the other hand, signals from strong (50
mJ) lasers on the Moon could be within the sensitivity of all stations in the global
SLR network. Such a laser station should be combined with a co-located small radio
transmitter, which would be observable to VLBI stations andwhich would enable
us to �rmly tie lunar coordinates to the celestial referenceframe of radio sources.
Earth orientation parameters of comparable accuracy are needed.

6.1.4 Example: Europa

A proposed Europa orbiter to detect a possible underground liquid water ocean re-
mains a high science priority for the planetary science community and ESA/NASA
(Wu et al., 2001). The primary scienti�c goal of a systematicgeodetic and geophys-
ical experiment is to measure tidal gravity, displacementsand libration on Europa to
determine the existence and dimensions of the ocean and other interior structures.
Doppler tracking from Deep Space Network (DSN) stations is essential to achieve
these measurement objectives by determining the Love number k2 and libration am-
plitude through orbit dynamics, and by providing accurate orbital positions for sur-
face geodetic measurements from altimeter or InSAR instruments. To assess effects
of uncertainties in geocentric positions of DSN stations, tropospheric delay, and
EOP, orbit determination simulations were carried out and covariance analyses for
a proposed nominal Europa orbiter were considered. Even with conservative uncer-
tainties in these ground geodetic parameters, their effects on dynamic parameters
such ask2 and libration are negligible compared with their achievable accuracies.
The effects on orbital positions are generally at the level of several centimeters along
the unfavorable (along- and cross-track) directions. Thislevel of uncertainty is fairly
small compared with the anticipated peak tidal displacement amplitude of 30 m with
the liquid ocean. Current levels of accuracies in geocentric DSN station coordinates,
polar motion and UT1 are also adequate for the planned ESA BepiColombo mission
to Mercury with very precise multi-frequency (including Kaband) tracking from the
DSN sites equipped with water vapor radiometers for tests ofgeneral relativity and
the internal structures.

6.1.5 Planetary mapping

Thanks to the radio experiments on the US Mars Path�nder and to the radio and laser
ranging experiments Mars Orbiting Laser Altimeter (MOLA) on the Mars Global
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Surveyor spacecraft, Mars possesses a well-de�ned coordinate system. MOLA has
mapped the planet at high accuracy and with globally consistent quality within this
coordinate system. Consequently, morphologic features anywhere on the surface
of Mars can be located within the Mars coordinate system to within 100 m. The
High Resolution Stereo Camera (HRSC), a camera on the Mars Express mission,
dedicated to accurate topographic mapping, is currently re�ning the resolution of
these maps.

For the Moon, in spite of the fact that it is closer to Earth than Mars, the currently
available mapping control is less accurate. The Apollo Laser retrore�ectors provide
excellent control points and practically de�ne the coordinate system of the Moon.
Hence, coordinates of features near the Apollo sites (wherethe Apollo spacecraft in
their near-equatorial orbits provided image coverage at high resolution) are well es-
tablished. Unfortunately, geodetic control rapidly decreases towards higher latitudes
and towards the Lunar farside. Coordinate uncertainties may amount to several kilo-
meters. Such “map-tie” errors are annoying to spacecraft engineers who would like
to target a spacecraft to a speci�c surface location seen in images. The situation is
expected to improve with release of data from the Japanese Kaguya (SELENE) mis-
sion or the US Lunar Reconnaissance Orbiter (scheduled for launch in 2009), which
are both equipped with laser altimeters and sophisticated camera systems.

6.2 Radio science and interferometry

Radio science with tracking data:Radio science encompasses a wide range of
techniques, with a correspondingly diverse set of geodesy requirements. Studies of
planetary atmospheres, rings, and the interplanetary medium through occultation
and scattering measurements do not often depend on extremely accurate Earth ori-
entation or antenna location knowledge; however, the studyof local gravitational
�elds through accurate spacecraft orbit determination does require a very good ter-
restrial reference frame. Errors in UT1, polar motion, or antenna positions translate
directly into errors in the angular position of a spacecraft.

State-of-the-art radio science observations rely on ground system performance
that often exceeds the formal requirements. The geodetic aspect of this is after-the-
fact knowledge of UT1 and pole offsets to 0.5 cm, and antenna positions to 1 cm.
The current (2005) requirements are 5 cm for after-the-factEarth orientation and 3
cm for antenna positions.

Imaging Very-Long-Baseline Interferometry: VLBI imaging of radio sources
generally relies on self-calibration to remove the effectsof antenna-dependent er-
rors. This technique can dramatically improve the dynamic range and �delity of ra-
dio images, but absolute position information is lost. Consequently, VLBI imaging
is relatively immune to errors in antenna positions or Earthorientation. Require-
ments on the terrestrial geodetic system imposed by other uses will be more than
adequate for high-resolution radio source imaging.
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Astrometric Very-Long-Baseline Interferometry: Precise position measurements
of radio sources are directly dependent on the accuracy of the terrestrial geodetic
system. For narrow-angle differential (phase-referenced) astrometry most terrestrial
error sources are reduced by the angular separation of the radio sources in radi-
ans. For wide-angle (absolute) astrometry, there is no reduction in terrestrial error
sources. Wide-angle astrometric measurements are the basis of the celestial refer-
ence frame.

The best current wide-angle VLBI position measurement accuracies are� 1 nrad.
This implies knowledge of UT1 and polar motion to 0.5-1.0 cm,exceeding the cur-
rent Earth orientation requirement by up to an order of magnitude. The requirement
on antenna positions is less straightforward because the effect of a baseline error on
a position measurement depends on the relative orientationof the baseline and the
line of sight to the radio source. Knowledge of antenna positions to 2 cm would be
adequate, with a long-term goal of 1 cm.

Earth-space interferometry: The use of baselines between ground antennas and
antennas on Earth-orbiting spacecraft (e.g., the JapaneseVSOP and VSOP-2 mis-
sions) requires an accurate spacecraft orbit as well as geodetic parameters. Normally
errors in orbit determination exceed those of the global geodetic system. Conse-
quently this type of observation does not impose any new or more stringent require-
ments on geodetic parameters.

6.3 Interplanetary navigation

Geodesists and students of Geodesy do not always realize thecritical role that
geodesy plays in the exploration of worlds beyond our own. Although this appli-
cation is often overlooked, national space agencies must provide geodesy-related
“calibrations” to support their lunar and planetary missions. These calibrations are
necessary to chart the course of spacecraft en route to otherbodies in the Solar Sys-
tem. The radio link from spacecraft to Earth not only serves for communications but
also provides tracking observables that are the primary source of data about space-
craft position and velocity for most missions. While spacecraft move in a celestial
reference frame, observers on Earth have positions known ina terrestrial reference
frame. De�nitions of reference frames, catalogs of objects, relations between ref-
erence frames, and modeling of radio signal propagation delays are all important
aspects of spacecraft navigation.

6.3.1 Current and future tracking data types

Thornton & Border (2000) give an excellent treatise on radiometric tracking tech-
niques for deep-space navigation. Consider their equation3.2-1 to illustrate the im-



204 Zumberge et al.

portance of geodetic quantities:

�r (t) = �r(t) + werscosd sin(wet + f + l s � a ): (6.1)

Here r is the range from a tracking station to a distant spacecraft and �r its time
derivative. On the right-hand side �r is the geocentric range rate,we the Earth's rota-
tion rate,rs the distance of the tracking station from the axis of rotation of the Earth,
l s the longitude of the tracking station,a the right ascension of the spacecraft, and
d its declination. Ift is in universal time thenf is the instantaneous right ascension
of the mean Sun. The radiometric observables transmitted from a spacecraft and
received by an antenna on Earth are modeled with this equation or some variant,
making it immediately clear that knowledge of station locations and Earth orien-
tation are critical in using Doppler (the ratio of received frequency to transmitted
frequency is 1� �r =c), for example, to determine spacecraft coordinates.

As an example, the time-of-day component of Earth orientation is UT1� Rewet
(in dimensions of length;Re � 6378 km is the Earth equatorial radius). Thus a 10-
cm error in UT1 corresponds to an error in spacecraft right ascension of about 10
cm/6378 km� 16 nrad. For a spacecraft approaching Mars, assuming an Earth-to-
Mars distance near its minimum of� 80 million km, this translates to about 1.3 km.
Details on the sensitivity of deep-space navigation to EOP errors can be found in
Estefan & Folkner (1995), while the determination of station locations of NASA's
deep-space tracking stations is described in Folkner (1996).

In addition to Doppler measurements, range and interferometric observables are
also used for navigation. Range measurements are based on the round-trip light
time for a code uplinked from a tracking station, transponded by a spacecraft, and
received back at a tracking station. Normally the same station is used for the up-
link and downlink functions, though this isn't strictly necessary given good clock
synchronization. Interferometric observables are based on the difference in arrival
time for a spacecraft signal that is received at two separatestations. Observations of
natural radio sources are usually included as part of an interferometric measurement
session in order to calibrate the instrument, and this data type is referred to as Delta-
VLBI. While Doppler and range provide line-of-sight determinations of spacecraft
state, Delta-VLBI determines spacecraft position and velocity on the plane-of-sky.
The different data types have differing sensitivities to geodetic parameters, but they
share one thing in common: the precision of the radio link at the microwave fre-
quencies of the Space Research bands is quite high. Given adequate signal-to-noise
ratios, Doppler observables provide precision of 0.01 mm/sec, range precision is 10
cm, and VLBI precision is 1 cm. Any unmodeled effects in the propagation equa-
tion at this level or worse will affect interpretation of thedata. Transition to higher
frequencies, driven by the need for more communications bandwidth, will result
in even better metric observable precision and hence interest in improved geodetic
calibrations.

Spacecraft equations of motion are integrated in a celestial reference frame. To-
day, the celestial reference frame is de�ned by the positions of quasars in the ICRF
as described by Ma et al. (1998). The origin of right ascension is a certain lin-
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ear combination of catalog coordinates. The Earth's equator and the equinox of the
Earth's orbit are measured quantities in this frame. Planetary ephemerides, based
largely on radar range measurements of the planets, and range and interferometric
measurements of spacecraft landed or in orbit about planets, are constrained to be
consistent with the ICRF. By the same token, accurate geodetic models are needed
to interpret measurements of planetary positions. Sourcesfrom the ICRF catalog
are used for Delta-VLBI observations. Enhancements to the catalog, including den-
si�cation and re�nement of the coordinates of individual sources, would directly
bene�t the Delta-VLBI technique.

Table 6.1. Current and future requirements for radiometric observables, geodetic co-
ordinates and related calibration parameters. The future columns are speculative, and
will ultimately depend on speci�c mission requirements.

Tracking Error Source units current 2005 reqt 2010 reqt 2020reqt 2030 reqt
(1 sigma Accuracy) capability

Doppler/random (60s) mm/s 0.03 0.05 0.03 0.03 0.02
Doppler/systematic (60s) mm/s 0.001 0.05 0.003 0.003 0.002
Range/random m 0.3 0.8 0.5 0.3 0.1
Range/systematic m 1.1 0.6 2 2 1
Delta-VLBI nrad 2.5 5 2 1 0.5
Troposphere zenith delay cm 0.8 1 0.5 0.5 0.3
Ionosphere TECU 5 5 5 3 2
Earth orientation (real-time) cm 7 30 5 3 2
Earth orientation (after update) cm 5 5 3 2 0.5
Station locations (geocentric) cm 3 3 2 2 1
Quasar coordinates nrad 1 1 1 1 0.5
Mars ephemeris nrad 2 - 3 2 1

Tracking stations have coordinates given in the ITRF. Tracking networks used
for deep-space applications tend to have just a few stationsat a few widely sepa-
rated sites. Building a global reference frame to include these stations has greatly
bene�ted from ties and modeling consistency between stations employing different
techniques including VLBI, GPS, DORIS, SLR, and LLR. With spacecraft data arcs
spanning days to years, and measurement precision at the cm level, it is important
to model effects including plate motion, solid Earth tide, pole tide, and loading from
ocean, atmosphere, hydrology, and ice.

Space agencies understand the importance of determining the state of the Earth
platform and are active contributors to cooperative efforts to improve the knowledge
of reference frames and the interrelation between the terrestrial and celestial refer-
ence frames. Data reduction employs transformations between reference frames and
models for precession, nutation, and EOP. Rapid delivery ofcurrent estimates of the
parameters that are more dif�cult to predict, especially UT1, is necessary to support
targeting for an encounter.

Calibration of media delays is also important to the interpretation of radiometric
observations. Data from GPS receivers co-located with tracking antennas, and data
from receivers at surrounding locales, are used to develop calibrations for zenith
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troposphere delay and for line-of-sight ionospheric delay. Even though GPS data
may be very precise, the modeling used to transform GPS measurements to the
spacecraft line-of-sight introduces errors at the level ofprecision of the spacecraft
tracking data or worse. The availability of additional satellites and receivers, with
more geometric coverage, could lead to useful improvementsin media calibrations.

Spacecraftin situ measurements are required in some scenarios, such as landing
on an asteroid with a poorly known ephemeris, and may be ef�cient for use in other
scenarios, such as relative navigation between networks oflanded and orbiting as-
sets at another body. But Earth-based observations are likely to remain an important
input to the navigation process for at least some phases of most missions. Details
of measurement techniques may change. Large arrays may be used for spacecraft
communications, enabling more powerful interferometric techniques. Higher fre-
quencies and eventually optical links may be used. But in allcases geodesy-related
calibrations are needed for interpretation of Earth-basedmeasurements.

6.3.2 Interplanetary trajectory determination

Many future interplanetary missions will require higher navigational accuracy than
that needed by past and current missions. Some future mission scenarios, such as
pinpoint landing, will require very precise delivery to either an atmospheric inter-
face, or to the surface for bodies without atmosphere. The main navigational track-
ing methods can be split into ground-based methods, such as range, Doppler and
VLBI, and spacecraft-based methods, such as optical navigation and spacecraft-to-
spacecraft tracking. Ground-based tracking methods are used, at least for some part
of the missions, by all missions, and most times ground-based and spacecraft-based
methods complement each other more than replace each other.All of the ground-
based tracking methods rely on the precise knowledge of the position of the Earth
station in the celestial frame that is used for trajectory integration. This requires
precise knowledge of the position of the station in the terrestrial reference frame,
including tidal effects and plate motion, and precise transformations between the
terrestrial and the celestial reference frame, including up-to-date knowledge of po-
lar motion and Earth rotation (UT1), as well as accurate models for nutation and
precession. Also very important for spacecraft navigationis the determination of
the ephemeris of the natural bodies that the spacecraft target to, and the determi-
nation of the position of celestial sources used for VLBI andoptical navigation.
These ephemerides and positions are mostly derived from data from ground obser-
vatories, and the same kind of precise geodetic data is needed in order to reduce the
observations to estimate the location of the celestial bodies.
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6.3.3 Current and future requirements of GGOS for interplanetary
navigation

Indicated in Table 6.1 are ESA's and NASA's current and anticipated deep-space
mission requirements for Earth orientation, station coordinates, and related calibra-
tion parameters (Martin-Mur et al., 2006). The EOP components PMx, PMy, UT1
change from day to day, depending primarily on atmospheric effects. The tightening
requirements shown in the table would likely require near-real time VLBI measure-
ments of UT1.

The future columns in Table 6.1 are speculative, and will depend on speci�c mis-
sion requirements. Martin-Mur et al. (2006) indicate that there will be an “Increased
need for higher accuracy in guidance, navigation, and control, in order to perform
pinpoint landing, and to take advantage of higher resolution instruments.” An ex-
ample of a demanding future requirement could come from a Mars sample return
mission or a manned mission to Mars.

To achieve a pinpoint landing, very high accuracy would be needed to deliver a
spacecraft to the atmospheric interface. Given this, the requirements on the com-
plexity of the guidance system to lower the spacecraft through the atmosphere to
the desired landing location could be kept to a minimum. Improvements would be
needed in several areas, as indicated in Table 6.1, to substantially improve overall
navigation performance. In addition to improvements in measurement precision and
geodetic and Earth orientation models, there would also have to be reductions in
errors due to transmission media, improvement in celestialreference frame models,
and an improved ephemeris for Mars.





Chapter 7
Integrated scientific and societal user
requirements and functional speci�cations for
the GGOS

R. Gross, G. Beutler, H.-P. Plag

7.1 Introduction

As discussed in the previous chapters, the terrestrial reference frame is the founda-
tion for virtually all space-based and ground-based Earth observations. Through its
tie to the celestial reference frame by the time-dependent Earth rotation parameters
it is also fundamentally important for interplanetary spacecraft tracking and nav-
igation. Providing an accurate, stable, homogeneous, and maintainable terrestrial
reference frame, celestial reference frame, and the Earth rotation parameters linking
them together is one of the essential goals of GGOS.

In recent decades, the geodetic techniques also contributeto the database of Earth
observations in particular related to mass transport, dynamics, and ionosphere and
troposphere parameters. Observations of changes in the Earth's geometry (solid
Earth surface, sea surface, lake surfaces, and ice surfaces) are an important con-
tribution to the Earth observation database serving a wide range of applications.

In this chapter, the requirements of the diverse set of scienti�c and societal users
concerning the terrestrial and celestial reference frames, the associated Earth ro-
tation parameters, and the complementary gravity measurements are �rst summa-
rized. Subsequently, the requirements in terms of a number of quantities observed
by geodetic techniques or determined in geodetic analysis are compiled. The tasks,
products, and speci�cations of the GGOS that are needed in order to meet the most
demanding requirements of the users are then presented.

209
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7.2 Summary of user requirements

7.2.1 Societal applications

Most societal applications are concerned with determiningthe position of some ob-
ject, whether it be the �xed position of survey markers on theground, buildings,
bridges, dams, and oil platforms or the mobile position of cell phones, farm equip-
ment, automobiles, trucks, trains, airplanes, and ships. While most users may not
be aware of it, geodesy and GGOS play a fundamental role in societal applications
by providing the infrastructure, including the underlyingterrestrial reference frame,
that enables the position of the object to be determined. Theposition of the ob-
ject is determined within some underlying reference frame and the accuracy of the
position determination will ultimately depend on the accuracy of that frame. As a
general rule-of-thumb, the reference frame should be an order of magnitude more
accurate than the required accuracy of the position determination. Moreover, the ac-
curacy of the position depends on the latency with which the position is required.
Positions determined in near-real time will in general be less accurate than those
determined with longer measuring and processing time. Thus, the mode in which
access to positions in the reference frame are determined iscrucial for the achiev-
able accuracy.

GNSS is increasingly being used to determine the vertical position of objects.
Since GNSS determines the height of the object above the ellipsoid, an accurate
geoid is required in order to convert the ellipsoidal heightto a geopotential-related
height above the geoid (often equated to the “mean sea level”). For the most part,
societal users do not need accurate Earth rotation parameters except to the extent
that they are needed when determining positions with GNSS. However, for highly
accurate positions, the requirements in terms of Earth rotation are rather demanding.

Geodesy and GGOS also provide the infrastructure that allows different spatial
information, such as imagery from different space and airborne platforms, to be
georeferenced and aligned with each other. The importance of accurately georefer-
encing spatial information is being recognized by many national governments (see
Section 4.1).

An important aspect of georeferencing is the use of a global reference frame to
allow spatial information to be converted into a common system that is consistent
for all users. Global aviation, marine traf�c, and cross-boundary land traf�c are
examples bene�ting from compatible spatial databases.

7.2.2 Earth observations

Recognizing the need for coordinated and comprehensive monitoring of the Earth
and its interacting systems to support sustainable development, the intergovernmen-
tal GEO was formed with the task of implementing a GEOSS (see Section 5.1). All
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of the nine SBAs of GEO (see Table 5.1 on page 155) require an accurate, stable, and
homogeneous terrestrial reference frame as the foundationfor the observations, and
they rely on geodetic measurements to provide accurate trajectories of the aircraft
and satellite platforms housing their instruments. In addition, the disaster, climate,
water, and weather SBAs depend directly on geodetic measurement techniques to
provide some of their observations. The requirements in terms of geodetic quanti-
ties for the nine SBAs as extracted from GEO (2005b) are givenin Table 5.2 on
page 156.

7.2.3 Natural hazards

Mitigating the impact on human life and property of natural hazards such as earth-
quakes, volcanic eruptions, debris �ows, landslides, landsubsidence, sea level
change, tsunamis, �oods, storm surges, hurricanes and extreme weather is an im-
portant scienti�c task to which GGOS can make fundamental contributions. GNSS
and InSAR can be used to monitor the pre-eruptive deformation of volcanoes and the
preseismic deformation of earthquake fault zones, aiding in the issuance of volcanic
eruption and earthquake warnings. GNSS can also be used to rapidly estimate earth-
quake fault motion, aiding in the modeling of tsunami genesis and the issuance of
tsunami warnings. Gravity measurements can be used to trackmass motion within
volcanic conduits. Gravity and altimetric measurements can be used to track �ood-
waters in river basins. Altimetric and tide gauge measurements can be used to mon-
itor sea level change. Essential to all such measurements isthe underlying terrestrial
reference frame in which the measurements are made.

In 1990, 23% of the world's population lived both less than 100 km from the coast
and less than 100 meters above sea level. Nearly a fourth of the world's population
is therefore vulnerable to the effects of a rising sea level combined with expected
changes in extreme events. Although the long-term average rate of sea level rise
is only a few mm/yr, mitigation and adaptation efforts need to be planned well in
advance in order to be prepared for rare extreme events. But great demands are
placed on GGOS because the sea level rise signal is so small. For example, the
terrestrial reference frame, which should be at least an order of magnitude more
accurate than the amplitude of the signal being measured, needs to be accurate and
stable to within about 0.1 mm/yr to support studies of sea level change (e.g., Plag,
2006a; Blewitt et al., 2006a). This makes sea level change studies one of the most
demanding users of GGOS.

7.2.4 Earth science

The solid Earth is surrounded by a �uid, mobile atmosphere and oceans and upon its
land surface lies a continually changing distribution of ice, snow, and ground water.
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The mantle is both thermally convecting and rebounding fromthe glacial loading
of the last ice age, and the �uid core is undergoing some type of hydromagnetic
motion to generate the Earth's magnetic �eld. The changing distribution of mass
associated with the migration of the sur�cial �uids and the motion of the mantle
and core changes the Earth's gravitational �eld, changes the Earth's rotation by
changing its inertia tensor, and changes the Earth's shape by changing the load on
the solid Earth. GGOS measurements of the Earth's changing gravity, rotation, and
shape can therefore be used to study these and other dynamical Earth processes. In
general, the science requirements translate into the best possible accuracy for the
observations, which will then foster the best scienti�c advance in these studies.

7.2.5 Lunar and planetary science

Estimates of the shape, gravity, and rotation of the planetsand other celestial bodies
is obtained by accurately tracking spacecraft that are in orbit about or have landed
on those bodies. Spacecraft tracking measurements are based upon radio range and
Doppler measurements taken between the spacecraft and the Earth-based tracking
stations. Errors in the positions of the tracking stations,including errors in Earth ori-
entation, translate directly into errors in the angular position of the spacecraft and
hence in the derived estimates of the shape, gravity, and rotation of the body. In ad-
dition, laser ranging has been used to track retrore�ectorson the lunar surface. The
accuracy of the laser ranges is currently improving from centimeter to millimeter
levels. Making full use of this improving accuracy requiresknowledge at the same
millimeter level of the position of the laser tracking stations on Earth and of the
Earth orientation parameters.

The interior structure of the planets and other celestial bodies can be inferred
from the estimates of their shape, gravity, and rotation that have been determined
from spacecraft tracking measurements. For example, the size and mass of the Mar-
tian core was �rst derived from estimates of Martian gravityand precession obtained
from spacecraft tracking measurements. Estimates of the tidal deformation of Mars
derived from determinations of Martian gravity suggest that its core is liquid rather
than solid. The thickness of the Martian crust can be estimated by comparing the
topography of Mars to its gravity �eld. The presence of an underground ocean of
liquid water on Jupiter's moon Europa could be detected by tidal gravity, deforma-
tion, and libration estimates obtained from tracking measurements of a spacecraft
orbiting Europa. All such inferences of the interior structure of the planets and other
celestial bodies rely on the fundamental spacecraft tracking measurements, the ac-
curacy of which is limited by the errors in the position and orientation of the Earth-
based tracking stations.

Tracking and navigating interplanetary spacecraft requires accurate terrestrial
and celestial reference frames, station positions, and Earth orientation parameters.
While spacecraft move in the celestial frame, tracking stations are located in the ter-
restrial frame. Errors in the positions of the tracking stations and errors in the Earth
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orientation parameters used to transform the coordinates of the tracking stations
from the terrestrial to the celestial frame translate directly into errors in the angular
position of the spacecraft. For example, an error of 10 cm in Earth UT1 translates
to a position error on Mars of about 2.6 km assuming an Earth-Mars distance of
150� 106 km. Reducing errors in Earth orientation and tracking station position en-
ables more accurate tracking and navigation of interplanetary spacecraft and hence
more precise targeting of the spacecraft for pinpoint landing on bodies like Mars.

Table 7.1. URs for access to position. Fr. stands for Frame, where we distinguish L:
local frames, N: national frames, G: global frame. Repro. stands for Reproducibility and
gives the time window over which positions are expected to be reproducible with the
stated accuracy. Note that navigation has been excluded since it has complex require-
ments depending on the particular application. From Plag (2006a).

Application Parameter Accuracy Latency Fr. Repro.
Surveying with precise 3-d coor. 10 to 50 mm days N decades
point positioning velocity 1 mm/yr n/a
Monitoring 3-d coor < 10 mm days L decades

velocity < 10 mm/yr weeks L decades
Control of processes horizontal 10 to 100 mm seconds to

minutes
L decades

Construction 3-d < 10 mm seconds to
minutes

L months
to years

Early warning 3-d 10 mm seconds to
minutes

G days

Hazards and risk assessments 3-d < 10 mm days to
months

G decades

Numerical weather prediction IPWV 1-5 kg/m2 5-30 min-
utes

G decades

Climate variations IPWV 1 kg/m2 1-2
months

G decades

Scientific studies 3-d coor. < 10 mm n/a G decades
velocity < 1 mm/yr n/a G decades

Earth observations 3-d coor. < 10 mm days G decades
velocity < 1 mm/yr n/a G decades

National space agencies recognize the importance of accurate terrestrial and ce-
lestial reference frames, station positions, and Earth orientation parameters and levy
requirements on the accuracy of these and related radiometric observables (see Ta-
ble 6.1 on page 205). However, the requirements levied are typically just the accu-
racy with which the observable can be measured. If the observable could be mea-
sured more accurately, then the requirement would be changed to re�ect the more
accurate measurement. This means that, in effect, trackingand navigating inter-
planetary spacecrafts requires as accurate a determination as can be made of the
terrestrial and celestial reference frames, station positions, and Earth orientation pa-
rameters. This makes tracking and navigating interplanetary spacecrafts one of the
most demanding users of these GGOS products.

In summary, it can be stated that planetary geodesy, radio science, interferometry
(including imaging VLBI, astrometric VLBI, and Earth-space VLBI), and inter-
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planetary navigation in order to carry out and interpret their measurements all re-
quire accurate terrestrial and celestial reference framesand that these frames are
linked to each other through accurate Earth rotation observations. The performance
of the GGOS is not a limiting factor in all of these applications. However, to meet
demanding future requirements, especially those imposed by inter-planetary naviga-
tion, GGOS will have to be enhanced to meet the requirements identi�ed in Table 6.1
(on page 205). In particular, GGOS needs to allow the real-time determination of
Earth orientation accurate to� 2 cm, which will most likely require near-real-time
VLBI measurements of UT1. GGOS also should enable calibrations of troposphere
delay and ionosphere accurate to� 0:3 cm and� 2 TEC units, respectively.

7.3 Quantitative requirements

Table 7.2. Overview of latency and accuracy requirements of main user categories.
Modi�ed from Plag (2006a).

Requ. Latency time scales accuracy

UR1 real time sec. to min. < 10 cm
UR2 hours to days up to diurnal < 5 mm
UR3 weeks to months monthly to seasonal 2-3 mm
UR4 > months interannual to secular< 1 mm/yr

Quantitative requirements make more sense if they show a clear connection to the
speci�c application from which they originate. Table 7.1 summarizes the current and
likely future requirements for access to positions in a terrestrial reference frame for
main applications in terms of accuracy, spatial and temporal resolution, reference
frame, and reproducability. The accuracy requirements depend on both the time
scales and the latency with low-latency applications in general considering shorter
time scales. Table 7.2 summarizes the most demanding accuracy requirements as a
function of latency and time scales.

For users requiring real-time positioning, the most extreme accuracy require-
ments are expected to be considerably less than 10 cm and downto 1 cm (e.g.,
sensor positioning, hydrographic measurements, automated snow-plowing), and in
some cases even less than 1 cm (e.g., control of large mining and construction equip-
ment). Some real-time applications will require high integrity (e.g., process control)
and high update rates. For near-real time positioning and other near-real time appli-
cations with latencies of hours to days, accuracy requirements will be close to 1 cm
in most of these applications (monitoring of infrastructure, meteorological applica-
tions) while other applications will require less accuracy(e.g., of the order of 5 cm)
but higher integrity (e.g., land surveying). Many applications can accept consider-
able latency but will require accuracy at the 1 cm level or better for daily coordinates
and a few millimeters or better on intraannual time scales. For long-term monitoring
tasks, 1 mm/yr or better in stability seems to be a critical boundary both for scien-
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ti�c and nonscienti�c tasks. This number also applies to collection of geo-databases,
which are to be maintained over time scales of several decades.

Presently, GGOS contributes signi�cantly to meeting the requirements UR3 and
UR4 (Table 7.2), although the stability requirement of< 1 mm/yr may not be meet.
Based on GGOS products alone, the requirement UR1 cannot be met due to proper-
ties of the GPS-alone system combined with the large latencyfor required IGS prod-
ucts. For this UR, local and regional augmentations are currently required. Some but
not all needs of the UR2 are met by GPS&IGS but the large latency of the precise
IGS products and the insuf�cient accuracy of the rapid IGS products leave a con-
siderable share of this UR in need of local or regional augmentation systems. While
UR1 and partly UR2 in Table 7.2 can be met by local to wide-areaaugmentation
systems, UR3 and UR4 depend crucially on the quality of ITRF and the available
products. Moreover, achieving UR1 and UR2 through a system based on Signal
in Space (SiS) only (that is the signal received from the GNSSsatellites), would
considerably increase the areas of applications and provide signi�cant economic
advantages.

Table 7.3 gives a more detailed overview of the quantitativerequirements for typ-
ical science applications. For most of these applications requiring knowledge of the
kinematic of the Earth's surface, the accuracy requirementin terms of motion is of
the order of 1 mm/yr or less. Similarly, using precise point positioning for the de-
termination of coordinates in a national reference frame, also requires knowledge of
the velocity �eld with an accuracy of 1 mm/yr in all three components. Monitoring
of infrastructure and hazardous areas have the same requirement on the accuracy of
the velocity �eld.

The accuracy requirements for the geoid for the full utilization of satellite al-
timetry are of the order of 1 cm for wavelengths down to a few tens of kilometers,
translating into an accuracy of 10� 9 or better (Table 7.4).In order to monitor the
mass movements in the Earth system and particular the globalwater cycle, accuracy
requirements are on the order of< 10 mm of equivalent water column for spatial
wavelengths of< 500 km, which translates into< 0:2 mm in geoid height and< 3
nms� 2 for gravity. Temporal resolution is on the order of 1 month or, even better, 10
days.

For practical applications, the requirements for Earth rotation are dominated by
the effect on positioning and the operation of satellite systems. For precise point
positioning, errors in Earth rotation map directly into position errors. For example,
an error of 1 mas (milliarcseconds) in polar motion corresponds to errors in hor-
izontal displacements of the Earth's surface of about 30 mm,while an error of 1
ms (millisecond) in time corresponds at the equator to an error of about 460 mm in
displacement. These numbers illustrate the high consistency between the terrestrial
reference frame and Earth rotation, which is required to links the satellite frame
to the terrestrial frame. For a low-latency access to precise point positions with an
accuracy of 10 mm, the corresponding instantaneous accuracy for Earth rotation (be-
ing a factor of ten better than the position requirement) would be 0.03 mas and 0.002
ms in polar motion and rotation, respectively. Rothacher etal. (2001) report discrep-
ancies between Earth rotation parameters determined with high temporal resolution
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Table 7.3. User requirements for scienti�c applications. S.R. stands for spatial reso-
lution, T.R. for Temporal resolution, Fr. stands for Frame, where we distinguish L: local
frames, N: national frames, G: global frame. R. stands for Reproducibility and gives the
time window over which the parameters are expected to be reproducible with the stated
accuracy. 1 mGal is equal to 10� 8 ms� 2. From Plag (2006a)

Application Parameter Accuracy S.R. T.R. Fr. R.
Mantle convec- 3-D velocities < 1 mm/yr n/a n/a G several
tion and plate static geoid < 10� 9 n/a n/a G decades
tectonics secular strain rate 10� 19 s� 1 103 km n/a G and longer
Postglacial 3-D velocities < 1 mm/yr 102 km n/a G several
rebound geoid < 10� 9 n/a n/a G decades

strain rates 10� 15 s� 1 102 km n/a G and longer
Earth rotation 0.1 mas/yr n/a n/a G
local sea level < 1 mm/yr 0.2 to n/a G

1� 103 km
Climate change, 3-D displacements 1 mm 102 km months G decades
including present 3-D velocities < 1 mm/yr < 102 km n/a G decades
changes in ice local gravity < 0:3 mGal < 102 km n/a L decades
sheets and sea geoid < 10 mm 200 km n/a G decades
level Earth rotation 0.1 mas/yr

local sea level < 1 mm/yr 102 km months n/a decades
Ocean circulation gravity field < 10� 9 102 km months G decades
Hydrological gravity field < 10� 9 102 km months G decades
cycle 3-D displacements < 1 mm 102 km months G decades
Seasonal gravity field < 10� 9 102 km months G decades
variations local gravity < 1 mGal n/a months L decades

3-D displacements < 1 mm 102 km months G decades
Earth rotation 1 mas

Atmospheric Earth rotation 1 mas days decades
circulation
Earth tides gravity 0.01mGal 103 km hours G years

3-D displacements 1 mm 103 km hours G years
strain rates 10� 15 s� 1 1 to 103 km < 1 day G years

Surface loading 3-D displacements < 1 mm < 102 km < 1 day G years
local gravity 0.1mGal << 102 km < 1 day G years

Seismotectonics 3-D displacements 1 mm < 102 km days G hours to
years

strain rates 10� 19 s� 1 < 10 km years to L decades
secular

Volcanoes 3-D displacements 1 mm 1 to 102 km < 1 day L years
gravity 1mgal 1 to 102 km days L years

Earthquakes, 3-D displacements 1 mm to 1 cm<< 102 km sec to days L weeks to
tsunamis to decades

strain 10� 8 � 10 km offsets L n.a.
strain rates 10� 15 s � 10 km < 1 yr L years
local gravity 0.3mGal << 102 km sec to days L weeks to

decades

from GPS and those determined from VLBI and SLR to be orders ofmagnitude bet-
ter than these requirements. However, at sub-daily temporal resolutions, the present
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Table 7.4. Measurement requirements in terms of geoid height and gravity anomaly
accuracy. Taken from Drinkwater et al. (2003). Note that the requirements for both
scienti�c and nonscienti�c applications are given. 1 mGal i s equal to 10� 5 ms� 2.

Application Accuracy Spatial Resolution
Geoid Gravity half wavelength

(cm) (mGal) (km)
Oceanography:
Short scale 1-2 100 km

0.2 200 km
Basin scale � 0.1 1000 km
Solid Earth:
Lithosphere and upper mantle density structure 1-2 100 km
Continental lithosphere
– Sedimentary basins 1-2 50-100 km
– Rifts 1-2 20-100 km
– Tectonic motions 1-2 100-500 km
– Seismic hazards 1.0 100 km
Ocean lithosphere and interactions with astheno-
sphere

0.5 - 1.0 100-200 km

Geodesy:
Leveling by GPS 1.0 100-1000 km
Unification of worldwide height systems 1.0 100-20000 km
Inertial navigation system � 1-5 100-1000 km
Orbits (1 cm radial orbit error for altimetric satel-
lites)

� 1-3 100-1000 km

Ice sheets:
Rock basement 1-5 50-100 km
Ice vertical movements 2.0 100-1000 km
Sea-level change: Many of the above applications, with their

specific requirements, are relevant to sea-
level studies

low-latency or near-real time accuracy of Earth rotation observations and predic-
tions is most likely not meeting these requirements. de Viron et al. (2005) point out
that for the determination of gravity �eld changes with missions like GRACE, di-
urnal and sub-diurnal effects of the atmosphere on Earth rotation are of importance
for the orbit determination. Their model study show that atmospheric angular mo-
mentum variations at diurnal time scale can produce polar motion near 0.2 mas. On
time scales of several days, atmospheric effects can reach several milliarcseconds
(Lambert et al., 2006), corresponding to 10 cm or more in displacement.

Other requirements on Earth rotation result mainly from scienti�c applications,
and for these applications, an increasing accuracy of the observations normally leads
to new applications. Examples are questions related to the effect of earthquakes
(e.g., Chao & Gross, 2005), volcanic eruptions, and seasonal mass motion on the
Earth's surface (e.g., Chen & Wilson, 2003; Gross et al., 2004) on Earth rotation,
where the current accuracy of the observations as well as thesophistication of mod-
els (see Salstein et al., 2001) are limiting the scienti�c understanding of the pro-
cesses on a rotating Earth. Likewise, the current accuracy is at the margin of what
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is required to achieve improvements in understanding and modeling of Earth rota-
tion changes induced by interactions of the solid Earth withits �uid envelope (e.g.,
Plag et al., 2005). For studies of the interaction between �uid core and solid mantle,
the length of the space-geodetic Earth rotation record withhigh accuracy appears
to be the main limitation. Secular rates are compromised by the lower accuracy and
potential instabilities of the older parts of the record, which limits its application
to studies of, for example, postglacial rebound effects on Earth rotation (see, e.g.,
Mitrovica & Milne, 1998).

As illustrated in Section 2.9, geodetic observations increasingly are used in
non-geodetic applications such as numerical weather predictions, climate studies,
and space weather monitoring. Table 7.5 summarizes the requirements in terms of
geodetic infrastructure and parameters for numerical weather prediction and cli-
mate applications. For numerical weather prediction, the low latency combined with
high accuracy in station coordinates constitute demandingrequirements. For climate
studies, the requirement for long-term stability appears to exceed the present capa-
bilities.

Table 7.5. Requirements for meteorological applications of GPS. Accuracy require-
ments are for IPWV in kg/m2 or path delay in mm. Values are from Elgered et al.
(2005).

Nowcasting
Requirement Generic GPS Meteorology network
Horizontal domain Sub-regional Europe to national
Horizontal sampling 5-50 km 10-100 km
Repetition cycle 0.25 - 1 h 5 min - 1 h
Absolute accuracy 1-5 kg/m2 1-5 kg/m2

Timeliness 0.25-0.5 h 5 - 30 min

Numerical Weather Prediction
Requirement Generic GPS Meteorology network
Horizontal domain Global Regional Global Regional
Horizontal sampling 50-500 km 10-250 km 50-300 km 30-100 km
Repetition cycle 1-12 h 0.5-12 h 0.5-2.0 h 0.25-1.0 h
Integration time MIN(0.5 h, rep. cycle) MIN(0.25 h, rep. cycle)
Absolute accuracy 1-5 kg/m2 1-5 kg/m2 3-10 mm 3-10 mm
Timeliness 1-4 h 0.5-2 h 1-2 h 0.5-1.5 h

Climate Monitoring
Requirement Generic GPS Meteorology network
Horizontal domain regional-global All
Horizontal sampling 10-100 km 10-250 km; indiv. stat.
Time domain >> 10 years Weeks to many years
Repetition cycle 1 h 1 h
Absolute accuracy 0.25-2.5 kg/m2 1 kg/m2

Long-term stability 0.02-0.06 kg/m2/decade 0.04-0.06 kg/m2/decade
Timeliness 3-12 h 1-2 months
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7.4 Tasks of GGOS

The tasks of GGOS are to encourage, facilitate and promote the following activities,
based mainly on the combined work of the IAG Services:

� de�ne a unique celestial reference system;
� de�ne a unique terrestrial reference system, including geodetic datum;
� de�ne a unique geodetic reference system;
� de�ne a unique gravity reference system;
� de�ne all the physical and mathematical models needed to analyze GGOS obser-

vations;
� provide and maintain an accurate, stable, and homogeneous celestial reference

frame;
� provide and maintain an accurate, stable, and homogeneous terrestrial reference

frame including its origin;
� provide and maintain the time-dependent Earth orientationparameters that are

used to transform coordinates between the terrestrial and celestial reference
frames;

� provide and maintain de�nitions, constants, models, etc. of the geodetic reference
systems;

� provide and maintain parameters describing the static and time-dependent com-
ponents of the Earth's gravity �eld;

� provide and maintain parameters describing the static and time-dependent com-
ponents of the shape of the land, ice, and ocean surfaces;

� provide and maintain parameters describing the total electron content of the iono-
sphere;

� provide and maintain parameters describing the water vaporcontent of the tro-
posphere;

� provide and maintain parameters describing the transport of mass within and
between the atmosphere, oceans, and land.

7.5 Products available through GGOS

As a result of the above tasks, the principal products that are determined and pro-
vided by the IAG Services and made available through GGOS include:

� a catalog of celestial radio sources including their coordinates that provides the
celestial reference frame;

� a catalog of terrestrial sites de�ning the reference polyhedron associated with the
terrestrial reference frame, including their reference coordinates at a common
epoch and time series describing the temporal evolution of the coordinates;

� time series of coordinates of additional terrestrial sitesor points that are needed
to densify the terrestrial reference frame in order to provide access to the frame
anywhere on the Earth's surface;
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� a model predicting the motion of the Earth's surface caused by loading effects
of atmospheric surface pressure, ocean-bottom pressure, and continental water
storage including snow and ice;

� precise orbits and clocks for GNSS satellites that allow access to the terrestrial
reference frame;

� time series of Earth rotation parameters (UT1, polar motion, nutation/precession)
including their time rates-of-change that provides the link between the celestial
and terrestrial reference frames;

� values of the de�ning constants and derived physical and geometrical parameters
of the geodetic reference system;

� values of parameters describing the static component of theEarth's gravity �eld;
� time series of parameters describing the time-dependent component of the Earth's

gravity �eld;
� time-dependent maps of the total electron content of the ionosphere;
� time series of zenith path delays that provides the water vapor content of the

troposphere;
� time series of angular momenta of the atmosphere, oceans, continental water

storage including ice and snow, mantle, and core that provide estimates of the
mass transport within the Earth system;

� time series of sea surface height and sea level measurementsthat provide esti-
mates of the changing shape of the ocean surface;

� time series of ice sheet and glacier elevations that provideestimates of the chang-
ing shape of the ice surface;

� similar time-dependent, body-�xed site coordinates, orientation parameters, and
gravity parameters for other planets and celestial bodies in the solar system such
as the Moon and Mars.

7.6 Accuracy of GGOS products

The GGOS products listed in the previous section, which are produced by the IAG
Services, must have suf�cient accuracy, temporal and spatial resolution, and latency
to meet the requirements of all users. This can be done if the requirements of the
most demanding users are met. The most demanding user of the terrestrial reference
frame is likely to be scienti�c studies of sea level change caused by climate change.
Since global sea level is rising at a rate of a few millimetersper year, and since the
frame in which the rise is being measured should be at least onorder of magnitude
more accurate than this, the terrestrial reference frame should be accurate at a level
of 1 mm and be stable at a level of 0.1 mm/yr (Blewitt et al., 2006a).

The most demanding users of the geoid models are likely to be:(1) the use of the
geoid in oceanic general circulation models to de�ne the mean sea surface topogra-
phy, and (2) the GNSS determination of the height of objects at the millimeter level.
These applications require the static geoid to be accurate at a level of 1 mm and to
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be stable at a level of 0.1 mm/yr, consistent with the accuracy and stability of the
terrestrial reference frame.

The most demanding user of the Earth orientation parametersis likely to be the
tracking and navigation of interplanetary spacecraft. This user is capability-driven
and requires the most accurate EOPs that can be determined, realizing that those
determined in near real-time are somewhat less accurate than those determined with
a delay of a couple of weeks. This user also requires that the EOPs be consistent with
the celestial and terrestrial reference frames. So if the terrestrial reference frame is
accurate at a level of 1 mm, consistency demands that the EOPsalso be accurate at
the same level of 1 mm.

Speci�cally, the accuracies of the GGOS products required by the most demand-
ing users are:

� celestial reference frame: accurate to 25mas, stable to 3mas/yr;
� terrestrial reference frame: accurate to 1 mm, stable to 0.1mm/yr, including geo-

center; scale accurate to 0.1 ppb, stable to 0.01 ppb/yr;
� Earth orientation parameters: accurate to 1 mm with a latency of 2 weeks, 3 mm

in near real-time, with daily resolution;
� static geoid: accurate to 1 mm, stable to 0.1 mm/yr, with a spatial resolution of

10 km;
� time varying geoid: accurate to 1 mm, stable to 0.1 mm/yr, with a spatial resolu-

tion of 50 km and a time resolution of 10 days.

7.7 Functional specification for GGOS

The second part of this chapter focuses on the functional speci�cations of the geode-
tic observing system in 2020. The goal here is to have a clear picture of what GGOS
should be able to deliver in 2020, based on the known or expected user requirements
as summarized above. For the functional speci�cations, themost demanding of these
user requirements have been considered as described in the previous sections.

7.7.1 Determination, maintenance, and access to the global
terrestrial reference frame

The following functional speci�cations de�ne the inherentaccuracy of the ITRF at
the time of determination, as well as later epochs. Currently, reference coordinates
can only be predicted for the reference points of the ITRF, and the underlying model
for the prediction of the reference frame coordinates is a linear model. In the future,
a requirement on the terrestrial reference frame is that reference positions can be
predicted for any point on the Earth surface. Therefore, thebasis for access to the
reference frame is a dynamic Earth reference model, which assimilates observations
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of variations in Earth's geometry, gravity �eld, and rotation. Through data assimi-
lation, the model will be forced to closely reproduce the observed changes in the
reference polyhedron (the present-day ITRF) as well as observed variations in the
gravity �eld and rotation in a self-consistent way.

ITRF-001-DER: Provision of the reference frame through a dynamic Earth ref-
erence model —The terrestrial reference frame will be provided by an operational dy-
namical Earth reference model which will assimilate observations of variations in the
Earth's geometry (in particular, for a reference polyhedron), the shape of the ice and
ocean surfaces, the gravity �eld, and Earth rotation. Moreo ver, the reference model will
also assimilate auxiliary observations, in particular meteorological observations. This dy-
namic Earth reference model will allow the prediction of reference trajectories for any point
on Earth with temporal resolution of 1 hour and a sub-kilometer spatial resolution. The sta-
bility of the model in terms of geokinematic will be that of the reference polyhedron, i.e.,
sub-millimeter per year.

ITRF-002-ORI: Tie between RFO and CM —The deviation between the reference
frame origin of the terrestrial reference frame and the center of mass of the Earth system
will be smaller than 1 mm at any time.

The speci�cation ITRF-002-ORI implicitly limits the secular trend between RFO
and CM to 0.1 mm/yr over 10 years and even less if we look at longer time intervals.
With this speci�cation, GGOS meets the most important requirement for global sea
level studies.

ITRF-003-PRE: Precision of reference coordinates —The precision of coordi-
nates of the points of the reference polyhedron of the ITRF will be better than 1 mm in the
horizontal and 3 mm in the vertical component at any time.

Since the terrestrial reference frame will not utilize a reference polyhedron based
on positions and secular velocities, it does not make sense to specify the accuracy
of velocities or a secular stability. However, ITRF-003-PRE implicitly determines
also the accuracy of any secular motion.

ITRF-004-SCA: Scale of the reference frame —The scale of the reference frame
will be accurate to 0.1 ppb and stable to 0.01 ppb/yr.

ITRF-005-ACC: Access to the ITRF —Standard access to the ITRF will be through
precise orbits and clocks of the GNSS satellites and Earth rotation parameters. Low la-
tency (down to real-time) orbits and clocks will have an accuracy equivalent to a range
error of less than 5 cm for an availability of 99.999%. Post-processed orbits and clocks
will allow the determination of single daily point coordinates with an accuracy of 1 cm in
the horizontal and 2 cm in the vertical anywhere on the Earth surface with high availability
(99.999%) and high integrity.

The speci�cation ITRF-005-ACC is the basis for accurate precise point posi-
tioning facilitating many of the applications discussed inthe previous chapters. For
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point motion observed with stationary, continuously observing GNSS sites, the ob-
served trajectory can be compared to the trajectory predicted for that point with the
dynamic Earth reference model in order to determine anomalous motion as speci-
�ed in ITRF-001-DER. At the same time, this speci�cation implicitly provides the
basis for monitoring surface kinematics.

7.7.2 Earth rotation

ERP-001-EOP:Earth Orientation Parameter —Earth Orientation Parameters will
be determined with an accuracy of 1 mm, a temporal resolution of 1 hour, and a latency
of 1 week; near real-time determinations of the Earth Orientation Parameters will be de-
termined with an accuracy of 3 mm.

7.7.3 Earth's gravity �eld

GRAV-001-GEOID: Accuracy of the static geoid —The static geoid will be pro-
vided with an accuracy of 1 mm, a long-term stability of 0.1 mm/yr and a spatial resolution
of 10 km.

GRAV-002-VAR: Accuracy of the time variable gravity �eld —The time variable
geoid will be provided with an accuracy of 1 mm, a long-term stability of 0.1 mm/yr, a
spatial resolution of 50 km, a temporal resolution of 10 days, and a latency of 0.5 months.

7.7.4 Earth system monitoring: mass transport and mass
redistribution

ESM-001-SSH:Sea surface height variations —The sea surface height variations
will be determined globally with an instantaneous local accuracy of 10 mm, a temporal
resolution of 10 days, a spatial resolution of 10 km, a latency of 5 days, and a local
secular accuracy of 0.5 mm/yr.

ESM-001-GSL: Global sea surface changes —The globally average sea surface
height changes will be determined with an instantaneous accuracy of 1 mm, a temporal
resolution of 10 days, a latency of 10 days, and a secular accuracy of 0.1 mm/yr.
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ESM-002-CRY: Cryosphere mass balance —The variations in the surface eleva-
tion for the large ice sheets will be determined with an instantaneous local accuracy of 20
mm, a temporal resolution of 10 days, a spatial resolution of 10 km, a latency of 20 days,
and a local secular accuracy of 0.2 mm/yr.

ESM-003-WCY: Mass transport in the global water cycle —The mass transport
in atmosphere, ocean, cryosphere, and terrestrial hydrosphere will be determined to an
accuracy of an equivalent of 10 mm water cover with a temporal resolution of 10 days, a
spatial resolution of 400 km, and a latency of 0.5 months.

7.7.5 Determination, maintenance, and access to the celestial
reference frame

ICRF-001-DET: Determination of the Celestial Reference Frame —The ICRF
will be de�ned by the coordinates of a number of extragalacti c radio sources distributed
throughout the sky. The coordinates of the ICRF sources will be accurate to 25 microarc-
seconds and stable to 3 microarcseconds/yr..

7.8 Operational specifications for GGOS

GGOS must ensure performance of certain operations in orderto generate products
of suf�cient accuracy to meet the requirements of the users,as expressed in the
functional speci�cation given in the previous section. Thehigh level activities that
GGOS together with the IAG Services must ensure are to:

� operate global networks of geodetic reference stations, gravimeters, and tide
gauges;

� operate a global sub-network of core reference stations at which the techniques
are co-located;

� determine the survey ties between the co-located techniques;
� process all observations with an accuracy and consistency of at least 1 ppb;
� operate a dynamic Earth reference model assimilating comprehensive observa-

tions of variations in Earth's geometry, gravity �eld and rotation;
� document the procedures, standards, and conventions used to generate the prod-

ucts;
� maintain databases of observations and products;
� ensure continuity, accuracy, and consistency of observations and products as the

networks and data reduction procedures evolve.



Chapter 8
The future geodetic reference frame

T. A. Herring, Z. Altamimi, H.-P. Plag, P. Poli

8.1 Introduction

The ingredients for future geodetic reference frames can beseparated into at least
two categories, namely (1) theoretical, conventional, andde�nitional aspects, and
(2) practical implementation aspects and physical components. In this Chapter, we
focus on category (1).

The present theoretical basis for the current ITRF is fairlysimple at the moment
(see, for example, McCarthy & Petit, 2004), which is appropriate as long as most of
the infrastructure for the determination of the ITRF is ground-based. As more com-
ponents of its realization and maintenance move away from the Earth's surface into
near-Earth space (and maybe beyond) and as accuracy “requirements” become more
strict it is likely that closer attention will be paid to relativistic aspects. While the
IAU has elaborated its recommended metric, some work with respect to ITRF deter-
mination and maintenance currently still uses Newtonian reductions with some gen-
eral relativity “corrections” applied. This may no longer be an adequate approach in
2020. But also the Newtonian part of the theory is not fully atthe targeted accuracy
level. In particular, the theory of Earth rotation is especially weak with respect to
increased accuracies. Moreover, motions of the RFO with respect to the CM are not
explicitly accounted for, and higher degrees of surface deformation are neglected.
Any coupling of the angular and linear momentum balance is not considered.

As pointed out in Section 2.7, it is conceivable that by 2020 the international
timescale will be maintained using ultra-stable frequencystandards in orbit. Earth-
based clocks, which are subject to large environmental “noise”, might only be used
as local standards slaved to the orbital clock system. However, it is mentioned here
that synchronization poses a severe problem which is not solved so far.

Below, we do not consider relativistic effects. However, the concept and theory
described below strives to provide a fully self-consistentsystem, which can then
be the basis for a conventional system and frame. Currently,this is not the case in
a strict sense and most likely also not at a perceptible level. There seems to be a
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degree of arbitrariness in assigning some components or features to one feature or
another (like the partition between nutation and polar motion). In general, if the
decision is truly arbitrary, then the critical issue is to beclear and unambiguous in
the de�nitions and conventions.

The current concept of the terrestrial reference frame is that of a polyhedron with
secular motion of the individual points. This assumption isa severe limitation as
it imposes a global �lter of all geophysical signals and hampers the comparison
of models and observations. The central question addressedhere is how the non-
secular deformation should be included in the mathematicalmodels that de�ne the
future reference system. In principle, there are two alternatives to achieve this:

� (A) Maintain the secular frame similar to the current ITRF and associate to it
with a deformation model that allows the computation of non-secular motion at
any location; or

� (B) consider forming a complete model that describes both the secular and non-
secular parts.

Here, we consider alternative (B). This alternative poses considerable challenges in
its implementation.

8.2 Concept of reference system and reference frame

A geodetic reference system is a set of de�nitions and mathematical models that al-
low geodetic measurements to be related to each other in a systematic fashion. Two
basic classes of geometric systems are required in modern geodesy: one related to a
non-rotating inertial reference frame; and the other attached in a prescribed fashion
to the rotating Earth(see Section 2.2). In addition, a reference system for poten-
tial based measurements is also required. Often this lattersystem is related to the
geometric reference frame through the height of an equipotential surface above or
below a geometric reference surface de�ned through the geometric reference sys-
tem. For geometric measurements, such as ranges and angles,the reference system
is most commonly based on a set of Cartesian axes. Part of the reference system
de�nition speci�es how the origin and the direction of the axes in this reference
system are speci�ed, but equally important are the mathematical models that relate
measurements to coordinates in the realization of reference frame. On a deformable
Earth all reference system de�nitions are complicated by the need to account for the
deformation.

The evolution of reference system de�nitions has progressed with the accuracy
of geodetic methods with re�nements in the system de�nitions often leading to im-
proved accuracy of geodetic methods. Conceptually, a reference system may be de-
�ned with its origin (denoted here as RFO) at the CM, itsZ-axis along a mean
direction of the rotation axis during a speci�ed interval oftime and itsX-axis pass-
ing through a speci�c location. Such de�nition would appearto be useful when
positional measurements (to de�ne axes directions) and gravitational measurements
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are available to de�ne the CM and to contribute to the axes directions through the
inferred moments of inertia. However, in an era of millimeter level position deter-
minations and gravity measurements accurate to 1 ppb of the main �eld, this type
of de�nition poses problems primarily because at these levels mass motions in the
system are easily detected. In modern de�nitions of the reference system and its
realization, which is the reference frame, non-secular motions of the surface of the
Earth and mass re-distributions must be explicitly accounted for. The advances in
computing power also allow the parameters of reference frame to be simultaneously
estimated from potentially a wide variety of data types. Theability to simultane-
ously and rigorously realize an Earth reference frame is oneof the major bene�ts of
GGOS.

In this context, we introduce two CartesianXYZ coordinate systems. Precisely
how one of these systems is attached to the Earth and how the other will de�ne a
non-rotating inertial reference frame will be de�ned later. For the Earth attached
system, we can give the time-dependent coordinates of everymass element in the
Earth. A geodetic measurement site is simply one of the mass elements at the surface
of the Earth. The mass elements undergo a variety of motions:Tidal displacements
due to both solid Earth tides and ocean loading, loading signals from atmospheric
and hydrology mass movements, tectonic motions, and other secular motions from
internal mass movements. Certain sites will also under go seismic displacements
in the forms of coseismic and postseismic displacements, orbe affected by anthro-
pogenic subsidence.

In the terrestrial system, the external potential will be given by
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whereV is the gravitational potential at positionxp, yp, zp, r s, r c andr f are the
density of the solid earth, �uid core, and �uid earth (ocean and atmosphere),dsp,
dcp, anddf p are the distances from the integration points toxp, yp, zp, andG is
the gravitational constant. The reference system will determine how the densities
change with time. In each of the regions of the Earth, the motion of the mass points
is different. In the solid Earth, except at times of earthquakes, much of the motion is
secular (although at seasonal and interannual time scales,signi�cant motion takes
place). In the mantle, typically motion rates are similar toplate tectonic rates of 10
cm/yr. In the �uid core, the motions are much more uncertain but could be as high
as km/yr and vary on decadal time scales (as evidenced by changes in the magnetic
�eld and decadal changes in length of day). The motions in the�uid Earth are much
more rapid and have large spatial and temporal variations. When the potential is
sensed from space, the �uid Earth component can be treated asa surface density
layer.
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A consequence of the moving �uids in this system is that the loading displaces
masses and consequentially the solid Earth mass motions have a contribution from
the loading phenomena. If the changes in the mass loading areknown, then this
effect in the solid Earth integration can be accounted for and the temporal variations
in density can be treated as secular motions.

In de�ning a reference system that fully exploits the accuracy of today's mea-
surements care must be taken. The motions of the system need to be accounted for
in a consistent fashion so that results in the reference frame can be related at dif-
ferent times. The geodetic signals that reveal new things about the Earth are those
that show signi�cant deviations from the motions predictedin the reference sys-
tem. The system de�nition must treat consistently the deformations in the system
and here in lies the current limitations in current reference system de�nition and
realization. Ideally, all sources of mass motion and deformation would be known
but this currently is not the case. Some components of mass motion are reasonably
known such as the solid Earth tides while others such as hydrological loading are
not well known. In a coherently constructed reference system for GGOS, addressing
the inconsistencies in the current models should be possible.

The largest gains in non-secular deformation modeling are likely to be in the
area of modeling hydrological variations but there could besome potential prob-
lems. Missions that measure time variable gravity such as GRACE yield estimates
of mass movements, which are treated as thin-shell surface density layers on the
surface of the Earth. With current gravity missions, temporal and spatial resolution
of hydrological mass estimates is limited, but increased spatial and temporal resolu-
tion is expected for future missions. These mass estimates could be used to compute
elastic deformations of the Earth surface provided that themass loads the surface
and is not supported by dynamical effects in the atmosphere.Atmospheric dynam-
ics typically considers two de�nitions for surface pressure, namely (1) the dynamic
surface pressure (denoted asPs) that is the physical quantity measured by a barome-
ter, and (2) the hydrostatic surface pressure (denoted byps) that would be measured
by an instrument only sensitive to the downward force induced solely by the weight
of the column of air without its acceleration (if any). The �rst quantity is in fact
the one collected byin situ barometers, and assimilated into atmospheric weather
models, while the second quantity is the one predicted by global weather models,
which assume that vertical acceleration is zero at their spatial and temporal scales
(hydrostatic assumption). A general assumption is that thevertical atmospheric ac-
celeration is negligible if averaged over synoptic or larger scales (i.e., a few hours
and a few tens of km in the horizontal). However, at smaller smaller scales (for
example,< 1 hour,< 1 km), (1) there may be some sources and sinks to the atmo-
spheric mass load (sources: volcanoes, evaporation; sinks: e.g., rain, pouring down
at a rate that can make the local air column with an approximate mass of 104 kg per
square meter lose up to 30 kg of water over the same area in an hour of very strong
rainfall events), and (2) there may be some local acceleration upward or downward
(strong updrafts or downdrafts associated with moist processes, and sustained down-
hill (so-called “katabatic”) winds (e.g. over Antarctica and Greenland) which would
induce vertical accelerations at the beginning and end of the slopes on which these
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winds run. But these two effects are usually considered to start to become signif-
icant only at the small scales indicated above. Thus, for atmospheric contribution
to the mass and loading, the surface pressure output of current (hydrostatic) global
weather models appears to be suf�cient.

As pointed out by Blewitt (2003), the appropriate Love numbers need to be used
when the loading signals are computed to ensure the origin ofthe reference frame
for the load is known. The most common choices here are Centerof Figure of the
solid Earth (CF), the Center of Mass of the Solid Earth (CE), or the CM of the
whole Earth system (Blewitt, 2003). If CF is used, the gravity �eld associated with
the loading will have degree-1 terms. If CM or CE are used, then the transformation
to CF position estimates will need translations added.

In a dynamic reference system realization, the expected motions of all geodetic
sites are computed. For those sites that form the reference frame, these time depen-
dent motions should be well known. Such sites might be those away from coastal
area and that have small or well computed hydrological signals. The well monitored
frame realization sites, the rotation and translation thatalign the coordinates to the
reference frame values would be used to realize the reference system. Unlike cur-
rent reference frames, such as ITRF2005, these new reference frames need to be
continuously maintained with non-secular motions being measured and computed.
For the reference frame to be useful to all users, the non-secular motions need to
be computed at all geographic locations (gridded at the appropriate resolution), or a
service is needed that evaluates the deformation at given location and time speci�ed
by users. The scienti�cally interesting product from a reference system realization
is displacement, which is the difference between measured coordinates and those
determined from the reference system.

8.3 Future reference frame formulations

Current global reference frames basically consist of a set of point coordinates at a
reference epochtR and constant velocity vectors for each point. This set of coor-
dinates describes the secular evolution of a polyhedron over time, and the points
implicitly determine the axes, the RFO, and the scale of the underlying reference
system. In addition to the secular polyhedron, the frame also includes a set of mod-
els that describe deviations of the actual motion of the Earth surface from the secular
polyhedron.

The mathematical model for the description of point position X of the secular
polyhedron as function of timet is that of regularized coordinates

X(i)(t) = X(i)
0 + V(i)

0 � (t � t0) (8.2)

(McCarthy & Petit, 2004). In order to be able to assign predicted reference coor-
dinates to any point on the Earth surface, knowledge of the global velocity �eld
V0 = f (X) would be required. This is currently not available. Therefore, precise
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satellite orbits and clocks are used to make a reference positions relative to the ver-
tices of the polyhedron available at any point and anytime.

The simple mathematical model of regularized coordinates has two major prob-
lem, one being the fact that the motion of the mass elements isnot linear in gen-
eral. The second problem is that the velocity vectors have errors, which over time
can deform the polyhedron considerably. Therefore, frequent adjustments of the co-
ordinates and velocities of the vertices of the reference polyhedron are necessary,
leading to signi�cant temporal inhomogeneities (if complete recomputations of past
reference frame-related quantities are not performed). However, if initial analysis of
the geodetic data is preformed with minimal constraints applied to the system, ref-
erence frames can be updated from covariance matrix and solutions or from normal
equations very rapidly.

Having more elaborated models for the prediction of the Earth's surface motion
available, the secular model can be replaced by

X(t) = X0 + dX(t) (8.3)

wheredX(t) is predicted by a reference Earth model. In principle, this reference
Earth model predicts the global displacement �elddX(t) for any point on the Earth
surface and for any timet. This also implies that the station motion model used
in space-geodetic analyses to describe the point motion as function of time could
fully be based on the predictions of the reference Earth model. Conventionally, only
those parts of the point motion changing signi�cantly over the analysis interval are
accounted for.

Over the next few years, the displacement �eld in practice will be a composite of
different contributions, that is,

dX(t) = V0 � (t � t0) +
K

å
k= 1

gk(t;X); (8.4)

wheregk; k = 1;K are the displacement �elds determined from geophysical models
of Earth tides, surface loading, earthquake processes, andother surface displace-
ments.

Considering the current and expected accuracy, the reference Earth model will
have to be based to some degree on assimilation of observations. Alternatively, a
completely empirical approach would be based on the observed polyhedron, which
would preserve the internal consistency of the observationtechnique and represent
the time-dependent coordinates of the polyhedron points as

X(i)(t) = O(i)(t); (8.5)

whereO are observed time series. This references frame would be aligned to the
secular model described by (8.2) on average with no internaldeformation of the
observed polyhedron. This approach would required means for the interpolation of
O(i) . For that, again the orbits and clocks of the GNSS could be utilized. However,
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this approach would bene�t strongly from improve station motion model (i.e., pre-
dictions of theO(i)) for the analysis.

8.4 Origin and orientation of the TRS

The origin of the future reference frame will remain to be de�ned as the CM, which
is the only point in the Earth system that physically is special. Concerning the ori-
entation of the axes, one could consider to have these axes aligned to the principal
moments of inertia. As a consequence, polar drift would be zero in such a system
provided the linear motions of the reference sites include the effects of motion of
the moments of inertia with respect to the crust of the Earth.

8.5 Scientific challenge of the future reference frame: theneed
for an Earth system model

As stated above, motion of points at the Earth's surface results from internal and
external forcings, which do not only affect the shape of the Earth but also the grav-
ity �eld and the rotation of the Earth. The internal forcing is mainly associated with
geodynamic and tectonic processes, and integrated models that would predict sur-
face motion at a wide range of spatial and temporal scales arenot yet available.
Locally and regionally, pre-, co- and postseismic deformations can be modeled to a
certain extent (e.g., Okada, 1992; Pollitz, 1996, 1997; Kreemer et al., 2006b; Sun
et al., 2006) with the accuracy of the predictions dependingon the local and regional
processes and tectonic setting. Models for the effect of earthquakes on the gravity
�eld and Earth rotation have also been developed (e.g., Chao& Gross, 1987; Sun
& Okubo, 1998; Chao & Gross, 2005). However, secular plate motion models that
agree well with the observed present-day secular plate motion are generally em-
pirical models (e.g., DeMets et al., 1994; Bird, 2003; Kreemer et al., 2003; Sella
et al., 2002), and some of these models use the secular motiondetermined from
space-geodetic observations as constraints.

The external forcing can be separate into body and surface forcing with the for-
mer acting as a volume force on the whole solid Earth and the latter acting as a
surface force on the surface of the solid Earth. While the effects of the body forces
on the solid Earth, that is, the tidal forcing due to the tidalpotential, on the shape,
rotation and gravity �eld of the Earth is well understood andmodel predictions are
at an accuracy level comparable to the accuracy of observations (e.g., McCarthy
& Petit, 2004), this does not seem to be the case for the surface forces resulting
from surface mass loads. Mass motion in the �uid envelope of the solid Earth and
the interior of the solid Earth. Rearrangements of mass within the �uid of the solid
Earth, including the atmosphere, oceans, and terrestrial hydrosphere, cause changes
of the Earth's gravitational �eld, force Earth's rotation changes by changing the solid
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Earth's inertia tensor and angular momentum, and induce changes in Earth's shape
by changing the load acting on the deformable solid Earth. The main uncertainties in
modeling these effect appears to be in the surface mass loads(e.g., Van Dam et al.,
2003).

Because of the main uncertainties being in the surface mass,geodetic observa-
tions have increasingly been used to invert for mass change.However, despite the
coupling of the effects in shape, rotation, and gravity �eld, changes in the Earth's
shape have been used independently to infer global scale mass motions (e.g., Ble-
witt et al., 2001; Blewitt & Clarke, 2003; Wu et al., 2002, 2003, 2006) without
utilizing the concept of consistency across all geodetic observations. Others have
used changes in the Earth gravity �eld to infer ice load changes (e.g., Velicogna &
Wahr, 2006) and changes in the global and regional hydrology(e.g., Tapley et al.,
2004a) without rigorously testing the consistency of the inferred mass transports
with changes in Earth rotation and shape. Only recently, theimportance of con-
sistency has been emphasized (e.g., Clarke et al., 2005). Thus, Gross et al. (2004)
inverted Earth's rotation and shape changes for mass loads;Gross (2006) inferred
mass loads from observations of changes in the gravitational �eld and rotation; and
Kusche & Schrama (2005) combined changes in Earth shape and gravitational �eld.

All of these attempts are hampered by the fact that the reference frame is biased
because of the assumption of linear secular motion of the reference points, which in
fact constitutes a global �ltering of the geophysical signals, which results in a reduc-
tion of these signals in the geodetic time series. Moreover,the incomplete modeling
of the reference point motion may also affect the scale of certain techniques because
of different station networks (in particular, different ratios of hemispheric station
numbers), and different observation times. As an extreme example, with the current
practices, if one system only observed in winter and anotheronly in summer, there
would be an apparent scale difference due to the annual vertical signal caused by
surface loads.

Therefore, more elaborated models for the point motion needto be integrated in
the process of determining the reference frame motion. However, integrated model
development is in an initial state, and particularly modelsthat couple a rotating,
deformable solid Earth fully with advanced models of atmosphere, ocean, and ter-
restrial hydrosphere, are just beginning to emerge. It is clear that such model devel-
opment and validation will depend crucially on the availability of consistent obser-
vations of the geodetic quantities in a well-de�ned reference frame that does not by
de�nition suppress the signals predicted by the model.

8.6 Towards an Earth system model

The Earth is a dynamic system. It has a �uid, mobile atmosphere and oceans, a
continually changing global distribution of ice, snow, andwater, a �uid core that
is undergoing hydromagnetic motion, a mantle both thermally convecting and re-
bounding from the glacial loading of the last ice age, and mobile tectonic plates. In
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Fig. 8.1. Components of the Earth system and their mechanical interactions. From
Plag (2006a).

addition, external forces due to the gravitational attraction of the Sun, Moon, and
planets also act upon the Earth. These internal dynamical processes and external
gravitational forces exert torques on the solid Earth, or displace its mass, thereby
causing the Earth's rotation, gravitational �eld, and shape to change. Only if all
these processes can be modeled and predicted in a consistentEarth system model
can we expect to make progress towards the dynamic Earth reference model dis-
cussed above.

For the modeling of the mechanical processes in the Earth system, the system
can be viewed as composed of subsystems such as crust and mantle, outer and in-
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ner cores, and the �uid envelope of the solid Earth (Figure 8.1). The latter consists
of ocean, atmosphere, and terrestrial hydrosphere, which are the prominent compo-
nents of the climate system. The biosphere is also interacting with the components
of the climate system, and, considering the anthroposphereas part of the biosphere,
also the solid Earth. We have chosen not to separate the cryosphere from the ocean
and terrestrial hydrosphere but rather consider the ice load on land as part of the
terrestrial hydrosphere and sea ice as part of the ocean.

The subsystems depicted in Figure 8.1 interact through surface forces at the
joining boundaries and through volume forces due to gravityor electromagnetic
�elds. The overall system is subject to external forces including tides and the extra-
terrestrial magnetic �eld. Additionally, radiation absorbed in the system and interac-
tion with solar wind change the dynamical state in the systemand thus these external
forcings have to be considered as input to the mechanical system.

The Earth's rotation is an integral quantity affected, in principle, by all processes
changing the mass distribution and the dynamics of the system. Thus, the rotation is
ultimately coupled to deformations and variations of the gravity �eld of the Earth.

In this mechanical view, the geometry of the solid Earth as well as the mass
distribution in its interior are determined by the forces acting on the solid Earth, such
as tidal forces, surface loading, and variation in the Earth's rotation and gravitational
�eld, as well as forces inside the solid Earth, such as slow redistribution of mass due
to convection, or rapid redistributions during earthquakes. With respect to surface
loading due to mass redistribution in the ocean, the atmosphere, and the terrestrial
hydrosphere, it is important to note that any of these mass movements changes the
Earth's gravitational �eld primarily due to the mass movements, and, secondarily,
due to deformations of the solid Earth. Any of these changes will affect the mass
distribution in the ocean and thus create additional loads and variations in the three
geodetic quantities.

In addition to the mechanical forces, on longer time scales we also have to con-
sider thermodynamical forcing driving the convection in the Earth's mantle and core
and creating phenomena such as volcanism and plate tectonics. However, for a de-
scription of the main characteristics of the geodetic variables, the mechanical view
provides a valid basis.

Modeling of the Earth focusing on mechanical properties of the geosphere tradi-
tionally attempts to describe the whole Earth by a single system of equations spe-
cialized for speci�c phenomena (see e.g. Lambeck, 1988; Wahr, 1981, for rotation
and loading deformations, respectively). In order to be feasible, this approach re-
quires a high degree of simpli�cation and many interactionsand feedbacks have to
be neglected. Consequently, even the most advanced geophysical models presently
available are highly simpli�ed and, moreover, specializedfor the description of spe-
ci�c phenomena (such as nutation, Earth tides, surface deformations, geoid anoma-
lies, glacial loading).

Over the last decades, several studies have demonstrated that complex systems
can be modeled using a modular approach, with the individualmodules representing
subsystems or components that interacting through boundary conditions (surface
forces, energy transfer, and particle transfer), and far-�eld interactions (gravimetric
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and electromagnetic volume forces). Complex climate models are built in this way,
with separate submodels for, e.g., the ocean, atmosphere, cryosphere, clouds, and
land surface.

In a modular approach to the dynamics of a rotating planet, the planet is repre-
sented by a number of physically de�ned subsystems coupled to each other both
by boundary conditions and far-�eld interactions. Thereby, different subsystems are
described each on its own by dynamical equations. Couplingsbetween different
subsystems in this approach have to be de�ned independentlyof the structure of dy-
namics of the subsystems as physically meaningful quantities, e.g. forces, moments
or �elds. There might be, moreover, external excitations acting on one or several
particular subsystems such as for instance a tidal potential.

With respect to geodetic variables, integrated systems have been studied mainly
for Earth rotation. Jüttner & Plag (1999) used a simple modular model, i.e., Dy-
namical Integrated Modular Earth Rotation System (DIMERS), with submodels for
the Earth's mantle, �uid core, and solid core, as well as the atmosphere and ocean
to study system characteristics and to model polar motion forced by atmospheric
loading. Based on a system model similar to DIMERS, i.e., Dynamic Model for the
Earth Rotation and Gravity (DyMEG), Seitz et al. (2005) studied the noise charac-
teristics of polar motion, while Thomas et al. (2005) investigated the contribution of
the ocean to polar motion excitation.

These model studies demonstrate that a modular approach to aEarth system
model serving geodetic applications is feasible. In particular, these model studies
show that so-called emerging system properties (e.g. the model period of Chandler
wobble and nearly diurnal wobble) are sensitive to sub-model properties and cou-
pling between the submodels, and these models allow the studying of the emerging
properties as function of model parameters.

However, as pointed out by Jüttner & Plag (1999), there are anumber of chal-
lenges in developing a consistent theory for an advanced model with more realistic
representation of all submodels. For most subsystems, individual reference frames
will be needed, and in order to exchange of body forces and boundary conditions
between the system, the relation of the individual frames toa common model frame
will have to be determined. For some of the submodels, such asthe ocean circu-
lation models, feedback from a deforming solid Earth with variable rotation is not
suf�ciently considered.

Challenges are also in the solid Earth processes themselves. Unlike a uniform
description of the rotating planet as a whole, a modular theory of planetary dynam-
ics requires direct time domain integration as an initial value problem for basically
two reasons. First, the transformation into the frequency or Laplace domain and
back into the time domain by a Greens function formalism requires linearity of the
mathematical description of the whole system dynamics. That would restrict any
subsystem model to a linear theory. The modular approach, however, should not
restrict the internal structure of the subsystems in any wayexcept for the match of
couplings. Secondly, the de�nition of a boundary value problem refers to bound-
aries of particular subsystems but is characterized by eigenmodes of the system as a
whole. Thereby additional links between all the distinct subsystems are introduced
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which are not physically determined as interactions of subsystems but mathemati-
cally as matches of certain kinematic patterns. In the treatment as boundary value
problem a complete classi�cation of possible types of normal or eigenmodes has to
be achieved beforehand. This classi�cation has to be done anew after any substan-
tial change in any subsystem thus contradicting the spirit of the modular approach.
Contrarily, in the modular approach to an initial value problem new properties of
the whole system emerge in course of integration.

The modular approach allows for successive sophistications individually inside
each of the subsystems without requiring any changes in the other subsystem. The
only demands on the mathematical description of dynamics ofa subsystem are that
it has to supply the other subsystems with time-dependent values of the prescribed
physical coupling parameters and that it has to work with such coupling parameters
supplied to it by other subsystems at each time step anew. Of course, special atten-
tion has to be paid to the de�nition of the interactions rightat the outset. Indeed,
the isolation of subsystems of the planet and convention on the kind of their mu-
tual interactions de�nes the structure of the modular theory. Unlike changes within
any subsystem, the mere addition of a new interaction of two subsystems requires
changing both of them. Moreover, the introduction of a new subsystem even requires
changing all other subsystems interacting with the new one.

The choice of subsystems already characterizes a certain structure of the plane-
tary interior and of the circumstances at the planet's surface. For the dynamic Earth
reference model, the appropriate choice of modules will be pivotal for the accuracy
of the model predictions. It can be expected that submoduls will have to be intro-
duced for different time scales. For example, the modeling of co- and postseismic
processes may require a module separate from the one used forsurface loading. In
the end the dynamic Earth reference model may turn out to be a combination of
a large number of models for various processes, which run in parallel and interact
through boundary conditions and far-�eld forces, with the overall model develop-
ment “guided” by geodetic observations in real-time.



Chapter 9
The future Global Geodetic Observing System
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J. Oberst, M. Pearlman, H.-P. Plag, B. Richter, T. Schöne, G. Tavernier, P. L.
Woodworth

In this Chapter, we focus on the design of the geodetic observing system that will
meet the speci�cations summarized in Section 7.7 and be ableto sustain the prod-
ucts listed in Section 7.5. Thus, this Chapter treats GGOS asan observing system
(see Section 1.3 for a discussion of the two different meanings of “GGOS”). In
Chapter 10, the main focus will be on GGOS as an organization and the integration
of GGOS in the global context of Earth observation.

GGOS has been organized by the IAG to work with the established IAG Services
in order to provide the geodetic contribution to global Earth monitoring, including
the metrological and reference system basis for many other Earth observing systems.
GGOS is therefore one of the basic observing systems comprising GEOSS.

GGOS is complex, addressing relevant geodetic, geodynamicand geophysical
problems, which have deep impact on vital issues for humankind, such as global
change, sea level rise, global water circulation, water supply, natural disasters, risk
reduction, etc.(see Chapter 5 for details). It is a visionary concept based on the
requirements and speci�cations given in Chapter 7 and on theassessment of what
components are needed to meet the very demanding goals.

In order to address the ambitious GGOS goals, we will integrate a multitude of
sensors into one global observing system. In the following sections the focus will be
on the technical design and rationale for the proposed GGOS.The individual com-
ponents of the system will be discussed and the interaction between the components
will be outlined, from the geodetic observations and the interfaces to the products
for the users.

9.1 The overall system design

The overall GGOS is designed in such a way that it meets the requirements and
needs of the scienti�c and the societal users (see Chapter 7). The tasks listed in
Section 7.4 have been identi�ed as the most important high-level tasks for GGOS,
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however, the tasks that will actually be performed individually or collectively by
the IAG Services, not GGOS itself. This list implies a very complex system with
many different sensors and instruments, on the Earth, in theair and in space, that
are integrated to form a global observing system appearing to the outside world as
one large, comprehensive “geodetic instrument” for monitoring the Earth system. In
order to function as a large Earth observatory for the bene�tof science and society,
GGOS has to encompass not only global terrestrial networks of observatories and
space missions devoted to geodetic Earth observation and planetary exploration,
but also the communication infrastructure, analysis centers, coordinating centers,
and Internet portals. GGOS will eventually generate the well-de�ned products that
will provide the metrological basis for Earth sciences, geo-information science, and
terrestrial and planetary navigation. GGOS, therefore, consists of the following four
crucial components:

� Instrumentation: global terrestrial networks of observatories, Earth observing
satellites and planetary missions;

� Data infrastructure: data transfer, communication links, data management and
archiving systems, data and product dissemination centers, web portals, etc.;

� The GGOS Portal: a unique access point for all GGOS products with a database
of relevant metadata compliant with international standards; and

� Data analysis, combination, modeling:complete and consistent data process-
ing chains ranging from the acquisition and processing of vast amounts of obser-
vational data to the consistent integration and assimilation of these observations
into complex numerical models of the Earth system.

Fig. 9.1. The overall system design of the future GGOS including global observing
networks, satellite missions, data centers, analysis centers and coordination centers,
etc.
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These four components are shown in Figure 9.1 and will be described in more
details in the sections below. Figure 3.1 on page 92 shows howGGOS is designed to
connect the space and terrestrial geodetic observations (left-hand side) to the Earth
system components and their interactions (right-hand side) by way of the “three
pillars of geodesy” (the Earth geometry and deformation, the Earth rotation and its
variations, and the Earth gravity �eld with its temporal changes) in the center of
Figure 3.1. The principal products of GGOS are summarized inSection 7.5 and
the general accuracy requirement is provided in Section 7.6. From the accuracy re-
quirement for GGOS of 1 ppb (including consistency between all GGOS products),
it follows that consistent permanent (as opposed to sporadic) ground and space ob-
servations are required to meet the needs of science and society. In order to serve
the purposes mentioned in Section 7.5, long-term stabilityand consistency among
all GGOS products at a level better than 1 ppb is required, andthe products must
be available in due time (e.g., in real time for some of the applications) in order to
meet user requirements.

Fig. 9.2. The �ve levels of GGOS and their interactions with observati ons of various
types. The combined infrastructure allows the determination and maintenance of the
global geodetic reference frames, and the determination of Earth's gravity �eld and
rotation. The ground networks and GNSS are crucial foir positioning. In particular,
they allow the monitoring of volcanoes, earthquakes, tectonically active regions and
landslide-prone areas. The LEO satellites monitor sea level, ice sheets, water storage
on land, atmospheric water content, high-resolution surface motion, and variations in
the Earth's gravity �eld. The latter are caused, to a large ex tent, by regional and global
transport in the hydrological cycle.
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9.2 The overall observing system design: the five levels

The GGOS will have �ve major levels of instrumentation and objects, which actively
perform observations, or which are passively observed, or both, namely:

� Level 1: the terrestrial geodetic infrastructure;
� Level 2: the LEO (Low Earth Orbiter) satellite missions;
� Level 3: the GNSS and the Lageos-type SLR satellites;
� Level 4: the planetary missions and geodetic infrastructure on planets; and
� Level 5: the extragalactic objects.

These �ve levels, independent of whether they are active or passive, receivers or
emitters or both, are connected (see Figure 9.2) by many types of observations in a
complex way to form the integrated geodetic observing system. The major observa-
tion types at present are:

� Microwave observations of the GNSS satellites from the ground and from LEO
satellites;

� Laser ranging to LEOs, dedicated laser ranging satellites,GNSS satellites, and
the Moon;

� Microwave observation of extragalactical objects (quasars) by VLBI;
� Instrumentation onboard the LEO satellites measuring accelerations, gravity gra-

dients, satellite orientation, etc.;
� Radar and optical observations of the Earth's surface (land, ice, glaciers, sea

level, etc.) from remote sensing satellites;
� Distance measurements between satellites (K-band, optical, interferometry, etc.);
� absolute and relative gravity measurements; and
� tide gauge measurements.

In the future, new measurement techniques will evolve and will be included into
the system. The individual parts (observation types) of theoverall system are con-
nected by the co-location of different instruments at the same site on the Earth, or on
the same satellite or object. This co-location of instruments and sensors is extremely
important for the consistency and accuracy of the system, sothat it will act as one
large “instrument” (see Section 9.3.8). Each of the techniques has its own strengths
and weaknesses, and through co-locations, it is possible toexploit the strengths and
mitigate the weaknesses so as to build the strongest possible observing system.

GGOS is not the �rst global geodetic observing system. Such systems existed
for a long time to monitor seasons, to produce maps and to navigate reliably and
accurately on the Earth. Prior to the space age, “predecessors” of GGOS consisted
of only three levels, namely, globally distributed observatories (Levels 1), the Moon,
the Sun and the planets (Level 4) and “�xed” stars and quasars(Level 5). Level 4
(the Sun, Moon and planets) of the historic systems was, so tospeak, the predecessor
of the GGOS Level 3 (the GNSS). Cross staffs, and then later optical telescopes and
watches (�rst mechanical, then atomic) were the hardware components in Level 1
of the historical systems. Level 5 traditionally was the system of “�xed” stars. The
star catalogues were realizations of the celestial reference frame.
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9.3 Level 1: Ground-based infrastructure

The �rst level of GGOS consists of all terrestrial networks of geodetic ground sta-
tions contributing to the terrestrial reference frame or toEarth monitoring:

1) The global network of radio telescopes coordinated by theIVS;
2) The global network of SLR and LLR stations of the ILRS;
3) The global network of GNSS stations of the IGS;
4) The global network of DORIS stations coordinated by the IDS;
5) The global network of superconducting gravimeters comprised in the GGP and

the global network of sites occupied episodically with absolute gravimeters;
6) The global network of tide gauge stations coordinated by the IOC; and
7) Global networks of geodetic timing stations.

Most of these observing stations are equipped with additional, complementary sen-
sors and instruments (e.g., meteorological sensors, watervapor radiometers, etc.)
and at many of the stations more than one instrument are co-located. The design of
these networks as fundamental and integral parts of the GGOSis described in the
following subsections (see also the respective Sections inChapter 2).

9.3.1 Core network of co-located stations

The core of the terrestrial global GGOS network, the part realizing the integra-
tion of the various instruments on a global scale, will be a set of about 40 globally
well-distributed core sites. These stations co-locate themajor geodetic observation
techniques and a variety of additional sensors. The co-location of the different tech-
niques allows not only the integration of the individual technique-speci�c networks
into a unique terrestrial reference frame (ITRF) but also the assessment of the ob-
servation quality and accuracy and the mutual validation ofthe results. A network
of such core sites is mandatory in order to monitor the globalreference frame at an
accuracy of 1 mm or better over decadal time scales.

These core sites will be equipped with the following instruments, which are based
on most recent sensor technologies, connected to real-timecommunications (data
streaming), collecting data at the highest possible observation rates, operated auto-
matically, and are highly reliable:

� at least two geodetic VLBI telescopes to ensure continuous VLBI observation (24
hours per day, 7 days a week), allowing for maintenance periods for individual
telescopes;

� an SLR/LLR telescope to track all major satellites equippedwith laser retro-
re�ectors and, for some core sites, the Moon;

� at least three GNSS receivers and antennas to guarantee thatindividual anten-
nas (and receivers) can be upgraded (e.g., for the tracking of new GNSS, such
as GALILEO) without losing the precise local ties to the other antennas, thus
ensuring long-term millimeter-level stability;
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� a DORIS beacon of the most recent generation;
� terrestrial geodetic survey instruments to permanently and automatically monitor

the local ties between the reference points of the space-geodetic technologies
with 1 mm accuracy;

� ultra-stable oscillators for time and frequency keeping and transfer (with VLBI,
GNSS, laser links, etc.);

� a superconducting and an absolute gravimeter to support gravity satellite mis-
sions and geocenter determination;

� meteorological sensors for measuring pressure, temperature and humidity;
� seismometer for earthquake detection, epicenter localization and the determi-

nation of rupture parameters in combination with deformation from the space-
geodetic techniques and GNSS seismology; and

� a variety of additional sensors (water vapor radiometers, tiltmeters, large gyro-
scopes, groundwater sensors, etc.).

If major new observation technologies are developed in the future, which will supply
complementary information, these sensors must be added to the instrument ensem-
ble of a core site.

9.3.2 VLBI station network

The VLBI station network for 2020 is foreseen to have a size ofabout 40 globally-
distributed sites with one or, even better, two telescopes at each site. These tele-
scopes should be of the VLBI2010-type. Most of the currentlyused VLBI equip-
ment was developed in the 1970s and 1980s, and the equipment is being pushed
to the limits of performance and is costly to maintain. The existing antennas at
many sites move slowly, which makes it dif�cult to provide the rapid whole sky
coverage needed for the highest accuracy. Therefore, a rejuvenation of the VLBI
network is crucial. In view of the requirements of GGOS, IVS Working Group 3
(WG3) on VLBI2010 was charged with examining the current andfuture require-
ments for geodetic VLBI systems. The group compiled their �ndings in the so-called
VLBI2010 Vision Paper (Niell et al., 2006) and made recommendations for the next
generation of the VLBI system. Recognizing the need for a standing body within
IVS that would ensure the realization and implementation ofthe new system, the
VLBI2010 Committee was set up.

The VLBI2010 system is envisioned to meet the following criteria: low cost of
construction, low cost of operation, and rapid analysis anddelivery of �nal results.
To accomplish this, the center piece of the new system will bea small-antenna
observing system (dish diameter of 12 m or larger) in concertwith global high-
speed network links. The lower sensitivity of a smaller antenna, as opposed to the
present� 20 m antennas, will be more than compensated for by high slew rates of
at least 5 degree/sec and higher observational data rates (8-16 Gbps and higher),
which will allow many more observations to be taken. The observing will be done
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over a broad, continuous frequency range (broadband delay approach) of 2-18 GHz
allowing mitigation of any radio frequency interference.

The rapid advance of both magnetic-disk technology and global high-speed net-
work technology will be utilized in VLBI2010. All data collection and transmission
interfaces and formats will adhere to the set of internationally agreed VLBI Stan-
dard Interface (VSI) speci�cations. An array of antennas directly connected to the
correlator via high-speed networks provides the possibility for real-time and near
real-time processing to produce geodetic results within hours, which is particularly
important to the rapid turnaround of Earth orientation parameter results.

The GNSS community has demonstrated the value of increasingthe number
of receiving sites and improving the geographic distribution. The present geode-
tic VLBI network has a very irregular distribution of antennas over the surface of
the Earth. Africa, South America, and Asia are particularlyunder-represented com-
pared to the other continents. Thus, important considerations for the planning of
a new network are the number and the locations of the sites needed to satisfy the
1 mm goal. Although the detailed choices for deployment of new stations will be
driven by a combination of science, economics, and politics, a quantitative estimate
can serve to specify the lower limit for the number of sites.

The goal of combining GNSS, VLBI, SLR, and DORIS geodetic networks pro-
vides a guideline for the number of VLBI sites. The current uncertainty in GNSS
daily horizontal measurements for a global network is approximately 3 to 5 mm and
is unlikely to improve signi�cantly. In contrast, the repeatability in regional GNSS
networks of� 1000 km is down to approximately 1 to 2 mm. For VLBI the hor-
izontal repeatability of the Very Long Baseline Array (VLBA) antennas has been
1.5 to 3 mm over the past decade, while for the new VLBI system speci�ed by
the VLBI2010 Committee the horizontal accuracy is expectedto be better than 1
mm. In order to take advantage of the best attributes of both GNSS and VLBI, the
spacing of combined VLBI/GNSS sites should be of the order of2000 km. Such
spacing would require approximately forty sites (Eurasia (14), Africa (7), Australia
(3), Antarctica (2), Greenland (1), North America (6), South America (6), South-
ern Paci�c (2)) equipped with one (or preferably two or more)telescope(s) to allow
continuous operation.

9.3.3 SLR/LLR station network

The estimated size of the GGOS SLR/LLR network is based on meeting 1 mm/decade
stability in the origin and scale requirements for the reference frame. This stability
is presumed achievable under realistic weather conditionsand local network oper-
ational strategies. The same network is also expected to address the tracking needs
of the large set of satellites anticipated in the GGOS 2020 time frame. In addition
to the current distribution of satellite categories being supported by the ILRS, it is
anticipated that there will be a signi�cant increase in the number of GNSS satel-
lites (GPS, GLONASS, GALILEO, COMPASS, etc.) that will be tracked in cam-
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paign mode. GGOS requires a globally distributed network of30-40 SLR stations
co-located with GNSS and VLBI, where a high percentage of these stations must
also be co-located with either gravity instruments or DORISbeacons. These core
observatories should be globally distributed, at sites with good weather conditions
and stable geology. “Good weather sites” should permit ranging at least 60% of the
time, and have weather patterns lacking strong seasonal signatures. Sites with sta-
ble geology do not show local motion, which would otherwise corrupt the reference
frame stability. They should be several hundred kilometersaway from plate bound-
aries, faults, and ridges. Bedrock would be ideal, but may not be practical at every
site. Four stations (on four different continents) should have lunar ranging capabil-
ity to continue the long time series of LLR since 1969. A number of the current
SLR/LLR stations would likely be sites for the GGOS network.All SLR/LLR sites
must be co-located with GNSS, and several should, in addition, be co-located with
other instruments.

The network should be equipped with fourth generation systems with high rep-
etition rates (102-103 Hertz), higher quantum ef�ciency detectors (either avalanche
photodiodes or PMT quadrant or pixilated detectors), shorter dead-time between
events, increased automated or autonomous operations, real-time communications
for data �ow and centralized operations monitoring, and improved calibration and
diagnostic monitoring. The higher data rate will allow morerapid satellite acquisi-
tion and improved pass interleaving for satellite con�ict resolution. Real-time data
�ow will improve upon the current 1 - 2 hour availability cycle.

Many of the fourth generation capabilities are now being demonstrated in cur-
rent stations. 2 KHz operation is presently operational at the Graz SLR station.
Others are actively pursuing it. Semi-autonomous and automated operations are cur-
rently routine at the Zimmerwald and Mt. Stromlo stations. The NASA SLR2000
prototype is being developed with many of the fourth generation capabilities. The
stations at Zimmerwald, Matera and Concepcion have initiated studies of the two-
wavelength concept for a more accurate refraction correction.

Earth ground-based laser experiments in 2005 to the MercuryLaser Altimeter
(MLA) onboard the MESSENGER spacecraft enroute to Mercury,and to the MOLA
onboard the Mars Global Surveyor (MGS) orbiting Mars, demonstrated that there
is suf�cient signal strength for interplanetary ranging measurements and that laser
transponder experiments are capable of providing accuratespacecraft ranging and
timing information. With the deployment of an optical receiver and accurate on-
board timing system on the upcoming Lunar Reconnaissance Orbiter (LRO), one-
way ranging to the moon should be operational in late 2008. Several groups are
now working on two-way transponders for use in lunar and planetary ranging for
studies of lunar and planetary dynamics and gravity �eld. Asa result, many lunar
range measurements with higher accuracy and much better temporal coverage will
become available.
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9.3.4 GNSS station network

The future global GNSS network (maintained by the IGS) will be a multi-purpose
observation network. It will be of vital importance for:

� the reference frame realization, monitoring and maintenance;
� the densi�cation of the network of core sites, and the basis for regional densi�-

cations of the global reference frame;
� time and frequency transfer between time laboratories equipped with GNSS re-

ceivers;
� the monitoring of global plate tectonics and deformation phenomena (loading,

etc.);
� the monitoring of the displacements after and during an earthquake (GNSS seis-

mology, i.e., observing the seismic waves with 20-50 Hz sampling rates) to give
additional information on earthquake magnitudes and rupture processes;

� the connection of tide gauges to the global reference frame through co-location;
and

� for ground-based atmospheric sounding (troposphere and ionosphere).

To meet these goals the IGS station network of the proposed GGOS shall consist
of a few thousand GNSS stations with the following characteristics:

� State-of-the-art receivers tracking all GNSS satellites,i.e., GPS, GLONASS,
GALILEO, COMPASS, and similar navigation satellite systems yet to be de-
veloped. To achieve utmost accuracy and reliability all available GNSS satellites
have to be tracked. The collection of data from more than one system makes
GGOS independent of the individual systems. The receivers will record all major
measurements of codes and carrier phases on all frequenciesrelevant for Earth
observation.

� Homogeneous global distribution of sites, densely covering all major tectonic
plates. In the case of a large earthquake, the effects on the global reference frame
should be known and available in near real-time.

� Core sites (i.e., sites co-located with other space-geodetic instruments) shall be
equipped with more than one receiver and antenna to allow forequipment up-
grades without loss of accuracy and time-series continuity.

� All VLBI, SLR and the majority of DORIS sites shall be equipped with a co-
located GNSS receiver.

� Sites shall be equipped with real-time data communication links and the possi-
bility to collect data at a sampling rate of a few tens of Hz.

� GNSS receivers shall be connected to (and ideally driven by)ultra-stable oscil-
lators, especially from time laboratories.

This network will be fundamental to connect, through co-location of instruments,
all the other networks and to ensure that the positions of allsensors of the global
geodetic observing system will be known in a unique global reference frame.
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9.3.5 DORIS station network

The quality, density and homogeneity of the DORIS network have been contin-
uously improving for 20 years (Fagard, 2006). With 56 well-distributed stations
around the globe, it guarantees an excellent orbit coveragefor the DORIS-equipped
satellites. The density and homogeneous distribution of the DORIS network an im-
portant contribution, on the one hand, to the realisation ofthe ITRF, both by den-
sifying the IERS network and through the co-locations available for a majority of
the DORIS stations, and, on the other hand, to sea level monitoring, through co-
locations with tide gauges at one third of the stations. Thanks to the general renova-
tion process carried out over the past six years, almost all antenna monuments have
now an excellent long-term stability of the antenna reference point. Moreover, the
massive deployment of third generation beacons will ensurea higher performance
and reliability of the network.

The IDS station network of the proposed GGOS shall consist of60 to 70 stations
with the following characteristics:

� A homogeneous global distribution of sites, covering all major tectonic plates.
The IDS network shall permit the determination of the motionof all major plates,
and shall provide a global and robust coverage for all DORIS-equipped satellites.

� The current network will be maintained, and a few new stations will be installed
to �ll gaps or improve robustness.

� The network provides support to current missions (SPOT, JASON-1, ENVISAT),
and planned future missions (JASON-2, CryoSat-2, ALTIKA, etc.), at least until
2020.

� Third generation, or new state-of-the-art, beacons will improve the measurement
quality and reliability.

� More beacons shall be connected to atomic clocks to provide abetter connection
to the International Atomic Time.

� All DORIS sites shall be equipped with accurate meteorological sensors to permit
precise atmospheric corrections of the measurements.

� Long-term stability of the antenna reference points shall be at the cm-level over
time frames of a few decades.

� DORIS equipment will contribute to core sites, i.e., stations co-located with other
space-geodetic instruments (SLR, VLBI, GNSS). The DORIS/VLBI interference
issue will be investigated and resolved to the extent possible.

� A homogeneous global distribution of sites co-located withtide gauges will help
to accurately calibrate sea level change.

The network monitoring will be enhanced to ensure that the DORIS stations consis-
tently provide reliable and precise measurements:

� Periodic site visits for equipment inspection, antenna stability checking, local
geodetic survey;

� Daily monitoring of parameters such as status, failures, voltage, transmitted
power on both frequencies, time synchronization, meteorological sensors status,
USO warming time, etc.;
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� Remote management and control of the DORIS beacons; and
� Increase the level of the operating rate to 90%, with daily monitoring of perfor-

mance indicators.

9.3.6 Networks of gravimeters

For the proposed GGOS it is extremely important to couple thespace-geodetic
techniques delivering information about the geometry of the Earth (shape, defor-
mation, orientation, and rotation) with gravimetric measurements not only from
gravity satellite missions, but also from sensors on the Earth's surface. Most of
the processes in the Earth system have an impact on all geodetic observations and
the complementarity of gravimetric sensors is crucial for the separation of various
processes involving mass transport.

To obtain time series of gravimetric measurements that improve the monitoring
of the Earth system on a global level, a network of about 30 gravimetric stations
(identical to the extent possible with core sites, see Section 9.4.1) should be es-
tablished. Each of these stations should consist of a superconducting as well as an
absolute gravimeter, both continuously measuring the gravitational acceleration and
its time variations.

9.3.7 Network of tide gauge stations and ocean bottom geodesy

As reported in Section 2.9.3, tide gauge sea level measurements are coordinated in-
ternationally through GLOSS, which coordinates a network of about 300 tide gauge
stations (see Figure 2.45 on page 83). By 2020, it is expectedthat all of the core
tide gauge network sites, the majority of all other sites with long sea-level records,
the stations which provide comparison data for altimeter calibration, and indeed
many other tide gauge stations, will be equipped with GNSS receivers. These re-
ceivers have two functions: to enable the tide gauge measurements to be located in
the same reference frame as the altimeter data, and to determine the rates of vertical
land movement (see Section 2.9.3).

The historical tide gauge record has been derived primarilyfrom �oat and stilling
well technology. However, nowadays one can deploy acoustic, radar and pressure
tide gauges, as well as digital �oat systems, each of which has its advantages and
disadvantages (see Section 2.9.3 and IOC, 2006). Although GLOSS standards sim-
ply require tide gauge stations to provide measurements to better than 1 cm accuracy
in all weather conditions, one would expect that any new GLOSS installation would
learn from the experience of the Sumatra tsunami of December2004, and therefore
include dual gauges (e.g., a “sea level” gauge based on radar, and a “tsunami” gauge
based on pressure measurements) and dual telemetry. Data �ow should be both near
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real time (especially for tsunami and storm surge applications) and delayed-mode
for scienti�c applications.

Currently, much experience is available from �oat, acoustic and pressure sys-
tems, while radar devices are relatively new. However, their low cost and ease of
installation and maintenance, means that they may be widelyused in future. By
2020, one would expect such devices to be both accurate and affordable. However,
one would expect there to be an ongoing need for capacity building in their use in
developing countries.

BPRs are also of importance for geodetic applications (see Section 2.9.3). Data
from deep ocean bottom pressure recorders are particularlyrelevant for comparison
to temporal space gravity data from missions such as GRACE. However, only a few
BPRs have been deployed so far explicitly for such comparison purposes; the POL
BPRs in the South-West Atlantic being one example (Hughes etal., 2007). By 2020,
the installation of a permanent global ocean network of 50-100 BPRs would be
technically feasible. However, there are currently no �rm plans for such a network,
and the challenge of data transmission would need to be addressed seriously, unless
the community wished to work only with delayed-mode information.

9.3.8 Co-location of instruments and auxiliary sensors

The co-location of different and complementary instruments is crucial for several
reasons:

� Without co-location sites and highly accurate local tie information, it is impos-
sible to establish a unique and common global reference frame for all major
space-geodetic techniques.

� Co-location sites allow the comparison, validation and combination of estimated
parameters common to more than one technique. The comparison is crucial for
the detection of technique-speci�c biases, and furthermore the combination of
common parameters strengthens the solutions.

� Complementary observation techniques may be the only way toseparate the sig-
nals of different processes taking place in the Earth system.

Co-location should therefore not only be limited to the space geodetic techniques
but include additional sensors that aid integration and combination. A list of such
instruments is given in Section 9.3.1.

The measurement and monitoring of the local ties between different instruments
should have a similar status and accuracy in the future as theobservations of the
space-geodetic techniques themselves. The local tie measurements should be per-
formed with 0.1 mm accuracy, in a fully automated way and on analmost continuous
basis, since local ties may change over time. These measurements have to account
for any de�ection of the vertical when relating the local ties to the geometric frame.
Because of discrepancies in the results from co-located techniques, it is extremely
important to be able to fully rely on the measured local ties.This will help to identify
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(and eventually correct) the considerable remaining systematic effects in the results
of the individual observing techniques.

At core sites, local ties do not only have to be established between the reference
points of the major space-geodetic observing technologies, but also to other sensors.
As an example, the height differences between the referencepoints of the space-
geodetic technologies and atmospheric sensors have to be known with decimeter ac-
curacy for comparison, validation and combination purposes (e.g., the tropospheric
delay difference between the GNSS and VLBI antenna reference point has to be
taken into account when combining the tropospheric delay estimates from GPS and
VLBI). The location of a water vapor radiometer with respectto the other obser-
vation techniques has to be known as well, and the same is truefor gravimeters,
tiltmeters, large gyroscopes, etc.

The core network (see Section 9.3.1) will be fundamental forthe co-location
of instruments. However, due to environmental conditions at the individual sites
(geological and geodynamic stability, weather conditionsfor SLR/LLR, multipath
environment, change in ground water table, etc.), it will not always be possible (or
reasonable) to co-locate all instrument types at one location. “Isolated” instruments
should then at least be tied to a unique global reference frame by setting up a GNSS
receiver at the same location. All instruments must be co-located with GNSS.

9.4 Level 2: Low Earth Orbiter satellite missions and their
applications

Satellites observing the Earth from space will be an indispensable component of
GGOS in 2020. Satellites have the big advantage that they collect data homoge-
neously and consistently over large parts of the Earth surface. They also allow the
collection of data that cannot be recorded at the Earth's surface. These satellites
are nowadays equipped with a multitude of sensors and instruments, monitoring the
land, ocean and ice surfaces as well as the Earth's gravity �eld and its temporal
variations.

The potential and impact of satellite missions on Earth observation will increase
considerably due to the fact that: (1) more and more satellite constellations instead of
individual satellites will be launched increasing the temporal and spatial resolution
of the data, and (2) satellites will be �own in “formations,”forming large observing
instruments composed of sensors on more than one satellite.

Due to the importance of the satellite component for the GGOSdesign and prod-
ucts, the observation of certain geodetic/geophysical parameters of the Earth (e.g.,
the gravity �eld and its temporal variations) by a satellitemission should not end
with this dedicated mission, but has to be continued with follow-on missions es-
tablishing eventually a chain of missions (as in the case of the altimetry missions
TOPEX, JASON-1, JASON-2, and ERS-1, ERS-2, ENVISAT, etc., see Table 2.2).
Such “chains” of satellite missions are crucial for monitoring the Earth system over



250 Rothacher et al.

long time periods and for the detection of long-term trends and changes in the Earth
system. Therefore, they should be viewed as a strategic element of the GGOS.

9.4.1 Gravity satellite missions

The gravity �eld missions CHAMP and GRACE (see Section 2.6.5) have made
to a huge improvement to our knowledge of the Earth's static and time-variable
gravity �eld. The missions have improved the accuracy of thestatic gravity �eld
models by a factor of at least 100 compared to pre-CHAMP models, which were
mainly determined from satellite laser ranging data. Basedon monthly gravity �elds
determined from CHAMP and, in particular, GRACE data, seasonal variations and
trends in the Earth's gravity �eld can be monitored, providing unique information
about relevant mass transport phenomena like the water cycle in large river basins,
the melting of ice sheets in Antarctica and Greenland and theassociated sea level
change, as well as in the ocean current systems. ESA's GOCE mission will lead to
another signi�cant improvement in the resolution and accuracy of the Earth's static
gravity �eld and of our knowledge of the ocean current systems. GOCE will also
mark an important step toward a more accurate uni�ed global vertical reference
frame.

In view of these developments, it is clear that present and future satellite gravity
�eld missions will play a crucial role in GGOS. An uninterrupted monitoring of the
temporal variations of the gravity �eld is of utmost importance for global change
studies, i.e., the reliable detection of small trends in thegravity �eld due to sea level
rise, the melting of ice sheets and changes in the ocean current systems.

To avoid any gaps in the time series – GRACE may last till 2013 –a GRACE
follow-on mission with only minor design changes is crucial, because the develop-
ment of new technologies may require several years and mightnot be ready before
the decommissioning of the GRACE pair of satellites. GGOS will have to work with
the space agencies to ensure this follow-on mission.

For mission concepts beyond 2013, new scienti�c challenges, for example, global
ocean circulation, hydrological cycle, secular trends of geoid, ice sheet and glacier
evolution, crust and lithospheric structure and dynamics,big earthquakes, and verti-
cal datum improvement, require higher temporal resolution, higher spatial resolution
and higher accuracy (see Figure 3.5). Accordingly, different sensor designs such as
quantum-gradiometers, low-low and high-low Satellite-to-Satellite Tracking (SST)
or ranging, optical clocks, etc., might be required.

One obvious concept to improve the accuracy of inter-satellite measurements
(low-low SST) is the replacement of the K-band link of the GRACE mission con-
cept by an optical link (i.e., a laser interferometer). A gain of a factor of 100-1000
in the accuracy of the inter-satellite measurements can be expected from such a de-
velopment. Initial studies of such a concept have been performed by NASA and are
presently being conducted by ESA as well. With such accuracies, the de-aliasing
of the gravity �eld determination (removal of effects from high-frequency signals
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from the atmosphere, ocean tides, etc.) will become a major challenge. The same
is true for the separation of the gravity signals resulting from different Earth pro-
cesses. Different orbit constellations and different types of satellite formations will
have to be considered for this purpose. In addition, complementary sensor systems
(surface deformation monitoring with GNSS, ocean bottom pressure sensors, air-
borne gravimetry, superconducting gravimeters, etc.) will be crucial to allow for the
separation of different processes. Sensor integration is therefore at the very heart of
the GGOS concept.

It is possible that optical clocks will reach stabilities of10� 18 in about 10 years
(see Section 2.7.3). Using the theory of General Relativitysuch clocks will allow
the direct determination of potential differences betweenclocks corresponding to
height differences on the level of 1 cm (geoid). With frequency comparisons be-
tween clocks in space and on ground, a consistent global vertical reference frame
can then be established with very high accuracy.

9.4.2 Ocean and ice altimetry satellite missions

Radar altimetry proved to be a reliable and ef�cient technique for monitoring the
global sea level and its changes. With currently four activeradar altimetry missions
(ERS-2, JASON-1, ENVISAT, GFO-1) and one launched recently(JASON-2), the
global ocean can be observed with a reasonable accuracy. However, it must be en-
sured that the current constellation is maintained also forthe future.

In January 2008, a CEOS Ocean Surface Topography Constellation Strategic
Workshop held in Assmannshausen (Germany), discussed and outlined implemen-
tation plans for the next 15 years (Figure 9.3). Among othersit was recommended
to:

� maintain continuity of high-accuracy JASON-type altimetry;
� maintain continuity with altimeters on at least two complementary, high-inclination

satellites; and
� extend the capability of altimetry to denser observationalcoverage through the

use of the swath altimetry technique.

With JASON-2, high-accuracy missions will continue until at least 2013. Be-
cause JASON-2 for the �rst time is an EUMETSAT-operated mission to provide
critical weather forecast data, continuation is likely. JASON-3 is now under ap-
proval.

For medium-accuracy high-inclination orbits, also covering much of the polar
oceans, HY-2A (China) and Saral/ALTIKA (India/France) missions are to be launch
in 2009. The HY-2A mission may be followed by similar missions. In addition, the
Sentinel-3A (Europe) mission, to continue on the current ENVISAT orbit, may have
follow-on missions.

With the launch of CryoSat-2 in 2009, also a dedicated mission for measuring
the polar caps and the ice-covered oceans is planned. However, with no follow-
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Fig. 9.3. Ocean Surface Topography Constellation, Strategic Workshop on Ocean Sur-
face Topography Constellation, Assmannshausen (Germany, January 2008).

on missions there will be a critical gap in the observations of the climate-sensitive
polar regions. GGOS efforts are needed to ensure the continuation of dedicated ice
missions.

In the case of swath altimetry, allowing a more dense and �exible coverage, no
plans exist so far for a mission before 2016 (SWOT/WaTER-HM mission). Previous
attempts to carry a wide-swath altimeter on JASON-2 were cancelled in 2005 by
NASA.

In summary it can be noted that, while in the past all missionshave been operated
by either the USA or ESA and France, future satellite constellations will bene�t
from contributions by other nations. This change makes it critical that the current
open data policy be maintained, including the near real-time data distribution for
operational applications as well as to ensure accompanyingscienti�c studies.

9.4.3 InSAR and optical satellite missions

InSAR observations produce spatially continuous images ofthe deformation of the
Earth's surface (see Section 2.4.5 for examples). These images are complementary
to other space-based geodetic observations, which producetemporally smooth, but
spatially discontinuous point measurements of surface motions. The need for im-
proved coverage of the Earth's surface is obvious, particularly for geohazards and
Earth sciences (see Chapter 5).
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The recent National Academy of Sciences report “Earth Science and Applica-
tions from Space: National Imperatives for the Next Decade and Beyond” (National
Research Council, 2007) represents U.S. scientists' consensus on critical Earth ob-
servations from space that are required to address issues ofclimate change, water
resources, ecosystem health, human health, solid-earth natural hazards, and weather.
The Report recommends that the planned DESDynI mission, an L-band InSAR and
laser altimetry mission, be launched in the 2010-2013 time frame. DESDynI would
measure surface and ice sheet deformation for understanding natural hazards and
climate, and vegetation structure for ecosystem health. DESDynI would help sci-
entists understand the effects of changing climate and landuse on species habitats
and atmospheric carbon dioxide, the response of ice sheets to climate change and
the impact on sea level, and would be used to improve forecasts of the likelihood of
earthquakes, volcanic eruptions, and landslides.

Geodetic networks support InSAR by providing geodetic control for the obser-
vations. The geodetic networks also provide tropospheric and ionospheric maps for
improving the quality of the interferograms. The geodetic data will be used to cal-
ibrate and validate the InSAR observations and, as mentioned above, will comple-
ment the InSAR observations by providing temporal continuity to the images.

NASA has proposed that a International SAR Information System (ISIS) be es-
tablished. A group concerned with the ISIS has not yet been formed. This group
would set data policies, would establish the ISIS as the vehicle for delivering In-
SAR data to the general science community, and would coordinate acquisition and
processing of data. GGOS could be an important advocate or umbrella organization
for this group.

By 2020 it is anticipated that a constellation of InSAR satellites with contribu-
tions from the USA, Europe, Brazil, Taiwan, China, and Japan. A coordinated con-
stellation of InSAR satellites would provide multi-baseline observations for detailed
topographic mapping and vegetation structure studies. Theconstellation would also
allow for more frequent observations at particular locations, enabling more rapid re-
sponse to events such as earthquakes, volcanoes, and landslides, as well as a better
determination of time-dependent phenomena.

A combined treatment of imaging and point techniques will becrucial in or-
der to calibrate the dynamic Earth reference model proposedin Chapter 8. For that
purpose, SAR images need to be available at least for the globally distributed fun-
damental stations.

9.4.4 Future satellite mission concepts

Over the last few years satellite technology developments have been extremely rapid
and have resulted in new concepts for future satellite missions. The most important
new concepts are:

� Design of micro- or even nano-satellites;
� Constellations with large numbers of satellites;
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� Formation �ying; and
� New instrumentation.

Initially, the concept of micro- or nano-satellites has mainly been realized by
university projects for students. Nowadays these developments are also pursued by
national space agencies as an interesting alternative to small or large satellites to
achieve certain mission goals. Due to the miniaturization of satellite components
and sensors, micro-satellites can nowadays be used for challenging mission tasks
at a fraction of the costs of satellites such as CHAMP or GRACE. Especially in
connection with formation �ying, or satellite constellations with a large number of
satellites, this alternative concept becomes very attractive.

A constellation of a large number of satellites, possibly indifferent orbital planes
and con�gurations, has the big advantage that the temporal and spatial resolution
of Earth observations can be drastically improved. This canbe seen from the num-
ber of daily radio occultations generated from the constellation of six COSMIC
satellites, compared to individual satellites like CHAMP.Near real-time Earth mon-
itoring based on satellite observations (e.g., for early warning systems) will require
a constellation approach and inter-satellite communication to allow for a near real-
time analysis of the data on the ground. Together with the micro- and nano-satellite
concept mentioned above, constellations of 10-100 satellites will become feasible
and affordable in the future.

Formation �ying is a very interesting new aspect of satellite missions. Compared
to conventional missions it adds two new “dimensions”: (1) it allows for inter-
satellite measurements (e.g., the K-band link between the GRACE satellite pair),
and (2) it opens the door to build a virtual, more ef�cient/accurate instrument by in-
tegrating the instruments on several satellites into one large observing system (e.g.,
the integration of the TerraSAR-X and TanDEM-X satellites for the generation of
high-resolution DEMs). An example of a mixed concept of constellation and forma-
tion �ying is the ESA SWARM mission, where two of the three different satellites
�y in a formation to measure the East-West gradients of the magnetic �eld, and the
third satellite orbits the Earth at a higher altitude to allow separation of different
parts of the magnetic �eld.

In addition to the developments mentioned above, there willalso be considerable
progress in the instrumentation for satellite missions. Optical clocks may reach a
stability of about 10� 18 in the next decade. This will allow the direct measurement
of the gravitational potential based on the effects of General Relativity on clocks
(clocks in a strong gravitational �eld run slower than clocks in a weak gravitational
�eld), and thus enable the uni�cation of physical height reference frames at the cen-
timetre level. Microwave links between satellites will be replaced by optical links
(optical interferometers; e.g., for GRACE-type measurements) that will increase the
precision of the inter-satellite measurements by at least afactor 100-1000. Re�ec-
tometry and scatterometry antennas for GNSS altimetry applications may become
important add-ons to Earth observation satellites. In addition, inter-satellite commu-
nication technologies will make possible (near) real-timetransfer to ground stations,
as required for early warning systems.
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9.4.5 Co-location onboard satellites

The co-location of different sensors and observation typesonboard a satellite is ex-
tremely important to establish connections between the different observation tech-
niques. These connections, and their complementarity, maybe crucial to correctly
modeling certain aspects of the observations (e.g., correction for non-gravitational
forces with accelerometers in gravity �eld determination)and to separate effects
stemming from different processes or components of the Earth system. In addition,
the availability of complementary instruments on a satellite (e.g., different tracking
systems like GNSS, SLR, and DORIS for precise orbit determination) allows for
the connection of techniques at the satellite, which is complementary to those at
co-location sites on the Earth's surface, and in addition allows for the detection of
technique-speci�c biases.

A good example for this development is the rapid progress achieved in orbit de-
termination with the tracking data of the TOPEX/Poseidon satellite using DORIS,
GPS, SLR and altimetry (crossovers). For future satellite missions, emphasis should
therefore be placed on satellites that establish links between different observation
and tracking techniques. It is of particular importance that all GNSS satellites be
equipped with laser retro-re�ector arrays (Figure 9.4). Future VLBI observations of
GNSS satellites should also be performed, establishing another link between tech-
niques, which would directly connect the satellite frames to the ICRF.

Fig. 9.4. Retro-re�ector arrays on GPS-35 and GPS-36 satellites.

9.4.6 Airborne and shipborne sensors

Data from terrestrial and spaceborne instruments should besupplemented with data
obtained from airborne platforms and ships. Typically, thedata stemming from air-
crafts and ships are rather local or regional in nature compared to the data col-
lected by satellite missions. However, airborne and sea surface data with high spa-



256 Rothacher et al.

tial resolution are very important for assessing the quality and accuracy of satellite
or ground-based data. They provide more detailed information about the processes
being studied. Although the main focus of GGOS is on global aspects of Earth
monitoring, most of the natural hazards are rather regionalor local in extent. To un-
derstand them in detail, GGOS will strive, starting with theglobal perspective, for
higher and higher resolution of the Earth monitoring in space and time.

Airborne and shipborne gravimetry illustrate how our knowledge of the global
Earth gravity �eld from satellite missions can be densi�ed and improved. The re-
gional gravity data is combined with the global gravity �eldmodels from satellites
to obtain the high-frequency part of the �eld.

9.5 Level 3: GNSS and laser ranging satellites

9.5.1 Global Navigation Satellite Systems

The GNSSs are evolving rapidly and a Global Navigation Satellite System of
Systems (GNSSS) becomes realistic (Hein et al., 2007). The GLONASS is being
replenished with a new generation of satellites to be completed by 2010. The �rst
two GALILEO engineering satellites have been launched, with the full constellation
to be completed by 2013. China is also working on a civil satellite navigation system
(COMPASS). GPS will be upgraded as well: the �rst new generation satellites with
a second civil signal (L2C) have already been launched. New GPS IIF satellites with
three civil frequencies will be launched from 2009. A new GPSIII constallation is
planned for the end of the 2020 time frame.

Both Japan and India plan to launch smaller regional systems. The Japanese
Quasi-Zenith Satellite System (QZSS) is planned to have three satellites in highly
inclined geostationary orbits. The Indian Regional Navigation Satellite System
(IRNSS) will consist of a seven-satellite constellation.

In addition, Satellite-Based Augmentation System (SBAS) for the GNSSs are
developing and adding relevant infrastructure. The European Geostationary Nav-
igation Overlay Service (EGNOS), the U.S. Wide Area Augmentation System
(WAAS), the Japanese Multifunctional Transport SatelliteSpace-based Augmenta-
tion System (MSAS), the Indian GPS Aided GEO Augmented Navigation (GAGAN),
and the Nigerian Communication Satellite (NIGCOMSAT). TheSBAS are transmit-
ting or will transmit additional signals to those of the GNSSsignals, and all SBAS
are planned to be interoperable with the GNSS on two frequencies.

GNSS are also crucial for the reference frame realization and for many appli-
cations in Earth science and Earth observation (see Chapters 2 to 5). After� 2013
approximately 100 GNSS satellites will be available, promising a new level of po-
sitioning quality and accuracy. This will have a fundamental impact on most GGOS
products, from the reference frame to GNSS atmospheric sounding, to re�ectometry
and scatterometry.
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It is therefore essential for GGOS to make the best possible use of a combination
of the GNSS systems available for civil applications. GGOS,through the IGS, will
have the goal to generate consistent products of the highestaccuracy for all GNSS
systems. The ground network of GNSS stations should supportthis by the instal-
lation of receiver technology able to track all relevant GNSS signals at the same
time.

In order to link the GNSS to SLR, laser retro-re�ectors should be installed on all
new GNSS satellites (see Section 9.4.5). All GLONASS and GALILEO satellites
are (or will be) equipped with laser retro-re�ectors.

9.5.2 Laser ranging satellites

Stations in the ILRS network range to a constellation of both, passive and active
satellites including the Moon (see Section 2.4.2). The SLR network will track the
set of passive, spherical geodetic satellites such as LAGEOS-1 and -2 (see Fig-
ure 2.8), Etalon-1 and -2, Starlette and Stella for reference frame maintenance and
measurements of time-varying components of the gravity �eld. SLR measurements
will continue on the GPS-35 and GPS-36 satellites, the GALILEO satellites and
selected satellites in the GLONASS series. Efforts are underway to include retro-
re�ectors on the upcoming GPS-III constellation. Trackingthese GNSS satellites is
crucial for the assurance of positioning quality, long-term stability, verifying orbit
and timing accuracy, and aligning other reference frames (e.g., WGS 84) with the
ITRF. This tracking will also guarantee the interoperability of the different GNSSs.

The retro-re�ector arrays �own in space to date have been made from solid quartz
cubes, (either back-coated or uncoated). Engineering studies indicate that hollow
cubes made from either aluminum or glass may provide considerably higher return
signal strength for similar weight and area conditions on arrays at GNSS altitudes.

9.6 Level 4: planetary missions

In the coming years, there will be signi�cant advances in studies of reference frames,
gravity �elds and rotation of Solar System planets and theirsatellites. With the
current interest of space agencies worldwide in lunar exploration, much progress
is expected in the geodesy and cartography of the Moon. The Japanese spacecraft
Kaguya (former name: SELENE), the Chinese Chang'e 1 spacecraft, and the Indian
spacecraft Chandrayaan-1 are currently in lunar orbit. Kaguya is in a circular po-
lar orbit, and its powerful laser altimeter has completed the �rst global topographic
map. Coverage includes the polar areas for the �rst time, which were beyond the
reach of the altimeter on the previous Clementine spacecraft. Using an elaborate
radio tracking scheme, Kaguya and its two sub-satellites will also improve the lunar
gravity �eld, in particular on the far side, where reliable data are hitherto lacking.
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The LRO, scheduled for launch in May 2009, will provide further signi�cant
contributions to lunar geodesy. The orbiter will carry the Lunar Orbiter Laser
Altimeter (LOLA) to further densify the topographic grid (25 m along-track shot
spacing, 1.2 km across-track spacing at the equator, after one year). LRO will also
carry a laser receiver, which can be targeted from ILRS stations for precise range
measurements to the orbiter at the 10-cm level. Images obtained by LRO will also
form the basis for a new generation of accurate lunar standard maps which will es-
sentially realize the Moon-�xed reference frame. The GRAILmission in the NASA
discovery program scheduled for launch in 2011 will focus onlunar gravity. Using
techniques pioneered by the joint U.S.-German Earth GRACE mission, the GRAIL
twin spacecraft will aim at improving the current knowledgeof the lunar gravity
�eld to higher-resolution (30 x 30 km) and higher accuracy (< 10 mGal).

A robust international program of lunar robotic lander missions is expected in the
coming decade. The strawman payloads that are currently being discussed will in-
clude geodesy packages, involving active lasers for range measurements at mm-level
and radio transmitters suited for observations by terrestrial VLBI stations. These
new techniques will �rmly tie the Moon into the ICRF and should improve the
knowledge of the tracking of lunar orbital and rotational dynamics as well as tidal
deformation.

Likewise, future missions are expected to further our knowledge of the dynam-
ics of the terrestrial planets. The Exomars spacecraft, scheduled for launch in 2013,
would deploy a geophysics package on the surface of Mars. Thepackage would in-
clude a radio experiment for monitoring of variations in theMars rotation, caused by
atmospheric dynamics and the condensation/sublimation cycles of ice in the polar
caps (see Section 6.1.2). Accuracies are expected to approach the milli-arcsecond
level. The MESSENGER spacecraft, the �rst ever to enter Mercury orbit (orbit entry
scheduled for 2011) is expected to produce the data base for the de�nition of a new
coordinate system and for the production of a standard global map. MESSENGER
will also determine the Mercury gravity �eld (parameters ofexpected degree and
order 16) and study the planet's rotation including the complex librational motion
(see Section 6.1.1).

The MESSENGER spacecraft on its way to Mercury recently demonstrated a 2-
way laser link experiment over a distance record of 24 Mio km.By operating the
onboard laser altimeter transmitter and receiver in combination with the terrestrial
SLR station at the Goddard Space Flight Center, the spacecraft position was deter-
mined to 20 cm formal standard deviation, along with parameters of onboard clock
offsets and drift (Smith et al., 2006). Laser link techniques (highly collimated laser
beams not affected by the Earth's troposphere and ionosphere) are expected to be-
come the tracking method of choice, which will establish �rmties of distant planets
into the Solar System reference frame.



9 The future GGOS 259

9.7 Level 5: extragalactic objects

The quasars and other compact radio sources included in the ICRF have point-like
optical images. Their red shifts indicate great distances,hence their emissions must
be powered by processes different from stars and galaxies, probably mass �ows
into massive black holes. At the resolution of geodetic/astrometric VLBI using S-
band (2 GHz) and X-band (8 GHz), the objects are generally notpoint-like but
have a structure that may change with time. Such structure changes can be seen as
angular position changes of up to 1 milliarcsecond. The brightest extragalactic radio
sources have in fact too much detectable structure to be goodastrometric objects.
By balancing the competing criteria of source strength, compactness and constancy
of structure and position, a set of about 100 geodetic sources has been selected for
routine geodetic VLBI observations, while the rest of the ICRF sources improve the
distribution and density over the sky (Figure 9.5). It should be noted that the small
number of VLBI stations in the southern hemisphere causes the ICRF to be weaker
in all aspects in the southern sky.

Fig. 9.5. Source locations of ICRF-Ext.2. The second extension of ICRF was computed
based on VLBI data obtained between mid-1995 and the end of 2002 May and included
an additional 109 new sources. From Fey et al. (2004). See also Box 1 in Section 2.2.

It is therefore essential that the proposed GGOS realizes a much more homoge-
neous coverage of the southern and northern hemispheres. This implies that about
half of the 40 core sites of the future GGOS (equipped with VLBI telescopes) have
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to be located in the southern hemisphere. Because of rapid developments in commu-
nication technologies it should be possible to install sucha network in the coming
decade.

The ICRF is essential to geodesy as it is the frame for observations of Earth
rotation and the celestial frame for the satellite orbits. The ICRF is also the basis
for astrometry. The ICRF thus has different realizations atvarious wavelengths, the
microwave VLBI realization being the most accurate at this time. The astrometric
satellite GAIA is scheduled for launch in late 2011 and has the potential of generat-
ing an optical extragalactic realization with an order of magnitude better precision
and two orders of magnitude more objects. Other space missions may re�ne the
positions and proper motions of the brightest stars with a corresponding improve-
ment of star tracking for satellite orientation. For most geodetic purposes, however,
these improvements will not be usable because no correspondingly precise ground-
based optical observing system exists. An accurate microwave realization for geode-
tic VLBI will still be needed.

9.8 GGOS data �ow: from measurements to users

The of�cial products generated by the technique-speci�c Services will be the basis
for the products made available through the GGOS Portal (seeSection 9.9). GGOS
will thus rely on the data system infrastructure of the IAG Services.

The success of the IAG Services is partly due to the underlying support of their
information and archive services. Each Service has a coordinating entity (coordi-
nating center or central bureau) managing the daily operations of the Service. This
function also facilitates communications and coordinatesactivities both within the
Service and with a broad user community. A central coordinating function will be
established for GGOS (see Chapter 10), providing coordination within GGOS and
to the IAG Services.

The IAG Services' data centers are the central source for data for the analysis
community and for products generated by the Services for theuser community.
GGOS will rely heavily on these data centers for service products and for input to
the GGOS Portal.

9.8.1 Data centers and data �ow

Each of the geometric IAG Services utilizes a similar structure (shown in Figure 9.6)
for the �ow of information, data, and products from the observing stations to the
user community: Network Stations (track continuously, transmit data using pre-
determined schedules), Data Centers (interface to stations and users, perform data
quality checks/conversion, archive data and products for analysis center and user
access) and Analysis Centers (generate products). Participants in service activities
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Fig. 9.6. Each of the geometric IAG Services operates with a similar component struc-
ture for data �ow and archive. The service-speci�c global da ta centers will provide
data and products to the GGOS combination centers; GGOS users will obtain data and
products through the GGOS Portal or through direct access to the service data centers.

collaborate at all levels to ensure consistency and timely delivery of data and prod-
ucts.

Networks of tracking stations transmit data through various levels of data cen-
ters to ultimately reach the service analysis centers and user community. During the
design phases of the IAG Services, it became clear that a distributed data �ow and
archive scheme would be vital for mission success. Thus, each Service established
a hierarchy of data centers to distribute data from the network of tracking stations:
operational, regional, and global data centers. This scheme provides ef�cient access
to and storage of data, thus reducing traf�c on the Internet,as well as a level of re-
dundancy allowing for security of the data holdings. Operational data centers serve
as the direct interface to the network stations (or correlators in the case of VLBI),
connecting to the remote sites daily/hourly/sub-hourly, downloading the data, and
archiving the raw station data. Regional data centers gather data from various op-
erational data centers and maintain an archive for users interested in stations of
a particular region. Furthermore, to reduce communicationtraf�c, the regional data
centers are used to collect data from several operational data centers before transmit-
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ting them to the global data centers. The global data centersare ideally the principal
data source for the analysis centers and the general user community. Operational and
regional data centers transmit data to these global data centers where they are then
available on-line for ftp/web access. These data are utilized by the service analysis
centers to create a range of products, which are then transmitted to the global data
centers for public distribution. Multiple global data centers provide each Service
with a level of redundancy, thus preventing a single point offailure should one data
center become unavailable. Users can continue to reliably access data from one of
the other available data centers. Furthermore, multiple, geographically-distributed
global data centers reduce the network traf�c that could occur to a single geograph-
ical location.

9.8.2 Synergies between observing techniques

Each of the four geometric IAG Services utilizes a similar �ow of data, pioneered
by the IGS and shown in Figure 9.6, from the measurement networks to the anal-
ysis centers. Standards, both technique-speci�c and cross-disciplinary, in data and
product generation are adhered to throughout all levels in each of the Services. Each
Service has developed its products using standard models and algorithms to en-
sure consistency over time. Data are currently archived in technique-speci�c for-
mats (e.g., Receiver Independent Exchange Format (RINEX) for GNSS); however,
products derived from the different techniques are moving towards common formats
across data types (e.g., Software Independent Exchange Format (SINEX) for station
positions, Standard Product 3 Orbit Format (SP3) for satellite orbits). All data are
in American Standard Code for Information Interchange (ASCII), thus machine in-
dependent, and compressed for transmission and archiving.The Services are also
evolving, as requirements change, by developing new formats and standards for the
exchange of data and products.

9.8.3 Operating centers and communications

Operating (or operational data) centers are responsible for providing the commu-
nication infrastructure for network stations, downloading data on a routine basis,
re-formatting and checking the downloaded data, maintaining these network sta-
tions, and archiving the raw data. Connections to the stations are typically provided
through the Internet or dial-up methods with satellite communications used in more
remote areas. Direct connections allow for rapid download,at least daily but often
sub-daily (or even sub-hourly). Currently, GNSS and laser ranging stations are re-
quired to transmit data on a daily basis (although most stations send their data on an
hourly basis), at a minimum, to these operating centers. VLBI data are sent from the
network stations to a correlator on disk packs, and in some cases the data are elec-
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tronically transferred via high-speed networks (e-transfer). As VLBI observations
are organized in sessions, the data transmission follows a session schedule. DORIS
stations uplink data to the DORIS receiver onboard the observed satellite, thus en-
abling installations in more remote areas. DORIS-equippedsatellites then download
these data to the DORIS control center for transmission to IDS data centers.

The future GGOS, striving for a much more homogeneous distribution of core
sites and technique-speci�c observation networks, will have to rely heavily on satel-
lite communication technologies, i.e., technologies thatare accessible from remote
areas of the globe. Communication links via satellites become cheaper every year,
making this technology more and more attractive for GGOS.

In the case of satellite constellations observing the Earthin near real-time (e.g.,
for tsunami early warning systems using GNSS re�ectometry), only inter-satellite
communications or communications via geostationary satellites will ensure the data
arrives at the data centers and analysis centers with minimum delay so that analysis
can take place.

9.8.4 Future technologies and capabilities for data infrastructure

Several of the geometric IAG Services are moving into the eraof real-time data
streaming. Real-time and near real-time applications (e.g., weather forecasting,
tsunami early warning systems) require low-latency data and product delivery. Real-
time data transfer also allows operating centers and analysis centers to monitor sta-
tion health and to provide rapid noti�cation and correctionof station problems.
Standards, and protocols for real-time operations, liaisons with regional real-time
networks, and technologies to broadcast products for real-time users are currently
under development. Near real-time products derived from these data streams will
be investigated. The development of the future VLBI system (VLBI2010) aim at
real-time e-VLBI, where the transmission of station data isaccomplished through
high-speed network transfer to the correlator during an observing session and the
data are correlated in real-time. Before full real-time capability, intermediate steps
with e-transfer and correlation after the observing session will likely be necessary.
GGOS will play a critical role in promoting standards by which real-time networks
can operate and exchange data products on a global basis.

The data rates of observation of the space-geodetic techniques will dramatically
increase in the decade to come. GNSS stations will observe more than 100, instead
of 30 satellites, and the data rate may be as high as 50-100 Hz.Such data rates will
enable not only, for example, the observation of seismic events with GNSS observa-
tions (site motion during the earthquake) and subsequent determination of rupture
parameters, but also the monitoring of rapid scintillations in the ionosphere. The
new generation of VLBI telescopes will record about ten times as much data as at
present. The upcoming InSAR missions (TerraSAR-X and TanDEM-X) will collect
data volumes of gthe order of petabytes (1015 bytes). The data infrastructure capable
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of handling such huge amounts of data has not yet been designed or developed, but
should be part of the responsibility of GGOS in 2020.

9.9 GGOS User Interface: Database, Portal, and Clearinghouse

It is dif�cult to predict the development of web technologies, methodologies and
approaches that will prevail in 2020. Considering developments over the last ten to
�fteen years and extrapolating this into the future, suggests considerable changes in
the nature of the interaction of human and web interfaces andthe methodology for
presenting information. Therefore, this section may be out-dated rather rapidly.

The GGOS User Interface will likely have three main elements:

(1)a GGOS database, which mainly contains general information, meta information
and catalogues, and facilitates access to observations andproducts provided by
the various IAG Services;

(2)the GGOS Portal, which will be the unique access point forall products and
information made available through GGOS; and

(3)the GGOS Clearinghouse for geodesy, which will enable the search for informa-
tion related to all aspects of geodesy.

The GGOS Portal will be the access point for all GGOS products. The Portal will
also provide a route to the heterogeneous information systems of the IAG Services.
The Portal will be linked with a GGOS database of relevant metadata and web ser-
vices to enable searches for relevant data and products in the most effective way.

The IAG Services will provide very important and valuable data, information,
and products, which are indispensable for Earth sciences and their applications. The
GGOS Portal will give access to these data and products as well as general informa-
tion about geodesy. The Portal will contribute to the GGOS objectives to promote
and improve the visibility of geodetic research and to achieve maximum bene�t for
the scienti�c community and in society in general. Behind the GGOS Portal, each
contributing Service will have its own visibility, and responsibility to maintain and
manage its supporting data and information system.

The IAG Services produce products that are critical to the generation of GGOS
products. These products and data are only available at the data centers of the in-
dividual components of GGOS. It is clear that for a future GGOS, all the relevant
products for Earth sciences and applications will have to bemade accessible through
the GGOS Portal that leads the user – including the non-specialists working in dif-
ferent �elds – to the individual products. The products and data themselves will be
physically located at many different data and product centers and will be promoted
by the individual IAG Services as well. For the bene�t of new users who are not
familiar with space geodesy, the initial web pages of the GGOS Portal will high-
light the “burning questions” of geodesy and point the way tothe relevant products,
as well as their characteristics, location, availability,latency, accuracy, etc. Gen-
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eral information about GGOS will also be available through the Portal, providing a
valuable resource for both the external and internal GGOS communities.

Fig. 9.7. GGOS portal architecture.

9.9.1 GGOS Portal architecture

The utility of the GGOS Portal will depend on data and information providers ac-
cepting and implementing a set of interoperability arrangements, including techni-
cal speci�cations for collecting, processing, storing, and disseminating shared data,
metadata and products. GGOS interoperability will be basedon non-proprietary
standards, with preference given to formal international standards. The eXtensi-
ble Markup Language (XML) has become a quasi standard to facilitate the sharing
of data across different information systems, particularly via the Internet. More-
over, web services for the support of interoperable machine-to-machine communi-
cation over a network are built on XML-based standards (e.g., Simple Object Access
Protocol (SOAP), Web Services Description Language (WSDL)).

Data, products, and information from contributing IAG Services will becata-
logued in a registry publicly accessible through the Clearinghouse. It is envisioned
that this Clearinghouse is maintained collectively under the GGOS Portal. The cat-
alogue will itself be subject to GGOS interoperability speci�cations, including the
standard search and portrayal services.

The functions of the GGOS Portal (e.g., search capabilitiesfor stations, satellites,
data, products, institutions, data mining tools, visualization, web services, connec-
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Fig. 9.8. GGOS Clearinghouse architecture – engineering viewpoint (according to D.
Nebert). Here, the term clearinghouse is used in its modern meaning of a search-able
registry, i.e., a set of catalogs.

tions to other catalogues, etc.) are supported by the GGOS Clearinghouse (Fig-
ure 9.7). The GGOS Clearinghouse will be a facility that collects and distributes
information concerning the data catalogues and services. In a broader sense, the
GGOS Clearinghouse will allow for a dialog between stakeholders on relevant is-
sues in geodesy. The GGOS Portal will also provide access to adistributed network
of catalogue services supporting the interoperability agreements of GGOS. Con-
tributing IAG Services may nominate catalogues containingstructured, standards-
based metadata and other web services for access by the GGOS Clearinghouse. The
Clearinghouse provides search capability across the catalogues and their registered
resources by mapping these catalogues. The GGOS Portal willsearch the GGOS
Clearinghouse but will also provide access to other GGOS resources e.g., calendar
functions, forums, etc. Through the use of interoperability standards, additional por-
tals may be established for national or professional communities to allow access to
the GGOS Clearinghouse.

The metadata to be held by the Clearinghouse depends upon thesearch method.
Two anticipated approaches to accessing remote catalogues(see Figure 9.8) include:

� Distributed search approach: search requests are sent in parallel to registered
distributed catalogues of the IAG Services.

� Harvested approach: The Clearinghouse periodically harvests all metadata from
registered distributed catalogues. A user search request is executed against the
metadata harvested from the remote catalogues and the results are managed and
visualized in the GGOS Clearinghouse.
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9.9.2 GGOS Portal goals and objectives

The GGOS Portal will provide a web site which:

� represents a single web access point for all geodetic products relevant in the
framework of GGOS;

� offers a set of tools for organized knowledge discovery including visualization
to assist identi�cation and selection of appropriate resources (information, data,
products);

� accesses the GGOS Clearinghouse to search data catalogues,products and data
sets generated by GGOS components;

� helps to answer the “burning questions of society” and points the way to the
products, their characteristics, location, availability, latency, and accuracy;

� allows the searching of information and the retrieval of descriptive metadata from
multiple, diverse target resources, databases, web pages,and library catalogues;
and

� provides access to general information about GGOS.

Functions of the GGOS Portal include (but are not limited to):

� Basic functions of the GGOS web site such as hot spot information, news, tuto-
rials, quick links, announcements, etc.

� A registry to host catalogues for metadata for all products of the IAG Services
based on GGOS standards to ensure interoperability within the GGOS commu-
nity and to other systems, in particular GEOSS.

� Search (temporal, spatial, multi-technique, keywords, etc.) of metadata, data, and
product databases.

� Visualization of products (time series, maps, etc.).
� Information on and explanations of data, products, and geodetic techniques, with

links to service-speci�c resources.

The GGOS Portal will likely be based on an open-source platform and web portal
application allowing users to download, install and customize the portal services in
their own environment. Based on modern architecture, standards and web services
the GGOS Portal can be realized not only by single institutions but also by consortia
with distributed server architecture. The Portal should bedesigned and implemented
in such a way as to permit mirroring installation at alternate physical locations.

9.9.3 A GGOS clearinghouse mechanism for geodesy

A major function of the GGOS Clearinghouse will be to provideaccess to infor-
mation on observations, products, and information relevant to GGOS, IAG, and
geodesy in general. In a broader sense, the GGOS Portal, registry, and search en-
gines should be complemented by a general clearinghouse mechanism (comparable
to the clearinghouse mechanism for the Convention on Biodiversity, which links
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all stakeholders of the Convention; see http://www.cbd.int/chm/default.shtml). The
mission of such a future GGOS clearinghouse mechanism wouldbe to contribute to
the implementation of GGOS, its standards, and its conventions, for the maximum
bene�t of its users. In particular, the GGOS clearinghouse mechanism should have
three major goals:

� Promote and facilitate technical and scienti�c cooperation, among the IAG Ser-
vices and Commissions, among GGOS components and other organizations, and
within and between countries.

� Develop a global mechanism for exchanging and integrating information on
geodesy.

� Develop the necessary human and technological networks.

Such an extended clearinghouse mechanism would have to be compatible with dif-
ferent levels of national/componentcapacity, driven by users' needs, and structurally
decentralized. It would provide access to information, support decision-making, and
have no vested interest in controlling the expertise or information. It would thus be
created for the mutual bene�t of all IAG Services and Commissions and other stake-
holders.

Table 9.1. Parameter Space for a rigorous combination and integration of the geodetic
observation techniques. Entry 1 de�nes the ICRF. Entries 2 t o 5 related to the EOPs.
Entries 6 and 7 together de�ne the ITRF, while entries 7 to 10 a re related to the gravity
�eld. The atmosphere is covered by entries 11 and 12.

No. Parameter VLBI GNSS DORIS SLR LLR Alti-
PRARE metry

1 Quasar Coordinates X
2 Nutation X (X) (X) X
3 Polar Motion X X X X X
4 UT X
5 Length of Day X X X X
6 Coordinates and Velocities X X X X X (X)
7 Geocenter X X X X
8 Gravity Field X X X (X) X
9 Orbit X X X X X

10 LEO X X X X
11 Ionosphere X X X X
12 Troposphere X X X X
13 Time/Frequency (X) X (X)

The activities of this clearinghouse mechanism would support GGOS' thematic
and cross-cutting work programs by promoting cooperation,exchanging informa-
tion and developing a network of partners. A �rst priority would be to ensure univer-
sal access to the GGOS Implementation Plan, including the underlying documents
of the GGOS 2020 process, the GGOS standards, and conventions. The information
provided would include case studies, national reports, andother relevant documen-
tation. The mechanism would increase public awareness of the geodetic programs,
issues, and products. It would be established as an Internet-based system to facilitate



9 The future GGOS 269

Fig. 9.9. Combination and integration of the geodetic observation techniques. The com-
bined infrastructure allows the determination and maintenance of the global geodetic
reference frames, and the determination of Earth's gravity �eld and rotation. The ground
networks and navigation satellites (currently in particular GPS) are crucial in position-
ing, with applications to all SBAs. In particular, they allow the monitoring of volcanoes,
earthquakes, tectonically active regions and landslide-prone areas. The Low Earth Or-
bit (LEO) satellites monitor sea level, ice sheets, water storage on land, atmospheric
water content, high-resolution surface motion, and variations in the Earth' gravity �eld.
The latter are cause, to a large extent, by regional and global mass transport in the
hydrological cycle.

greater collaboration among the IAG Services and Commissions, the GGOS stake-
holders, across national borders, through education and training projects, research
cooperation, funding opportunities, and access to and transfer of technology.
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This clearinghouse mechanism would be based on the philosophy that broad
participation and easy information access must be a top priority. The underlying
database can therefore be tapped through both traditional and electronic means of
communication. Special efforts will have to be made to ensure the participation of
organizations and institutions in developing countries.

9.10 Data analysis, combination, modeling, and products

Fig. 9.10. Interactions in the Earth system centered around the three pillars of geodesy.

A major function of GGOS will be to facilitate the integration of the various lev-
els of GGOS into a consistent observing system (Figure 9.9),delivering products
and services as far as possible independent of the observingtechniques and the pro-
cessing. Considering the multi-technique, multi-component, and multi-parameter
nature of GGOS, this will require consistency of processingstrategies, models and
standards across all components of GGOS. GGOS will facilitate communication
and standardization between the analysis centers for the individual techniques and
sensors, initiate intercomparison of products generated by the various components,
and promote the study and modeling of technique-speci�c effects and other geode-
tic/geophysical signals. Redundancy and reliability willbe achieved by having more
than one analysis center for the major tasks and by developing full reprocessing ca-
pabilities for all data types.



9 The future GGOS 271

Combination of the geometric products is currently achieved by the IERS. The
International Gravity Field Service (IGFS) is developing the combination capabil-
ities for the gravimetric products. The borderline between, and potential overlap
of, IERS and IGFS (Figure 9.10) will require careful attention. GGOS will have to
facilitate combination across the full parameter space (Table 9.1), and fully utilize
synergies and advantages of the combination approach in partnership with the IERS
and the IGFS.

The GGOS conventions will be a central issue for achieving consistency and
highly accurate products. Currently, the conventions in the �elds of geometry and
rotation are taken care of by the IERS. In future, these conventions will have to be
extended to cover the gravity �eld as well. They will have to address the geodetic,
geophysical, geodynamic, etc., models to be used or, if not suf�cient, to be devel-
oped. Coupling of models from oceanography, meteorology, geodesy, geophysics,
glaciology, mass transport, energy budget, will have to be undertaken in order to
achieve the GGOS accuracy goals. As pointed out in Chapter 8,4-D Earth system
modeling and the assimilation of diverse data into these 4-DEarth system models
will have to be studied and eventually be covered by the conventions. The need
for modeling and/or assimilation centers may thus arise. The importance of global
geophysical �uids for validation will give a high weight to the Global Geophysical
Fluid Center (GGFC) or an equivalent component of GGOS. However, the tools and
methods for validation need more research and development.

GGOS as an observing system has to be more than just an Earth observing sys-
tem collecting a tremendous volume of data. The observations have to be analyzed
with state-of-the-art processing software and processingstandards to generate time
series of relevant geodetic, geodynamic, geophysical, hydrological and atmospheric
parameters. To reach consistency between the different observation techniques the
results of the individual techniques have to be rigorously combined and integrated
using information on the local ties between the different instruments at co-location
sites and satellites. Finally, the resulting products haveto be validated and inter-
preted by making use of physical and geophysical models and modeling software
packages, and by using additional observation data from other disciplines such as,
for example, the meteorological, oceanographic, hydrological, etc. communities.
This will require data analysis centers and centers combining the solutions from
different analysis centers and different observation techniques and generating a se-
ries of GGOS products. Finally, the products have to be carefully validated.

With respect to the data analysis itself, software and modeling improvements are
expected in form of, e.g., the development of new tropospheric mapping functions,
gradient models, and atmospheric turbulence models, etc. Further areas of improve-
ment are loading effects including mass loading models for hydrological variables,
thermal and gravitational antenna deformations, and source structure effects. In ad-
dition, new analysis strategies will be investigated, in particular, the generation of
consistent VLBI multi-purpose solutions for TRF, EOP, and CRF. Also, the “soft-
ware noise” of solutions obtained from different software packages will need to be
studied.
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The processing and analysis procedures will have to progress towards fully auto-
mated processing in near real-time or even in real-time (particularly for early warn-
ing systems, GNSS seismology, atmosphere and ionosphere sounding). Full repro-
cessing capabilities for all data available will be crucialin order to provide long and
consistent time series. A key development will be the combination of all data types
at the observation level. This includes the combination of terrestrial data with LEO
data (co-location, gravity, geocenter, atmosphere), as well as the combination with
satellite altimetry data, and with InSAR and/or LIDAR. Finally, the combination
of products from different analysis centers will increase redundancy, reliability, and
accuracy.

The major outcome of GGOS in 2020 is expected to be a set of highly accurate,
consistent and long-term stable products which will be the geodetic contribution
to the observation and monitoring of the Earth system (i.e.,to GEOSS and other
international and regional initiatives). The high-level list of products is given in
Section 7.5. It is anticipated that all GGOS product accuracies in 2020 will be of
the order of about 10� 9 relative to the absolute values of the measured quantities.
However, in order to satisfy the goals mentioned above and inprevious chapters,
consistency between all GGOS products at the 10� 9 level is also required.



Chapter 10
Towards GGOS in 2020

G. Beutler, M. Pearlman, H.-P. Plag, R. Neilan, M. Rothacher, R. Rummel

This chapter is concerned with the implementation of GGOS, addressing mainly
the organizational aspects mentioned in Section 1.3. GGOS monitors and main-
tains the geometric and gravimetric reference frames, and provides the transforma-
tion between these systems with state-of-the-art observational tools. In doing so,
GGOS provides the observational basis to, e.g., determine mass transport in the
Earth system and thus serves the Earth science community with Earth observations
and geodetic products relevant for many studies. The accuracy of, and the consis-
tency between, all GGOS products shall be at the 10� 9 level or better.

10.1 The GGOS high-level components

The tasks of GGOS outlined in Section 7.4 require the following components or
entities:

1. Terrestrial, technique-speci�c entities coordinating the worldwide collection
and primary analysis of the observations, and the generation of unique technique-
speci�c products,

2. Entities combining the technique-speci�c products to develop technique-
independent, combined product series.

3. An entity proposing geodetic (and geodesy-related) space missionsin collab-
oration with the major space agencies (including geodetic missions to the Moon
and other planets), resulting in anuninterrupted series of geodesy-related
space missionsto observe the time-varying gravity �eld, the time-varyingsea-
surface and ice-surface topography, and to maintain the geometric and gravimet-
ric reference frames.

4. An entity for communications and network coordination to assist in design,
and continuously improve the GGOS network.

5. Bureau of Standardsto address the �rst �ve issues listed in Section 7.4, i.e., the
conventions for the reference systems and frames, and the geodetic standards.
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6. Coordination Of�ce to coordinate the activities of the GGOS entities and to
provide the interface to the GGOS user community and the political decision-
makers.

Many of the above entities, in particular the technique-speci�c networks and the
center for combination of the geometry-related products and Earth rotation, already
exist. These existing elements may need modi�cation, �ne-tuning, or improved co-
ordination between themselves. It also may be necessary to put in place some of the
existing elements on a new funding basis (see Section 10.3).

The GGOS elements of Levels 2 and 3 (see Section 9.1) related to geometry
are also already in place (GNSS and laser ranging satellites, including the Moon
with its laser re�ectors). The same is not true for the space missions monitoring
the Earth's gravity �eld and measuring sea and ice-sheet topography. Admittedly,
there has been a long series of altimetry missions monitoring in the sea surface
topography. In addition, with the satellite missions CHAMP, GRACE, and GOCE,
an impressive series of gravity missions is currently active. There are, however, no
concrete plans for monitoring the gravity �eld, and the �uidcomponents, on a long
term basis. GGOS shall develop a master plan for missions monitoring the Earth's
gravity �eld and the geometry of the solid Earth, oceans and ice sheets. Therefore,
GGOS shall have an entity for proposing geodetic space missions.

The proposed GGOS structure is shown in Figure 10.1. GGOS requires a decision-
making body. For this purpose, GGOS shall have a Steering Committee in which all
shareholders are represented, and in particular the IAG Services and Commissions.
For day-to-day work, a smaller Executive Committee is proposed, which prepares
proposals for the Steering Committee and oversees the work of the Coordination
Of�ce according to the decisions of the Steering Committee.

GGOS will have a Science Panel composed of experts in geodesyand (more gen-
erally) in Earth sciences to ensure the GGOS focus remains onthe relevant scienti�c
challenges and societal needs. This panel will be the main scienti�c advisory group
for the GGOS Steering Committee.

This structure is de�ned in the GGOS Terms of Reference (ToR). The current
version of the ToR was accepted by IAG during the IAG Executive Meeting in San
Francisco in December 2008. The IAG By Laws as accepted during the IUGG meet-
ing in Perugia, Italy, in July 2007 de�ne GGOS as IAG's Observing System and an
IAG component on the same (hierarchically highest) level asits Commissions and
Services. Consequently, the GGOS Chair, appointed by the IAG, is also a member
of the IAG Executive Committee.

10.2 Building on the heritage

10.2.1 Level 1: the terrestrial geodetic infrastructure

The terrestrial part of GGOS at present consists of
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Fig. 10.1. Structure for the future GGOS. Lines and arrows indicate information �ow
and do not imply any hierarchical relations. Existing entities are indicated in blue, new
entities currently being established in red.

� A global VLBI network of about 40 stations, coordinated by the IVS:

– to maintain the celestial reference frame;
– to guarantee that all Earth rotation parameters (in particular UT1-UTC, pre-

cession and nutation) may be derived in a combined analysis containing the
observations of all space-geodetic techniques; and

– to contribute to the terrestrial reference frame, including the scale.

� A global SLR/LLR network of about 40 observatories, coordinated by the ILRS:

– to ensure that the tie between CM and the center of the station polyhedron
may be observed with cm accuracy;

– to contribute to the terrestrial reference frame and the determination of Earth
rotation parameters, including the scale;

– to calibrate/validate the GNSS-derived orbits (GPS, GLONASS, LEO);
– to serve as back-up for LEO and MEO orbit determination.

� An international GNSS network of more than 300 sites, coordinated by the :

– to provide highly accurate (cm-level) orbits and satellite clock corrections for
all GNSS satellites as a prerequisite for precise (sub-cm) positioning and nav-
igation;

– to maintain the terrestrial reference frame (positions and velocities) in the
required density;
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– to make the reference frame accessible anywhere on and nearthe surface of
the Earth;

– to provide a link between the GGOS technique-speci�c networks; and
– to establish, together with VLBI and SLR, the series of Earth rotation param-

eters to the required quality and time resolution.

� A well-distributed network of more than 50 DORIS receivers for the primary
purpose of determining the orbits of LEOs (e.g., TOPEX, JASON), but also con-
tributing to the international terrestrial reference frame. DORIS is also used for
calibrating space-geodetic techniques (e.g., GPS, SLR, DORIS using JASON).
The DORIS operations are organized by the IDS.

� A well-distributed network of about 40 core sites with co-located SLR, GNSS,
and VLBI and at least one other measurement technique (gravimetry or DORIS)
at sites with acceptable weather and geological conditions. At least four of these
sites should have full LLR capability.

� The IERS combining the products emerging from the technique-speci�c Services
and publishing the products required for the maintenance terrestrial and celestial
reference frame, including the series of Earth rotation parameters.

� A global network of absolute gravity stations and superconducting gravity sta-
tions co-located with space-geodetic reference stations,with the goal to tie the
geometric reference frame with high long-term stability tothe CM.

� A global network of tide gauges co-located with permanent GNSS sites.

In view of the impressive number of functioning IAG Services(Figure 10.1) with
their fully operating networks and data processing elements, GGOS can be built on
this very valuable heritage.

10.2.2 Level 2: the LEO satellite missions

The satellite gravity-related part of GGOS is not in as good aposition as the
geometry-related GGOS parts. It currently consists the IGFS, and the individual
satellite mission teams, and it shall be augmented by a Satellite Mission entity. It
should be stated that the IGFS has not (yet) assumed the role of comparing and
combining gravity �eld results from all missions. Neither does it incorporate the re-
sults of the altimetry missions. The entity for satellite missions does not exist either.
Attempts to establish a mission-independentInternational Altimetry Service(IAS)
have not been successful so far. Likewise, GGOS should promote the establishment
of a mission-independent global InSAR entity, preferably as a service. However, for
both, satellite altimetry and InSAR, the question of accessto the proprietary data is
a major obstacle that GGOS needs to address in conjunction with the space agencies
and, potentially, GEO.
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10.2.3 Level 3: the GNSS and SLR satellites

A considerable number of “cannonball” satellites (LAGEOS 1and 2, STARLETTE,
etc.) were launched for geodetic purposes in the late 20th century. The continued
observation of these satellites and the analysis of their observations are essential
to derive, for example, the geocenter location with respectto the GGOS network
and the (other) low degree and order coef�cients of the Earth's potential �eld. The
deployed SLR satellites potentially provide continuity over many decades.

In the near future there may be up to four fully operational GNSS based on the
same principles of operation (GPS, GLONASS, GALILEO, and COMPASS). The
observations of all available GNSS satellites (with all suitable techniques) will be
important, from the point of view of the number of terrestrial observing sites. More-
over, many (if not most) Low Earth Orbiters (LEOs) deployed for Earth observation
are or will be equipped with GNSS receivers and SLR re�ectorsto allow for an in-
dependent validation of the orbit quality derived from the microwave observations.
It is therefore extremely important that all GNSS spacecrafts also be equipped with
SLR re�ectors. Co-location in space is the counterpart of co-location on the ground.

10.2.4 Level 4: lunar and planetary “geodesy” and missions

The Moon is in many respects “just another satellite”. Thanks to its extremely low
“cross section to mass ratio” (compared to the corresponding ratios for the arti�-
cial satellites) the lunar orbit offers in addition the unique opportunity to test the
theories of gravitation. For monitoring changes in the distance between Earth and
Moon and to test theories of gravitation, it is therefore essential that LLR to the
re�ectors deployed by the Apollo missions and Russian spacecrafts continues at
least until transponders on the Moon and other planets become available. The lunar
retro-re�ectors provide long-term continuity for LLR.

When exploring the Moon, and the Solar System planets and their satellites, there
are a number of issues which can only be addressed using geodetic techniques. In
particular:

� establishment of a body-�xed reference frame (corresponding to the terrestrial
reference frame);

� determination of the body's rotation (corresponding to Earth rotation); note that
the celestial reference frame, established and maintainedby the IVS, is a prereq-
uisite for studying the rotation of such bodies;

� determination of the body's gravity �eld (via the trajectories of orbiters, includ-
ing the gravity �eld of the Moon);

� evolution of the planets' satellite system (including the evolution of the Earth-
Moon system); and

� mapping of the body's surface (via altimetry and InSAR).
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10.2.5 Level 5: the extragalactic objects

The Quasars are the only objects observed by GGOS, which do not need to be
deployed. It is a primary task of the IVS to de�ne and maintaina list of quasars (with
their coordinates) for geodetic purposes. The IVS was giventhis responsibility by
the IAG (through International Union of Geodesy and Geophysics (IUGG)) and the
IAU. Although the quasar distances are large enough such that Proper Motion can
be neglected, the center of the microwave radiation may slightly vary. Therefore, the
task of selecting such objects for geodetic purposes is not trivial.

10.3 Organizational considerations

10.3.1 History

The IAG has a long tradition of establishing scienti�c services. The �rst one, the
ILS was created under the auspices of IAG at the end of the 19th century. Its cre-
ation is in a way exemplary for the motivation to create the GGOS. The creation
of the ILS was motivated by the need to monitor Earth rotation, in particular po-
lar motion (which at that time could by established by latitude observations with
astronomical telescopes). The ILS, and then its successor,the International Polar
Motion Service (IPMS), were remarkably stable. Polar motion determinations were
generated by these Services for about eighty years. Thanks to these Services, to-
day there is more than one hundred years of polar motion data.The ILS, Bureau
International de l'Heure (BIH), and the IPMS were directly funded by government
agencies for the declared purpose of monitoring the rotation of the Earth, which also
included the de�nition and realization of universal time. Today geodesists are deeply
indebted to these agencies for having initiated the geodetic study of the Earth, based
on a worldwide collaboration of institutions and backed up by governmental com-
mitments. With GGOS the IAG wishes to achieve a comparable system to serve the
needs of the 21st century.

10.3.2 The revolution invoked by space geodesy

The funding situation in the �eld of geodesy and geodynamicschanged dramatically
in the second half of the 20thcentury. With the replacement of optical astrometry
by new space-geodetic techniques, Earth monitoring for geodetic and geodynamics
purposes was funded to a great extent by research and development funds. This step
was also justi�ed by the fact that modern space-geodetic methods opened the way to
study not only aspects related to Earth rotation, but provided the metrological basis
for a much wider range of applications (from global studies to regional and local
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ones). In the 1990s it also became evident that technique-speci�c services had to be
created in order to exploit the full scienti�c potential of the new techniques. First
the IGS, then the ILRS, the IVS, and eventually the IDS were created.

10.3.3 Current situation

The technique-speci�c IAG Services were established through Calls for Participa-
tion without offering funding for operations. Today these Services are therefore
based on a voluntary collaboration of the contributing organizations. Naturally the
funding situation differs from country to country (sometimes even from institution
to institution). It may be puzzling for government representatives and science man-
agers that despite considerable uncertainties the IAG Services have been so suc-
cessful and stable. However, the question needs to be asked whether this model is
sustainable in the long run.

GEO is building the GEOSS to a large extent on the same principle of voluntary
commitment and best-effort contributions. The experienceof the successful IAG
Services shows that this principle requires a high degree ofredundancy, and at the
same time is problematic for providing a uniform global coverage of ground-based
infrastructure. In particular for reference frame maintenance, large spatial gaps and
temporal variations in the monitoring infrastructure (including changes in the poly-
hedron through new and disappearing stations) cause temporal inhomogeneities and
degradations of accuracy.

In 2001 the IAG Council approved, upon recommendation of theIAG Executive,
a new structure with the GGOS project as the IAG's �agship. Itwas the intention
to view modern geodesy from the global perspective and to bundle the efforts of all
branches of this science to serve one and the same goal. This book should be viewed
as the principal result of the work of the GGOS planning committee (2003-2005)
and the GGOS implementation committee (2005-2007).

10.3.4 Internal organization of GGOS

In Section 10.2 it was argued that GGOS must be built on the foundation of the IAG
Services developed at the end of the 20th century. In Section 10.3.6 the two essential
elements of the GGOS environment, namely the GEO (and its attempt to establish
its GEOSS) and IGOS-P were introduced. The required GGOS structure was laid
out in Section 10.1 (Figure 10.1). GGOS shall have:

� a Steering Committee as the plenary and decision-making component with rep-
resentation of the shareholders;

� a Science Panel with broad expertise providing scienti�c advice to the Steering
Committee;
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� an Executive Committee developing GGOS according to the strategy and guide-
lines decided upon by the Steering Committee;

� a Coordination Of�ce responsible for day-to-day operations;
� three entities (for satellite missions, geodetic standards, and networks and com-

munications).

GGOS shall be based on the infrastructure provided by the IAGServices, i.e.,

� the two combination Services (IERS and IGFS);
� the technique-speci�c Services (IGS, ILRS, IVS, IDS, IGeS,GGP), the satel-

lite and space mission teams, and future services such as an IAS and an InSAR
services.

The missing parts of GGOS should be created as soon as possible. Their creation
should be based on a Call for Participation issued by the IAG.A recommitment
under the new boundary conditions (and an adapted list of duties and deliverables)
shall be initiated for the established parts of GGOS. The conclusions and �ndings
of this book shall serve as the basis for the establishment ofthe future GGOS.

10.3.5 Integration of relevant regional activities

GGOS will actively seek participation of regional geodeticprograms to augment
the GGOS global coverage in order to make the most economic use of available
resources.

10.3.6 Integration of GGOS into global programs

It is encouraging to note that recently the necessity to preserve the infrastructure
for global Earth observation was recognized on the ministerial level (see also Sec-
tions 1.3 and 5.1). In 2003, thead hocGEO was established as a result of a G8-
meeting, and guided by a series of three ministerial-level Earth Observation Sum-
mits, GEO developed a plan for the implementation of GEOSS (see Chapter 5 for an
overview or GEO, 2005a,b, for background information). In 2005, GEO was estab-
lished permanently. Currently, GEO includes almost 80 member countries and more
than 45 participating organizations. GEO is establishing the GEOSS with the vision
to realize a future wherein decisions and actions to the bene�t of humankind are
informed via coordinated, comprehensive and sustained Earth observations and in-
formation(GEO, 2005a). GEOSS is building on and adding value to existing Earth
observation systems by coordinating their efforts, addressing critical gaps, support-
ing their interoperability, sharing information, reaching a common understanding of
user requirements, and improving delivery of information to users.

The IAG, represented in GEO by GGOS delegates, is one of the active partici-
pating organizations. GGOS clearly must be developed taking into account its role
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as a crucial part of the GEOSS. GGOS may be viewed as the metrological basis for
many parts of the GEOSS.

The importance of geodesy, and in particular, GGOS, for Earth observations is
increasingly acknowledged by GEO and comparable organization, as well as their
users, such as United Nations authorities and scienti�c projects. Further progress in
geodetic techniques and products is seen as an essential step towards a better under-
standing of the Earth system four the bene�t of mankind. Thishas been recognized
by GEO by including a task speci�cally addressing the geodetic reference frames in
the GEO Work Plans 2007-2009 and 2009-2011.

GGOS is coordinated scienti�cally by IAG. On a higher organizational level
GGOS must be associated with that international organization, which eventually
will have all the other global observing systems under its auspices, while still re-
maining a major component of the IAG. Assuming a successful establishment of
GEOSS, it is clear that the GGOS must be one of the systems in GEOSS. However,
in order to improve the funding situation and to establish a �rm link to an appropri-
ate intergovernmental authority, GGOS should also be associated with a UN body.
UNESCO appears to be an appropriate choice. It is hoped that this umbrella organi-
zation will sponsor elements of GGOS. IAG will provide (as ithas done so far) the
scienti�c oversight and expertise for GGOS and it will provide, through GGOS, the
link to the umbrella organization.





Chapter 11
Recommendations

H.-P. Plag, G. Beutler, R. Gross, T. A. Herring, P. Poli, C. Rizos, M. Rothacher, R.
Rummel, D. Sahagian, J. Zumberge

In this Chapter, we summarize the recommendations of the GGOS 2020 Writing
Team. The recommendations are numbered, with the �rst number indicating the
chapter from which a recommendation originates.
Recommendation 1.1 (Transition from research to operational):
Recognizing that

geodesy has a large potential to help meet the challenge in reaching sustainable
development for a global society on a changing planet
it is recommended that

IAG and GGOS engage in improving the framework conditions for fully harness-
ing the potential of geodesy for Earth observation by actively promoting a transition
of the geodetic observing system from research to operational, and facilitate the es-
tablishment of an operational core of GGOS with suf�cient human resources for the
sustained operation of this core.
Recommendation 1.2 (Global reference systems):
Recognizing that

the global geodetic reference frames are fundamental for all Earth observations
it is recommended that

IAG and GGOS facilitate, particularly in the frame of GEO, international agree-
ment on a global geodetic reference system.
Recommendation 1.3 (Outreach and Eduction):
Recognizing that

society to a large extent is not aware of the vital role playedby geodesy for
realizing the principle of sustainable development, and that

educational aspects are extremely important (because theyhave the greatest im-
pact on societal behavior) in order to prepare future generations to make use of the
full bene�ts of geodesy
it is recommended that

IAG and GGOS make dedicated outreach efforts to science and society at large,
with the goal to promote geodesy's role in reaching sustainable development, and to
integrate this role of geodesy appropriately into education programs.
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Recommendation 2.1 (Adherence to conventions and standards):
Recognizing that

consistency within and across the “three pillars of geodesy” crucially depends on
well-de�ned standards and widely respected conventions
it is recommended that

IAG continue to maintain geodetic standards and develop conventions for geode-
tic analyses and products, and that

every effort be made by the IAG Services and GGOS to adhere to relevant stan-
dards and conventions.
Recommendation 3.1 (Towards new reference systems):
Recognizing that

the combination of geodetic measurements will require new de�nitions of a ter-
restrial reference system and a consistent realization of this system
it is recommended that

particular attention be paid in GGOS to the development of these new reference
systems.
Recommendation 4.1 (Promotion of ITRS and maintenance of ITRF):
Recognizing that

a stable and accurate geodetic reference frame must underpin Spatial Data In-
frastructures (SDI), to ensure that all geo-referenced data used by a wide range of
community groups and government agencies is unambiguouslylinked to the geode-
tic foundation
it is recommended that

ITRS be employed as the global geodetic reference system forSDI, and that
the ITRF be maintained and made accessible with an operational core ensuring

ITRF with the accuracy, long-term stability, and the level of accessibility required
by SDI applications.
Recommendation 4.2 (The link between science and applications):
Recognizing that

geodesy plays a vital role with respect to sustainable development, the provision
of community services, support for many vital industries, security and emergency
management, mapping and navigation, and others
it is recommended that

the link between “scienti�c geodesy” and “practical (or operational) geodesy” be
strengthened, and made explicit so that national geodetic agencies are reminded of
the mutual bene�ts of these two parts of geodesy, and of the fundamental contribu-
tion of geodesy to their mission.
Recommendation 4.3 (Links of IAG to other professional organizations):
Recognizing that

geodesy and GGOS are relevant to a number of international and national sci-
enti�c and professional sister organizations of IAG, including, but not restricted to
ISPRS, International Federation of Surveyors (FIG), International Association of
Institutes of Navigation (IAIN), IEEE, and IUGG
it is recommended that
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the IAG continue to work closely with these organizations bypromoting the
GGOS vision and its activities.
Recommendation 4.4 (Embracing new technologies):
Recognizing that

there is rapid technological development integrated into professional applications
of geodesy
it is recommended that

GGOS embrace new geoinformation/geodetic technologies such as DInSAR, LI-
DAR, GNSS-RTK, structural monitoring systems, and multi-sensor precision nav-
igation systems, in an integrated manner to address different spatial and temporal
user requirements for high accuracy geometric informationthat is unambiguously
tied to a rigorous geodetic framework.
Recommendation 5.1 (Representation in Earth Observation Committees):
Recognizing that

geodesy provides the metrological basis enabling Earth observation with the re-
quired accuracy and that

the global geodetic reference frame is a fundamental contribution to global Earth
observation
it is recommended that

GGOS maintain a formal representation in existing Earth observing coordination
committees (international bodies and commissions), and establish links to relevant
committees as appropriate.
Recommendation 5.2 (Real-time access to data of GNSS tracking stations and
promotion of occultation receivers):
Recognizing that

real-time or low-latency access to geodetic observations,in particular GNSS ob-
servations, is increasingly important for applications innumerical weather predic-
tions, space weather predictions, early warning systems, and other societal applica-
tions
it is recommended that

existing and future ground-based GNSS sites installed by geodesists be con-
nected in real-time to GNSS data and analysis centers thus enabling these non-
geodetic applications, and that

future geodesy missions using GNSS receivers be radio occultation-compatible,
whenever possible, and that

a framework be established to allow occultation data processing as a service to
geodesy missions (i.e., outside the geodesy missions themselves).
Recommendation 5.3 (Gravity �eld and circulation models):
Recognizing that

detailed knowledge of the Earth's gravity �eld is importantfor atmosphere and
ocean circulation models
it is recommended that

that GGOS establish proper contacts and interfacing to the Earth system model-
ing community with the goal to enable improvements of the gravity �eld represen-
tation in circulation models.



286 Plag et al.

Recommendation 5.4 (GNSS and climate studies):
Recognizing that

GNSS observations are an important information source for climate studies re-
lated to water vapor
it is recommended that

GGOS (through its components) continue archiving GNSS observations and all
necessary data for future reprocessing and use in climate studies, and that

long-term funding for this archiving be secured from relevant climate programs.
Recommendation 5.5 (GGOS and monitoring of the global watercycle):
Recognizing that

geodetic observations are fundamental for monitoring the global hydrological
cycle on global to local scales
it is recommended that

GGOS encourage and support a global water cycle service thatprovides infor-
mation on changes in the water storage on land, in ice sheets and in the oceans on
a routine basis, potentially through assimilation of the geodetic observations in a
Earth system model.
Recommendation 5.6 (GNSS seismology):
Recognizing that

GNSS can potentially contribute to the near real-time determination of the seis-
mic magnitude and associated displacement �eld of large earthquakes
it is recommended that

GGOS promote the development of GNSS seismology, particularly for early
warning and disaster assessment purposes.
Recommendation 6.1 (GGOS in support of planetary missions):
Recognizing that

planetary geodesy, radio science, interferometry (including imaging VLBI, as-
trometric VLBI, and Earth-Space VLBI), and interplanetarynavigation all require
an accurate geodetic foundation, and that

although the performance of GGOS is not a limiting factor in all of these appli-
cations, future requirements will be more demanding, especially those imposed by
interplanetary navigation, and in some cases exceeding presentday capabilities of
GGOS
it is recommended that

GGOS be developed in order to meet these future requirements, that in particular
GGOS generate real-time values of Earth orientation accurate to � 3 mm, and

that
GGOS enable calibrations of troposphere delay and ionosphere accurate to� 3

mm and� 2 TEC units, respectively.
Recommendation 7.1 (Threshold and target values for GGOS):
Recognizing that

it will not always be possible to implement the observing system meeting all
observational requirements
it is recommended that
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GGOS set up, together with relevant user groups, threshold and target values
in terms of accuracy, spatial and temporal resolution, latency, and integrity, for the
quantities to be observed or derived from geodetic observations.
Recommendation 7.2 (GGOS database of user needs and observational re-
quirements):
Recognizing that

the user needs and observational requirements with respectto geodetic observa-
tions and products will evolve over time
it is recommended that

GGOS maintain a database of user needs and observation requirements, and a list
of products to be provided by GGOS in order to meet these evolving requirements.
Recommendation 7.3 (Improved access to ITRF):
Recognizing that

the global geodetic reference frame and ready access to thisframe plays a crucial
role for many scienti�c, professional and societal applications
it is recommended that

GGOS focus on improved access to the global reference frame with low latency
and high spatial resolution as well as the long-term stability of the frame.
Recommendation 8.1 (Future reference frame approach basedon extended
model):
Recognizing that

users in many applications increasingly require access to ageodetic reference
frame with high spatial and temporal resolution in order to be able to detect “anoma-
lous” motion of an object with respect to the reference frame
it is recommended that

GGOS encourage the development of a future reference frame approach based on
a reference frame model with, in principle, in�nite spatialand temporal resolution,
and that

this reference frame be based on a dynamic Earth system modelthat assimilates
observations and predicts the motion of all points on the surface of the Earth, as
well as variations in the gravity �eld of the Earth system andthe rotation of the
solid Earth.
Recommendation 8.2 (Towards an integrated Earth system model):
Recognizing that

the future geodetic reference frame approach, in order to meet the demanding
user requirements and to achieve the required spatial resolution, will have to be
based on model prediction
it is recommended that

GGOS promote the development of an integrated Earth system model which can
be used to predict the geodetic quantities in a self-consistent framework, and that

both forward-modeling and inversion methods be developed to predict geodetic
quantities and to invert geodetic observations for the forcings, respectively.
Recommendation 9.1 (Augmentation of the current global geodetic infrastruc-
ture):
Recognizing that
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the currently implemented global geodetic infrastructureis not suf�cient to pro-
vide a monitoring of Earth's shape, gravity �eld and rotation meeting most of the
users' needs, and to sustain the global geodetic reference frames required for many
scienti�c and societal applications
it is recommended that

the global geodetic infrastructure not only be maintained at the current level but
also be augmented, in order to close major spatial and technological gaps, with: (1)
a global network of core sites on all continents, (2) absolute and superconducting
gravimeters at a global network of reference sites, in particular the core sites, and
(3) two additional dedicated SLR satellites, that

an operational core system be built up and maintained with the necessary in-
frastructure for an operational geodetic Earth system service providing quantitative
information on changes in ice sheets, sea level, water cycle, and climate, as well as
for hazards, disasters, and resource management application, and that

the operational core include at least: (i) the global geodetic networks for the de-
termination and monitoring of the geodetic reference frames, including Earth rota-
tion, (ii) continuous gravity satellites missions for the monitoring of mass transport,
(iii) continuous satellite missions for the monitoring of ice sheets, sea surface height,
and lake level variations, and (iv) continuous satellite missions for the imaging of
the solid Earth's surface.
Recommendation 10.1 (Continuation of the IAG Services):
Recognizing that

the terrestrial technique-speci�c entities represented by the IAG Services are the
basis of IAG's GGOS, and that their products are prerequisites for the realization
GGOS
it is recommended that

the work of the technique-speci�c entities, based on the state-of-the-art observa-
tional and analysis tools, be continued, and that

funding for these technique-speci�c services be secured ona long-term basis.
Recommendation 10.2 (Uninterrupted sequence of satellitemissions):
Recognizing that

uninterrupted geodesy-related satellite missions are required for the generation
of the best possible time-varying gravity �eld, and the monitoring of sea and ice
surface topographies, and that

today there is no consistent plan for deploying geodesy-related satellite missions
it is recommended that

GGOS, in close partnership with the space agencies and CEOS,develops a plan
for an uninterrupted series of geodesy-related space missions based on scienti�c and
societal needs, and that

GGOS have a speci�c entity developing these scenarios.
Recommendation 10.3 (Continuation of IERS):
Recognizing that

the results of the technique-speci�c entities (the IAG Services) are compared,
validated, and combined to generate unique, technique-independent geodetic prod-
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ucts (celestial, terrestrial, and, to a lesser extent, gravitational reference frames, con-
stants, etc.), that

this work is undertaken by the IERS for the geometry-relatedproducts
it is recommended that

the work of the IERS be continued based on state-of-the-art validation and com-
bination techniques, and that

funding for these activities be secured on a long-term basis.
Recommendation 10.4 (Plan for gravimetric mission-independent products):
Recognizing that

full utilization of the gravimetric satellite missions requires long time series
based on all relevant techniques
it is recommended that

the IGFS develop a plan to generate mission-independent gravity products, which
also include terrestrial and airborne data, that

an entity realizing this plan (inside or outside the IGFS) beidenti�ed, or, if not
existing, be created, and that

long-term funding for this entity be secured.
Recommendation 10.5 (Establishment of an IAS):
Recognizing that

the geodetic products resulting from space missions (including SLR data, terres-
trial and airborne gravity measurements) must be compared,validated, and com-
bined into unique geodetic products, which have to be, moreover, consistent with
the geometry-related products, and that

an international altimetry service could address one aspect of this problem,
namely that of sea and ice surface topography based on the data of all altimetry
missions available
it is recommended that

an IAS as a mission-independent altimetry service be established and incorpo-
rated into IAG and GGOS, and that

funding for this IAS be secured on a long-term basis.
Recommendation 10.6 (Establishment of an international InSAR Service):
Recognizing that

the InSAR observations are very versatile observations of Earth surface defor-
mations and that

these observations serve a wide range of applications
it is recommended that

an international InSAR service be established and incorporated into IAG and
GGOS, that

this service support the application of InSAR integrated with GNSS and make
products related to Earth surface deformations routinely available, and that

funding for this service be secured on a long-term basis.
Recommendation 10.7 (Standards and conventions):
Recognizing that

in order to ensure consistency of observations, data processing, modeling and
products across the “three pillars of geodesy” at a level of better than 10� 9, adher-
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ence to geodetic standards and conventions is crucial
it is recommended that

a GGOS entity responsible for the geodetic standards and conventions be created
(known as the “GGOS Bureau of Standards and Conventions”), that

this entity keep track of and make available a detailed and concise list of geodetic
conventions, constants, and procedures, and that

this catalogue include the IERS conventions.
Recommendation 10.8 (Networks and communication):
Recognizing that

currently there is a large number of more or less independenttechnique-speci�c
ground-tracking networks (and products) in GGOS, and that

coordination of these networks is not suf�cient
it is recommended that

the IAG Services operating the technique-speci�c networkscreate, in coopera-
tion with the IERS, a “GGOS Communications and Networks” entity with the ob-
jective of designing the networks (minimum number and distribution of core sites,
co-location of techniques, etc.) and scoping the operation(communication and data
�ow between networks, and from stations to regional and global data centers) of the
network as a whole.
Recommendation 10.9 (United Nations support for GGOS):
Recognizing that

the full implementation of GGOS, and particularly of an operational core system,
requires broad international support for GGOS as organization
it is recommended that

IAG continue its active role in GEO and other relevant organizations, and that
IAG and GGOS continue the dialog on the association of GGOS with an appro-

priate United Nations agency (e.g., UNESCO).
Recommendation 10.10 (Establishment of a GGOS Coordinating Of�ce):
Recognizing that

GGOS is based on a wide range of contributing organizations,institutions, space
agencies, services, and systems, and that

GGOS has a wide range of users and stakeholders
it is recommended that

GGOS establish a central coordinating entity (known as the “GGOS Coordina-
tion Of�ce”) with the task to maintain an overview on GGOS contributors and users
and their requirements as well as to support the GGOS decision-making entities on
a day-to-day basis, and that

funding for this entity be secured on a long-term basis, preferably through the
respective United Nations agency.
Recommendation AI.1 (GEO Resolution):
Recognizing that

the fundamental role for geodesy and the geodetic observation system for Earth
observation in general, and GEO in particular, necessitates the continuous commit-
ment of many national and regional institutions, organizations and governments to
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GGOS
it is recommended that

the GEO Plenary consider a resolution recommending to the GEO member coun-
tries to maintain, and if necessary increase, their supportof the operational infras-
tructure of GGOS at a level appropriate to meet the requirements of the SBAs ad-
dressed by GEO.
Recommendation AI.2 (GGOS Stakeholder Conference):
Recognizing that

the implementation of GGOS on the basis of the �ndings and recommendations
resulting from the GGOS 2020 Process requires a continuous dialog engaging all
stakeholders inside and outside of IAG
it is recommended that

a conference of the GGOS stakeholder organizations be organized to further de-
velop the �ndings and recommendations of the GGOS 2020 book into key elements
for the Implementation Plan of GGOS, and that

the GGOS 2020 book serve as the basis for discussion and decisions at this con-
ference.
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Elósegui, P., Davis, J. L., Jaldehag, R. T. K., Johansson, J. M., Niell, A. E., &
Shapiro, I. I., 1995. Geodesy using the Global Positioning System: the effects
of signal scattering on estimates of site position,J. Geophys. Res., 100, 9921–
9934.

Eltahir, E. A. B. & Yeh, P., 1999. On the asymmetric response of aquifer water level
to droughts and �oods in Illinois,Wat. Resour. Res., 35(4), 1199–1217.

Emanuel, K., 2003. Tropical cyclones,Annual Review of Earth and Planetary Sci-
ences, 31, 75–104.

ESA, 1999. Gravity �eld and steady-state ocean circulationmission, Reports for
mission selection ESA SP-1233 (1), ESA publication divison, ESTEC, Noord-
wijk, The Netherlands.

Estefan, J. A. & Folkner, W. M., 1995. Sensitivity of planetary cruise navigation to
Earth orientation calibration errors, Tech. Rep. TDA PR 42-123, July-September
1995, pp. 1-29, Jet Propulsion Laboratory, California Institute of Technology,
Pasadena, CA, http://tmo.jpl.nasa.gov/progressreport/42-123/123E.pdf.

European Commission, 2004. Agreement on the promotion, provision and use
of Galileo and GPS satellite-based navigation systems and related applications,
Available at http://europe.eu.int/comm/dgs/energytransport/galileo/documents%
-/doc/ 200406 21 summit2004en.pdf.

European Commission and ESA, 2003. Global Monitoring for Environment and
Security: Final report for the GMES initial period (2001-2003) version 3.5, Draft
report, European Commission, Available at http://www.gmes.info/library/.

Fagard, H., 2006. Twenty years of evolution for the DORIS permanent network:
from its initial deployment to its renovation,J. Geodesy, 80(8-11), 429–456, DOI
10.1007/s00190–006–0084–2.

FAO, 2001. Global forest resources assessment 2000 – main report, Tech.
Rep. FAO Forestry Paper No. 140, FAO, Rome, Italy, (also available at
www.fao.org/forestry/site/7949/en).

Farrell, W. E., 1972. Deformation of the Earth by surface loads.,Rev. Geophys.
Space Phys., 10, 761–797.

Farrell, W. E. & Clark, J. A., 1976. On postglacial sea level,Geophys. J. R. Astron.
Soc., 46, 647–667.

Fedrizzi, M., de Paula, E. R., Langley, R. B., Komjathy, A., Batista, I. S., & Kantor,
I. J., 2005. Study of the March 31, 2001 magnetic storm effects on the ionosphere
using GPS data,Advances in Space Research, 36, 534–545.

Ferretti, A., Novali, F., Bürgmann, R., Hilley, G., & Prati, C., 2004. InSAR per-
manent scatterer analysis reveals ups and downs in San Francisco Bay area,Eos,
Trans. Am. Geophys. Union, 85(24), 317,324.

Fey, A. L., Ma, C., Arias, E. F., Charlot, P., Feissel-Vernier, M., Gontier, A.-M.,
Jacobs, C. S., Li, J., & MacMillan, D. S., 2004. The second extension of the
International Celestial Reference Frame,Astronomical J., 127, 3587–3608.



300 References

Folkner, W. M., 1996. DSN station locations and uncertainties, Tech.
Rep. TDA PR 42-128, October-December 1996, pp. 1-34, Jet Propul-
sion Laboratory, California Institute of Technology, Pasadena, CA,
http://tmo.jpl.nasa.gov/progressreport/42-128/128F.pdf.

Folkner, W. M., Yoder, C. F., Yuan, D. N., Standish, E. M., & Preston, R. A., 1997.
Interior structure and seasonal mass redistribution of Mars from radio tracking of
Mars Path�nder,Science, 278, 1749–1752.

Fujii, Y. & Satake, K., 2007. Tsunami source of the 2004 SumatraAndaman earth-
quake inferred from tide gauge and satellite data,Bull. Seismo. Soc. Am., 97, S192
– S207.

Garcés, M., Caron, P., Hetzer, C., Le Pichon, A., Bass, H., &Bhattacharyya, J.,
2005. Deep infrasound radiated by the Sumatra earthquake and tsunami,Eos,
Trans. Am. Geophys. Union, 86, 317, 320.

Garrison, J. L. & Katzberg, S. J., 2000. The application of re�ected GPS signals to
ocean remote sensing,Remote Sens. Environ., 73, 175–187.

Garrison, J. L., Katzberg, S. J., & Hill, M. I., 1998. Effect of sea roughness on
bistatically scattered range coded signals from the GlobalPositioning System,
Geophys. Res. Lett., 25(13), 2257–2260.

GEO, 2005a. The Global Earth Observing System of Systems (GEOSS) - 10-Year
Implementation Plan, Available at http://earthobservations.org.

GEO, 2005b. Global Earth Observing System of Systems GEOSS -10-Year Im-
plementation Plan Reference Document - Draft, Tech. Rep. GEO 1000R/ESA SP
1284, ESA Publication Division, ESTEC, Noordwijk, The Netherlands, Avaliable
at http://earthobservations.org.

Geoconnection, 2007. Canadian geospatial data infrastructure,
http://www.geoconnections.org/CGDI.cfm/fuseaction/keyDocs.home/gcs.cfm.

Germain, O., Ruf�ni, G., Soulat, F., Caparrini, M., Chapron, B., & Silvestrin,
P., 2004. The Eddy Experiment: GNSS-R speculometry for directional sea-
roughness retrieval from low altitude aircraft,Geophys. Res. Lett., 31, L21307,
doi:10.1029/2004GL020991.

Gewin, V., 2004. Mapping opportunities,Nature, 427, 376–377.
Gleason, S., Hodgart, S., Sun, Y., Gommenginger, C., Mackin, S., Adjrad, M., &

Unwin, M., 2005. Detection and processing of bistatically re�ected GPS sig-
nals from low Earth orbit for the purpose of ocean remote sensing, IEEE Trans.
Geosci. Remote Sensing, 43(6), 1229–1241.

Gonzalez, F. I., Milburn, H. M., Bernard, E. N., & Newman, J. C., 1998. Deep-ocean
assessment and reporting of tsunamis (DART): Brief overview and status report,
in Proceedings of the International Workshop on Tsunami Disaster Mitigation,
19-22 January 1998, Tokyo, Japan.

Gower, J., 2005. Jason 1 detects the 26 December 2004 tsunami, Eos, Trans. Am.
Geophys. Union, 86(4), 37.

Grindlay, N. & Hearne, M., 2005. High risk of tsunami in the Northern Caribbean,
Eos, Trans. Am. Geophys. Union, 86, 121, 126.



References 301

Gross, R., 2006. Degree-2 harmonics of the Earth's mass loadestimated from
GRACE and Earth rotation data and models of sur�cial geophysical �uids, Eos
Trans. AGU, 87, Abstract G31A–03, West. Pac. Geophys. Meet. Suppl.

Gross, R. S., Blewitt, G., Clarke, P. J., & Lavallée, D., 2004. Degree-2 harmonics of
the Earth's mass load estimated from GPS and Earth rotation data,Geophys. Res.
Lett., 31, doi:10.1029/2004GL019589.

Haines, B. J., Bar-Sever, Y. E., Bertiger, W., Desai, S., & Willis, P., 2004. New
strategies for the 1-cm precise orbit determination,Marine Geodesy, 27(1-2),
299–318.

Hajj, G. A., Ao, C. O., C. O. Iijima, C. O., Kuang, D., Kursinski, E. R., Mannucci,
A. J., Meehan, T. K., Romans, L. J., de la Torre Juarez, M., & Yunck, T. P., 2004.
CHAMP and SAC-C atmospheric occultation results and intercomparisons,J.
Geophys. Res., 109, D06109, doi:10.1029/2003JD003909.

Hansen, M. C. & DeFries, R. S., 2004. Detecting long-term global forest change
using continuous �elds of tree-cover maps from 8-km advanced very high resolu-
tion radiometer (AVHRR) data for the years 1982-99,Ecosystems, 7(7), 695–716.

Hansen, M. C., DeFries, R. S., Townshend, J. R. G., & Sohlberg, R., 2000. Global
land cover classi�cation at 1 km spatial resolution using a classi�cation tree ap-
proach,Int. J. of Remote Sensing, 21(6 & 7), 13311364.

Hayashi, Y., 2008. Extracting the 2004 Indian Ocean tsunamisignals from sea
surface height data observed by satellite altimetry,J. Geophys. Res., 113, C01001,
doi:10.1029/2007JC004177.

Heidbach, O., Barth, A., Connolly, P., Fuchs, K., Müller, B., Tingay, M., Reinecker,
J., Sperner, B., & Wenzel, F., 2004. Stress maps in minutes: the 2004 world stress
map release,Eos, Trans. Am. Geophys. Union, 85, 521, 529.

Hein, G. W., Rodriguez, J. A. A., Wallner, S., Eisfeller, B.,Pany, T., & Hartl, P.,
2007. Envisioning a future GNSS system of systems,Inside GNSS, 2(1), 58–67.

Hinderer, J. & Crossley, D., 2004. Scienti�c achievements from the �rst period
(1997-2003) of the Global Geodynamics Project using a worldwide network of
superconducting gravimeters,J. Geodynamics, 38, 237–262.

Hirata, K., Satake, K., Tanioka, Y., Kuragano, T., Hasegawa, Y., Hayashi, Y., &
Hamada, N., 2006. The 2004 Indian Ocean tsunami: Tsunami source model from
satellite altimetry,Earth Planets Space, 58(2), 195–201.

Hofmann-Wellenhof, B., Lichtenegger, H., & Collins, J., 1997. Global Positioning
System: Theory and Practice, Springer-Verlag, New York.

Hogan, J., 2005. Warming debate highlights poor data,Nature, 436, 896,
doi:10.1038/436896a.

Hughes, C. W., Stepanov, V. N., Fu, L.-L., Barnier, B., & Hargreaves, G. W., 2007.
Three forms of variability in Argentine Basin ocean bottom pressure,J. Geophys.
Res., 112, C01011, doi:10.1029/2006JC003679.

IGOS-P Ocean Theme Team, 2001. An Ocean Theme for the IGOS Part-
nership, Tech. rep., IGOS Integrated Global Observing Strategy, Available at
http://www.igospartners.org.

Ilk, K. H., Flury, J., Rummel, R., Schwintzer, P., Bosch, W.,Haas, C., Schröter, J.,
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2005b. The global reach of the 26 December 2004 Sumatra tsunami, Science,
309, 2045–2048.

Townshend, J. R. & the IGOL Writing Team, 2004. Integrated Global Observa-
tions of the Land: A proposed theme to the IGOS Partnership - Version 2, Tech.
rep., IGOS Integrated Global Observing Strategy, Proposalprepared by the IGOL
Proposal Team, May 2004, available at http://www.igospartners.org.

Townshend, J. R. G. & Justice, C. O., 1995. Spatial variability of images and the
monitoring of changes in the normalized difference vegetation index,Intern. J.
Remote Sensing, 16(12), 2187–2195.

Treuhaft, R. N., Lowe, S. T., Zuffada, C., & Chao, Y., 2001. 2-cm GPS altimetry
over Crater lake,Geophys. Res. Lett., 22(23), 4343–4346.

eds Turner II, B. L., Clark, W. C., Kates, R. W., Richards, J. F., Mathews, J. T., &
Meyer, W. B., 1990.The Earth as Transformed by Human Action: Global and
Regional Changes in the Biosphere Over the Past 300 Years, University Press,
Cambridge, 713 pages.

UNAVCO, 1998. Supporting research into Earth processes andhazards
via high-precision geodesy using the Global Positioning System, Available
online at http://www.unavco.org/pubsreports/brochures/1998UNAVCO/1998-
UNAVCO.html.

United Nations, 2006.Water - a shared responsibility. The United Nations Water
Development Report 2, UNESCO, Paris, and Berghahn Books, New York.

U.S. Climate Change Research Program, 2007.Our Changing Planet – The
U.S. Climate Change Science Program for Fiscal Year 2008, U.S. Climate



316 References

Change Research Program, Washington, D.C., A report by the U.S. Climate
Change Research Program and the Subcommittee on Global Change Research,
and a Supplement to the President's Budget for Fiscal Year 2008. Available at
http://www.usgcrp.gov/usgcrp/Library/ocp2008/default.htm.

Van Camp, M., Williams, S. D. P., & Francis, O., 2005. Uncertainty of ab-
solute gravity measurements,J. Geophys. Res., 110, B05406, doi:10.1029/
2004JB003497.

Van Dam, T., Plag, H.-P., Francis, O., & Gegout, P., 2003. GGFC Special Bureau for
Loading: current status and plans, inProceedings of the IERS Global Geophysical
Fluid Center Workshop, Munich, November 20-21, 2002, no. 30 in International
Earth Rotation and Reference System Service, IERS Technical Note, pp. 180–
198.

Vecchi, G. A., Wittenberg, A. T., Held, I. M., Leetmaa, A., & Harrison, M. J., 2006.
Weakening of tropical paci�c atmospheric circulation due to anthropogenic forc-
ing, Nature, 441, 73–76, doi:10.1038/nature04744.

Velicogna, I. & Wahr, J., 2005. Greenland mass balance from GRACE, Geophys.
Res. Lett., 32, L18505, doi:10.1029/2005GL023955.

Velicogna, I. & Wahr, J., 2006. Measurements of time-variable gravity show mass
loss in Antarctica,Science, 311, 1754–1756.

Vigny, C., Simons, W. J. F., Abu, S., Bamphenyu, R., Satirapod, C., Choosakul, N.,
Subarya, C., Socquet, A., Omar, K., Abidin, H. Z., & Ambrosius, B. A. C., 2005.
Insight into the 2004 Sumatra-Andaman earthquake from GPS measurements in
southeast Asia,Nature, 436, 201–206.

Wahr, J., Swenson, S., Zlotnicki, V., & Velicogna, I., 2004.Time-variable
gravity from GRACE: First results,Geophys. Res. Lett., 31, L11501,
doi:10.1029/2004GL019779.

Wahr, J., Swenson, S., & Velicogna, I., 2006. The accuracy ofGRACE mass esti-
mates,Geophys. Res. Lett., 33, L06401, doi:10.1029/2005GL025305.

Wahr, J. M., 1981. A normal mode expansion for the forced response of a rotating
earth,Geophys. J. R. Astron. Soc., 64, 651–675.

Wahr, J. M., Dazhong, H., & Trupin, A., 1995. Prediction of vertical uplift caused
by changing polar ice volumes on visco-elastic Earth,Geophys. Res. Lett., 22,
977–980.

Wang, Z. & Ormsbee, L., 2005. Comparison between probabilistic seismic haz-
ard analysis and �ood frequency analysis,Eos, Trans. Am. Geophys. Union, 86,
45,51–52.

Williams, D. & Townshend, J. R. G., 1998. The concept of an Integrated Global
Observing Strategy, inProceedings for the 27-th Int. Symp. on Remote Sensing of
Environment: Information for Sustainability, June 8-12, 1998, Tromsø, Norway,
pp. 95–98, Norwegian Space Centre.

Williams, D., Rank, D., Kijek, R., Cole, S., & Pagiatakis, S., 2005. National geode-
tic infrastructure requirements study, Study report NRCan03 - 0628, Natural Re-
sources Canada, Final unpublished Report, prepared by BearingPoint; available
on request from NRC.



References 317

Williams, J. G., Newhall, X. X., & Dickey, J. O., 1993. Lunar laser ranging: Geo-
physical results and reference frames, inContributions of Space Geodesy to Geo-
dynamics: Earth Dynamics, vol. 24 of American Geophysical Union Geody-
namics Series, pp. 83–88, eds Smith, D. E. & Turcotte, D. L., American Geo-
physical Union, Washington, D. C.

Willis, P. & He�in, M. B., 2004. External validation of the GRACE GGM01C grav-
ity �eld using GPS and DORIS positioning results,Geophys. Res. Lett., 31(13),
L13616, doi:10.1029/2004GL020038.

Willis, P., Haines, B., Berthias, J. P., Sengenes, P., & Le Mouel, J. L., 2004. Be-
haviour of the DORIS/Jason oscillator over the South Atlantic Anomaly,C. R.
Geosci., 336(9), 839–846. DOI 10.1016/j.crte.204.01.004.

Willis, P., Jayles, C., & Bar-Sever, Y., 2006. DORIS: From orbit de-
termination for altimeter missions to geodesy,C. R. Geoscience, p.
doi:10.1016/j.crte.2005.11.013.

Woodworth, P. & Player, R., 2003. The Permanent Service for Mean Sea Level: an
update to the 21st century,J. Coastal Research, 19, 287–295.

Woodworth, P. L., Aarup, T., Merri�eld, M., Mitchum, G. T., &Le Provost, C.,
2003. Measuring progress of the Global Sea Level Observing System,Eos, Trans.
Am. Geophys. Union, 84(50), 565, 10.1029/2003EO500009.

Woppelmann, G., Zerbini, S., & Marcos, M., 2006. Tide gaugesand geodesy: a
secular synergy illustrated by three present-day case studies,C.R. Geoscience, p.
doi:10.1016/j.crte.2006.07.006.

Wu, X., Bar-Sever, Y. E., Folkner, W. M., Williams, J. G., & Zumberge, J. F., 2001.
Probing Europa's hidden ocean from tidal effects on orbitaldynamics,Geophys.
Res. Lett., 28(11), 2245–2248.

Wu, X., Argus, D. F., He�in, M. B., Ivins, E. R., & Webb, F. H., 2002. Site distribu-
tion and aliasing effects in the inversion for load coef�cients and geocenter mo-
tion from GPS data,Geophys. Res. Lett., 29, 2210, doi: 10.1029/2002GL016324.

Wu, X., He�in, M. B., Ivins, E. R., Argus, D. F., & Webb, F. H., 2003. Large-scale
global surface mass variations inferred from GPS measurements of load-induced
deformation,Geophys. Res. Lett., 30, 1742, doi: 10.1029/2003GL017546.

Wu, X., He�in, M. B., Ivins, E. R., & Fukumori, I., 2006. Seasonal and interannual
global surface mass variations from multisatellite geodetic data,J. Geophys. Res.,
111, B09401, doi:10.1029/2005JB004100.

Yoder, C. F., Konopliv, A. S., Yuan, D. N., Standish, E. M., & Folkner, W. M., 2003.
Fluid core size of Mars from detection of the solar tide,Science, 300, 299–303.

ed. Zebker, H., 2005.InSAR Workshop Summary Report, October 20-22, 2004, Ox-
nard, California, NASA, Jet Probulsion Laboratory, Pasadena, California, USA.

Zerbini, S., Plag, H.-P., Baker, T., Becker, M., Billiris, H., Bürki, B., Kahle, H.-
G., Marson, I., Pezzoli, L., Richter, B., Romangoli, C., Sztobryn, M., Tomasi, P.,
Tsimplis, M., Veis, G., & Verrone, G., 1996. Sea level in the Mediterranean: a �rst
step towards separation of crustal movements and absolute sea-level variations,
Global and Planetary Change, 14, 1–48.

Zerbini, S., Negusini, M., Romagnoli, C., Domenichini, F.,Richter, B., & Simon,
D., 2002. Multi-parameter continuous observations to detect ground deformation



318 References

and to study environmental variability impacts,Global Planet. Change, 34(1-2),
37–58.

Zerbini, S., Richter, B., Rocca, F., van Dam, T., & Matonti, F., 2006. A combina-
tion of space and terrestrial geodetic techniques to monitor land subsidence: Case
Study, the Southeastern Po Plain, Italy,J. Geophys. Res., Submitted.

Zuffada, C., Elfouhaily, T., & Lowe, S., 2003. Sensitivity analysis of wind vector
measurements from ocean re�ected GPS signals,Rem. Sens. Environ., 88, 341–
350, doi:10.1016/S0034–4257(03)00175–5.

Zwally, H. J., Abdalati, W., Herring, T., Larson, K., Saba, J., & Steffen, K., 2002.
Surface melt-induced acceleration of Greenland ice-sheet�ow, Science, 297,
218–222.

Zwally, H. J., Giovinetto, M. B., Li, J., Cornejo, H. G., Beckley, M. A., Brenner,
A. C., Saba, J. L., & Yi, D., 2005. Mass changes of the Greenland and Antarctic
ice sheets and shelves and contributions to sea-level rise:1992-2002,J. Glaciol-
ogy, 51, 509–527.



Acronyms and abbreviations

ACES Atomic Clock Ensemble in Space
AG Absolute gravimeter
AIRS Atmospheric Infra-Red Sounder
AMSU Advanced Microwave Sounding Unit
ANZLIC Australia and New Zealand Land Information Council
ASCII American Standard Code for Information Interchange
ASDD Australian Spatial Data Directory
ASDI Australian Spatial Data Infrastructure
ATC Air Traf�c Control
AVHRR Advanced Very High Resolution Radiometer
BIH Bureau International de l'Heure
BIPM Bureau International des Poids et Mesures
BPR Bottom Pressure Recorder
CAM Core Angular Momentum
CCRS Conventional Celestial Reference System
CDP Crustal Dynamics Project
CE Center of Mass of the Solid Earth
CEOS Committee for Earth Observation Satellites
CEP Celestial Ephemeris Pole
CF Center of Figure of the solid Earth
CGDI Canadian Geospatial Data Infrastructure
CHAMP Challenging Minisatellite Payload
CM Center of Mass of the whole Earth system
CMB Core-Mantle Boundary
CNES Centre National d'Etudes Spatiales
COP Community of Practice
COPES Coordinated Observation and Prediction of the Earth System
CORS Continuously Operating GPS Stations
CRS Celestial Reference System
CTF Control track farming
CTRS Conventional Terrestrial Reference System
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320 Acronyms and abbreviations

DART Deep-ocean Assessment and Reporting of Tsunamis
DEM Digital Elevation Model
DIAL DIfferential Absorption LIDAR
DIMERS Dynamical Integrated Modular Earth Rotation System
DORIS Doppler Orbitography and Radiopositioning Integrated by Satellites
DSM Digital Surface Model
DSN Deep Space Network
DST Dynamic Sea Surface Topography
DyMEG Dynamic Model for the Earth Rotation and Gravity
EC European Commission
ECEF Earth-centered, Earth-�xed
EGG97 European Gravimetric Geoid 1997
EGM Earth Gravity Model
EGNOS European Geostationary Navigation Overlay Service
ENSO El Niño Southern Oscillation
EOP Earth Orientation Parameters
EOS Earth Observation Summit
EOS Earth Observation Satellite
ERS Earth Remote Sensing
ESA European Space Agency
ESSP Earth System Science Path�nder
EU European Union
FAGS Federation of Astronomical and Geophysical Data Analysis Services
FANS Future Air Navigation System
FAO Food and Agriculture Organization
FGDC Federal Geographic Data Committee
FIG International Federation of Surveyors
FOC Full Operational Capability
G3OS Global Three Observing Systems
GA Geoscience Australia
GAGAN GPS Aided GEO Augmented Navigation
GAIM Global Assimilative Ionospheric Model
GCOS Global Climate Observing System
GEO Group on Earth Observations
GEOSS Global Earth Observation System of Systems
GFO Geosat-Follow-On
GGFC Global Geophysical Fluid Center
GGOS Global Geodetic Observing System
GGP Global Geodynamics Project
GIA Glacial Isostatic Adjustment
GIM Global Ionospheric Mapping
GIS Geographic Information Systems
GLDAS Global Land Data Assimilation System
GLONASS Global Navigation Satellite System
GLOSS Global Sea Level Observing System
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GMES Global Monitoring of Environment and Security
GNSS Global Navigation Satellite System
GNSSS Global Navigation Satellite System of Systems
GOCE Gravity �eld and steady-state Ocean Circulation Explorer
GOES Geostationary Satellite Server
GOOS Global Ocean Observing System
GPM Global Precipitation Measurement
GPS Global Positioning System
GRACE Gravity Recovery and Climate Experiment
GRGS Groupe de Recherche de Géodésie Spatiale
GRS Geodetic Reference System
GSHM Global Seismic Hazard Map
GSO GeoStationary Orbit
GSWP Global Soil Wetness Project
GTHM Global Tsunami Hazard Map
HF High Frequencies
HRSC High Resolution Stereo Camera
HSB Humidity Sounder for Brasil
IAG International Association of Geodesy
IAIN International Association of Institutes of Navigation
IAU International Astronomical Union (the International Astronomical Union)
ICAO International Civil Aviation Organisation
ICRF International Celestial Reference Frame
ICRS International Celestial Reference System
ICSM Intergovernmental Committee on Surveying and Mapping
ICSU International Council for Science
ICT Information and Communication Technology
IDS International DORIS Service
IERS International Earth Rotation and Reference Systems Service
IGFS International Gravity Field Service
IGOS Integrated Global Observing Strategy
IGOS-P Integrated Global Observing Strategy Partnership
IGN Institut Géographique Nationale
IGS International GNSS Service
ILRS International Laser Ranging Service
ILS International Latitude Service
IMO International Maritime Organisation
INS Inertial Navigation Systems
InSAR Interferometric Synthetic Aperture Radar
INSPIRE Infrastructure for Spatial Information in Europe
IOC International Oceanographic Commission
IPCC Intergovernmental Panel on Climate Change
IPMS International Polar Motion Service
IRNSS Indian Regional Navigation Satellite System
ISIS International SAR Information System
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IRS Incoherent Scatter Radars
IT Information Technology
ITRF International Terrestrial Reference Frame
ITRS International Terrestrial Reference System
IUGG International Union of Geodesy and Geophysics
IVS International VLBI Service for Geodesy and Astrometry
IYPE International Year Of Planet Earth
LAGEOS LAser GEOdynamics Satellite
LBS Location-Based Service
LEO Low Earth Orbiters
LIDAR LIght Detection And Ranging
LLR Lunar Laser Ranging
LOD Length of Day
LOLA Lunar Orbiter Laser Altimeter
LRO Lunar Reconnaissance Orbiter
LSL Local Sea Level
MEO Medium Earth Orbit
MERIT Monitoring Earth Rotation and Inter-comparison of Techniques
MGS Mars Global Surveyor
MLA Mercury Laser Altimeter
MODIS Moderate-Resolution Imaging Spectroradiometer
MOLA Mars Orbiting Laser Altimeter
MSAS Multifunctional Transport Satellite Space-based Augmentation System
MSS Mean-Squared Slope
MYRTLE Multi Year Return Time Level Equipment
NGRS Australian National Geospatial Reference System
NGS National Geodetic Survey
NGSLR Next Generation SLR
NIGCOMSAT Nigerian Communication Satellite
NOAA National Oceanic and Atmospheric Administration
NRT near-real time
NSDI National Spatial Data Infrastructure
NSRS National Spatial Reference System
OMB Of�ce of Management and Budget
OSSE Observing System Simulation Experiments
PARIS Passive Re�ectometry and Interferometry System
PBO Plate Boundary Observatory
PF Precision Farming
PGR Post-Glacial Rebound
PNT Positioning, Navigation and Timing
ppb parts per billion
POD Precision Orbit Determination
POL Proudman Oceanographic Laboratory
PSMSL Permanent Service for Mean Sea Level
QZSS Quasi-Zenith Satellite System
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RF Radio-Frequency
RFID Radio-Frequency Identi�cation
RFO Reference Frame Origin
RINEX Receiver Independent Exchange Format
RLE Revised Local Reference
RTK Real-Time Kinematic
SAR Synthetic Aperture Radar
SBA Societal Bene�t Area
SBAS Satellite-Based Augmentation System
SDI Spatial Data Infrastructure
SG Superconducting Gravimeter
SI International System of Units
SINEX Software Independent Exchange Format
SiS Signal in Space
SLR Satellite Laser Ranging
SMOS Soil Moisture and Ocean Salinity
SOAP Simple Object Access Protocol
SP3 Standard Product 3 Orbit Format
SRTM Shuttle Radar Topography Mission
SSM/I Special Sensor Microwave/Imager
SST Satellite-to-Satellite Tracking
TAI International Atomic Time
TCG Geocentric Coordinate Time
TDR Time Domain Re�ectometry
TEC Total Electron Content
TIGA TIde GAuge Pilot Project
TRMM Tropical Rainfall Measuring Mission
TRS Terrestrial Reference System
TT Terrestrial Time
TYIP Ten-Year Implementation Plan
UAV Unmanned Aerial Vehicle
UK-DMC United Kindom's Desaster Monitoring Constellation
UN United Nations
UNESCO United Nations Educational, Scienti�c and Cultural Organization
UNFCCC United Nations Framework Convention on Climate Change
UR User Requirement
USO Ultra-Stable Oscillator
UT Universal Time
UT1 Universal Time 1
UTC Coordinated Universal Time
UV Ultraviolet
UWB UWB
VHF Very High Frequencies
VLBA Very Long Baseline Array
VLBI Very Long Baseline Interferometry
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VSI VLBI Standard Interface
WAAS Wide Area Augmentation System
WCRP World Climate Research Programme
WEGENER Working group of European Geoscientists for the Establishment of

Networks for Earth-science Research
WGS 84 World Geodetic System 1984
WMO World Meteorological Organisation
WOCE World Ocean Circulation Experiment
WSDL Web Services Description Language
WSSD World Summit on Sustainable Development
WWW World Wide Web
XML eXtensible Markup Language
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CO2, 189, 192
measurement of, 192

agriculture, 193
airborne sensors, 255
airborne techniques, 91
altimetry, 40
Amazon, 117
angular momentum transfer, 174
Antarctica, 103, 120
anthroposphere, 1
Apollo, 123
Apollo Laser retrore�ector, 202
aquifers, 178
Arctic ice, 183
Arctic sea ice, 103
Argo, 108, 115
asthenosphere, 98, 100
astrometry, 16, 21
atmospheric composition, 10
atmospheric sounding, 74, 118, 272

bathymetry, 106
borehole geophysics, 94

cadastre, 143
campaigns, 9, 91
Chandler wobble, 129

period, 235
climate change, 111, 171, 184, 185

metric of, 173
climate models

validation of, 174
climate reanalyses

validation of, 173
climate renalyses, 172
clocks

accuracy of, 69
ACES, 95
astronomical, 16
atomic, 16
Cs fountains, 69
mechanical, 16
optical, 254
performance of, 68
rubidium fountains, 69

clouds, 187
CM, seeEarth system, center of mass
co-location, 69, 240, 248

onboard satellites, 255
combination, 93, 270

at observation level, 272
consistency, 25, 69
continental drift, 98
coordinate time, 67
core sites, 69, 241, 246, 249, 263, 276
core-mantle boundary, 125
core-mantle dynamics, 97
coseismic displacement, 162
cosmochemistry, 102
cryosphere, 183
cyclone Nargis, 172

DART, 85
Decadal Survey, 253
deep-space missions

geodetic requirements of, 207
deep-space navigation

radiometric tracking, 203
sensitivity to EOP errors, 204

deforestation
monitoring of, 194

deformation
transient, 100

325
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digital elevation model, 254
digital terrain models, 118
disasters

damage assessment, 53
mitigation of, 156
prevention of, 156

displacement �eld
prediction, 230

diurnal wobble
period, 235

DORIS, 36, 246, 276
beacon, 37
co-locations, 38
space segment, 39
station requirements, 37
tracking network, 246

dynamic ocean topography, 91, 120
dynamic sea surface topography, 174

early warning, 53, 146, 162, 263
tsunami, 79

Earth
climate system, 103
deep interior, 101
�nite planet, 1
restless planet, 1

Earth deformation, 95
Earth evolution, 101
Earth mantle

viscosity structure, 101
Earth models, 92

3-D, 103
dynamic reference, 236
integrated, 232
mechanical, 234
reference, 230
subsystems of, 234

Earth Observation Summit, 11
Earth Observation Summits, 154
Earth observations

metrological basis of, 23
Earth rotation, 3, 15, 91, 123, 130

monitoring of, 4
observations, 55

Earth rotation parameters, 35
Earth shape, 26
Earth structure, 97
Earth system, 233

center of mass of, 22
complex nature of, 94
complexity of, 89
processes, 94
understanding of, 2

Earth system models, 89, 93, 119, 233, 271

challenges of, 235
modular approach to, 235

Earth system science, 90
Earth tides, 18, 230
Earth topography, 52
Earth's

�uid envelope, 231
gravity �eld, 231
rotation, 231
shape, 231

Earth-space interferometry, 203
earthquakes, 18, 92, 94, 97, 99, 159, 230

afterslip, 100
intracontinental, 99
magnitude estimates, 162
magnitude of, 6
mechanics, 100
Sumatra 2004, 98
triggering, 100
tsunamigenic, 160

East African Rift, 99
ecosystems, 192
El Nino/Southern Oscillation, 106
energy budget, 9
energy resources, 150, 169
engineering, 141

offshore, 142
engineering geodesy, 143
Europa, 197, 201

libration, 201
tidal gravity, 201

evaporation, 187

faulting
physics of, 100

�ooding, 165
forecast capability, 89
forestry, 193, 196
frequency transfer, 87
fresh water, 176
functional speci�cations

for EOPs, 223
for geoid, 223
for ice mass balance, 223
for ICRF, 224
for ITRF, 222
for sea surface height, 223
for water cycle, 224

G3OS, 153
GAIM, 79
GALILEO, 33
General Relativity, 254
general relativity, 67
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GEO, 11
adhoc, 154

geodesy, 2, 89, 90, 94
central contribution of, 93
challenges of, 5, 10, 11
contribution to Earth observation, 155
de�nition of, 15
historical, 3
lunar, 277
ocean bottom, 95, 150
planetary, 197
potential of, 153
principal goal of, 18
relativistic, 68
tasks of, 25
three pillars of, 2, 4, 15, 116, 239
toolbox of, 23

geodetic coordinates, 67
geodetic datums, 80
geodetic observations

consistency of, 232
geodetic world datum, 93
geographic information systems, 144
geohazards, 157
geoid, 44, 58
geokinematics, 15

monitoring of, 4
geologic hazards, 98
geology, 102
geomagnetism, 102
geophysical models, 93
georeferencing, 135, 210
geospatial information, 149
GEOSS, 279

10-Year Implementation Plan, 11, 154
vision for, 153

geostationary orbit, 186
geostrophic currents, 107
geotechnology, 147
geothermal energy, 171
GGFC, 271
GGOS

bene�ts of, 9, 90
conventions, 271
Coordination Of�ce, 274
external challenge of, 10
�ve levels of, 240
functional speci�cations for, 221
high-level components of, 273
IAG's Observing System, 274
infrastructure, 280
integration, 270
internal challenge of, 10
major observation types, 240

mission of, 9
operational speci�cations for, 224
predecessors, 240
principal products of, 219
Science Panel, 274
Steering Committee, 274
structure, 279
system components, 238
tasks of, 219
Terms of Reference, 274
the observing system, 9, 10
the organization, 8, 10
the project, 7
vision for, 8

GGOS Clearinghouse, 264, 265
GGOS clearinghouse mechanism, 267
GGOS database, 264
GGOS Portal, 260, 264

architecture, 265
search method, 266

GGOS products
accuracy, 272
accuracy of, 220

GGP, 70
GIS, 118
glacial isostatic adjustment, 92, 101
glaciers, 96, 103

mass balance, 104
global change, 91
global change studies, 120
Global Navigation Satellite Systems,see

GNSS
global sea level

change of, 114
rise of, 112

global water cycle, 66, 92, 149, 175
continental mass changes, 122
fast branch, 179
land component, 117
observations of, 178
slow branch, 179

GLONASS, 32
GLOSS, 81

Core Network of, 81
GMES, 154
GNSS, 32, 256, 275

tracking network, 245
GNSS re�ectometry, 44, 263

science questions, 49
GNSS scatterometry, 44
GNSS seismology, 272
GOCE, 250
GPS, 32, 100
GPS buoys, 81
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GRACE
follow-on mission, 250

gravimeters
absolute, 58, 60
accuracy, 62
intercomparison of, 60
network of, 247
superconducting, 58

gravimetry, 61
absolute, 276
airborne, 62, 256
shipborne, 256
superconducting, 276

gravity, 91
gravity anomaly, 61
gravity �eld, 15, 58, 119

monitoring of, 4
static, 122

gravity �eld models
EGM2008, 63
EGM96, 64

Greenland, 103
ground moisture, 117
ground networks, 9
groundwater, 117
groundwater mass, 181
GSO technology, 188

Hadley cell, 112, 173
hazard assessments

seismic, 100
tsunamis, 100

height systems, 145
heights

geopotential, 210
HRSC, 202
hurricanes

Gustav, 172
Ike, 172
intensity of, 172
Katrina, 172
Rita, 172

hydrological cycle, 97, 117

IAG
Participating Organization of GEO, 11

IAG Services, 238
Analysis Centers, 260
Data Centers, 260
IDS, 39, 246, 276
IERS, 3
IGFS, 276
IGS, 35, 275
ILRS, 30, 275

ILS, 278
IPMS, 278
IVS, 20, 27, 275
Operating Centers, 262

IAS, 276
ice mass dynamics, 92
ice research, 104
ice sheets, 96

mass balance, 184
ice thickness, 48
IDS

products, 40
station network, 36

IERS
Conventions, 22, 72

IGOS, 153
IGOS-P, 11, 154

Themes, 154
IGS

products, 35
tracking station network, 35

ILRS
products, 30
station network, 30

imaging techniques, 26
infomobility, 147
infrastructure

stability of, 169
InSAR, 50, 100, 252
integrated precipitable water vapor content, 74
International SAR Information System, 253
interplanetary missions, 206
ionospheric effects, 78
ionospheric refraction, 34
ionospheric sounding, 74, 272
IVS

products, 27
station network, 27

IYPE, 95

LAGEOS, 30
land cover, 195
land development, 143
land use, 195
landslides, 157

slow, 158
submarine, 160

laser altimetry, 43
laser link technique, 258
laser ranging

interplanetary, 244
tracking network, 243

laser retro-re�ectors, 255, 257
lasers
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on the Moon, 201
spaceborne, 189

length of day, 124
decadal variations, 125
interannual variations, 127
intraseasonal variations, 127
linear trend, 124
seasonal variations, 127
tidal variations, 126

libration, 198
LIDAR, 54, 77, 109, 192

DIAL, 54
Doppler, 54
Range �nders, 54

lithosphere, 100, 101
livestock practices, 196
LLR, 30, 275, 276
loading, 6, 18, 97, 118, 228, 230, 271

atmospheric, 102
elastic response to, 102
glacial, 102
non-tidal ocean, 102
ocean tidal, 102

local augmentation systems, 170
local sea level, 81

future plausible trajectories, 169
spatial variability, 167

local ties, 20
at core sites, 249
measurement of, 248

Love numbers, 229
of planets, 199

lunar geodesy, 277
lunar gravity �eld, 257
lunar laser ranging, 29
lunar missions

Chandrayaan-1, 257
Chang'e 1, 257
GRAIL, 258
Kaguya, 257
LRO, 258
Lunar Reconnaissance Orbiter, 202
robotic lander, 258
SELENE, 202

machine guidance, 142
mantle convection, 95, 101
mantle dynamics, 101
mapping, 141

hydrographic, 142
marine geoid, 43
Mars, 197

core of, 199
gravity �led of, 199

interior of, 198
orientation, 197
polar CO2, 200

Mars missions
Mars Global Surveyor, 201

mass anomalies, 91
mass balance, 9
mass movements, 95, 234
mass relocation, 102
mass transport, 9, 66, 120, 250

geodynamic, 122
Mean-Squared Slope, 47
Mercury, 198

core of, 198
MERIT, 72
meteorology, 109
MOLA, 202
Mona Rift, 161

natural hazards, 211
vulnerability to, 156

natural resources, 176
navigation, 139

air, 140
land, 141
marine, 140

numerical weather forecasting, 74
nutation, 55

occultations, 74, 151, 172
ocean

circulation, 120
eddies, 45
heat transport, 92
mass changes, 115
mass transport, 92
salinity, 186
tides, 106

ocean �oor
strain �eld, 96

OSSE, 188
ozone loss, 171

paleomagnetic measurements, 98
PARIS, 44
planetary ephemerides, 205
planetary geodesy, 277

reference frame for, 197
planetary missions

Exomars, 258
future requirements, 214
Mars Express, 199
Mars Path�nders, 199
Mars Reconnaissance Orbiter, 199
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MESSENGER, 258
Viking, 199

planets
Love numbers of, 199
nutation, 198
precession, 198

plate boundaries, 95
plate boundary zones, 98
plate motion, 94, 98, 231

time variability, 99
plate tectonics, 95, 101
point positions

mathematical model, 229
regularized coordinates, 229

polar ice caps, 122
polar motion, 123, 127

decadal, 128
interannual, 129
intraseasonal, 129
linear trend, 128
seasonal, 129
tidal, 128

post glacial rebound, 101
precession, 55
precipitation, 186
precision farming, 195

CTF, 196
proper time, 67
PSMSL, 82

Metric data set, 82
RLR data set, 82

quasars, 21, 27, 259, 278

radar altimetry, 40, 251
radiative transfer methods, 189
radio interferometer, 27
radio occultations, 109
radio science, 202

future requirements, 214
radio sources, 259

VLBI imaging of, 202
real-time data streaming, 263
real-time kinematic systems, 142
receiver clocks, 34
reference frames, 19, 93

celestial, 204
concept, 226, 229
contribution of space agencies, 205
FK5 stellar frame, 21
geodetic sources of ICRF, 21
height, 254
HIPPARCOS stellar frame, 20
ICRF, 3, 21, 27, 259

ITRF, 3, 136
ITRF2000, 22
ITRF2005, 22
long-term stability, 116
origin, 22
polyhedron, 229
space-time, 67
terrestrial, 209, 225
WGS84, 136

reference systems, 3, 18
Cartesian, 227
celestial, 3, 18
conventional, 19
de�nition, 226
dynamic realization, 229
GRS80, 72
ICRS, 3, 20
ITRS, 3, 20
orientation, 231
origin, 231
realization of, 19
terrestrial, 3, 19, 225
WGS84, 22, 109

re�ectometry, 254
regional densi�cation, 91
regional projects, 92

CDP, 94
EarthScope, 94
WEGENER, 94

regularized coordinates, 229
conceptual problems, 230

repeatability, 243
reprocessing, 272
requirements

accuracy of geoid, 215
climate studies, 218
Earth rotation, 215
for geoid models, 220
most demanding, 221
numerical weather prediction, 218
of lunar and planetary science, 212
of real-time positioning, 214
of science, 212
of science applications, 215
quantitative, 214
scienti�c, 95
tracking of interplanetary spacecrafts, 213

retrore�ectors, 29
rheology, 96, 100, 102
RINEX, 262
ring laser gyroscopes, 56, 123
risk management, 146
river catchments, 117
rockslides, 158
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Rossby waves, 106
rotational dynamics, 97

Sagnac interferometer, 56
satellite altimetry, 106

wide-swath, 46
satellite laser ranging, 29
satellite Missions

GRACE, 250
satellite missions

ALTIKA, 246
Aqua, 188
Calipso, 186
CHAMP, 17, 107, 250
CloudSat, 186
constellation, 254
constellations, 249
COSMIC, 79, 111, 254
CryoSat, 122
CryoSat-2, 246
Cryosat-2, 39
DESDynI, 253
ENVISAT, 246
ERS, 186
for occultations, 75
formation �ying, 254
formations, 249
future, 253
GAIA, 21, 260
GOCE, 5, 17, 107
GPM, 186
GPS-science capable, 48
GRACE, 5, 17, 107, 117, 183, 228
GRACE follow-on, 189
GRACE follow-on mission, 250
gravity, 58, 64, 250
HIPPARCOS, 20
ICESat, 30, 122
interferometric radar, 52
JASON-1, 106, 246
JASON-2, 246
Jason-2, 39
Landsat, 194
micro, 254
MODIS, 187
nano, 254
precise orbits, 39
QuickScat, 188
radar altimetry, 43
SAC-C, 45
SPOT, 246
SWARM, 254
TanDEM-X, 254, 263
Terra SAR-X, 254

TerraSAR-X, 263
to the Moon, 200
TOPEX/Poseidon, 106, 186, 255
TOPEX/Posidon, 106
UK-DMC, 45

satellite sensors
AIRS, 186
AIRS/AMSU/HSB, 187
AVHRR, 188
carpet sensors, 188
SSM/I, 187, 188

SBAS, 256
EGNOS, 256
GAGAN, 256
MSAS, 256
NIGCOMSAT, 256
WAAS, 256

scatterometers
QuikScat, 47
SeaWinds, 47

scatterometry, 254
sea ice melting, 184
sea level, 22, 80, 96, 112

barotropic, 114
sea level changes, 47, 91, 92, 185

cryospheric changes, 115
geosphere changes, 116
hydrosphere changes, 116
meteorological changes, 116
monitoring of, 174
thermal expansion, 115

sea level rise, 166, 185
impact of, 211

sea surface height, 186
sea surface roughness, 44
sea surface topography, 44
sea-surface gravity waves, 47
search and rescue, 146
seasonal snow, 180
seismic hazard, 159
seismic tomography, 95
seismology, 94
shipborne sensors, 255
shipborne techniques, 91
SINEX, 262
SLR, 275
SLR satellites

Etalon, 257
LAGEOS, 257, 277
STARLETTE, 277
Starlette, 257
Stella, 257

SOAP, 265
soil moisture, 48, 180
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SP3, 262
space geodesy, 94, 97–99
space science, 89
space techniques, 90, 91
space weather, 79, 151
space-geodetic techniques, 9, 26

geometric, 27
spatial data infrastructure, 3, 135

Australian, 136
Canadian, 137
European, 137
U.S., 135

SRTM, 50
station motion model, 27
steric, 121
storm surges, 164, 165
strain

interseismic, 171
strain �eld, 99
strain rate tensor, 170
stress transfer, 100
Stromboli, 161
subduction, 98
subsidence, 158, 178

anthropogenic, 158, 169
surface displacements, 53
surface geometry, 91
surface pressure, 228

dynamic, 228
hydrostatic, 228

surface water, 181
surveying, 141
sustainable development, 2, 95
swath altimetry, 252

tectonic plates
Burma, 98
Indian, 98
Nazca, 99
Sunda, 98

tectonics, 97
terrestrial techniques, 91
thermohaline circulation, 183
tide gauge

accuracy, 247
bottom pressure recorder, 248
delayed mode, 248
historical record, 247
network of, 247

tide gauges, 80, 105, 113
bottom pressure recorders, 85

TIGA, 81
time measurements, 95
time transfer, 87, 146
total ionospheric electron content, 74
tracking stations, 9

transformation parameters, 35
troposphere

wet part, 118
tropospheric mapping functions, 271
tsunami hazards, 161
tsunamis, 146, 160

2004 Sumatra, 162
detection of, 163
oceanwide, 162
propagation models, 162

UAV, 191
ultra-stable oscillator, 37
UNFCCC, 153
users

for EOPS, 221
UV, 189

velocity �eld, 6
vertical datum, 145
vertical land movement, 61, 113
VLBI, 21, 27, 275

astrometric, 203
e-VLBI, 263
tracking network, 242
VLBI2010, 242, 263

volcanic eruptions, 99, 159
submarine, 161

volcanoes, 94
monitoring, 100
Mt. Pinatubo, 100
Nevada del Ruiz, 100

water crisis, 178
water management, 122, 149
water resources, 122
water scarcity index, 176
water vapor, 151, 187, 191
water vapor radiometer, 249
weather, 109

extreme events, 110
numerical models, 110

weather prediction, 190
Wegener, Alfred, 97
wetlands, 193
WGS84

seereference systems, 22
wind speed, 47
wind vector, 47
WMO, 109
World Ocean Circulation Experiment, 115
WSDL, 265

XML, 265

zenith path delay, 110


