Foreword

The Global Geodetic Observing System (GGOS) has been istiadhlby the Inter-
national Association of Geodesy (IAG) in order to integrite three fundamental
areas of geodesy, so as to monitor geodetic parameters aindeimporal varia-
tions, in a global reference frame with a target relativeuaacy of 10 ° or bet-
ter. These areas, often called “pillars', deal with the meigation and evolution
of (a) the Earth's geometry (topography, bathymetry, icdaie, sea level), (b) the
Earth's rotation and orientation (polar motion, rotati@ter, nutation, etc.), and (c)
the Earth's gravity eld (gravity, geoid). Therefore, Ear©bservation on a global
scale is at the heart of GGOS's activities, which contribute Global Change re-
search through the monitoring, as well as the modeling, o&dyic Earth processes
such as, for example, mass and angular momentum exchanggs transport and
ocean circulation, and changes in sea, land and ice surfezeshieve such an am-
bitious goal, GGOS relies on an integrated network of curaed future terrestrial,
airborne and satellite systems and technologies. Thekel@govarious positioning,
navigation, remote sensing and dedicated gravity and etitinsatellite missions;
global ground networks of VLBI, SLR, DORIS, GNSS and absolahd relative
gravity stations; and airborne gravity, mapping and rensetesing systems. The
optimal assimilation of such heterogeneous observatitnsmodels of geodynam-
ics, oceanography, hydrology, glaciology, and weatherddintate, will be done by
interdisciplinary teams of researchers from geodesy amet stiences, and through
the coordinated work of all IAG Services and Commissionguadly, addressing
problems of such large scale and complexity requires iateynal effort and com-
mitment. Such initiatives are already underway (GEO, GERQ&® GGOS repre-
sents IAG, and geodesy in general, in all of them, and previle scienti c and
infrastructure contribution of geodesy to the Earth saésnc

The science and applications that GGOS addresses havetanpionplications
for the well-being of the global society. In an era of econoamcertainty and rapid
environmental change it is imperative that action be takeminimize risks from
natural hazards, climate change, sea level rise, etc.,elaje forecasting mod-
els for oceans and weather, and early warning systems feresetorms, tsunamis,
and other hazards, and to manage our natural resources aedwronment in a
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sustainable manner. To understand the Earth processems#sp for the afore-
mentioned hazards requires continuous monitoring campaiger long periods of
time, as well as novel modeling of the observed changes with. in other words,
we can no longer speak of geodesy in three dimensions; wedmigeed a new and
exciting era of four-dimensional geodesy, in which moderadgsy has become an
indispensible contributor to the understanding of Syskarth and its evolution in
time. IAG is well-positioned and proud to be able to conttéio this international
effort through the work of GGOS, and therefore considers GG its agship
Component.

The GGOS 2020 document describes the challenges, sciesbagiogy, appli-
cations, strategies, future plans and expected contisitf IAG and GGOS to the
Earth sciences through the next decade. It contains theotiot work over a period
of several years of many individuals and organizations taoyo list here without
whom this volume would not have been possible. The IAG, arats@nally, express
our sincere gratitude to each one of them. Many thanks aréodihe authors of the
various chapters and the editors of this volume, and inqdei to Hans-Peter Plag,
for the countless hours he has devoted to writing, editirdy@ordinating, 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 ¢ rationale and the spettiens for the Global
Geodetic Observing System (GGOS) of the International éission of Geodesy
(IAG) in terms of concepts, conventions, infrastructurel aervices, that would
meet future requirements of a global community facing iashegly challenges on
a changing planet. With this in mind, the document provitlediasis for the further
development of GGOS over the next decade and beyond. GGQSltisijpon the
basis provided by the existing Services and Commission8@fdnd is one of the
major IAG components. In order to maximize the bene ts torasd the consider-
able infrastructure and resources available to these @s\he concept for GGOS
and the strategy for its development and implementationiregareful considera-
tions of the future needs of society for geodetic obsermatand services.

Improvements to the International Terrestrial Refereneare (ITRF) and the
availability of geodetic observations of changes in Earifiape, gravity eld and
rotation over the last few decades have been a major driveesiefti ¢ discovery.
Further improvement can be expected to lead to more exdlisapveries, particu-
larly in combination with emerging new observation teclogias for monitoring the
variability of the Earth's gravity eld and surface deforti@ans. In a broader sense,
the geodetic reference frames and observations have lvatetli to a transition of
many processes in society and are expected to continue to. dds great poten-
tial for scienti ¢ progress in support of societal needsoasated with an improved
geodetic observing system motivated the process that ledstbook.

The context for this book is the increasing societal andnscieneed for Earth
observations, and their dependence on an appropriate tjeémendation as well
as a continuous series of geodetic observations. Therer@varg awareness that
sustainable development, which is the agreed-upon legdingiple and goal of the
global community, cannot be achieved without suf cient luledge about the state,
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trends and processes in the Earth system. This is manifiestieel establishment of
the Group on Earth Observations (GEO) with currently ab&un@émber countries.
The main purpose of GEO is to facilitate the implementatibthe Global Earth
Observation System of Systems (GEOSS), with the visiorhierdystento realize
a future wherein decisions and actions for the bene t of hokirad are informed
by coordinated, comprehensive and sustained Earth ob8engsand information
(GEO, 2005a).

Geodesy provides the foundation for most Earth observatsnwvell as crucial
observations of changes in the Earth's geometry, gravitgt, and rotation, which
are all related to mass transport in the Earth system ang sters dynamics. There-
fore, geodesy is crucial for meeting many of the requiremént observations of
global change and observations supporting studies of thitn Bgstem. Providing
the basis for precise positioning and navigation, geodealsd crucially supporting
or enabling many activities and processes in a modern gociet

Realizing the importance of the geodetic reference frandefaa contribution of
geodesy to Earth observations, GEO has included a specsk AR-07-03 “Global
geodetic reference frames” in its Work Plan 2007-2009 artleenSub-Task DA-
09-2c in the Work Plan 2009-2011. Understanding the reqergs for GGOS is a
central goal of this task. The present book provides thistibpthe GEO Task.

The development of Earth observations takes place in axiontere a consid-
erable fraction of the funding for Earth observation infrasture and research is
allocated in response to major natural and anthropogesastérs without a suf -
ciently well developed core infrastructure stable overtifdany satellite missions
are research-oriented, whereas operational monitorintpofy key indicators of the
Earth system is insuf ciently implemented (GEO, 2005b).

In geodesy, this situation is not much different. Curremiitations in funding,
often with a lack of appreciation of decision makers of thpamtance of the geode-
tic observing system for Earth observations and sociegrgel has led to the global
geodetic community seeking yo provide better products andces based on in-
cremental improvements to the system in an overall framleti@t severely limits
the options for such improvements.

Scope

The advent of the space-geodetic techniques, and the raprdvement and growth
of communication techniques and capacities, has launchedbéution in the eld
of applied and global geodesy. Moreover, geodetic imagiegeiasingly gains im-
portance, and the integration of the new techniques andadsiinto the traditional
point-based approach of geodesy poses a major challengeefote, it is timely to
assess thoroughly the user requirements for the geodesiradtions and products,
and based on these requirements to design an optimal futstiens, which makes
use of the maturing space-geodetic techniques as well agyergeémaging tech-
nigues. In order to do so, the authors for the contributi@iiected in this book had
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to take a fresh approach to the problem, not only with resgettie infrastructure
but even more so concerning the underlying concepts, iirgutthe conventional
approach to geodetic reference frames. Some of the corsestsbed or proposed
here contradict current “best practices” and time will tghether these new con-
cepts will facilitate signi cant progress or whether theyfllmave to be modi ed.

The authors of the contributions collected in the book doatt@mpt to assess
current systems, concepts, products and services, bt riatke a new look at the
problem of building a geodetic observing system. The stgntioint is a rigorous
review of the societal and scienti ¢ problems that requiendetic observations
for their solution. This analysis leads to a set of generat usquirements. These
requirements are then, in a second step, used to derivadoatsystem speci ca-
tions. A third step focuses on the design of a system thatdvamdet these speci -
cations.

Collectively, the chapters of this book provide:

(1)a description of the scienti ¢ and societal problemsyadl as practical applica-
tions that bene t from geodetic observations, servicesoducts;

(2)a comprehensive overview of the user requirements fodgtc observations and
products as derived from a broad range of societal beneasend scienti ¢
requirements;

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

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

(5)the design of a system capable of addressing the furattepeci cations, in
terms of conventions, techniques, infrastructure, and daalysis; and

(6)considerations and recommendations for the systeneimghtation.

The anticipated audience

This book is a comprehensive document describing the baakghrationale for
GGOS. It was written by a team of Chapter Lead Authors, eapphatied by Chap-
ter Writing Teams. Besides including geodetic expertsliresdvant elds, the chap-
ter teams also include experts from other elds of Earthrsoés and Earth observa-
tions. This book serves two purposes: (1) to inform usersasfrtEobservations (in
particular, GEO) of the potential of GGOS, and (2) to enshet the GGOS com-
munity is aware of the users' needs and requirements so ateigrate GGOS into
GEOSS for maximum mutual bene t. Thus, this book seeks tdifaie commu-
nication across several sectoral and discipline bounslarieluding those between
geodesy and other Earth sciences, between scientists anatiopal agencies, and
between GGOS and GEOSS.
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Documents consulted

Geodesy has a long tradition of assessing the requireméstizty and of pro-
jecting these into future developments of the geodeticrtiegtes and observing
systems. This book continues this tradition, and it theeefiene ted from a num-
ber of reports made available over the last four decadese€Titeports include, but
are not limited to, the “Williamstown Report” (Kaula, 197@he “Erice Report”
(Mueller & Zerbini, 1989), the report on geodesy in 2000 e by the U.S. Na-
tional Research Council in 1990 (Commission on Physica8ms, Mathematics,
and Applications, 1990), the “Coolfont Reports” (NASA, 129b,c), the gravity
report by the U.S. National Research Council (Commissio@ensciences & Re-
sources, 1997), theiving on a Restless Plane¢port of the Solid Earth Science
Working Group of NASA (Solomon & the Solid Earth Science Warck Group,
2002), the report of an INSAR Workshop (Zebker, 2005), aed¢tent ESA docu-
mentThe Changing EartliBattrick, 2006).

In the frame of the Integrated Global Observing Strategyrtreaship (IGOS-
P) and GEO, several reports documented the needs for Easénaltions in sev-
eral societally relevant elds. Examples are the documehtSEO, such as GEO
(2005a,b), the IGOS-P Theme reports (e.g., IGOS-P Oceam@heam, 2001;
Lawford & the Water Theme Team, 2004; Marsh & the Geohazaltuisrie Team,
2004; Townshend & the IGOL Writing Team, 2004; Key & the IG@8r0 Writ-
ing Team, 2004), as well as reports produced by the varioutetNations (UN)
Agencies and programs. The latter include in particularéeent UN Water report
(United Nations, 2006).

In a number of recent reports, user requirements for geodbtervations have
been considered. Some of these reports are focused onalat@mrelopments (e.g.,
Williams et al., 2005), improvements to the current sitoiasi (e.g., Plag, 2006a),
or single technological aspects (such as Niell et al., 2006yirect importance for
this book are the documents and publications produced bysidéhtists and teams
focusing on GGOS, namely the papers in Rummel et al. (2000}l GGOS Im-
plementation Plan (Beutler et al., 2005). A considerablmlper of recent studies
concerning relevant Earth system processes and the geotisgrvations required
to study these processes have been produced. Examples &eAvCO report on
solid Earth science (UNAVCO, 1998), the German report onsnmagvements (Ilk
etal., 2005), and the U.S. report on INSAR (InSAR Working @ra2005). In addi-
tion to these report, a number of science reports from relaids have been con-
sulted, such as the report on earthquake science by thendhi@search Council
(Board on Earth Sciences and Resources, 2003), the NASX stud global earth-
quake satellite system (Raymond et al., 2003), and the hitiResearch Council
Decadal Survey (National Research Council, 2007).

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



Acknowledgments

This work has been supported by many colleagues in geodesyaaious elds of
Earth science. The Editors are grateful to the many authfoitseochapter writing
teams, and in particular the chapter lead authors for tlegitributions.

The book has gone through several rounds of reviews. Ingalickviews of an
early draft were provided by Chris Hughes, Norman MillervMueller, Chris
Reigber, Fernando Sanos, and Christian Tscherning. An opgew in the IAG
community resulted in more than 300 individual commentsnal review of parts
of the book was carried out by an IAG Panel consisting of Heimriarewes, Chris
Rizos, and Michael Sideris. The Editors extend their siat¢kanks to all who in-
vested time and effort into turning this book into a valualbésis for the further
development of GGOS.

Financial support for the Lead Editor was provided by NAS#&d¢ugh a contract
with the Jet Propulsion Laboratory and in the frame of sdvesearch projects),
and the Norwegian Mapping Authority.

Parts of the work described in this document were carriechbtite Jet Propul-
sion Laboratory, California Institute of Technology, und@entracts with the Na-
tional Aeronautics and Space Administration.

Xi






Executive Summary

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

Preamble: Geodesy is the science of determining the geometry, graslity and
rotation of the Earth, and their evolution in time. Traditadly, geodesy has been
serving other sciences and many societal applicationsiditgy mapping. With the
advent of satellite geodesy and an accuracy improvementooé ithan three or-
ders of magnitude over the last three decades, geodesyVelspied into a science
making unique contributions to the study of the Earth systigsrinherent dynam-
ics, and its response to climate change, as well as a tootpimténg a wide variety
of other remote sensing techniques. Facilitated by the &INavigation Satellite
Systems such as the Global Positioning System, a wide andrggvariety of ap-
plications associated with positioning and navigationtsiag developed, particu-
larly in combination with products derived from global getid observations. This
book describes the requirements for a global observingsysd provide products
and services with the geodetic accuracy necessary to addipsrtant geophysical
questions and societal needs, and to provide the robustndsontinuity of service
which will be required of this system in order to meet futueeds.

(Chapter 1)Living on a dynamic planet — the challenge:A growing population
is living on a dynamic planet, endowed with nite resources éimited capacity to
accommodate the impact of the increasingly powerful amtibgenic factor. Sustain-
able development is crucial for realizing a stable and peosps future for the an-
throposphere, as has been acknowledged by a number of Wionlahigs. Although
there are many in uential factors, a detailed understagdirthe Earth system with
its major processes and its trends is one of the preregufsitsustainable develop-
ment. A deeper understanding cannot be reached withoutisat observations of
a large set of quantities of the Earth system. As emphasigededbEarth Observa-
tion Summits (EOSS), there is an urgent need for a comprefeesordinated and
sustained program of Earth observation. Earth obsenstos not only necessary
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for a scienti ¢ understanding of the Earth, they are fundatakfor most societal
activities, ranging from disaster prevention and mitigatithe adequate provision
of resources such as energy, water and food, the undenstpoficlimate change,
the protection of the biosphere, environment, and humaltihéa the building and
management of a prosperous and sustainable global society.

(Chapter 1)Geodesy is fundamental in meeting this global challengé&eodesy
provides the foundation on which all Earth observationesyst are built. In this
function, geodesy is essential for Earth observation jikst the foundation and
frame of a house are necessary to keep it stable over timemBdern geodesy
does more: it also provides comprehensive observationbariges in the Earth's
shape, gravity eld and rotation, the so-called “threeag# of geodesy.” The prin-
cipal geodetic quantities associated with these “pillas3 intimately related to
mass transport in the uid envelope of the solid Earth anéhitsrior, as well as the
dynamics of the Earth system. Therefore, the geodetic vimgesystem provides
essential observation of Earth system processes. It twihsot surprisingly, that
the geodetic observing system is similarly essential f@i@ing 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 anmhciies have funda-
mentally changed, if not revolutionized, geodesy and itthaas. While previously
point coordinates were given with respect to local or regioeference frames, po-
sitions can now be observed with respect to a global referélame with unprece-
dented accuracy. Based on these techniques, changes iarthé Ehape, rotation
and gravity eld are determined with increasing spatial éaporal resolution, in-
creasing accuracy, and with decreasing latency. Thesevaiems capture the “ n-
gerprints” of mass movements in the oceans, atmosphershests and terrestrial
water storage; they provide the “scales” to weigh chang#isammass in the ocean;
they allow the determination of the kinematics and straild @f the Earth's surface
and the displacement eld associated with earthquakeg;gt@side information on
the water content in the atmosphere; and they constitut@adrconstraints for all
models of mechanical processes in the Earth system.

With the development of the space-geodetic techniquesdbge of the geode-
tic observing system is rapidly extending from a providettsf reference frame,
and the tools for the determination of accurate positioms system monitoring
the mass transport and the dynamics of the solid Earth andig®nvelope with
unprecedented spatial and temporal resolution and agcurhas, this observing
system is in transition from a utility for other geoscietgtjso a provider of a con-
sistent set of Earth observations relevant for nearly @lletal bene t areas of Earth
observations.

Geodesy is a “service science”. In the past the “customergeodesy mainly
came from the surveying and mapping profession; today, hienvgeodesy also
serves the geophysical, oceanographic, atmospheric, mricbemental science
communities. Thus, it is their user requirements that alagence the development
of the geodetic observing system.
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(Chapter 2)International cooperation is essential for geodesyOver many years,
the international scienti c community has managed in a maoperative effort
the establishment and maintenance of a global infrastre¢hat provides the ob-
servational basis for the determination of highly accugaisitions anywhere on
Earth and in space. This achievement has been facilitatédebinternational As-
sociation of Geodesy (IAG) and is based on the voluntary citmenmt of national
geodetic authorities, space agencies, research institutéversities, and individ-
uals. Two reference systems are basic in geodesy, namelgetastial reference
system and the terrestrial reference system. The IntemeatEarth Rotation and
Reference Systems Service (IERS) has the responsibiliggfming these geomet-
ric reference systems, and to realize them through ap@tedrames. The Interna-
tional Celestial Reference System (ICRS) is the fundanhbatas for the de nition
of celestial positions, and the International Terresiaference System (ITRS) is
the fundamental basis for describing terrestrial pos#tidimese systems are conven-
tional coordinate systems including all conventions far ¢hientation and origin of
the axes, the scale, physical constants, models, and pescés be used in their
realization.

The ICRS is realized through the International CelestidéRmce Frame (ICRF),
which is a set of estimated coordinate positions of exteda reference radio
sources distributed over the sky. The ITRS, in turn, is reaithrough the Inter-
national Terrestrial Reference Frame (ITRF), which is ao$eflobally distributed
points on the solid Earth's surface, for which estimatesaafrdinate positions and
(currently constant) velocities are derived from spacedg¢ic observations at these
points.

Conceptually, the link between ITRS and ICRS is providecheyEarth rotation.
Consequently, the ITRF and ICRF are connected through atsof the Earth
rotation parameters, which are also derived and made alailarough the IERS
as so-called Earth Orientation Parameters (EOP) as detednby space-geodetic
techniques.

Currently, the ICRF is determined by the technique of Venng Baseline
Interferometry (VLBI). For the determination of the ITRFgc@ambination of several
independent space-geodetic techniques, including VLBtelte Laser Ranging
(SLR), Lunar Laser Ranging (LLR), Global Navigation SatelSystem (GNSS),
and Doppler Orbitography and Radiopositioning Integratgdbatellites (DORIS)
is employed. Similarly, the EOPs are derived from a comimaof these tech-
niques. For each of these techniques, a technique-spe¥c3ervice maintains a
global network of tracking stations (based on voluntarprf of many contribu-
tors). Each of these techniques has unique advantageslaswi&advantages, and
only the combination of the techniques guarantees an aecana stable reference
frame. Therefore, the most important elements for the detetion and mainte-
nance of the ITRF are the so-called “core stations”, whichehat least three of
the independent space-geodetic techniques co-locatedi¢ition to absolute and
relative gravity observations and tide gauges, where pleysiHowever, globally,
there are currently only about 15 of these core stationdgvelfiout 40 stations are
considered necessary in order to meet the most demandingegggrements.
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The GNSSs have developed into the most widely applied tgclenfor po-
sitioning (and navigation). The dramatic development & @lobal Positioning
System (GPS) over the last ten years into an accurate andylefbient tech-
nology for positioning has been facilitated by the work of thternational GNSS
Service (IGS).

The Global Geodetic Observing System (GGOS) of the IAG ispireposed
unifying umbrella for the IAG Services, which integrateg thbserving systems
for changes in the Earth's shape, gravity eld, and rotatéod improves internal
consistency. It links the geodetic services into the gl@zath observation systems
in order to provide a consistent service to the users. Inquéar, GGOS aims to
ensure that the geodetic products and tools respond taaisiagly more demanding
user requirements.

Much of the international cooperation originates from oggil and national or-
ganizations, which not only facilitate the disseminatidéthe global developments
into the regions, but also are in uential in motivating roatal bodies to contribute
to international geodetic activities. Today, the ITRF, déimel products and services
that give access to the ITRF anywhere and anytime, are ¢ifociamany economic
and scienti ¢ applications. They have become so integratetiany applications
that they are often taken for granted, as an integral patef®bcietal infrastruc-
ture freely available to everybody. However, without thi&eiational cooperation
in geodesy, this global reference frame could not be maiathat its current level
of accuracy and accessibility. Considering the nature effiuntary commitment
of many contributors on which GGOS is based, the incompled¢ia coverage of
the ground-based networks, and the complementarity of goeletic techniques,
national decisions to discontinue geodetic infrastrieuch as the operation of
ground stations, or to withdraw support for speci c techrég, can have severe
consequences for GGOS and its products, in particular tREIT

(Chapter 3)The development of the geodetic observing system needs reszh:
Maintaining a terrestrial reference frame at the level ibtws, for example, the
determination of global sea level changes at the sub-na@timper year level, pre-
, €o- and postseismic displacement elds associated withel@arthquakes at the
sub-centimeter level, timely early warnings for earthcggmksunamis, landslides,
and volcanic eruptions, as well as the monitoring of masssprart in the Earth
system at the few gigatons level, requires a comprehensiktb Eystem approach.
Currently, geodesy is facing an increasing demand frormseiethe Earth ob-
servation community, and society at large for improvedises; observations and
products. Most of these requirements are in terms of impgt@czuracy (in par-
ticular, instantaneous accuracy), better reliabilitycliiiding addressing the issue
of liability), and improved access to the reference frantee TAG and GGOS are
aware of the enormous challenges implied by the demand toowveghe accuracy
from an average level of close to 19(i.e., 1 ppb of the Earth's radius) to an in-
stantaneous level (with daily or higher temporal resohjtiof 10 19, as required in
order to meet emerging user requirements. In fact, GGOS taaetypes of scien-
ti c and technological challenges, namely an “internalatienge and an “external”
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challenge. The “internal” challenge to geodesy is conakwith developing GGOS
and the geodetic technologies in order to meet the demanelipgrements in terms
of reference frame accuracy and availability, as well assimatial and temporal
resolution and accuracy of the observations. In many césisspot so much the
measurements from a single technique that ultimatelydimitcuracy, but rather the
ability to attribute signals to speci ¢ sources, and to midtese. Therefore, meet-
ing this challenge requires integration of techniques andets. This challenge is
a central theme for research and development inside IAG#future. The “exter-
nal” challenge is related to geodesy's contribution to Eaststem monitoring and
science. The signals induced by global change in the Eattlalpe, gravity eld and
rotation are small (on the order of parts-per-billion of tigantities) and embed-
ded in often larger variations not caused by global changsidgs measuring the
geodetic quantities with an accuracy considerably beltt@n the signals, identify-
ing and extracting the global change signals also requieesiodeling of all known
processes in an Earth system model taking into accounttdegations between the
various Earth system components. This challenge requaedesy to interact with
all Earth sciences and to accommodate the terrestrial psesdn data processing
and modeling.

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

contribute substantially, directly or indirectly, to ma@gonomic activities and to
the global wealth;

allow for the exploitation of the space-geodetic techn@sdor a wide range of
practical and scienti ¢ applications;

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

allow the interrelation of all geo-referenced data to becdbed in the same
frame, thus facilitating full interoperability of geo-etbd databases and services;
support governmental and intergovernmental prioritiesd iaternational activi-
ties, such as sustainable development, climate chang&ldiml Earth Obser-
vation System of Systems (GEOSS), the Intergovernmenta¢IRan Climate
Change (IPCC), and the United Nations (UN);

provide a mechanism in many countries, including develgpimes, for national
participation in important global programs aimed at a bettelerstanding of the
Earth system, its climate, global geodynamics, geohazatds and the mitiga-
tion of the impact of natural and anthropogenic hazards oiesg and
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provide a mechanism for participation of the private seatat research institutes
in international projects and activities, particularhytie eld of technology de-
velopment.

(Chapter 4)The societal prospects of space geodeshhe technological develop-
ment facilitated through the new space-geodetic techsifprenavigation and po-
sitioning poses challenges by creating new requiremendessibility, accuracy
and long-term stability. The rapid development of satelbsed precise point posi-
tioning techniques, which allow the determination of vetguarate position anytime
and anywhere on the planet, enables a wide range of pos#lated applications.
The new geodetic technologies are leading to fundamengadggs not only in all
areas of navigation and transport, but also for applicatioprocess control (e.g.,
farming, construction, mining, resource management)stranotion and monitor-
ing of infrastructure (e.g., off-shore platforms, resérvalams, bridges, and other
large civil structures), surveying and mapping (includaffyshore), and Earth ob-
servation. Geodetic techniques are crucial for the assa#sof geohazards and
anthropogenic hazards, and they will play a pivotal rolearlyewarning systems of
such hazards and disasters. The outcomes include increesadty, a better use of
resources, and progress towards sustainable development.

A well-de ned and accessible reference frame, togetheh Wwigh-speed com-
munications and advanced data processing, enables maugeties to operate in
a very cost ef cient manner, and hence create a basis foehigtandards of living.
National studies have shown that a number of major areagionaheconomies de-
pend to a large part (up to 40%) on their geodetic infrastmecand services. Taking
into account the fact that most national reference frame$udly dependent on the
global infrastructure and frames, any degradation of tiedaglinfrastructure may
have serious consequences for national economies.

The availability of a global geodetic reference frame sushld&F and the tools
to determine precise point coordinates anytime and anyawherEarth have a pro-
found effect on almost all areas of society. Since the ITREeessible anywhere on
the planet, it improves access to an important technolbgsaurce, particularly in
developing countries. Therefore, it is an important cdmttipn compatible with the
principle of sustainable development demanding equalsadoeresources for all.

(Chapter 5) Towards a geodetic Earth system serviceChanges in the Earth's
shape, gravity eld, and rotation are inherently relateth® dynamics of and mass
transport in the Earth system. With the rapid progress ofyadetic observation
techniques, an integrated GGOS constitutes the basis f&agh system service
that provides information on the state of and trends in th#hEsystem with respect
to relocation of mass, deformations of the Earth's surfand,changes in the Earth's
dynamics.

Mass transport on time scales up to decades takes placeynrathle uid en-
velope of the solid Earth, where water transport is threeirdf magnitudes larger
than any other type of mass transport. Thus, informatiorhenuxes in the global
water cycle, including the ice sheets and glaciers, oceawigerrestrial hydrosphere



Executive Summary XiX

can be provided with unprecedented spatial and temporalutésn and accuracy,
particularly for global and regional scale changes. Thisrimation is crucial to
understanding the impact of global change on the water circlgarticular the ice
sheets, sea level, and large terrestrial water catchments,

Surface displacements are related to both mass relocatiossd above the solid
Earth's surface and geodynamic processes within the salithESurface displace-
ments are caused, for example, by earthquakes, tectoniegses, magma ow
in the crust, and anthropogenic ground water changes. Trifosmnation on surface
displacement provides a basis for, for example, scientucies of geohazards, haz-
ard assessment, early warning, and resource management.

For times scales of up to decades, changes in the dynamiks &arth system,
particularly its rotational dynamics, are brought about targe extent by changes
in the climate system. The solid Earth, oceans, and atmosmuatinuously ex-
change angular momentum, and changes in the mean cireutdttbe atmosphere
and ocean affect the rotation of the solid Earth. Mass nelligion on the Earth's
surface, for example, through melting of ice sheets, deftversolid Earth and, as
a result, also change the rotation. Earth rotation is affbly these processes in an
integral way, and thus is an ideal parameter to assess thallstate of the system.

(Chapter 5)Geodetic observations and products are crucial for maximiing
the bene ts of Earth observation: Geodesy provides the foundation for a global
geodetic reference frame such as the ITRF that can be usdtlEgrth observing
systems to monitor atmosphere, ocean, and other resoarmsyhich relates the
measurements to a globally consistent reference framéouitia suf ciently accu-
rate and stable ITRF, the bene t of Earth observations foshad the nine Societal
Bene t Areas (SBASs) identi ed by the EOSs would be signi diyreduced. Mon-
itoring quantities relevant to geohazards, the global mayele, climate, weather,
energy, and even health, depends on a ready and reliabksaoam accurate global
geodetic reference frame. Today, only the ITRF meets thegp@inements of most
applications. Therefore, a the ITRF is crucial for realigBEQ's vision for GEOSS,
i.e.a future wherein decisions can be based on suf cient infaiomefor the bene t
of humankind.

Geodesy supports Earth system observation, modelingpietation, and pre-
diction in general. Some of the tools of geodesy, in paric@NSS, already yield
routine observations of the atmosphere, such as the water v&ds in the lower
troposphere, the mass elds in the stratosphere, and thg@tecontent elds in the
ionosphere. The raw GNSS measurements are inherentlyatalibwith respect to
atomic clocks. There are no other observations of the Eagthbal atmosphere that
can claim such a recurrent, atomic calibration. In thateesmeodesy could further
help track climate change. On the modeling and predictienes, geodesy could
support the development of Earth system circulation mofdelthe uid envelope
of the Earth with space- and time-varying gravity elds.

Despite considerable progress over the last two decades|ynte to tech-
nological improvements, the quality of the reference fraras been hampered by
uctuations in institutional support and contributions. particular, infrastructure



XX Executive Summary

central to the long-term stability of the reference framegshsas SLR stations and
VLBI antennas, have been retired without replacementsyaldgment potentially

leading to a degradation of the ITRF accuracy. In the neardysatellite missions
central for monitoring ice sheets, sea level, and the glalaéér cycle will cease to

operate, and follow-on operational missions must be pldmosv.

Unanticipated impacts of global change can be very costtgrims of life and
property. However, unnecessary mitigation can be costty, A good example is
provided by the anticipated sea level changes widely acledyed as a slowly
developing hazard with potentially disastrous consegeniditigation of the sea
level rise impact is a long-term process which requires arptey and implemen-
tation time scale of the order of decades. Mitigation of smeell rise impact is
extremely expensive and risky: too little will cause sevienpact, too much will
put unnecessary demands on national and regional econdrhigefore, decisions
must be based on solidly founded sea level scenarios in tydamimize the risk
associated with misjudgment (in either direction). Coasitg the typical life time
of coastal infrastructure of 100 to 200 years, the sea l@axi@rios have to cover at
least one hundred years. Crucial information required tprave the understand-
ing of sea level and ice sheet changes, and to set up futureewselascenarios
comes from Earth observation systems. Satellite altirmetatellite gravity mis-
sions, GNSS satellites, tide gauges and othesitu techniques are all necessary
components of the “sea level observing system”. Howeveh ali these compo-
nents in place, the observations cannot provide the redjudedity if not linked to
a stable global reference frame. Without this frame, padtpmasent changes in ice
sheets and sea level cannot be suf ciently quanti ed andeusithod, and plausible
future scenarios of regional and local sea level cannot beiged to society as a
basis for informed planning.

(Chapter 6)Geodesy is essential for exploring the planets, solar systeand be-
yond: Planetary geodesy, radio science, interferometry (inowémaging VLBI,
astrometric VLBI, and Earth-space VLBI), and interplamgtzavigation all require
accurate terrestrial and celestial reference frames inkédl together by Earth rota-
tion observations for making and interpreting their measwnts. The performance
of the GGOS is not a limiting factor for these applicationsawéver, in order to
meet demanding future requirements, it will be importantiéselop GGOS such
that the terrestrial and celestial reference frames anédnth rotation parameters
meet these requirements.

(Chapter 7)User requirements for geodetic observations and productsra de-
manding: The current scienti ¢ and societal user requirements araataling in
terms of accuracy, resolution, latency and reliabilityd éine requirements are ex-
pected to increase in the future. The GGOS products mustsdwent accuracy,
temporal and spatial resolution, and latency to meet theggirements. The most
demanding users of the terrestrial reference frame in tefnascuracy and long-
term stability are most likely the scienti ¢ studies of seaél change caused by cli-
mate change. In order to have a frame at least an order of tndgnmore accurate
than the signal to be monitored, the terrestrial refererm@é 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 mestathding ap-
plications of the geoid are likely to be the determinatiortted mean sea surface
topography for oceanic general circulation models, and2N&S determination of
the height of surface points at the millimeter level. Thegpligations require the
static geoid to be accurate at a level of 1 mm and to be stahlgeél of 0.1 mm/yr;
consistent with the accuracy and stability of the terrakteference frame. The most
demanding application in terms of accuracy and latency dP&@nd their consis-
tency with the terrestrial and celestial reference frarsdiely to be the tracking
and navigation of interplanetary spacecraft. This appticas capability-driven and
requires the most accurate EOPs that can be determineidjmgdhat those deter-
mined in near real-time are somewhat less accurate thae tetermined with a
delay of a couple of weeks. Quantitatively, an accuracy avallof 1 mm for the
EOPs should be achieved. For the time variable geoid, thétaromy of the water
cycle at sub-regional to global scales appears to be the demsanding applica-
tions requiring the geoid variations to be monitored aceut@ 1 mm, stable to 0.1
mm/yr, with a spatial resolution of 50 km and a time resoluid 10 days.

(Chapter 8)Towards a modern geodetic reference frameA modern geodetic
reference frame supporting precise point positioning iste1sf:

a highly-accurate, global geodetic reference frame basexdsuf cient number

of multi-technique tracking stations;

a service providing satellite orbits and clocks as well astE@tation parameters
of high quality and long-term consistency in this globakreihce frame;

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

a well-determined tie between the geometric and gravimegfierence frames;
and

a velocity model that allows the determination of time-aaie transformations
between the global reference frame and national refereaneek.

On a national level, the classical geodetic reference fsaane still typically re-
liant on relative positioning. However, it is anticipatdtht increasingly for many
applications a transition to precise point positioning téke place in many coun-
tries. A core element for this transition will be a refereffigane service providing
access to the reference frame anywhere on Earth, includengdean surface, with
a high instantaneous accuracy.

A de ciency of the current terrestrial reference frame iatti is only de ned for
relatively few points (of the order of 500) on the Earth'sdesurface. For all other
points, no ‘reference motion' is available hampering thenitil cation of anomalous
motion. Therefore, it is proposed to augment the currertresice polyhedron with
a dynamic Earth reference model. This model, in principl@, pvovide in nite
spatial and temporal resolution for geometry and gravitg, thus establishes a ref-
erence frame accessible anywhere on Earth (and above) éit@yThe dynamic
Earth reference model will combine geometry, gravity antion into one con-
sistent model. However, implementing this model posesi sigimt scienti ¢ chal-
lenges, which will de ne a central theme for geodesy oventbet decade.
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(Chapter 9) Infrastructure for geodetic Earth system monitoring: GGOS is
based on a combination of terrestrial, airborne, and smanehtechniques, each
with unique characteristics and contributions, and a kegenfrastructure ranging
for the ground-based networks to arti cial satellitesyastructure on the Moon, and
quasars. Parts of the infrastructure are still in the formesgarch facilities, while
other parts are fully operational.

The global ground-based infrastructure comprises not tr@ylobalin situ net-
works of several geometric and gravimetric techniquesalsd the numerous data
centers, analysis centers, and web-based services, ¢hapiired to determine and
maintain the reference frames as well as to make them abte&si a wide range
of users and their applications. Despite a large internatieffort, most networks
are still characterized by spatially uneven distributicarsd hence have large gaps
in coverage. For some techniques, such as SLR, spatial gafzssge and place sig-
ni cant limitations on the achievable accuracy. Of partamimportance are stations
where several techniques are co-located, thus allowingntegration of the prod-
ucts of techniques into one coherent frame. Of the order aévéhly distributed
core stations, i.e., stations with three or more space-@@ochniques co-located,
are required; however, currently there is a severe gap beesduthern hemisphere.
Without closing this gap, many of the most demanding usewirements will not
be met.

The satellite component contributing to GGOS includes l@astiEorbiting satel-
lites (e.g., dedicated gravity missions and altimetersjljchted laser-ranging satel-
lites (e.g., LAGEOS), and GNSS satellites. The former piewibservations related
to mass transport and displacements of the solid Earthaickpcean surfaces. Mis-
sion continuity is a key infrastructure issue.

The dedicated laser-ranging satellites are crucial foctmection of the refer-
ence frame origin to the center of mass of the Earth systengralatory require-
ment for studies of global processes. These satellites Veyelong lifetimes, but
their number is very small.

The signals from the GNSS satellites provide the basis ferwork horse” in
GGOS. With currently about 400 tracking stations in morentB@ countries, this
“work horse” allows for an accurate monitoring of the globeflerence frame and
for access to the frame anytime and anywhere on Earth. Withedreely available
signals of GPS, the impressive development of geodesy bedast two decades
would have been impossible.

Today, infrastructure on the Moon consists of retro-recgstfor LLR.

VLBI utilizes radio signals emitted by quasars, and contiés unique obser-
vations that are especially important for the monitoring=afrth rotation, which
provides the link between ICRF and ITRF. In fact, VLBI is th@yspace-geodetic
technique capable of simultaneously monitoring ITRF, IC&®l Earth rotation.
Furthermore, unlike the other space-geodetic techniquieB| provides a unique
ITRF scale, traceable directly to the speed of light, whigkessential to various
long-term monitoring goals of GGOS, including changes imbgl hydrology and
sea level rise.
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Observations with terrestrial gravimeters, both absantrelative, provide the
basis for studies of many geophysical phenomena, inclu(bog not limited to)
free oscillations of the Earth, solid Earth and ocean tidedgace loading, changes
in ice sheets, and sea level changes. Absolute gravimeimbined with geometric
techniques, is a terrestrial technique supporting SLR mstraining the tie between
the reference frame origin and the center of mass of the Bgstiem.

In total, an estimated 500 person years per year are proeitéuk basis of vol-
untary commitment by national operational and researdituiss to maintain the
ground-based networks, the data centers, analysis cemtdraser interfaces. Not
included in this estimate are the resources required tostige 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 valunta
commitments of many national authorities, institutions] andividuals. Moreover,
GGOS, to alarge extent, is still science-driven. As a consrge, the observing sys-
tem keeps changing due to technological developments aaultisc priorities, as
well as national political decisions. The impact of uctigats in the regional cover-
age of the terrestrial component can be severe, often depeod national priorities
or funding availability. A high redundancy is needed to cemgate for these uctu-
ations. Technological progress leads to changes that asdvways properly coordi-
nated. Satellite missions are even more science-driverttigaother components of
GGOS, and discontinuation of important observation progrhas happened in the
past, and unfortunately are likely to continue to happemaftiture. Funding for
the global geodetic infrastructure depends on the natieakions and priorities in
many countries, and this implies considerable volatitynetimes threatening the
proper maintenance of the reference frames and of the IA@ic®srthemselves.
All of these factors lead to temporal inhomogeneities in shistem, its observa-
tions, and, most importantly, the geodetic reference feaméthe same time, as a
consequence of the growing demands for geo-referencingviderrange of appli-
cations, issues are raised concerning the reliability andicuity of the geodetic
products, as well as liability of the service and data prexsd Therefore, in order
to fully exploit the potential of geodesy and to develop GG@ts an Earth sys-
tem service, a fully operational core infrastructure isdezk Considering the scale
of GGOS, such a core will require an approach based on intergmental agree-
ments, implying rm commitments by the contributing nat®orGGOS therefore
has started a dialog at the international level, in pardiculithin GEO, in order to
develop an intergovernmental framework for these ac#igiti

(Chapter 10)Implementation of GGOS needs a multi-faceted organizatioal
framework: GGOS is based on the IAG Commissions, Inter-Commission Com-
mittees, and the Services of IAG. In order to maintain GGO$ha future, the
technique-speci c and the combination services must owmtitheir work using
state-of-the-art observational and analysis tools, witBG® providing the over-
arching strategy and organizational framework. In paliicusGOS will have to
ensure the coordination of the multi-technique networkl(iding the data ow), it
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will have to maintain the standards and conventions nepggsansure consistency
across the components contributing to GGOS, and it will liexdevelop a plan for
an uninterrupted sequence of geodesy-related space nis€GOS will need to be
embedded within the framework of global Earth observatiomently represented
by GEO, the surveying and navigation communities, and tiense community.
GGOS will have to serve as an interface to all these stakem®id GGOS as well
as society at large. An on-going dialog of GGOS with its stettders, including
the funding agencies, the space agencies, and relevant eiitiag, with the goal
to ensure long-term stability of GGOS, and to secure lomg+-feinding for GGOS,
will be central for a successful implementation of GGOS.



Contents

Executive Summary

1

Introduction :::::rrorrirrrrii i

H.-P. Plag, G. Beutler, R. Gross, T. A. Herring, C. Rizos, BnfRel,

D. Sahagian, J. Zumberge

1.1  The challenge: living on a changing, dynamic planet........

1.2 The potential: geodesy's contribution to a global siycie. . . . . ..

1.3  The observing system: the current development of théablo
Geodetic ObservingSystem .. ... iian..

1.4  The strategy: wheretogofromhere ......................

H.-P. Plag, Z. Altamimi, S. Bettadpur, G. Beutler, G. BegeW.
Cazenave, D. Crossley, A. Donnellan, R. Forsberg, R. Gibss,
Hinderer, A. Komjathy, C. Ma, A. J. Mannucci, C. Noll, A. Natagel,
E. C. Pavlis, M. Pearlman, P. Poli, U. Schreiber, K. Seniot,.P
Woodworth, S. Zerbini, C. Zuffada
2.1 IntroducCtion ... e
2.2  Geodetic reference systemsandframes ..................
2.3  Thetools and products of modern geodesy . ........ ...
2.4 Observing Earth geometry and kinematic .................
241 OVEIVIEW ..ttt
2.4.2  Space-geodetic tracking techniques......... ...
243  AlImetry ...
2.4.4  GNSS scatterometry and re ectometry.............
2.45 Geodeticimaging techniques.....................
2.5 Observing Earth'srotation.............. ... . cauuio...
2.5.1 Space-geodetictechniques.................«.oee
2.5.2 RinglasergyrosCopes ........uvvuiieinnnennann.
2.6 Observing Earth's gravity field . ........... .. ... oo,
2.6.1  Superconducting gravimetry ................. ...

XXV



XXVi

2.7

2.8

2.9

Contents

2.6.2 Absolutegravimetry ........... .. e 60
2.6.3 Land movements and terrestrial gravimetry ......... 61
2.6.4 Airbornegravimetry .......... .. i 62
2.6.5 Satellite MiSSIONS . .. ... 64
Observingtime . ...t e i 67
2.7.1  Relativity: proper and coordinate time; realizedetim

SCaAlES . 67
2.7.2  Geodetic measurements and geodetic coordinates ... .67
2.7.3  Clocks and geodesy: future trends . o .. .08
Ensuring consistency of the observations of geomettayny
field,androtation . ........ ... ... . i 69
2.8.1 Consistency through co-location . c wewn 69
2.8.2  Consistency of data collection and processmg

CONVENLIONS ..\ttt 72
Essential additional observations and applications............. 74
2.9.1 Atmosphericsounding ............ ... .. 74
2.9.2 lonospheric remote sensing: one person’'s signal is

another person'snoise. . ..., 17 7
293 Tidegauges ... ... 80
2.9.4  Geodetic time and frequency transfer .............. 87

Understanding a dynamic planet: Earth science requiremets for

R. Rummel, G. Beutler, V. Dehant, R. Gross, K. H. Ik, H.-RagIP.
Poli, M. Rothacher, S. Stein, R. Thomas, P.L. Woodworth, &bihi
and V. Zlotnicki

3.1
3.2
3.3

3.4
3.5

3.6

Introduction .. ... i e 89
The scientific and technological challenges for GGOS. ...... 90
Solid Earthphysics ... e e 94
3.31 Platemotion...... ... 97
3.3.2  Earthquake and volcano physics .................. 99
3.3.3 DeepEarthdynamics .......................... 101
3.34 Surfaceloading ........... ... i 102
Thecryosphere ... e e 103
Ocean processes and their climatological implications. . . . ... 105
3.5.1 Providing the reference frame and the means for @recis
POSItIONING . . ...t Q5L
3.5.2  Altimetry and oceancirculation................... 106
3.5.3  Satellite gravity, ocean circulation and climate ....... . . 107
3.5.4  Synergistic combination of measurements . .. .......108
355 Futureneeds.......... ... 108
Studies of weather and climate processes ................ 109
3.6.1 Geo-referencing of all meteorological observations. . 109
3.6.2  Providing atmospheric weather models with space- and

time-varyinggravity elds ......................... 10



Contents XXVii

3.6.3  Collecting observations of the upper-atmospherigsma

and lower tropospheric water vapor elds ............. 110

3.6.4  Tracking global change in the atmosphere . ........111

3.7 Sealevelchange .......... ... i 112

3.7.1 Geo-location of sea and land levels and their change$13

3.7.2 Understanding sealevelchange..................114

3.8 Thehydrologicalcycle .. ... 117

3.9 Mass transport and mass anomalies in the Earth system ....... 118

3.9.1 Mass redistributionsand geodesy ................119

3.10 Earth rotation: understanding Earth system dynamics........ 123

3.10.1 Earthrotation measurements ....................123

3.10.2 UT1 and Length-of-Day Variations................124

3.10.3 PolarMotion ....... ... 127

3.11 Earth rotation: understanding processes in the salithE. ... ... 130

3.11.1 Earth's interior from Earth rotation . ............... 130

3.11.2 Geophysical uids from Earth rotation............. 131

3.11.3 Generalremarks ............. i 132

4 Maintaining a modern society: ::::::iiriiiriiiiiiiiiiiiiiiiin 135
C. Rizos, D. Brzezinska, R. Forsberg, G. Johnston, S. Keriyo8mith

4.1  Spatial data infrastructure ........ ... .. . . e 135

4.2 Navigation .. ...t 139

421 Marinenavigation ... e 140

4.2.2 Airnavigation ... 140

423 Landnavigation.............. ..o 141

4.3  Engineering, surveyingand mapping . ............c.oou.. .. 141

4.3.1 Machineguidance .............coiiiiiiinnnnnun. 142

4.3.2 Landtiting and development.. .. 143

4.3.3 Engineering geodesy and structural mon|tor|ng ..... 143

4.3.4  Geographic informationsystems . ................ 144

4.3.5 Heightsystems ......... ... ... i, 145

4.4  Timingapplications ..........c.c i 146

4.5  Early warning and emergency management...............146

4.6  Infomobility........ ... . e 147

4.7  Management of and access to natural resources . .. ........... . 149

4.7.1  Water management and hydrology ............... 149.

4.7.2 ENErgyresSOUICES .. ..ottt 150

4.8  Monitoring the environment and improving predictaili. . . . . . . 150

481 GNSSmeteorology .......ccovviiiiiiiniii e, 151

4.8.2 Spaceweather .......... .. .., 151

5 Earth observation: Serving the needs of an increasingly gbal
society:::iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii: 163
D. Sahagian, D. Alsdorf, C. Kreemer, J. Melack, M. Pearlnthrp.
Plag, P. Poli, S. Reid, M. Rodell, R. Thomas, P. L. Woodworth
5.1  The current and future framework of global Earth obs#ua . . . 153



XXviii

5.2

53
54

5.5

5.6
5.7

5.8

Contents

Disasters: Reducing loss of life and property from redtand

human-made disasters ....... T 1153
5.2.1 Landslides, rock falls and sub5|dence R KoY 4
5.2.2 Molcaniceruptions...........ccoviiiiiiiiiiiiann. 159
5.2.3 Earthquakes ........... .. 159
5.24  TSUNAMIS ... it e 160
5,25  SIOrMSUIgES .. ...ttt e 165
526 Flooding ..........iiiiii e 165
5.2.7 The slowly developing disasters: sea levelrise ......166

Energy Resources: Improving management of energy ressu . 169
Climate change: Understanding, assessing, predijcting

mitigating, and adopting to climate variability and change . ... 171
Water: Improving water resource management throughret

understanding of the watercycle...................cu....175
5.5.1 The global hydrologicalcycle .................... 175
5.5.2  Water for life: the challenge of water management .. 176
5.5.3  Observations of the Global Water Cycle........... 178
5.5.4 Slowbranchchallenges ..................... ... 180
55,5 Fastbranchchallenges ................ ... .. .... 186

Weather: Improving weather information, forecastemy] warning 190
Ecosystems: Improving the management and protection of

terrestrial, coastal, and marine ecosystems ...... .192
5.7.1  Measurements of GQ@patial and temporal dlstr|but|on
to better understand the Earth's carboncycle........ 92.1

5.7.2  Monitoringwetlands ................ ... ... ... 193
Agriculture: Supporting sustainable agriculture aochbating
desertication ....... ... 193
5.8.1  Monitoring deforestation and logging..............194
5.8.2  Agricultural land coverandlanduse................195
5.8.3 Precisionfarming .............. .. i, 195

6 Geodesy: Foundation for exploring the planets, the solarystem
andbeyond: ::::iiriiiiiiiiiiiiiiiiiiiiiiiiiiiiniiiiniiin 197
J. F. Zumberge, J. S. Border, V. Dehant, W. M. Folkner, D. lne¥ T.
Martin-Mur, J. Oberst, J. G. Williams, X. Wu

6.1

6.2
6.3

Planetary geodesy .. ... ..ot e 197
6.1.1  Planetary rotation and interior properties ..........198
6.1.2 Example:Mars. ..., 199
6.1.3 Example:Earth'sMoon .......................uu 200
6.1.4 Example:Europa.........c.ouuiiiiiiiiit 201
6.1.5 Planetarymapping. ..., 201
Radio science and interferometry .......... ... .. ... ... ... 202
Interplanetary navigation .. ............c. it innn e 203
6.3.1  Current and future tracking data types ............ 203

6.3.2 Interplanetary trajectory determination.. ... .......... 206



Contents

XXiX

6.3.3  Current and future requirements of GGOS for
interplanetary navigation .............. ... ...... 207

7 Integrated scientific and societal user requirements andunctional
speci cations forthe GGOS: ::::: i 209
R. Gross, G. Beutler, H.-P. Plag

7.1 INtroduCtion . ... oo 209
7.2  Summary of userrequirements ........... ..o, 210
7.2.1 Societal applications . ......... .. ... . 210
7.2.2 Earthobservations.............. ... . ciiiiuuun 210
723 Naturalhazards .......... ... i, 211
724 EarthsCience ...........oiiiiiiiiiiine . 211
7.2.5 Lunarand planetaryscience................. ... 212
7.3 Quantitative requirements . ......... . 214
7.4 Tasksof GGOS ... ... i 219
7.5 Products available throughGGOS ....................... 219
7.6 Accuracy of GGOS products .. ......ciiii i 220
7.7  Functional specification for GGOS. ce - . 221
7.7.1  Determination, mamtenance and access to the global
terrestrial referenceframe............... ... ... .. 221
7.7.2 Earthrotation........... ... . .., 223
7.7.3 Earth'sgravity eld............. ... ... iiiiun.. 223
7.7.4  Earth system monitoring: mass transport and mass
redistribution . ........ .. 223
7.7.5 Determination, maintenance, and access to the ie¢lest
referenceframe ......... .. ...l 422
7.8  Operational specifications for GGOS . ...........cuu..... 224
8 The future geodetic reference frame:::::::::iiiiiiiiiiiiiii 225
T. A. Herring, Z. Altamimi, H.-P. Plag, P. Poli
8.1  INtroduCtion ... e 225
8.2  Concept of reference system and reference frame.......... 226
8.3  Future reference frame formulations ..................... 229
8.4  Origin and orientation of the TRS. ce ..231
8.5  Scientific challenge of the future reference frame rtbed for
an Earthsystemmodel ............. ... ... .. iiiann 231
8.6  Towards an Earth systemmodel ............... ... . .....232
9  The future Global Geodetic Observing System @ :::::::iriiiiii 237

M. Rothacher, G. Beutler, D. Behrend, A. Donnellan, J. HedeC.
Ma, C. Noll, J. Oberst, M. Pearlman, H.-P. Plag, B. Richte§dhone,
G. Tavernier, P. L. Woodworth

9.1
9.2
9.3

The overall systemdesign ..............ciiiiiieann. ... 237
The overall observing system design: the five levels. ........ 240
Level 1: Ground-based infrastructure ..................... 241

9.3.1 Core network of co-located stations .............. 241



XXX

10

Contents
9.3.2 VLBIstationnetwork ........... ... ... .. 242
9.3.3 SLR/LLR stationnetwork ....................... 243
9.3.4 GNSSstationnetwork ......... ... ... ... . .. ... 245
9.3.5 DORISstationnetwork...............ccooiiiit 246
9.3.6  Networks of gravimeters......................cuu 247
9.3.7  Network of tide gauge stations and ocean bottom gg&aigs
9.3.8  Co-location of instruments and auxiliary sensors. . .. 248
9.4  Level 2: Low Earth Orbiter satellite missions and theiplecations 249
9.4.1 Gravity satellite missions ....................... 250
9.4.2 Ocean and ice altimetry satellite missions ......... 251
9.4.3 InSAR and optical satellite missions............... 252
9.4.4  Future satellite mission concepts . ................ 253
9.4.5 Co-location onboard satellites ...................255
9.4.6  Airborne and shipbornesensors..................255
9.5 Level 3: GNSS and laser ranging satellites ................256
9.5.1 Global Navigation Satellite Systems.............. 256
9.5.2 Laserrangingsatellites . .................. . .....257
9.6 Level4: planetary missSions ... ...ttt 257
9.7 Level 5: extragalacticobjects .......... ... .. 259
9.8 GGOSdata ow: from measurementstousers ..............260
9.8.1 Datacentersanddata ow ....................... 260
9.8.2  Synergies between observing techniques .........262
9.8.3  Operating centers and communications ...........262
9.8.4  Future technologies and capabilities for data itfuature 263
9.9 GGOS User Interface: Database, Portal, and Clearirsghou. . . . 264
9.9.1 GGOS Portal architecture................... .. ... 265
9.9.2 GGOS Portal goals and objectives................ 267
9.9.3 A GGOS clearinghouse mechanism for geodesy .. . . 67.2
9.10 Data analysis, combination, modeling, and products ..... ..... 270
Towards GGOSin2020: :::::::ircirrnynnrnrnnnnninin: 273
G. Beutler, M. Pearlman, H.-P. Plag, R. Neilan, M. RothacRer
Rummel
10.1 The GGOS high-levelcomponents ....................... 273
10.2 Buildingontheheritage .......... ... ... i iunn 274
10.2.1 Level 1: the terrestrial geodetic infrastructure...... ... 274
10.2.2 Level 2: the LEO satellite missions ................. 276
10.2.3 Level 3: the GNSS and SLR satellites............. 277
10.2.4 Level 4: lunar and planetary “geodesy” and missions 277
10.2.5 Level 5: the extragalactic objects.................278
10.3 Organizational considerations . ..............coueiiin... 278
10.3.1 HiStOry ..o e 278
10.3.2 The revolution invoked by space geodesy...........278
10.3.3 Currentsituation ...t 279

10.3.4 Internal organizationof GGOS ...................279



Contents XXXi

10.3.5 Integration of relevant regional activities . ..........280
10.3.6 Integration of GGOS into global programs .. .......280

11 Recommendations:::::::::::i:iiiiiiiiiiiiiiiiiiiiiiiiiiii: 283

H.-P. Plag, G. Beutler, R. Gross, T. A. Herring, P. Poli, Czdgi M.
Rothacher, R. Rummel, D. Sahagian, J. Zumberge

References ... ... o e 293
References . ... o 293
Acronyms and abbreviations. . . . ... 319






List of Figures

1.1
1.2
13
2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20
2.21
2.22
2.23
2.24
2.25
2.26

Constituents of an integrated geodetic monitoringegyst. ... ... .. 4
Organizational links and relationships of GGOS ... ........... 8
ThedynamicEarth .......... ... . e 11
Overview of current conventional reference systemstheid
realizations . ... ..o e 20
Effect of secular translation between ITRF2000 and IZB05 on
Vertical rates . . ..o 23
The “three pillars of geodesy” and their techniques ........... 24
32-meter VLBI antennain Tsukuba, Japan .................. 28
Principle of very long baseline interferometry ... .............. 28
Station network of the IVS .. ... .. ... 29
Principle of satellite laserranging ... .........oouurioa.. 29
LAGEOS Isatellite ...t 31
Laserreectoronthe MoON ...t iiiaaanan. 31
Tracking network of the ILRS .. ......... .. ... ... o .. 32
ICESatSatellite . ... 32
GPSsatellite ........ ..o 33
GLONASS satellite. . ... e 33
First experimental GALILEO satellite GIOVE-A . ... ............ 34
Complete GALILEO constellation of thirty satellites.. .......... 34
Tracking network of the IGS . ........ .. ... ... oo L. 36
Tracking network of the IDS ........ .. ... .. ... oL 37
lllustration of two DORIS stations ..............cccviiien... 38
DORIS data availability at the IDS Data Centers ............. 39
Weighted RMS of individual weekly DORIS time-seriesntonations 41
Principle of satellite altimetry . ....... ... .. . e i 41
The Jason-1 satellite altimetry mission ... ................... 42
Jason-1and DORIS. . ... 43
Use of re ected GNSS signals for altimetric measuresien. . . ... 44
Re ection point loci for one receiver at 400 km altitude. ........ 46
Principle of INSAR . . ... . e 51

XXXiii



XXXV

2.27
2.28
2.29

2.30
231
2.32
2.33
2.34
2.35
2.36
2.37
2.38
2.39
2.40
241
2.42

2.43

2.44
2.45
2.46
3.1
3.2
3.3

3.4

3.5
3.6
3.7

3.8

3.9

4.1
51
5.2
5.3
5.4
5.5

List of Figures

Interferograms from ERS showing deformation ...._.......... 52
Ring laser gyroscope for Earth rotation monitoring ... : 57
Long period normal modes from the Mw = 9.1 Sumatra Armiam
earthquake ...t 59
Atmospheric mass transport during heavy rain ............... 59
Global network of SG stations contributingto GGP . ............. 60
Variations in absolute gravity at Ucluelet ... ... ............... 61
Principle of airborne gravimetry . ......... .. ... ... . ... 63
The GRACE satellites. . ... e e e 65
Improvement of the Earth's gravity eld models............... 65
GRACE-determined variations in water storageonland. ........ 66
Core geodetiCSItes .. ..ot e 71
Atmospheric sensing with ground-based GPS receivers.. .. ... 74
Geometry of GPS occultation .......... ... ... i aien 75
Global coverage of GPS radio occultations . .. ... 75
Atmospheric temperature retrievals from GPS radlmllm:nons .... 16
Global coverage of 1000 GPS tracking stations for Déesr26,

2004 e 77
Schematic view of COSMIC ionospheric occultations ted

expected 3000 dailyproles. ..., 78
Principle of tide gauge measurements...........ccce ... 82
The global network of tide gauge stations ................... 83
NOAAS DART Stations ... ..ot e e e 84
Measuring and modeling the Earth system.................. 92
Model of tectonicplates. ... innean.. 96
The interrelation of gravity, gravity variations, masmsport and
distribution .. ... ..o 118
Interconnections between processes and researchshelaied to

mass transport and mass distribution. o w2 119
Resolvability of mass transport by satelhte missions........... 121
Geophysical parameters obtained from nutation . ... 130
Determination of atmospheric global properties frortanun and

from the parameters determined from nutation ........ .. 132

Comparison of the dynamical attening obtained fromqmsmn
and nutation to the contributions determined from the ggejclal

UIOS oot 133
Geophysical uid effects on polar motion and on LengthEay

VanationNS . ..o e 133
A Model of the Australian Spatial Data Infrastructure ............ 138
Location of the largest earthquakes since 1900 . .. ........... 160
Effect of a regional sea-level rise of 4 m on coastline .......... 167
Processes and factors affecting long-period localeses.l. . . ... ... 168
The large-scale features of the global water cycle ................. 175

Earth's water resources: relation of supplies to demmand. . ... ... 177



List of Figures XXXV

6.1

8.1
9.1
9.2
9.3
9.4
9.5
9.6

9.7
9.8
9.9

Resonance induced when different dimensions of theamere

conSidered . . ... 199
Components of the Earth system and their mechanicahitttens . . 233
The overall system design of the future GGOS ...............238
The velevelsof GGOS........ooii e 239
Ocean Surface Topography Roadmap ...............oc.... 252
Retro-re ector arrays for GNSS satellites ....................255
Source locations of ICRF-Ext.2.......... .. it 259
Common data ow and archive structure of the geometric IA

SIVICES . ittt 261
GGOS portal architecture .. ... e 265
GGOS Clearinghouse architecture ........ wwmee.... 266

Combination and integration of the geodetic obsemetaohmques 269

9.10 Interactions in the Earth System centered around tke thillars ... 270
10.1 Structure of the future GGOS. . ... ... ittt 275






List of Tables

2.1
2.2
2.3
2.4
25

2.6
5.1
5.2
5.3
6.1

7.1
7.2

7.3
7.4

7.5
9.1

The Global Geodetic Observing System (GGOS) .. ... ..c..... 25
Satellite gravity and altimeter mission products . ............. 42
Instrument characteristics of TOGA receiver..... ..o ....... 49
GPS ocean re ections science questions ........ v, 49
Traceability matrix from science questions to obsemvat
requirements for GPS ocean re ections measurements......... 50
Co-locationsites ...t 70
The nine Societal Bene t Areas of Earth observations ......... 155
Requirements for geodetic observables for the ninecBddene t
AT . . oo e 156
Key variables required for monitoring the Earth systeamtewcycle

AN UXBS . .o e ittt e e e e e 179
Current and future requirements for radiometric oleigles,

geodetic coordinates and related calibration parameters. ... ... 205
URs foraccessto position . ...t immna .. 213
Overview of latency and accuracy requirements of magém us

(o= 1= To o] 1 = 214
User requirements for scienti ¢ applications . ... ..............216
Measurement requirements in terms of geoid height aadtyr
aAnoOMaAly aCCUIACY .. ..ottt et et e e e e s 217
Requirements for meteorological applications of GPS ... ...... 218
Parameter Space for a rigorous combination and integrat the
geodetic observationtechniques ............... ... ccoai. ... 268

XXXVii






List of Contributors

Editors

Hans-Peter Plag
Nevada Bureau of Mines and Geology, and Seismological laboy, University
of Nevada, Reno, NV, USA, e-malipplag@unr.edu

Michael Pearlman
Harvard-Smithsonian Center for Astrophysics, Cambridda, USA, e-mail:
mpearlman@cfa.harvard.edu

Chapter Lead Authors:

Gerhard Beutler (Chapter 10)
Gerhard, Astronomical Institute, University of Bern, Sxeitland

Richard S. Gross (Chapter 7)
Jet Propulsion Laboratory, California Institute of Teclugy, Pasadena, USA

Thomas A. Herring (Chapter 8)
Massachusetts Institute of Technology, Cambridge, MA, USA

Hans-Peter Plag (Exec. Sum., Chapters 1, 2, and 11)
Nevada Bureau of Mines and Geology, and Seismological laboyr, University
of Nevada, Reno, USA

Chris Rizos (Chapter 4)
School of Surveying & Spatial Information Systems, The @nsity of New South
Wales, Sydney, Australia

Markus Rothacher (Chapter 9)
ETH, Zurich, Switzerland

Reiner Rummel (Chapter 3)
Institute for Astronomy and Physical Geodesy, Technischiwéssitat Miinchen,
Munich, Germany

XXXIX



xl List of Contributors

Dork Sahagian (Chapter 5)
Environmental Initiative at Lehigh University, Lehigh Weirsity, Bethlehem, PA,
USA

James F. Zumberge (Chapter 6)
Jet Propulsion Laboratory, Pasadena, CA, USA

Contributing authors

Doug Alsdorf (Chapter 5)
School of Earth Sciences, Ohio State University, Colum@isg, USA

Zuheir Altamimi (Chapters 2, 8)
Institut Géographique National Laboratoire de Rechemh&eéodésie (LAREG)
Champs-sur-Marne, France

Dirk Behrend (Chapter 9)
NVI, Inc./Goddard Space Flight Center, Greenbelt, MD, USA

Srinivas Bettadpur (Chapters 2)
Center for Space Research, The University of Texas at Austistin, Texas, USA

Gerhard Beutler (Chapters 1, 2, 3,7, 9, 11)
Astronomical Institute, University of Bern, Bern, Switiaerd

Georg Beyerle (Chapter 2)
GeoForschungsZentrum, Potsdam, Germany

James S. Border (Chapter 6)
Jet Propulsion Laboratory, California Institute of Tecloyy, Pasadena, CA, USA

Dorota Brzezinska (Chapter 4)
Department of Civil and Environmental Engineering and GatimdScience, The
Ohio State University, Columbus, OH, USA

Anny Cazenave (Chapter 2)
Laboratoire d'Etudes en Géophysique et Océanograplagsdgs, LEGOS-CNES,
Observatoire Midi-Pyrénées, Toulouse, France

David Crossley (Chapter 2)
Earth and Atmospheric Sciences, Saint Louis Universityl &tis, MO, USA

Veronique Dehant (Chapters 3, 6)
Royal Observatory of Belgium, Brussels, Belgium

Andrea Donnellan (Chapters 2, 9)
Jet Propulsion Laboratory, California Institute of Tecloyy, Pasadena, CA, USA

William M. Folkner (Chapter 6)
Jet Propulsion Laboratory, California Institute of Teclogy, Pasadena, CA, USA

Rene Forsberg (Chapters 2, 4)



List of Contributors xli

DTU Space, National Space Institute, Danish Technical &hsity, Copenhagen,
Denmark

Richard S. Gross (Exec. Sum., Chapters 1, 2, 3, 11)
Jet Propulsion Laboratory, California Institute of Tecloyy, Pasadena, CA, USA

Thomas A. Herring (Exec. Sum., Chapters 1, 11)
Massachusetts Institute of Technology, Cambridge, MA, USA

Jacques Hinderer (Chapters 2, 9)
Ecole et Observatoire des Sciences de la Terre, Instituhgisidue du Globe de
Strasbourg, Strasbourg, France

Karl Heinz llk (Chapter 3)
Institute of Theoretical Geodesy, University of Bonn, Bp@ermany

Gary Johnston (Chapter 4)
Geoscience Australia, Canberra, Australia

Dayton L. Jones (Chapter 6)
Jet Propulsion Laboratory, California Institute of Teclogy, Pasadena, CA, USA

Steve Kenyon (Chapter 4)
National Geospatial-Intelligence Agency, Arnold, MO, USA

Attila Komjathy (Chapter 2)
Jet Propulsion Laboratory, California Institute of Teclogy, Pasadena, CA, USA

Cornelius Kremmer (Chapter 5)
Nevada Bureau of Mines and Geology, and Seismological leboy, University
of Nevada, Reno, NV, USA

Bente Lilja Bye (Exec. Sum.)
Norwegian Mapping and Cadastre Authority, Hgnefoss, Ngrwa

Chopo Ma (Chapters 2, 9)
Goddard Space Flight Center, Greenbelt, MD, USA

Anthony J. Mannucci (Chapter 2)
Jet Propulsion Laboratory, California Institute of Teclogy, Pasadena, CA, USA

Thomas Martin-Mur (Chapter 6)
Jet Propulsion Laboratory, California Institute of Tecloyy, Pasadena, CA, USA

John M. Melack (Chapter 5)

Bren School of Environmental Science and Management, apaiaent of
Ecology, Evolution and Marine Biology, University of Calihia, Santa Barbara,
CA, USA

Ruth Neilan (Chapter 10)
Jet Propulsion Laboratory, California Institute of Teclogy, Pasadena, CA, USA

Carey Noll (Chapters 2, 9)



xlii List of Contributors

Goddard Space Flight Center, Greenbelt, MD, USA

Axel Nothnagel (Chapter 2)
Geodetic Institute, Universitat Bonn, Bonn, Germany.

Jurgen Oberst (Chapters 6, 9)
German Aerospace Center, Institute of Planetary ReseRectin, Germany

Erricos C. Pavlis (Chapter 2)
Joint Center for Earth Systems Technology/University ofyfend, Baltimore
County, Baltimore, MD, USA

Michael R. Pearlman (Exec. Sum., Chapters 1, 2, 5, 9, 10)
Harvard-Smithsonian Center for Astrophysics, Cambridig®, USA

Hans-Peter Plag (Chapters 3, 5, 7, 8, 9, 10)
Nevada Bureau of Mines and Geology, and Seismological laboyr, University
of Nevada, Reno, NV, USA

Paul Poli (Exec. Sum., Chapters 2, 3, 5, 8, 11)
Météo France, Centre National de Recherches Métégiquies (CNRS/GAME),
CNRM/GMAP, Toulouse, France (now at ECMWF, Reading, U.K.)

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

Bernd Richter (Chapter 9)
BKG, Frankfurt, Germany

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

Matthew Rodell (Chapter 5)
Hydrological Sciences Branch, NASAs Goddard Space Fligénter, Greenbelt,
MD, USA

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

Reiner Rummel (Chapters 1, 10, 11)
Institute for Astronomy and Physical Geodesy, Technischigéssitat Miinchen,
Munich, Germany

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

Uli Schreiber (Chapter 2)
Forschungseinrichtung Satellitengeodasie, Technicaveysity of Munich,
Fundamentalstation Wettzell, Kbtzting Germany

Tilo Schdne (Chapter 9)



List of Contributors xliii

GeoForschungsZentrum, Potsdam, Germany

Ken Senior (Chapter 2)
U.S. Naval Observatory, Washington, DC, USA

Dru Smith (Chapter 4)
NOAA, National Geodetic Survey, Silver Spring, MD, USA

Seth Stein (Chapter 3)
Department of Earth and Planetary Sciences, Northwestsivetsity, Evanston,
IL, USA

Gilles Tavernier (Chapter 9)
CNES, Toulouse, France

Robert Thomas (Chapters 3, 5)
USA

James G. Williams (Chapter 6)
Jet Propulsion Laboratory, California Institute of Tecloyy, Pasadena, CA, USA

Philip L. Woodworth (Chapters 2, 3, 5, 9)
Proudman Oceanographic Laboratory, Liverpool, U.K.

Xiaoping Wu (Chapter 6)
Jet Propulsion Laboratory, California Institute of Teclogy, Pasadena, CA, USA

Susanna Zerbini (Chapters 2, 3)
Department of Physics, Sector of Geophysics, Universitgalbgna, Bologna,
Italy

Victor Zlotnicki (Chapter 3)
Jet Propulsion Laboratory, California Institute of Teclogy, Pasadena, CA, USA

Cinzia Zuffada (Chapter 2)
Jet Propulsion Laboratory, California Institute of Tecloyy, Pasadena, CA, USA

James Zumberge (Exec. Sum., Chapters 1, 11)

Jet Propulsion Laboratory, California Institute of Tecloyy, Pasadena, CA, USA
Reviewers

Chris Hughes

Proudman Oceanographic Laboratory, Liverpool, U.K.

Norman Miller
Berkeley National Laboratory and University of Californizerkeley, CA, USA

Ivan I. Mueller
USA

Christoph Reigber
Germany



xliv List of Contributors

Fernado Sanso
University of Milan, Milan, Italy

Christian Tscherning
Department of Geophysics, University of Copenhagen, Coagen, Denmark



Chapter 1
Introduction

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

1.1 The challenge: living on a changing, dynamic planet

Earth is a restless planet (Solomon & the Solid Earth Scieffoeking Group,
2002). With its atmosphere, oceans, ice cover, land swsfaod its interior, it is
subject to a large variety of dynamic processes operatirggwitle range of spatial
and temporal scales, driven by large interior as well asriextéorces. Many areas
of the Earth's surface are exposed to natural hazards cédnyseéghamic processes
in the solid Earth, the atmosphere and the oceans. Earthguiskinamis, volcano
eruptions, tectonic deformations, landslides, deglamiasea level rise, oods, de-
serti cation, storms, storm surges, global warming and ynaore are well known
phenomena that are expressions of the dynamics of ourgegilanet. In modern
times these processes are in uenced, as well, by anthropogéects; to what ex-
tent is still largely unknown.

Earth is a nite planet. Resources such as clean water, efabld, ora and
fauna, minerals, and energy are limited. Probably even ingpertantly, the capac-
ity of the Earth system to maintain a delicate equilibriund@nincreasing anthro-
pogenic pressure is limited.

A growing population has to cope with this restless, andenfilanet. On the one
hand, settlements are encroaching into areas of high rigkstiatural hazards with
major infrastructure being built in locations with highkssof large earthquakes,
volcanic eruptions, storm surges, tsunamis, landslidds@ading, thus increasing
the vulnerability of society. Increasingly, critical iafstructure is destroyed in nat-
ural disasters, affecting the economy on national and ¢lebels, and displacing
large populations, with severe social implications. Ondtieer hand, the growing
demands for access to food, water, materials, and spacéress ®n the nite re-
sources of the planet. The anthroposphere has grown intwvarfid force rapidly
transforming the Earth's surface layers (as documented, ey Turner Il et al.,
1990) and capable of changing major processes, includosgtbf the climate sys-
tem. However, humanity has not reached the necessary tiaéirsy to actually
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wield this power. Earth system processes, whether naturabali ed by humans,
affect our lives and the lives of future generations: decisimade today will in u-
ence the well-being of future generations. In order to minéthe anthropogenic
impact on Earth system processes and in order to preseources for future gen-
erations, a better understanding of Earth system processeguired.

Reaching a condition of “sustainable development” has beergnized as a nec-
essary (albeit not suf cient) prerequisite for living onestless planet with nite re-
sources, and with a limited capacity to accommodate thedtrgfahe increasingly
powerful anthropogenic factor. A number of World Summitsdacknowledged
that a sustainable development is mandatory for realiziatalble and prosperous
future for the anthroposphere. Although there are manyratheential factors,
understanding the Earth system, its major processes atnelitts, is one of the pre-
requisites for the success of the quest for sustainabldafawent. Major decisions
determining our future will have to be based on a much deepdenstanding of this
complex system.

A deeper understanding of the Earth system cannot be achigtreout suf cient
observations of a large set of quantities characteristi€anth system processes. As
emphasized by the Earth Observation Summits (EOSs), thene urgent need for
comprehensive Earth observations (see the documents ipiendices of GEO,
2005b). Earth observations are not only necessary for atscie@nderstanding of
the Earth, they are fundamental for most societal areasmarigpm disaster pre-
vention and mitigation, the provision of resources (suctresgy, water and food),
improving our understanding of climate change, the praiadif the biosphere, en-
vironment, and human health, and ultimately to the building management of a
prosperous global society.

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

Geodesy is the discipline that deals with the measuremehtepresentation (ge-
ometry, physics, temporal variations) of the Earth andmtbestial bodies (Sideris,
2007). The “three pillars” of geodesy are the Earth's tinepehdent geometric
shape, gravitational eld, and rotation (Figure 1.1). Tpdalong with these pillars
a number of related quantities are observed with terrésim@dspace-geodetic tech-
niques using a combination of spaceborne and airborne eaisdn situ networks
(see Chapter 2). With its observational means, geodesyhegsatential to deter-
mine, unambiguously and with utmost precision, the gedmsktrape of land, ice,
and ocean surfaces as a global function of space and timee 8ie dense web of
microwave radiation used for geodetic positioning passesugh the atmosphere,
its interaction with the atmosphere yields important weagfarameter information.
The geometric methods when combined with global gravitprimfation and the
geoid, allow us to infer mass anomalies, mass transportgghena and mass ex-
change in the Earth's system. Finally, the variations intlfeaotation re ect mass
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transport in the Earth system and the exchange of angularemim among its
components.

Observations of the Earth's variable shape, gravity elag aotation provide the
basis for the realization of the reference systems thateapeired in order to assign
(time-dependent) coordinates to points and objects, adedoribe the motion of the
Earth in space (Figure 1.1). For this purpose, two referegsgems are intrinsic in
geodesy, namely the celestial reference system and tlestigal reference system,
which are dynamically linked to each other by the Earth'aition. The two most
accurate reference systems currently available are teenlational Celestial Refer-
ence System (ICRS) and the International Terrestrial Refar System (ITRS)(see
Section 2.2 for more details), which are de ned by the In&ional Earth Rota-
tion and Reference Systems Service (IERS). These systemsoaventional co-
ordinate systems that include all conventions for the d¢aiion and origin of the
axes, the scale, and the physical constants, models, acdgses to be used in
their realization. Based on observations, these systemBeceealized through their
corresponding “reference frames”. The frame correspantdirihe ICRS is the In-
ternational Celestial Reference Frame (ICRF), which ist@kestimated positions
of extragalactic reference radio sources. The frame qooreting to the ITRS is
the International Terrestrial Reference Frame (ITRF),ctis a set of estimated
positions and velocities of globally distributed referemsarks on the solid Earth's
surface. These two frames are linked to each other by estinwdithe Earth Orien-
tation Parameterss (EOPs). ICRS, ITRF and the EOPs aradebbly IERS.

Today, the internationally coordinated geodetic obs@matof the global geode-
tic station networks provide a continuous monitoring of fhieF. This well-de ned,
long-term stable, highly-accurate, and easily accessdfitrence frame is the basis
for all precise positioning on and near the Earth's surféices the indispensable
foundation for all sustainable Earth observatianssitu, as well as airborne and
spaceborne. Furthermore the ITRF underpins all geo-nedeckdata used by soci-
ety for so many uses. At the most foundational level the ITigBrously supports
the Spatial Data Infrastructure (SDI). The SDI is a modelllof@o-referenced data
that consists of many layers, all connected to the geodgey ¥@hich is the realiza-
tion of the ITRF at national and regional (and increasinly international) scale.
The other layers of the SDI are like elements of a "house’lt lomi strong founda-
tions, and include map and image data of the physical sudfitbe Earth, its terrain,
waterways, forests, vegetation and habitats; transpalrbaiit infrastructure such
as roads, railways, and other structures; cadastral landdawies; political bound-
aries; and many others. These layers of digital geo-refeata are crucial for
many activities, ranging from mapping, construction, lalegelopment, natural re-
source management and conservation, navigation - in fadeaision-making that
has a geo-related component.

Historically, geodesy was limited to determining the shapiie Earth, its grav-
ity eld, and its rotation including their changes over tinWith modern instrumen-
tation and analytical techniques, the scope of geodesyxtiaaded to include the
causes of the observed changes, i.e., the dynamics of arsdtraasport within the
Earth system. With this broader scope, new pathways emergkich geodesy can
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Geokinematics

Reference
frames

Earth Gravity
rotation field

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 ¢ understanding of the Earth systas well as the devel-
opment, functioning, and security of society in general.

To a large extent, geodesy is a “service science”. In the, plastmain “cus-
tomers” of geodesy came from the surveying and mapping gsafe, while today
geodesy serves all Earth science, including the geopHysimeanographic, atmo-
spheric, and environmental science communities. Consgigumday the develop-
ment of the geodetic observing system is guided by the ugeireaments of a much
broader “customer” base.

With the “three pillars”, geodesy precisely observes anasisiently monitors
mass movement in the Earth system and its associated dystamic

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

Earth rotation: monitoring the variations of the Earth's rotation as an dador

of all angular momentum exchange inside, on or above thd &alith, as well

as of the torques acting on the solid Earth (including thase td the Sun and
Moon); and

Gravity eld: determining and monitoring the Earth's gravity eld andénfing

the underlying mass redistributions in the solid Earthjitigcore, atmosphere,
oceans, hydrosphere, and cryosphere.
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Ultimately, all geodetic observations are affected by thme physical Earth sys-
tem processes. Thus, geodesy provides a unique framewomkdfioitoring and ul-
timately understanding the Earth system as a whole. Modmoesgeodetic tech-
niques are well suited for observing phenomena on globatgional scales, and
thus are an important complement to traditioimagitu observation systems.

The rapid development of space-geodetic techniques (s@gt€i?) also enables
auxiliary applications that utilize the atmospheric dibance of geodetic measure-
ments (ionosphere, troposphere, magnetic eld) for noodgtic applications. At-
mospheric disturbances formerly were the natural factotitihg the accuracy of
geodetic measurements. Now this “noise” is increasingigdpeecognized as “sig-
nal”, and the distortions of microwave signals propagatimgugh the atmosphere
can be “inverted” for atmospheric parameters and utilizednumerical weather
prediction (e.g., Jerrett & Nash, 2001; Elgered et al., 206kmate studies, and
studies in atmospheric physics.

A major driver for the development of the geodetic obsersygtem is the
progress of science. In addition, technological advand#simproved sensors, net-
works, and communications, the impact of nanotechnolagytle development of
new and improved observing systems (for example, Intenfietdc Synthetic Aper-
ture Radar (InNSAR), LIght Detection And Ranging (LIDAR) aaltiremote sensing
missions, including Gravity Recovery and Climate Expenin&RACE), Gravity
eld and steady-state Ocean Circulation Explorer (GOCRB}Y future satellite mis-
sions) are key drivers. As pointed out above, the mountieggrre of environmen-
tal changes and the associated societal needs demand ediEavth observations
which in turn put increasing demands on the geodetic ohsgstem. Issue such
as hazards monitoring and understanding of global chahgexponential growth
of, and need for, geo-spatial information, and the compjexid scale of the global
problems that cannot be solved by a single science requiedl @ewveloped geodetic
observing system. Geodetic expertise is therefore incrglgsneeded, and valued,
by other sciences (Sideris, 2007).

With this development, geodesy faces several challengasr{§ 2007), namely:
(1) inter-disciplinarity is required in order to contrileuo collaborative solutions to
problems, to allow for an optimal assimilation of a wide spam of observations
into inter-disciplinary models, and to enable to interptiein and separability of the
various signals; (2) development of a framework for a foume&hsional geodesy
is required, in which temporal variations in the shape ofHaeth and its gravity

eld are fully accounted for, long-term observation cangpa and archiving are
planned with the 4-D nature of the system in mind, and an aoguevel for geo-
metric and gravimetric quantities of much better than®l@Gapproaching 10%?) is
achieved; and (3) the recognition of what geodesy is and vehe Ibs from needs to
be communicated through appropriate outreach, and geddemyrticular the Inter-
national Association of Geodesy (IAG), faces the challesfg@w best to promote
the geodetic contributions to science and society at large.

Many scienti ¢ applications depend on a detailed knowleddgehe Earth's
shape, its gravity eld and rotation (see Chapter 3), anchim past geodesy has
(with ever-increasing accuracy) provided the necessasgmiations. The relatively
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recent advent of space-geodetic techniques has brought alvapid development
in global geodesy. The relative precision of the measurésrisrapproaching the
very impressive level of 1 parts per billion (ppb) or eventdetToday, geodetic
techniques permit the measurement of changes in the gepofdtre Earth's sur-
face with an accuracy of millimeters over distances of ssvwbousand km.

Over the last one and a half decades, the global geodetionetvhave pro-
vided an increasingly detailed picture of the kinematicpoints on the Earth's
surface and the temporal variations in the Earth's shapefgother applications,
the observations have been used to determine improved mofitle secular hor-
izontal velocity eld (e.g., Kreemer & Holt, 2001; Kierulfteal., 2002; Kreemer
et al., 2003), to derive seasonal variations in the teie¢stydrosphere (e.g., Ble-
witt et al., 2001), to study seasonal loading (e.g., Dond.e2802), to invert for
mass motion (e.g., Wu et al., 2003), and to improve the modedf the seasonal
term in polar motion (Gross et al., 2004). Geodetic techesqurovide the means to
observe surface deformations on volcanoes (e.g., Lu &GQ; Lanari et al., 2002;
Bonforte & Puglisi, 2003), in unstable areas (e.g., Farettal., 2004), associated
with earthquakes and fault motion (e.g., Banerjee et aD52¥igny et al., 2005;
Kreemer et al., 2006b), or subsidence caused by anthroogetivities such as
groundwater extraction (e.g., Strozzi et al., 2002). Guroevelopments indicate
that geodetic observing techniques will be able to deteerthie magnitude of large
earthquakes in near-real time and thus help mitigate thel@moof low initial mag-
nitudes estimated by seismic techniques (Blewitt et aDGH).

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

If the geodetic observations and products can be providedglabal scale with
a precision at or below the 1 ppb level, consistently, and siiif cient stability over
decades, geodesy can make very important contributiongtermerstanding of the
state and dynamics of System Earth (see Chapter 5). A pristeqgior exploiting
the full potential of geodesy for Earth observation, Eastitem monitoring, and
many practical applications, is a sophisticated integradif all geodetic techniques
(spaceborne, airborne, marine and terrestrial), procgsaodels and geophysical
background models into one system model. This integratifinpermit — as part
of global change research — the assessment of surface @gfonnprocesses and
the quanti cation of mass anomalies and mass transpodénsie individual com-
ponents, and mass exchange between the components of this Epstem. These
guantities serve as input to the study of the physics of thié Barth, ice sheets and
glaciers, hydrosphere and atmosphere. They are of paticalue for the study of
complex phenomena such as glacial isostatic adjustmengublution of tectonic
stress patterns, sea level rise (and fall), the hydroldgicade, transport processes
in the oceans, and the dynamics and physics of the atmosfth@pesphere and
ionosphere).
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Geodesy is crucial not only for Earth observation and s&gehat today it is also
indispensable for many activities in a modern society. ifi@ually, geodesy has
served society by providing reference frames for a wide eavfgpractical applica-
tions from regional to global navigation on land, sea, anthaair, construction
of infrastructure, to the determination of reliable boureis of real estate proper-
ties. Reference frames were, however, national or regionst¢ope, adequate for
the determination of coordinates relative to a network ténence points. Thus, de-
termination of precise coordinates required simultaneneasurements at several
points. Today, the Global Navigation Satellite System (GIN&lso provides ac-
cess to precise point coordinates in a global referencesfiamtime and anywhere
on the Earth's surface with centimeter-level accuracyhauit requiring additional
measurements on nearby reference points.

On the user side, such technological developments haveilatied new ap-
plications demanding even greater accuracy and improveesado geodetically-
determined positions. On local to regional scales, apiitina such as land survey-
ing, monitoring of critical infrastructure, preventiondamitigation of impacts of
environmental hazards, and numerous technical applitatiequire more or less
instantaneous access to a reliable reference frame withnmeser-level accuracy or
better. Already today, the economic bene t of the geodetference frame is enor-
mous (see, e.g., Williams et al., 2005), and as more and nocietal applications
become depended on precise positioning this is very likeing to increase. In
particular, the emerging combination of broadband comueaiiins, geo-databases
and easily accessible accurate positioning can be expexfadilitate the develop-
ment of many new applications and services (see Chapterhdghwvill transform
society and lead to an increasing dependence on the gedaletidation, i.e., the
terrestrial geodetic reference frame and tools for easgsaco this frame.

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

The international cooperation fostered by the IAG has lethéoestablishment of
the IAG Services, which provide increasingly valuable obatons and products
not only to the scientic community but also for a wide rangenmn-scienti ¢
applications. The IAG has therefore taken the rst stepsaias the implementation
of the Global Geodetic Observing System (GGOS). GGOS wagenieas an IAG
Project during the IUGG meeting in 2003 in Sapporo, JapaterAhe rst two
years devoted to the de nition of the internal organizagibstructure of GGOS and
its relationship with external organizations, the Exa@iCommittee of the I1AG at
its meetings in August 2005 in Cairns, Australia, decidgaftigress the Project into
the implementation phase. Finally, at the IUGG meeting i672h Perugia, Italy,
the IAG elevated GGOS to the status of a full Component of I1A@h& Observing
System of IAG.
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Fig. 1.2. Organizational links and relationships of GGOS. GGOS is being built on the
scienti ¢ 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/Bes as a uni-
fying umbrella. Figure 1.2 shows the current organizatiG@taicture of GGOS
with its Committees, Panels and Working Groups, the linkshio IAG Services
and Commissions, regional organizations, and to the aiswtld. In particular,
the large international programs such as the Group on Edre®@ations (GEO),
which is implementing the Global Earth Observation Systé®@ystems (GEOSS),
and the relevant United Nations programs (see Chapter 5 doe ahetails of these
programs). GGOS provides the links between the IAG Sendoesthe main pro-
grams in Earth observations and Earth science. It constitatunique interface for
many (although not all) users of the geodetic services. G@@S a new quality
and dimension to Earth system research by combining theagieddchniques into
one observing system of highest accuracy in a well-de natir@aproducible global
terrestrial frame. The observing system, in order to meathjectives, has to com-
bine the highest measurement precision with spatial angdeshconsistency that is
maintained over decades. The research needed to achiseegbals will in uence
the agenda of the IAG Commissions and the GGOS Working Groups

According to the IAG By-Laws, GGO®orks with the IAG Services and Com-
missions to provide the geodetic infrastructure necestarthe monitoring of the
Earth system and global change resear@he vision for GGOS implicit in this
statement is to empower Earth science to extend our knowladd understanding
of Earth system processes, to monitor ongoing changes,caindrease our capa-
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bility to predict the future behavior of the Earth systemeThission of GGOS
embedded in the statement is to facilitate collaboratiotheflAG Services and
Commissions, and other stakeholders in the Earth scienddearth observation
communities, to provide scienti ¢ advice and coordinatibat will enable the IAG
Services to develop products that can meet the requireroégisbal change re-
search, and to improve the accessibility of geodetic olagiems and products for
a wide range of users. The IAG Services bene t from GGOS asaéwork for
communication, coordination, and scienti ¢ advice neeeg$o develop improved
or new products with increased accuracy, consistencyiutso, and stability. IAG
bene ts from GGOS as an agent for improved visibility of geeg's contribution
to the Earth sciences and to society in general. The useestifeom GGOS as
a single interface to the global geodetic observation systet only for access to
products but also to voice their needs. Society bene ts f@BOS as a utility sup-
porting Earth science and global Earth observation systenasbasis for informed
decisions.

GGOS as an observing system utilizes the existing and firténastructure pro-
vided by the IAG Services. It will provide consistent obsgions of the spatial and
temporal changes in the shape and gravity eld of the Eaghvell as the temporal
variations of the Earth's rotation (Figure 1.1). In partanyGGOS will provide on a
global scale and in relation to one reference system a meatetérmine the spatial
and temporal changes in the shape of the solid Earth, oceanspver and land
surfaces. In other words, it will provide a global pictureloé surface kinematics of
our planet. It will provide, in addition, estimates of mas®malies, mass transport
and mass exchange within the Earth system. Surface kinesraatd mass transport
together are the key to the determination of global massibaleand an important
contribution to the understanding of the energy budget ofatanet (e.g., Rummel
et al., 2002, 2005; Drewes, 2006). Moreover, the system prdvide the obser-
vations that are needed to determine and maintain a téalagtference frame of
higher accuracy and greater temporal stability than whanaslable today (Beutler
etal., 2005).

GGOS as a system will exploit (and try to extend) the curremtstellation
of satellite missions relevant to this goal, and missiorspéd for the next two
decades, by integrating them into one observing system.fdimedation for this
integration are the existing global ground networks of kiag stations for the
space-geodetic techniques: Very Long Baseline Interfetom(VLBI), Satellite
Laser Ranging (SLR), Lunar Laser Ranging (LLR), GNSS, anger Orbitog-
raphy and Radiopositioning Integrated by Satellites (D& RGGOS will integrate
these tracking networks with terrestrial gravity netwoi®&0OS will complement
the space segment and global ground network with airbordetemestrial cam-
paigns that serve the purpose of calibration and validatiegional densi cation,
and re nement. Assimilation of these observations into ele@f weather, climate,
oceans, hydrology, ice and solid Earth processes will foretgally enhance the
understanding of the role of surface changes and in the digsarhour planet. Fur-
thermore, through the analysis of the dense web of microwadiation connecting
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the GNSS satellites with Low Earth Orbiters (LEO) and witk #arth's surface a
powerful new technique emerges for probing the atmospseoehposition.

Itis clear that GGOS has two very distinct aspects: (1) tigédnization GGOS”
consisting of components such as the Steering Committéen@&cPanel, Bureaus,
Working Groups, etc., and (2) the “observating system GG@ffiprising the in-
frastructure of many different instrument types, sateliitissions, and data and anal-
ysis centers. While GGOS as an organization is establistsrgjructure from es-
sentially new entities, the observational infrastructiareGGOS as the observing
system is being largely provided by the IAG Services. Moghaf book addresses
issues related to the observing system aspect of GGOS, tielerganizational
aspect is considered mainly in Chapter 10.

The challenge for geodesy in terms of Earth system mongadsinvell summa-
rized by Chao (2003), who statesAfter three decades and three orders of mag-
nitude of advances, space geodesy is poised for prime tirnbsarving the inte-
grated mass transports that take place in the Earth systemm high atmosphere
to the deep interior of the core. As such space geodesy hasrigea new remote
sensing tool, in monitoring climatic and geophysical chesgith ever increasing
sensitivity and resolution.

The transport of mass and energy are key processes thanhtatethe dynamics

of our Earth system. The Earth system can be convenientlgedi¢hrough its com-
ponents, so-called geophysical uids — the atmosphererdsypdhere, cryosphere,
biosphere, lithosphere, and the deep interior of mantle em@s. All geophysical
uids undergo a host of mass transports for various reas@xsernal as well as
internal. Studying these processes is undoubtedly oneeahtist interdisciplinary
eld in all of Earth sciences. However, mass transport has rezeived due at-
tentions’ Meeting the challenge of developing the geodetic obsegreystem into
a mass transport and dynamics observing system is a primatiyation for this
book.

GGOS (the observing system) faces two types of scienti ¢ tauhnological
challenges, namely an “internal” challenge and an “extéctallenge (see Chap-
ter 3). The “internal” challenge to geodesy is to develop G=hd the geodetic
technologies so that they meet the demanding user requitsrimeterms of refer-
ence frame accuracy and availability, as well as in termgafial and temporal res-
olution and accuracy of the geodetic observations. Devedpgn observing system
capable of measuring variations in the Earth's shape, tyraald, and rotation with
an accuracy and consistency of 0.1 to 1 ppb, with high spatidltemporal resolu-
tion, and increasingly low time latency, is a very demandagk. Accommodating
the transition of new technologies as they evolve in pdridienaintaining an oper-
ational system is part of this challenge. The “external’lleme is associated with
the integration of the “three pillars” into a system prowiginformation on mass
transport, surface deformations, and dynamics of the Eahté Earth is a complex
system with physical, chemical and biological processesacting on spatial scales
from micrometers to global and temporal scales from sectmtdlions of years.
Therefore, addressing the “external” challenge requirésteole 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 théoreresearch and
development inside IAG. This book is a rst step in sketchamgoadmap for this
central theme that will lead to a fully de ned implementatiplan.

The biggest challenge for geodesy, however, may arise fesent developments
in global Earth observation. Stimulated by the internalaquest for sustainable
development and the resulting demand for information orctireent state and fu-
ture evolution of the Earth system (GEO, 2005a), the needdomrehensive Earth
observations is acknowledged in extensive programs of thieetd Nations, the Eu-
ropean Union, and the international community, culmirgiim the establishment
of the GEO at the EOS-IIl on 16 February 2005 in Brussels, iBelg GEO has
the task of implementing according to the Ten-Year Impletagon Plan (TYIP)
endorsed by EOS-IIl (GEO, 2005a, see also Section 5.1). TYIR is likely to
guide the development of global Earth observation prograves the next decade.
The challenge is therefore to integrate GGOS as an orgémiziato the context
of Earth observation and society, and to develop GGOS as sarahg system in
accordance with the strategies and methodologies of tHmbtbserving systems
for the mutual bene t of all. Earth observation and socidtiagge will bene t from
the availability of geodetic observations and productd, @&OS will bene t from
an improved visibility and acknowledgment of the valualdevgce it provides.

In order to facilitate the integration of GGOS into GEOSSGIAs a Partici-
pating Organization in GEO and is represented there by th®&Grganization.
GGOS is also a contributing system to the GEOSS, which iseamphted by GEO.
GGOS was a Partner of Integrated Global Observing Stratagpé&rship (IGOS-P)
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(Plag et al., 2006a) and continues to contribute to sevéthedSEO Community of

Practices (COPs) that developed out of IGOS-P Themes. Mergsteps are being
taken to strengthen joint initiatives with government anigations and international
bodies. These initiatives will enhance the visibility ofogketic activities in the con-
text of Earth sciences, Earth observation and practicdiagtipns (Plag, 2006b).

1.4 The strategy: where to go from here

Identifying the requirements for observations and prosloétgeodesy for a wide
range of scienti ¢ and societal applications is an importarerequisite for de n-
ing a set of functional speci cations of a geodetic obsegwsystem that would be
able to serve some or all these applications. Compiling goeehensive set of URs
for geodetic observations and products and deriving fonetispeci cations for a
global geodetic observing system is one of the two majorgjofthis book. The
other goal is to specify, based on the functional requirdmehe system design of
a future GGOS and to de ne the steps towards the implememtafithis GGOS.

In Chapter 2 we rst give an introduction to the “ways and meahgeodesy” in
general, and global geodesy in particular. Emphasis is@mthoduction of modern
geodetic techniques and methods, but the achievementsuarehtcontributions
are brie y reported. This Chapter sets the stage for whatiisently available and
achievable.

Chapters 3 to 6 review the requirements for geodetic ob8ernvgroducts, and
services for scienti ¢ investigations, monitoring the Basystem, maintaining a
modern society, and exploring the planets and the solaesystespectively. In
Chapter 3, the open scienti ¢ questions concerning theldedirth, atmosphere, hy-
drosphere, and cryosphere and their interactions arevedie/ith emphasis on how
geodetic observations could contribute to providing amsve these fundamental
questions. Chapter 4 looks at the many activities in a modeciety that depend
on or bene t from geodetic observations and products, sschaaigation, survey-
ing, mapping, construction, process control, and outdativities, and discusses
the requirements particularly in terms of access to coatdmin a well-de ned and
well-maintained reference frame. Chapter 5 starts withrélgglirements of the key
societal bene t areas of Earth observation (see Table 5Chapter 5 on page 155)
as identi ed by the EOS-II, listed in the Reference Documfemtthe TYIP for
GEOSS (GEO, 2005b). These essentially qualitative reougrgs are then further
developed into a set of quantitative requirements. Geodasgt only essential for
many applications on Earth but it also provides the basistiatying and exploring
the planets and the solar system. These requirements arsadd in Chapter 6.

In Chapter 7 the results of the previous chapters are useahipite a compre-
hensive set of quantitative requirements linking the défe requirements to ap-
plications and users. Based on this set, functional spatibos for an observing
system are derived.
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Two global geodetic references systems, one rotating Withsblid Earth, and
the other one xed in space, are fundamental concepts falgtgotheories, models
and observations, and their realization through corredipgrreference frames is a
key task of global geodetic activities. Both the referenems and the frames are
governed by conventions not only concerning the axes amgihoof the reference
system but also the observations, constants, analysisodgthnd models used in
their realization. Chapter 8 reviews the current approauwh develops it further
so that future reference frames will meet the requiremeatsed! in the previous
chapters.

Chapter 9 addresses the design of the GGOS that is able tatimeefeinctional
speci cations set out in Chapter 7. In this Chapter, use islenaf the full set of
available techniques including a consideration of the gdsbased, airborne and
spaceborne components.

The current GGOS is based on the voluntary commitment of neanjributing
countries, organizations, institutions and individudlsis situation leads to uctu-
ations in available resources, and therefore requirestadégree of redundancy in
order to ensure a suf cient geodetic infrastructure. Thisdstructure is central to
the provision of a reference frame meeting the requiremeiit®th scienti ¢ and
non-scienti ¢ applications as well as for the contributimninternational programs
and activities directed towards global Earth observat@irapter 10 describes steps
necessary for the implementation of the system de ned inpB#a9 taking into
account the available infrastructure as well as the cuwwegdnizational and fund-
ing situation. With respect to the organizational backgayuhe Chapter considers
alternative approaches, including an intergovernmemizal o

Finally, Chapter 11 provides recommendations for the dgrakent of GGOS,
the implementation of its proposed components, and itséubuganization. Rec-
ommendations are given for improving the framework cond#i, the infrastruc-
ture, the products, and the organizational backgroundfira 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. BegeA. Cazenave, D.
Crossley, A. Donnellan, R. Forsberg, R. Gross, J. Hindérdlomjathy, C. Ma,
A. J. Mannucci, C. Noll, A. Nothnagel, E. C. Pavlis, M. PeaaimP. Poli, U.
Schreiber, K. Senior, P. L. Woodworth, S. Zerbini, C. Zu#ad

2.1 Introduction

Friedrich Robert Helmert (1843-1917) de ned geodesy asstlience “of measure-
ments and mappings of the Earth's surface”. Over time, thigition of geodesy
has been extended, mainly as a consequence of technolagiealopments al-
lowing geodesy to observe the Earth on global scales with haguracy. Today,
geodesy is the science of determining the geometry, graliyand rotation of the
Earth and their evolution in time. This understanding of erodgeodesy has led to
the de nition of the “three pillars of geodesy”, namely (1g&kinematics, (2) Earth
Rotation and (3) the Gravity Field (see Figure 1.1 on pagd Hiése three pillars
are intrinsically linked to each other, and they jointly nga as a consequence of
dynamical processes in the Earth system as a whole. The ebam@arth's shape
(including the surface of the water and ice bodies), i.e.gbekinematics, are the
result of dynamic processes in the solid Earth and its uidedope, affecting mass
distribution and angular momentum, and thus changing theityr eld and Earth
rotation.

Traditionally, geodesy has been a service science, prayin important utility
to other sciences and many applications. This aspect hasmedunchanged, and a
principal tool and output of geodesy is a reference franmatlg the determination
of the position of points relative to each other. But geodesy developed into a
science that can no longer satisfy this service aspect witbocompassing and
monitoring the whole Earth system, its kinematic and dyramis an additional
bene t, geodesy is increasingly forced not only to “measuhe geokinematics,
gravity eld, and rotation, but also to “model” these quaies on the basis of mass
transport and dynamics.

The instruments (or measurement tools) are of crucial itapoe in geodesy.
They in essence de ne the scope of the problems, which mayddeeased by
geodesy. Before the advent of the space age the geomesjpatta were studied
mainly by measuring angles and time (time-tagging of theeolaions). In the best
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case, angles were measured with sub-arcsecond accurddtiynarwith an accuracy
of a few microseconds. The angles de ne a unit vector fronotbserver to the ob-
served object (a terrestrial target or a celestial objetit si$ stars, the Moon, etc.) at
particular epochs. When observing celestial objects, ldssical observation tech-
nique is callecastrometry For time measurement one made the distinction between
theastronomical clock§de ned, for example, by Earth rotation or, alternativddy,
the motion of the Moon and/or planets) and the man-made médalocks. Ac-
curacy and long-term stability of the astronomical cloctisld never be reached by
mechanical clocks. They were, however, of crucial imparggfior solving practical
problems in navigation (like the problem of determining kiegitude at sea or the
longitude difference between sites on different contisgand, of course, for inter-
polating the astronomical time. Gravity was studied by radag the zenith (actu-
ally nadir) direction (i.e., the unit vector along which gitg acts) in a well-de ned
geometric reference frame and/or by measuring the absediie of the gravity
vector. Both measurement types are heavily affected by #esmistribution in the
environment of the measuring instruments, which makesrtegpretation of their
contribution to global gravity eld determination problextic.

The advent of the space age (marked by the launch of the tstial Earth
satellite on October 4, 1957) together with the developmé&atomic clocks ( rst
realized by crystal oscillators in the 1950s, then by atortocks like, for example,
the hydrogen masers) to precisely measure epochs and ttergals initiated an
extremely rapid development of novel observation techesgand, associated with
that, scienti c opportunities, which revolutionized thetee eld of geodesy. It be-
came in particular possible to

1. connect different continents by simultaneously obsenhigh orbiting, bright
satellites from sites located on different continents gisistrometry;

2. measure distances through the measurement of the ptapatjme of short
light pulses between an observatory on the Earth's surfadeaa arti cial Earth
satellite;

3. exploit the signals emitted by stable oscillators ontd@evigation satellites and
recorded by receivers on the Earth surface or in the nedh-Epace to determine
the time development of the distance between the satetiitiieg the signal and
the receiver(s) recording it;

4. correlate the signals emitted by Quasars (radio galdate®st” in the inertial
space) and received by two radio telescopes to establististence difference
between the telescopes, as seen from the Quasars at theremastiepochs;

5. use the trajectories of arti cial Earth satellites toatetine the Earth's gravity
eld;

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

The rst of the above items initiated the concept of modenmestrial reference
systems and frames, with the frames being the realizatitimeo$ystems. Items 2-4
represent “new” observation techniques, which in essenlee out astrometry and
replaced it by the measurement of distances or distancereiftes. A somewhat
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simplistic order of magnitude calculation shows that thepsresulted in a gain
in accuracy of about 2-3 orders of magnitude: A typical eob0.1"-1.0” in the
astrometric position implies a tangential error at a typitistance of 1000 km to a
satellite of about 0.5-5 m, whereas the new observatiomtgaks typically measure
distances with accuracies of about 1-5 mm. This gain givessacto a whole suite
of new problems, which can now be addressed by modern gedtisg 1 to 3 are
so-called satellite-geodetic techniques. Items 1 to 4 @ r@ferred to as space-
geodetic techniques.

Item 5 allows us to study the Earth's global gravity eld intei. By modeling
the satellite orbits as solutions of the equations of motidrich contain the param-
eters describing the Earth's gravity eld, and by using thteflite geodetic observa-
tions in particular of the Laser satellites, and, more rédgeof LEOS equipped with
GNSS receivers, it became possible to determine the Egititsal gravity eld al-
ready before the end of the ®@entury in astonishing detail. A quantum jump in
accuracy and resolution is being achieved with the suitedidhted space missions
Challenging Minisatellite Payload (CHAMP), GRACE, and,shoecently, GOCE,
which were deployed in the rst decade of the’2dentury.

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

In accordance with the development of measuring technjghesconcepts of
the Earth system, including the solid Earth, changed, inaezl by both geodetic
observations and a better understanding of the Earth systeélriis main processes.
For a long time, geodetic concepts were based on a staticafighe solid Earth,
and terrestrial reference frames were based on xed coatd#of points on the
Earth's surface. Over the last ve decades, the developimesir understanding of
the solid Earth and the total Earth system has made it clearthie solid Earth's
surface undergoes continuous deformations, changingethéve position of all
points on a wide range of time scales. The invention and riamidovement of the
space-geodetic technologies have provided a wealth ofreditsens documenting
the surface deformations, irregularities in the Earth'svemoent in space and the
extent of mass movements in the Earth's system. At the sam 8cienti ¢ and
societal applications pose increasing requirements oadtieracy and reliability of
positioning as well as navigation. A detailed review of riegunents for geodetic ob-
servations and products in Earth observations, scientudies, and societal appli-
cations (see Chapters 3 to 7) demonstrates that in termsaciBprpoint positioning,
the requirements in terms of accuracy are on the order ofroetdr for real-time
or low-latency application, 1 cm or better on daily time ssala few mm/yr for
intraseasonal time scales, and of the order of 0.1 mm/yr tamannual to secular
time scales. Thus, relative to the size of the Earth, a géaecarracy requirement
for geodetic observations and products of the order o 10 less can be stated.
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Considering the characteristics of the spatio-temporddtians in Earth's shape,
rotation and gravity eld, the task to establish a referefiamme with an accuracy at
or below the 1 ppb level is a demanding and scienti cally &vading endeavor. The
Earth's surface is constantly deformed by internal andrextigorocesses including
earthquakes, Earth tides, surface loading (present art)l gassed by the atmo-
sphere, hydrosphere, and cryosphere, sediment loadidgnantle convection. All
these processes have to be accounted for at a level well biedotsrgeted accuracy
of 1 ppb. This requires geodesy to interact with other geoses and to take an
Earth system approach, which considers the effects ofmadtéarcing, atmosphere,
ocean, terrestrial hydrosphere, and cryosphere on thé Ealith. Consequently,
the realization and maintenance of reliable referencedsaom local, regional and
global scales as well as the provision of techniques forpigitision positioning
has received growing attention within geodesy and in Eaiimge in general.

Considering the importance of the geodetic reference fsameSection 2.2, the
concepts for reference systems and their realization tfivoeference frames is in-
troduced and the two main geodetic reference systems acelukd This sets the
stage for a more detailed discussion of the “three pillageafdesy” and their inter-
relations in Section 2.3 and the current state-of-art ofolbeerving system in each
of the three pillars in the Sections 2.4 to 2.6, respectii&ipsequently, Section 2.7
addresses a central issue for geodesy, that is access t@i@ctime. Section 2.8
brie y describes measures taken to ensure consistencyeleetihe geodetic obser-
vations and identi es key open questions. Finally, SecBdhintroduces auxiliary
applications of geodetic and related observations, wiicteiasingly are developed
adding a multi-application aspect to geodesy and opening &lds of research.

2.2 Geodetic reference systems and frames

As pointed out earlier in this book, a principal goal of gesdés to provide the
means to assign coordinates to points as a function of timsti®n and movement
are not absolute quantities and depend on the reference tawhich they are re-
ferred. In particular, observations of any celestial bdmyit natural or arti cial, or
of a point in the Earth system, can be used to describe themotithis body only
if the observations can be referred to a well de ned coortdirsystem. In an ideal
world, such a system could be de ned through three coordiaats, the origin, and
a scale, with the axis either being xed in space or having akmmovement with
respect to something else that is xed. In the real world,ghavision of an acces-
sible coordinate system requires far more de nition, whidmprises a reference
system.

In the context of space geodesy, making use of natural anciartelestial ob-
jects, there is a need for both the Celestial Reference ®y&&S) and a Terrestrial
Reference System (TRS). The CRS, which is xed in space,gsired to describe
the motions of galaxies, stars, the sun, planets includiadg=arth itself, the Moon
and the satellites of other planets, and arti cial satedlitObservations of points on
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the Earth's surface or related to the Earth's surface aenadtsier to relate to move-
ments of these points if they are referred to a TRS with axesl in some way to
the solid Earth and moving with the Earth in space.

It is of obvious practical advantage to agree upon one denifor each of the
celestial and terrestrial reference systems. This hasléldet adoption of conven-
tional celestial and terrestrial reference systems (CQRISCI RS, respectively). A
conventional reference system includes the speci caticth® origin, the direction
of the axes (orientation in space), and the scale of themsyistan appropriate way.
However, more is needed in order to complete the system sucbraentions (see
Box 1 for an de nition of geodetic conventions) on physicahstants.

Box 1: Geodetic conventions and standards.
Convention In the context of this report, convention refers to an agesgrbetween groups
especially an international agreement, that is slightbg lermal than a treaty. Conventions fre
for example the agreed-upon way to transform from inertiainie to terrestrial frame, splittifg
three unique angles that connect the two frames to a set etntanally de ned sub-group
of angles (polar motion, Earth rotation, nutation and pssim). In geodesy, conventions offen
regulate ways to process data in order to ensure compayatfithe resulting products. In mapy
cases, standards (see below) adopted by e.g. IAG/IUGG tkeepanh of conventions. For examn-
ple, standards that de ne the “refractivity” of the atmospdat various wavelengths adopted by
IAG/IUGG are later used in “conventional” approaches of dieéermination of the propagatipn
delays through the atmosphere.

Standard In geodesy, a standard refers to an authorized model (niyranzthorized by IAG
or IUGG or other international bodies recognized by IAG/IGused to de ne a unit of meg-
surement. Examples of standards are the de nition of theem#te speed of light, and similar
physical constants.

Another issue is to gain access to such a reference systederioonventional
celestial and terrestrial reference systems in fact ateeethrough coordinates of
a set of points and objects determined from observatiorlgzethwith appropriate
mathematical and physical models. Such a realization ofeaigrece system is de-
noted as reference frame. In practice, the realization efereénce system through
such a frame requires continuous monitoring of the pointslgjects. Given the
nature of the problem, any realization also requires theisaion of additional
boundary conditions that the reference frame should fuMbreover, models used
to analyze the observations and to correct for disturbaindia® coordinates of the
points and objects are an integral part of the realizatiod therefore have to be in-
cluded in the convention specifying the reference systeritamealization through
a frame.

Itis not always clear whether the boundary conditions andetsare considered
as part of the conventional reference system, part of theeete frame realizing
the system or the subject of an additional convention. Tisecertainly a trade-off
between the completeness of the conventions specifyingefieeence system and
the need to change the reference system when models or otist@rove.

Figure 2.1 gives an overview illustrating the conventiaed¢rence systems and
their realizations presently adopted by the relevant ir@#onal scienti ¢ unions.
The two fundamental systems accepted by the relevant attenal scienti ¢ bodies
are the ICRS and the ITRS, which are realized by IERS throngh@RF 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 1AU 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-TAl as function of time.
From Plag (2006a).

ITRF, respectively. The IERS is a service under the joinpaesof IAG and AU,
and for the ICRF, both organizations take responsibility.

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

The ICRS is de ned and maintained by the IERS. It was adopyettié IAU and
the IUGG as the primary celestial reference system, repdaits optical predeces-
sors based on fundamental star catalogs (see Box 2). Thevabea and analysis
aspects related to the realization of the ICRS through tli&F@re today coordi-
nated by the International VLBI Service for Geodesy and éwitry (IVS).

The ITRS is also de ned and maintained by the IERS. It is addjy IAG and
IUGG as the primary terrestrial reference system, in paldicfor Earth science ap-
plications. Unlike the ICRS, the realization of the ITRSaihgh the ITRF is based
on a combination of results from several space geodetimiquks, and local sur-
vey measurements between reference points of geodetignmeits (so-called local
ties) co-located at the same sites. The combination is auaet by the IERS, while
the observational aspects for each individual techniqua\nied are coordinated by
technique-speci ¢ Services. Co-location sites (where dwenore instruments are
operating in close vicinity), are key elements in the ITRFbinations. While any
individual space geodesy technique (VLBI, SLR, DORIS, GINiS@ble to provide
necessary information for the ITRF, only the combinatiohaf independent tech-
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Box 2: The ICRF

The ensemble of distant extragalactic objects constiautpgsi-inertial reference frame in which
the motion and orientation of the Earth can be measured aletipe, this frame is accessed frpm
the Earth through VLBI observations of compact radio sasiréer the most part quasars. The
red shifts of these quasars are large enough that theirgahytsansverse movement cannof be
detected by current radio or optical techniques, and theatdbjcan be treated conceptually as

xed points in the sky. The International Astronomical Uni@AU) recognized the utility angd

accuracy of the extragalactic celestial reference framadmpting the ICRF effective 1 Janu

ry

1998. ICRF-Extension.2 is a catalog of some 700 radio squosiions (Fey et al., 2004, see glso

Figure 9.5). The positions and errors of the 212 “de ninguismes of the ICRF de ne (realiz

right ascension origin and pole of the ICRF are consistett thie previous FK5 stellar fra
within the much larger errors of FK5, the concept of the IOR8F is fundamentally differe

the axes and precision of the ICRS on which all celestialtiurs are now placed. While %e

)

e

in several respects. The de ning objects of the ICRF haveeab proper motions, and the axes

of the ICRS are decoupled from the equator, the ecliptic aydoarticular epoch.
The quasars and other compact radio sources that are idcindie ICRF have point-like o
tical images. Their red shifts indicate great distancesher €missions must be powered

processes different from stars and galaxies, most prolmaags in ow onto massive black holgs.

At the resolution of geodetic/astrometric VLBI using S-B4@ GHz) and X-band (8 GHz), !
objects are generally not point-like but have some strectiiat can also change with time. S

ch
structure changes can be seen as changes in position up tliatasecond. The brightest ext!J -

galactic radio sources in fact have too much detectabletsneito be good astrometric objel
By balancing the competing criteria of source strength, gactness and constancy of struc

and position, a set of 100 geodetic sources has been selected for routine geatdeaicobser-

vations while the remainder of the ICRF improves the distitn and density over the sky (Jee

Figure 9.5). It should be noted that the small number of VLBtisns in the Southern Henfi-

sphere causes the ICRF to be weaker in all aspects in theesougky. The quasars in the IC

weaker or radio-quiet.
The ICRF now constitutes the fundamental celestial framelfcastrometric and geodetic p

emit relatively strongly at microwave frequencies while treat majority of quasars are mIch

RF

=

poses. This includes both planetary ephemerides anditatebits. The former have been relafed

to the ICRF by specialized VLBI observations of transméten planets and spacecraft as

ell

as from locations of VLBI stations. Satellite orbit detenaiiion requires accurate measuremgnts
of the actual rotation angle of the Earth UT1-UTC as a prigidimation since the rotation of the
orbit nodes cannot be modeled over a long period. VLBI olz@nms of GNSS satellites shoygld
be feasible in the future as the observing bandwidth for ggo&/LBl is extended. Such obsgr-

vations would directly connect the satellite frames to {BRF. The motion of the Earth's ajis

in space, precession and nutation, is also observed ugn@RF. These measurements pro

ide

information about the structure of the Earth as it respondbe torques of the Sun, Moon gnd

planets.
The ICRF is essential to geodesy as it is the frame for maggp&OP and the ultimate frame

or

satellite orbits. The ICRF is also the basis for astroméiryhis regard the ICRF has differgnt
realizations at various wavelengths, the microwave VLBligtion being the most accuratq at

this time. The astrometric satellite GAIA is scheduled tamch in late 2011 and has the potential
for generating an optical extragalactic realization withader of magnitude better precision
and two orders of magnitude more objects. Other space missi@y re ne the positions afd
proper motions of the brightest stars with correspondingravement of star tracking for satell|te
orientation. For most geodetic purposes, however, thepeovements will not be applicaljle
since no correspondingly precise ground-based obserystgra exists. An accurate microwgve
realization for geodetic VLBI will still be needed.
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niques allows for the complete determination of ITRF (arjgicale and orientation).
In principle, the particular strengths of one observinghmdtcan compensate for
weaknesses in others if the combination is properly coottd) suitable weights
are found, and accurate local ties in co-location sites eaiedole.

The conventions for both the ITRS and ICRS and their reatinatare detailed
in the IERS Conventions (e.g., McCarthy & Petit, 2004). Aswaecy requirements
evolve and technical and modeling capabilities incre&ssd conventions are mod-
i ed and developed under the auspice of IERS in a continusosgss with support
from the broad geodetic science community.

In the conventions, the motion of the reference points inATdRrrently is de-
scribed by a linear model, thus reducing the informatioressary to determine the
motion of the reference points relative to their coordisatea reference epoch and
a constant velocity. This representation is no longer gmjeite to accommodate
possible future user requirements to have access to thal aestantaneous point
position over the Earth surface and new representation atkls are being dis-
cussed (see Chapter 8).

The coordinates and constant velocities of the points thateda particular ref-
erence frame depend on the points, techniques, models natyse tools used in
the determination of these quantities. Therefore, for amgrgreference system,
there can be a multitude of reference frames realizing tegpyat various degrees
of accuracy. For global terrestrial reference frames, TS is increasingly used
as the underlying system, thus gaining importance for pacapplications. For
example, the U.S. Government and the European Commissieegp align the
reference frames of the Global Positioning System (GPSEXALEO as close as
possible to ITRS (European Commission, 2004). In practiis,goal is achieved
by aligning the GNSS reference frames to the ITRF, which ériost accurate
realization of ITRS. The reference frame of the positionsegvices provided by
GPS, is the most recent realization of the World Geodetitedy4 984 (WGS 84)
(e.g., Assistant Secretary of Defence for Command, Cogn@@mmunication, and
Intelligence, 2001). As a consequence, this realizatioW &S84 is today closely
aligned to ITRF and in fact supported by ITRF.

ITRF is currently the most accurate realization of ITRS &iimi et al., 2002,
2007). The ITRF is updated regularly with the most recensieas being ITRF97,
ITRF2000, and ITRF2005. In geodetic analyses of obsemsaid different groups
using different techniques and different software packageordinates agree to the
centimeter level. Secular trends determined from long G#8rds using different
analysis approaches may disagree on the order of 1 to 2 mibotymost of these
discrepancies are due to the approach used to align théosotatI TRF. A signif-
icant bias may result from a potential secular translatibthe Reference Frame
Origin (RFO) with respect to the Center of Mass of the wholélEaystem (CM).
Recent studies estimate the bias to be of ord2rmm/yr (e.g., Ray et al., 2004;
Morel & Willis, 2005; Plag, 2006b; Plag et al., 2007a), degieg on the geograph-
ical location.

The translation of the RFO with respect to the CM introducasiqularly large
uncertainties in sea level studies. Taking the effect oticadvelocities of the sec-
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ular translation between ITRF2000 and ITRF2005 (Figurg 2s2an indication of
the uncertainty in the tie of the RFO to the CM, the effect arbgl sea level trend
estimates is of the order 0.2 to 0.3 mm/yr. Consequentlypniyt maintenance but
also improvement of the ITRF as the essential architecturalmost 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 spacdegie and terrestrial
techniques, which together allow for detailed observatiohthe “three pillars of
geodesy” on a wide range of spatial and temporal scales r§@.3). With a mix
of terrestrial, airborne, and spaceborne techniques,egoibday determines and
monitors changes in Earth's shape, gravitational eld aathtion with unprece-
dented accuracy, resolution (temporal as well as spatal), long-term stability
(Table 2.1). At the same time, geodetic observation teagies are in constant
development with new technologies extending the obsenvatapabilities almost
continuously in terms of accuracy, spatial and temporakcage and resolution,
parameters observed, latency and quality. Together, thieservations provide the
basis to determine and monitor the ITRF and ICRF as the nogficd! basis for
all Earth observations. Equally important, the observetithemselves are directly
related to mass transport and dynamics in the Earth systiens, The geodetic mea-
surements form the basis for Earth system observationgitrile meaning of these
words. Beutler et al. (1999) suggested a development t@ramdnterdisciplinary
service in support of Earth sciences for the IGS. With thatdisthment of GGOS,
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Geometry, kinematics
GNSS, altimetry, INSAR,
mobile SLR,
remote sensing,
leveling, tide gauges

6
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Reference frame
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PRARE
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Gravitational eld
Orbit analysis,
Hi-lo & lo-lo SST,

Earth Rotation
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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 andedor Earth system
sciences to the whole of geodesy.

From the discussion of the reference systems and frames préfvious section it
is obvious that there is an intimate relationship betweerittihee pillars of geodesy
and the reference systems and frames (Figure 2.3). For gokitics and Earth
rotation, the relationship works both ways: The refererystesns are required for
positioning purposes (terrestrial and celestial) and fodywng Earth rotation, and
monitoring through the space geodetic techniques is nagess realize the two
frames and the (time-dependent) transformation betwesmn.th

The ICRF, the ITRF, and the EOPs are needed to derive a gralitywhich
is consistent with the ICRF, the ITRF, and the correspon#i®@s. Therefore, one
might think at rst that the gravity eld is not necessary t@ de and realize the
geometric reference systems. However, in order to redied TRF, observations
made by the satellite geodetic techniques (SLR, GNSS, DD&¥Sneeded. For
these techniques, a gravitational reference system antef(ancluding a gravity
eld representation and the parameters associated wittnd,the geoid, the mean
equipotential surface “near sea level”, which may be derivem the gravity eld
representation) is required as well and cannot be sepamddéérmined from the
geometrical frames. The problems are obviously inseparaben 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-Shape and temporal varkltimetry, INSAR, International and na-
ics (size, shapeations of land/ice/ocea®NSS-cluster, VLBItional projects, space
kinematics, deforsurface (plates, intra-plateSLR, DORIS, imagingmissions, IGS, IAS, fu-

mation) volcanos, earthquaketechniques, levelingure INSAR service
glaciers, ocean variabilityjde gauges
sea level)

Il. Earth Rotationintegrated effect of changeSlassical —astronomynternational geodetic
(nutation, precesin angular momentum andLBI, LLR, SLR, and astronomical com-
sion, polar motionmoment of inertia tensoGNSS, DORIS, unmunity (IERS, IGS,
variations in LOD) (mass changes in atmder developmenttVs, ILRS, IDS)

sphere, cryosphere, oceatsirestrial gyroscopes

solid Earth, core/mantle;

momentum exchange be-

tween Earth system compo-

nents)

IIl. Gravity eld Geoid, Earth's static gravi-Terrestrial gravimetryinternational geophysi-
tational potential, temporghbsolute and relativeal and geodetic com-
variations induced by solidirborne  gravimetrymunity (GGP, IGFS,
Earth processes and mesatellite orbits, dediiGeS, BGI)
transport in the global waeated satellite missions

ter cycle. (CHAMP, GRACE,
GOCE)
V. Terrestrial Global cluster of ducialVLBI, GNSS, SLR,International geodetic
Frame point, determined at mm thLR, DORIS, timecommunity (IERS with
cm level keeping/transfer, abssupport of IVS, ILRS,
lute gravimetry, gravitylGS, and IDS)
recording

de nition in the geometry and gravity domains (origin, artation, scale of the ge-
ometric networks, low degree and order terms of the Eartfagity eld).

This consistency between geometric and gravitationalyetsdis important to-
day, it will be of greatest relevance in the future for the emstainding of the mass
transport and the exchange of angular momentum betweerattigsEconstituents,
in particular between solid Earth, atmosphere, and océidmes.aspect of consis-
tency is also of greatest importance for all studies relaiegdobal change, sea level
variation, and to the monitoring of ocean currents. Onlyoifisistency on the 16
level or better between all reference frames it achievdtiitlie possible to perform
meaningful research in the areas mentioned.

In the narrowest possible sense, geodesy has the tasks ite tiee geometric
and gravitational reference systems, and to establishelesta@l, terrestrial, and
gravitational reference frames. Moreover geodesy hasoige the transformation
between the terrestrial and celestial reference framessé&key tasks would be rel-
atively simple to accomplish on a rigid Earth without hydgrbsre and atmosphere.
However, in the real Earth environment already the de mitad the terrestrial and
gravitational reference systems is a challenge. The quureing reference frames
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can only be established by permanent monitoring based olyhgayon of terres-
trial geodetic observing sites, and of space missions.

This ambitious and expensive geodetic monitoring is nescgsand its result,
properly time-tagged and mutually consistent, is a strhgequirement in a broad
eld of scienti ¢ and societal applications. There is stigacience justi cation for
these geodetic products as a prerequisite (see Chaptels8).sdme tasks of soci-
etal relevance may only be addressed if this permanent geadenitoring is avail-
able (see Chapter 4), and monitoring of the Earth systertuding for example sea
level and ice sheet variations, would not be possible wititqgee Chapter 5).

The following three sections give an overview of the cursatus of the global
geodetic observing system relevant to the three pillarsiyMaut not all) items or
activities, which will be mentioned in these section belave coordinated by enti-
ties working under the auspices of IAG. IAG has been in therfitaoing business”
since the late 19 century, when the International Latitude Service (ILS) wasated
to monitor polar motion. More recently the IAG created teague-speci ¢ Services
to coordinate observation and analysis for the new spacgegiedechniques. Also,
on the level of IUGG and IAU the IERS was given the charter rogred above and
is coordinating related activities. These Services, whithbe 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 gr@anttispace-based
techniques. These techniques can be separated into two tesses:

(1)space-geodetic tracking techniques that monitor tfierohation of a polyhedron
(points) de ned by ground-based networks of tracking stagiwhich either pas-
sively utilize signals from satellites (GNSS) or stellajeatis (VBLI) or actively
send out signals to satellites (SLR and DORIS); and

(2)air- or spaceborne remote sensing techniques that sggmalsfrom airplanes or
satellites to the Earth's surface and utilize the re ecioo map the surface.

The space-geodetic tracking methods provide time seripsiaf movements with
high temporal resolution and high accuracy. Tracking atetiare normally placed
on the land surface. Remote-sensing techniques in geravralrhuch lower tem-
poral resolution but provide information with potentialligh spatial resolution and
much better coverage, including the surface of oceanss)akel ice sheets. Beside
altimeters, the remote-sensing techniques also inclugigthging techniques (such
as INSAR and LIDAR), which provide high-resolution imagésacurface and its
temporal changes.
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2.4.2 Space-geodetic tracking techniques

The geometric space-geodetic techniques in general ¢afsiground-based com-
ponent of xed stations from which the motion of satellitesastronomical objects
(moon, quasars) are tracked with electromagnetic wavetu(iimg visible light).
These stations can be passive in the sense that they do rtatignals but “only”
receive signals from remote sources (GNSS, VLBI) or act®leR, LLR, DORIS).

Common to all these methods is that the data analysis reqaigwoda priori
station motion model describing in particular any variatigth periods shorter than
the analysis interval (for example, 1 day). For the meth@det on range measure-
ments, effects on the satellite also need to be accommadaaeddinate time series
resulting from space-geodetic analyses therefore areglnesiduals with respect
to the station motion model and other modeled effects.

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

VLBI uses networks of radio antennas typically 20-30 meteriameter (Fig-
ure 2.4) to observe radio signals from extragalactic objégtiasars). Quasars are
at such great distances from Earth that they provide xedh{soin the sky. Their
transverse physical motion cannot be detected with anyiregiebserving system.
A radio signal from a quasar passing a VLBI station is reatized recorded dig-
itally with very precise time provided by a hydrogen masdre Bame signal will
travel an additional distana# before arriving at the second VLBI station, where
is the speed of light andis the time difference of the signal arriving at the rst and
second station (Figure 2.5). The distamtedepends on the length of the baseline
between the stations and its orientation with respect taltfextion to the quasar
(e.g., Lambeck, 1988; Robertson, 1991; Sovers et al., 1988)time delay between
the arrival times at the two stations can be determined witfeaision equivalent to
a few millimeters using purpose-built hardware correlgator

The global network of 40 VLBI stations (see Figure 2.6) isdpdoordinated by
the IVS. A typical VLBI session currently includes eighttgtas observing about
60 quasars several times in a time period of 24 hours. Oygirlgmetworks and
network sessions of up to 20 stations connect the 40 globBl gtations. The time
delays from each baseline in the network are used to estitinatgtation positions
with precision of< 1 cm, and the (relative) station velocities can be measuyed b
observations over several years.

Currently, VLBI is the only non-satellite geodetic techmégcontributing to the
IERS. Its unique and fundamental contributions to geodeslyastronomy are (1)
the ICRF, the realization of the ICRS, (2) UT1-UTC (aparnfrteap seconds the
difference of universal time as realized by Earth rotatiod ¢he atomic time, re-
spectively, see Section 2.7), (3) long-term stability ofation, and (4) the scale
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Fig. 2.4. 32-meter VLBI antenna in Tsukuba, Japan.

Quasar

Hydrogen maser clock fhcgulsltlnn
(accuracy 1 sec in ) . A
1 million years)

Fig. 2.5. Principle of very long baseline interferometry.

of the ITRF (together with SLR). VLBI also contributes wittason positions and
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velocities to the establishment of the ITRF and is able toviole several further
geodynamical, astronomical, or meteorological pararseter
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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 thésps to satellites
equipped with special retrore ectors (Figure 2.7) and toae ectors on the Moon
(Figure 2.9), respectively. This provides range measungsnaf a few millimeter
precision which are accumulated to help de ne the terralstegference frame and
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to support Precision Orbit Determination (POD) for actipaceborne Earth sens-
ing missions and studies of lunar science and fundamenyalgh The fundamental
targets for the reference frame are the LAser GEOdynamitdlia (LAGEOS)-

1 and -2 (Figure 2.8), whose spherical shape and high maaetoratios provide

long-term orbital stability for measuring the dynamicstod Earth.

The basic range measurement is sensitive to any geophgsicass that changes
the distance between the satellite and the observing staicch as displacements
of the satellite due to perturbations of the Earth's grdidtaal eld, motions of the
observing station due to tidal displacements or plate tecsp or a change in the
orientation of the Earth (which changes the location of thseoving station with
respect to the satellite). These and other geophysicakpses must be modeled
when tting the satellite's orbit to the range measuremexg®btained at a number
of globally distributed tracking stations. Adjustmentstiea priori models used for
these effects can then be obtained during the orbit detatmnmprocedure, thereby
enabling, for example, the determination of station pos&iand Earth orientation
parameters (Smith et al., 1985, 1990, 1994; Tapley et &85,19993).

The technique of LLR is similar to that of SLR except that hsdr retro-re ector
is located on the Moon instead of on an arti cial satelliteuliolland, 1980; Lam-
beck, 1988; Williams et al., 1993; Dickey et al., 1994; SkeRk001). LLR is tech-
nically more challenging than SLR because of the need tactite much weaker
signal that is returned from the Moon. Larger, more poweldsér systems with
more sophisticated signal detection systems need to beogatpin LLR; conse-
quently, there are far fewer stations that range to the Mban tange to arti cial
satellites (see Figure 2.10).

The international network of about 40 SLR and two LLR stagi¢Rigure 2.10)
currently tracks on a daily basis about 30 satellites raggiraltitude from 400 km
to 22,000 km and four retrore ectors on the Moon. As a Serdgtéhe IAG and a
component of GGOS, laser ranging activities are coordihbtethe International
Laser Ranging Service (ILRS), which develops standardsspedi cations nec-
essary for product consistency, sets priorities and treckirategies, oversees data
operations, and provides quality control and a user interfa

These laser ranging activities support programs primariyeodetic, geophysi-
cal, and lunar research activities. The ILRS currently mres the IERS with weekly
solutions for station coordinates and EOPs for the momitpof the ITRF, contribut-
ing exclusively the de nition and time-varying motion o§ibrigin (with respect to
the CM), and in combination with VLBI, its scale. Other cabtitions include the
estimation of static and time-varying components (harmoaoéef cients) of Earth's
gravity eld; accurate satellite ephemerides for POD anlithzion of altimetry (for
satellites such as ICESat, shown in Figure 2.11), relditivésd satellite dynamics
tests; and Lunar ephemeris for relativity studies and Ilibaation for lunar inte-
rior studies. SLR, as a backup system, has also provided PODissions whose
primary tracking systems failed (e.g., GFO-1, ERS-1, Me83d, etc.). Prior to
the launch of CHAMP in the 2000, knowledge of the Earth's ggaeld was al-
most uniquely based on SLR and terrestrial gravity measemesnSLR is an essen-
tial calibration technique for the GNSS technique and ferlew 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 reector on
the Moon (image courtesy of
NASA).

CHAMP, GRACE, and GOCE. The ILRS is now preparing to supppéace 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 Dopplérags They
are based (1) on about 30 to 45 satellites emitting microwmreals on at least two
carriers, and (2) an unlimited number of receivers capabteacking the signals

of all satellites simultaneously in view (usually betweeantl 12). Today's GNSSs
occupy the so-called Medium Earth Orbit (MEO)-belt. The=Biies orbit the Earth

in heights around 20000 km and complete one revolution wigipiproximately half

a day. The U.S. GPS with nominally 24 satellites (see Figut2)2 uniformly dis-
tributed in six orbital planes, which are in turn inclined By with respect to and
separated by 60n the equator, is the best known and most widely used GNSS. Th
Russian Global Navigation Satellite System (GLONASS) witiminally 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 6gm@®s with respect to the
equator and separated by 120 degrees in the equator, isitymet fully available
(in January 2007 only nine satellites were fully operatlprighe plan is to achieve
Full Operational Capability (FOC) by 2010. The rst expedntal satellite of the
European GALILEO system (GIOVE-A, Figure 2.15) was laurttbe December
28, 2005 and early in May 2007, this satellite successfudlggmitted its rst nav-
igation message, containing the information needed by nessivers to calculate
their position. GALILEO is planned to reach FOC in 2012. Begrihthis GNSS is
projected to have 30 satellites positioned in three cirddlBO planes (Figure 2.15).

Fig. 2.13. lllustration of GLONASS satellite.

The microwave band (the L-band) of the electromagnetictspecallows for
the weather-independent use of the systems, the two cafoiethe 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 dservations of different
GNSS satellites allows for the elimination (or signi canttigation) of the syn-
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chronization errors of the receiver clock with respect tdSGystem time (Beutler
et al., 2004).

The GNSS were/are deployed primarily for navigation — whghy de nition
a real time task. They may, however, also be used for sciemt@ther position-
ing applications requiring high accuracy. In this case thseovable of choice are
not the signals (also called code) modulated on the carréees; but the recon-
structed carrier itself. The analysis is usually done ingbst-processing (but also
increasingly in the real-time) mode. This carrier phasecolzble may be recon-
structed with mm-accuracy, which in turns allows for mm+aate relative posi-
tioning, provided not only the receiver clock corrections astimated from the ob-
servations, but the satellite clock corrections, as wdteiatively to the estimation
of the clock errors one may also form the so-called doubliedifice observation
(the between-satellite-difference of two between-remedifference observations,
all observations assumed to be simultaneous).

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

GNSS geocentric satellite positions for the entire day(eate to few cm)
GNSS satellite clock corrections (accurate to a few teng@conds)

Mean receiver coordinates per day (accurate to a few mm)

Position of the Earth's rotation axis on the Earth's surfgualar wobble) (daily
estimates, accurate to few mm)

Length of day (daily estimates, accurate to a few microséspn

Tropospheric zenith delays for all stations (which in tulow it to estimate
the total water vapor content over the station - providetistgpressure and
temperature are recorded as well) with high time resolution

Global models/maps of mean electron content (two hours itgselution)

time and (in particular) frequency transfer between tinbetatories (sub-nanosecond

accuracy)

It is in essence this catalog of quantities, which is deteedievery day by the
IGS since January 1, 1994 (dattp://igsch.jpl.nasa.gov/ ). Since 2003
not only the GPS, but also GLONASS observations are usethedyto derive the
of cial IGS products. The IGS products are based on a weijlt@mbination of
the IGS Analysis Centers, generated by the IGS Analysis coator (at least) on
a daily basis.

The series of IGS station coordinates is in turn used by tfRSIEo realize the
ITRF together with the corresponding results of the othacspgeodetic techniques
VLBI, SLR/LLR, and DORIS. The large number of IGS sites (ently more than
400, see Figure 2.16) provides easy access to the ITRF farsiecommunity -
going far beyond science.

The IGS series of Earth rotation parameters (see SectigraBemalso used by
the IERS to issue the of cial transformation parametersveetn the ICRF and the
ITRF. The full set of transformation parameters containaddition 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. Thesr lgttantities can only
be provided accurately by VLBI.

In summary one may state that the GNSSs are the workhorspacé geodesy.
They provide the basis for numerous applications in geodeslysurveying (vir-
tually all national rst order networks refer to the ITRF aace realized using the
IGS products) and in the wider area of Earth sciences (inquéat 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 th®upe de Recherche
de Géodésie Spatiale (GRGS) and the Institut GéograpHhitationale (IGN), for
precise orbit determination of altimeter missions, andseguently also for geode-
tic ground-station positioning (Crétaux et al., 1998; &ain & Crétaux, 2006).
Like GNSS, DORIS is a satellite geodetic technique based icromiave signals,
however DORIS is an uplink system from ground stations tacepaft (Jayles
et al., 2006). DORIS beacons transmit on two frequenciaseha2036.25 Mhz,
and 401.25 Mhz. The DORIS system consists of a ground segihermetwork of
beacons, as well as a space segment, the user satellitdsset etiwhich actually
contribute to the determination of IERS products such asostgositioning, and
Earth orientation. One characteristic of the DORIS systeat is unique with re-
spect to the other space geodetic techniques is the muchhmoregeneous station
distribution. It is the only space geodetic technique witrakanced station distribu-
tion in both the Northern and Southern Hemispheres. In exidianother important
characteristic is the relative stability of the sites angirthongevity with relatively
few antenna changes over time (Jayles et al., 2006; Fag208) 2

The DORIS network (see Figure 2.17) consists of 50 to 60ostataround the
world. The beacons assure an 80% coverage of user satellite 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 133&lkinde. Each ground
beacon is equipped with a dual frequency transmitter, arat8table Oscillator
(USO) delivering the reference frequency with a stabiliyp® 10 12 over 10 to
100 seconds, an omni-directional dual-frequency antemahattery pack provid-
ing backup power to the beacon during electricity outaged, a meteorological
package providing in situ measurements used for the trdy@vapcorrection. Func-
tionally, each beacon may play one of several roles: (1)dwast upload transmis-
sion, (2) time and frequency reference station, (3) timeemtion beacon, and (4)
positioning station. Late in 2005, three stations playedrtile of master beacons,
whose clocks are tied to atomic clocks, and whose delaysstireaed with re-
spect to TAl atomic time by time/frequency experts (Jayted.e2006). The master
beacons serve as time and frequency references for the DRI&M, and handle
uploading of data and commands needed by the DORIS spacexeiivers.

Ground station requirements include the following: (1) Ttasmitting beacon
and its backup power supply must be in a room with moderat@éeature with
continuous power available; (2) The antenna must be iestalltside with a clear
sky view above 10elevation; (3) The local host agency must be willing to carry
out minor veri cations and adjustments; (4) The frequest¢iansmitted by DORIS
should not interfere with existing receivers in the sama éFagard, 2006).

An important activity was initiated in 1999 to improve the B{3 system
through improvements of the monumentation, installatibmesv antennae and sup-
port structures, and other measures to ensure the stadiilitye DORIS antenna
reference point to within 1 cm over ten years (Fagard, 20eg)example, one goal
is that in so far as is possible, ground antennae are now redwnta concrete pillar
deeply anchored into the ground, or on a rigid tower on a deegrete founda-
tion (see Figure 2.18). As of 2006, 35 of 56 stations are nawsickered 'excellent’
compared to only 10% in 2000 (Tavernier & et al., 2006). Thpriowvements in the
network quality are dramatically visible in the residu&$/S of t) of DORIS data
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for the SPOT-2 and TOPEX/Poseidon satellites with the RMSiniag from 0.55
mm/s in 1993 to 0.45 mm/s in 2005.
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Fig. 2.18. lllustration of two DORIS stations. The stations are Rothera, Antarctica (top),
and Thule, Greenland (bottom).

As of 2006, there were co-locations between DORIS antennd®ther active
IERS techniques at 38 of the 56 permanent DORIS stationsseThe-locations
are distributed as follows: with GPS at 37 sites, with SLR ait@s, and with
VLBI at 7 sites. Among these stations, fteen sites have ¢hre-locations (8 for
GPS+SLR+DORIS, and 7 for GPS+VLBI+DORIS). Only two siteglawide have
co-locations with four techniques (GPS+VLBI+SLR+DORIBartebeesthoek and
Greenbelt. During the effort of network renovation, sonaishs were speci cally
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displaced to satisfy both operational constraints and ¢cemse the number of co-
locations between DORIS and other geodetic techniquesseThrelude Jiufeng

(replacing Purple Mountain), Male (replacing Colombo)akiii (replacing Rich-

mond), Santa Cruz (replacing Galapagos), and Monument Replacing Gold-

stone) (Fagard, 2006). Since the 1990's, with the growingrést in monitoring

changes in global mean sea level, DORIS stations have berragingly sited near
tide gauges. As of 2006, 21 DORIS tide-gauge co-locatione weailable (Fagard,
2006).
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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 receinarses satellites
in low Earth orbit. Four satellites have carried rst-geagon DORIS receivers:
TOPEX/Poseidon, SPOT-2, SPOT-3, and SPOT-4. A new secendrgtion dual
channel DORIS receiver was developed in the 1990's. Thisivec has been car-
ried on ENVISAT, and a miniaturized version on Jason-1 an@BP (Tavernier
& et al., 2006). Figure 2.19 summarizes the availabilityted DORIS data at the
data centers of the International DORIS Service (IDS). A D®Rceiver (together
with a GPS receiver and a laser retro ector array) is alsduied on Jason-2
(launched in 2008). Future plans include DORIS receiver€oyosat-2 (launch
in 2009), SARAL/Altika (joint with CNES and the Indian SpaResearch Organi-
zation, launch in 2009-2010). Other possible future DOR38rsatellites include
Jason-3, HY-2A (a proposed altimeter mission with CNES &aedhinese National
Space Agency), and SENTINEL (European Space Agency safs)lidedicated to
Earth remote sensing).

A major product of the DORIS system are the precise orbitdfeuser satellites.
For satellite altimeter missions such as TOPEX/Poseidmsgrd1 and ENVISAT,
the precise orbits are the key to satisfying the missionativjes of accurately map-
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ping the ocean topography on a routine basis, and detergnwainations in global
mean sea level. The precise orbits have an accuracy of 1-8 theiradial direc-
tion. DORIS also enables the delivery of routine altimesaience products with
latencies of several days. For Jason-1, these rapid dgloreit products (for use
on the IGDR or Interim Geophysical Data Record) have an aoyusf a few cm in
the radial component. DORIS near-real-time products sl e available within
a few hours on Jason-2. These orbits are expected to havera &6auracy in the
radial component (Jayles et al., 2006). For missions sudasen-2 and Cryosat-2,
a new geodetic bulletin will be available on-board, prongliatitude and longitude
of the sub-satellite point, and altitude of the satelliteothe geoid. The altimeter
will use this information in its tracking loops.

The IDS offers routine delivery of ground station positiamsl Earth orientation
based on analysis of the DORIS data in the form of weekly SINEX. Three
analysis centers contributed these SINEX time series tbriRE2005 solution (Al-
tamimi et al., 2006). The quality of the positioning was exdéd in the construction
of the ITRF2005 solution (Altamini et al., 2006). The weighiRMS of the individ-
ual weekly time-series combinations can be used as an taticaf the positioning
quality. The effect of the addition of the large number ofefidges in 2002, and
the effect of the network improvement project starting id@@&re clearly visible
(see Figure 2.20). Positioning quality with four satefli{post-2002) is 1 to 1.5 cm
WRMS. We note that the ITRF2005 DORIS contribution did naflirde the con-
tribution of Jason, as the USO on the spacecraft experiemaisruption due to
periodic passage through the South Atlantic Anomaly (Wit al., 2004). A cor-
rection model has been developed which can partially ngitfze effect (Lemoine
& Capdeville, 2006) in the DORIS data. Future DORIS spadeti&O's will be
annealed to prevent this radiation-induced perturbatimhrasultant data degrada-
tion.

Since DORIS is a dual-frequency system, it also measure®tiosphere con-
tent along the slant range from the DORIS satellite (800 @&51/&m altitude) to
each DORIS ground station. The sampling path is quite diffefrom GPS, whose
path from ground station to receiver stretches 20,000 knm fe@rth. No routine
DORIS ionosphere product is delivered as of 2006, howevarR[3Xlata were used
to validate the ionosphere correction on TOPEX and compaiteections for the
Poseidon altimeter (Jayles et al., 2006).

2.4.3 Altimetry

Satellite radar altimetry provides height measurementseinstantaneous surface
(sea, ice, or open water on land) with respect to a xed refeedtypically a conven-
tional reference ellipsoid embedded in a global referereomé): the onboard radar
altimeter transmits a short pulse of microwave radiatiotm\nown power towards
the nadir. Part of the incident radiation re ects back to #ifteneter. Measurement
of the round-trip radar signal travel time provides the heigf 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).
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Fig. 2.21. Principle of satellite altimetry. From http://icesat.gsfc.nasa.gov.

metric range) above the instantaneous sea/land wateufitaes. Its difference with
the satellite altitude above the reference ellipsoid (cotag through precise orbit
determination, a long-tested approach in space geodesys gea/land water/ice
surface height measurements with respect to the referemed={gure 2.21).
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Fig. 2.22. The Jason-1 satellite altimetry mission. Courtesy NASA/JPL.
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The range from the satellite to mean sea level must be cedéat various com-
ponents of the atmospheric refraction and biases betweandian electromagnetic
scattering surface and mean sea level at the air-sea iceeflanumber of correc-
tions due to a number of geophysical effects must also betake 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 20002008
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 19950620
ENVISAT Altimetry, SAR/INSAR, climate, environment 202008
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 Zdies of heritage:
GEOS-3(1975), SEASAT (1978), Geosat (1985- 1989), ER22111996), TOPEX-
/Poseidon (1992-2006), ERS-2 (since 1995), GFO (since 2ENVISAT (since
2002) and Jason-1 (since 2001, see Figure 2.22). Over thes,yeghnologi-
cal improvements (especially for TOPEX/Poseidon, ENVIS& Jason-1) have
decreased considerably the instrumental noise for a poiptint measurement.
Moreover, thanks to a concerted effort in precise modelintp® geophysical and
environmental corrections as well as in precise orbit caimmn, the total rms mea-
surement accuracy of altimetry-based sea surface heightiiently about 1-2 cm
for a single measurement (e.g., for Jason-1).

Although developed for oceanographic purposes, earlyatty missions have
mainly served to map the marine geoid globally with high mien and resolu-
tion, leading to considerable achievements in severalaséanarine geophysics
(e.g., marine tectonics, mechanical and thermal structitiee oceanic lithosphere,
sea oor topography, etc.). With the launch of the TOPEX&dsn mission in the
early 1990s, the precision of sea surface height measutsiingoroved by a factor
10 or more, allowing for the rst time precise determinatioithe temporal vari-
ability of the ocean surface, with numerous applicationsdeanography. Major
results have been obtained on surface currents and the dgeamic topography,
ocean seasons, El Nino, ocean heat content, sea level cisan ¢ides, waves, etc.
Satellite radar altimetry (together with laser altime&yg., the IceSat mission) have
also proved very useful for measure the change in elevafitredce sheets (hence
their mass balance in response to global warming) and moeatly the water level
of lakes, rivers and oodplains on land.
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Sealevel measured relative to the geoid (the fundamentldarface which will
be determined to good accuracy by space geodetic missichsasuGOCE in the
next few years, see Section 2.6.5), provides the “sea sutégpography” which al-
lows estimation of ocean transports, and contributes atéty 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 ectiforsocean altime-
try and remote sensing of sea surface roughness has geheoaigiderable inter-
est. The Passive Re ectometry and Interferometry SysteAR(B) was the rst
concept proposed for ocean altimetry using GNSS L-bandatsgiMartin-Neira,
1993). Within the PARIS scheme direct and ocean-re ectgthas are detected
by spaceborne receivers and altimetric height informataxtracted from the de-
lay in arrival times of the re ected in relation to the diresiggnals (Figure 2.24).
In the following years altimetric heights with accuracieddw 5 cm were deter-
mined in a number of airborne and ground-based experimsintg gpecial purpose
GNSS receiver instrumentation (GNSS re ectometry, e.@rriSon & 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
reected signals to
make several simulta-
neous bistatic altimetric
measurements.

In addition, the shape of the code correlation as a functiotinte delay and
Doppler frequency and its dependency on the re ecting seffsslope characteris-
tics can be used to infer the sea surface roughness (GNS8reoattry, Garrison
etal., 1998). Using parameterizations relating the olesbroughness to the surface
wind vector GNSS scatterometry allows for the remote detectf wind speed and
wind direction as well (e.g., Katzberg et al., 2001; Gerneial., 2004).

First spaceborne observations of GNSS signal re ectioes@ported by Pave-
lyev et al. (1996) and Lowe et al. (2002). Later, signatuffesobierent GPS re ec-
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tions at grazing incidence angles were found in radio oatiolt data observed by
the GPS/MET, CHAMP and SAC-C satellites (Beyerle & HockeQ2(Hajj et al.,
2004). More recently, the GNSS scatterometry experimesd@bthe United Kin-
dom's Desaster Monitoring Constellation (UK-DMC) satellsuccessfully demon-
strated the feasibility of sea surface state remote sefrainglow Earth orbit (Glea-
son et al., 2005). In the future, satellite constellatiammished with GNSS scat-
terometry and re ectometry instruments could contributé¢hte long-term observa-
tions of ocean topography as well as constitute essenéiaiestts of early warning
systems for catastrophic tsunami events.

Science with GPS re ected and scattered signalsThis section discusses an
emerging technique for Earth remote sensing based on oefecGNSS signal af-
teritis re ected off the Earth surface, to measure surfapegraphy and roughness
at high spatial resolution and rapid temporal coverage.Wéak re ected signals
require a high-gain multi-beam steerable antenna. Bedhissechnique is promis-
ing in terms of spatial and temporal resolution, we devote Iseme 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 climaJnderstanding climate
variability implies quantifying all the signi cant process that contribute to climate
and its changes. One such process, mesoscale ocean eddiegjoas to atmo-
spheric storms, represents one of the dominant global ieraors (see HOBWG
2001 for a review); they are essential to understandingrocieeulation on all scales
and are an important contribution to the carbon cycle.

On the regional scale, eddies can induce local upwellingesuindince biological
production. In the equatorial Paci ¢, eddies associatetth Wie tropical instability
waves can increase the supply of iron and silicate to the @ighone resulting in
enhancement of the biological productivity (Barber et396). On the global scale,
mesoscale eddies play an important role in the overall paniof heat and mo-
mentum. Numerical model simulations with and without theusion of mesoscale
eddies show a 30% difference in the equator-to-pole heaspiat over the Atlantic
Ocean (Smith et al., 2000). Ocean eddies have a typicala$jgatile on the order
of 10 to 100 km and a temporal scale from days to weeks. Theeseh ignal
associated with mesoscale eddies is usually 10 cm or more.

At present, quantifying the role of mesoscale eddies in tieao circulation and
therefore climate variability is limited because their tspaemporal structures are
not resolved by the conventional remote-sensing techsigDéservations of sea
surface temperature (e.g., those from Advanced Very HigtoRé&on Radiometers)
are frequently contaminated by clouds in the atmospherecthventional satellite
radar altimeter measures the sea surface height at higlalspegolutions along
its ground track (e.g., 7-km for TOPEX/Jason). Howeverdtoss-track distance is
usually quite large. For a 10-day repeat orbit with TOPEXddathe cross-track dis-
tance is more than 300-km at the equator. Another limitirgdiais the long repeat
cycle of a given satellite, e.g., 10 days for TOPEX/Jasongddys for the Geosat-
Follow-On (GFO), and 35 days for Earth Remote Sensings (ERSKlitionally,
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some barotropic (i.e., vertically uniform) waves with aipdicity of 20 days or less
can be aliased into the 10-day sea level map produced by tiREXOason data.
Hence, there is a need for high spatial and temporal resolattimetry.
High-resolution ocean altimetric measurements will alloeeanographers to
compute high-order quantities like vorticity and eddy wsxavhich will be used
to study the interactions between the eddy elds and the-tinean ow. Several
important science questions can be addressed by such adsglution data. For
example, what is the role of mesoscale (ocean) eddies iratge-scale ocean cir-
culation and climate variability? What is the impact of m&sade eddies on the
biological production and therefore the global carbon eydf mesoscale eddies
are important in modulating the large-scale ocean cirmnand climate, there is a
need to resolve (or parameterize) ocean eddies in the EgstarS Model (coupled
atmosphere-ocean-land) for climate prediction purposes.
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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.
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Traditional altimetry is limited to looking in the (nomirjadadir direction and ob-
taining one height observation at a time below the altimétdiowing very nearly
repeatable tracks passing over the same point every ten tag€oncept of wide-
swath ocean altimetry improves the coverage and spatialuitgsn of traditional al-
timetry by lling the gaps between satellite tracks. Howewhe wide-swath ocean
altimetry uses the same ground tracks of TOPEX/Jason liegeatery 10 days.
By contrast, a GPS receiver in low-Earth orbit (LEO) with artemna pointed to-
ward the Earth's surface can, in principle, track about 1B@®ections simulta-
neously, therefore providing a coverage that is an orderagnitude denser than
nadir-viewing altimeters. For example, the re ection gndutracks of one single
satellite at the altitude of 400 km would cover the Earth lyeaniformly in just
1 day, with at most about 75 km across-track separation,@srsim Figure 2.25.
Such dense coverage can be translated into a higher tengmakapatial resolution
than that of TOPEX/Jason or the proposed wide swath covethgeeby provid-
ing the ability to recover certain ocean topography featureprocesses 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 surfaamety the slope distribu-
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tion of sea-surface gravity waves, with high spatial andperal resolution. Such
measurements would likely be made concurrent with altimeteasurements (see
Ocean Altimetry section above) because the measuremémid¢ges are quite sim-
ilar. The primary observable is the Mean-Squared Slope (M&% recent stud-
ies (Germain et al., 2004) have shown a 2D directional-MSSbeaobtained. The
MSS eld provides useful input to ocean-atmosphere cogptihenomena such as
surface breaking waves and gas exchange. For examplg, @0neasurements
may be derived from MSS. With additional assumptions, wipelesl or wind vec-
tor retrievals can also be obtained from MSS measurementsi§én et al., 1998;
Komijathy et al., 2000; Cardellach et al., 2003; Zuffada gt2003). Finally, MSS
measurements may clarify the relationship between suifeaht dynamics and
wind-driven surface velocities (Chelton et al., 2004).

Analysis of the GPS re ection waveform also provides anreate of the wind
speed and direction. While scatterometers such as Quik8&eaWinds provide
near global coverage in one day, the observations are nessagly co-located in
time and space with the GPS altimetry observations. Inst8&$ re ections pro-
vide a unique set of co-located sea surface height and wisdraations with near-
global daily coverage and with resolution suitable for gind mesoscale features.
Accurate sea surface height retrieval requires simultasieeeasurements of ocean
vector winds. The accuracy of GPS wind measurements is &misec for wind
speeds ranging from 3 to 15 m/sec, comparable to the traditradar scatterome-
ter. Thus, the GPS-measured ocean winds will complemerexiséing radar scat-
terometer wind observations and, in the context of sea seiffaight measurement,
will provide the needed data set to retrieve the sea surfaighhwith high accu-
racy. It is anticipated that the GPS altimetry will improver @urrent capability in
two important ways: 1) High-spatial-resolution ocean w@phy and 2) Improved
temporal resolution through rapid coverage. Another fbssapplication of very
rapid coverage of the ocean is the monitoring of fast moviagtropic waves that
propagate across ocean basins too quickly to be seen bygbe 18-day repeat
cycle.

Ice ScienceDetection of GPS re ections at low or grazing angles has thaatage
of being coherent and, when combined with the direct sigmaliides interferomet-
ric fringes from which a very precise estimation of bi-atgtath delay (down to sub-
centimeter) can be detected. In the presence of strong LL2sinals to calibrate
the ionosphere, this can be translated into accurate heigfsice measurements at
the specular re ection point.

Recent analysis (Cardellach et al., 2004) used this intarfetric signal, detected
with the CHAMP radio occultation experiment, to demong&@surface height pre-
cision of 0.7 m after 0.2 s of integration with a re ection dag@f< 1 (i.e., 89
incident angle). The GRSPI instrument will allow the deimttof the coherently
re ected signal at a higher elevation angle reducing therarr inferred ice surface
height to less than 10 cm.

Global observations of sea ice, ice sheets, ice caps, gdaie their surrounding
seas, are paramount in order to determine their mass balamaibutions to sea
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level change, global circulation and climate change. I, fmodel simulations and
recent observations suggest that the ice-covered regiothe d&carth are the most
sensitive to climate change. In the polar region the conlminaof atmospheric,
cryospheric, and oceanographic processes have a largenoeuon the global cli-
mate. Unfortunately, these climatic processes are poadgrstood, principally be-
cause of a dearth of observations for diagnosing the presessd validating nu-
merical models.

Changes in ice thickness are an indicator of climate chamtiesipolar region as
a result of heat exchanges between ocean and atmospheeggahdmselves a pri-
mary driver of climate change through the effect of these lus@s on atmospheric
circulation patterns and the strong positive planetarga@tbfeedback provided by
changesin seaice, snow cover and melt water. Given the-treditin bi-static re ec-
tions of GPS, a GPS cryospheric sensing system can providestasitially denser
and more rapid coverage than traditional ice altimetryrumaents and allow the
determination of seasonal and annual variations in seariddéand-ice thickness.

Soil Moisture: Soil moisture is an important part of the land hydrology eyathere

it represents the immediate store of in ltrating rainfdlefore it either evapotran-
spires or contributes to groundwater recharge. When tHegsts too dry, plant

transpiration drops because the water is becoming inergigsbound to the soll

particles. Conditions where soil is too dry to maintainakle plant growth is re-
ferred to as agricultural drought, and is a particular fagiUand management. Soil
moisture may be measured in situ with different instrumestieh as Time Do-
main Re ectometry (TDR), neutron probe, capacitance prate. but no global

remote sensing measurements are currently available. dteatpal for measuring
soil moisture with GPS has been explored through some grbasdd and airborne
experiments over smooth terrain, led by the University ofo€xdo in Boulder and

NASA Langley Research Center. Theoretical models showntioégt soils generate
strong re ective layers at the GPS frequencies, due to higldignts in dielectric

constant. It was experimentally observed that variationtheé re ected signal are
uniquely related to changes in the dielectric permittivatyd therefore, to soil mois-
ture because roughness of the area with low grass remairssacbnMore work

is needed to assess requirements, including antenna f@ipstential GPS-based
systems for global soil moisture measurements.

Traceability Matrix for Ocean Observations: The 2007 NRC Decadal Report
(National Research Council, 2007) stresses that futueztiins for Earth science
at NASA/NOAA will focus on achievement of a national stratégr the Earth Sci-
ences that balances international economic competitsgemeotection of life and
property, and stewardship of the planet for this and futemegations. Based on the
need for climate measurements identi ed in the report, JRI0ted a study (Sher-
wood et al., 2006) to explore the science bene ts of mairmaiGPS receivers on all
satellites in orbit for climate science. This is a particlyldimely topic since there
are currently ten GPS-science capable satellites (COSM3CMetOpl, CHAMP,
SAC-C, GRACE).
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The study performed a series of simulations to determinsclace return that
could be achieved with varying sizes of GPS receiver coasi@hs. This study can
be used to consider the advantages of including GPS sciecegé/ers on future
satellites as dedicated constellations or constellatbogportunity. For ocean sci-
ence, we assumed each satellite would be equipped with arésgaver (now in
development under NASA's Instrument Incubator Prograre, Beble 2.3), and a
steerable 20-dB gain antenna with eld of view capable oéinépting 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)

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

To evaluate the needed size of receiver constellations asctidn of the ocean
science capabilities, simulations were performed usiegdlowing assumptions:
a) the current GPS constellation as available as transsiital b) re ection-capable
receivers are available on constellations of 6, 18, and 37 &&tellites, respectively.
In the rst case only the orbits of the COSMIC constellatioar& chosen, whereas
the third case simulates the situation where all existinggNAatellites (assuming
their orbits are representative of future satellites) ap@gped with GPS receivers
capable of tracking and processing re ections. The intatiaite case assumes that
an additional set of twelve LEO satellites, chosen randoamhong the existing
NASA satellites, have been added to the COSMIC set. The ctaistics 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 (freeboardteordne sea ice thickness and
mass balance?

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

3 Can we measure the sea surface topography with suf ciemisdpand more importantly
temporal resolutions to monitor the evolution of mesosoakan eddies and coastal oceans?

The traceability matrix summarizing the ow down from scaéenquestions (Ta-
ble 2.4) to observations' requirements and constellatiaa & presented in Ta-
ble 2.5. Two science areas have been addressed: ice-frexidaee topography
and sea ice topography and mass. Correspondingly, thevattiseral requirements
are mapped into latitudinal bins, cell sizes and revisiesir-or each case, the per-
centage of cells that records at least one (in some case$ reaetion 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 Constellatiae si
(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 Alllats 6 hours N/A - - -
5 2 Alllats 6 hours N/A -< 20% < 25%

3 lday 2 10< 23%< 52%< 75%

3 60< x< 60 1day 2 10 < 52%< 78%< 90%
10 3 60< x< 60 1day 2 10 <63%<94% 100%

3 5 days < 99% 100% 100%
25 3 60< x< 60 1day 2 10 < 95% 100% 100%

3 5 days 100% 100% 100%

The table quanti es coverage, and required precision.\Veiy dif cult to establish
how the precision requirement is met. In fact, this depemdthe re ection angle,
as reported in Table 1, for the individual measurement akasabn the number of
re ections in a given cell and time. The required precisiemiet with the highest
con dence for the situation of 25 x 25 km cell size, both 1 ardhys repeat cycles.
By contrast, the simulations clearly show inadequate @mefor the situation of
5 x 5 km cell size (and below), 6 hours repeat cycle. It is nolted if the constel-
lation of transmitters increases while the number and adfhilhe receivers is held
constant, the number of measurements in any given cellasese=commensurately,
thus improving the precision. The coverage is not expect@dprove dramatically,
since it is ultimately determined by the number and positibthe receivers.

2.4.5 Geodetic imaging techniques

INSAR: The processing of Synthetic Aperture Radar (SAR) imagesgutiie
INSAR techniques has demonstrated the potential to regalae deformation mon-
itoring from spaceborne platforms. As opposed to conveatipoint-level position-
ing techniques, INSAR gives deformation information fotemded areas (up to a
few hundred km across). In this sense INSAR truly is a remartgiag technique. It
can provide spatially smooth three-dimensional maps dasarchange, including
that from earthquakes, volcanoes, ice sheets, glacieid,extraction, and land-
slides.

INSAR for geodetic applications is a method by which radgnais are radiated
from a moving platform and are re ected back to the antenoanfthe surface of
the Earth. The intensity and phase of the re ected signahagasured. In order to
measure topography, two antennas separated in space dréouseasure phase
differences between the two antennas from a radar signatted from one point
on the Earth's surface (Figure 2.26, top picture). The $Radar Topography
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Single Pass _ Repeat Pass
Topogfahy ' Topographic Change

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 mappé&d 80the Earth's
topography using this technique. In order to measure seidhange, a single radar
is used, measuring the surface at two times from an exagibated pass. A change
in the line-of-site distance to the satellite results in agghchange that can be used
to infer surface change (Figure 2.26, bottom panel).

Several radar missions have used interferometric teclksitpr topography and
surface change. SRTM mapped 80% of the Earth's topograpayBrday mission
in 2000. The European ERS-1 and ERS-2 missions, the Jap#BaRse1 and ALOS
missions, and the Canadian Radarsat missions have prowvigemtant data sets
for measuring surface change. The European and Canadiagionssare C-band
instruments, and the short wavelength signal decorretefesvegetated regions. A
recently released report of the U.S. National Research Gb{etional Research
Council, 2007) recommends an L-band INSAR mission with B+éaeat to provide
global coverage of Earth's deforming regions. The repazbremends a launch in
the 2010-2013 time frame, essentially the earliest posgiisicture.

Successes from radar interferometry include the SRTM tagége map, discov-
ery of actively in ating volcanoes that were thought to bermant (Figure 2.27),
measurement of interseismic, coseismic, and postseisefarrdation related to
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earthquakes that have truly in uenced physical models aftEacrust, observation
of incipient landslides, and subsidence due to water angitiidrawal. Long-term
systematic measurements will also provide insight inteetadhependent behavior of
earthquake, volcanic, and other solid Earth and cryos@ystems.

The above documents emphasize the increasing importarioeage geodesy.
However, a major challenge is still the integration of paintl image geodesy (Plag
et al., 2007b; DESDynl Writing Committee, 2007). Solid Bastience and many
applications require observations of Earth's surfaceldsaments at the sub-cm
level. Solid Earth processes exhibit temporal scales freaoisds (e.g., coseismic
displacements) to secular with respect to the lifetime ofssion (e.g., isostatic ad-
justments), and spatial scales from local (e.qg., localisigbse, volcanoes) to global
(e.g., great earthquakes, glacial isostatic adjustm&ht}. wide range of temporal
and spatial scales poses a major challenge for the extnasfionbiased surface
displacements from INSAR observations.

The determination of surface displacements from INSARirequat a minimum
a high-resolution Digital Elevation Model (DEM) and infoation on tropospheric
water vapor content. Additional data of ionospheric Toti@gicEon Content (TEC),
for example, from GPS/GNSS is likely to improve the correctof ionospheric
path-delay based on INSAR observations alone.gfiori deformation models are
available, tropospheric water vapor content can be estinditectly. However, the
strategies for an optimal combinationapriori information on DEM, water vapor,
surface deformation, and ionospheric TEC are still thedlgéresearch. Particular
emphasis should be on consistent treatment of errors ia gri information.

The “Decadal Survey” (National Research Council, 2007)estdéhat a stable
global geodetic reference frame is indispensable for &dli@ missions, and this
is also true for geodetic imaging missions. For most Earignse applications, the
surface displacements need to be given relative to suclbke stdobal geodetic ref-
erence frame. For example, for local sea level studies talosishsidence or uplift
need to be given in a reference frame well tied to the CM. @lasostatic adjust-
ment is important for the conversion of ice surface dispiaeets into ice volume
and mass changes. The deformation of the solid Earth sudiae¢o ice loads has
large spatial scales and need to be referred to the sameneéframe as that of
the ice surface displacements. Large earthquakes havaaispent elds exceed-
ing by far the size of several adjacent images. Likewisetggésmic deformation,
which is a key quantity for earthquake process studies, aaa spatial scales of the
order of 1000 km. For all these phenomena it is crucial tateglae displacements
from different interferograms to the same unique referérasae in order to capture
the large-scale displacement pattern. However, as disdussChapter 8 (see also
DESDynl Writing Committee, 2007), the present approacinéorealization of the
ITRS has limitations that reduce the achievable accuradyanessitate conceptual
improvements.

In particular for early warning and disaster damage assassnhigh tempo-
ral resolution and low latency are key requirements. TYdit@AR missions have
repeat periods of several days of longer. Hazardous vo&saand unstable slopes
can be monitored with such repeat period, but in criticalgglsaearly warning may
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need much shorter repeat periods. In these cases, sugpordasurements with
airborne LIDAR (see below) and INSAR can be used to achiepedred temporal
resolution. Ground-based GPS/GNSS can also provide atigh®oral resolu-
tion, especially if the repeat time increases. In casesntiigaakes, landslides, and
volcanic eruptions, emergency response requires rapidnrgtion on the extent of
damage. Surface displacements are indicative of damagedén to reduce the la-
tency, again airborne LIDAR and InSAR can support the magppimall these cases,
the appropriate algorithms for the combination of the spaoee, airborne, anih
situ observations need to be developed.

LIDAR: Another imaging technique to be mentioned here is LIDAR .d8lasn the

same principle as RADAR the LIDAR instrument transmits tighut to a target

(Kavaya, 1999). The transmitted light interacts with andhanged by the target.
Some of this light is re ected and/or scattered back to trerinment where it is
analyzed. The change in the properties of the light enallesegroperty of the
target to be determined. The time for the light to travel ouhie 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 usaddasure the
distance from the LIDAR instrument to a solid or hard target.

Differential Absorption LIDAR (DIAL): These LIDARs are useto measure
chemical concentrations (such as ozone, water vapor,tpots) in the atmo-
sphere. A DIAL uses two different laser wavelengths whiah selected so that
one of the wavelengths is absorbed by the molecule of irtareist the other
wavelength is not. The difference in intensity of the twauratsignals can be
used to deduce the concentration of the molecule beingtigedsd.

Doppler LIDARSs: These are used to measure the velocity ofgetaWhen the
light transmitted from the LIDAR hits a target moving towardr away from
the LIDAR, the wavelength of the light re ected/scatterdtitbe target will be
changed slightly. This is known as a Doppler shift - hence [d@pLIDAR. If
the target is moving away from the LIDAR, the return light Mibve a longer
wavelength (sometimes referred to as a red shift), if motamgards the LIDAR
the return light will be at a shorter wavelength (blue shijteThe target can
be either a hard target or an atmospheric target - the atreosglontains many
microscopic dust and aerosol particles which are carrietheyvind. These are
the targets of interest to us as they are small and light @mntumove at the true
wind velocity and thus enable a remote measurement of the walocity to be
made.
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2.5 Observing Earth's rotation

Most Earth rotation observations today originate from thergetric space-geodetic
techniques described in the previous Section. In the fatigwfocus 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 signalsteahiby quasars.
These xed points constitute the ICRF (see Section 2.2) vamihtions in the orien-
tation of the Earth are measured with respect to the ICRI fBlchnique is sensitive
to processes that change the relative position of the ratksdopes with respect to
the source, such as a change in the orientation of the Easihwice or a change in
the position of the telescopes due to, for example, tidglldcements or tectonic
motions. If just two telescopes are observing the same sopthien only two com-
ponents of the Earth's orientation can be determined. Atimiaf the Earth about
an axis parallel to the baseline connecting the two radestelpes does not change
the relative position of the telescopes with respect to thiece, and hence this com-
ponent of the Earth's orientation is not determinable frobhBVobservations taken
on that single baseline. Multibaseline VLBI observationihwatisfactory geometry
can determine all of the components of the Earth's oriematicluding their time
rates-of-change. In fact, the motion of the axis of rotatibthe Earth in space (pre-
cession and nutation) and the rotation angle around theoéxigation are uniquely
monitored by VLBI through its direct connection to the ICRF.

GNSS:GNSS signals observed by a network of ground stations caiséxtto de-
termine the orientation of the network of receivers as a whiol practice, in order
to achieve higher accuracy, more sophisticated analydimigues are employed to
determine the EOPs and other quantities such as orbitaheteas of the satellites,
positions of the stations, and atmospheric parametersasittine zenith path delay
(Bock & Leppard, 1990; Blewitt, 1993; Beutler et al., 1996yfkhann-Wellenhof
etal., 1997; Leick, 2003). Only polar motion and its timeeraf-change can be in-
dependently determined from GNSS measurements. UT1 cherssparated from
the orbital elements of the satellites and hence cannot teerdimed from GNSS
data. The time rate-of-change of UT1, which is related tde¢hgth of the day, can
be determined from GNSS measurements. But because of theting in uence
of orbit error, VLBl measurements are usually used to caisthe GNSS-derived
Length of Day (LOD) estimates.

SLR and LLR: Although a number of satellites carry retro-re ectors foaak-
ing and navigation purposes (see Section 2.4.2), the LAGE@®I Il satellites
were speci cally designed and launched to study geodetip@rties of the Earth
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including its rotation and are the satellites most commaslyd to determine EOPSs.
Including range measurements to the Etalon | and Il sasllitas been found to
strengthen the solution for the EOPs, so these satelligasaay often included in the
process. The EOPs are recovered from the basic range meessan the course
of determining the satellite's orbit and station coordasatHowever, because varia-
tions in UT1 cannot be separated from variations in the arbibde of the satellite,
which are caused by the effects of unmodeled forces actingesatellite, it is not
possible to independently determine UT1 from SLR measunésnéndependent
estimates of the time rate-of-change of UT1, or equivayenflLOD, can be deter-
mined from SLR measurements, as can polar motion and itsriiteeof-change.

In the case of LLR, the EOPs are typically determined fromeoleions by
analyzing the residuals at each station after the lunat anloi other parameters such
as station and re ector locations have been t to the rangasneements (Stolz
et al., 1976; Langley et al., 1981; Dickey et al., 1985). Fribis single station
technique, two linear combinations of UT1 and the polar orofparameters can
be determined, namely, UTO0 and the variation of latitudédnat station. A rotation
of the Earth about an axis connecting the station with thgif the terrestrial
reference frame does not change the distance betweentioa stiad the Moon, and
hence this component of the Earth's orientation cannot lberaened from single
station LLR observations.

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

2.5.2 Ring laser gyroscopes

Ring laser gyroscopes are a promising emerging technolmgyetermining Earth
rotation (Figure 2.28). Ring lasers are active Sagnacfer@meters: two mono-
mode laser beams propagate in opposite directions arouradyggm (ring) cir-
cumscribing an enclosed area. Since the ring laser gyresisomtating with the
Earth, the effective path length of the beam that is co-imgatvith the Earth is
slightly longer than the path that is counter-rotating witlBecause the effective
path lengths of the two beams differ, their frequenciesdiffo they interfere with
each other to produce a beat pattern. The beat frequenaycidysproportional to
the rate of rotation experienced by the entire apparatustefbre, ring lasers are
very sensitive to rotational, but entirely insensitive tanislational motion. In fact,
the beat frequency is proportional to that component of tisgantaneous angular
velocity w(t) of the Earth that is parallel to the normal of the plane of thg.rRing
laser gyroscopes measure the absolute rotation of the iBdhtt sense that, in prin-
ciple, just a single measurement is required to determiadctrth's instantaneous
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rotation. All of the other techniques discussed above degive sensors because
they infer the Earth's rotation from the change in the o@ion of the Earth that
takes place between at least two measurements that aratsspartime.

e N T

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 entldiag lasers with
an enclosed area between 1 and 833have been Ruilt and they achieved sensor
sensitivities reaching from 8.0 °to 5 10 2 rad/s/ Hz. However, sensitivity is
only one of the important parameters. It is also criticaleduce the instrumentally
induced drift.

The most stable ring lasers experience a non-negligibleafr2 10 © degrees
per hour, several orders of magnitude smaller than the Ipestik commercial laser
gyros. Therefore, these sensors capture the effect ofaipaiar motion and tilt
effects from solid Earth tides. Earth rotation variatiors@solved to approximately
1% at integration times of about 1 day. Recent progress inaiad the aging of
the laser gain medium substantially reduced the drift by@gamately 2 orders of
magnitude.

Compared to other space-geodetic techniques such as VIEBE&S, currently,
ring lasers have a resolution about one order of magnitudsavdliowever, be-
cause ring lasers are local sensors, they are already irayéaleresting crustal
deformation effects from a region several hundred kilomseire diameter around
the observatory. Furthermore they are operated contimyoliseir main advan-
tage over other techniques is the very high temporal resoluwithin the next
decade, a substantial improvement in sensor stability #sa&@ much higher sen-
sor resolution is expected. Apart from Earth rotation regearing lasers are the
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rst sensors that have shown their sensitivity for meagyriotations from seismic
and tele-seismic events at high resolution. It is expediatlthis application will

expand the global network of ring lasers considerably; a&ligament bene cial for

Earth rotation monitoring with ring lasers.

2.6 Observing Earth's gravity field

The gravity eld of the Earth is observed with situ airborne and spaceborne sen-
sors. Relative gravimetry surveys gravity mainly in ordeimprove the geoid lo-
cally at short wave-lengths but also for exploration pugsoSuperconducting and
absolute gravimeters measure temporal variations oftyriagally and stationary at
sites at the Earth surface (Sections 2.6.1 and 2.6.2, riagglgr. Modern gravimetry
also supports studies of land motion (Section 2.6.3). Gratérs on ships and air-
plane measure pro les along the track of the vessel (Seiért). Satellite orbits
are affected by the gravity eld at the satellite, and orkgttprbations can be inte-
grated to determine a static gravity eld model with low dphtesolution. Recently,
dedicated satellite gravity mission have been designecpkaaed in orbit. One in
particular (GRACE, see Section 2.6.5) not only gives thecstald with increasing
spatial resolution and accuracy but also the temporal vanis of the gravity eld
with low temporal resolution.

2.6.1 Superconducting gravimetry

With the advent of the cryogenic, or Superconducting Gratén(SG), in the mid
1980s, the time resolution of the gravity eld routinely leased from sampling in-
tervals of minutes to 1 hour to sampling intervals of 1 to 1€bsels. SGs now over-
lap with seismometers in the recording of high frequencyugtbmotions caused
for example by earthquakes in the 1 to 1000 seconds rangein@ters measure
acceleration, whereas seismometers are velocity re@pdivices. This difference
determines the transfer function of the instruments andastgthe conversion of
the observations to ground displacement. The accuracyeo$ in the time do-
main is on the level of 1 nm& (= 10 °® ms 2 = 0.1 microgal) or better, which
translates into a frequency domain accuracy at high fretjgerg 1 d 1) at the
level of 0.01 nms? (= 10 ' ms 2 = 1 nanogal). SGs are known to have a small
instrumental drift (a few microgal per year) that can be ld&thed by co-located
measurements with an absolute gravimeter, and their adilioris very stable in
time and determined to better than 0.1%.

The high temporal resolution of SGs is particularly usefuthie high frequency
domain for recording the long period normal mode spectruguiie 2.29), although
a sampling interval of 1 s is insuf cient for body wave seidogy. In the time
domain, the high temporal resolution allows for preciseedatnation of effects
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Normal mode spectrum recorded at Canberra
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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.
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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 earédsjoé#fsets due to rapid
atmospheric changes (Figure 2.30), and at periods of ngrliéechanges in gravity
due to hydrological effects such as extreme rainfall. Thitional goal of high
accuracy relative gravimetry has been the recording ofrBatées from ter-diurnal
to annual periods, mainly for studies of solid Earth an odeading 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 componentis considered to be a kndvempmenon that can be
predicted theoretically at the 1 nanogal level. Currermriest is in the discrimination
between models of ocean tidal loading, which amounts to gfewent of the total

tidal signal. With in the frame of the Global Geodynamicsjeco(GGP), some 30

SG are currently operated or planned in a global networkuiei®.31, Crossley

et al., 1999; Hinderer & Crossley, 2004). .

2.6.2 Absolute gravimetry

The low-frequency variations in gravity at a site are usudéitermined by episodic
observations with an Absolute gravimeter (AG). Today, A& @most invariably of
the free-fall type (FG5) manufactured by “microG” (now Last®-Romberg). This
instrument is an absolute measurement device that regjtbtevalue of gravity over
the period of time it takes the mass (a small corner cubepi@tse approximately
one meter in free fall. Typical measurement sessions takevalflys. Single drops
carried out every 20 seconds or so have a high scatter, butcameey of 1-3 mi-
crogal is achieved from the mean of a large number of dropsateadone over
typical campaign durations of several hours to days. Inm@extract the secular
signal from these observations, high-frequency variateaused by solid-Earth and
ocean loading tides, polar motion and atmospheric loadavg o be modeled and
corrected for. Hydrological loading is usually not inclada these corrections.

In order to check the instrument stability and calibratimtercomparisons be-
tween AGs are done every few years. These intercomparisaves déstablished
agreement at the level of a few microgal between the bestimsnts.

AG measurements have been very successful in measuringtdomggravity
changes such as the post-glacial rebound in regions su@nas$candia and North
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America. For example, Figure 2.32 shows the secular trendeceainly by post-
glacial rebound combined with an interesting long-term-¢awth signal due to
episodic slip on the Cascadia subduction zone. In this elathp use of a continu-
ous recording SG would enable interpolation between the AlGes and thus give
the time history of each slip event. At many sites it has beeoommon to perform
intercomparisons between the SG and AG instruments, both fine point of view

of calibrating the SGs and to monitor the continuous grastitgnges during, and in
between, the AG observations.

Gravity Variations, Ucluelet, B.C,
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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 gdpasdociated with
displacements of the Earth surface or some other proceBsegyravity anomaly
measured by a gravimeter is therefore the sum of the effextalthe vertical mo-
tion of the gravimeter through the unperturbed gravity eldd the contribution
from mass changes in the vicinity of the gravimeter. In otdeseparate these two
effects, gravimeters need to be co-located with geomatstruments such as a
GNSS receiver. Wahr et al. (1995) discussed combined grawil geometric ob-
servations, which, in principle, can be used to detect mhasges, for example,
in ice sheets, while Plag et al. (2009) showed that spatikidiyibuted observations
of secular trends in gravity and vertical displacementstram 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 fomediing vertical land move-
ments, gravimetry is a completely independent method vespect to space geode-
tic techniques. The task of gravimetry is the measuremegtafity, which is the



62 Plag et al.

magnitude of the acceleration due to the force of gravitg ahthe gravity gra-
dient at the surface of the Earth, or near to it. Time-dependeavity variations
are important in the study and comprehension of phenomeiénig to crustal de-
formation. The study of crustal deformation plays a key inol¢he determination
of mean sea-level changes. A crustal deformation procqaigeisna variation of the
position (coordinates) and a variation of the gravity €ldhis last because the grav-
ity eld is directly affected by the variation of the positicof the measuring point
(mainly of the vertical component) and because crustalrdedtion is associated
with changes in the density eld in the Earth's interior (digeviscoelastic defor-
mation, pre-seismic dilatancy, dislocation or transfentérnal masses). Therefore,
the combination of gravity and position changes allows traputation of changes
of the potential and can provide important information om dynamics of the phe-
nomena (Marson, 2000).

Over the last ve decades, gravimetry has made impressiogrpss. The pre-
cision of both absolute and relative measurements has iragdrby almost three
orders of magnitude to presently 10 The instrumental accuracy of the absolute
gravimeter FG5 is about 10-20 nnfsat good stations for a 24 hours observation
period (Niebauer et al., 1995). Continuous measuremeataatrfeasible because
of the wear and tear of the mechanical system. Van Camp &0f15) demonstrated
that gravity trends with uncertainties of 1 nnigr ! can be achieved over a time
span of 7 years with annual observations. A technology tosomeathe temporal
variations of the gravity eld continuously at a given sitg lmeans of supercon-
ducting gravimeters (SG) exists. The SGs are relativeunsnts but very stable
in time. Absolute gravimeter observations taken at thetlonaof a SG allows the
identi cation of outliers and the correction for long-ped, mostly environmen-
tal signals. In this way the accuracy mentioned above carch&wed in a much
shorter time span (Zerbini et al., 2002; Richter et al., 30Géntinuous monitoring
of height and gravity changes allows the separation of thgityr potential signal
due to mass redistribution from the geometric signal dueetghit changes and the
sound interpretation of crustal deformation processesbfdect al., 2006).

2.6.4 Airborne gravimetry

Airborne gravimetry is an effective way to cover the meditange wavelengths
(10-1000 km) of the Earths' gravity eld, supplementing thatellite gravity eld
missions, which at best gives gravity eld information foawelengths longer than
some 400 km (corresponding to 200 km resolution on the seyfathe high-
resolution gravity eld information is essential for deteining the geoid with suf -
cient accuracy, especially relevant for unifying heighgteyns and geometric infor-
mation around core GGOS sites.

The development of airborne gravity has been made possjbileebuse of the
kinematic GPS technique as well as improvement in airboraeity acceleration
sensor systems (Figure 2.33). Current accuracies araebyin the 1 to 510 °



2 Modern geodesy 63

/::,@ GPS satellites

A .

L [ : Fig. 2.33. Principle of
Vil T : airborne gravimetry.
%/6 r} I
GPS X
g reference <&
* station
9

ms 2 r.m.s. domain, with relatively large differences betweéfectent sensor sys-
tems and implementations. Major commercial airborne digss are ongoing in
connection with geophysical exploration for oil and gas;foning airborne gra-
diometry systems at accuracies of 1 E or better have beetogeeEin recent years.
Commercial gravity and gradiometry survey projects areegally restricted to rel-
atively small areas, and data are usually not available fonerwidespread geode-
tic use. Long-range airborne gravity surveys for geodetawity eld applications
(geoid and spherical harmonic reference models) have bgerational since the
early 1990s, and many regions of the Earth has been covacdading major parts
of the Arctic, and major countries such as Malaysia, Morgyofifghanistan and
Ethiopia. Currently US, European, Russian and Chinesepgrate active in carry-
ing out such surveys.

Albeit many airborne surveys are currently classi ed orgmietary, experience
has shown that many such surveys may fully or in part be iredud future high-
resolution spherical harmonic reference models. Suchreefe models, like the
new EGM2008, complete to degree and order 2159, would be #j@rstatic grav-
ity eld product of GGOS. To improve the quality of such moslejenerally there
is a need for continued surveys in many inaccessible arethe @flobe, especially
the Amazon, mountainous areas, large parts of Africa, abasgions (high accu-
racy geoid across the coastal zones) and especially Aicrethich is the largest
continental void of gravity on the globe. Coordinated glahaveys should be ac-
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companied by effort to secure release of terrestrial gyalata, still unavailable for
large parts of the Earth.

2.6.5 Satellite missions

Arti cial satellites have played a dominating role in deténing the gravity eld
of the Earth since the early sixties (e.g., Kaula, 1966). dbservations of non-
Keplerian variations in orbital motion using either tetris (radio or laser) tracking
or space-based GPS have long been analyzed to extract theviorelength com-
ponents of the gravity elds. Earth gravity models such as HGM96 (Lemoine
et al., 1998) used decades of tracking data to Earth ortigetsrive the mean long-
wavelength gravity models. Determinations of the timeiakgility were limited to
the hemispheric scales, however. The signi cance of tirmgable gravity to cli-
mate sciences was well established from the study of theeastk long time series
of the Earth's oblatenesdd, determined from satellite laser ranging to LAGEOS
satellites, and showing clear signals from Post-Glacidldrad (PGR), atmospheric
and hydrological mass redistribution, and ice-mass cha(gg., Cheng & Tapley,
2004).

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

A signi cant step forward in the determination of the grgviéld from satellites
with respect to resolution and precision has been provigetid satellite missions
CHAMP (e.g., Reigber et al., 1999), and GRACE (e.g., Taptegl.e 2004b,a), in
orbit since 2000 and 2002, respectively. GRACE (Figure Pl enabled the im-
provements in our knowledge of the static gravity eld to tereter level accuracy
in the geoid determination to spherical harmonic degreevith, further improve-
ments forthcoming as longer data spans are analyzed. Tlop&m GOCE mission
(e.g., Le Provost et al., 1999; Drinkwater et al., 2003; tiiale, 2005) will comple-
ment the results achieved so far with an extremely high pi@tiand resolution of
the static part of the gravity eld.

Gravity eld determination using space missions has alsetrdouted tremen-
dously to advances in geodesy. Improvements in gravity natatlels obtained over
the last three decades have gone hand-in-hand with imprvesnn the reference
frames and Earth orientation from the LAGEOS and other lobitmg satellite
laser-ranging targets. The innovative sensor technadagged in these gravity eld
missions have already contributed to a substantial impneve of the Earth static
gravity eld recovery (e.g., Reigber et al., 2003; Tapleyaét 2004b). Figure 2.35
shows the dramatic improvement of the gravity eld during thst decade. Grav-
ity eld models from GRACE have bene ted the space geodetialgsis of the
DORIS tracking data (Willis & He in, 2004). They have beenedsto improve the
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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-CHAMPO3S: Gravity eld from CHAMP; EIGEN-
GRACEOQ3S: Gravity eld from GRACE; EIGEN-CGO03C: Gravity e Id from GRACE
combined with terrestrial data. Source Reigber et al. (2005).

knowledge of the orbits of ocean radar altimetry satelljiégines et al., 2004), and
for laser altimeters, thereby enhancing the geodetic irtions from other space
missions. Gravity missions are also of central importancalkimetry, because the
precise geoids are required to refer the sea surface tgpogta the geoid. The
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GSFC GRACE 10-day mascon solutions vs. July 1 2003 10-day solution
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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
ina4 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 existspce-geodetic techniques
for the determination of the Earth's shape creates new dppities to determine
and study the mass transport in the Earth system in a globaifigistent way (e.g.,
Kusche & Schrama, 2005; Wu et al., 2006; Gross, 2006) or tee&formation on
changes in part of the water cycle (e.g., the large ice shesgsVelicogna & Wahr,
2005, 20086).

The GRACE mission in particular is providing unprecedeitsiyht in the water
cycle on regional scales and on intraannual to submonthly icales. This mission
is designed to monitor local, regional, and global changésa Earth's gravity eld.
The changes observed in the gravity eld are mainly causem&ys transport in the
hydrology cycle, in particular the oceans, atmosphere cemidnd. Analysis of the
data delivered by GRACE using an approach based on Stokésients yields a
direct measure of mass ux with high spatial resolution o@ Earth's surface with
a temporal resolution of one month and a spatial resolutions®0 km (e.g., Wahr
et al., 2004; Davis et al., 2004; Tapley et al., 2004b,a; Gzgwt al., 2006). Recent



2 Modern geodesy 67

developments using a mass concentration (mascon) apphnesetbeen successful
in recovering submonthly mass ux at a high spatial resolutbver certain regions
of interest. The mascon gravity representation largeljgaiies the spatial and tem-
poral aliasing problems encountered with monthly GRACHRISohs using Stokes
coef cients (Luthcke et al., 2006).

Figure 2.36 shows a time series of discrete ten-day estinwdithe mass change
with respect to a multi-year averaged gravity model in a4 grid for the Indian
sub-continent and adjacent land areas together with thiigtiens of the GLDAS.
GLDAS ingests satellite- and ground-based observatioat groducts and uses
advanced land surface modeling and data assimilation igebs, in order to gen-
erate optimal elds of land surface's hydrological stateldts uxes (Rodell et al.,
2004). Agreement of the GRACE-derived and model predictethges in water
mass are on the few centimeter level.

2.7 Observing time

2.7.1 Relativity: proper and coordinate time; realized #nscales

Relativity distinguishes locally measurable (proper) mfitees from coordinate
quantities which are, by de nition, dependent on convemgidl herefore one should
distinguish proper time, which is the output of an ideal &ldocom coordinate time,
which is one of the coordinates chosen to represent thedimoensional space time.
In its Resolution A4, the IAU in 1991 explicitly introduce@eral relativity as the
theoretical background for space-time reference framasthe geocentric system,
it de ned two time coordinates the Geocentric Coordinatedi(TCG) and Ter-
restrial Time (TT), which differs from TCG by a constant raie that the scale
unit of TT agrees with the International System of Units (&fond on the geoid.
To account for upcoming improvements in accuracy, the |Aded the relations
between these relativistic coordinate times in its RegmiuB1 in 2000. Interna-
tional Atomic Time (TAIl), established by the Bureau Intefonal des Poids et
Mesures (BIPM), is a realization of TT. TAI has stability Weelow 1 10 *° for
averaging times between 5 days and 6 months and can be ategdsan uncer-
tainty of about 1 ns with modern time transfer techniques &ection 2.9.4). UTC
differs from TAI by an integer number of seconds. UTC hasdfae the same
metrological characteristics as TAl and is universallyduisedate events.

2.7.2 Geodetic measurements and geodetic coordinates

Time enters geodesy in (at least) two ways. First, presaptggodetic measure-
ments (VLBI, GNSS, Doppler, Laser ranging, Radar) are adleldaon local mea-
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surements of proper time or frequency. These raw measutsrasnsubsequently
processed to obtain geodetic coordinates. Second, ameteceordinate time scale
is required to date all measurements and results. Becagisesttinitude of relativis-
tic effects in the vicinity of the Earth is close to 1in relative value, a complete
relativistic treatment is mandatory for all techniques.@d®sult, (geodetic) coordi-
nates must be understood in a fully relativistic sense amd ha direct relationship
with a measurable quantity (meter stick). However, coatdrdifferences, for ex-
ample, between results from different techniques or thiatran of coordinates with
time, are small enough to be directly interpreted as phygicantities, provided that
the different sets of coordinates have been determinedamsistent manner. Note
that the IUGG in 1991 adopted the 1AU relativistic framewtwlde ne its CTRS.
However, as two time coordinates are possible (TCG and Téddegtic coordinates
may differ in scale by 710 1°depending on the time coordinate used.

2.7.3 Clocks and geodesy: future trends

The performances of clocks, counters, and other time/&equ devices seem, at
least in principle, suf cient to cover the present and feesble needs of geodetic
measurements. However progress is needed on the one haatibiration tech-
niques, in order to obtain unbiased measurements. On tlee lotind, the require-
ments posed by geodesy to a reference coordinate time smaiete be ful lled.
For example, a 1-year integration of the motion of a sagelliitth 1 mm accuracy
requires about 110 1°accuracy in the reference time scale.

Nevertheless improving clocks and timescales should geoseveral improve-
ments related to geodesy, in two domains. First, some psegdsepossible in the
geodetic techniques: for example, GNSS will bene t from matable clocks on
board satellites by allowing less frequent updates of clogiameters and yield-
ing a better modeling, i.e. a better determination, of taegmitted clock parame-
ters. VLBI could also bene t from more stable clocks at thatisins, however this
would necessitate that the entire hardware chain has isgadfilaracteristics simi-
lar to those of the clock itself. Second, the development oéwa domain, that of
relativistic geodesy, can be envisaged. Because thevistatifrequency shift expe-
rienced by a clock is about 166 per meter of altitude at the surface of the Earth,
clocks accurate to 110 7 or 1 10 8 can sense geopotential with 10 cm or 1 ¢cm
accuracy, respectively, with respect to some referends.réference would be free
of the limitations inherent to any geophysical realizafike the geoid. Ultimately,
the fundamental time/frequency reference would be pralieaccurate clocks in
space, where the relativistic frequency shift can be matislth 1 10 8 accuracy,
while accurate clocks on Earth would be measuring the geoiat. It would also
be necessary to reconsider the de nition and procedureatizegion of TAl in order
to bene t from such improvements, in the accuracy rangel X’ and below.

Important progress has been accomplished in recent yeargirty new horizons
to terrestrial time scales and promising the future devaleqmt of new ultra-stable
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and ultra-accurate clocks. Two main directions are beipjoezd for these clocks:
laser cooling of atoms and ion traps. In the rst directiogveral Cs fountains have
been in routine operation since the early 2000s, and thdigedhe Sl second with
uncertainties that, since 2006, reach a few parts #8.10is expected that an ac-
curacy of 1 10 1® may be reached with such a fountain and that a fountain using
rubidium atoms may be even more stable. Based on a slow beestdaitoms, sim-
ilar devices operating in space in zero gravity may reachcanracy of 110 17.

A rst step towards operating such clocks in space will be RMO/ACES which
should y on board the ISS in 2013. In the second directioacks based on optical
transitions promise to achieve still better performancstability and in accuracy,
thanks to a transition frequency several orders of mageitaidjer. Already in 2006,
a clock based on a transition in Hg+ has demonstrated thaysiématic effects
could be modeled at the level of 70 1. The prospects of relativistic geodesy look
bright, even though the technical challenge is formidable.

2.8 Ensuring consistency of the observations of geometryrayity
field, and rotation

The “observations” that GGOS will eventually disseminate rally the products
of the various supporting IAG Services, i.e., results ofdahalysis and reduction of
the raw observations gathered by various ground and spasedtsystems. Consis-
tency across these products can only be assured if the raadatollected using
consistent standards and practices, and if their analgsisetuction follows again
consistent standards and conventions across all threesiDf similar importance
is the integration of the various techniques on the obsenvédvel, that is through
co-location of techniques at the same location and with knlogal ties between the
respective reference points. In the following, we rst suarne the situation con-
cerning co-location and then describe the main issuesretatcommon standards
and practices across the techniques.

2.8.1 Consistency through co-location

Co-location of techniques at the same location is not onlyams to ensure consis-
tency across techniques but it allows full exploitationtad tlifferent strength of the
individual techniques and mitigation of their weaknesg&sre geodetic sites are
those site with three or more space-geodetic techniquésceded and connected
through well monitored (on the level of 1 mm) local ties betwehe techniques.
In most cases, a core site will include at least three out d®,SVLBI, GNSS,
and DORIS and also be co-located with absolute and relasupefconducting)
gravimeters. However, the number of core sites with thremore of the space-
geodetic techniques co-located is only of the order of fis@es (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  Gravimdter
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 40.65 167 X X X - - -
McDonald/Fort Davis 30.68 -104.01 X X X - - X
Metsahovi 60.22 247 X - X X X X
Monument Peak 32.89 -116.42 X X - X - -
Mount Stromlo -356.32 149.01 X X - X X X
Ny Alesund 78.93 11.87 X - X X X X
Shanghai 3110 12120 X X X - - -
Simeiz 44.41 3399 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 11535 X X X@) X - -
NOTES:

(1) Where there is a SCG operating it is assumed that thetealsd be ABSOLUTE measure-
ments done, since they are part of the SCG's calibrationgzsc

(2) Located in Sutherland

(3) Future VLBI occupation

the current network of core sites) and in fact decreasingtiwe. In the late 1990s,
more than 20 core sites existed, as demonstrated by the laxgeer of core sites
used for the determination of ITRF2000 (Figure 2.37, upjegcm).

The international space geodesy network has recentlyrsdffseveral debili-
tating closures and reductions in the last several yearsalbadgetary cutbacks.
NASA support for the SLR stations at GSFC and Texas has beeiced to single
shift. The Arequipa and Maui stations have recently reogexiter a 2 year hiatus.
The budgetary situation has also been a factor in the delzymgletion of the Next
Generation SLR (NGSLR). Despite clear international recmmdations to avoid a
“weekend effect” on space-geodetic products, budget culisly forced weekend
operations at the Matera station to be discontinued. Tlase, lack of funds for
necessary maintenance and analysis have hampered tloa stpération and data
processing. In 2005 and 2006, the VLBI network lost both tihgoAquin and Yel-
lowknife stations as a result of Canadian government budgtstand the Gilmore
Creek/Fairbanks station in Alaska due to NASA funding reiuns. Several sta-
tions have been threatened with closure which was avertedrinthrough strong
international support.

Table 2.6 also indicates the gravimetric observationsexhout at the core sites.
Only about half of these sites have co-located supercoimdugtavimeters. On the
other hand, the GGP currently operates or has plans to gtaration 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 2.6.1ur&i8.37 illustrates these

71

two networks, and shows that enhanced coordination of thE &&tion selection

with the choice of core sites has the potential to signi taimcrease the tie between

the geometric and gravimetric techniques.
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2.8.2 Consistency of data collection and processing: coriens

Since the very early days, international geodesy has aladlgered to some form
of standards and conventions, the best known of which béieagseodetic Refer-
ence System (GRS), revised appropriately on decadal stladekst version being
GRSB80. GRS consistently covered geometry, gravity andiootsalbeit at the very

top level of required constants and the most basic formwlée, an eye towards
classical techniques and approaches, which at the time stiélrthe main source

of geodetic products. At that time however, a new project e@weived and suc-
cessfully executed with international participation dtlavels, including design,

execution and evaluation; a project that would eventuafdlgeodesy from the
classical era to that of the space age. The project MongdEarth Rotation and
Inter-comparison of Techniques (MERIT) (see e.g., Muedieal., 1982), acted as
the pilot for what was later to become the IERS. Along withatme an expanded
compilation of constants and standard formulas, mostlpaated with the refer-

ence frame and Earth rotation, to be used by the projectcpzatits. These came
to be known as the MERIT standards and with the establishofahe IERS, they

became the basis for the development of the IERS Converdi®mge know them

and use them today (for the last version, see McCarthy & 604).

While, at the beginning, the Conventions mainly served asidedjine for the
purpose of data analyses and reduction for Earth orientationitoring only, they
gradually developed as “the” reference for geometry aneregice frame work as
well, including all aspects of the required techniquesyfigeometric modeling of
the observables to all of the required geometric and dynaamiections in order
to achieve the accuracy that IERS expected for these pradlachieve this, the
Conventions slowly expanded to encompass models and cdsisteat were well
beyond the observations for geometry and rotation, inalgidne gravity eld and
all of its temporal variations (tides and secular changeselsas loading effects
from the oceans and atmosphere), relativistic correct@nts environmental cor-
rections (e.g. atmospheric delays). The area where thesee@tions are focused
is that of the space geodetic observations, leaving out wfosdte constants and
practices for ground-based geodesy. This is perhaps dueetfatt that the prod-
ucts that concern IERS are of global nature and none of thengkbased geodetic
techniques can contribute signi cantly or compete with $lagellite-borne or space-
based techniques. Looking at it from a spectral view, thexgcthe long-wavelength
part of the spectrum of products. Geodesy however can dedigai cant infor-
mation at the high-frequency end of the spectrum, albeibimes areas only. One
of these areas, the most important one, is that of the gteritel eld of Earth.
Ground and airborne surveys provide very high quality amghfresolution local
information that is used along with the long-wavelengtlomiation obtained from
spaceborne instruments (CHAMP, GRACE, GOCE), to develtiemely high res-
olution global Earth gravity models that will never be dedvrom space data alone
(see, e.g., Reigber et al., 2005, , and the new EGM2008 coeplelegree and or-
der 2159). This is the area that the Conventions need to égowaore detail, both,
in the description of the required constants and the stafdamulas and practices
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in reducing such data. Once this is accomplished, the fdiordeof all three pillars
will be ably supported by the same, unique set of ConventimiasStandards.

While the expansion and enrichment of the existing Coneastand Standards
is a rather simple task, the actual enforcement in pradibg far a more challeng-
ing task. While most institutions seek to be part of the appete IAG Service in
order for their products be granted the seal of approval fitzah Service, it is usu-
ally very dif cult to force the required changes in the softte and the procedures
followed by that institution to make it conform with the IER&es. As most Ser-
vices discovered, it took years for the various Analysist€enwithin a technique
to achieve this harmonization. It will take quite an effartensure that this harmo-
nization exists also across techniques, since the geqatetiticts are for the most
part a combination of inputs from several if not all of the \Bees.

An even more dif cult and taxing effort will be required in rkimg sure that not
only the same constants, theoretical or empirical modakraduction procedures
are consistent, but also all of the background informatsedun forward-modeling
geophysical processes are also consistently derived glig¢dyin the various anal-
yses and reductions of geodetic observations.

When all the above are accomplished, there is still goingetarbissue concern-
ing the parameterization of the same effects across tegasidRecognizing that not
all techniques are equally sensitive (or sensitive at alglt of the “geodetic prod-
ucts”, we will need to identify what parameters each techeighould deliver and
at what frequency, in order to ensure that this informatiam loe easily and readily
combined with inputs from other techniques. This issue lehlgiven enough at-
tention for the set of parameters that cover the geometdcatational group, with
only minor attention given to some very long-wavelengthvgyanformation.

To some extent this approach has been reasonable sincerthehaat wave-
length gravitational information is well below the senstii of any space technique
at this point, and for many years to come. There are othesdheaigh where part
of such information can be applied in a different form, as mstkint to the results
obtained from the global space techniques. For examplerpocating some abso-
lute gravity measurements at a few points on Earth in theldpueent of a precise
orbit from some type of tracking data is practically meam#sg. On the other hand,
imposing a constraint on the height change of a trackingpstdiased on repeated
absolute gravity measurements at that site is a very usefoéf information in-
dependent of the primary source of data determining theiponsind motion of that
site. A global network of combined absolute gravity and spgeodetic stations can
constrain the tie between the RFO and CM (Plag et al., 2009).

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

2.9.1 Atmospheric sounding

Besides the variables of direct geodetic interest, theesgaodetic infrastructure
enables soundings of the atmosphere and ionosphere byoateginetic waves of
the GNSS. Properly equipped GNSS receivers on the grounébcaxample ob-
serve the integrated precipitable water vapor contentdratmosphere and the total
ionospheric electron content in the ionosphere, respagtiv

A number of studies conducted in the 1990s have shown thaintoeint of pre-
cipitable water contained in the neutral atmosphere cafadn be retrieved using
ground-based GPS receivers (Figure 2.38). Assimilatiothisfinformation from
ground-based GNSS networks into numerical weather fotiegamodels may im-
prove particularly the prediction of extreme events (éetgered et al., 2005). Prac-
tically, zenith total delay observations collected by Epean ground-based GPS
stations are assimilated operationally in numerical weragitediction since 2006
(Poli et al., 2007).

In addition, it has been demonstrated (Kursinski et al. 5} #%9at a GPS receiver
aboard a microsatellite in a low Earth orbit, supported byaugd-based network
of receivers, can be used to collect observations of atnevgptefraction as a func-
tion of altitude during the event of satellite occultationthe Earth's atmosphere
and ionosphere (Figure 2.39). Thus, the availability of geasensing observations
from GPS radio occultation sensors provides a unique oppibytto improve the
quality of ionospheric and meteorological analyses, paldrly over the tradition-
ally under-sampled regions, as well as promise higherocadréind temporal reso-
lutions, if a suf cient number of sensors is launched andpguted by an adequate
ground-based tracking network.

A A AT R

Fig. 2.38. Atmospheric sensing with ground-based GPS receivers.



2 Modern geodesy 75

Referencing GPS

bending angle
T

Occulting GPS

o»

Fiducial Network GFZ

(JPL/GFZ) Porsnam

Fig. 2.39. Geometry of GPS occultation illustrated here with the CHAMP satellite.
(2881) F3C—4 (2707) F3C-5 (2609) F3C-6 (2318)

% e
oo

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 @\ cultation-capable
receivers: FORMOSAT-3/COSMIC (F3C) 1 to 6, METOP, CHAMP, 8ZE-A and
B, TERRASAR-X, SAC-C. Only the rst nine of these produce neeal time ob-
servations of GNSS occultations. Such GNSS occultatiomgarticularly promis-
ing for meteorological applications and are already todayviding routinely in-
formation to operational weather services. Figure 2.40vshthe spatial cover-
age achieved by the radio occultation experiments CHAMPAGR, and the six-
satellite F3C (Anthes et al., 2008). Each point on the mapesponds 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 #e-surface up to the
upper stratosphere (about 40 km altitude) at 200 meterca¢rgsolution. The data
for the points shown were received by national weather ptiedi centers between
March 1-7, 2007. Figure 2.41a shows the zonal mean temperedtrieved from
the F3C GPS refraction measurements. Note that in the lowpos$phere (below
about 7 km altitude in the tropics, about 2 km altitude in thiel-hatitudes), the
retrieval of temperature information from GPS radio ocaiidins requires the use
of a priori information as constraints and hence this information oabe consid-
ered as completely independent measurements. The zor@étature structure ob-
served by the sole F3C retrievals is consistent with knowmatblogy (for example,
tropopause around 15 km altitude in the tropics, doublecirae around 6N lat-
itude). As expected, the Tropics present a smaller vaibaltilan the mid-latitudes
(Figure 2.41b). A region of strong variability can be obsehin the stratospheric
Northern polar vortex as the Arctic region emerges from tlietav polar night.
Because of the multitude of receivers, these results carbergted with only one
week of GPS radio occultation data with high vertical refolu In the future, more
GNSS receivers in space could decrease the time needed saajet global pic-
ture of the atmosphere. The temperatures retrieved frofdB® radio occultation
technique as shown here are invaluable in the sense thaptbeigle atmospheric
physicists with a fairly new and now near-complete covermafghe Earth's atmo-
spheric mass eld in the upper troposphere and stratospbemngplementing passive
measurements from existing infra-red and micro-wave sersd
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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 isARD which, in
principle, can be used to measure atmospherig 3®e Section 2.4.5). One cur-
rently developed approach is a ground based zenith viewlDA\R to measure
COgypro les as function of time (roughly hourly) with an altitedange of a few km,
that is essentially to the top of the boundary layer (Burtiale 2006). The other
alternative is a down-looking COsounder to measure G@ontent in the column
below an aircraft or, eventually, from space (Abshire gt2007). The implication
of these new developments are further discussed in Secfioh. 5

2.9.2 lonospheric remote sensing: one person's signal io#rer
person's noise

The signals from the GNSS satellites must travel througletiréh's ionosphere on
their way to receivers on or near the earth's surface. Toezetthe highest possible
positioning accuracies for geodetic and surveying apiiting, one must correct for
the propagation delays imposed on the signals by the iomosphvhereas these
effects may be considered a nuisance by most GNSS userswilgyovide the
researchers with an opportunity to use GNSS satellites@d &otbetter understand
the plasma surrounding the Earth. The dispersive natuteedbhosphere makes it
possible to measure its TEC using dual-frequency e.g., GiR&raations 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 thesipheric effect in-
cluding global empirical and physics-based ionospheridei® For geodetic appli-
cations, the most effective technique has been to use deglidncy GPS observa-
tions to estimate TEC. Between 1997 and 2007, the number 8fgeéund receivers
has increased approximately by an order of magnitude. Gtlyrehere are more
than 1500 globally-distributed dual-frequency, grouraddd GPS receivers avail-
able using publicly accessible networks including, forrapée, the IGS and Con-
tinuously Operating GPS Stations (CORS). To take advargagfee vast amount
of GPS data worldwide, researchers use a number of techmiguestimate pa-
rameters e.g., satellite and receiver inter-frequencgdsiadirectly affecting the
GPS TEC measurements of the ionosphere. Most techniquesgst/ertical iono-
spheric structure and, simultaneously, hardware-reldi®skes treated as nuisance
parameters (e.g., Mannucci et al., 1998, 1999; Schaer, &08I8). Other approaches
take advantage of all available GPS receivers and calititatiases using process-
ing algorithms based on Global lonospheric Mapping (GIMhtg@ques developed
at various research centers (for illustration using ab@@DIGPS stations, see Fig-
ure 2.42). These techniques are designed to estimate eetémses for all stations
in the global network and solve for the instrumental biasesnbdeling the iono-
spheric delay and removing it from the observation equgkomjathy et al., 2005).
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We seem to be in the midst of a revolution in ionospheric remsensing
driven by not only the abundance of ground but also the spased GPS re-
ceivers, new UV remote sensing satellites, and the adveddtafassimilation tech-
niques for space weather. The GLONASS constellation iSimg#s completion and
GALILEO satellites are expected to contribute signi carith ionospheric data cov-
erage starting in the early next decade. As for spacebotaedaerage in particular,
the COSMIC 6-satellite constellation was launched in ApoiD6 (see Figure 2.43).
COSMIC now provides unprecedented global coverage of GRSltations mea-
surements (1700 per day as of May 2007), each of which yidéd$ren density in-
formation with unprecedentedl km vertical resolution. Calibrated measurements
of ionospheric delay suitable for input into assimilationdels is currently made
available in near-real time (NRT) from COSMIC with a laterafy30 to 120 min-
utes. Similarly, NRT TEC data are available from two worlde/NRT networks of
ground GPS receivers (/5 5-minute sites and 125 additional hourly sites, oper-
ated by NASA JPL and others). The combined NRT ground andespased GPS
data sets provide a new opportunity to more accurately §ptw@ 3-dimensional
ionospheric density with a time lag of only 15 to 120 minui&éth the addition of
the vertically-resolved NRT occultation data, the podisjbéxists of retrieving the
hour-to-hourionospheric “weather” much more accuratedntpreviously possible.

New Global Assimilative lonospheric Model (GAIM) techniegi are used to
monitor space weather, study storm effects, and providesipineric calibration for
various users including NASA ight projects. GAIM is a phgstbased 3D data as-
similation model that uses both 4DVAR and Kalman lter te@ues to solve for the
ion and electron density state and key drivers such as egglagtectrodynamics,
neutral winds, and production terms (e.g., Mandrake e2@D5; Schierless et al.,
2004; Spencer et al., 2004). Daily GAIM runs typically adcapinput ground GPS
TEC data from more than 1200 sites, occultation links fromAGHP, SAC-C, and
the COSMIC constellation, UV limb and nadir scans from th®IED and DMSP
satellites, and in situ data from a variety of satellites (B®and C/NOFS). Real-
Time GAIM (RTGAIM) ingests multiple data sources in real @nupdates the 3D
electron density grid every 5 minutes, and solves for impdogrivers every 1-2
hours.

The abundance of ground and space-based GPS ionosphesivatins is ex-
pected to help create new and exciting applications inolyi.g., space weather
monitoring during ionospheric and geomagnetic storms,(Egdrizzi et al., 2005)
and developing a tsunami early warning system using GPSedkeronospheric
signals. Researchers have shown considerable progresslérstanding the geo-
physics of tsunami-atmosphere coupling and determine ehsiliility of using
GNSS technology as part of an improved future tsunami wgraystem 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 parametgddesy for several
reasons. For example, geodetic datums in most countriestiesan de ned histori-
cally in terms of sea level measured at their coasts. A seerahple concerns the
linkage of GGOS to other components of global observingabigtthe Global Cli-
mate Observing System (GCOS) and the Global Ocean Obse3ystgm (GOOS).

Historical tide gauge records are mainly derived from oatastilling well
devices. Tide gauges based on mechanical oat devices tested for more
than 150 years. Still in 1983, a survey conducted by the mat@nal Oceano-
graphic Commission (IOC) of United Nations Educationaig8ti c and Cultural
Organization (UNESCO) showed that 94% of the tide gauges wechanical. The
situation has considerably changed since then. The oafiges are progressively
replaced by new technologies. Modern types of gauges anelyrtzased either on
the measurement of the subsurface pressure, or on the ragsstrof the time of
ight of a pulse, acoustic or radar. It is worth pointing owgre that, whatever the
technique is employed, the basic quantity provided by tideggs is an instanta-
neous height difference between the level of the sea suafad¢he level of a xed
point on the adjacent land. Hence, tide gauges not only dezogan tides but also
a large variety of sea-level signals that can be caused lgtiears in atmospheric
pressure, density, currents, continental ice melt, as agellertical motions of the
land upon which the measurement instrument is located. @berded processes
have characteristic time scales from several minutes ttudes. Many other scien-
ti ¢ applications than tidal research and modelling mayréffere bene t from tide
gauge records (Woppelmann et al., 2006).

Sea-level data from tide staffs or tide gauges have beenfasedore than a
century to establish vertical reference systems on landoanska in order to de-
ne the height and depth datums. The main elements in a haigétem de nition
are an origin, a vertical reference surface of zero leval, aftype” of height, for
example dynamic heights. The geoid, de ned as that equipiaiesurface of the
Earth's gravity eld that most closely coincides with the amesea level, was orig-
inally selected as reference surface because it was belteet the average level
of the sea was constant over long periods of time, which we kmow it is not
true. In general, each Country chose one tide gauge statiché computation of
the "mean sea level” over a certain arbitrary period of tilewever, whatever the
choice of the site, the mean sea level varies from place tedad at one specic
place over time. Therefore different height datums mayrrefdifferent equipoten-
tial surfaces, resulting in constant offsets between ti&pace geodesy provides the
mean to evaluate these offsets in a well-de ned geocerdference system (Wop-
pelmann et al., 2006).

At present, vertical crustal motions at tide gauges can basored to high ac-
curacy independently of the sea-level reference surfaceégns of space tech-
nigues, therefore it will be possible to separate the clustéions from the absolute
sea-level variations. Tide gauge measurements are diftaldompare because tide
gauges are referred to local reference systems and theynbayet been connected
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on a common datum. However, it should be pointed out thatrakirgernational
efforts are underway both at global (I0C, 1997; InternaldBPS Service, 2001)
and regional scales (Zerbini et al., 1996; Becker et al.22@Mich aim to overcome
this problem.

Nowadays, gauges are available based on many technoldgiéal( oat, radar,
acoustic, pressure) which can provide low latency, acewsas level information
optimized for the particular installation. For tide gaugeails see 10C (2006). Tra-
ditionally, tide gauges measure local sea level with retsfgea nearby benchmark
on land. Modern geodetic techniques provide the means ftigpothe tide gauges
in a global geodetic reference frame (see Figure 2.44).yiga#amanent GNSS sta-
tions (and in some cases DORIS stations) at tide gauges adetaisletermine the
land motion at these sites in a global reference frame, apdsition the tide gauge
in the same frame as the satellite altimeters (see alsoo®eXfr and below). Mea-
surement of vertical land movements at gauge sites allogvdébermination of sea
surface height changes in the same reference frame asithetalt data. Absolute
gravity measurements provide an independent control of/¢htcal land motion
rates determined from the GNSS observations, and helpnirglie a bias of these
rates due to a potential secular motion of the referencedmamigin with respect to
the CM. At some sites, an additional GNSS station is used ek @GPS approach
(Plag et al., 2000a) to control the stability of the tide gaugpnument with respect
to the adjacent land, thus replacing or augmenting epidedaing.

Internationally, tide gauge sea level measurements analicated through the
Global Sea Level Observing System (GLOSS) of the IOC (Woatinet al., 2003).
GLOSS de nes a worldwide Core Network of approximately 3€iens (see Fig-
ure 2.45 on page 83), which is densi ed by means of inclusibmegional and
national networks. The use of GPS at gauge sites is the tdpheccurrent IGS
Tlde GAuge Pilot Project (TIGA).

GLOSS does not dictate to tide gauge operators which teoggaé preferable;
GLOSS standards simply require measurements to bettedthamaccuracy in all
weather conditions. However, especially since the Suntatnaami of December
2004, one would expect that any new GLOSS installation waaldsist of dual
gauges (e.g. a “sea level” gauge based on radar, and a “tsugange based on
pressures) and dual telemetry. Data ow would be both neattime (especially so
for tsunami and storm surge applications) and delayed-rfardscienti ¢ applica-
tions.

Geodetic techniques have extended the number of ways byhwital sea level
can be measured. Techniques which have been developedIasttfew years in-
clude the use of GPS on buoys (in effect extending coastabiadige measurements
off-shore), and the use of GNSS scatterometry and re ectongee Section 2.4.4).
The emerging use of GNSS receivers for earthquake magrdeetgemination (Ble-
witt et al., 2006b), with tsunamis being the potential sgalleonsequence, indicates
another role for space geodetic techniques in a sea levehahg system.

However, even in the established methods, geodesy hasesalmajor im-
provements. Positioning of sensors (such as tide gaugescaad buoys) in a global
reference frame has already been mentioned above. Thesjgnoaif precise timing
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Figure 1: Schematic of a Tide Gauge Absolute

Measurement System Rod &5 Gravimeter
Receiver
i

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 elarttpe clock of a
tide gauge) is another example. Before GNSS, positioningiaring were accom-
plished by almost as many methods as research groups. Theakthe new tech-
niques and a more standardized approach is more precisamhtaeta-data with
consequent improvement in our knowledge about sea level.

Geodesy has in effect terminated some traditional areasodf.vAn example
concerns the replacement of chart datum as the height nefe@n nautical charts,
hitherto based on interpolations of information on lowest@omical tide at tide
gauges, with the use of geo-located tide gauge data andhofésnean sea sur-
face information from altimetry, together with the availdp of GPS positioning
to mariners. Another example includes the replacementrg fistance leveling
by GNSS-minus-geoid, thanks to the availability and accycd GPS and regional
geoid information, with most recent geoid improvementkfeing GRACE opera-
tions and further ones anticipated from GOCE (see Sect@®bp.

Today, the largest database of monthly mean tide gauge slptavided by the
Permanent Service for Mean Sea Level (PSMSL). Since 1938|SEShas been
responsible for the collection, publication, analysis amdrpretation of sea level
data from the global network of tide gauges. The PSMSL is a begrof the Feder-
ation of Astronomical and Geophysical Data Analysis SawiFAGS) established
by the International Council for Science (ICSU), and it iséa@in Liverpool at the
Proudman Oceanographic Laboratory (POL).

The database of the PSMSL contains monthly and annual mdaesvaf sea
level from almost 2000 tide gauge stations around the wdrigufe 2.45, upper
diagram) received from almost 200 national authoritiesa@erage, approximately
2000 station-years of data are entered into the databale/ear; and in December
2006, the database contained over 55000 station-years.

The data are provided in two data sets, namely the METRIC sktt@ontain-
ing basically all data, and the Revised Local Reference (Ridfa set containing
records for which the history of the local reference is kn@anhat time series anal-



2 Modern geodesy 83

180" 135 A X o 45 90" B 180"

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 (Wookd\&oRlayer, 2003).
Long records from this data set have been the basis of mo§tsasaof secular
changes in global sea level during the last century. The rg@tdcal distribution
of longer RLR records contains signi cant geographicakliavards the northern
hemisphere, a situation which is being recti ed by the elsshiment of the GLOSS
global sea level network (Figure 2.45, lower diagram). Aenapnclusion from the
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sy

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 hasdnés=n by approxi-
mately 10 to 20 cm during the past century (Church et al., 2001

BottomBottom Pressure Recorders (BPRs) use similar pressmsors to those
in coastal pressure tide gauges with two main differences i® that the sensors
obviously have to be capable of operating at greater depften(down to 5000 m)
and as a consequence are more expensive. The other is thhatlesto be 'absolute’
sensors, recording total pressure at the sea bed, whiaidiesithe pressure due to
the water plus atmospheric pressure. In coastal pressugegat is more normal to
use a 'differential' sensor, which is compensated for atphesic pressure, although
absolute sensors employed in combination with conventibasmeters are also
available and are preferred by some operators.

Data from deep ocean bottom pressure recorders are particoélevant for
comparison to temporal space gravity data from missionk ascGRACE. How-
ever, only a few BPRs have been deployed so far explicitlystarth comparison
purposes; the POL BPRs in the South-West Atlantic being caenple (Hughes
etal., 2007).

BPRs have a long history in oceanography, but were develomst intensively
in the 1970-1980s for tidal research (Spencer & Vassie, 198%truments were
placed on the sea bed for typically a year and recovered glarisecond visit by
a research ship. This provided a one-year record which wequade for a tidal
analysis. More recently, BPRs have been deployed for lopgeods (up to 5 years
for the POL Multi Year Return Time Level Equipment (MYRTLEYr non-tidal
studies, such as monitoring the variability of ocean cusebata retrieval remains
a major issue, and recovery by means of acoustic releases afitble BPR by a
ship is still the main method. MYRTLE additionally contaiasnumber of 'data
podules' which are released by a timing mechanism at regptiarvals (e.g., once
a year) with data transmitted from the podule to a satellhermon the surface. The
podule itself may be recovered if a ship happens to be nearbyan otherwise be
considered disposable.

However, this technology can never provide real-time imfation required for
tsunami warning systems. For that, one requires underdéasaar the use of acous-
tic transmission from a BPR to a surface buoy. The most addhsgstems currently
in use are the Deep-ocean Assessment and Reporting of TEU(ART) stations
deployed by NOAA mainly in the Paci c (Figure 2.46a). DARTstgms consist of
an anchored sea oor bottom pressure recorder (BPR) and aaoion moored sur-
face buoy for real-time communications (Gonzalez et al981$ee Figure 2.46b).
An acoustic link transmits data from the BPR on the sea ooth® surface buoy.
The data are then relayed via a GOES satellite link to grotatibss (Milburn
et al., 1996), which demodulate the signals for immediatsatnination to NOAAS
Tsunami Warning Centers.

A major source of uncertainty in understanding sea-levehtians from tide
gauges is the accurate knowledge of vertical crustal momeswehich are embodied
in the sea-level measurements. In fact, tide gauges messanievel changes as the
difference between the height of a geodetic benchmarkragtho the Earth's crust
and the height of the sea surface. Vertical land movemered tee be accounted
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for if tide gauge records are to be compared to satellitenalty measurements of
sea surface height changes. At global scale, post gladialred, a vertical crustal
motion due to the isostatic readjustment of the Earth'stdauthe last deglaciation,
is the only coherent geological contribution to the longrtesea-level change for
which a thorough understanding of the physical process das bchieved (Mitro-

vica et al., 1994; Peltier, 2004). Isostatic adjustmenhés pprocess by which the
Earth attains gravitational balance with respect to supgosed forces. If a gravita-
tional instability occurs, the crust rises or sinks to congae this instability. Mod-

eling the post-glacial rebound effects, however, stilvsain the vertical crustal
rates different regional and local isostatic component&els as tectonic effects

which are dif cult to model.

At present, vertical crustal motions at tide gauges can basared to high ac-
curacy by means of space techniques such as, for exampl&Ng&S DORIS
(Soudarin et al., 1999). Continuous GPS, however, has showe the technique
of use in this particular application due to the ease of ugg precision, and its di-
rect connection to the ITRF through the products of the IG$ti@ other hand, by
means of simultaneous GPS measurements performed at tidgegand at ducial
reference stations of the global reference system, tidgegenchmarks can be tied
in a global well-de ned reference system (Becker et al.,2Q@erbini et al., 1996).
The possibility to refer the tide gauge data to the same higbigion global refer-
ence system allows the comparison between the differemggaige data sets to be
made. This was not the case until about 15 years ago whendiggegbenchmark
coordinates were mostly available in the different natitreéght systems.

The long-term sea-level trends at tide gauge stations isuned to about 0.3-0.5
mm/yr (Zerbini et al., 1996), provided that the time serieslang enough (20-50
years). The accuracy required by GPS shall be in the same;réidg gauge po-
sitions must be monitored at the level of 10 mm absolute jpos#rror so that a
long-term trend with a realistic error of 0.3 mm/yr can beaitd over 20 years or
so (Becker et al., 2002). The current accuracy of GNSS prsguovided by Inter-
national GNSS Service (IGS) is 3, 3, 6 mm for weekly mean \&ahfethe north,
east and up coordinates respectively and 2, 2, 3 mm/yr faadkeciated linear ve-
locities (see for instance Altamimi et al., 2002, 2007) hvtsigni cant contribution
of the error in the velocities originating from long-ternalslity of ITRF (Blewitt
et al., 2006a). The height determination using GPS data d&ieate task because
of several reasons, among them, the atmospheric refractitne troposphere and
the geometric weaknesses in the height component of the GB&nieral, and the
complicated interactions of the GPS receiver and antenrdwlaae imperfections
(like antenna phase-center variations and multipath).edeer, with the exception
of areas with natural or anthropogenic subsidence, aastenics and strong seis-
mic events, vertical rates are smaller by an order of madaias compared to the
horizontal crustal motions, i.e. they are in the mm/yr rafdyeppelmann et al.,
2006).
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2.9.4 Geodetic time and frequency transfer

High-accuracy geodetic methods using dual-frequency Gis®reables are now
routinely employed to produce positioning repeatabgitigobally at the centimeter
level for one-day integrations, as demonstrated for exarnimgbroducts of the IGS.
Similarly, the same methods have been shown to produceaquohglobal time and
frequency comparisons with precisions approaching ab@ipicoseconds at each
analysis epoch, but whose accuracies are limited to rougklyl-ns level because
of instrumental calibration uncertainties, particulddythe GPS antennas. Current
techniques yield calibration uncertainties of about 3 msstandard GPS antennas
(Plumb et al., 2005).

The essential ingredients for the geodetic GNSS methodviexthe availability
of dual-frequency carrier phase as well as pseudorange)obdervables, recorded
typically at 30 s intervals, together with an analysis modgbf one-way signal
propagation accurate to the millimeter level. Standararstior GPS phase and code
data are about 1 cm and 1 m respectively with multipath betiée be the dominant
source of error for both. The code data are needed to sepgheateherwise indis-
tinguishable clock offset and phase cycle ambiguity. THecgfof utilizing both
observables in this way is that the noisier code data aretefédy smoothed by the
more precise carrier data and that the overall accuracyedtitte transfer is deter-
mined from the code data; the precision within a continuaadyssis arc (typically 1
day) is determined from the quieter carrier data. Formalreifior the geodetic clock
estimates are typically about 120 ps (3.6 cm), but have beanmrsto be highly op-
timistic in many cases. A more realistic measure of the aagumay be determined
by performing a classic repeatability test, comparing theament at successive
analysis arc boundaries. Such a test is only feasible if tierlying clock stabil-
ity is suf cient, which effectively restricts its use to GR&ceivers equipped with an
external H-maser frequency standard. A detailed analysiayaboundary clock es-
timate discontinuities was performed for a subset of stat@ontributing to the IGS
Combined Clock Products (Ray & Senior, 2003, 2005). Theyaimkhowed that
performance is highly site-speci c, varies widely among #tations studied, and is
independent of the choice of receiver or antenna model usedany cases, poor
performance or abrupt changes in performance was tracdthtmes in equipment
or installation problems such as loose cable connectiopsarexternal frequency
distribution. Some stations showed distinct seasonatiaris in the level of discon-
tinuities which can not be fully explained by thermal efiediowever, in the best
cases sites have day-boundary discontinuities (rms) thatammensurate with the
formal errors. The stability oor for the current state oéthrt geodetic time transfer
technique has been inferred to be about@ 13t 172 for t intervals up to 1 day,
consistent with a random walk process. Deducing the limihefmethod beyond 1
day will require comparisons using more precise frequetaydards such as cold
atom clocks.

As evidenced in the above performance measure, the limi¢odegtic timing is
determined from the quality of the pseudorange data. Theggein order to achieve
the highest quality time and frequency comparisons, there@me special consid-
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erations for monumentation and instrumentation which khoet made to minimize
multipath and signal re ections. Receivers vary widelylwiespect to their sensitiv-
ity to thermal effects and so thermal control of the receivemgenerally necessary.
Also, phase stable cabling with low thermal sensitivity @wdoalso be employed
with cable runs having minimal length and environmentalcesxywe. Thermal con-
trol of the antennas is not required (Ray & Senior, 2001, 260&ck et al., 2003),
however the antenna siting should strive to minimize cod# @imase multipath.
Some recent work has also indicated the possibility thag-deavelength multipath
from below may also be an issue (Ray & Senior, 2005; El6ésegai., 1995). In
the near future, the largest gains in performance will fikedme from new GNSS
broadcast signal modulations whose multipath charatites&are likely to be greatly
improved over those of the current GPS system.



Chapter 3

Understanding a dynamic planet: Earth science
requirements for geodesy

R. Rummel, G. Beutler, V. Dehant, R. Gross, K. H. Ik, H.-Ra@IP. Poli, M.
Rothacher, S. Stein, R. Thomas, P.L. Woodworth, S. Zerlmidi\a Zlotnicki

3.1 Introduction

The complexity of the Earth system has been discussed in foacamental doc-
uments in recent years. Trying to understand the Earth syated improve our
forecast capability step by step are the great challengésadh system science.
The opening sentence of the recent NRC report “Earth SciandeApplications
from Space: Urgent Needs and Opportunities to Serve theoiNafP005) nicely
expresses this current situatiotdriderstanding the complex, changing planet on
which we live, how it supports life, and how human activitéfect its ability to
do so in the future is one of the greatest intellectual chmgjkes facing humanity. It
is also one of the greatest challenges for society as it seelishieve 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 masgienti ¢ disciplines will
make it possible to shed more light into the complexity offHagth system. Despite
enormous progress in recent years the uncertainties ofgtimts are still rather
high. A recent analysis of the deeper reason for the limiteality of climate fore-
casts led to the unanimous conclusion that “data are still'p@@ee Hogan, 2005,
and the references therein). Data from space will and mast alcentral role in
Earth system research. Only satellites are capable ofgiraydata globally, of uni-
form quality, and with acceptable repetition rate. Morapgeemplementary sensor
systems can be combined and data delivered in near real(tomapare, e.g., Bat-
trick, 2006). Observations are also the crucial elemensettand central element of
Earth system research, up-scaling and down-scaling. 3 tigiprocess of establish-
ing representative and reliable connection from local datglobal processes and
vice versa. Establishment of this connection will unify thiele range of temporal
and spatial scales in Earth system models.

Geodesy is a “measurement discipline” much like astrondtsymodern de-
velopment and success is intimately connected with pregrespace science and
engineering. The successes in the scienti ¢ applicatidrsatellite and lunar laser
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ranging, microwave satellite ranging, radar altimetry,Bfland many more result
from this development.

Geodetic space techniques have reached a level of matuadtyecision that
make them an important tool for Earth system sciences. Itapbadded-value and
new areas of application will result from a combination of fundamental three
types of geodetic parameters: surface geometry, Eartliaotand gravity. This is
what GGOS intends to provide. Examples of this modern deveént are detec-
tion and monitoring of tectonic, ice and ocean motion, thiegeination of mass
anomalies and implicitly density anomalies, observatioth quanti cation of mass
transport processes in the hydrosphere and in the ocedinsasn of global and
regional mass changes in the Earth components, separétiomthermal and mass
components of sea level change, ionospheric and tropdsguemding.

This chapter deals with the science prospects resulting fhe GGOS and with
the science requirements connected to this task. Theravarditnensions to this
theme. One is the analysis of the challenges geodesy fadke irealization of
a global observing system at a precision level of 1 ppb radaid Earth dimen-
sion and with decadal stability in space and time. This pélitbe discussed in
Section 3.2. The second dimension is the analysis of the isefioe Earth system
science and application that will result from GGOS. One ci@w\this from two
opposite directions. The rst is as Earth scientist; to elalbe on possible bene ts
of GGOS for solid Earth geophysics, glaciology, oceanolgyagnd climatology.
This will be done in Section 3.3 for geophysics, Section ®#dlaciology, Sec-
tion 3.5 for oceanography, Section 3.6 for weather and ¢énfaection 3.7 for sea
level studies, and Section 3.8 for hydrology. Alternatméle bene ts of GGOS for
understanding the Earth system can be considered from thaegist's view: the
expected added-value for Earth system sciences resultingd combination of the
three data types surface geometry, Earth rotation andtgraaking this perspective
Section 3.9 will deal with mass transport and mass anomialiearth system, Sec-
tion 3.10 will describe the link between Earth rotation amdghysical uids, and
Section 3.11 explores what Earth rotation tells us abow aod mantle processes.

In these discussions it is worth noting two uses of the tenmadel” and “mod-
eling”. Geodetic models, e.g. gravity or Earth rotation migdessentially condense
large numbers of observations (satellite, VLBI and terralsiata) into a meaningful
set of parameters. In contrast, we often use the term “mbutetiescribe the math-
ematical representation of some geophysical processkasutdimate, atmosphere,
ocean, ice or solid Earth. These two types of modeling algeapin the scheme
of Figure 3.1 where the geodetic modeling is termed “obsemanodeling” 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 previd& in space, time
and gravity at a level of 1 ppb relative to the Earth's dimensOne of the novel and
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most important features of GGOS results from the integnadgfdhe traditional three
fundamental types of geodetic parameters: surface gepmetr the determination
and monitoring of the surfaces of land, ice, and ocean, Hat#tion comprising
nutation, polar motion and variation in length of day, andvifly with the Earth's
gravity eld and geoid. This integration will permit the sation of the thermal
and mass contribution to sea level change, and the study €6 ar@malies, mass
transport, and mass exchange in the Earth system.

Global change phenomena are very small and therefore diftoumeasure.
Often changes cannot be measured directly but are inferomd dlata derived by
complementary sensor and observation systems and by cismpavith numeri-
cal models (see Figure 3.1). A good example is dynamic ocgaography. It is
derived from accurate radar altimetric measurements obtean surface along
satellite tracks in combination with a geoid surface basedlobal gravity models
derived from the data of gravimetric satellite missionstiBaitimetry and the geoid
model have to refer the same global coordinate system, frapyodistortion. Pro-
cessing of altimetry (a data model in Figure 3.1) requirgsiaktion of effects such
as ionosphere, troposphere, tides and sea state biaseastallde consistent with
a similar processing chain that leads to the geoid modelcklarvariety of sensor
systems, mission characteristics, tracking systems, amgling patterns have to
lead — with high precision — to a uni ed and consistent modedlgnamic ocean
topography. In a second step ocean transport estimategavedifrom the assim-
ilation of dynamic ocean topography into global or regiomamerical circulation
models.

The resulting research challenges are:

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

2. The space segment has to be complemented by terresttiairaorne/shipborne
techniques and campaigns. This implies the combination edsured data of
very different density and resolution. It may be referrecsothe geodetic “up
and down-scaling problem,” (Section 3.1). Terrestrial aindorne measurements
serve a threefold purpose. They provide calibration aniiaabn to the space
segment, lead to a regional densi cation in terms of spatal temporal reso-
lution and accuracy and are essential in the attempt to atpeadividual geo-
physical effects which can be observed from space only iim uperposition.
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The land, ice and ocean surfaces are to be monitored withspigtial resolution.

The required resolution depends on the surface type (laadpr ocean) and on
the region (tectonically active zones, major ocean cusrett.). The latter im-

plies the necessity of establishment and integration dbreg projects in areas
of particular geophysical relevance. These projects tmgermnply with the over-

all GGOS standards. The development of new terrestrial @bhdrae/shipborne
techniques needs attention and encouragement.

. A link has to be established between the global time sefigeodetic param-
eters delivered by GGOS and relevant geophysical proceselsiorhis is a
demanding and highly interdisciplinary task that requiaeslose cooperation
with geophysicists/geologists, glaciologists, oceanpbers, hydrographers and
atmospheric physicists. Thus, geodesists will need tova#iad into numerical
Earth modeling. The ultimate goal is the development of a@imensive Earth
model constrained by geodetic time series of global sunfmoeesses, rotation
parameters, gravity models and mass transport and excldatgeThey should
contribute to our understanding of solid Earth processels aa Glacial Isostatic
Adjustment (GIA), tectonic motion, volcanic activity orréaquakes, ice mass
dynamics and balance and the dynamics of sea ice, the seuatd changes
of ocean circulation, and mass and heat transport in thenscéa the various
components of sea level change and to their separation amdigation, to the
global water cycle, and to atmospheric dynamics.

. The measured temporal variations of Earth rotation aadityrand geoid rep-
resent the total integrated effect of all mass changes ift#reh system. Thus,
strategies have to be developed for their separation iwliwidual contributions
(although interaction between the various processes abaveathe accuracy
level may not allow for separation and rather require angirsteed modeling
approach). The complementarity of satellite techniquasging strategies, for-
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mation ights of several satellites, terrestrial caliboat sites, permanent record-
ings and campaigns and geophysical models will prove inaporfor this task.
Of similar character is the problem of the limited resolatia time and space
of any space con guration, which leads to aliasing probldéh@ need careful
analysis.

The rationale of this program is summarized in Figure 3.% [Efft box lists the
most important geodetic measurement techniques. Theytbawe processed and
combined in a consistent manner to form a uni ed and globaeotatory. They
yield geodetic parameter sets and time series for surfagmeiey, Earth rotation
and gravity. Their contribution to the study of the Earthteys results from their
introduction, assimilation and/or integration into maxlef Earth processes. In ad-
dition to forward modeling, there results a reverse feelbbuproved Earth pro-
cess modeling can also improve analysis of the geodetionsea sets and lead to
a more consistent data processing.

These goals are at the cutting edge of what is possible toddyirathe near
future. They require a joint effort in theory, numerical meds, data handling, mea-
surements and campaigns, instrument development, oagamzand management.
The de ned goals for precision, uniformity, consistencydastability result in a
series of geodetic requirements for all components aneéstafjgeodetic data pro-
cessing. Several, that are complex and not yet fully undedsthave 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 background models (solid Earth and ocean di@®sphere, oceans,
ice, loading, ionosphere, troposphere) used for data tehjaemove-restore
steps and separation of effects;

combination and comparison of global and regional/loctdda

determination of eld quantities (gravity eld) from nitesampling in space and
time (aliasing, leakage, truncation, ltering, regulaiion, etc.);

complementary measurements from other disciplines.

In the past the use of separate geodetic and geophysicalsrfodelata reduc-
tion and analysis was acceptable. However, when genettatiegseries of the very
small geodetic “global change” parameters, resulting fa@mombination of the
three parameter types surface geometry, Earth rotatiomyeavity, the consistency
of these models is mandatory. Developing a uni ed geodetitlEsystem model
that is applicable to all geodetic observation technigaehallenging but certainly
worthwhile considering.

A central contribution of geodesy to Earth science is thevigion of a stable
reference frame and tools to assign coordinates in thiseefe frame to any point
with high accuracy, and spatial and temporal resolutions Enhables scientists to
reliably monitor processes on land, on ice, and on the océnhigh short-term
accuracy and long-term stability. It has allowed accuyapelsitioning sensors in
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motion (e.g., on air planes, ships, satellites), and thcitited the development of
observation techniques with high spatial coverage. Bexgesdetic observations
re ect to the mechanical processes in the Earth system,dbestitute a fundamen-
tal data set for Earth sciences.

3.3 Solid Earth physics

Space geodesy has revolutionized the study of solid Eadbegses through its
ability to measure the deformation of the Earth's surface #re Earth's gravity
eld with extraordinary accuracy. These measurementsigegur best data about
the motion of the great plates of the Earth's lithospheragial insight into the
resulting hazards posed by earthquakes and volcanoespamifpl constraints on
the forces within the Earth that drive them.

Nonetheless, despite signi cant progress over the lastcituries, many ques-
tions remain about fundamental processes in the solid Earth, NASA, 1991a;
Solomon & the Solid Earth Science Working Group, 2002; Baaré&arth Sciences
and Resources, 2003; Ik et al., 2005; Space Studies Bo@a@, Battrick, 2006).
These re ect the complex nature of the Earth system in whiemgical, physical,
and biological factors jointly yield a highly non-linearstgm in partial homeostasis
(Lovelock, 1979; Schellnhuber & Wenzel, 1998). Undersiagthe complex Earth
system requires integrated sets of observations on globalgional spatial scales
and with high spatial and temporal resolution. In the praespera, few parameters
were observed with global coverage or suf cient spatial sexdporal resolution. In
the space era, this has changed for many parameters, bairradkt f

These limitations of data are being addressed by regiorthigéobal collabo-
rative programs. The NASA Crustal Dynamics Project (CDR)Ii(S & Turcotte,
1993a,b,c) and the Working group of European Geoscielfitisthe Establishment
of Networks for Earth-science Research (WEGENER) (e.gg Bt al., 1998a) were
established in the beginning of the 1980s as interdis@pjirprograms applying
space geodetic and other techniques to the study of geodgmamd crustal dy-
namics. A recent example is the U.S. EarthScope Programja mational under-
taking applying modern observational technologies andy&inal methods to the
study of the structure and evolution of the North Americantowent and the un-
derlying physical processes that cause associated pheacsueh as earthquakes
and volcanic eruptions (Carlson & 42 others, 2002). Eanip8ds developing new
facilities for seismology, geodesy, and borehole geomisy$d provide a foundation
for fundamental and applied research throughout the Ur8tates. This network
of geodetic and geophysical instruments is signi cantlpa&xding capabilities to
observe the structure and ongoing deformation of the Nortte#can continent.
EarthScope seeks to promote multidisciplinary researchiesding some of the
grand scienti ¢ challenges in Earth science.

Geodetic observations play a major role in these programause they are fun-
damental for the understanding and modeling of Earth systemesses. Changes



3 Earth science requirements for geodesy 95

in the Earth's shape, its gravitational eld, and its rotetiare caused by external
forces acting on the Earth system and internal processesving mass transfer
and exchange of angular and linear momentum. Thus, vargtiothese geodetic
quantities re ect and constrain mechanical and thermoadyic processes in the
Earth system.

Understanding these processes transcends purely scigiaals because these
processes have signi cant societal impact (Solomon & thé&dSBarth Science
Working Group, 2002). Thus, understanding of these preseasd their interac-
tions is important for sustainable development and has itapbconsequences for
natural hazard mitigation.

This Section examines some of the scienti ¢ problems inds&arth physics
that would bene t from improved geodetic observations. amtizular, it elaborates
on the added-value of the combination of time-dependeritipogg (geometry),
Earth rotation and gravity/geoid.

This analysis is designed to motivate the design of the &GOS in terms of
requirements for accuracy and resolution of geodetic ebsens. Typically, scien-
ti c requirements are simply 'as good as possible'. Nevel#iss, we attempt to iden-
tify quantitative threshold and target requirements tihati&ely to help distinguish
between models and hypotheses and thus improve our knosvigglg cantly.

We also attempt to anticipate the impact of likely technaabdevelopments.
One is the maturing of geodesy on the ocean bottom. Becaasectan covers
two-third of the Earth's surface, sea oor geodesy couldlléasigni cantly better
understanding of geodynamic processes. Spiess (1990m@dhatby the year
2000 we will be discussing at least a few real multi-year dses and using them to
constrain our models of the structure and dynamics of thetdraneath the sea - its
genesis, its evolution as it moves away from the mid-ocelges, its destruction in
the trenches, and the effects of its interaction with cantts and islandsHowever,
progress has been slower than anticipated in that stateffeprogram documents
of the International Year Of Planet Earth (IYPE) again engiteathe need to extend
geodesy to the ocean oor (Chen et al., 2005).

Another example are time measurements, where accuracyadlgdsthbility of
10 6 should be possible with Atomic Clock Ensemble in Space (AC&EScks.
Time is the geodetic observable from which geodetic pararaetre derived. The
anticipated progress in time measurements should signilgamprove geodetic
measurements, and thus make them even more valuable.

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

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

Plate tectonics:the location of some plate boundaries and the processesdthat
cur at plate boundaries still pose many questions. Largertaioties 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 tioet of the Earth's
surface. Likewise, the extent of deformation zones is uagem many regions
of the Earth's surface (see Figure 3.2). Strain rates, whanly in space and
time, are known only for parts of the Earth's surface, astlated by the prob-
lems in de ning the “stable parts” of the continents (e.ggdguet et al., 2001)
and assessing seismic hazards there. The strain eld ofdbéaro oor is mostly
unknown, which is a severe limitation assessing earthqaa#ésunami hazards.
Ice sheets/glaciers and sea levethere are large uncertainties with respect to
the ice load history, in particular, for Antarctica. Ever #ign of the present-day
changes in ice sheets are still uncertain for parts of theheets. Consequently,
their contribution to sea level changes are highly uncertai

Rheology:despite its fundamental importance, the appropriate dggollinear
or non-linear) of the Earth's mantle and its dependenceroa Hcales (transient
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versus steady-state) is not well understood. Moreovererstanding the effect
of lateral heterogeneities in mantle and crust (includilagegoboundaries) is still

in an early stage (Plag et al., 1998b) and models incorpay #tiese 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 couplitiy tive mantle.
Hydrological cycle: better quanti cation of the uxes between the different
reservoirs is required. How large are groundwater moves®anhat 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 continentalewatorage, non-tidal
ocean loading, and ice loads, and the resultant defornsatibthe Earth (in-
cluding gravity changes), which depend on crust and mamtheposition and
rheology.

Rotational dynamics: despite recent progress, issues remain in the areas of the
coupling of angular and linear momentum equations, freeanadthe ocean on

a rotating Earth, and the forcing of rotational perturbasio

Tides: indextidesvalidation of ocean tide models and an improveshitedge of
tidal friction is both important on its own and for analysioother geodetic data.
Earthquakes: Plate tectonics provides a general kinematic frameworkefat-

ing individual earthquakes to geological deformations wideer, understanding
earthquakes as a physical process, as a source of sociedatihand as manifes-
tations of Earth deformation remains a major challenge. Agtbe fundamental
guestions remaining are how earthquakes result from the oystrain accumu-
lation at faults, how rupture begins, and whether earthgsi@ian be predicted.

It is unclear why in some areas crustal strains localize ojpinfaults, whereas
others show more continuous deformation. It is not clear hottle crustal de-
formation couples to the ductile motion of the convectindsmantle. Such
questions connect the study of earthquakes to many basectaspf 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 itsigal#o lithospheric,
asthenospheric, and mantle dynamics.

3.3.1 Plate motion

Space geodesy is revolutionizing tectonics by providing mi measurements of
plate motions over time scales of years — rather than maliofyears — and our
rst clear insight into the motions within the deforming zemat plate boundaries
that cover about 15% of the Earth's surface and are homesdota&®% of the
human population.

Using space-based measurements to measure plate motisnsuggested by
Alfred Wegener when he proposed the theory of continenttlidr1915. Wegener
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realized that proving continents moved apart was a fornideliallenge. Unfortu-
nately, surveying methods available at that time offeretioye of measuring these
slow motions. Wegener thus decided to measure the distataeén continents us-
ing astronomical observations. However, because meastwintinental drift called
for measurement accuracies far greater than ever befofete small changes in
positions over a few years, Wegener's attempts failed, bhaddea of continental
drift was largely rejected.

By the 1970s the story was very different. Geologists a@kepbontinental drift,
in large part because paleomagnetic measurements shoatecbtitinents had in
fact moved over millions of years. It thus seemed naturak®is modern space-
based technology could accomplish Wegener's dream of miegsaontinental
motions over a few years. Three basic approaches were d@gdgdmipach faced
formidable technical challenges - and all succeeded. Hplate motions can now
be measured to a precision of a few mm/yr or better using a &awsyof data from
systems including VLBI, SLR, and GPS.

Space geodesy measures both the rate and azimuth of thenmbé&tween sites,
and can thus be used to compute relative plate motions. Otine @fiost important
results of space geodesy is that plate motions have remgareztally steady over
the past few million years. This is shown by the striking @gnent between motions
measured over a few years by space geodesy and the preslictiglobal plate mo-
tion models that average over the past several million y@drs general agreement
is consistent with the idea that although motion at platenblawies can be episodic,
as in large earthquakes, the viscous asthenosphere datpe dtansient motions
and causes steady motion between plate interiors. Thidistsss implies that plate
motion models can be used for comparison with earthqualke dat

Space geodesy also gives detailed views of the spatialdison of deformation
within broad plate boundary zones like western North Aneeribe Mediterranean,
and the Himalayas. This surmounts a major dif culty facedg@plogic plate mo-
tion models, which predict only the net motion across thenolauy. Hence they
give only partial insight into earthquakes, volcanism, atiter deformation that oc-
cur in boundary zones. Understanding this deformation ispngeological prob-
lem, which also has social relevance because of the reguy8ologic hazards to
populated areas. Thus space geodetic data play a rapidirgroole in assessing
hazards and developing strategies to mitigate them.

Building on these successes, space geodesy is poised foicaig advances
in several areas in years to come. As geodetic data improveécdadditional sites,
longer time series, and higher precision analyses, welaly lio see major progress
on topics including:

Resolving plate motions in complex boundary zones: Evesr #fie giant 2004
Sumatra earthquake, we know little about the plate geonagtdymotions that
caused it, and hence how often such earthquakes recur. Ttheeake resulted
from subduction of the Indian plate beneath the Burma mietepa sliver plate
between India and the complex deforming zone in southedist that can be

regarded as a single Sunda plate or a series of micropldtesduthern extent of
rupture may be where the subducting plate changes fromtiodiastralia. None
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of the plates' motions are well constrained, because ofithitgdd GPS data and
because many of the sites are near trenches and thus in ddrycaterseismic
strain accumulation. Similarly, the plate geometry andiorst are very poorly
known in areas like Northeast Eurasia (from Siberia to rerthlapan) or the
East African Rift. New GPS and InSAR data, ideally completadrby sea oor
geodesy, will be of great value.

Time variability of plate motions: Space geodesy has reéthe point where
discrepancies between plate motions inferred from spasdeagy and from ge-
ologic models are no longer regarded as necessarily duedisén one or both
techniques. Increasingly, they appear to indicate realgésin motions over the
past few million years. For example, GPS data show that a&rildes mountains
grew, the subduction of the Nazca plate beneath South Amselawed. Simi-
larly, we appear to be seeing a slowing of the opening of thelSatlantic, and
changes in the plate motions around the Adriatic. As thet®idgprove due to
additional sites, longer time series, and higher preciainalyses, they will give
new insight into the physical processes changing plateansti

Relation between earthquakes and deformation in platedayizones: By map-
ping the present strain elds in boundary zones like theexrasMediterranean,
western North America, or the India-Eurasia convergenezepace geodesy is
giving crucial insight into the dynamics of these areas. Aaneesearch thrust
is understanding how the geodetic deformation seen todateseto the historic
record of earthquakes and geologic record of faulting. hésoming increas-
ingly clear that loci of seismicity and faulting have migrdtwith time within
some boundary zones, and in some places are doing so togapMed geodetic
data are crucial for characterizing these effects, mogetieir dynamics, and
using the results to better understand earthquake hazards.

Intracontinental earthquakes: Space geodesy is givingim&ght into the mys-
terious, relatively rare, but sometimes large, earthgsiakthin plates. It shows
that the deformation causing these earthquakes is surglysilow. The geodetic
data are being combined with earthquake locations, focahar@sms, and other
geological and geophysical data to investigate the motamsstresses within
plates and how they give rise to earthquakes. A growing bd@yidence nds
that continental intraplate earthquakes often occur irptenal clusters on faults
that remain active for some time, and then have long qui¢gmeninds during
which seismicity migrates to other faults. Space geodetia dre letting us ob-
serve these processes as they occur today, with importaspects for hazard
estimation.

3.3.2 Earthquake and volcano physics

Space geodesy observes the deformation that occurs dhengrig intervals be-
tween earthquakes and volcanic eruptions, and thus pinggortant insight into
the physical processes that control them and for stratégietigate their hazards.
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Traditional earthquake and volcanic eruption studies$aruwhat occurs during
these dramatic events and the results, with a goal of uradetistg the underlying
processes. Space geodesy can now expand this view by aixsémei deformation
eld between events and spanning a broad region around &dawblcano. GPS
measurements are being complemented by INSAR from sasgllithich does not
require monuments on the ground.

The advent of space-based methods like GPS and InSAR, whagke collect-
ing geodetic data faster and easier, have made geodesy iandcseave studies
complementary approaches to earthquake studies. Hehorigh seismology and
earthquake geodesy had been viewed as distinct, owing thffeeent instrumenta-
tion, earthquake geodesy is increasingly viewed as vemyftequency seismology
(or earthquake seismology as high-frequency geodesy).

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

Continued advances in observing and understanding theigshgé faulting:
Space geodetic measurements are providing importaniiafion about earth-
guake mechanics. Data from many regions show that signi edterslip, not
detectable seismologically, is a common phenomenon. Toleservations offer
insight into the effects of the stress changes during eagtke, and provide con-
straints on the rheology of the lithosphere and asthenespBeich data are of
special importance given the emerging view that stresstearetween faults
may contribute to earthquake triggering. GPS and InSAR diaalso showing
transient deformation between earthquakes in some regiotasbly at subduc-
tion zones, and thus providing new insight into the proce$sewhich strain
accumulates and hence where and how it can be released.ddtesee increas-
ingly being used in earthquake and tsunami hazard assesdmaddition, GPS
and InSAR data permit comparison of geodetic, seismolbgca geologic es-
timates of the rates and directions of deformation withitivacregions. Initial
data from around the world suggest that these rates can bedjfierent, and
should lead to an improved understanding of the partitigriiatween seismic
and aseismic deformation. The issue of this partitioningrigcial for seismic
hazard assessment.

Major advances in volcano monitoring: Although less apjated by the pub-
lic, volcanoes can pose dangers just as severe as the wdztingtions directly
threaten over 200 million people worldwide, can potengikitock jet aircraft out
of the sky by choking their engines with ash, and can disrigiiagj commerce
by suddenly blanketing key regions with thick layers of debin contrast to
earthquakes, which commonly strike without warning, volweas typically show
telltale signs of unrest. Nonetheless, our ability to fastdhe timing, magni-
tude and impact of future eruptions is frustratingly imgsec For every major
predictive success, like at the Philippines' Mt. PinatubdlB91, which saved
over $ 1 billion of equipment and tens of thousands of liviesré are tragic fail-
ures, like at Colombia's Nevada del Ruiz in 1985, where mwgsdriggered by
a small eruption killed over 25,000 people. Most hazardalsanoes are not
presently monitored, largely due to the costs involved.c8pgeodetic data are
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proving a powerful tool for volcano monitoring. They progid less expensive,
rapid and remote (hence safe) way of measuring surfacerdafmm associated
with volcanic processes, which will both, signi cantly imgve our fundamental
understanding of volcanic processes and will aid in erupftmecasting.

3.3.3 Deep Earth dynamics

Observations of motions at the surface, together with tyadata that constrain
mass distribution at depth, provide crucial constraintsn@amtle dynamics and thus
the Earth's thermal and mechanical structure and evolution

Plate tectonics is the primary surface manifestation ohtiet engine whose na-
ture and history govern the planet's thermal, mechanicad, @hemical evolution.
Because the lithosphere is the cold outer boundary layéreoirtantle's convection
system, our most important constraint on this system conoes the rates and di-
rections of plate motion. Space geodetic data are cruaighfe purpose, especially
via their ability to resolve plate motions on time scalesedigs for comparison with
those observed over geologic time. Our ability to obseresdéhchanges provides
important constraints for understanding how they resoltfiplate driving forces.
Similarly, understanding the deformation pattern in baamdones like mountain
belts is prompting new models of the processes at work, soniehvinvolve com-
plex interactions between tectonics and climate.

Space geodetic data also provide other constraints. GP§ramity data from
the GRACE mission are giving new insight into PGR or GIA, tesponse of the
solid Earth to the changing surface load brought about byvdreng and waning
of ice sheets and glaciers. In the past 20,000 years GIA hasedaup to several
hundred meters of relative sea-level fall and over 100 m afleeel rise in differ-
ent parts of North America and Europe. Until recently, pnésiay observations of
GIA were limited in two important ways. First, horizontal trens could not be ob-
served. Second, vertical motions were measured only aloasgts via sea and lake
level changes, which requires climatic and hydrographicemtions. The advent of
space-based geodesy, which can measure crustal velafitess than a few mm/yr
and provide detailed images of the changing gravity elds bhanged this situation.

This is important because GIA is the subject of active redeor three major
reasons. First, the delayed response to deglaciation isfaihe few ways of con-
straining the viscosity structure of the mantle, which isaial for understanding
the mantle convection process. Second, GIA can provide a&goixconstraint on
the distribution and thickness of ice since the last glatiakimum, about 21,000
years ago. Although the general pattern is known from glagamorphology, sig-
ni cant questions remain on which GIA can provide importarformation. Third,
GIA has been suspected to be a major cause of deformatiomwdahtinental plates
interiors.

The gravity data are also important for mapping the Earte'spdinterior. Al-
though we seek to understand the composition, mineralagy,tamperature at
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depth, our measurements are sensitive instead to paratik¢stensity and seismic
velocity that can result from various combinations of cosipon, mineralogy, and
temperature at a various depths. As a result, our ideastra&rences from com-
bining geodetic and seismological data with results froml@gy, geomagnetism,
cosmochemistry, and the physics and chemistry of matesialsgh temperature
and pressure. These give a snapshot of the present stagexdttn's thermal and
chemical evolution, which is our best constraint on the lEagvolution and crucial
in developing our ideas about the other terrestrial planets

In years to come, we anticipate that the increased densityaecuracy of space
geodetic data will dramatically improve models of both thealogy of the Earth's
interior and of the history of glacial loading. This potethtis shown by the fact
that although the vertical motions are generally consistgti the predictions of
GIA models, the horizontal data illustrate the need and dppdy to improve the
models via more accurate descriptions of the ice load aeddiy-variable mantle
viscosity.

3.3.4 Surface loading

Mass relocation on the solid Earth's surface and in the umedope constantly
loads the solid Earth and induces deformations and chamgéeeigravity eld.
On time scales of minutes to years, most of the loading is duredss re-location
in atmosphere, ocean, terrestrial hydrosphere and crgospie., the global water
cycle. On decadal to century time scales, slow climatokgibanges in land water
storage, glaciers and ice sheets are major sources of gpadhe cycle of ice ages
with the associated large changes in ice sheets has tyjiebtales of 19to 10*
years. Sediment loading induces signi cant load on evegédoitime scales of up to
several million years.

While the theory for the elastic response to loading is welledoped (see, e.g.,
Farrell, 1972), major uncertainties exist in the atmosjgheceanic and hydrologi-
cal loads (see, e.g., Van Dam et al., 2003). For ocean tidding, the accuracy of
the ocean tidal models has increased considerably ovesshgdars, and the ocean
tidal loading signal in surface displacement and gravitsides can be predicted
with high accuracy, particularly for locations not dirgc#it the coast. For non-tidal
ocean loading, the ocean bottom pressure eld is still a mspoirce of uncertainty.
Uncertainties may be reduced with the help of gravity siégathissions. For atmo-
spheric loading, the surface pressure eld is a major uadet (Plag et al., 2007a),
which can be reduced by improved processing. Models for ggsin land water
storage show still large inter-model differences, indiwatarge uncertainties. Here,
too, satellite gravity missions may be a viable source f@romements.

For longer time scale, the rheology of the Earth's mantle singpli cations of
the Earth model still constitutes signi cant contributito the uncertainties (see,
e.g. Plag et al., 1998b). For PGR, these uncertainties aipadt the ice history
derived from relevant observations. Ice histories deteeahion the basis of spher-
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ical symmetric Earth models and model predictions of thesgméday PGR sig-
nal in surface displacement, gravity eld, and rotationwhowide range of varia-
tions, which in turn hampers the interpretation of geodettiservations in terms of
present-day changes in, for example, ice sheets and gleadteel.

Recent attempts to include lateral heterogeneities in #rthEnodel (e.g., Laty-
chev et al., 2005) are necessary steps but these modelssae peginning. 3-D
Earth models need to be developed. However, results frasmgetomography also
show a wide range of possible Earth models and researchavill to focus on these
issues in order to improve the interpretation of the geaddiservations in terms of
mass re-locations.

3.4 The cryosphere

Ice sheets, glaciers, and sea ice are intricately linkedh¢oBarth's climate sys-
tem. They store a record of past climate; they strongly affeface energy budget,
global water cycle, and sea-level change; and they aretsenisidicators of climate
change.

Geodesy is crucial for these studies because of its alilitggasure the motions
of ice masses and changes in their volumes. Since the mids19@W geodetic
observation techniques have shown rapid changes: Araiicsds shrinking, both
in extent and thickness (e.g., Stroeve et al., 2008); Iditutde glaciers and ice caps
are losing mass at rapidly accelerating rates (e.g., Me#r,2007); and even parts
of the vast ice sheets in Greenland (Zwally et al., 2002;cdgjha & Wahr, 2005;
Tedesco, 2007; Khan et al., 2007, e.g.,) and Antarctica, (Elgpmas et al., 2004;
Zwally et al., 2005; Velicogna & Wahr, 2006) are shrinking.

Various geodetic techniques, largely involving measuresmé&om aircraft and,
increasingly, from satellites have led to the recent imprognt in our knowledge of
what is happening to ice on Earth. Detailed imagery, at vemgths ranging from
visible to microwave, precise altimetry, and measuremehtemporal changes in
gravity have yielded the largest returns: highly-accuna¢@asurements of ice veloc-
ity from repeated GPS surveys; spatially detailed measenésrof glacier motion
from interferometric SAR (INSAR); ice thickness measurata@ver glaciers and
ice sheets from low-frequency radar; ice-sheet thickdthingning rates over vast
areas from laser and radar altimeters; estimates of rateBaofge of the mass of
entire ice sheets from satellite measurements of tempbaalges in Earth's gravity
eld; time series of sea-ice extent and motion from passiierowave and SAR
images; and routine mapping over almost entire ice sheatharicteristics, such
as temperatures, iciness, and wetness, of surface sndwullh some of these data
have been available for many years, recent advances all@h mare data to be ac-
quired and allow more accurate quantitative estimatess@ hdvances involve both
measurement systems and improved geodetic referencedramygarticular, many
techniques that are now the “bread and butter” of glacialaligiesearch became
possible only after GPS data became easily available anelyvgbplied.
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The importance of geodesy to ice research is highlightetiéydpid changes in
the ice sheets that have been revealed only recently. Tagbction, and investiga-
tion of their causes, would not have been possible withotii@ate geodesy. A key
question posed by these changes was how much could be eegplaimatural vari-
ability in snowfall and melt rates, and how much requiredjenlasting changes in
ice-sheet dynamics. Ice velocities measured by interfetooSAR data from satel-
lites showed that, in many regions, the observed rapid thgnwas accompanied by
local glacier acceleration, indicating substantial cleanig glacier dynamics.

Calculation of highly accurate orbits and aircraft trageis requires a reliable
reference frame and continued tracking of key satellitesEarth crustal motion.
This has direct bene ts for glaciological research by impng the accuracy of mea-
sured parameters, such as ice-surface elevation, detectiemporal changes inice
cover and ice-surface velocities, and indirect bene tghsas improved knowledge
of rates of sea-level change and post-glacial uplift.

Until recently, the most reliable information on the mastabee (net rates of
mass change) of glaciers and ice sheets was provided by owldage of sea-
level change. This provided bounds on how rapidly the madaraf ice could be
changing, that were more reliable than the results of dexafiglaciological mea-
surements. Recent advances in our ability to measure i@vtmethave changed this
situation. Ten years ago, it was not possible to determiea @hether total mass
was increasing or decreasing. Now, measurements showotlaatthose ten years,
ice has contributed an average of about 1 mm/yr to sea-lseel$etting this infor-
mation in context requires accurate measurement of totaleseel change, which
also depends on geodesy, both to provide a reliable referfeame to tie together
tide gauges from all over the globe, and to provide accurgtésofor altimetric
satellites used to map sea-level over entire oceans. Retdtv that recent changes
in ice mass are responsible foB0% of a total sea-level increase>f3 mm/yr.

There are three ways to measure the mass balance of thedaigjesiets in Green-
land and Antarctica: comparison of total snowfall with tdétsses; measurement of
volume changes, using altimetry of the ice surface; and oreasent of temporal
changes in gravity that are indicative of mass changes.lthe rst require cor-
rection for changes in the elevation of rock beneath theTibis. is particularly so for
interpretation of gravity changes, because rock is muclkefethan ice. By neces-
sity, the required estimates of crustal motion beneathhieets come from models,
which become progressively more reliable as more inforondbiecomes available
on actual vertical motion. This in turn depends heavily aghhi accurate geodetic
measurements.

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

Geodetic instrumentation and techniques are at the hepresént day ocean stud-
ies. First, geodesy provides precise positions for shipbsamples or those from
oating instruments. Second, geodesy provides direct bladions. Satellite altime-
try has become an essential input for numerical ocean mddedsimetric satellites
provide the horizontal for altimetric determinations offsge pressure gradient.
Time varying gravity data from gravimetric satellites, thtest entry into this eld,
yields information on time varying ocean heat content artblbo currents, as well
as ice mass variation, a sensitive indicator of climate gkan

Geodesy will play an increasing role in ocean circulatiod alimate studies
in years to come: It will provide techniques to monitor theaas and cryosphere
for seasonal to interannual changes, which is of immed@t®tal relevance. This
ability to provide long term climate-quality time seriesstee our planet change on
decadal time scales must be a fundamental goal of GGOS. Headechnology
should be designed to increase coverage and resolution andomnew observ-
ables.

3.5.1 Providing the reference frame and the means for precis
positioning

The accurate determination of position at sea is much momadding in terms
of reference frame than on land, where landmarks providaimdtion about po-
sition. Marine observations such as a sample from the sea the tempera-
ture and salinity of seawater, or wind at the surface, regatcurate measure-
ment of the position of the sensors. Tide gauges are pedulsruments, al-
ways af xed to land, but measuring an ocean property (seal)eVheir position
in a reference frame is essential to determine whether thessdace went up,
or the land surface went down. GPS, and more general GNSShdwsne the
standard for all these measurements, although positidmngrgos transmitters
(http:/iwww.cls.fr/html/argos/welcomen.html) is still popular with moving plat-
forms (such as for tracking animals), due to the low mass aagpconsumption of
the transmitter. GLONASS, and the imminent GALILEO const@n will greatly
expand the positioning service, and thus minimize the leoftime a oat needs
to be at the surface, while increasing the accuracy of itgtipasand thus of the
derived water velocity. This crucial application requiegxurate reference frames
to which highly accurate satellite positions can be refeeeln Although these refer-
ence frames have little visibility outside the geodetic camnity and often are taken
for granted, they are crucial to the success of present degrostudies.
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3.5.2 Altimetry and ocean circulation

Satellite radar altimetry has existed for over 30 years;estbkylab carried the rst
radar altimeter. The subsequent TOPEX/Poseidon missaonched in 1992, and
its successor JASON-1, produced a large improvement irracgto 4 cm or better
overall, which opened the door to a variety of new discogeiieocean physics.
The largest source of that improvement was the precisioit debermination for
the altimeters. Since tides are the largest ocean signathastibe removed before
other signals can be studied, renewed interest in modetiagrotides was spurred.
This not only produced the most accurate global ocean tidalats to date (An-
dersen et al., 1995), and better estimates of their enesgjpdition, but also led to
a new understanding of the possible energy source for thalimeal overturning
circulation, the slow (order of 100 years) predominantlgtical transport of waters
of different densities. Another fundamental observati@s that Rossby waves, the
slow, westward propagating waves crucial in carrying infation from one location
in the ocean to another, had a velocity versus latitude fonchat differed signif-
icantly from that in standard theory. This led to a revisidriheories to describe
these waves.

These advances have practical applications. Satelliteethy lets us 'see’ an El
Nino/Southern Oscillation mode of interannual variapilit its early stages of de-
velopment, allowing accurate forecasts of its consequeriRa&dar altimetry lets us
map the ocean's heat content at low latitudes, a quantitgedr'hurricane poten-
tial' for its ability to feed these storms, thus helping foast their path and intensity.
Moreover, global satellite altimetry data are being adsited into numerical mod-
els of the ocean circulation data to determine the statesobtieans at any one time
which is consistent with ocean physics and the availabla. ddtis capability has
become the basis for operational oceanography.

An interesting indirect application of satellite altimgto ocean circulation stud-
ies comes from the close relationship between the shoradgs¢order 100 km) of
the gravity eld over the oceans and bathymetry. Thus gyadétta are used to derive
maps of bathymetry (Smith & Sandwell, 2004) which providi®imation on the
ocean bottom roughness that is a source of mixing rate i@méunze & Smith,
2004), with direct effect on climate.

The next generation of instruments should permit furtheaades. To date radar
altimetry uses downward (nadir) pointing instruments oteltes usually ying
alone, or at best from two or three satellites not intendeddiot operation. This
has prevented extending detailed mapping of coastal watbese the length scales
are much shorter than in the deep ocean, and thus shortahhaB0 or 300 km be-
tween tracks of nadir altimeters. We envision several acksira) an imaging instru-
ment, essentially an interferometric SAR that draws a wigatls along the ocean,
rather than a narrow thin one; b) a constellation of rel&tii@expensive nadir al-
timeters; these would avoid many of the characteristidsitizale TOPEX/Poseidon
expensive, such as an onboard radiometer, etc, paired wahT@PEX/Poseidon
class high accuracy altimeter for crossover adjustments,ca a constellation of
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satellites of opportunity equipped with antennae and edeats capable of detect-
ing re ections from the signals transmitted by the GPS $igds|

3.5.3 Satellite gravity, ocean circulation and climate

A basic application of satellite gravimetry in oceanognaishio provide the horizon-
tal at every point on the ocean surface, because the slope sét surface measured
by radar altimetry relative to this horizontal is the pressgradient associated with
the geostrophic component of surface currents (and the atiraponent, called
the Ekman component, is associated with winds and has naldigisea surface
height). For this calculation, time changes in the gravigld are much smaller than
uncertainties in the mean sea surface. This calculationdra®satically improved
by the CHAMP and GRACE gravity missions. Further re nememi come from
the gravity gradiometric satellite mission GOCE launchetarch 2009. The sur-
face component of velocity can also be derived frionsitu data, with the latter
providing the shorter scales and satellite altimetry mithesgeoid providing the
longer scales.

Precise measurements of the time variations in the glokelitgr eld from
GRACE offer a powerful new method to study the oceans andrifesphere. Mea-
surements of the temporal variations in gravity averagest dive global oceans
show the exchange of water between the atmosphere, larakpirgre, and ocean
reservoirs. Such measurements show changes in deep jgrgsadients, indicative
of temporal changes in deep currents or in vertically-ayedacurrents.

When combined with sea surface heights inferred by radianetity, the gravity
data provide information on the geographic distributiomuafnthly or submonthly
changes in ocean heat content. Altimeter record changescal Water column
height, whether produced by expansion due to heat (and, ¢esai extent, salt),
or by mass addition, whereas gravity is only sensitive tddtter. Hence the differ-
ence reveals changes associated with heat and salt, dechimathe former.

The gravity data also are valuable for cryospheric and dlmstudies. One of the
most dramatic results from GRACE is detection of ice massde$rom Antarctica
and Greenland (Velicogna & Wahr, 2005, 2006).

The next section will discuss further applications of timesraged and time-
varying satellite gravity measurements, in combinatiotihwther data. Given what
has been accomplished in the 6 and 4 years of the CHAMP and GRA€sions
(see Section 2.6.5), both of which were the rst of a kind amdduced new data
scientists were unaccustomed to and are still learning péoéxfurther important
discoveries are likely ahead of us.

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

3.5.4 Synergistic combination of measurements

The greatest power of the measurements discussed abovs wdrae two or more
technologies measure essentially the same quantity. lBongbe, surface ocean ve-
locity is measured both from space and by surface driftdtisqiagh the positioning
relies on GNSS). The velocity includes both Ekman and gepkic components,
the latter of which is directly linked to much deeper velmst After modeling and
removing the Ekman component, in principle one is left with geostrophic com-
ponent. Thus, current efforts are blending the two datastypeesolve their different
scales and error characteristics.

Similarly, time varying ocean heat content distributios de obtained from
satellite gravity and altimetry, or from sea surface (Arg@ts. However, owing to
limited coverage, data from the Argo oats need to be coméhwéh GRACE and
altimetry time-varying data.

A third example of synergistic application of data is estimgithe ux of mois-
ture from the ocean into the land. One approach combinesfidataatmospheric
sounders that yield atmospheric water vapor with surfaeaowector wind mea-
surements from scatterometers. For comparison, riverfirfmoon the land can be
obtained from poorly constrained climatological estinsaté evaporation minus
precipitation over land. However, by mass conservatioa,ihlance of the pre-
vious terms is the storage of water over the land, and so castimated from
GRACE data. Ultimately, all the data are assimilated intmatical models to con-
strain a physically plausible description of the couplestegn including the oceans,
cryosphere, land, and atmosphere. Thus, the satelliteadlataombined with ob-
servations at or below the sea surface and assimilated imh@rical models of the
oceans. The satellite data improve this process signilgant

3.5.5 Future needs

Longer-term altimeter observations from multiple missi@are clearly needed in
the future and with suf cient overlap. Since gravitatiorel observations, such as
those from GRACE, are sensitive to processes that chandedittle's mass distri-
bution, they can be used to investigate sea level rise anshieet volume changes.
Moreover, since the Earth's gravitational eld is not sdive to the thermal expan-
sion of sea water, observations of the gravitational eld ba used in concert with
sea level change observations to separate the change cheriwat expansion or
contraction from that due to oceanic mass changes, therdping to quantify the
extent to which greenhouse warming is sequestered in thenec&atellite altime-
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try provides measurements of the time-varying sea levetiwhivhen assimilated
into oceanic general circulation models along with othenately sensed and in
situ measurements, provide improved estimates of the -timensional oceanic
temperature, salinity, and velocity elds. The Earth's\gtational eld will change
as the ocean-bottom pressure changes, and, under thepfeiotthe conservation
of angular momentum, the Earth's rotation will change asateanic angular mo-
mentum varies due to uctuations in the ocean-bottom presand velocity elds.
These three data sets (satellite altimetry, gravity, anthEatation) therefore pro-
vide a powerful means of investigating the causes and coesegs 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-fold. Geodesy can
help observation and prediction of the weather by (1) géereacing meteorolog-
ical observing systems, (2) providing atmospheric weathedels with space- and
time-varying gravity elds, (3) collecting observationktbe stratospheric mass and
lower tropospheric water vapor elds, and (4) contributiogracking atmospheric
global change.

3.6.1 Geo-referencing of all meteorological observations

Since the early days of meteorology, the need for time syghation of atmo-
spheric observations has been recognized in order to be@blempare simulta-
neous measurements and establish a dynamically congistéunte of the weather.
Observations must also be referred spatially, both in lbote and vertical position.
As measurements have moved away from the ground to be mdtidralm aircraft
or balloons, pressure was chosen as the independent camrdinreference mea-
surements in the vertical. Horizontal positioning was ol®d by various systems
and now more commonly by GPS. Thesesitu measurements are how comple-
mented by thousands of remote measurements from sateMtsy of these are
passive emissions for which vertical positioning does ppiya However, more and
more such measurements are (and will be) LIDAR returns anld §ounding radio
occultation refraction (or delay) data, both with an unpdsnted vertical accu-
racy. In order to exploit these measurements and use theonibioation within
situ measurements, considering all atmospheric measurenneamtsimgle reference
frame is crucial .

The World Meteorological Organisation (WMO) recently (Mowber 2006)
adopted a world geodetic system and global geoid model faitipoing all weather
observing stations. Meteorological measurements regtstd/MO are now located
in the horizontal (latitude, longitude) using WGS 84, andha vertical (altitude)
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with respect to Earth Gravity Model (EGM)96. Hence the couid improvement
of these reference frames is a powerful tool for meteorsksgirhe 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 numemecalels to predict the
weather and issue forecasts. Most of these model atmospi@tilation assuming
a perfectly spherical Earth, a constant gravity accel@nataind a thin layer of at-
mosphere. However, the use of observations from the reddliances atmospheric
models to recreate surface pressure elds consistent viifeiwations and in line
with the actual shape of the Earth. It is currently only inttheocess where the
model assumptions of spherical symmetry and constanttgrawe starting to be
accounted for. Future atmospheric models could use geodit to re ning some
of these assumptions.

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

3.6.3 Collecting observations of the upper-atmosphericsaand
lower tropospheric water vapor elds

Extreme weather events are often associated with signi @nfall and latent heat
release. The prediction of the timing and intensity of thesmts is critical to ensure
proper warning and preparation of the affected populatiittough atmospheric
water vapor is currently observed globally, using passiwmsers andh situ mea-
surements, the time- and space-resolution is too poor tpasupf cient warning
for extreme events.

This situation is changing due to space-based geodesyummsits using GPS
and VLBI technology rely on radio signals that traverse ttraasphere between
platforms on the ground and space-based instruments antlistdio sources out-
side the atmosphere. These signals are modi ed by the atmeospwhich intro-
duces a noise from the geodesist's point of view that is navtinely accounted for
to yield atmospheric-corrected geodetic observations.ddnverse of that process
is that geodesy produces atmospheric observations frorwotmg@lex web of radio
links that constitute the core of GGOS.

Weather prediction already bene ts from atmospheric olgyns made from
the ground with GPS receivers (e.g. Elgered et al., 2005).eikample, Meteo
France now uses observations of zenith radio path delayartsfiits global and Eu-
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ropean weather forecast systems after trials showed tbse tthata helped improve
the forecasts.

Similar observations made with the radio occultation téghe using GPS re-
ceivers on LEO such as CHAMP have been shown to help improethsefore-
casts in the stratosphere at several national weatherrsgste also Section 2.9).
Radio occultation observations of (refraction) bendinglas provide indirect infor-
mation on the stratospheric mass eld and hence informatiotthe stratospheric
temperature (assuming hydrostatic equilibrium).

Geodesy already helps atmospheric science by providirgteignporal resolu-
tion observations of the lower troposphere via atmospluiays that contain infor-
mation on the atmospheric water vapor eld. Densi catiordamproved timeliness
of such observations could bene t the prediction of interaefall events.

Radio occultation observations are now collected in neattime by the recent
COSMIC mission, with an array of 6 receivers (see Sectiol. Z@rrent missions
such as CHAMP and GRACE and future missions are expectedit@dsimilar
observations. Ensuring the processing and delivery ofth@sveather prediction
centers would help them observe and forecast temperatuties stratosphere.

3.6.4 Tracking global change in the atmosphere

The attempts of atmospheric physicists to monitor longatatmospheric trends
have been limited by the issue of instrument calibratiorm&af the instruments
that make up the GGOS hold the key for auto-calibrated, leng+ stable atmo-
spheric measurements. Because GPS satellites rely oraée¢atomic) clocks, the
phase of the signals they transmit is calibrated from ataeicks on board, which
are regularly updated with clocks on the ground. In contrastother observation
of Earth's atmosphere relies on such a recurrent, atomilregibn procedure. For
example, measurements of passive infrared radiation roelee talibrated with re-
spect to a blackbody of known temperature to compensatepficsoand detector
aging in the instrument. However, monitoring the decay af thlackbody over a
long period of time proves dif cult (if not possible), unkeét is brought back to
known experimental conditions in a laboratory. Because ithimpossible to do
with in-orbit radiometers, their time drift is thus dif ctito estimate. GGOS could
develop a record of atmospheric delays from a set of growtithas whose position
is monitored over time using other means such as VLBI. A simiécord based on
atmospheric-induced frequency shifts could also be celteby radio occultation
missions. Thus, GGOS could provide data on the climate ahafigcts anticipated
in: temperatures, altitudes of constant pressure levetsatmospheric mass trans-
port.

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

For example a magnifying effect of temperature change isiodemnsity and
hence atmospheric layer thicknesses. Assuming for exaa@lé K homogeneous
warming throughout any given atmospheric layer whose bartiesl are de ned by
xed pressure levels, that atmospheric slab would expandtibgut 0.04% of its
original thickness. In real terms and with a tropospherarage temperature of 250
K, this would raise the mid-latitude near-tropopause |®f€100 hPa by 5 meters.
With GGOS system capable of ensuring a reference frame withcameter ac-
curacy over a decade to locate upper-air atmospheric peeisssitu sensors, and
accounting also for possible changes in height at the Earface in the same time
frame, this trend could be identi ed.

Temperature change would also affect patterns of atmogpbieculation. As
horizontal temperature gradients change, the cells th&eroa the general cir-
culation are affected in their strength and shape (inclydixtent and position).
(Vecchi et al., 2006) have found evidence of a weakening énttbpical Paci c
Walker circulation between 1861 and 1992 based on sea lexsdpre observations
in that region. Using climate models to elaborate on theimiag that decline, they
found that anthropogenic changes in the atmosphere coplidiexthe observed
decrease in sea level pressure gradient. Similarly, lotengymental Panel on Cli-
mate Change (IPCC) simulations made at Meteo France, peedieakening of the
Hadley cell. The total mass of air owing through the uppeateh of that cell at
the latitude 15N and between 200 and 100 hPa pressure levels is currentlyt abo
50 Megatons per second in January. A shift in the locatiomaf tpper branch of
the Hadley cell predicts that by January 2030 this ow wouktikase by up to
5 Megatons per second. GGOS could help in measuring suclyebkdny looking
at mass displacements, which would complement atmospimedasurements of air
density and wind ow measurements in the example mentiorezd.h

3.7 Sea level change

From a geophysical point of view, sea level has a twofoldrageboth because the
ocean itself is one of the major components of the Earth systed because sea
level is the boundary between the ocean and the atmosphecenty, due to the
increasing attention and evidences for anthropogenicgggmimduced in the Earth
system, one aspect of sea-level has come into focus: a rigelial sea level is
considered as one of the more severe consequences of thetgaedobal warming.
However, besides this impact aspect, sea level may als@pookie an important
indicator of global warming, especially if an acceleratafrthe sea-level rise can
be detected.

Observations of sea-level variations on different timdescare highly relevant.
On the one hand, they allow for the analysis and descripticea-level variability
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which is a prerequisite to a better understanding of theesbehind these vari-
ations. On the other hand, they constitute crucial comgdor models related to
sea level, such as hydrodynamical models or coupled atneosgdtean circulation
models (Plag et al., 2000b).

The contributions of geodesy to sea level science can bdathinto two main
groups. Geodesy provides the essential data sets needeaimnsea level change
and vertical land movements. It can also supply a range ofimétion by which the
reasons for sea level change can be understood, leadintyellgtio 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 fdrmeasurements of the
height of the ocean surface relative to that of the nearbg (are Section 2.9.3).
This is true of all “relative” sea level measurements, wketeological, archaeo-
logical or tide gauge. The long term changes in sea leveal®a®d by such meth-
ods are necessarily affected by vertical movements of the itself with respect
to the CM which for some locations and timescales can exdemdhanges of the
sea surface with respect to the CM. Carefully conducted aoecbGNSS and ab-
solute gravity measurements can provide an independenttonaf vertical land
movement, and thereby facilitate decoupling of sea surdackland level changes
in tide gauge records. Such a decoupling supports an imgnaveerstanding of the
various processes responsible for change.

The use of GNSS at tide gauge sites is far from straightfahwaquiring suit-
able benchmark monumentation and precise leveling in pegsawhich are often
extremely busy and subject to frequent redevelopment.ditiad, operations at the
coast can potentially lead to larger tropospheric variighih GPS data sets than
those from inland.

The spatial variability of vertical land movements can hel&d with networks
of GNSS receivers and from space by INSAR. The latter is otigpénterest in
providing insight into the spatial variations in land mowvamin the local areas
near to tide gauges, and thereby into how well the movemeatsuared by GPS
at the gauge apply also at some distance from it (e.g., whe#ng localized subsi-
dence exists). With the use of data from various geodetioiigces, complementary
global, regional and local models of vertical land movengamt be constructed for
application to tide gauge data for which no correspondingShformation might
exist (e.g., in developing countries).

Satellite radar altimeters measure the sea surface pusitica geometric refer-
ence frame through precise orbit determination of sagslétuch as TOPEX/Poseidon
and Jason-1 by SLR, GPS and DORIS (see Section 2.4.3). Sach dpta sets can
be calibrated by means of tide gauge sea level measurenoeatsd in the same
geometric reference frame with GNSS, thus enabling effectombination of mea-
surements from the two sources.
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While sea surface measurements are relatively straigtdfokto undertake from
space, a major challenge is to make measurements relatvgdopotential surface
(geoid) by means of which absolute ocean currents and uzesbe determined,
enabling direct comparison of transports measimesitu (e.g., by current meters)
to those inferred from sea level data, and the constrainiaf parameters in ocean
and climate models. The GOCE mission (see Section 2.6.3)ldlwovide such
insight into the geoid for application to oceanographieeesh, including sea level
science, and to an extended range of geophysics.

Temporal space gravity measurements such as those by GR&&E Sec-
tion 2.6.5) provide information on the variability of mageand the globe, which
over the ocean can be studied as a parameter akin to oceamlm#ssure (essen-
tially barotropic sea level). Such changes, when combinigd eata on sea level
variability from altimetry and tide gauges, enable a detiogpof barotropic and
baroclinic ocean variations. The latter in effect allowawegraphers to study ocean
properties beneath the surface of a global ocean, sometihiicty can be performed
less comprehensively only with hydrographic vessels ortevar of sub-surface
oats (Argo). Complementary sub-surface information ded fromin situ mea-
surements and from space can be assimilated into ocean srrdelding ongoing
3-D assessment of the state of the ocean.

3.7.2 Understanding sea level change

Changesin global sea level due to volumetric changes ofdbarowater are thought
to constitute the “climate signal” in sea level, which is qmeed of two parts: (1)
melting of land-based ice adds water to the ocean, and (2aagehin the heat
content of the water of the oceans leads to a volume changexéonple, warming
of the ocean increases the volume of the water. Therefomaylenlge of the global
ocean water mass and volume as function of time constitutga@al constraint
for the reconstruction of past climates, as well as the wa#ilich of models used to
predict future changes in the global ocean mass and volumeetkr, extracting
this climate signal from sea level records is a delicate.t&@ske reason for this
delicacy is the complicated mass budget of the ocean whittieisnajor reservoir
of the global hydrological cycle. Thus, a once establistiehge in global sea level
cannot directly be equated to the climate signal (Zerbiralgt1996). Ignoring in
this context changes in the volume of the ocean basins whielbelieved to be
relatively small, the global ocean mass and volume may ket by all changes
in the other reservoirs of this cycle such as groundwatdrnsoisture, humidity
of the air, terrestrial surface, ice sheets, glaciers omgefrost. At present, human
interference such as deforestation, groundwater extractirigation, river basin
developments or reduced in Itration due to infrastructuaad urban development
are at a level where the global hydrological cycle is sigantly affected. Various
studies have been conducted on these anthropogenic inesehowever, there are
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considerable differences in the results obtained, mosttabse these studies were
based on insuf cient data.

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

Monitoring the changes of the surfaces of the large ice stsitposes consid-
erable problems to the remote sensing methods currentlgarincluding satellite
radar altimetry and satellite and airborne laser altimdtgse problems will not be
addressed here. The GRACE mission data allow deriving imddion on temporal
changes in the mass distribution of the ice sheets and wymugrock. Because of
the GRACE satellite altitude, mass balance estimates iha resolution of only
several hundred km are possible; however, there is the tatyaof covering entire
ice sheets, which is extremely dif cult using other techueg (Steffen et al., 2006).

Besides mass exchange with the cryosphere, the volumesehie to thermal
expansion of the ocean is considered as a major contritugea-level change and
variability. Signi cant progress has been made during thst20 years in observing
and understanding the decadal variability and, to a lesg¢ent the multi-decadall
trends in global ocean heat content and thermosteric sea s of the 1980's,
the sign of global thermosteric sea-level change was unkrowe to insuf cient
sampling. Among other reasons, advances in technologydumtebuted to change
the nature of the problem dramatically. The World Ocean @ation Experiment
(WOCE) provided a global top-to-bottom survey of ocean terafure and salinity
during the 1990's and it enabled the global Argo array whogglémentation began
in 2000. Future prediction of ocean thermal expansion ausl filture sea-level rise
(including its regional distribution) depends on couplegan atmosphere models
(Roemmich et al., 2006).

Geodetic techniques have revolutionized our understgrafisea level variabil-
ity through the provision of new data sets and more accuratsions of existing
ones. Such understanding is reviewed and summarized daregtervals in the
assessments of the IPCC, with tH8 Assessment Report (Solomon et al., 2007)
being the most recent one.

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

Thermal expansion:space gravity missions (e.g. GRACE) provide observations
that allow the determination of effective bottom press@&lSS locates Argo
oats.

Cryosphere changesGNSS allows the measurement of changes in the height
and extent of glaciers and ice sheets and their ow rates hackby provides
insight into their dynamics (see Section 3.4); space gyamissions provide es-
timates of changes in mass balance of glaciers; laser andatiunetry 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 changessNSS, in particular if combined with absolute gravity mea-
surements can aid improvement in models of postglacialuett@nd tectonic
processes.

Meteorological changes:GNSS-meteorology contributes to improved atmo-
spheric models and subsequent air pressure and wind eldgrwapor mea-
surements are of direct importance to altimetric data agur

The importance of geodesy to ocean and climate modeling eandmtioned in its
own right. GPS on research vessels and advanced hydrogtaphhiques (acous-
tic depth gauges, Doppler current meters etc.), togethiér saitellite altimetry and
gravity data, provide information on shape and bathymeftgcean basins and the
currents in them which modelers require. Space gravity iargiqularly exciting
recent development: GOCE should enable estimation of atesotean transports
down to short ( 100 km) spatial scales for application throughout deep aagtal
ocean and climate modeling, and temporal gravity (GRACHE daay help to se-
lect best choices of parameterization of physical processé&tmosphere Ocean
General Circulation Models. Such modeling results in inmpbmodeling and un-
derstanding of the oceanic reasons for sea level change.

Sea level is intimately connected to the three “pillars afdgsy”. Consequently,
geodetic observations can characterize highly precisgaspad temporal changes
of the Earth system that relate to sea level changes. Thiengalfor quantifying
long-term change in sea and land levels imposes most siriiopservation require-
ments, and can only be addressed within the context of aestglubal reference
frame, such that measurements today can be meaningfullpaed with measure-
ments several decades later with millimeter accuracy. éfeence frame becomes
the foundation to connect observations in space and timeames the framework
in which global and regional observations of sea level ckaray be understood and
properly interpreted.

However, long-term stability of the reference frame alaeat suf cient. Since
the sea surface adjusts closely to an equipotential suofadbe Earth's gravitational
eld, the RFO needs to be tied to the CM. A potential seculan$iation of the RFO
with respect to the CM is expected to bias global sea levabtestimates on the
order 0.2 to 0.3 mm/yr (see Section 2.2).

Consequently, improvements of ITRF are a crucial requirdrioe sea level stud-
ies. Moreover, observations of changes in Earth's shage@MNSS and other tech-
niques (VLBI, SLR, DORIS), in LOD, and in polar motion are es8al data sets
for the understanding of the processes forcing sea levéti@rs. Deformations
on land as a result of load changes (ice, ground water, atd.)gaological pro-
cesses, which can subsequently result in a sea level sgamedlso be monitored by
GNSS, complementing space measurements by GRACE. Therafdch source of
geodetic information needs to be maintained if the reasonarfy 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 fa fhnctioning of the bio-
sphere as well as of the most near-surface processes oftiesigstem, and its role
as a major constituent of the climate engine, the need favation in techniques
applicable to the monitoring of water-mass movements cammover-emphasized.
There is a clear need for novel approaches in this eld iniclgdfor example, the
continuity of the new generation of gravity missions suclG&ACE (Tapley et al.,
2004b) designed to detect relatively small mass movementisei Earth system
(Plag et al., 2000b; Ik et al., 2005).

Many parameters characterizing the hydrological cyclé siscground moisture,
effects of in Itration on groundwater renewal, percolatiof groundwater, subsur-
face discharge of groundwater into the ocean are known @aitfeluncertainty lim-
its. The uncertainties are basically due to spatially angptarally insuf cient ob-
servations of the transport of water within nearly all comgots of the hydrological
cycle. To a large extent, this lack of observations is calmseithe absence of tech-
nologies that allow suf cient monitoring of the relevantrpaeters within given
economic constraints.

Understanding of the land component of the global watereciglof profound
importance for bio productivity, global water supply, adidh@ate change. This is so,
even though its total volume amounts to only 3.5% of the totdkr cycle. However
the land component s by far the least understood part ofldi=mbwater cycle. This
is due to the fact that there exist (1) a severe scaling pnobligh the relevant scales
reaching from molecular to global and from sub-daily to $&G{2) some quantities
such as evaporation, soil moisture, bio productivity ortphsynthesis are dif cult
to measure and (3) the residence time of water masses deparatetation soil,
and rock storage compartments, hydro geological conditad topography and
are therefore highly uncertain.

The observability of the essential variables will impromghe near future. New
satellite techniques are under development which are altetsure bio mass vol-
ume, photosynthesis (directly related to the actual biwitg}, soil moisture, snow
cover and precipitation. Thus, on a global scale it is anwnglarea of research.

Geodesy and GGOS alone will not be able to solve the abovégmsbHowever
GGOS is able to provide very important contributions to thuelg of the continen-
tal water cycle. Recent studies of the Amazon region, of tle@soon cycle and
of smaller river catchments employing GPS, satellite adtiynand temporal grav-
ity changes from GRACE are indications of the geodetic pid&for hydrological
research.

GGOS will be able to provide the following measurementsvaaté for hydro-
logical studies, and they will be delivered in a unique glab&erence system:

sub-seasonal, seasonal and secular movements of coatimexter masses as
measured by satellite gravimetry such as GRACE (challernjgiser spatial res-
olution, separation of continental water mass changes fitivar time-varying
gravimetric signals)
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the wet part of troposphere from atmospheric sounding usieglobal ground
network of GNSS receivers and geodetic VLBI telescopesllehge: this tech-
nigue is still evolving but it is used already routinely byseal weather services)
loading and un-loading of the land surface due to seasoraalges of groundwa-

ter, to be measured by the global network of GNSS statioral@ige: separation

from other local station movements)

local measurement of the integral variation of ground wétem permanent
gravimetric tidal stations (challenge: separation of tiidrblogical signal from
signals such as temperature, pressure and environmedietzbgf

measurement of water level of major lakes and rivers bylgataltimetry (chal-
lenge: locking algorithm of altimeters)

improved digital terrain models, as basis for ux modelingsarface water and
ood modeling (challenge: actual water ow is in uenced bygmt cover and soll
characteristics)

geographic information systems (GIS) for the establishtnoéromprehensive
geo-references data modeling.

Nowadays uncertainty of the hydrological signal is a maicartainty in model-
ing Earth rotation (compare Section 3.10). Its improvemeélithelp Earth rotation
modeling. In turn, one day, Earth rotation parameter mayigmimportant global
constraints on the climatological trends of the global wayele.

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 IIk et al.
(2005).

3.9.1 Mass redistributions and geodesy

The gravity eld and its variations - measured by satelliteth unprecedented accu-
racy - are closely interrelated with mass transport and misssbution. Figure 3.3
gives an overview of gravity-related phenomena, assatiatéh anomalous signals
in the geoid, in gravity or with temporal changes of geoid mavity. The atmo-
sphere, hydrosphere, ice covers, biosphere, land surfateadid Earth interact in
various ways, ranging from sub-seasonal and interannudétadal and secular
variations on a global to regional spatial scale. This make# cult to develop
realistic models that are capable to yield realistic proiis. Rather sophisticated
partial models exist, for example, for weather predictjdhs coupled atmospheric
and ocean circulation, of local hydrological processesfalacial isostatic mass
adjustment, but we are still far from a comprehensive dpggori and understand-
ing of the dynamics of Earth system. An important, and so fessing, segment
of Earth system models is the determination of mass anosyatiass transport and
mass exchange between Earth system components and, aljirntta establishment
of global mass balance.
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Quanti cation and understanding of mass transport and ndagsibution re-
quires a close cooperation of many Earth system researal:areeanic transport,
continental hydrology, ice mass balance and sea level dipsaf mantle and crust,
and geodetic signal analysis of the satellite missionsh@uncinterdisciplinary ap-
proach is necessary due to two reasons. The rst reason isnfi@rtance of water
mass exchange across the boundaries of the system compawceans, land, ice
and atmosphere. The goal is a consistent modeling, whers cdput from one
model (e.g. for an ice sheet) is used as mass input for anotbdel (e.g. for the
neighboring ocean). The other reason is the integral ctarat the satellite ob-
servations. The satellite gravity data as well as surfacengéry changes observed
by satellite altimetry contain a complex superposition afious mass signals. For
instance, in Antarctica gravity and height changes duedariass changes are su-
perimposed by similar signals from mass change in the uyidgrtrust and mantle
due to glacial isostatic adjustment, from tectonics, anthfmass changes in the ad-
jacent oceans and in the atmosphere. To enable a relialdeasiem of such effects,
an intensive exchange of results is required.

The quantities to be delivered from the combination of three¢hfundamental
pillars geometry, gravity/geoid, and Earth rotation aramnd therefore dif cult
to determine. In order to be useful for global change stuitlieg have to be derived
free of bias and consistently in space and time. In geneesl #ine derived from
the combination of complementary sensor and observatistesys. For example,
dynamic ocean topography is to be derived from the accuratesurement of the
ocean surface by radar altimetry in combination with a geoidace provided by
gravity satellite missions. It shows that a variety of sersstems, mission char-
acteristics, and tracking systems have to be combined wfitiost precision. The
interconnections between mass transport processes, amdl#tions between ob-
servable parameters of gravity and geometry and the diffprecesses are sketched
in Figure 3.4.

Earthquakes, volcano eruptions, tectonic deformatiarg] klides, glacial iso-
static adjustment, deglaciation, sea level rise, ocears mag heat transport, deep
ocean circulation, the water cycle, atmospheric and ocgaaihg and many more
are typical and well known phenomena of this kind. Mass adi@sahe transport
and exchange of masses and mass balances are not measyramyeother means
and add signi cantly to the understanding of global Eartimayics. But it is clear
that not all of these phenomena can be detected becausdtatiims in space and
time. Figure 3.5 shows for the gravity eld the requiremeatsthe static gravity

eld in terms of spatial resolution and typical time perioids the temporal varia-
tions. In the following, mass transport phenomena are gristed which can be
detected by a careful signal analysis and signal balan8ulgsequently, 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 dynia ocean topography.
The geostrophic balanced surface currents can be deduradte inclinations of
the dynamic topography. From these, complete pro les oftean 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 llIk et al. (2005).

be derived by combination with traditional hydrographicedasurements. New in-
sights in global and basin related heat and mass transpolicexpected. Temporal
variations of the dynamic ocean surface are caused maintgroperature related
volume changes where the mass column remains unchangeslchsges by uid
dynamics causes more problems and can be detected only bgeshaf the grav-
ity eld as expected by the GRACE mission. This will lead tolaar progress in
the understanding of ocean circulation. Future topics séaech include the de-
termination of large-scale heat and mass transport, tresiigation of circulation
systems such as the Antarctic circum polar current, Weddertl Ross eddies, the
separation of steric and mass-related changes of the gdebasurface and of the
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dynamics of currents, and the interaction of temporal aresgstatic circulations
(eddies, fronts).

Hydrological cycle: The time dependent gravity eld as expected from the GRACE
mission enables for the rst time to detect continental massnges with a resolu-
tion of 1 cm water column in monthly snapshots. This allowsltse the hydro-
logical cycle at different scales in time and space. Topicgesearch include the
global water balance and water transfer between atmosptwaregnents, oceans and
ice shield, the large-scale variations of terrestrial waterage under characteristic
conditions, the large scale temporal variations of evamsfpiration, the evaluation
and development of large-scale hydrological models, them@alances in dif cult
accessible regions, the long term trends of continentaémstbrage as a conse-
quence of environmental changes, and identi cation of biafyical problem zones
with respect to water management and the availability oéwasources.

Ice mass balance and sea surfac@he polar ice caps play a key role in Earth sys-
tem because imbalanced masses and resulting changes eétheréace are global.
Of central relevance is the precise determination of thesrbatance of the com-
plete ice shields by the actual gravity eld missions CHAMBRACE and GOCE.
Altimetry enables the precise measurement of the topograph of ice height
changes, with the missions CryoSat and ICESat also in theatdi sensitive ice
shield regions. Interferometric SAR (ENVISAT) enables #iea-wise determina-
tion of ice motions which can be compared to balance velauitgels. The precise
measurement of the thickness of the sea ice (CryoSat) msvidw insight in the
actual climate development. Topics of research are: ragish of mass changes
of the polar ice caps and the consequences for sea leveimigstigation of the
changes in the border areas of ice masses; validation ambwepent of glacio-
logical models as important component in coupled climatelel® determination
of ice mass induced recent crust deformations (glaciatasg$; additional data sets
for validation, densi cation and interpretation of satielldata; 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 EarthCE@ill improve the
resolution of the static gravity potential and its gradseintthe medium and short
wavelength range by more than one order of magnitude; GRAUIBrovide for
the rst time the temporal variation of the potential dowretoesolution of 400 km;
it can be expected that mass distribution and mass trangjiblbecome directly
observable. Topics of research are: glacial-isostatiostjent processes and lat-
eral variations of mantle viscosity; global mass transpottte mantle and dynamic
topography based on new seismic tomography data and 3Bbdisins of mantle
viscosity; sub-lithosphere mantle convection and desietiof seismic discontinu-
ities in 410 and 600 km depth; models of active and passivéireartal margins
based on high-resolution gravity data, decoupling praeess active subduction
zones; episodic mass redistributions at plate marginstaugment 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 whieparing time kept
by the rotating Earth, known as Universal Time, to uniformdiscales based either
upon atomic clocks or upon the motion of the Sun and othestialdodies. Prior
to the development of atomic clocks, the most accurate neasnts of changes in
the Earth's rate of rotation were obtained by timing the dtations of stars by the
Moon. With the advent of atomic clocks in 1955, a uniform aimtime scale be-
came available that could be used as a reference when meatheitransit times of
stars as they pass through the local meridian. Changes kwtttl's rate of rotation
could then be determined more accurately from optical asttac measurements of
star transits than they could from measurements of lunarl@ations. And prior to
the development of space-geodetic techniques, opticalnastric measurements of
changes in the apparent latitudes of observing statiomdedehe most accurate es-
timates of polar motion. The space-geodetic techniqued & VMGNSS like GPS,
and SLR and LLR are now the most accurate techniques awaifabimeasuring
changes in both the Earth's rate of rotation and in polar amoti

An integral part of geodesy has always been the de nition sealization of
a terrestrial, body- xed reference frame, a celestial,cepaxed reference frame,
and the determination of the indexEarth orientation patarsEOPSs (precession,
nutation, spin, and polar motion) that link these two refieesframes together. But
with the advent of space geodesy — with the placement of l&ser-re ectors on
the Moon by Apollo astronauts and Soviet landers, the laofithe LAGEOSS, the
development of very long baseline interferometry, and teeetbpment of global
navigation satellite systems like the global positioniggtsm — a quantum leap
has been taken in our ability to realize the terrestrial aldstial reference frames
and to determine the Earth orientation parameters.

The only space-geodetic measurement technique capalbléegendently deter-
mining all of the EOPs is multibaseline VLBI. All of the oth&chniques need to
either apply external constraints to the determined Eaiintation parameters or
can determine only subsets of the EOPs, only linear combimabf the EOPs, or
only their time rates-of-change.

Ring laser gyroscopes (see Section 2.5.2) are a promisieggamg technology
for determining the Earth's rotation. In a ring laser gyr@se, two laser beams prop-
agate in opposite directions around a ring. Since the risgrlgyroscope is rotating
with the Earth, the effective path length of the beam thabisatating with the Earth
is slightly longer than the path that is counter-rotatintjvit. Because the effective
path lengths of the two beams differ, their frequenciesdiffo they interfere with
each other to produce a beat pattern, the frequency of whiploportional to that
component of the instantaneous angular velodify) of the Earth that is parallel to
the normal of the plane of the ring. Ring laser gyroscopesuomeghe absolute rota-
tion of the Earth in the sense that, in principle, just a ngkasurement is required
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to determine the Earth's instantaneous rotation. All ofdtiesr techniques discussed
above are relative sensors because they infer the Earthtsamfrom the change in
the orientation of the Earth that takes place between at t@asmeasurements that
are separated in time.

Earth orientation parameters can be determined from meawnts taken by
each of the techniques discussed above. But each technéguiééshown unique
strengths and weaknesses in this regard. Not only is eatimitpee sensitive to
a different subset and/or linear combination of the Earibrdation parameters, but
the averaging time for their determination is different,i@she interval between
observations, the precision with which they can be detezthiand the duration of
the resulting EOP series. By combining the individual sedetermined by each
technique, a series of the Earth's orientation can be obtathat is based upon
independent measurements and that spans the greatesig@tase interval.

3.10.2 UT1 and Length-of-Day Variations

Length-of-day observations show that it consists mainiyDfa linear trend of rate

1:8 msl/cy, (2) decadal variations having an amplitude of a felliseconds, (3)
tidal variations having an amplitude of about 1 ms, (4) seakwariations having
an amplitude of about 0.5 ms, and (5) smaller amplitude tiaria occurring on all
measurable time scales.

Linear trend: Tidal dissipation causes the Earth's angular velocity agcle rota-
tional angular momentum to decrease. Since the angular momeof the Earth-
Moon system is conserved, the orbital angular momentumeMMbon must in-
crease to balance the decrease in the Earth's rotationalamngomentum. The
increase in the orbital angular momentum of the Moon is agdisimed by an in-
crease in the radius of the Moon's orbit and a decrease in thand orbital angular
velocity. The tidal acceleration of the Moon can be deteediftom observations of
the timings of transits of Mercury as well as from satelliteldunar laser ranging
measurements. Tidal forces distort the gure of the Eartthlaence its gravitational
eld which in turn perturbs the orbits of the Moon and artiaisatellites. Lunar and
satellite laser ranging measurements can detect thespeidarbations in the satel-
lites' orbits and can therefore be used to construct tideetsoaihd hence determine
the tidal acceleration of the Moon. Using LLR measurementsjue of 25/3 0:5
"Icy for the tidal acceleration of the Moon is found, which Kgpler's law corre-
sponds to an increase of7® 0:07 cm/yr in the semimajor axis of the Moon's
orbit, and which should be accompanied by.ams/cy increase in the length of the
day.

By a priori adopting a value for the tidal acceleration of the Moon, fuswad
solar eclipse observations can be used to determine thiasawrease in the length
of the day over the past few thousand years. Using eclipseraditions spanning
700 BC to 1600 AD, lunar occultation observations spanni®@dlto 1955.5, and
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optical astrometric and space-geodetic measurementsiggah955.5 to 1990, it
was found that the length-of-day has increased at a rate8& 10:1 ms/cy on
average during the past 2700 years.

Since the observed increase in the length of the day8sris/cy, whereas the
observed tidal acceleration of the Moon implies:a ths/cy increase in the length
of the day, some other mechanism or combination of mechamisust be acting to
change the length of the day by 0.5 ms/cy. One of the most itapbmechanisms
acting to cause a secular trend in the length-of-day on ticaées of a few thou-
sand years is glacial isostatic adjustment (GIA). Othesjids mechanisms include
present-day changes in glacier and ice sheet mass and thagagsying change in
nonsteric sea level, tectonic processes taking place waeisostatic conditions,
plate subduction, earthquakes, and deformation of the lmaatised by pressure
variations acting at the core-mantle boundary that arecéstgal 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. & haen recognized for
quite some time that the core is the only viable source ofatgeldecadal LOD vari-
ations that are observed, and current models of Core Anddanentum (CAM)
predict decadal length-of-day variations that agree measly well with those ob-
served.

While the exchange of CAM with the solid Earth can clearlysmdecadal LOD
variations of approximately the right amplitude and ph#&se mechanism or mech-
anisms by which the angular momentum is exchanged betweecotie and solid
Earth is less certain. Possible core-mantle coupling nréshes are viscous torques,
topographic torques, electromagnetic torques, and gitéital torques.

Viscous coupling is caused by the drag of the core ow on thre-gnantle bound-
ary, with the strength of the coupling depending on the \8ggmf the core uid.
Given current estimates of core viscosity, it is generaljsead 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 uatioihs or “bumps”,
then the ow of the core uid can exert a torque on the mantle duthe uid pres-
sure acting on the boundary topography. The strength otadpisgraphic coupling
depends on the amplitude of the topography at the core-mbatindary. Because
of uncertainties in the size of this topography and a comtireywabout how the topo-
graphic torque should be computed there is as yet no consengbe importance of
topographic coupling as a mechanism for exchanging angutementum between
the core and mantle.

Electromagnetic torques arise from the interaction betwtbe magnetic eld
within the core and the ow of electric currents in the weakbnducting mantle that
are induced by both time variations of the magnetic eld agpdllffusion of electric
currents from the core into the mantle. The strength of tlesteomagnetic torque
depends on both the conductivity of the mantle and on thegtineof the magnetic

eld crossing the core-mantle boundary. If the conducyiwitf the mantle, or of
a narrow layer at the base of the mantle, is suf ciently lathen electromagnetic
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torques can produce decadal length-of-day variationg@s &s those observed. But
because of uncertainties in the conductivity at the badeeofitantle, the importance
of electromagnetic coupling, like that of topographic clingp, as a mechanism for
exchanging angular momentum between the core and mantnsnmclear.

Gravitational attraction between density heterogereitiethe uid core and
mantle can exert a torque on the mantle, leading to chandks iength of the day.
The strength of this gravitational torque depends uponitteeaf the mass anoma-
lies in the core and mantle, which are poorly known. As a tethére have been few
quantitative estimates of the magnitude of the gravitaioorque. However, Buf-
fett (1996a,b) has suggested that the inner core may beagianially locked to the
mantle. If so, then any rotational disturbance of the inmeegcpossibly caused by
electromagnetic torques acting on the inner core, will bagmitted to the mantle,
causing length-of-day changes. Mound & Buffett (2005) edaisthis last mecha-
nism to be the most viable mechanism for exchanging angusanemtum between
the core and mantle.

Tidal variations: Tidal forces due to the gravitational attraction of the Sunpn,
and planets deform the solid and uid parts of the Earth, tapthe Earth's inertia
tensor to change and hence the Earth's rotation to changsidation associated
with mantle anelasticity causes the deformational and éeotational response of
the Earth to lag behind the forcing tidal potential. As a leswt only does mantle
anelasticity modify the in-phase rotational response efiharth to the tidal poten-
tial, but out-of-phase terms are introduced as well. Anigaffects are found to
modify the elastic rotational response of the Earth by a feregnt.

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

Ocean tides in the diurnal and semidiurnal tidal bands dfsatahe Earth's rate
of rotation. Comparisons of observations with models shwavdominant role that
ocean tides play in causing subdaily Universal Time 1 (UTig BOD variations,
with as much as 90% of the observed UT1 variance being exqaddwy diurnal and
semidiurnal ocean tides. Apart from errors in observatamd models, the small
difference that remains may be due to nontidal atmosphed®aeanic effects.

The diurnally varying solar heating of the atmosphere esaitiurnal and semid-
iurnal tidal waves in the atmosphere that travel westwaittth Wie Sun. These ra-
diational tides are much larger than the gravitationaldiohethe atmosphere, with
the amplitude of the surface pressure variations due toatietional tides being
about 20 times larger than the amplitude due to the grawitatitides. While grav-
itational tides in the atmosphere have no discernible efiadhe Earth's rotation,
the radiational tides do have an effect. Since the oceapsmedynamically to tidal
variations in the atmospheric wind and pressure elds, tteans also contribute to
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the excitation of UT1 and LOD by the radiational tides. Intfabe effect of radia-
tional tides on UT1 and LOD is typically included in tablestioé effects of diurnal
and semidiurnal ocean tides on the Earth's rate of rotation.

Seasonal variations:Seasonal variations in the length-of-day are primarilyseau

by annual and semiannual changes in the angular momentune afonal winds.

Although only 1% of the atmospheric mass is located in théoregf the atmo-

sphere above 10 hPa, the strength of the zonal winds thereasgnough that they
have a noticeable effect on seasonal length-of-day vanstiApart from errors in
observations and models, the residual that remains aftdelad atmospheric and
oceanic effects have been removed from the observationbmegused by hydro-
logic processes.

Interannual variations: Like seasonal variations in the length of the day, variaion
on interannual time scales are also predominantly causetidoyges in the angular
momentum of the zonal winds. The most prominent featureelimate system on
these time scales is the El Nifio Southern Oscillation (EN@®@nomenon. Numer-
ous studies have shown that observed LOD variations onainteral time scales,
as well as interannual variations in the angular momentuth@fonal winds, are
(negatively) correlated with the SOI, re ecting the impact the length-of-day of
changes in the zonal winds associated with ENSO.

Studies of the effects of oceanic processes show that theegrdy marginally
effective in causing interannual length-of-day variaionhe interannual LOD sig-
nal that remains after atmospheric and oceanic effectseaneved may be caused
by hydrologic processes. Like seasonal variations, batteospheric, oceanic, and
hydrologic models are needed to close the LOD budget orainteral time scales.

Intraseasonal variations:Like the seasonal and interannual variations in the length
of the day, variations on intraseasonal time scales aregpa¢éstominantly caused by
changes in the angular momentum of the zonal winds. The Maddkan oscilla-
tion with a period of 30 to 60 days is the most prominent featarthe atmosphere
on these time scales and a number of studies have shown tbatations in the
zonal winds associated with this oscillation cause thetteof-day to change. Stud-
ies of the effects of oceanic processes show that they ayenweniginally effective
in causing intraseasonal length-of-day variations. Hiadyie effects on intrasea-
sonal length-of-day variations are thought to be relagivesigni cant, although
the monthly sampling interval of current hydrologic modeiakes it dif cult to
study such rapid variations.

3.10.3 Polar Motion

Observations of polar motion show that it consists mainty(dj a forced annual
wobble having a nearly constant amplitude of about 100 n23shé free Chandler
wobble having a period of about 433 days and a variable angaitanging from
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about 100 to 200 mas, (3) quasi-periodic variations on dadade scales having
amplitudes of about 30 mas known as the Markowitz wobble a(&ihear trend
having a rate of about 3.5 mas/yr and a direction toward$V7/®ngitude, and (5)
smaller amplitude variations occurring on all measurabie tscales.

Linear trend: One of the most important mechanisms acting to cause a liresat
in the path of the pole on time scales of a few thousand yeagkasal isostatic
adjustment (GIA). The isostatic adjustment of the solidtEas it responds to the
decreasing load on it following the last deglaciation caube gure of the Earth
to change, and hence the pole to drift. Models of GIA show itisag¢ffect on the
pole path is sensitive to the assumed value of lower margtosgity, to the assumed
thickness and rheology of the lithosphere, to the treatroktite density disconti-
nuity at 670 km depth, and to the assumed compressibilitieBarth model.

However, GIA is not the only mechanism that will cause a trerttie pole path.
The present-day change in glacier and ice sheet mass anccth@panying change
in nonsteric sea level will also cause a linear trend in poiation. But the effect
of this mechanism is very sensitive to the still unknown presiay mass change of
glaciers and ice sheets, particularly of the Antarctic ioeed. Other mechanisms
that may cause a linear trend in the path of the pole includemé processes
taking place under non-isostatic conditions, plate sutidncmantle 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 dbahbt the reality
of the decadal variations evident in these measurementssiBee the highly ac-
curate space-geodetic measurements are less susceptiystématic error than
are optical astrometric measurements, decadal variaersin the space-geodetic
measurements can be considered to be reliable.

The cause of the decadal-scale polar motion variation®avid space-geodetic
measurements is currently unknown. Since core-mantleegeas are known to
cause decadal variations in the length of the day, they nsayedcite decadal vari-
ations in polar motion. But electromagnetic coupling betwéhe core and mantle
appears to be two to three orders of magnitude too weak amgjtaphic coupling
appears to be too weak by a factor of three to ten. Like thed##eariations in the
length-of-day, invoking the inner core when modeling corantle processes may
ultimately provide the long-sought explanation for the smof the decadal varia-
tions in polar motion.

Tidal variations: Tidally induced deformations of the solid Earth caused lgy th
second-degree zonal tide raising potential cause lonigghehanges in the Earth's
rate of rotation. But since this potential is symmetric abihwe polar axis, tidal
deformations of the axisymmetric solid Earth cannot exgitar motion. However,
due to the nonaxisymmetric shape of the coastlines, thendedegree zonal tide
raising potential acting on the oceans can generate polaomaa the exchange of
nonaxial oceanic tidal angular momentum with the solid IEart
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Better observations of the effect of long-period oceanstidie polar motion are
needed, as are better models for these effects. Observatidhese effects are in-
ternally incosistent, and predictions from the availabkotretical ocean tide models
do not agree with each other or with the observations.

Comparisons of observations with models show the majorth@eocean tides
play in causing subdaily polar motion variations, with ascimas 60% of the ob-
served polar motion variance being explained by diurnal semidiurnal ocean
tides. Apart from errors in observations and models, thieifce that remains
may be due to nontidal atmospheric and oceanic effects.

Chandler wobble: Any irregularly shaped solid body rotating about some axad t
is not aligned with its gure axis will freely wobble as it rates. The Eulerian free
wobble of the Earth is known as the Chandler wobble in hon&eth Carlo Chan-
dler, Jr. who rst observed it. Unlike the forced wobbles bétEarth, such as the
annual wobble, whose periods are the same as the periods ébriting mecha-
nisms, the period of the free Chandler wobble is a functiothefinternal structure
and rheology of the Earth and its decay time constant, oiityjdattor Q, is a func-
tion of the dissipation mechanisms acting to dampen it. Tieeoved values for the
period and Q of the Chandler wobble can therefore be usedtterhenderstand
the internal structure of the Earth and the dissipation raeidms, such as mantle
anelasticity, that dampen the Chandler wobble causingrifgitude to decay in the
absence of excitation.

While there is growing agreement that the Chandler wobbésdsted by a com-
bination of atmospheric, oceanic, and hydrologic procggke 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 atmoshesisure system over
Siberia every winter.

A rather large residual remains after the effects of the aphere and oceans
are removed from the observed seasonal polar motion ercitéthis residual is
probably at least partly due to errors in the atmospherica®hnic models, but
could also be due to the neglect of other excitation prosesseh 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 dhth Eo its excitation
mechanisms. For periods between 1 year and 6 years exclticirannual cycle,
oceanic processes are much more important than atmosphexiiting interannual
polar motions.

Intraseasonal polar motion: Like the seasonal and interannual wobbles, the wob-
bling motion of the Earth on intraseasonal time scales isreefbresponse of the
Earth to its excitation mechanisms. For periods betweerys dad 1 year exclud-
ing the seasonal cycles, atmospheric processes are meotiaffthan oceanic in
exciting polar motion.
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3.11 Earth rotation: understanding processes in the solid Brth

The key questions that are addressed in this note are thmwfolj: What can
we learn from Earth rotation about the Earth's interior gzanantle)? What can
we learn about the exterior uids (global mass balance, blgdjical cycle, global
change)? Similar techniques can be applied to the othersteial planets and help
us to better understand their interior, their evolutiord #reir 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 VLBEIlb& observations
using DORIS, GNSS, as well as SLR, and LLR. The precise usefefence frame,
terrestrial and celestial reference frames, allows a vendgletermination of the
Earth position and orientation in space as a function of tifrtés allows a very
good precision on the EOPs as a function of time that comprigession, nutation,
length-of-day variations, and polar motion. Precessiath mutation allow getting
information on phenomena related to the deep Earth intstioh as core-mantle
coupling, mantle anelasticity, or inner core coupling witle liquid core and the
mantle. Figure 3.6 presents the geophysical parameteratbaletermined 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 constrairgsdhe obtained are
constraints on the coupling constants but not really on thugpling mechanisms in-
volved. In other words, the coupling constant can be detezthirom the EOPs but
for explaining these coupling constants, one needs to denglie physical mech-
anisms such as inertial coupling, electromagnetic cogpliopographic coupling,
or viscous coupling. The choice of the mechanism is relabedtiier considera-
tions. The evaluation of the relative in uence is relatedutther computation and
improvements are still necessary in that eld. The situafior nutation is a good
example. There is a trade-off between the attening of theedin particular the
non-hydrostatic contribution) and the real part of the dimgpconstant at the Core-
Mantle Boundary (CMB). The presently adopted nutation thdws considered
electromagnetic coupling as coupling mechanism at the CGtisequently, with
the help of a complicate theory, it was possible to relateiteginary part of the
coupling constant and its real part. The attening of theecoould be determined
to correspond to an increase of about 350 m of the equatadals with respect to
the polar radius, in addition to the hydrostatic contribnttomputed from the core
rotation inside the Earth. But if the coupling mechanismiffecent or is a combina-
tion between electromagnetic coupling and topographipliog, this may not hold.
Consequently, it is true that the observation of EOPs may tealinderstand the in-
terior of the Earth a but further step in the theory is stiltessary. Additionally,
the external geophysical uids in uence the nutation. Altigh the most important
in uence is at the nutation corresponding to one solar dagxasected, there are
other non-well determined in uences on other nutation @eési The interpretation
of the data in terms of physics of the interior may be in uethty that. For exam-
ple, a semi-annual modulation of the diurnal atmosphefacebn Earth may have
a considerable contribution on the retrograde annualioatathich is the most im-
portant nutation for determining the resonance parametaisthe core coupling.
GGOS will aim at better determining the geophysical uidesffs on the Earth and
in particular on Earth rotation. This will further help totter determine the internal
geophysical contribution to nutation and to better comstitze physics of the Earth
interior. This determination has some limitation from thedwaling point of view
but should certainly be one of the most important advancesiiunderstanding of
the Earth.

3.11.2 Geophysical uids from Earth rotation

The geophysical uids have large effects on Earth rotatiimey are related to the
global behavior of the atmosphere, of the ocean, or hydergplfror the nutation,
for instance, the in uence mentioned above can be detemnaseresented in Fig-
ure 3.7.

Additionally, the dynamical attening can be determinedrfr precession and
nutation. On the other hand, geophysical uids contribagido 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 eb&tions. This is
presented on Figure 3.8.

Concerning the other Earth orientation parameters, thplgesical uids such as
the ocean, the atmosphere and the hydrosphere are the npostamt contributions.
Observations of polar motion and length-of-day variatipnsvide access to the
global contributions from these geophysical uids. Theyor@maining problem will
be to separate the relative contributions. The interadigtween these geophysical

uids is important to consider for that matter. We have resareted our view in
Figure 3.9.

3.11.3 General remarks

The high precisions of observation in different elds (oriation, gravity, geophys-
ical uids) are very necessary to better understand ourgilas well as to better un-
derstand the other planets (see Section 6.1). GGOS aimsigig ¢he consistency
and determination of all these and will consequently gyeathance our under-
standing of the interior of the Earth. Similar projects ofieggism are desirable and
its concept is already applied to other planets. The coresezps of the GGOS effort
will be huge and have a great potential for a better undedstgrof 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. Keriyo8mith

In innumerable ways, geodesy contributes to the functpoina modern society.
While that contribution is critical, it is not necessarilglivknown or understood by
most outside the geodetic community. Geodesy de nes thedomate infrastruc-
ture underlying many of the functions of modern societydflke wooden frame of
a house, that infrastructure is the unseen framework upachwdifferent “layers”
of spatial information (e.g., the geometric data and theasscription of spatial
elements such as points, polygons, lines, 3D objects, amdtdpologies —i.e., how
they relate to each other —, and imagery from space and aelpiatforms) are con-
structed so that they align with each other perfectly. Tihfsaistructure is known as
SDI, and geodesy de nes the foundation of the SDI. In thigptbiathe terms “spa-
tial” and “geospatial” will be assumed to be inter-chandealm many countries,
the importance of SDI has risen to the level of governmentdasa In parallel with
this SDI development, Positioning, Navigation and TimifiN{) is increasingly
needed in many aspects of life, in many business and engigesrplications, and
to aid decision-making at all levels of government and pgewventerprise. Due to
the globalization and interoperability requirements tigphalata and positioning are
increasingly required with respect to a global refereneent. Both, spatial data
and (geo)positioning rely on geodesy and increasingly obalgeodesy. “Georef-
erencing” is de ned here as the process of assigning coaté(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 Managemand Budget
(OMB) issued circular A-16 (“Coordination of Geographi¢drmation and Related
Spatial Data Activities”). This document establishes tiat Federal Geographic
Data Committee (FGDC) be in charge of establishing the MatiGpatial Data
Infrastructure (NSDI). Furthermore, it identi es the Naial Oceanic and Atmo-

135
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spheric Administration (NOAA) as the “lead agency” in prdivig “geodetic con-
trol” for the federal government in support of the NSDI. Theodetic control is
speci cally referred to as the National Spatial Referengst&m (NSRS). Because
no other agency inside of NOAA is responsible for geodetictiad (nor speci -
cally the NSRS), the naming of NOAA as the lead agency effeltitranslates into
the National Geodetic Survey (NGS), an of ce within NOAA. i§hmeans that in
the United States, NGS must de ne, maintain and provide sxte the NSRS -
that is, make sure that everyone who needs to referenceiagypatially (e.g. to
“position” anything), can do so consistently with others.

One important aspect for georeferencing for military andlien activities all
over the world is the use of a globally consistent refereramé such as the ITRF.
As the most accurate realization of ITRS, the ITRF provideisgle, accessible 3-D
reference frame for geospatial data from a variety of s@uraother global refer-
ence system currently still used for many applicationsé3AtGS 84. As pointed out
in Section 2.2, the realizations of WGS 84 (through GPS)yada closely aligned
to ITRF and supported by ITRF.

Local maps and geodetic control are still commonly used dvaide and the
conversion of this information into a common system prosidsers with the ability
to unambiguously georeference with respect to locationsrombove the Earth's
surface. It also minimizes possible errors when using mosatellite-based geopo-
sitioning technologies such as GNSS. Hence increasindlgmal, and even local,
datums are “compatible” with ITRF, i.e. these datums ardt=eentered, Earth-
xed, and their relationship to the very accurate, high gty ITRF is determined
to a high level of con dence. In many countries and regiohs, relations between
the national or regional frames are monitored on a contistbasis by the national
agency responsible for operational geodesy in that country

In Australia, SDIs are being developed largely within indival government
jurisdictions: federal, state and territory and, incraghj, local government. The
Australia and New Zealand Land Information Council (ANZL)J@&e peak Spatial
Information Council comprising senior government of galrom the Australian
Government, eight State and Territory governments, and Resland, coordinates
the development of the Australian Spatial Data Infrastrtee{ASDI). ANZLIC has
a number of standing committees to advise it on technicakssamongst which
the Intergovernmental Committee on Surveying and Mapgdia§#1) develops and
promotes data standards across the jurisdictions. The tarogible component of
the ASDI is the Australian Spatial Data Directory (ASDD),ngorising 25 geo-
graphically distributed and independently maintainedasodollectively containing
over 40,000 metadata records. Groups of agencies are cdagether to develop
coordinated SDIs in response to major national priorithasstralian Government
agencies, for example, have formed the Australian Oceaa Oamter Joint Facility
to coordinate marine data. The Australian SDI comprisesvarsié set of organi-
zations and locations and relies heavily upon the Australational Geospatial
Reference System (NGRS) to link them together and providmkss coordinate
sets for the entire continent. For this reason the respiibgsitor maintenance of
the national geodetic infrastructure, and provision oflitieage to the international
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geodetic infrastructure, falls to the agency Geosciencgtralia (GA). The national
datums are maintained cooperatively by GA and the respgestate government
agencies.

A similar federated model exists in Canada. The Canadiansfeei@l Data
Infrastructure (CGDI) contains all of the technology, stards, access systems
and protocols necessary to harmonize all of Canada's géakpatabases, and
make them available on the Internet (Geoconnection, 2@B&)spatial databases
include: topographic maps, air photos, satellite imagestioal and aeronautical
charts, census and electoral areas, forestry, soil, mangebiodiversity inven-
tories. Geospatial information plays an important role he everyday lives of
Canada’s citizens, echoing the drivers of the NSDI and ASB¢nred to already.
In essence, geospatial information provides details oradhteristics (i.e. buildings,
roads, demographics, water, soil, weather, topograpHglife, farming, etc.) re-
garding a geographic location, on land or water, and at a&tsthecal, regional,
provincial, national, or global level. As in the case of th8,lAustralia and Eu-
rope (see below), the Canadians have recognized that genelds in information
technology over the past decade have made both the accerd theaneed for
geospatial information expand exponentially. In 1999, @wernment of Canada
invested Canadian $60 million in a national partnershitigtive to improve access
to geospatial information over the Internet. This initratiknown as “GeoConnec-
tions” (http://www.geoconnections.org), was led by NatiResources Canada and
was mandated to accelerate the development of a CGDI.

In Europe the SDI program is known as the Infrastructure foatal Informa-
tion in Europe (INSPIRE) (see http://inspire.jrc.it/hoimenl). The general situa-
tion regarding spatial information in Europe is one of fragnation of data sets and
sources, gaps in availability, lack of harmonization betwedata sets at different ge-
ographical scales, and duplication of information coltatt It was concluded that
“these problems make it dif cult to identify, access and dsga that is available.”
Awareness has been growing at both the national and EU legarding the need
for quality geo-referenced information to support, in tlse of one quoted exam-
ple, “understanding of the complexity and interactionsaeetn human activities
and environmental pressures and impacts.” On the 29 Ja208r¥, the European
Council adopted a directive aimed at establishing INSPiIRBccordance with the
joint text agreed by the Council and the European Parliame2tl November 2006
(see http://inspire.jrc.itthome.html for details).

While SDI initiatives are much more than about referencenfra and coordi-
nates, there is a trend towards ever higher accuracies BDheThis means that a
corresponding improvement in the accuracy of the geodeftiastructure generally
one order of magnitude higher is required. The SDI can bealiieed as many layers
of spatial information resting on a strong geodetic “fouim® (see Figure 4.1, an
example taken from the ASDI). Hence this foundation mustéeet and main-
tained to a high level of integrity. Any crustal motion impathe realization of the
national reference frame, and must therefore be monitardatiat a valid 4D ref-
erence system can always be reconstructed. Furthermbigeaadpatial data sets
must be referenced to the correct 4D reference frame or dakhm transforma-
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tions between different data, some historical (e.g. coethvithin analog or digital
cartographic data), some contemporary, must be de nede@pipropriate level of
accuracy. Finally, the quality and integrity of the GNSShtealogy (the geoposition-
ing “workhorse”) and the associated high accuracy techesgmust be consistent
and quanti able if the crucial connection between geoposinhg 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 impact®obnsistent geopo-
sitioning or misaligned spatial data sets are illustratgthle following examples:

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

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

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

4) Automated airline navigation systems which facilitatkeoff and landing at air-
ports using different, inconsistent geopositioning fagithhunways; thus poten-
tially leading to safety failures.

5) Geospatial products to support disaster relief effeush 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 theatmi@ture of a well-
de ned and widely-adopted SDI. The use of geodesy to de reedpatial data in-
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frastructure of a city, region, country or even of the enpil@net (the ultimate goal)
impacts the functioning of modern society in so many ways$h@it an appreciation
of SDI, the applications discussed here would appear digdiand unconnected,
yet the reality is very different. This chapter will highigthe economic and so-
cial impact of geodesy in different application areas byukog on the common
theme — that geodesy is the foundation for all high delityagal data, and the very
different applications of geopositioning/georeferegcamd spatial information are
merely industry-speci c examples.

4.2 Navigation

Navigation is the act of guiding a person or moving platfoshi, aircraft, space-
craft) in a safe and expeditious manner from one point to &rdg®on. A crucial
characteristic of navigation is that geopositioning isuieed in real time, while
underway. For many centuries navigational science has &dekiver for advances
in geodesy, applied mathematics, cartography, mechagaindlin the 28 century
electronic) position determination technology, to namtegfew. Initially navigation
was intimately related to maritime commerce and warfaréjithe 20" century
navigation has been applied rst to air ight, later to spacaft operations, and in-
creasingly in the last decades to land and personal nawigafhe next frontier is
navigation as an indispensable capability of robotic obaaimous vehicles (Sec-
tion 4.3). Modern navigation is reliant on geopositionieghnology (these days
principally GPS) and spatial data (i.e., digital maps anosgatial databases).

The GPS of the U.S. has truly revolutionized geodesy, sumgegnd navigation
in the last two decades. Remarkably, the same space hardn@duentrol facilities
allow geodesists to determine the ITRF to sub-cm accuraxynavigators at sea
to position their ships to ten meter accuracy. Hence GPS gand other GNSSs)
is one of the “threads” that links geodesy to vital applicas such as navigation.
Although maritime navigation is subject to guidelines e$uy the International
Maritime Organisation (IMO), and aircraft navigation taustiards and procedures
approved by the International Civil Aviation Organisat{®@AO), both have identi-
ed GPS/GNSS as the critical geopositioning technologytliermore, national and
international charts (and other forms of spatial inform@a}iare increasingly based
on areference frame de ned through geodesy. Thereforé¢hanbene t of the SDI
is to ensure the layer of spatial information vital for saéigation on the surface
of the Earth is “aligned” with all other data, such as the realttopography, trans-
port infrastructure, the built environment, etc. The WGSdgdum, although not
of the same delity as ITRF, is important as it is the referesgstem of broadcast
GPS data and thus is the “default” reference frame of nonveunged real-time GPS
point positioning. Most international maritime and aeratizal 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 spatlal information
georeferenced by the geodetic framework or datum, meansstitgety bene ts
enormously from the increased ef ciency and safety of nragt air, space and land
navigation. This can be illustrated with many examplescouaisider one from mar-
itime navigation. In the U.S., the NGS participated in a gation demonstration
in the San Francisco Bay region. Bathymetric charts wereexted to an ellipsoid
height system (to be totally consistent with GPS heightschvare also ellipsoidal)
and GPS receivers were placed around the Bay, on buoys anceatibcations on
a ship (to determine roll, pitch and yaw). These sources t&f, g@mbined with de-
tailed information about the size and shape of the ship, weeel with kinematic
positioning software to determine, in real time, the lomatof the ship's under-
keel location to a few centimeters of accuracy in real timec&ise the bathymetric
charts had been converted from a hydrographic to a geo@dtjzspid) frame, they
were consistent with the GPS positions of the ship. Thisaadtbfor a accurate lo-
cation of the bottom of the ship relative to the dredged ckaimthe Bay to be
determined to a few centimeters accuracy (requiring thieylmagtric charts to be of
equal accuracy). Normally, a ship's knowledge of its unéeficlearance is on the
order of a meter or so and this often means that ships mustamagreater than a
meter of clearance as a safety buffer, simply because dtakuncertainties. And
what that, in turn, means is that ships intentionally caesslcargo so as to oat
higher to maintain this larger safety buffer. What the desti@tion proved was that
this buffer could be signi cantly decreased while maintamsafe passage. Specif-
ically for the shipping industry this means an increase igc&apacity, increased
shipping ef ciency, lower freight charges (and increased t), without the need
for expensive port and channel upgrades. This applicatasnldeen identi ed as
crucial for improved marine navigation in many other coigsr

4.2.2 Air navigation

Similar examples may be quoted from civil aviation, whicls laade GNSS the
cornerstone of the Future Air Navigation System (FANS). drding to ICAO, at
its simplest level, FANS-equipped aircraft use GPS to deitez their location and
altitude. GPS in this context replaces older and less atzmavigation systems.
The aircraft transmits its location using Very High Freqeies (VHF) or satellite
communications so that Air Traf ¢ Control (ATC) can learrettocations of aircraft
without the need to use radar. ATC radar is often absent ovesires and certain
continental areas, so the rst benet is an increase of gafatecreasing the risk
of midair collisions. Prior to the advent of FANS, pilots hadspeak their location
over voice links, typically HF radio. Given the inaccuradylpertial Navigation
Systems (INS) and the noise present on High Frequenciesliiiks) ATC would
insist on quite large separations between aircraft. Byeiasing accuracy and thus
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decreasing separations, FANS allows aircraft to y clogetheir preferred routes
or ideal routes. An ideal route is typically: a) that greatla route (the shortest dis-
tance between two locations), and b) the route best suitdtetprevailing winds.
The optimal route is to position the aircraft with a maximuau tvind, certainly
doing the utmost to avoid strong head winds. However, fonaitigation more im-
portance is often placed on the reliability and integritytied geopositioning tech
nology (and the charts/maps) than on navigational accuFamythis reason ICAO
has encouraged the development of independent GNSSs (sgjaR GLONASS,

and the planned EU GALILEO), as well as new transmitted GN§&ass, in order

to provide for suf cient redundancy. Geodetic monitorinigtiee quality of GNSS,

as well as the datum upon which the terrain features are ndappe critical contri-

butions that geodesy makes to air navigation.

The potential use of GNSS positioning to assist aircraftlilags, particularly
in low visibility conditions, is also currently being codsired. Clearly this is one
example where consistency of SDI is imperative, ensuriegaiheld information
is compatible with the datum used by the aircraft navigasipstem.

4.2.3 Land navigation

Land navigation is a rapidly growing segment of what is nowagally known as the

“telematics” market, and it also relies on the “twin” geogesntributions of a pre-

cise geopositioning technology such as GNSS on the one haddligital road/map

data on the other. New Location-Based Service (LBS), fosaarer and enterprise
users, are valued at tens of billions of dollars per yearraptesent a new industry
segment with massive potential for growth (expected to gabaver 10% per year
over the next decade or so). Increasingly the SDIs must eigeaccommodate ever
more spatial data sets of interests to LBS users, such atsguitinterest, satellite

and ground-level imagery, and even information with shemporal relevance.

4.3 Engineering, surveying and mapping

This eld has traditionally been the preserve of experts Easurement and geopo-
sitioning. However, as in the case of navigation, with theesud of GPS, and more
generally GNSS, the ability of more and more people to qyigeinerate their own
accurate geopositioning information has expanded sigmitly. There is no doubt
that eld mapping/surveying (and construction/mining eregering that are depen-
dent upon the products of mapping/surveying) has seencagmnimprovements in
productivity, reliability and accuracy — leading to assted savings in construction
and mapping costs. Increased automation of machinerynadsan Information
and Communication Technology (ICT), increased integreditdifferent geospatial
measurement and imaging technologies, and the trend to r@alréme operations
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(including sophisticated eld-to- nish surveying systenthat exchange geospatial
information between of ce and eld units, across data netiksy and even between
eld units), all will place ever greater demands on geode®y geopositioning tech-
nologies. That includes offshore engineering and hydggcamapping operations.

There is unfortunately a downside. In mere seconds, usée$8f can obtain 3-
D coordinates. However, detailed knowledge of what refeedrame or datum the
positions are referred to, the type of height obtained, aedatcuracy of the coor-
dinates may not be obvious to those without professionat&tibn. This situation
is exacerbated when new technologies such as Real-Timariine (RTK)-GNSS
are used in engineering and other precise applicationsRTHKesystems allow sub-
centimeter differential positioning between a “base stétand a “rover”. The most
alarming problem with this situation is that a base statidose true location is
not properly known will yield rover coordinates that are altyin error. Consider,
for example, the situation where two local governments gayunicipality and a
state) operate RTK base stations and offer an RTK subsmmiggrvice. If those
two overlapping services do not have their base stationsis@mt with one another
(e.g. through ties in some form to the SDI), then all engiimeggprojects built with
one service will not align properly with those of the secoad/ie. This coordinate
inconsistency could lead to massive economic losses amviadays a critical chal-
lenge to governments at all levels. The issue of overlapRiflg networks already
exists in many places in the world. In the U.S., this issuespasred NGS to begin
investigating the creation of an RTK accreditation systemrtsure that overlapping
RTK networks will be “NSRS compatible.”

4.3.1 Machine guidance

For example, the guidance of construction machinery isariijnmbased on centime-
ter level RTK-GNSS techniques, possibly augmented withti@le laser scanners,
close-range radar, optical guidance, and other positipaansors. The construc-
tion vehicle driver is “guided” so that trenching, gradingdeother operations are
carried out according to a design model. This results intgrezertainty in con-
struction, higher productivity and less waste (e.g. overagating), and less labor,
with commensurate improvements in safety. In addition, wthe track of where
the machinery has been is determined and transmitted baak td ce a perma-
nent digital record of the new terrain surface becomesaiviail The trend is toward
fully-automated machinery, “controlled” by precise GNS&igation and its aug-
mentations (inertial, etc.). Similar trends are expectét the automation of farm-
ing (see Section 5.8.3), container port loading/unloadipgrations and open-cut
mining, to name but a few potential machine automation appbns. Initially such
automation will take place for machinery operations on thdage of the Earth,
where GNSS signals can be tracked. Indoor positioning dt bigh levels of ac-
curacy is far more challenging, and advances in technolagyita implementation
will be slower than in the case of “open sky” applications.wéeer, it must be
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emphasized that for many of these applications what is redus accuracy and

reliability of geopositioning, both in a coordinate/redace frame sense (i.e., the
coordinates must be expressed in the correct datum, to veltihelr spatial data are

referred) and relative to the “real world” (i.e., objectsldarrain that the machinery
must navigate around and over).

4.3.2 Land titling and development

Land development and infrastructure engineering requirtegrity of coordinates
(both those derived from GNSS, as well as implied from presip mapped fea-
tures). Imagine the uncertainty of land boundaries conthivith ambiguous geopo-
sitioning in the eld: designs for a new road or other infrasture would be wrong,
and this mistake would be compounded in the eld when the geitjpning technol-
ogy guides construction machinery to the wrong locatiomd_.awnership remains
to this day one of the cornerstones of national and persoealtiz Current trends
are towards a cadastre where parcel boundaries are desbyito@ordinates rather
than length. This trend is in response to the need to overksrias of other land
management data sets onto the cadastre, and to implemergrafies when sur-
veyors relocate existing boundary corners. Land ownergamdrnmental agencies
can now correctly interpret land use patterns on a parcgiargel basis, including
the location of underground services like sewage, comnatioigs, water and elec-
tricity. A unique challenge occurs in mining operationsito relate underground
operations (where GNSS cannot be used) to the surface (witgeasingly GNSS
is the critical geopositioning technology). Furthermanxéth increasing interest in
the “marine cadastre”, and the de nition of offshore bounesin general (Exclu-
sive Economic Zone, state jurisdiction, continental shelferies, mining/drilling,
conservation zones, etc.), coordinates on the ocean suafatthose at the sea bot-
tom must be seamlessly connected to a nation's land datuminAthe SDI layer
model is pertinent.

Another concept is the inclusion of cadastral survey ola@ms into regional
geodetic adjustments constrained by space geodetic tremiiThis is commonly
referred to as a “geodetic cadastre”, and has the impacbpigating geodetic co-
ordinates at a far greater density than most geodetic nksmeould hope to achieve.
In countries like New Zealand this is used to monitor the terapdeformation in
network geometry caused by localized tectonics.

4.3.3 Engineering geodesy and structural monitoring

Engineering geodesy is the term that describes the use pprecise measurement
and analysis models to monitor the deformation of anthrepamstructures such as
tall buildings, stadiums, bridges, breakwaters and otloer gngineering, offshore
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platforms, dams, etc., as well as ground subsidence due noeground mining,
soil compaction and uid extraction (e.g., oil, water, galsicreasingly, GNSS re-
ceivers, accelerometers and a variety of geotechnicabsefiaclinometers, strain-
meters, ber-optic cables, etc.) are being installed attitme of construction. Such
a whole-of-life “structural health monitoring” approaah infrastructure manage-
ment is in contrast to the current practice of retro ttingustures to monitor loads
(and subsequent deformations) after they have been lmrixmple to ensure safe
continued operation of a structure as it nears the end offésdr when/after it is
subjected to loads well beyond what it was designed to vatitstA precise, consis-
tent and time-stable geodetic reference frame (which maylbeal datum, and not
necessarily a global one) is essential, as well as highiiityegeopositioning tech-
nologies such as GNSS and differential INSAR (in the caseafrgd subsidence).

4.3.4 Geographic information systems

Mapping technologies such as scanning and imaging senseus direct georef-
erencing (e.g. using GNSS/INS). These days geospatialattatatored, manipu-
lated, analyzed and visualized within special databasecantputer graphics sys-
tems known as Geographic Information Systems (GIS). GlSg&gthed to allow
the display and query of spatial data in the form of “layefi®@.“stack” the spatial
data layers so that they are aligned correctly requiresttiegt be carefully refer-
enced to the underlying geodetic layer or datum (Figure &&pgraphic elements
within each layer include points, lines and polygons, eaith Vattribute” informa-
tion (e.g., describing what it is, and other pertinent takttontextual information).
A special example of point data are terrain models such asngrtevel DEM, or
tree/building-top Digital Surface Model (DSM). It is thismbination of spatial and
text information that gives GIS its unique abilities to pide both graphical and
quantitative answers to “what if?” scenarios and quer@as&d in terms of Boolean
operations, as well as to create “custom” thematic mapsaplgcal outputs. GIS
is increasingly being used as a decision-making tool, tisgipolicy advisers, gov-
ernment agencies and businesses to determine the consequém@ certain action
or impact on land, communities, infrastructure, biota, &S technology, geoposi-
tioning and spatial information are all necessary for redtand built environmental
monitoring, natural resource management, land developnd&aster and emer-
gency management (see Section 4.5), transport plannindgraplogical studies,
and much more.

Increasingly GIS capabilities are being offered via the Magyide Web (WWW)
as “web-GIS”, so that users can create custom “views” ofigpdata by selecting
from many spatial data sets those that are of interest to.traries can then be
made as in the case of traditional desktop GIS (see abovejnAlg is crucial for
correct decision-making that the data sets are integratedwvthe SDI, so that there
are no ambiguities with respect to the datum.
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Mapping technologies such as LIDAR, and airborne and #atellgital cam-
eras/sensors, are generating enormous volumes of datagroleh of spatial
databases, especially those containing remote senseddsigjation (i.e. sub-meter
ground object resolution) satellite images, is very rapidect georeferencing en-
sures that this data can be correctly integrated with histbspatial data and data
generated from ground-level surveys. The management ¢ thgatial databases is
an increasingly challenging problem.

4.3.5 Height systems

The vertical datum is a critical issue for many engineerswgyeying, and map-
ping operations. Extremely accurate airborne and hel@optDAR systems are
being used to support many engineering projects and to aevedw DEMs and
DSMs, but in many cases they depend on the quality of thecatmgference sur-
face to meet the requirements of the project. The reasonDé&RIsystems, as in
the case of digital and traditional photogrammetric systederive their georefer-
encing information from GNSS/INS. Hence the height infotiorais in relation to
a reference ellipsoid, and not to the geoid (or other phi/siean sea level datum).
EGMs can de ne the vertical surfaces to which heights arerefced, but being
global in nature, are incapable of capturing local geoidcitires. This can lead
to errors of decimeters to meters over areas tens to hundfdas across. In the
case of the NASA/NGA SRTM, all heights are referenced to adyemdel such as
EGM96, while many heights used for engineering and surggginjects in the con-
tinental U.S. use the detailed geoid models developed by (U&i8g a combination
of EGMs, DEMs, local surface gravity measurements as wdkasing and GPS
data), the latest referred to as GEOIDO03. In Australia th@dyenodel, developed
by GA, is known as AUSGEOID98, and involves a combination ebgptential
model, surface and oceanic gravity anomalies, leveling dat satellite altimetry
data. In Europe, the European Gravimetric Geoid 1997 (EG&GITeing updated
because signi cant new and improved data sets have becoailalae since the last
computation in 1997. These improvements include bettdyajlgeopotential mod-
els from the CHAMP and GRACE missions, better DEMs in soméoreg(e.g.,
new national DEMs, SRTM3, GTOPO30), updated gravity data f@ selected
regions, updated ship and altimetric gravity data inclgdmproved merging pro-
cedures, the use of GPS/leveling data, as well as improvetkling and compu-
tation techniques. In Canada the vertical heights derivech f{GNSS can be con-
verted to the system known as CGVD28 using a geoid-basesftranation model
(http://www.geod.nrcan.gc.ca/software/gpshghp). Every nation maintains their
own vertical reference system, frequently (though notwsigkly) tied to mean sea
level (at least locally) and therefore “connected” to a oegl model of the geoid
by some means. Increasingly it is being recognized thatemorchust unify these
vertical datums in order to ensure interoperability, in imttee same way that most
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nations have migrated to an Earth-centered, Earth- xed§E/@datum such as an
ITRS realization.

4.4 Timing applications

GPS is used for time transfer between precise “clocks” (sm¢i&h 2.9.4), as well
as an inexpensive and readily available time-base for spmétation of computer
networks, telecommunications switches, energy grids;Téte integrity of GPS and
in the future GNSS, which can be considered a byproduct ofemodeodesy, is
therefore vital.

4.5 Early warning and emergency management

Search and rescue operations rely on accurate geoposgiand up-to-date spa-
tial information. For example NGA developed a host of GISduats for emer-
gency management of Hurricanes Katrina and Rita in 2005 tla@dsunami that
struck Indonesia in 2004. Ef cient rescue operations deljp@m maps and GIS in-
formation that are of high quality, and increasingly depeld from the latest spa-
tial data sources, e.g. commercial high-resolution stgeinagery, or in future
from “rapid mapping systems” based on Unmanned Aerial fel{ldAV)-mounted
and terrestrial imaging/scanning systems. The ability bbst of agencies to then
utilize high quality GIS information provides superiorugtion-awareness and al-
lows rst-responders the means to make informed decisi@nsergency crews then
“navigate” the disaster area, and relief supplies and eneip are delivered, using
GPS/GNSS technology.

Risk management requires modeling the effects of sevetgalavents such as
cyclones and tsunamis, which require a uniform and accuraderstanding of the
topography, including the transition from land-based DEdIbathymetry. This al-
lows engineers to accurately estimate inundation zonesvamdl speed variations
in the case of cyclones, and inundation and run-up zonestwrami events. The
only system capable of providing accurate heighting fohbsthased on the ellip-
soid, since the relationship between Lowest Astronomiddé {generally used for
bathymetry) and Mean Sea Level (generally, though errosligaised for DEMs)
is not well understood at all locations. Geodetic infrastuve provides access to
accurate height information.

Another emerging application of geopositioning in the egeeacy management
area is vehicle and personal location systems in emergemaeticularly bush or
forest res where visibility is much reduced. A knowledgetbé location of assets
directly impacts on re management, and evacuation pra®sEhis is analogous
to minimizing occurrences of “friendly re” in the militargnvironment.
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Many high-pro le events held around the world, includingt®lympics, Super
Bowl, World Series, Soccer World Cup, political conven8p&8 and APEC lead-
ers meetings, etc., depend on high quality geospatialnmdition in preparation for
possible emergencies that may arise from an act of terrasisother threat. These
GIS products are built from imagery and other geospatial,datd need to be refer-
enced to a common datum, and be accessible to emergency emaaaipf cials if
and as they are needed. The rapid deployment and responsefency personnel
can only happen if they know precisely the geospatial “peetof the situation.

4.6 Infomobility

Modern society is mobile, requiring timely answers to suabrggs as: “Where am
1?”, “Where are you?”, “Where is that?”, “How do | get from leeio there?” while
on the move. The availability, on the one hand, of wirelesamainications and so-
phisticated mobile information devices (the cell or molglene, personal digital
assistant, etc.), together with GPS/GNSS and GIS on the b#rel, has spawned
a new ICT eld of “infomobility”. This new cross-discipling eld (also known
as location-aware or context-aware computing, pervasivbimuitous computing,
telematics, telegeoinformatics, etc.) links informatiechnology and wireless com-
munications (together representing the ICT disciplinell geopositioning systems
to digital maps and geographically-referenced data deliuigormation-rich ser-
vices appropriate to the location of a person or object, vieaile device. Infomo-
bility is part of the broader eld of geotechnology (also kmoas geolT, geospatial
information science, etc.) identi ed by the US Departmehitabor in 2004 as one
of the three most important emerging and evolving eldsnglevith nanotechnol-
ogy and biotechnology (Gewin, 2004). The characteristicivimost distinguishes
infomobility from other geotechnology applications is #$raall interactive mobile
device having both wireless connectivity (to web serveestiie mobile Internet)
and location determination capability (via GPS or some rotheans), running spe-
cial client software.

Infomobility applications are also often referred to as L BBhough it could be
argued that LBS is a subset of infomobility as it implies s@o# of “transaction”
between the mobile user and a service provider. Infomghitiy be partitioned
into three major categories:

Vehicle-based applications, sometimes also known agtiaties” services, com-
prising essentially of car navigation systems, driver andspnger assistance
services, and vehicle management systems (Rizos & Drai&,)2These rely
primarily on GNSS, augmented with wheel sensors and maptimaf to pro-
vide continuous location information, even in urban aread wnnels where
GPS/GNSS signals do not penetrate.

Personal services, many of them similar to vehicle teleraa@rvices, but deliv-
ered to a portable device to aid people on the move. The @meints to deliver
geopositioning is far more stringent than for vehicles, espbe spend a lot of
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their time inside buildings, where GNSS is not well suiteldb(igh Assisted-
GNSS techniques do increase the sensitivity of receivergetak satellite sig-
nals attenuated by buildings, walls, trees, etc. Thergiedestrian navigation
requires a “mix” of geopositioning technologies, incluglinellphone signals,
WiFi, inertial, pedometer, and so on.

The tracking of inanimate objects, in logistics and warediog applications.
These may be for individual high value assets, or contgiadlet tracking. As
with pedestrian applications, the mix of geopositioninchtelogies may have
GPS/GNSS as a core, but augmented with short range comntion&aensors,
such as Radio-Frequency (RF) tags known as Radio-Frequdpati cation
(RFID) and WiFi to give indoor coverage.

What sets infomobility or LBS-type applications apart frédmformation on
the move” (e.g., m-commerce, e-commerce) is the central ptalyed by geopo-
sitioning and geospatial data in general. GNSS is a key tdoby, but there are
other geopositioning sensors that may be used in combmafith GNSS (or even
on their own), such as inertial sensors, pedometers, a#nsieWiFi, cellphone,
UWB (UWB), RFID, and vision systems. It must be emphasized these appli-
cations have commercial (or business) counterexamplesrgsopal (or consumer)
ones, such as:

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

Positioning/tracking of emergency service workers (erg.ghters, police, res-
cue workers) and soldiers, are examples of personal infdityolpplications.
The environments in which they are expected to operate estgdl standard
GNSS technology, which has led to considerable innovatiayebpositioning.
The massive uptake of RFID “tagging” systems will displaaedodes as the pri-
mary means of keeping track of stock in warehouses, in transietail shops,
etc. Within a decade many household items will be “taggedd, laence “track-
able”.

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

cyber-geography, geo-blogging, GeoSearch, georefergmab pages, the Geospa-
tial Web;

spatialized (media) art, location-based games;

context-sensitive (location-based) advertising, sps¢iarches (e.g., Google Earth,
NASA's World Wind, Microsoft's Virtual Earth, Yahoo), toism guides;
augmented and mixed reality for work and pleasure;

supranet, smart dust, sensor nets, etc.;

information portals for mobile workers (answering quessisuch as “Where are
you?”, “Are you all right?”);

tracking and location privacy (rights and freedoms in a nmodespatially-
enabled” society);



4 Maintaining a modern society 149

RFID-tracking, enterprise databases and navigation gsi@iswering questions
“Where is it?” about inanimate objects); and
telematics and Intelligent Transport Systems.

Geospatial information is the Information Technology (I'€pntent” for most,
if not all, of these applications. As with many other geogdatpplications, geolT
requires that different spatial data (the coordinates obaila device, the location
of a place-of-interest, the road network linking differgatts 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 memesgt - river mon-
itoring relies on a fundamental reference system, and thesament of water rights
is fundamentally tied to the properties of area and geograpte assessment of
aquifers is aided by new technology: satellite and absajua®ity measurements
can infer changing volumes of water stored in subterrainfacg) and repeated
GPS/GNSS observations and INSAR can detect surface moveicemsed by de-
pletion of such aquifers. Geodesy therefore can play a rofaadnitoring the rate
of uid extraction (including illegal groundwater miningproviding information to
the relevant authorities.

The new satellite missions measuring gravity change (otlyéSRACE) promise
major improvements of the quanti cation and understandifitpe global hydrolog-
ical cycle. Whereas traditional hydrological models haveused on details, using
models of snow and rain falls, groundwater changes, riveoffuetc., on local to
regional scales, the measurement of gravitational chagiges overall integrated
bounds on the hydrological cycle on continental scales. grbgen monitoring of
the yearly hydrological cycle over major tropical regionsls as the Amazon Basin
and South-East Asia are spectacular examples of the suot#ss new class of
gravity eld change-measuring satellites, and with likelgw technological break-
throughs (e.g., laser interferometry missions) within tiext decade, the gravita-
tional monitoring of major drainage basins on a global so#g be feasible.

Major engineering structures used for water managementgdehannels, etc.)
are obviously heavily relying on the geodetic SDI. The lesfelvater is dependent
on the gravity eld, and accurate 3D-networks with assaagravitational infor-
mation (geoid models) are a necessity for major constragiiojects. The monitor-
ing of such projects after construction is another domaianelyeodesy plays a key
role, with the long-term stability of reference frames angnmments being essen-
tial for the measuring any movements or subsidence of tlietsites and arti cial
lakes.
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4.7.2 Energy resources

Energy, in the form of electricity, is derived from a variatirenewable and non-
renewable sources. Examples of the former include phdaiedkchnology, wind,
hydrodynamic and tidal power. The latter include coal, eacknd gas- red power
stations. All forms of energy generation require massivestments in infrastruc-
ture: power stations, pipelines, transmission lines, pawiels, etc. From a strictly
engineering point of view, such infrastructure must begtesil and built in the right
location, the structures may need to be monitored (epiatigior continuously),
and the components must “ t” together (not just in a physs=hse, but operations
need to be synchronized to microsecond levels of accuramy Section 4.4).

Traditionally the geodesy and surveying disciplines hassisted exploration
geophysicists in locating coal, ore bodies, gas and oilsettirough the provision of
land and marine gravity data, including marine gravity dedifrom satellite radar
altimetry. There is still considerable activity in seekiogt non-renewable sources
of energy from offshore locations, in deeper water, furaeay from shore. Off-
shore engineering is a discipline that is becoming increggimportant. However,
apart from the challenge of working in a watery environmémd, SDI off shore is
very much wanting. Geospatial data quality is very patchy, iais generally con-
ceded that the quality of maps of the Moon's surface is béfiten for many parts
of the Earth's deep oceans. The challenge in ocean bottonleggdias long been
recognized (Spiess, 1990, e.g.,), and despite the factitedlYPE has the goal to
extend the success of geodesy on land onto the ocean botiemgE al., 2005), it
is not likely that considerable progress will be made soon.

Increasingly the geodesy and surveying skills (and the tyidg geodetic ref-
erence frame) must support new power generation techreslpglich as designing
new wind farms, tidal power systems, etc. In these casesusade of GIS to assess
the likely impact of new infrastructure on the land, comntiesi and biota. A new
eld of mapping is in support of Carbon Credits, e.g. in thaqting and monitoring
of forests.

4.8 Monitoring the environment and improving predictabili ty

Vulnerability of society to extreme weather events, distunces in critical infras-

tructure by environmental disasters, and potential imgpaétclimate change ne-
cessitate improved predictions of weather, climate, ahdragnvironmental events.
Geodetic techniques, in particular, GNSS, sense the atmospvith electromag-
netic waves, which can be used to extract information on spheric electron

content, tropospheric water vapor content, and, potéptadrbon dioxide. Below,

GNSS meteorology and space weather are identi ed as examPlber applica-

tions such as monitoring of sea level, ice sheets, lakedeaeld 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 thermadhics of many atmo-
spheric processes that act over a wide range of temporapatidisscales, covering
both the global hydrological and energy cycles, which éiffety de ne the local
and global climate change, contributing largely to the gheeise effect, and play-
ing a critical role in the vertical stability of the atmospbeand in the structure of
the evolution of atmospheric storm systems. The scarcitsadiitional meteorolog-
ical observations, especially over the Southern Ocean aladt Regions, as well as
the shortcomings of the traditional methods over the laagdetcontributed greatly
to uncertainties in global and regional weather analysi$S6 offers a more eco-
nomical, and in principle near-real time, method of measuatmospheric water
vapor.

A number of studies conducted in the 1990s have shown thainttoeint of pre-
cipitable water contained in the neutral atmosphere cafadn be retrieved using
ground-based GNSS receivers (see Section 2.9.1, FiguBeoA.Bage 74). In addi-
tion, it has been demonstrated that a GPS receiver aboardragatellite in a low
Earth orbit, supported by a ground-based network of recgigan be used to deter-
mine the atmospheric refractive index as a function ofwadgétduring the event of
satellite occultation by the Earth (see Figure 2.39). Tthes availability of remote
sensing observations from GNSS radio occultation sensovsdes a unique oppor-
tunity to improve the quality of regional meteorologicabdysis, particularly over
the traditionally under-sampled regions, as well as premishigher spatial and
temporal resolutions, if a suf cient number of sensors aniched 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 wsatal, magneto-

sphere, ionosphere and thermosphere that can in uencedffermance and re-
liability of space-borne and ground-based navigation amdraunication systems,
and can even endanger human life or health. Thus, ionogpinergularities are

one of the key components of the space weather that requemas@ttention. Ad-

vances in space-weather forecasting require improvedrstatheling of the iono-
sphere/thermosphere system. Any forecast model must bethira detailed spec-
i cation of the current state of the system, which is prowddsther by empirical

models or by assimilative models. The ionosphere is one@hibst detrimental
error sources in satellite navigation and communicatiatesys. While spatial and
temporal distribution of ionospheric disturbances arermhpry interest in their own

scienti ¢ context, they are also of special interest to camination, surveillance
and safety-critical systems supporting air navigatiorihay affect the skywave sig-
nal channel characteristics.
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A large number of globally distributed permanently track@BNSS stations can
deliver large volumes of data suitable for continuous, #eaf time ionosphere
monitoring during the disturbed and quiet geomagnetic itimms, and offers an
attractive alternative to the traditional methods. GNSB8vjates high-resolution
TEC measurements. Traditional ionosphere monitoring outivased on ionoson-
des and Incoherent Scatter Radars (IRS) have many disadjesnas compared to
GNSS. Hence GNSS geodesy offers the best option for prayid@tailed infor-
mation on ionospheric conditions, an essential componkahy 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. Pearintarp. Plag, P. Poli,
S. Reid, M. Rodell, R. Thomas, P. L. Woodworth

In this chapter, we examine the potential of geodesy frompthiat of view of
what society needs in terms of Earth observations to enseredcurity of peo-
ple and resources, and to achieve a sustainable utilizafienosystem goods and
services. Many of these applications depend on Earth oasens, bothin situand
remotely from space or airborne sensors. The frameworkhfese observations is
dominated by a few international programs, such are imphteteand supported by
GEO, IGOS-P, Committee for Earth Observation SatelliteS@S), the European
Commission (EC), United Nations (UN) agencies, and natiooatributions.

GEO's visions for GEOSS, in brief, is to enable a future wheeeisions can
be based on information (see GEO, 2005a, for the full texhefuision; also on
page 280). GEO is focused around nine Societal Bene t Ar&BA6) of Earth
observation as identi ed by EOS-II (see Table 5.1). Thus,stat here from the
information needs of these SBAs, which then can be trartsiate observational
needs. Finally, the potential contribution of geodesy carektracted from these
needs. In the next section, we will brie y review the Earthsebvation framework
and introduce the nine SBAs. Subsequently, we devote sepsgeations to each of
the SBAs that can bene t from geodetic observations andfodycts.

5.1 The current and future framework of global Earth
observations

Major early milestones towards integration of the globaltE@bserving systems
were the de nition of the Integrated Global Observing Stmpt (IGOS), and the es-
tablishment of the Global Three Observing Systems (G3O®)arcontext of the
United Nations Framework Convention on Climate Change (ONE) in the mid-

1990's. Initially, IGOS was of particular importance withEarth monitoring based
on remote sensing (see, e.g., Williams & Townshend, 1998) jtawas developed
in the framework of the G30S (see, e.g., Dahl, 1998). Theedsior IGOS are

153
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the scale of the issues (global climate change, sustaimi@vielopment) to be ad-
dressed, the cost of space components for remote sensimg Batth environment,
the logistics especially fdn situ data, and the need for data integration from mul-
tiple sources for products of use to decision makers, sejesued society at large.
For key variables of the Earth system, IGOS attempts to geolang-term conti-
nuity, adequate data archives and accessibility, comsigtef data records, and the
ancillary data required for data quality assessment. |G@8iges the framework
for a coherent response of the monitoring system to the riated user require-
ments. IGOS intends to build upon existing strategies ftarimational observation
programs, focusing on the identi cation of areas where thisteng systems can be
improved, where duplication of observations can be reduaed gaps in observa-
tions and data sets can be identi ed. If effectively implersal, IGOS appears to
be the strategy for providing the observational basis fartaré Earth information
system. A key issue identi ed in IGOS is the need to transfanemy observational
activities from their research states into operational ibooimg.

In 1998 the further development and implementation of IGGS wut into the
frame of the IGOS-P (see, e.g., Smith, 1998, for the earlgldgment of IGOS-P).
IGOS-P is a partnership of organizations that are conceniiddglobal environ-
mental change issues. IGOS-P links research, long-ternitoniory and operational
programs. IGOS-P seeks to provide a comprehensive frankgadrarmonize the
common interests of the major space-based iargltu systems for global obser-
vations of the Earth. Its aim is to provide an over-archingtsgy for conducting
observations relating to climate and atmosphere, oceahsaasts, the land surface
and the Earth's interior. The Partners, through IGOS, huyildn the strategies of ex-
isting international global observing programs, and upament achievements, in
seeking to improve observing capacity and deliver obsematn a cost-effective
and timely fashion. Main efforts of IGOS-P are directed tosth areas where satis-
factory international arrangements and structures douroéntly exist. Most of the
IGOS-P efforts are concentrated in a small number of seddlhemes with strong
linkages to critical social issues.

The last few years have seen a rapid programmatic develdpmEarth obser-
vations on global scale, stimulated in part by activitieEurope. There, the Global
Monitoring of Environment and Security (GMES) initiativeas/ launched in May
1998 and adopted by European Space Agency (ESA) and the &andmion (EU)
Councils in June and November 2001, respectively. The thagna of GMES is to
support Europe's goals regarding sustainable developarahglobal governance
by providing timely and quality data, information and kned$je (European Com-
mission and ESA, 2003).

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

Area Objective of GEO

Disaster Reducing loss of life and property from natural amchan-made disasters

Health Understanding environmental factors affecting anrealth and well being

Energy resources Improving management of energy resources

Climate Understanding, assessing, predicting, mitigaind adapting to climate vari-
ability and change

Water Improving water resource management through bettéerstanding of the
water cycle

Weather Improving weather information, forecasting, ardning

Ecosystems Improving the management and protection @fsteial, coastal, and marine
ecosystems

Agriculture Supporting sustainable agriculture and catinigedeserti cation

Biodiversity Understanding, monitoring and conservingdiversity

with a reference document containing many details of theritr GEOSS (GEO,
2005b). It is noted here that in less than two years of itstemce, the membership
of the ad hocGEO had grown from initially about 30 countries to more th&n 6
countries.

The work of GEO was guided by the Framework Document adopt¢ledEOS-
11, which was held in Tokyo in April 2004 (see Annex 2 in GEO (&b, for the full
text). This Framework document identi ed nine major SBAs=airth observations
(see Table 5.1) and emphasized strongly the importanceoofitated global Earth
observations.

The GEOSS Implementation Plan was adopted by EOS-III, wiriok place in
February 2005 in Brussels. The same meeting transitioreeddhocGEO into a
permanent group. The presence is dominated (and so willdoeekt few years) by
the rst steps towards an implementation of GEOSS. IAG islagd in this process
in order to ensure that the geodetic observing system idaje»e consistently with
the needs and progress of GEOSS for a maximum bene t.

GEO (2005b) provides for each of the bene t areas an overaiethie require-
ments in terms of quantity and status of the observationzdagy. Extracting the
guantities potentially coming or bene ting from GGOS rdsuh the list compiled
in Table 5.2.

Geodetic observations contribute to Earth observatiorwim ¥ery distinctive
ways, namely (1) geodesy provides the reference frame ichwdli Earth obser-
vations can be associated with coordinates, and (2) gequesides observations
of quantities related to relevant processes (see Sect®)n 2.

All measurements depend upon a suitable reference framdichvpositions
can be determined and against which changes in positioneaneasured. Based
on the available tools (see Chapter 2) geodesy providesdf@isence frame for the
Earth on a global scale in the form of the ITRF as well as forcspa form of
the ICRF (see Section 2.2). With these reference framesleggyserves a common
need for all SBAs and society at large (see Chapter 4). Inath@fing, we will not
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address these requirements to any detail. Rather, we wilisfon the requirements
for geodetic observations.

Geodetic observations can provide insights into a numberitifal areas that
impact human society. These range from understandingoeakie processes, as-
sessments of hazards, detecting and tracking tsunamisndaring the effects of
climate change, and even prediction of volcanic eruptises Chapter 3). The fol-
lowing sections consider the observational needs for seveaf 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 ¢ features or structure 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 natual
and human-made disasters

One of the most important services that science can provid®ciety is under-
standing, predicting, and reducing of vulnerability tourat hazards. These can
be divided into those stemming from the dynamics of the ui&ope of the
Earth such as storms, storm surges and oods, those stemfimirtge dynamics
of the solid Earth, such as earthquakes, volcanoes, sieghslibsidence, precar-
ious rocks, rockslides, and landslides, and those reguftom interaction of the
solid Earth with its uid envelope, in particular tsunamigggered by earthquakes,
rockslides, volcanic eruptions, and submarine landslides

In disaster prevention and mitigation, Earth observatmnmspivotal in at least
three aspects: (1) understanding the processes caussggtiheards and assessing
their risks for planning and mitigation, (2) monitoring tlievelopment of hazardous
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situations and providing a basis for a decision on early mas) and (3) determin-
ing the extent of a disaster as support for rescue and dansagesment. The rst
two aspects are central for early warning systems. A congm&iie 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 monitdesiand rapid and reli-
able decision mechanisms for early warning;

communication: the ability to disseminate understandalamings to those at
risk;

response capability: knowledge and preparedness cajgc#ly partners of the
information chain to act appropriately.

Geohazards are intimately connected to displacements efiodnaations of the
Earth's surface. Consequently, geodetic observationsataucial role in all three
aspects of disaster prevention and mitigation, includisg knowledge and the
monitoring of hazardous situations required for the immatation of early warn-
ing systems. The importance of geodetic observations fsetthazards has been
emphasized by many (e.g. UNAVCO, 1998; Solomon & the SolidiE&cience
Working Group, 2002; Raymond et al., 2003). Marsh & the Geahds Theme
Team (2004) state thatGeohazards driven directly by geological processes all
involve ground deformations. Their common observatioeguirements are for
global, baseline topography and geoscience mapping, atjaihich surface defor-
mations ... can be monitorédlhus, the observations provided by existing global
and regional geodetic networks have already transformedraderstanding of geo-
hazards, and it is likely that these networks will play anrew®sre important role in
the future as their coverage and precision improve. In magions, observing sys-
tems dedicated to geohazards would also have to be exildpatial and temporal
resolution, as well as readiness on demand. Therefore, iny jparts of the world,
dedicated ground-based geodetic networks are neededditivado the classical,
point-oriented geodetic techniques, 2-dimensional imgdéchniques such as In-
SAR are also needed. These techniques allow the monitofirggeyant areas with
high spatial resolution, although currently not with thevltatency and temporal
resolution required for some geohazards applications.

5.2.1 Landslides, rock falls and subsidence

Landslides are a major hazard causing many fatalities agrd cint damage in

many locations. In the past century (1903-2006), landslidiéed more than 60,000
people globally, affected more than 10 million people (mahthem homeless af-
ter the event), and caused damage on the order of 5 billidarddSalichon et al.,
2007). Many landslides take place in widespread areas pésitstabilities caused
by severe storms, earthquakes, volcanic activity, coaste¢ erosion, and wild res.
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Landslide danger may be high even as emergency personnetaviging rescue
and recovery services. Often, earthquakes are accompanladdslides, rockfalls,
and other surface disruptions that can cause as much or raaraege to anthro-
pogenic structures and systems than the earthquakes thesmsEhese events are
dif cult to predict, but depend on recent weather condisdne., precipitation and
soil moisture), as well as land cover, topography, and gaeke recurrence interval.
Steep topography near lakes and fjords has the potentialgd Wwaves caused by
rockslides into the water below and pose a potential thresdime areas. Moreover,
in many mountainous areas, the steep hill sides are a paltémiat for the people
living at the base of these slopes or for the infrastructtitbeabottom of such hills.
In many areas, slop slides or slow landslides pose a prolem,

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

In known unstable areas, networks of campaign-type or peemaGNSS sta-
tions can be used to detect a change in the motion and thusateda potentially
perilous situation. However, the recurrence period of eamtd rockslides can be
long and in many areas the risk is not obvious. INSAR is an gmegrtechnology
that allows the determination of surface deformation witfhtspatial resolution and
accuracy in many regions (see Section 2.4.5). INSAR is @ggddo play a leading
role in the detection of geohazards and the monitoring o&fgus areas. INSAR
has been successfully applied to the mapping of coseisisptatiements (e.g., Mas-
sonet et al., 1993), deformation at volcanoes, silent laets(Ferretti et al., 2004),
and anthropogenic subsidence. In particular, the combimat permanent GNSS
stations with INSAR is expected to improve the time seriededdbrmation measure-
ments considerably.

Potentially hazardous landslides and slow landslidescéssal with human ac-
tivities, as well as anthropogenic soil subsidence caugegraoundwater, oil, and
gas extraction and mining activities, can increasingly éected by using INSAR.
Ferretti et al. (2004) analyzed an INSAR-based time sefissréace displacements
and detected several unstable areas in the San Francis@&ayn order to reveal
such areas at an early stage of the development of landslidager deformations,
an accuracy of 1 mm/yr and high spatial resolutignl(00 m) are required.

The monitoring of anthropogenic subsidence also requigdsdpatial resolution
and the determination of changes in the secular velocityeofical land motion
on the level of 1 mm/yr. In areas with active mining and grouatér extraction,
changes in secular land motion have to be available with &tenicy 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 numbéatalities and extent
of damage (Salichon et al., 2007). Major volcanic eruptibage local to global
impacts, and are typically presaged by directly observabémnts, including seis-
micity and infra sound (Johnson et al., 2008), gas releastace deformation, and
small precursor eruptions. Modern volcano monitoringesyst integrate localized
monitoring components and remote sensing.

GNSS and gravity measurements are integral parts of anytarng system of
potentially hazardous volcanoes. The combination of thesasurements provides
a basis for understanding the dynamics of subsurface magmaments and the
development of hazardous situations. Surface displacenoam indicate magma
movements not necessarily associated with increasediséism

Increasingly, INSAR is applied to the monitoring of volcasdsee Section 2.4.5).
However, for early warning purposes, the combination wittel GNSS networks
is crucial. Unfortunately, many hazardous volcanoes atsufcciently monitored.
The development of relatively cheap disposable GNSS sstimuld be an advan-
tage at hazardous volcanoes.

5.2.3 Earthquakes

Earthquakes are a major causes of disasters which, oveashélindred years
(1903-2006), killed nearly 2 million people, affected rigak00 million people,
and caused damage of more than 300 billion U.S. dollarsdsaii et al., 2007).
Increasingly, megacities are developing in areas pronejpereence major earth-
quakes, thus making disasters more likely. As in the caseltmo monitoring,
localin situ observation systems are increasingly supplemented byncants and
broad scale networks such as the Plate Boundary Obsery@B®) in the U.S.
The GNSS networks provide fundamental observations of éfierchation process
during the complete earthquake cycle from preseismic taod-postseismic defor-
mations. Hence, strain rates determined from geodetiacedisens are increasingly
used in hazard assessments. Moreover, image techniqueasinSAR are increas-
ingly supplementing the ground-based techniques.

Much of the geodetic infrastructure is currently focusedresearch related to
the processes causing earthquakes. Increasingly, thetieodtworks also support
the rapid detection of earthquakes for early warning andadgameduction response
(e.g., by rapid shutdown of gas pipelines, stalling or dii@n of traf c on roads and
railroads, shutting down of nuclear power plants, etc. Bpiglication requires real-
time detection of ground motion with reaction times in thega of a few seconds),
as well as rapid damage assessment in support of rescue.

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

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

5.2.4 Tsunamis

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

Over the last hundred years, most of the large earthqualklesnaignitudes of 8.5
and larger, which are potentially responsible for devagjabtcean-wide tsunamis,
were located around the Paci ¢ Ocean (Figure 5.1). Howdaege tsunamis can
also originate in other regions. Smaller tsunamigenichegrdkes occur in many
other regions (e.g., the Mediterranean and the Caribbeawl) pose a danger for
nearby coastal areas.
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Submarine landslides can happen in large areas of the eordirshelves, where
suf cient sediments have accumulated to allow turbidityrents to form. Moreover,
in some areas of steep topography and appropriate geotmdkglides can occur, as
in the Mona Rift area north of Puerto Rico (Grindlay & Hear2605). Coastal
landslides can result in large waves if suf cient matergirivolved. Examples are
the landslides on Stromboli on 30 December 2003, where the@gosits slid and
created a tsunami traveling around the coast of the islad@dansing considerable
damage, with waves reaching maximum heights of 5 to 10 m (Bmorao et al.,
2003). Much larger slides have happened at this island tnelasst 13,000 years,
which are likely to have caused large tsunamis affectingdb@ian Islands and the
coasts of South Italy (see La Rocca et al., 2004, and thearedes therein).

The major difference between tsunami generation by a ladelaind an earth-
quake is in the movement of the source region. For an earkieq@atsunami is
generated mainly by vertical movement in the source regisnglly 100 kilome-
ters or more wide), causing a sea surface anomaly. Howevalaindslide, a much
smaller source region moves mainly horizontally. As a cqosece, the long-wave
approximation is valid for tsunamis generated by earthgagbut not for landslides.
Moreover, directivity of the tsunami is generally more eegsed for those created
by landslides.

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

Knowledge of the tsunamigenic source locations is only &astep in establish-
ing the tsunami hazards for a given coast. Most tsunamigemicces have strong
anisotrophy in the propagation of tsunami energy away frieensource (e.g. Titov
et al., 2005b). Consequently, the tsunami hazard at anyt pai coast depends
not only on the distance to potential sources, but also treetibn with respect to
the propagation pattern for a particular source. Moredtiershape of the coast, its
topography and the bathymetry of the ocean basin betweearotst and the source
are important factors determining the tsunami hazard.

Tsunami hazard maps, and more generally, sea level hazafs are necessary
for planning of a reliable and economically feasible sealléazard observing sys-
tem. This has also been acknowledged in the de nition of k tassthe GEO Work
Plan focusing on a Global Tsunami Hazard Map (GTHM). The méttogy will
have to take into account problems that the incomplete decbevents causes for
the direct application of a probabilistic analysis, congiée to probabilistic seis-
mic hazard analysis (see e.g. Wang & Ormsbee, 2005). Thaierpe gained in
establishing the Global Seismic Hazard Map (GSHM) (Shdd&ial., 2000), the
Global Stress Map (Heidbach et al., 2004) and the GlobairSivap (Kreemer
et al., 2003) can help in developing the methodology for tA&i@, and the infor-
mation contained in these maps is of direct relevance. Tdrmjetic observations
of the kinematics of the Earth's surface that allow the dateation of the strain
eld near subduction zones, are an important input to thizalhd assessment.
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Geodesy also plays a role in the monitoring required for arlyavarning sys-
tem. A rapid and precise quanti cation of earthquake sosiiseentral to tsunami
warning systems, because tsunami models are initializeasbyming a displace-
ment eld of the ocean oor. The early prediction of tsunanois the basis of de-
tected earthquakes is currently limited due to two shortogsi

First estimates of the magnitude of large earthquakes giteve to be too low
(Kerr, 2005; Menke & Levin, 2005) due to saturation of themezl time meth-
ods, leading to an underestimation of the tsunamigeniapiate

Tsunami propagation models are sensitive to the initiatidaons (i.e., the model
of the seismic rupture process, Titov et al., 2005a). Howeatablishing the rup-
ture processes of particularly large earthquakes for a spearthquake in near-
real time is dif cult. Currently, it takes considerable dtas before the relevant
details are investigated (as well illustrated by the seqeeri papers addressing
the magnitude and rupture process of the 2004 Sumatra-Aad@&arthquake,
see, e.g., Plag et al., 2006b, for references).

After the 2004 Sumatra tsunami, at least seven large uraeghquakes oc-
curred. Large-scale tsunami warnings were issued for véheim (Nias, March
2005, M 8.7; West California, June 2005, M 7.1; Tonga, May®0a 7.8; Kuril
Islands, November 2006, M 8.3; and Kuril Islands, Janua72M 8.1). However,
most of these events did not generate signi cant tsunamtiénareas for which
warnings were issued. However, the July 2006 West Java aim magnitude
of 7.7 and the April 2007 Solomon earthquake with magnitu@es&ch generated
unexpectedly large local tsunamis that killed more than&@®30 people, respec-
tively. These incidents illustrate that the currently usaeethod for early warnings
based on earthquake-magnitudes from seismometers alowg isliable to accu-
rately predict the size and impact area of tsunamis. In tise ch an earthquake,
there are two steps in the prediction of tsunami impact inexispregion: (1) de-
termination of the tsunami potential of the event based emthgnitude and rupture
process, (2) prediction and/or detection of the tsunanpagation towards the spe-
ci c region.

Static coseismic displacements determined from GPS statiothe near- eld
of earthquakes agree well with the displacements detedhtim®ugh integration
of strong motion records (Larson et al., 2003; Miyazaki et2004). Blewitt et al.
(2006b) demonstrated that a relatively sparse GPS stagomonk with a radius
of about 2000 km around the epicenter of the 2004 Sumatraceke was suf-
cient to determine the magnitude of this event accurateding the GPS data up
to 15 minutes after the earthquake origin time. Their rasuldicate that if GNSS
data from a suf ciently dense network around the source afgd earthquake were
available in real time, GNSS ground-based stations coeld yealistic low-latency
(order 15 minutes) estimates of the seismic moment andatispient eld of the
event. This information would be a valuable addition to ssunwarning systems
for devastating oceanwide tsunamis. However, even witth sitworks in place
and an operational processing set up, it would still takeutBO minutes for reli-
able tsunami predictions. Although such predictions wdagdof very high value
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for oceanwide tsunamis, this time lag is unacceptable fastb areas close to the
epicenter.

In summary, the current state-of-the-art in the low-lajethetection of tsunami-
genic sources and the subsequent low-latency predictiaheoftsunami propa-
gation and impact do not warrant a tsunami monitoring syshesed solely on
source detection and numerical propagation predictioregré) 2005). Moreover,
some tsunamigenic events are not associated with strontgar seismic signals
(e.g. landslides, impacts) and cannot be detected easigrelore, a key element
in a monitoring system for early warning purposes will diheéocus on the prop-
agation phase of the tsunami and aim to detect a tsunami argnstage of this
propagation phase.

In most cases, sea level information gathered by a suitabtgtaring network
will help to reduce the uncertainties in the source detadiod classi cation, and
thus provide a sound basis for the decision to issue timeipiwgs. In many cases,
only an observing system aiming at the tsunami itself withpde the necessary
observations to identify a tsunami. This monitoring systemrinciple will also be
applicable to other sea level hazards, in particular largerssurges. However, sea
level observations alone may not be suf cient since mossteg sea level sensors
currently are located at coastal locations, while the seal levents need to be de-
tected before they reach the coastal parts under risk. Tisiumanitoring systems in
the Paci c therefore apply a number of ocean bottom sensattsfor the detection
of tsunamigenic events and the monitoring of the tsunarifitsee Section 2.9.3).
But these systems are expensive and demanding in mainggraanttit is unrealistic
to assume a dense-enough network in many parts of the globahs.

In the aftermath of the Sumatra-Andaman earthquake, a nuafilggoups have
developed algorithms and software for detecting tsunamtidé gauge data for con-
rmation of previous alerts and passing warnings along (\dworth, 2008, private
communication). Moreover, a number of studies have sugdesther approaches
that may help in tsunami warning. For example, Garcés €2805) indicated the
detection potential of deep infra-sound associated withamis. Plag et al. (2006b)
pointed out that GPS networks and gravimeters, in princigmeld sense the load-
ing deformations induced by the tsunami and the associatadty perturbations,
respectively, and Nawa et al. (2007) con rmed this by shapnihat the tsunami
signal was present in observations of superconductingrgegers. Tilt meters and
horizontal seismometers can observe loading induce&tSS buoys can measure
the sea level variations caused by a passing wave, and in cases, i.e. in shal-
lower areas, also currents associated with the orbitalonatf the particles in these
waves. Bao et al. (2005) showed that the Sumatra tsunanuteffécSRACE ob-
servations. Coupled ocean-ionospheric signals have akso studied with respect
to their early warning potential (Occhipinti et al., 2006pwer (2005) studied the
signal of the 2004 Sumatra tsunami in satellite altimetrg found these observa-
tions valuable for the post-event validation of model pcadns. After that, tsunami
source models inferred from satellite altimetry data hamorted by others (e.g.,
Hirata et al., 2006; Song et al., 2005; Fujii & Satake, 20@Wlain et al. (2006)
applied more advanced technique to extract tsunami sifroatssea level anomaly
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data by satellite altimetry to raw data and produced higHityusunami signals.
Hayashi (2008) studied the detectability of tsunami in l§aealtimetry observa-
tions and constructed tsunami-height pro les with only@5tcm root mean square
errors. However, real-time applications are limited byebi¢ locations at the time
of an event (inappropriate observation timing), insufri@bservation frequency,
and a lack of real-time data processing capabilities.

Storm surges and tsunamis are barotropic waves associdgtedransport of
large masses that load and deform the solid Earth's sur§amdar to ocean tides,
and thus produce surface displacements, tilts, and grsigityals. For example, large
storm surges in the German Bight induce surface displacenodrup to 50 mm.
The tsunami excited by the 2004 Sumatra earthquake resulteéximum verti-
cal displacements of the Earth's surface of the order of 20(flag et al., 2006b)
with a deformational signal of the order of 10 mm arriving iey®n and India
about 20 minutes before the tsunami. These geodetic sigmgisnciple can be
measured with GNSS, sensitive gravimeters, and tiltmetespectively. While the
direct measurement of the vertical displacement at siniN8€&sites may be dif -
cult to achieve against the typical noise level of high-heson GNSS time series,
it is likely that GNSS networks can sense the deformatioigglad, particularly if
these networks extend suf ciently far in-land. Free ostitins of the Earth, which
have periods in the same range as the tsunami waves, are peited to create
signi cant problems for the GNSS detection of the loadingsils, as the geomet-
ric amplitudes of the free oscillations are extremely snaaltl expected to be at
the maximum at the 1 mm level. Single gravimeter stationdpgepd with super-
conducting gravimeters in principle are able to measuregtheity signal resulting
from the sum of the mass relocation and the induced defoomafihis application
requires procedures which allow the separation of the rdalpart of the signal in
near-real time. For large earthquakes, which generateoeidations of the solid
Earth, the separation of these free oscillations from tlaelileg induced signal in
gravity constitutes a particular challenge. The advantdgsdl signals induced by
the loading is that they propagate well in advance of the.lblavever, most of the
available sensors have a relatively high noise level atithe scale important for
the detection of an event from minutes to several hours eixjected that the noise
level in displacements determined from GNSS data with haghgding rates (1 to
30 s) can be reduced considerably in the near future thraughoved processing
algorithms. Nevertheless, all these techniques are diyteging researched.

Most of the approaches mentioned above require feasilstiitslies quantifying
the tsunami and storm surge signals as well as ambient neisés!| Moreover,
development of observational techniques capable of detgttte signals in those
quantities that turn out to be promising is required.

The occurrence of devastating tsunamis and extreme stogesis relative rare.
As pointed out in a recent U.K. report (Defra, 2005), only ateyn used more
or less continuously can be expected to be operational icdke of a rare event.
Thus, a dedicated tsunami detection system is likely notet@ferational in the
case of a rare but devastating tsunami, while a multi-hazaddmulti-application
system is far more likely to ensure continuous operationSSMetworks with their
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many applications are therefore well suited for integratioearly warning systems
for rare events, and their potential for low-latency detecof displacement elds,
loading signals, and ionospheric signals should be exgloit

5.2.5 Storm surges

Many of the World's coasts have a long history of disastetsed by storm surges,
with large loss of lives and property. Though many of thesmaarare today pro-
tected by advanced systems of dikes, barriers and leviese tprotective devices
can fail under extreme storm surges. Preparedness fonexgeents is low and the
resulting disaster can be expected to be of regional scHigstiag the economic
development of whole countries or regions. The potentidllang-lasting effect of
events leading to failure of coastal protections has bedly siemonstrated by the
2005 New Orleans disaster.

There is considerable knowledge and understanding of ssorge hazards for
many coastal areas based on those experienced over thevasuhdred years.
However, recent ndings indicate that storm surge staitsbased on the observa-
tional records might severely underestimate the risk abemé storm surges exceed-
ing those observed in the last few hundred years. For sonmat@eas combined
meteorological and hydrodynamic models predict storm esirgith considerable
accuracy. However, because extreme storm are likely to Herestimated by the
current models, it appears reasonable to include detectiertreme storm surges
into a monitoring system for tsunami detection.

In coastal regions, there is growing concern about the itspafchurricanes and
other major storms. Although these events are frequerit, ¢barses and landfall
positions are challenging to predict before the storm dmeelat which point present
system do increasingly well. However, precise gravimetr@asurements of ocean
thermal structure both horizontally and vertically, makmassible to forecast the de-
velopment and intensity of major storms along various pe¢imarios dependent on
synoptic atmospheric circulation systems and locationraiasses in the vicinity
of the storm. More precise elevation mapping can betteradtarize coastal vul-
nerability to such events. Similar to the case of tsunangis @ection 5.2.4 above),
geodetic observations can also play a role in detecting angsurge as part of a
warning system.

5.2.6 Flooding

River oods in continental interiors lead to devastationiofrastructure, loss of
crops, and often loss of life. While it is relatively stratfgrward to predict the
frequency of oods on a statistical basis (100-yr oods,.gttypical land uses in
oodplains (urban, agricultural, etc.) are too valuable dfomplete and permanent



166 Sahagian et al.

abandonment in anticipation of rare events. Consequehtye is great value in
the ability to predict oods using runoff and soil moisturéservations upstream
of a locality of interest. For major drainage basins, grastime techniques (e.g.,
GRACE, see Chapter 2) can be applied to the monitoring olablai and mobile
surface and near-surface water masses and their vagaibilitme and space, so
that drainage network models can be reliably applied toiptiedt of ooding in
key locations, such as St. Louis (1993) or New Orleans (2005he interest of
preparing for the impacts of ooding, more precise elevatisaps of the soil surface
(cm resolution), and ultimately of the water table (m reioh) would be bene cial
to disaster preparation and identi cation of vulnerableaa.

Floods due to failure of natural or anthropogenic reserdaims can be disas-
trous. Therefore, geodetic monitoring of major reservaimg 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 stitute a severe
sea level hazard. Many coastal areas cope with secular L&hges of up to 10
mm/yr, and some locations with large extraction of grountgwaoil or gas, with
considerably larger rates. In many cases, LSL changes afrther of a few mm/yr
are easily accommodated by slow adaptations through dcasgmeering. How-
ever, slow LSL changes affect the statistics of extreme eesd and can lead to
signi cant changes in hazards and risks. A recent exampMeis Orleans, where
rapid subsidence combined with a LSL rise increased theevability of the area
and contributed to the disaster caused by Hurricane Katinen et al., 2006).

Moreover, changes in atmospheric conditions also affecstétistics of the ex-
tremes and in particular the maximum sea levels that can jpectsd in a speci c
location. Consequently, in assessing the sea level haaeadgven location, scenar-
ios of future LSL on all relevant time scales (for storm s@rgeunamis, and slow
LSL changes) will have to be considered.

In the recent past, LSL changes caused by increased icerab#itg has gained
considerable public attention. A rapid melting of the Giaad ice sheet, as con-
sidered by Zwally et al. (2002), would have severe globaleguence including
wide-spread societal impacts due to migration of coastpufadion. GEO consid-
ers secular LSL changes as a potential, slowly developisgstir. The Im 'An
inconvenient Truth' also focuses on the implications ofufetsea level rise. The
severe consequence of a signi cant rise in sea level fortabasnes in the world
were illustrated by Rowley et al. (2007). As an example, tfiece of a regional
sea level rise of four meters around Florida is illustratedrigure 5.2. Day et al.
(2007) discuss the potential contribution of a relativegbte sea level after the last
deglaciation for the emergence of complex societies. Tlaagés in coastline ex-
pected as a consequence of a rapid sea level rise could ravevitrse 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 deterthimg a number of
processes in the atmosphere, ocean, and solid Earth. It®pagith respect to the
underlying land surface, i.e., LSL, is the output of numarBarth system processes
acting on a wide range of spatial and temporal scales. Fofremuencies, this leads
to a complex equation of LSL as a function of the heat and isglilistribution in the
ocean, ocean currents and atmospheric circulation, masgjek in the ocean, large
ice sheets, continental glaciers, and the terrestrialdsprere, postglacial rebound,
geodynamic and anthropogenic vertical land motion anddyeloanges, as well as
changes in shape and extent of the ocean basins (Plag, 2@08hEigure 5.3). As
a consequence, local and regional LSL changes show larggtides from a global
average. Over the last century, a global average rise inesea ¢f 1 to 2 mm/yr
has been determined (see Section 5.5.4). However, in mgignseand locations,
secular trends in LSL of the orderl0 mm/y and more are seen.

Understanding sea level variations requires observafioms a very carefully
designed observing system providing all quantities in gltmrm stable reference
frame well tied to the gravity eld (i.e., the CM). In fact, derstanding and pre-
dicting LSL changes may be one of the most demanding apjolicafor geodetic
observations. Because the sea surface adjusts closely équapotential surface
of the Earth's gravitational eld, the RFO needs to be tiedlie CM. A potential
secular translation of the RFO with respect to the CM of tleeoof 2 mm/yr is ex-
pected to bias estimates of global sea level trend on the 6rdéo 0.3 mm/yr (see
Section 2.2). However, locally this translation can resubiases 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 @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 requ@a&listic global, regional
and local assumptions. These include assumptions congarhanges in the global
ice sheets, ocean and atmospheric circulation, waterggara land, and local ver-
tical land motion. For present-day, past and future chaimgi®e water mass stored
on the continents, the cryosphere and ocean, the ngemiinsea level (Plag &
Juttner, 2001; Mitrovica et al., 2001, 2009) can be computging the so-called
“sea level equation” (Farrell & Clark, 1976; Milne et al.,99 Mitrovica & Milne,
2003). These ngerprints of LSL changes induced by massspraris are spatially
variable with the local changes exceeding by fa100% of the global average close
to the changing load and reaching upt®40% in the far eld. For other contribu-
tions such as changes in ocean and atmospheric circulatigiopal Earth system
model with suf cient spatial resolution is required. Filyalertical land motion re-
sulting from natural and anthropogenic causes need to bedb@s observational
evidence.

In some coastal areas, anthropogenic subsidence can comithn_SL changes
to constitute a severe threat to the coastal populationrgnastructure. For exam-
ple, in the northern part of the Gulf of Mexico, a combinatafrsediment loading
and oil extraction has caused LSL in Galveston to rise ndacin/yr over the last 50
to 100 years. In Porto Corsini in the Adriatic, excessiveugidwater extraction has
caused large subsidence of the soil and a local sea levekisereaching peak val-
ues of several cm/yr. Another example is the city of Venice #e Lagoon, where
pumping of groundwater during the rst half of the ®@entury led to signi cant
anthropogenic subsidence, which was superimposed on eahsitibsidence of the
Lagoon due to tectonic and sediment processes. In thess, casaitoring of the
Earth's surface with a combination of GNSS station netwankd INSAR appears
to be capable of providing the accuracy and high spatialuésa required to assess
and predict LSL changes.

5.3 Energy Resources: Improving management of energy
resources

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

Exploitation of energy resources such as oil, gas and caakistably associ-
ated with impacts on the Earth surface and the infrastradgtuplemented for the
exploitation. Space-geodetic techniques allow the mainigoof surface displace-
ments in the vicinity of mines or in areas of oil and gas exttoac These displace-
ments are indicative of the reservoir dynamics and the @bsiens help to enable a
controlled exploitation.

Stability of infrastructure such as offshore oil and gagfptans is intimately re-
lated to the exploitation of the underlying resources. GN&&surements on plat-
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forms allow the determination of instantaneous subsidestes, which can be used
to regulate the extraction rates. However,the currenilgiabf the global geodetic
reference frame is not suf cient to provide reliable vetas on monthly to yearly
time scales, particularly for sites far off-shore, wherensarby stable reference
sites can be found(Plag, 2005). In cases, where platforttersemnt is observed, the
subsidence of the platform measured by GNSS provides irgtom on the verti-
cal displacement of the ocean oor, which in turn is direatblated to reservoir
properties (Plag, 2005).

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

The use of renewable energy sources also bene ts from geddehniques, ob-
servations and tools. Ef cient management of forests iatlyeeased by having pre-
cise positioning available, for example, to registere@stéd trees and to monitor
spreading of tree disease. Wind elds are increasinglyvéerfrom SAR observa-
tions. Mapping tidal and wave energy also bene ts from disgedltimetry and SAR,
respectively.

The improved capability to measure surface displacemeht@NSS and from
these observations to deduce strain elds has led to newicgpioins of geodetic
techniques related to energy resources. One example i® iarda of geothermal
energy. Geothermal activity in places such as Iceland andZ&aland is generally
associated with magmatic processes and has an evidenttionp#e surrounding
landscape.Non-magmatic geothermal activity, on the dihad, is often much less
evident at the Earth's surface, yet its potential as an gnsogrce can be signi -
cant.For example, most of the geothermal resources in that®@asin in the west-
ern United States are non-magmatic.Of particular intésesorthwestern Nevada,
which nds itself tectonically between crustal extensiorilie East and shear defor-
mation in the West.Deformation that results from tectomitivity can generally be
expressed in terms of a strain rate tensor eld and can betgedithrough the use
of geodetic velocities.

A GPS network has been installed in northwestern Nevada tkensami-
continuous measurements in order to obtain a station \glsclution that is then
used to map the 2D strain-rate tensor eld. Crustal straicoiselated with the lo-
cations of current geothermal systems and details of theotestyle, and its spatial
variation are explored (Blewitt et al., 2003, 2005; Kreereeal., 2006a). Current

ndings suggest a strong correlation between locationsadtimg systems and the
level of transtensional strain.Transtensional straindsrabination of shear and di-
latation and can be accommodated through strike-slip anmhaldaulting, respec-

tively. Conceptually, shear strain would continuouslycfrae fault planes through
the entire crust, whereas dilatation tends to pull faulhptaapart, allowing path-
ways for the movement of uids. The combination of shear aitatation can thus

create uid conduits to great depths, and sustain them tit@ontinued stress.
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If geothermal output is controlled at a crustal scale, thedgéc stations need
to be separated no further than the thickness of the seigmmogrist ( 15 to 20
km in Nevada) to best map crustal strain. Smaller spatidirgcadds redundancy,
because the measured strain distribution is the resultpastdepth on a fault that
is locked at the surface, and hence is spatially smoothed layreount related to the
seismogenic thickness. Thus geodetic networks can be asédtacterize regional
strain partitioning, but cannot determine whether pantitig occurs along a single
fault.

The network deployed in Nevada consists of stainless stesl gs markers,
which allows for the antenna to be re-mounted with sub-milier precision at
each measurement campaign. Sites are occupied about 3%tof3@e time. The
combination of monument set-up and site occupation higtas/provided veloci-
ties that after 2.5 years of data collection overlap witlb&®con dence with those
determined at available co-located deep-braced contsxamnuments over more
than 6 years. The average strain rate in northwest Nevadmig 20 nanostrain/yr.
Thus for a network of about 20 km spacing, the differentialish velocity is 0.4
mm/yr. Formal uncertainties in velocity after 2.5 year datdiection are an order
of magnitude smaller than this suggesting that we can adelguasolve velocity
variations on the scale of individual crustal blocks.

Because the aim is to relate geothermal resources to thes (glfiw) interseismic
strain accumulation, INSAR techniques may not be useful disegt application
tool. However, the exploration of geothermal resourcesrofequires substantial
water pumping which can affect the local deformation eldinexisting facilities.
INSAR is a very effective tool for quantifying the extent atepth of such defor-
mation. As such it can bene t the interpretation of potelitaal 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 psiipenall systems to
generate feedback which may operate in concert or in opposi clear example
of a positive feedback mechanism arose from the anthropogeepletion of the

ozone layer. A reduction in ozone led to weaker absorptiontodviolet radiation

in the middle stratosphere, which in turn led to stratosjgharoling which helped
to sustain the heterogeneous processes responsible fooyieg ozone, thereby
cooling the stratosphere still further.

The ozone loss problem has been largely resolved by banoireg [east reduc-
ing) the emissions of chloro uorocarbons (CFCs), substigispecies which tend
to break down in the troposphere (hydrochloro uorocarhon$iCFCs) which are,
themselves, in the process of being phased out. In mitig#tia stratospheric ozone
loss problem, we have unfortunately contributed to tropesic warming by replac-
ing ozone destroying catalysts with strong greenhousesgass
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The long-term effects of altering atmospheric composijtguth as elevating the
concentrations of greenhouse gases, are only partiallgrstabd. Viewed against
the backdrop of the large natural variability in the Eartbteyn, it may seem to some
as if the relatively small anthropogenic alterations inngl@ry radiative balance
are insigni cant and do not warrant mitigation. However impacts of sea level
rise, melting permafrost, and an increase in extreme ath@gpevents such as
hurricanes (like Katrina and Rita hitting the USA in 2005 &ustav and lke hitting
the USA in 2008) or cyclones (like Nargis hitting Myanmar irai12008) offer
sobering reminders of the devastating in uence of extretm@apheric events, and
that it would be wise to tread with caution.

Recent research (e.g., Emanuel, 2003; Pielke Jr. & Land988) suggests that
there might be some causality between hurricane intensitlyresing ocean tem-
peratures, this sensitive, they claim, to global warmingetiier warming is due to
natural or to anthropogenic forcing is immaterial, but ied@mphasize the need
for a better understanding of the complexities of the Eaydtesn before further
modifying the composition of the atmosphere.

Evidence for climate change has been gathered by scieintsgseral areas, such
as ice caps melting, sea level rise, modi cation of migrgtgpecies habitats, and
others. These changes have a strong impact on some patji@iposed commu-
nities (e.g. low-level islands). The global society neexlprepare for these proven
effects which will eventually concern all of us either vietfood chain or via pop-
ulation migration. Identi cation of future risks is reqeid for proper preparation.
Such identi cation requires that climate change be bettatanstood and quanti-
ed, and then to a certain extent, forecast. Forecast cabaalissociated from the
ability to rst observe the phenomena associated with cter@ange.

The attribution of climate trends in the current atmosphebiservations is com-
plicated by natural atmospheric variability and largelsascillations such as the
ENSO or the eleven-year solar cycle. However, reanalysasiens to infer climate
signals from a combination of model and ensemble of measmesystems. It has
been suggested that reanalyses would be more robust aalaleghian single instru-
ment records. This superiority has emerged only recentlyeasmethods such as
variational bias correction are being used to detect andecbinstrumental drifts
as well as instrument problems, provided some referencaadisons are available.
These climate reanalysis models can be used to simulateateapd can also be
used to project future climate to help us prepare for changes

Critical to that process is the availability of long-terncoeds from single instru-
ments, free of breaks and instrumental biases, and to whelkttire data assim-
ilation system runs can be anchored. The instruments tegpant of GGOS can
provide such observations of atmospheric-induced defaysgions away from the
lower boundary (ground) where other effects (urban heatds, land use changes,
etc.) may interfere with the atmospheric trends observezhddrements of delays in
GNSS propagation signals between transmitters and resgilaced in low-Earth
orbit can provide such so-called radio occultation measergs (see Section 2.9.1)
and thus offer a way to monitor the stratospheric mass eldimate reanalyses.
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Geodetic observations are also valuable for the validaifaeanalyses. Atmo-
spheric and oceanic mass transportinduce signals in tliegieobservations. Mass
transport changes the gravity eld and, through interactigth the solid Earth im-
pacts Earth rotation. The surface loading associated héthnass transport in atmo-
sphere and ocean loads and deforms the solid Earth. Thewegbadility to predict
these signals will allow validation of climate models basadjeodetic observations.

The metric of choice most often used for assessing climaaagh is the rate
of change of atmospheric temperature near the surfaceybedas easily measur-
able and because it controls other environmental paramdteorder to monitor
that temperature, particular emphasis has been given tgniteg instruments and
methods to collect measurements with precision of 0.1 K peade within the sug-
gested climate trends. While it is important to plan and iobéach measurements
with the necessary precision, it is equally important to suea the consequence of
such trends on the static and the dynamic structures of thesgthere. As such,
magni ed effects of climate change are also to be considered

For a static illustration, referring to the hydrostatic giguum of the atmo-
sphere, there is a magnifying effect of temperature changgralensity and hence
atmospheric layer thicknesses. Assuming for example a Girkogeneous warm-
ing throughout any given atmospheric layer whose bounslarie de ned by xed
pressure levels, that atmospheric slab would expand bytdh04% of its origi-
nal thickness. In real terms and with a tropospheric averag@erature of 250 K,
this would amount to raising the mid-latitude near-tropegEalevel of 200 hPa by 5
m, all other parameters held constant. With GGOS ensuriefezence frame with
centimeter accuracy over a decade, positioning uppert@iospheric pressuria
situ sensors, accounting also for possible changes in heighedEarth surface in
the same time frame, this trend could be identi ed with highability.

The dynamic impact of climate change is re ected in altenasiin the patterns
of atmospheric circulation. As horizontal temperaturedigats change, the cells
that make up the general circulation system are affectdukin $trength and shape
(including extent and position). Vecchi et al. (2006) hawerfd evidence of a weak-
ening in the tropical Paci ¢ Walker circulation over 130 ysdbetween 1861 and
1992) based on sea level pressure observations in thatregdsing climate models
to elaborate on the origin of that decline, they found thaharpogenic changes
in the atmosphere could explain the observed decrease ilewsgressure gra-
dient. Similarly, on the basis of climate simulations mati&lateo France for the
4-th assessment report of the IPCC, a weakening of the Hadlegirculation sys-
tem is also predicted under IPCC climate scenarios. Thénmas of air owing
through the upper branch of that cell at latitude N5and between 200-100 hPa
pressure levels is currently about 50 Megatons per secodehinary. A shift in the
location of that upper branch of the Hadley cell in the clienains mentioned here
would mean that by January 2030 this atmospheric ow woulckease by up to 5
Megatons per second. With an ability to measure mass deplacts, GGOS could
help in monitoring such changes. This would complement thsapheric efforts
to measure detailed structural changes such as air densityiad measurements.



174 Sahagian et al.

Moreover, changes in ocean and atmospheric circulatidrafféct the angular
momentum transfer between ocean and atmosphere on the ndehd the solid
Earth on the other. This will affect Earth rotation. Therefmbservations of Earth
rotation variations are a data set providing constraintgémeral circulation mod-
els.

Geodesy thus has the potential to bring to climatologista dats that will help
anchor and validate climate models from which forecastdrobapheric trends can
be made for the purpose of preparing for the impact of climhs:nge on the global
society.

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

Because of the sensitivity of the ice sheets and glacier®btmgwarming, mon-
itoring of the mass and volume of the Earth's ice bodies ar@yadctivity, also
fundamentally relying on the geodetic reference frame aiddofacilitated by new
measurement techniques. Satellite and airborne measntgoféce surface heights
by laser and radar provide direct measurements of changege\ér, glaciers are
very dynamic bodies, and local elevation changes are oftemsequence of chang-
ing ice dynamics, which is not always representative ofdarggions. Therefore
repeated large-scale monitoring is required, notably bymalination of laser, radar
and gravity satellite missions. Such missions are comphangand will eventually
give the full picture of change both on local and continestalles.

To asses the results of such ice monitoring missions, krdye®f crustal uplift
associated with melting ice sheets is needed. Such ass#tssqaires data from
permanent GNSS stations and repeated absolute gravityure@asnts from net-
works spanning wide zones around the ice sheets (Wahr t9%5; Plag et al.,
2007c). Currently such uplift models are the limiting fadir gravitational change
monitoring of Antarctica, whereas the melting of the masgif the Greenland ice
sheet is clearly demonstrated with GRACE.

Geodesy is fundamental in monitoring sea level changespfaihe most serious
impacts of climate change. Global sea level changes areedefiom satellite al-
timetry observations, which pose the most stringent reguénts on the stability of
the geodetic reference frame (e.g., Blewitt et al., 2008@jected scenarios of local
and regional sea level rise provide a basis for planning aptation strategies, but
require detailed understanding of trends in oceanic and &arth 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 andeigocycling and re-
plenishing of water throughout the global environment. Wader cycle operates
on a continuum of time and space scales and exchanges la@e#nof energy
as water undergoes phase changes and is moved from one gagtidirth system
to another. Water is essential to life and is central to sgsievelfare, progress,
and sustainable economic growth. However, global watelecyariability which
regulates ood, drought, and disease hazards is beingraamtisly transformed by
climate change, erosion, pollution, salinization, and@gture and civil engineer-
ing practices. The water cycle delivers the consequencebnoéte change while
responding directly to the drivers of that change. The masble manifestation
that could be expected from climate warming would be chamgdbe distribu-
tion of precipitation and evaporation, and the exacerbaifcextreme hydrological
events, oods and droughts. From both scienti ¢ and pradtperspectives, the key
question is whether projected climate change will entgihscant changes in the
Earth's global water cycle.
The water cycle plays the following key roles in the Earthieys

Water exists in all three phases in the climate system anghtase transitions are
a signi cant factor in the regulation of the global and regabenergy balances.
Water vapor in the atmosphere is the principal greenhouseagd clouds at
various levels and composition in the atmosphere reprdsetht positive and
negative feedback in climate system response to anthrojpoperturbations —
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hence the water cycle and its dynamics represent a majocesafipredictive
uncertainty about global change.

Process such as ocean, ice-sheet, soil moisture, and gvaterdlynamics rep-
resent the slow water cycle components that form the basiarfderstanding
and predicting global and regional climate, while processeh as precipitation,
cloud dynamics, water vapor, and evaporation represeat&gt components of
the water cycle and forms the basis for prediction of hydywal extremes.
Water is an excellent solvent and global biogeochemicalsishent cycles are
mediated by the dynamics of the water cycle.

The variability and changes in the global cycling of watelinked to variabil-
ity and changes in cycling of carbon, methane, nitrogen,a@hdr nutrients at
regional and global scales.

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

Despite the fundamental role of the coupled water and ersygjg for the Earth
system, the knowledge of key quantities is still associatih large uncertainties
(e.g., Dooge, 2004; U.S. Climate Change Research Progi@®7,) 2For example,
the uxes between the main reservoirs in the global watetecgablished in litera-
ture over the last three decades (for an example, see Figt)rbd e changed con-
siderable indicating potentially large uncertaintieshiede numbers. In particular,
uxes between terrestrial surface waters, cryosphere,gandndwater are largely
unknown. The determination of the continental water steregspace and time
is not possible nowadays with suf cient accuracy. Howewar,discussed in Sec-
tion 2.6.5, the gravity missions particularly if combinediwchanges in Earth's ge-
ometry and rotation have already provided new insight in thigrand submonthly
changes in continental water storage, and a continuatitimese missions is likely
to provide a monitoring of these changes on spatial scales do 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 hasr heen greater, nor
have resources ever been more threatened by global chamgentpopulation in-
crease, and anthropogenic activity in general. The impodgaf the management
of natural resources is probably best illustrated by thergta of water. In many
areas of the world, current demands exceed the supply (&sated by the water
scarcity index, Figure 5.5), and water has to be transpated great distances.
This situation is expected to become more severe over thiedeeades (e.g., EEA,
1999; Lawford & the Water Theme Team, 2004; Bernasconi & isi2005; Oki &
Kanae, 2006; United Nations, 2006).

Clean, fresh water is arguably the most important resoorbeinan society, as it
controls our ability to produce suf cient food to supporethurgeoning human pop-
ulation. Usable water resources reside in lakes, streamnsja (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 represergriatest volume, and is
also the most vulnerable to long-term contamination. Thellef highly variable
internally draining lakes must be consistently monitoredrider to track changesin
available irrigation water as a result of surface water i (commonly for irri-
gation) in areas such as the Aral Sea and Lake Chad. Furiivézation of surface
waters, rendering them useless or irrigation and other sis@sld be monitored so
that water use policy upstream can be more effectively dpesl.

The discharge of rivers into the global ocean controls @asine water chem-
istry and ecosystem function, yet is highly modulated byawatse throughout the
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drainage basin. Geodetic observations that track rivgrestglobally can comple-
ment river stage gauges and discharge stations to follomggsin water utilization
as well as provision of fresh water to the coastal zone. Tii@rmation would be
useful to those concerned with water resource depletiombystate or nation before
it reaches the region or coast of another. In many cases, awrol through dams in
river systems is the subject of controversy between thoseegm and downstream.
Reservoir levels can readily be monitored using geodetiertejues to inform and
support short and medium-term resource planning.

The vast majority of liquid fresh water on the planet residederground, and
is easily accessible through wells. However, in semi-aridrid regions, where the
stress on water resources is most acute, aquifers do nargecht a signi cant
rate relative to rate of withdrawal. Utilization of such watesources is considered
“mining” as this water is a non-renewable resource. Consetly water tables drop,
and the aquifers are assigned limited lifetimes beforeatipl. The changing mass
distribution due to water withdrawal, whether in a con neglu#er (leading to land
surface subsidence), or uncon ned aquifer (leading meteelgwering of the water
table and deepening of the unsaturated zone), can be detgmaidetically, and can
provide global assessments of groundwater alteratioesjqusly unavailable due
to either lack of data, unwillingness to share such inforomator the impracticality
of concatenating thousands or millions of local to regiawlifer reports.

The water crisis is largely a crisis of governance (Unitetidies, 2006), brought
about by water management obstacles such as sector fragfioanpoverty, corrup-
tion, stagnated budgets, declining levels of developmssistnce and investment
in the water sector, inadequate institutions and limitekeholder participation,
but the lack of detailed knowledge of the global water cyectaf local to global
scales is contributing and enforcing this crisis. Theref@arth observations can
improve the knowledge base and thus help to mitigate thi&scrs discussed in
Section 2.6.5, on regional to global scales, the mass toatsspbserved by GGOS
are already improving the database concerning the motiavatdr through the hy-
drological cycle, and future combined analysis of the \tawes in Earth's gravity
eld, shape and rotation will help to reduce the uncertaisti

5.5.3 Observations of the Global Water Cycle

The path forward for observing the global water cycle mudbésed on integrated
observations, as opposed to isolated observations thas fota single ux or state.
The components of the water cycle need to be measured sivaalialy in order to
allow the estimation of uxes between the components of tiraate system. Pre-
cipitation and evapotranspiration over land and ocearasas require that the state
of the system at the surface and in the atmosphere be mahisoraultaneously.
By integrated observations, we mean the simultaneousvatrdf related water cy-
cle variables. From a technical perspective, this suggestegellite platform with
sensors for multiple frequencies, combining passive atideasensors, and per-
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haps LIDAR. From an Earth science perspective, the watde aariables and the
required spatial and temporal observation requiremensstisfy the science and
applications should drive the sensor package and not (deis @one traditionally)

the inverse.

It would be most useful to develop the water cycle observaliperspective
considering that the water cycle can be divided into slow fastl branches. The
'slow branch' would consist of measurements relevant toréteeval of soil mois-
ture, groundwater, snow and ice, freeze-thaw states, abgeamics, ocean salinity
and perhaps water body extent and river discharge. Thesparmants do not have
a regular diurnal cycle. The 'fast branch' would consist oégpitation (liquid and
solid), evapotranspiration, clouds and water vapor. Thedyics of the components
can vary signi cantly within a day. Table 5.3 provides a suargnof the measure-
ment requirements for a complete monitoring of the watetecgad the capability
to retrieve uxes at interfaces of the land, atmosphere,@®hn 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 facinGSO 1-5 km 0.5 Hrly
Soil Moisture Link water, energy, biogeocherhEO 1-10 km Daily
istry
Surface Freeze/Tha@limate, Carbon cycle, Ocean DyEO 0.1-1 km Daily
and Sea-Ice namics
Open Ocean and Coastaknsity ows in Oceans LEO 10 km Weekly
Salinity
Snow Cover Extent Surface energy balance LEO 0.1-10 km Daily
Snow Water Equivalent Water storage dynamics LEO 0.1-10 km ailyD
River and Lake Elevation Water transport, biogeochemistbEO 0.1 km Daily
Water Vapor Water and energy transport GSO 5-10 km Horiz5 Holy
0.5 km Vert.
Cloud Properties Water and energy transport, ra@igO 1-5 km 0.5 Hrly
tion balance, precipitation genesis
Land and Sea Temper&nergy balance GSO 1-10 km 0.5 Hrly
ture
Ocean Height Ocean currents and vertical mixing LEO  10-1@0 k  Daily

Evaporation (Land andlVater, energy, and carbon cycle LEO 1-10 km 0.5 Hourly
Ocean)

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

From an observational and technological perspectivestbe'branch’ would be
observed from LEO, with the technological focus primarityimproved spatial res-
olution and 'fast branch' having the technological chalerof obtaining the needed
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resolution at a GeoStationary Orbit (GSO). Below we lay aus 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 waterecigcto progress from

single-variable isolated water cycle instruments to raatiiable integrated water
cycle instruments. It is most likely that the desired ingtgm will progress along

the lines of extending and integrating the capabilitiesofls®r technologies in given
electromagnetic band families. For example, we have skeareent sensors that
make observations in different microwave wavelengths -smgigestion is that we
progress towards integrating these capabilities into fen@re capable instruments
that can simultaneously observe multiple components ofvidwer cycle. Because
the slow branch of the water cycle generally changes on tiales longer than 1

day, LEO orbits are appropriate. Below we summarize a fewhefdurrent and

planned measurements of the slow branch of the water cyaisiiould be progres-
sively integrated over the next few decades.

Soil moisture and freeze-thaw stateGiven its critical role in the terrestrial hydro-
sphere as the regulator' between the water and energy syitles clear that im-
provements in weather and seasonal climate forecastingleplend on improved
soil moisture observations. Soil moisture (including itseize/thaw state) is a key
variable that links the water, energy, and biogeochemialbon, nutrients, and
elements) cycles. It has long been recognized that this sfdahe terrestrial hydro-
sphere needs to be monitored at high resolution and with giedily in order to
make signi cant advances in Earth system science as a wh@expected that the
availability of soil moisture data will link the science camnities in water, climate-
energy, and biogeochemistry. In addition, soil moisturgesgas the memory of the
terrestrial hydrosphere and it has signi cant impacts oerafional weather and
seasonal predictability of the climate system. Furtherdtare long-standing needs
of these primary observations for decision makers, eshetidhe area of drought
and ood management. Currently soil moisture is being eated from the NASA
Aqua AMSR-E sensor at 10.7 GHz, with a nominal resolutiontmfg 50-km and
posted at a 25-km spacing based on over-sampling. Howdeehith microwave
frequency is severely limited by low penetration depth asattering by vegetation.
A soil moisture mission providing a 40-km product using catirightness measure-
ments from 1.4 GHz (L-band), a 3-km product based on an attivend sensor
and a combined passive-active 10-km product is possibibofie campaigns have
de nitively shown that combination of sensors and frequesare optimal for soil
moisture monitoring.

Seasonal snowsSnow plays two important roles within the terrestrial watg#
cle. Its cover and seasonal duration provides signi cabedb contrast that has
been shown to affect hydrological and climate variabilitygbobal scales, and its
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amount is a fundamental source of moisture that transfartewiime precipitation
into spring and summer soil moisture and river dischargemiéasurement is syn-
ergistic to soil moisture. Since radio-brightness measerds at higher frequencies
are used in the retrieval of snow, the same antenna usedifora@sture will provide
higher resolution for the higher frequencies, perhapsitegi improved retrievals
in areas with large terrain. Therefore there is a naturaégyynbetween soil mois-
ture and snow. The low frequency (L-band) active radar iotheervational sensor
of choice regarding freeze-thaw state, and is also syr@rgesthe 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 cande GEO, the World Cli-
mate Research Programme (WCRP) strategic framework 2005-2oordinated
Observation and Prediction of the Earth System (COPES),tl@delevant UN
agencies. The seasonal extent of wetlands and the extergaafing of tropical
rivers like the Amazon is a critical variable for understiaggdthe biogeochemical
cycle within the earth system. Currently estimating theligge of highly braided
Arctic rivers is problematic, yet critical to the undersiiarg of the changes being
observed in the Arctic and their predictive consequencégrésent, the satellite-
based measurement of surface water extent and stage haseodbuough 'observa-
tions of convenience' from altimeters designed for ocealiegtions. Nonetheless,
these measurements have demonstrated that monitoringveaties from space is
feasible and the information provides critical new insgyhito the terrestrial hy-
drological cycle in environments not well-monitoredsitu. Additionally, it is the
only feasible measurement platform to provide consistgiotyal measurements.
The technological challenge is to provide an antenna-sgrakage to image wa-
ter bodies with an intrinsic resolution on the order of terteng so that both its
elevation and slope can be estimated, allowing for both meatent and (for rivers)
discharge estimation. A design based on interferometrib#&tad radar with a base-
line of 10 m would allow for these retrievals. Such a satellite sysie needed
to determine the spatial and temporal variability in freatev 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 extygmreglise observation of
time-dependent variations in the Earth gravity eld, ussgace-based gravity gra-
diometer systems. Groundwater constitutes ninety-siggrgrof Earth's unfrozen
fresh water (Shiklomanov, 1993 Shiklomanov, 1993). It isitalwesource which
provides for irrigation, industry, and domestic usage. emsnparts of the world it
is being depleted due to unsustainable rates of pumpinghahay lead to future
con icts and human hardship. Groundwater varies slowlatreé to soil moisture,
surface water, and non-permanent snow cover, but it is dimamseasonal to in-
terannual timescales (Alley et al., 2002). Indeed, chamyésrrestrial water stor-
age, particularly groundwater storage, have contribudeazbserved changes in sea
level during the past two decades (Milly et al., 2003; Satwag2000). Quantifying
groundwater storage variations is critical for improviagje scale water balance as-
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sessments (see also above, Section 5.5.2). Groundwatstamaistreams between
storms by supplying base ow, and, with soil moisture, itetaetines the in Itration
to runoff ratio and thus the timing, duration, and intensifyoods. Groundwater
also feeds back to atmospheric processes and the carbabgyehabling phreato-
phytes to continue to transpire during droughts.

Despite its importance, groundwater's natural variapiind vulnerability to
overproduction and climate change have not been adequctatacterized by the
scienti ¢ and water resources communities. It is often assd that over the course
of a year, a zero net change in groundwater storage will otecdiact, the interan-
nual variability of aquifer storage can be substantialhefsame magnitude as root
zone soil water storage variability (e.g., Eltahir & Yeh989Rodell & Famiglietti,
2001; Seneviratne et al., 2004). Groundwater may be an tapdndicator of nat-
ural and human induced climate variations, if the effectpurhping and injection
can be removed.

Inadequate monitoring, political boundaries, and the atsef centralized, dig-
ital archives of measured groundwater levels have resttitte number and quality
of aquifer storage and ux assessments, even in developgdnsaIndeed, two
major conclusions of National Research Council (2004) w&Je'Our ability to
quantify spatial and temporal variability in recharge angcharge is inadequate
and must be improved given the importance of groundwatdrarhidrological cy-
cle, the contribution of groundwater to base ow in streanm&lan ow to lakes,
and society's reliance upon groundwater for water suppand 2) “The roles of
groundwater storage, and recharge and discharge uxes eandlimate system are
under-appreciated and poorly understdod

Geodetic measurement systems can be valuable to groundestarces assess-
ments and scienti ¢ investigations because they enabke tdabe obtained through
non-destructive means (i.e., without digging). In patacusatellite based monitor-
ing of Earth's time variable gravity eld has the potentialievolutionize the study
of hydrology providing global observations of water masdisgibution. Whereas
the current generation of radar and radiometer based reseotors only provide
data on water stored in the upper few centimeters of the sdilnen, satellite
gravimetry has an unlimited penetration depth.

The GRACE mission (see Section 2.6.5), which is the rst tedtellite gravime-
try mission, is now being used to generate time series off et strial water vari-
ations, among other applications (e.g. Tapley et al., 2D®adell & Famiglietti
(2002); Rodell et al. (2006) have shown how groundwaterag@®@variations can
be isolated from the GRACE derived water storage elds. Havethe resolution
and accuracy of the gravimetry technique must be improvéaoréét is fully em-
braced by the hydrological community. The sensitivity dsthlist demonstration
of “photon-less” remote sensing is expected to allow deieatf changes in mass
distribution equivalent to 1 cm variation in water storage over a 50600 kn?
area. Current GRACE measurement uncertainties are ondee @10 kg BO/m?

(1 cm equivalent height of water) over a 750,000%kragion, and they degrade
rapidly as the spatial resolution increases (Wahr et ab620Nhile this is suf cient
for many large scale hydrological and oceanic investigationost water resources,
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meteorological, agricultural, and natural hazards apfibos require higher reso-
lution data. Furthermore, GRACE launched in 2002 with aneexgd lifetime of
nine years, while climate variability assessments recail@enger, nearly continu-
ous record. This emphasizes the importance of developintj@afon gravimetry
mission with advanced technology to increase spatial u¢isol while decreasing
uncertainty. The monthly temporal resolution of GRACE isssue for many appli-
cations, but it should be suf cient for groundwater asse=sis. Moreover, recently
introduced new analysis methods of GRACE data have yieldiethenthly tempo-
ral resolution (see Section 2.6.5 and Luthcke et al., 2006).

Cryosphere:Ice in the boreal and polar latitudes shows signi cant iaterual vari-
ability in the instrumental record. The ice cover has a sogmit effect on surface
albedo and hence it is a source of diabatic heating anomatidarge scales. The
ice is also a signi cant insulator, and subsurface therregime and heat uxes into
the atmosphere are affected by variability in seasonaldgercRecent studies in at-
mosphere and ocean dynamics have demonstrated that sealidée a signi cant
source of interannual memory in the climatic system. ltgekis also a major deter-
minant of polar ampli cation of global change. Major melgiof polar cryosphere
could also be the trigger for catastrophic climate changiegfocean thermohaline
circulation is disrupted by major ow of freshwater into jpolsaline oceans. Paleo-
climate indicators show that the ocean thermohaline ct@n can change regimes
if freshwater inputs are dramatically changed — an exanglled freshwater input
into the North Atlantic due to the break-up of the Laurenticke sheet. All these
considerations indicate that the monitoring of the cry@sphs important for un-
derstanding and predicting the role of the water cycle orEdueh system. The age
of ice ( rst-year versus multi-year ice) and ice extent athresolution need to be
estimated. New multi-frequency active and passive micvevsystems will be re-
quired in order to overcome the confounding effects of snowec and melt pools
that limit current capabilities.

The contribution of geodesy to the investigation of ice $heglaciers, and sea
ice is discussed in Chapter 2 and in Section 3.4, and here mgd=y the relevance
of such investigations to society. Since the mid 1990s, neservation techniques
have shown that nearly all ice on Earth is undergoing rap#hgk: Arctic sea ice is
shrinking, both in extent and thickness; low-latitude ¢dag and ice caps are losing
mass at rapidly accelerating rates; and even parts of théceasheets in Greenland
and Antarctica are shrinking (although there is considernaihcertainty in mass bal-
ance, especially for Antarctica). Although some of thessngfes may simply repre-
sent natural variability that we are only seeing now becatfisiee new observation
techniques, some undoubtedly represent recent changdsngg$rom substantial
local warming. These changes have clear societal impautistking low-latitude
glaciers affect tourism and local water availability; stking Arctic sea ice affects
regional weather, climate, and living conditions for Acctira and fauna, including
humans, and potentially opens new ship routes; and incrgéssses from glaciers
and ice sheets certainly affect the rate of sea-level risg patentially affect ocean
circulation patterns, and hence global climate. Thus,tdpamn the scienti ¢ moti-
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vation to improve understanding of our planet, there arepirigmt practical reasons
for monitoring the behavior of these ice bodies.

As discussed in Chapter 2 and Section 3.4, the recent imprenein our knowl-
edge of what is happening to ice on Earth results largely fremote-sensing mea-
surements from aircraft and, increasingly, from satedliéhis includes the measure-
ment of parameters that are of obvious relevance to glagypkuch as ice-surface
elevation and velocity and ice thickness, but also measeméof less obvious rel-
evance. These include measurements of temporal changesthisEgravity eld,
which give insights into the rates of change of the mass dfesice sheets, estimates
of the rate of sea-level change from tide gauges and sateltimeters, and estima-
tion of the rate of crustal motion beneath the ice. All of theseasurements share a
heavy dependence on geodesy to provide an accurate frakentioin which to set
the measurements, and on very accurate aircraft and satedljectories to ensure
that the accuracy of the measurements and their locatichgwtihe framework are
known, with a good understanding of associated errors.

There are three ways to measure the mass balance of the Isigdets in Green-
land and Antarctica: comparison of total snowfall with tdtsses; measurement
of volume changes, using altimetry of the ice surface; andsuement of tempo-
ral changes in gravity, indicative of mass changes. Of thedbbut the rst require
correction for changes in the elevation of rock beneathabeThis is particularly
so for interpretation of gravity changes, because rock imsoh denser than ice.
By necessity, the required estimates of crustal motion &ttriee sheets come from
models, which become progressively more reliable as mdogrration becomes
available on actual vertical motion to constrain the mode€lss in turn depends
heavily on highly accurate geodetic measurements.

In addition to the approaches described above for measiegrgheet mass bal-
ance, changes in length of day and in the direction of thehBsambtation axis also
reveal mass redistribution. Precise geodetic obsenatibthese changes are valu-
able constraints for mass redistributions on regional thal scales, particularly
if combined with observations of gravity changes and serfdisplacements (see
Section 2.6.5).

Earth's climate is changing, with temperatures increaalngpst everywhere. In
most regions, the increase is slow and accompanied by geoibdooling, but in
others, such as the Antarctic Peninsula and parts of Gnegyitas remarkably fast.
Ice is responding to these changes, but it also has the pdtemaffect them. As
the spatial extent of Arctic summer sea ice shrinks, it idaegd by dark ocean,
capable of absorbing far more solar radiation than the sgaaitd thus amplify-
ing the warming. More subtly, drainage of meltwater fromirsking glaciers and
ice sheets, affects the density “layering” of the sea, aiwdaffiects the deep ocean
currents responsible for transferring enormous amourfieat from low to high lat-
itudes. Possible consequences are the subject of ongaiegroh, and there is little
agreement on whether they may be serious, but in view of thelaege amounts
of heat transferred by the ocean, this is an issue that cdmenmnored. 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 seabgb5 m if all
ice melted. Although this would take many thousand of yeais,clear that even
the melting of just a small percentage of this ice could bastabphic for tens of
millions of people and impact hundreds of millions, with emous costs both to
global nances and to global security. Continuing to monite on Earth, as well as
ocean density, structure, and continental water impoumnddistribution will play a
key role in future studies of sea-level change, and thisiin tequires continuation
and enhancement of geodetic measurements.

Climate change and global ecologyClimate affects all life on Earth, with small
changes having serious impact on some life forms, some afhmmiay play im-
portant, and perhaps yet unrecognized, roles in proceffeetimg human welfare.
Thus, even those humans with little interest in global egplaould be well ad-
vised to preserve ecosystems and the environment thafrsugtam to the extent
possible. Already, climate change is affecting many aspetglobal ecology, in-
cluding: growing season for crops and forests; sh and seenmal migrations;
patterns of insect migration, with associated effects endistribution of diseases;
and the viability of polar bears in a world of diminishing soner sea ice. On a more
frivolous, yet of local economic concern level, climate ba is affecting our recre-
ation habits, with ski slopes closing from lack of snow, aadidr glaciers to visit
as they retreat to higher and higher elevations. Far more st than impacts
on tourism, such changes have the very serious effect ofemiigly altering the
timing and amount of meltwater available to sustain neadricalture.

Sea-level changeResults from the measuring techniques largely made pedsybl
accurate geodesy show that changes in ice mass since th®#tld are responsible
for 30% of a total sea-level increase ®f3 mm/yr, and that this contribution is
increasing with time. Clearly, as a progressively incneggercentage of human-
ity shifts to homes near the coast, this is a source of inargancern. Only a
decade or two ago, it was generally accepted that sea lewetisinag by about 1
mm/yr over the 28 century, and, although this was probably an under-estimate
(1 - 2 mm/yr may be a better average), we are now experiengjplg this rate.
Some of the observed increase has been caused by ocean giamittirthe remain-
der likely to be caused by melting ice. There is a third congmbiin the sea level
equation that may have been confounding attempts to prhjaat sea level rise
from the observed 20century sea level records from tide gauges. This component
stems from direct human activities that transfer water betwreservoirs (e.g. be-
tween continents and ocean). While some activities suchr@asgwater mining,
deforestation, and surface water diversion serve to teanghter from continents
to oceans, thus increasing the rate of sea level rise, tlwegehutions were coun-
teracted and possibly overwhelmed in thé"2fentury by the construction of new
dams and water impoundment on the continents (Sahagian £884; Chao, 1994).
With dams “holding back” water at a rate of at least 0.5 mméa kevel equivalent
(and perhaps up to 2 mm/yr), tide gauge measurements ove®theentury would
not have re ected the entire contribution of ocean warming glacial melting. As
such, if the construction of new dams in theé#2&entury is not continued at as great
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arate as it was in the 30(as it is not expected to for various reasons), we should
expect to see anincrease in observed sea level rise, aslivdeare already seeing.

Ocean height: The data from the early ERS and TOPEX/Poseidon ocean height
missions provided oceanographers with unprecedentedsteannstrain the mod-

els of ocean circulation. They transformed the disciplind allowed oceanogra-
phers to model and predict case situations in ocean cliniatesuccess of the early
missions motivated follow-ons, including the current Jasgssions. These ocean
height missions provide data at fairly coarse resolutioevédopment of future ca-
pability to perform high-resolution and high-repetitioapping of ocean height will
enable oceanographers to address the ocean weather geatiesupport of coastal
hazards and biogeochemical cycle applications.

Ocean salinity: Surface ocean salinity affects the density of surface wated the
extent of vertical mixing. The vertical mixing is a signi oadeterminant of ocean
heating gradients and circulation. The vertical mixingratross the oceans is also
a signi cant factor in the biogeochemical cycles. The AquaiEarth System Sci-
ence Path nder (ESSP) is scheduled to provide open oceanitgaheasurements.
Follow-on capabilities should include sensors that can ogstal waters at high
resolution. Mixing in the coastal zone has signi cant inggliions for water quality
monitoring and biogeochemical cycles science.

5.5.5 Fast branch challenges

In addition to the integration of sensor technologies tabémaimultaneous multi-
variable observations of the fast branch of the water cyeteare also challenged
with providing observations at a suf ciently high temponasolution that pro-
cesses such as storms can be tracked. The ability of the &hieostry Satellite
Server (GOES) to track water vapor from a GSO should motitteeextension
of these capabilities to precipitation, cloud propertied highly accurate measure-
ments of air temperature, humidity, clouds, and surfac@erature: A GSO version
of Global Precipitation Measurement (GPM), CloudSat, @&iand Atmospheric
Infra-Red Sounder (AIRS) . Without such sensor systems,uniclear whether the
critical advances in cloud resolving parameterizations, subsequent advances in
weather forecasting, can be achieved. While studies tlztiaie the trade-offs be-
tween temporal and spatial resolution need to be carriedvwmiiheed to become
creative in developing technology to achieve these goatovwe summarize a
few of the current and planned measurements of the fast brafribe water cycle
that should be progressively integrated and moved to gemssay platforms over
the next few decades.

Precipitation: The experimental Tropical Rainfall Measuring Mission (TR
demonstrated the capability to combine the advantageseoéttive and passive
microwave techniques for precipitation observation. Bitation radar-data can
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be used to better constrain the cloud models incorporateeitiieval algorithms,

thereby considerably improving the accuracy of retrievadsed on passive mi-
crowave observations only. The seminal work of the TRMM tdamms the sci-

enti ¢ and technological basis for a global precipitatiorasuring-system, com-
bining observations from at least one active precipitatewstar in inclined orbit, a

constellation of several (6-8) passive microwave imagamjometer-spacecraft in
staged polar orbits, and surface-based rain gauges. Tikr@Bsion constellation

concept , together with more detailed characterizationiemptoved modeling of

cloud structure and properties, constitutes the best itlyrieasible approach for
quantifying the rate of the global water cycle. GPM is onehaf hext generation of
systematic measurement missions that will be launchechdrg010 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 (principallylfia upper-troposphere is the
largest contributor to the atmospheric greenhouse eff&EA has made a ma-
jor scienti ¢ and technological investment in the develgmhof the experimen-
tal AIRS instrument. Imaging multispectral radiometenscts as the Moderate-
Resolution Imaging Spectroradiometer (MODIS) on Earth éDistion Satellite
(EOS) Terra and Aqua provide measurements of a variety o€ veeger and en-
ergy cycle variables, from sea- and land-surface temperatucloud amount and
optical properties and radiation uxes. In addition, thamhed experimental mis-
sions Cloudsat and CALIPSO will provide measurements digloloud properties
and their vertical structure. CloudSat is designed to nreathe vertical structure
of clouds and precipitation from space. A measurement ayatigthm approach is
used that combines radar information with radiance dataioéd from other sen-
sors of the EOS constellation. Information derived frons ttwmbination includes
detailed vertical pro le information about the water ané iwontents of clouds, the
occurrence of precipitation and quantitative informatadoout precipitation (solid
and liquid precipitation are readily detected by 94 GHz radaloudSat will pro-
vide new knowledge about clouds and precipitation and tmmection of clouds
to the large-scale motions of the atmosphere, offering tekglobal climate and
weather forecast models as well as cloud resolving modelselated parameteri-
zations. Finally, the AIRS/Advanced Microwave SoundingtW AMSU)/Humidity
Sounder for Brasil (HSB) instrument suite observes sutti@cgerature, cloud frac-
tion, cloud top pressure and temperature, pro les of atrhesp temperature and
water vapor, plus a rain ag. All are directly or indirectlglevant to the hydrolog-
ical cycle. Challenges remain, however, before the AIRSnlaions reach their
full potential for forecasting precipitation events.

Evaporation: Evaporation from continents and ocean surfaces servesg asttbial
link between the surface water and energy budgets. To débeisehave aimed to
provide estimates of ocean evaporation from remotelyestasta of the Special
Sensor Microwave/lImager (SSM/I) measuring near-surfageidity and winds.
However, the veracity and utility of these estimates aretéichby the quality of
the retrieved data, the absence of other crucial data (ssiokar-surface tempera-
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ture), and assumptions regarding the algorithmic formdiass improvements can
be made in two ways, through improved satellite data (suc@uiskScat which
could provide improve near-surface winds and Aqua with aigtuality humid-
ity retrievals) as well as the advancement of existing allgors that use not only
current space-based instrument measurements but alsbtadaghcoming satel-
lite retrievals. The feasibility of measuring continenéalaporation via remotely
sensed data (from the SSM/I and the Advanced Very High RésnlRadiometer
(AVHRR)) has been demonstrated. However, most of theségiildies are limited
in space and time and therefore currently possess no cipadbilglobally esti-
mate continental evaporation. Our only current capaédifor providing global es-
timates of continental evaporation rest upon global landeting efforts - such as
the Global Soil Wetness Project (GSWP) and the GLDAS. A twanged effort is
needed to improve our capabilities to remotely sense easipar First, the surface
and near-surface atmospheric quantities which are redjasenput for algorithms
must be advanced, either by revisiting previous data or ipjoéting data from fu-
ture missions. This not only includes data used for algorithexpressions, but
also in-situ data that can verify the veracity of the remoseinsed measurements.
Equally important is to revisit previous efforts and adwaticem through further
development of the theoretical framework upon which thdeeal algorithms are
based.

Innovative technology solutions:There are potentially many solutions to the above
challenges, but long-term technological developmentésied. Taking the required
resolutions from Table 5.3, we need to convert these interar (and related hard-
ware) requirements, and develop a technology strategy evithdates related to
space demonstration. Below three areas are brie y predente

Carpet Sensors:One potential area for innovative technology is the develop
ment of 'carpet satellites'. Here a 'mat' of 9 to 16, smalbage sensors would y

in formation-like a sensor mat-resulting in an effectivegscale antenna, not
unlike the 2-D array of the ESA Soil Moisture and Ocean Ssli(BMOS) stick
antenna. Location among the sensors would be done throsghranging, and
the result would be an effective antenna perhaps a few kilersaé size. Differ-
ent sensors may be on different micro-satellites, with aticd' satellite having

a more complete set of sensors than on some of the other cemizoit his idea

is perhaps the most innovative (risky) and a multi-decaéfalteof Observing
System Simulation Experiments (OSSE) studies and denatiosts would be
required, but it would offer solutions that otherwise maytbtlly elusive to
Earth observations.

Technology for GSO observationsTable 5.3 lists measurements at GSO that
are new and dif cult, such as precipitation or cloud prost Through OSSEs,
the observational and sensor requirements can be devedopbat the techno-
logical challenges can be laid out. If large antennae cabpaaieployed at GSO,
sensor carpets might be an alternative. The spatial-teshivade-off for precipi-
tation measurements at GSO versus LEO will determine haxdlshnology can
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contribute, although it is often stated that these measemérat GSO cannot be
done, but this must be re-examined continuously.

Spaceborne lasersWe must continue technology solutions to improve space-
borne lasers. This is critical for a number of science neiedjding improved
ranging, altimetry, and measuring chemical constituentuding CGQ. For ex-
ample, the development of accurate laser ranging and sgypakssing could
enhance future GRACE-like missions, as well as providefetemetric obser-
vations.

New solutions for old problems: There are a number of yet-unresolved technol-
ogy problems that require additional effort. Lasers haveaaly been cited. Oth-
ers include the development of large-scale antennaer éitlagable or ultra-large,
lightweight mesh antennato provide improved resolutionda-frequency radiom-
etry. Some years ago there was a test deployment of an ineatatienna of 100

m, but any continued work on this important technology dagsaem to take place.
Additionally, there has been little progress in developihgaper, light weight, low
power space radars. There must be a technological solatitist (old) problem as
well. Another mundane, but important area is the develogimiemproved correla-
tors, especially if stick antenna or sensor carpets areemehted.

Advanced radiative transfer methods: Satellite remote sensing requires invert-
ing the radiative transfer equation to retrieve geophysjoantities of interest. In
view of the sensitivity of retrieval products to even smélhnges in outgoing radi-
ation, the inversion (retrieval) process must be based emést possible radiative
transfer model(s) that cover all wavelengths from UltrétigUV) to microwave,
discriminate polarizations in incoherent and cohereniataxh, and accommodate
both passive and active sensing techniques. To supporétteéappment of advanced
satellite retrievals, radiation transfer models must hawgsically consistent repre-
sentations of atmospheric composition, cloud ice and wsgdicles, hydrometeors
and precipitation, surface roughness, and vegetation ibpsaperties across the
whole electromagnetic spectrum. Models should specifj @amponent in terms
of physical variables (even if values have to be assumethadsof empirical re-
lationships, and aggregate detailed scattering and emiggmrameters on satel-
lite footprint scales. Further advances in fundamentahtjua physics and spec-
troscopy may be required to accurately model continuumraliso and emission
of gases.

Radiation transfer codes that fully satisfy these requ@etsido not currently ex-
ist. The development of more accurate radiation transfateisas the fundamental
underpinning of any major new advance in satellite remotsisg. Therefore, we
call for the development of a new generation of radiationgfar codes for water
cycle remote sensing applications. The radiative trarmfecesses for wavelengths
from UV to microwave for irregularly shaped objects and unawon size distribu-
tions, and in complex inhomogeneous media, such as ice awl garticles and
snow packs, grass and tree leaves and vegetation canapiesyigs, are major dif-
culties of radiation calculations, and must be investighin detail.
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Most current retrieval techniques exploit only a few seddaovavelengths from
a single satellite instrument, and therefore do not progittesr the best analysis of
the available satellite data nor total physical consistermross data products. New,
faster retrieval techniques (e.g., adjoined model eqnatio statistical-inverse mod-
els) must be developed, that are general enough to allowirthdtaneous retrieval
of a range of geophysical quantities from multiple wavetangultiple sensor and
multiple platform measurements. Such methods must be lmasegdorous forward
models of the measured radiation. We must develop advanakvariate retrieval
methods that can exploit the totality of the spectral infation acquired by future
satellite constellations, and eventually analyze data filee whole energy and wa-
ter cycle observing system. The development of more poweatfliative transfer
codes and multi-variate retrieval methods is a prereguisit 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 manyineubuman activities
today, ranging for example from agriculture to energy distiion, including trans-
portation of passengers and freight by air and sea routdsnany other activities.
Daily weather prediction also aims at the early predictibexdreme weather events
which can have signi cant human and nancial impacts. Tlsiekempli ed for ex-
ample in the coastal regions of the Gulf of Mexico where papah has increased
in the past twenty years and so has the overall populatiarevability to hurricanes.
Issuing weather prediction today requires numerical moddlich ingest millions
of atmospheric observations every day.

Much time has passed since scarce observations of the weethe made by
passionate individuals with limited instrument technglo§ince the 1960s, the
Earth has been observed from space by weather satellitsgr@itions of the at-
mosphere today have increased to large numbers, incre@sifajd in the last ve
years and approaching nowliddividual observations per day. This wealth of in-
formation is ingested at rst and within a few hours afterleotion into atmospheric
models to issue weather forecasts. As for the observatulested a few years ago,
they are also useful in the framework of reanalysis initedithat recreate a best es-
timate of the past weather using all available informatibtha time. This means
that the atmospheric measurements of today serve two pespislay, the predic-
tion of weather, and, tomorrow, the reconstruction of téslelymate via reanalyses.
However, many aspects of our atmosphere such as the globdl eld and the
water cycle remain poorly observed.

An increasing number of observations of the atmospheredlected every day.
These observations are useful for weather forecasting lmate monitoring. In
order to be useful to everybody, atmospheric observatiamngddweed to be refer-
enced in a consistent reference frame. Weather predictiuidibene t from such
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a consistent reference frame to locate various platfornesnumber and the vari-
ety of which is bound to increase. Also, weather predictamk$ good water vapor
observations.

Like many other technology areas, weather observing ana diasemination
systems move toward more distributed systems, rather thatratized systems.
Such distributed observing networks will eventually conmicate intelligently with
each other and some of them be located optimally. The timitgl@cation of ob-
servations will be targeted to areas of particular foreeasir sensitivity. Com-
plementing the existing and developing weather space omissiJAV will collect
measurements in the lowermost part of the atmosphere wheaither affects the
most human activities and violent events such as tornadolessh their destruc-
tive force. UAVs present the advantage of bringing to atrhesic scientists and
meteorologists the power a@f situ observations with an on-demand location and
timing possibility. Furthermore, the easily upgradeabklghhology onboard UAVs
requires less technological advances than space-corgsatilutions at a fraction
of the cost. Finally, the vicinity of the measurements tophenomena of interest
puts less constraints on optics and detector technolodgydiha&ot need to reach
the fast integration times required by fast-moving spae¢f@ims located several
hundred of kilometers above the Earth atmosphere. Howawnéke their satellite
counterparts, UAVs will measure phenomena of very ne hamial and vertical
scale (about ten meters) and location errors acceptabdgy timd satellite location
determination will be unacceptable for UAV measuremerisukl one want to as-
similate the data. With the modernization of the GPS coladteh and the addition
of a more precise L2C signal, and the advent of the GALILEQesyis positioning
UAVs in real-time with high accuracy in ITRF will become féals at low cost.

Year-round, manifestations of violent weather remind w& tmprovements in
forecast accuracy and lead time need to be achieved in ardiecrease prepared-
ness of affected populations. Among the various basic meliggical observables,
water vapor is both important in regard to the phenomena iictwit is involved
(e.g., hurricanes, ash oods, etc.) and dif cult to obsexvfor it presents a very
high space- and time-variability. Water vapor plays a @aluoble in the dynam-
ics and thermodynamics of many atmospheric processesdhatver a wide range
of temporal and spatial scales, covering the global hydjiold and energy cycles
that effectively de ne the local and global climate changentributing largely to
the greenhouse effect, and playing a critical role in theicarstability of the at-
mosphere and in the structure of the evolution of atmosplstorm systems. The
scarcity of traditional meteorological observations, ezsally over the Southern
Ocean and Polar Regions, as well as the shortcomings ofdd#idnal methods
over the land, have contributed greatly to uncertaintiea iglobal and regional
weather analysis. Given that we currently do not have thensiémobserve on a
global scale the sources and sinks of water vapor (evaparatithe surface and
precipitation over land and ocean), observing the wateovaghd is a another way
of studying the water cycle. This also bears on water regsuntanagement. Im-
proving the quality of weather forecasts will require olvsgions of water vapor
with more geographical coverage and higher temporal frequithan what is avail-
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able today fronin situmeasurements or passive infra-red and micro-wave sounders
GNSS offers a new, more economical, and in principle, rea¢tmethod of atmo-
spheric water vapor recovery (see Section 2.9.1). ThexefeGOS can provide
atmospheric scientists with near-real-time observatafratmospheric delays en-
countered by GNSS signals. If observed along the vertibekd delays can bring
information on the lower tropospheric water vapor contérbserved between a
GNSS satellite and a receiver in low-Earth orbit, theseydetan 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 oity abibbserve cer-
tain key environmental parameters that control their beniagand upon which they
depend. All ecosystems are closely linked to the globalaadycle, and terrestrial
wetlands are particularly important, as they are both igihbductive yet vulnera-
ble to land use, and readily monitored remotely.

5.7.1 Measurements of C{spatial and temporal distribution to
better understand the Earth's carbon cycle

There is very clear scienti ¢ evidence that the increasingaentration of green-
house gases is seriously affecting the Earth's climate. i@atgst concern is the
increasing concentration of Gvhich is resulting from human activity such as the
burning fossil fuels and the tropical biomass. Currenb@@ixing ratios in the at-
mosphere are 30% above those at the beginning at the iralustrolution and are
increasing at about 1.5 parts per million per year.

The processes that generate Cide relatively well understood; the substantial
sinks that absorb C£are not. In order to understand how the £&ycle operates
and how we are affecting this cycle over the long term, theneaand location of
these sinks must be understood because this in uences dlialsgnd temporal dis-
tribution of CQ, within the atmosphere's boundary layer. Mapping and maimtp
the CQ distributions, combined with transport models, can be uséetter under-
stand the C@cycle and thereby better determine the processes andldpetition
of sinks.

Presently, C@is measured witlin situ sensors near the surface and on towers.
Occasional measurements are made via sampling on reseamcitaSeveral ac-
tivities are underway to extend the observation o, &@m the surface of the Earth
and from space. Differential absorption LIDAR techniques leing developed at
Goddard Space Flight Center and other institutions to rooriite vertical pro le
on and off a CQ@ absorption line in the near infrared (see also Section R.lhial
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activities are focused on measurements in the boundary; layeas more powerful
lasers become available this work will be extended to high#udes. This program
is being developed in response to requirements from thehNamerican Carbon
Program to make measurements of G@thin the boundary layer of 1 pppm vol-
ume (1 ppmv) with a vertical resolution of10 meters. The rst instruments have
been built during the last few years and are being tested.

Laser-based sensing techniques are also being develop&ddatard Space
Flight Center, other NASA centers, and by ESA for measuri@ Column den-
sities from airborne and eventually from space space Thestep is to demonstrate
a LIDAR that will measure the Cfcolumn density from an aircraft. The ultimate
goal is a space based LIDAR sensor that can measure then@ing ratio to 1
ppmv to provide a continuous synoptic measurement of itsiadpdistribution in
the lower troposphere. These will measure at all times ofashalcontinuously over
the ocean. A ight mission approach is being developed foraticipated ight
opportunity in the 2013 - 2016 time frame.

5.7.2 Monitoring wetlands

Flows of water in wetlands, especially in extensive lowlapstems such as the Pan-
tanal, Amazon, Everglades, Niger inland delta and Okavaaigoforced largely by
subtle slopes or differences in head, e.g., mm to a few cms@ klopes are gener-
ated by spatial variations in the inputs and losses of watkersa the wetlands (Le-
sack & Melack, 1995). Since stage gauging of rivers or laleg geldom includes
measurements within adjacent wetlands and because of #tialdpeterogeneity
of the subtle differences in head within wetlands, it is gulif cult to determine
water, solute or particulate uxes in wetlands. Recent igapibns of interferomet-
ric synthetic aperture radar have demonstrated the ptigsibi quantifying the
differences in elevation across extensive wetlands (Afseloal., 2000, 2001b,a).
However, validation of these results and implementatidmyaliraulic models within
wetlands requires accurately and precisely measuringethads of multiple stage
gauges. Current capabilities with high end GPS units pemmaiting the required
measurements, in principle, but doing so in large remotterys is quite dif cult.
Establishing a network of base stations or repeatedly ngoaid repositioning a
base station is necessary and lengthy recording at eadhasiiea 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 impantthe composition of
soil, land cover, and changes in topography (e.g., Turnardl., 1990). Monitoring
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the impact of agriculture and society at large on land colereafore is of crucial
importance in order to understand the interactions of huativities and the en-
vironment. The advent of remote sensing has been a boon foiteniog human
modi cations of the Earth's land surface so that the impaxftiand use on global
systems, including climate, can be better assessed. Witbteesensing, continuous
and consistent characterizations of the Earth's land sarfeecame possible. Land-
sat satellite data has especially become the standard fipinggland cover changes
due to human activities. Landsat 1 was launched by NASA ir218id measure-
ments continue today with Landsat 7, making it the longesting remote sensing
program. Monitoring the changes in land use and cover cansddforestation and
agriculture are considered in Sections 5.8.1 and 5.8.@entisely.

Considering the great impact of agriculture on the envirentnef ciency in
terms of nutrients and chemicals introduced into the enwirent is bene cial.
Based on geodetic techniques, Precision Farming (PF) isl@@ed and increas-
ingly used to reduce the resources required in food prodiatius not only keeping
prices for food at a low level but also reducing the environtaeimpact of farming
(Section 5.8.3).

5.8.1 Monitoring deforestation and logging

Landsat data, with 30 m resolution, is ideal for mapping laoder changes over
large areas. In particular, it has become valuable for manig deforestation around
the world. The rst large-scale deforestation mapping gssatellite imagery was
applied to the Brazilian Amazon. More recently, throughN#e&SA Path nder Hu-
mid Tropical Deforestation project, repeat assessmens ibeen made by various
studies for the Amazon (Tardin & da Cunha, 1990; Skole & TuckB893), and for
much of the tropics (Skole et al., 1994).

However, while Landsat data are valuable for mapping laneicohange over
large areas, they have still been too expensive in termsfoftefime, and labor
costs, for mapping land cover change continuously over ttieeetropics or the
entire planet. Therefore, several attempts have been madej deforestation us-
ing a sampling approach. The FAO Remote Sensing Surveydspe FAO, 2001,
Mayaux et al., 2005) used a 10% sampling of Landsat scenespotropical de-
forestation for the 1980s and 1990s. However, FAO's 10% $iagapproach has
been deemed insuf cient to map forest change because dddion is clustered,
and not randomly distributed (Townshend & Justice, 199%5m& studies have
suggested that complete wall-to-wall mapping is necegSanwynshend & Justice,
1995), while others have suggested that a 10% sample isienf for large-area
estimates. A sampling of Landsat scenes was also used byt¢katrTREES II
project of the Joint Research Center of the European Coroniss map defor-
estation rates for the entire humid tropics (Achard et &l02 2004). However, to
address the concern about the clustered nature of defooesthey used a strati ed
random sampling approach, which focused the samples watlpinori delineated
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deforestation hotspots in the humid tropics. Another agpindo map deforestation
over large areas has used the coarse-resolution AVHRR iRaeh data (about 8 km
resolution) over the 1982-1999 period (Hansen & DeFrie®420calibrated to re-

gions with known estimates of deforestation mapped usiglgdriresolution remote
sensing. Both the TREES Il and AVHRR studies indicated tleddi@station rates
were much lower than reported in the Forest Resources Assesof Food and

Agriculture Organization (FAO) (Hansen & DeFries, 2004).

Two other recent studies using remote sensing to examireastétion dynam-
ics are worth mentioning. While Landsat data have been usedap large-scale
deforestation around the world, good estimates of sekedbigging have not been
available. Asner et al. (2005, 2006) developed a methodtimate selective log-
ging over the Amazon Basin using Landsat data, and founddhedt area damage
from selective logging matched or exceeded reported rdteleforestation. This
has been a remarkable advance in our ability to use remosegethata to map ne-
scale patterns of land use practices such as logging. lhenacent study, Pongratz
et al. (2006) examined the dynamics of land cover changeviillg deforestation in
Mato Grosso, Brazil. Mato Grosso state has seen enormoassiym of soybeans
in recent years, and it has been debated whether the soykeamston has occurred
on abandoned pasture land, or whether it is resulting in refardstation. Pongratz
et al. (2006) estimated that total conversion of forest tpland exceeded 540,000
ha over the 2001-2004 period, peaking at 23% of the totalrdsfation in 2003.

5.8.2 Agricultural land cover and land use

Mapping agricultural land cover and land use over largesahes proved surpris-
ingly more challenging. Global satellite data such as thenlAYHRR data or
the more recent 250 m-1 km MODIS data have been used to ddaobalgand
cover maps (e.g., IGBP DISCover product (Loveland et alQ020University of
Maryland land-cover maps (Hansen et al., 2000), or Bostamddsity land cover),
but have paid scant attention to detailed characterizatidine world's agricultural
lands (McCabe & Wood, 2006). While deforestation regiséariear signal in global
satellite data, it has been dif cult to characterize theshejeneous agricultural land
use practices around the world. While large-scale meckdri#ensive agriculture
in regions such as lowa and Kansas are clearly visible frallges, it is more
dif cult to characterize the heterogeneous landscapedacgs like West Africa
(Ramankutty, 2004).

5.8.3 Precision farming

There is a trend to PF, which in common with many engineeratigities (see Sec-
tion 4.3.3) requires precise geopositioning of farm maehjinand reliable spatial
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information (e.g., maps of the property, terrain, soil typeowing patterns, etc.).
Farmers in Europe, North America and Australia are adopfiRgpractices very
rapidly. Bene ts of PF include sustainable farming praesic24 hour-operations,
increased automation, which all together result into reduenvironmental impact
of farming and contribute to lower food prices.

A patrticularly challenging form of PF is Control track famgi (CTF). Currently,
GNSS-RTK is used to guide the farm machinery during all faxj¢he grain grow-
ing cycle, so that the wheels of the machinery always traleglgathe same “ruts”
of compacted soil. This leads to less breakup of the soikedeses soil erosion, and
makes possible innovative practices such as growing a dezop interlaced with
the main grain crop. The ability of the farmer to guide hisfimachinery along the
same ruts, over and over again, is possible because the GN&S& dan be de ned
to the centimeter level. However, currently PF and CTF ddpemthe availability
of local augmentation system providing the accuracy at ¢he dentimeter level.
Improved real-time access to ITRF and compatibility of Bates with this ref-
erence frame would support these applications globallfauit local expertise in
establishing and maintaining augmentation systems.

Forestry practices also bene t from geodetic innovatianghsas directly georef-
erenced airborne laser scanners. These instruments kisdWDAR, can determine
the DEM and DSM, as well as scan understorey, etc. In effedifference between
the two surfaces can be used to estimate biomass, and hefp feanagement prac-
tices, such as when to harvest, where tree growth is subaptetc.

The increased availability of GNSS and improved access Ri-l&lso provides
the means to change livestock practices. Examples coulddstdck equipped with
GNSS sensors, which would make them trackable. Partigufadpen ranching, the
combination of such sensor on free ranging livestock witktigpinformation could
also be used for warning systems indicating animals appigaoads through
open ranching country.



Chapter 6

Geodesy: Foundation for exploring the planets,
the solar system and beyond

J. F. Zumberge, J. S. Border, V. Dehant, W. M. Folkner, D. lne3p T.
Martin-Mur, J. Oberst, J. G. Williams, X. Wu

The utility of a Global Geodetic Observing System is nottadito our home planet,
but also extends to scienti ¢ studies of the planets and timeions (including our
own Moon), observations beyond the solar system, and thieretjon of space in
general. Examples of the rst two of these include Planetagodesy and Radio
Science, where the GGOS infrastructure is a requirememb&iing and interpret-
ing measurements for these sciences; we include a sectieaain

The exploration of space in general involves spacecrafamtEorbit and beyond.
Tracking these spacecraft from Earth depends criticalltherGGOS infrastructure.
In the section on inter-planetary navigation we descrilgediirrent and future re-
quirements of GGOS for this application.

6.1 Planetary geodesy

The most accurate estimates of the time-dependent oii@mtaft the planets and
their satellites are based on radio-frequency range anglBomeasurements be-
tween spacecraft in orbit or landed on those bodies and HEatking stations.
Planetary geodesy provides invaluable information abloeidistribution and state
of the matter of which they are comprised. Future measur&rae expected to
help in determining whether liquid water exists under thdase of bodies such as
Europa. Rotation variations also provide means to meakermteraction between
the planetary surface and the atmosphere. The most ac@laatetary orientation
measurements are for Mars, where the large number of pagrrasent landers and
orbiters provides a large data set.

The accuracy of the determination of the Mars orientatioapproaching that
of the Earth not very long ago. The accuracy is expected toawgover the next
decade with a new generation of landers with improved raaabilities.

The reference frame for planetary geodesy is establisheddasurement of the
Earth's orientation. Thus maintaining and even increasiiregaccuracy of knowl-
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edge of the orientation of the Earth is needed to improve adetstanding of the
other bodies in the solar system.

In the following sections, we rst discuss the relevance ebdetic quantities to
rotation and interior properties of the planets. Sectiods26to 6.1.4 illustrate the
challenges in planetary geodesy using examples of Mar#/d¢lo®, and Europa. Fi-
nally, Section 6.1.5 discusses future geodetic infratiirecn or near to the planets
and their satellites.

6.1.1 Planetary rotation and interior properties

The principle of using rotation parameters, as discussé&gation 3.11 for obtain-
ing information on the interior properties of Earth, may peléd to other terrestrial
planets. Similarly, the interiors of other terrestrialnpés will affect their nutations
and wobbles. Librations are also in uenced by interior @ujes, and as such, ob-
servations of librations will lead to further knowledge ¢ tinterior of slowly ro-
tating planets such as Mercury.

Precession and nutation are induced by the tidal gravitatimrque on an oblate
planet; this is the case for Mars and for the Earth. This nmoigovery helpful for
studying the deep interior of Mars, mainly because it isedéht for a planet with a
solid core than for a planet with a liquid core. The dimensibthe core (or equiv-
alently the core moment of inertia) can also be determinam fhese observations.
Figure 6.1 shows the relative in uence of the dimension @ftre on the nutation
transfer function of Mars.

Similarly for the planet Mercury in a spin-orbit resonancg, 3ibrations of am-
plitude 500 m are expected if the core is liquid and half ashmtihe core is solid.
The dimension of the core also in uence these values. Géypespeaking the global
parameters such as the mass, the moment of inertia, theomtéte orientation and
their changes may be used to better constrain the interapepties of terrestrial
planets.

Length-of-day variations are deviations from the uniforotation speed of a
planet. They are mostly related to geophysical uids (careean, atmosphere,
hydrosphere, etc.) in the system, if they exist. For Marsdbasonal condensa-
tion/sublimation of the icecaps induce polar motion as wasllarge changes in the
length-of-day at the seasonal periods. This is easy to statet from the moment
of inertia changes induced by the mass repartition and frogular momentum
conservation between the solid part of the planet and the swirrounding it. The
seasonal length-of-day changes correspond to a changeasijibct to the uniform
rotation at the level of 15 meters at the equator, which carobgputed from general
circulation models and constraints from the observations.

In parallel, information on planetary interiors can alsodieained from mea-
surements of global parameters from the gravity eld. Thedwination in parallel
of Love numbers representing the tidal effects are also itapbglobal parameters
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that can be used to determine the internal structures ofetinestrial 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 intoiftgerior structure are
based on geodesy. (Other clues to the interior structurpraréded by meteorites
found on Earth which originated on Mars, though these may beenmdicative of
the surface than of the interior.) A series of spacecraftnfthe Viking orbiters in
the 1970's to the current Mars Reconnaissance Orbiter and Hgpress space-
craft have provided increasingly accurate determinatimnthe Martian gravity
eld (Smith et al., 1998; Konopliv et al., 2006). The martiprecession constant
was originally determined by measurements of the Vikinglé&as and the Mars
Path nder lander radio signals (Folkner et al., 1997). Thebination of the preces-
sion constant and the low-order gravity eld determine tioéap moment of inertia,
which gives the rst indication of the size and mass of the timarcore. The more
recent gravity eld determinations are increasingly séwsito the martian orienta-
tion and can provide estimates of the precession constémaaturacy comparable
to the Viking and Path nder landers (Konopliv et al., 2006).

The martian gravity eld is also sensitive to the distortiohthe planet as its
distance from the sun varies due to Mars' eccentric orbitintzges of the tidal
deformation Love numbée suggest that the core is liquid rather than solid (Yoder
etal., 2003; Konopliv et al., 2006). Comparison of the graéld to topography al-
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lows estimation of the crustal thickness and possible evgtian for the dichotomy
between the southern lowlands and the northern highlands (&mrekar et al.,
2004).

The martian rotation rate varies due to seasonal evaporaiio condensation of
the polar CQ icecaps. The lander and orbiter radio measurements prestieates
of the variation in the distribution of the mass of the icexsggroviding insight into
the climate and formation of polar layered deposits.

Future landers with improved radio instrumentation aresefgd to improve the
accuracy of the martian precession constant by a factorrobtenore, and also
be accurate enough to measure nutation and polar motionswittient accuracy
to determine the size, density, and state of the martian ddrese will comple-
ment expected seismometry to provide a much more thoroudérstanding of the
structure and formation of Mars. The future martian geodaspasurements will
approach milli-arcsecond accuracy, comparable to thentiaccuracy of Earth ori-
entation measurements. Continued monitoring of Eartmtaten to at least this
accuracy will be required to accurately interpret the naartneasurements.

6.1.3 Example: Earth's Moon

Missions to the Moon include orbiters, impactors, landes surface rovers. There
have also been ybys of spacecraft heading for other detsting. Orbiting missions
may have experiments to image the surface at different wagghs and also to mea-
sure surface topography by altimetry, gravity eld by speredt tracking, magnetic
eld, remote sensing of surface composition, and near Moariigles and elds.
Landers can deliver instruments ( xed or roving) and astuas to the surface for
exploration. The future LCROSS experiment will impact thedvi throwing up ma-
terial to be analyzed. Also in the future, there will be a nedfdllow the movements
of rovers and astronauts on the lunar surface.

Orbiting, landing, roving and impacting missions must krfeaw the position of
the spacecraft changes with time. Orbiters need the direatid distance to surface
targets under study. Tracking of the highest accuracy isleddor gravity eld
determination. For an impactor, the location and time ofast@re needed. Landers
need to arrive at their intended destination.

The use of tracking data for navigation of spacecraft reguiEarth orientation
information. For operations and maneuvers this infornmatiust be extrapolated
forward from recent accurate measurements, so quick da@yismportant. The t-
ting of tracking data for determining the gravity eld carkésadvantage of the more
accurate past Earth orientation parameters available &malyzing measurements
after the tracking data is taken.

Radio range and Doppler as well as laser ranging technicaesiteen used for
tracking at the lunar surface. LLR requires no power sourcite Moon which has
allowed ranges to be acquired for more than three decadés dalta analysis has
contributed to lunar science, gravitational physics, epdédes, and Earth science.
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LLR is both a contributor to and a user of Earth orientatidioiimation. The laser
range accuracy is presently making a transition from cegtgnto millimeter levels.
With current renewed interest in lunar exploration, stadia future lunar geodesy
experiments are currently under way involving active lasan the lunar surface
pointed at Earth. Current lunar ranging requires soplatitground equipment and
is carried out by few Earth stations only. On the other haighads from strong (50
mJ) lasers on the Moon could be within the sensitivity of &dkisns in the global
SLR network. Such a laser station should be combined withla@ated small radio
transmitter, which would be observable to VLBI stations aridch would enable
us to rmly tie lunar coordinates to the celestial refereffigane of radio sources.
Earth orientation parameters of comparable accuracy aeeauke

6.1.4 Example: Europa

A proposed Europa orbiter to detect a possible undergrdgoiliwater ocean re-
mains a high science priority for the planetary science camity and ESA/NASA
(Wu et al., 2001). The primary scienti c goal of a systemagodetic and geophys-
ical experiment is to measure tidal gravity, displacemantslibration on Europato
determine the existence and dimensions of the ocean andiptegor structures.
Doppler tracking from Deep Space Network (DSN) stationssieatial to achieve
these measurement objectives by determining the Love nukpla@ad libration am-
plitude through orbit dynamics, and by providing accuratstal positions for sur-
face geodetic measurements from altimeter or INSAR instnim To assess effects
of uncertainties in geocentric positions of DSN statiomgpospheric delay, and
EOP, orbit determination simulations were carried out amdhdance analyses for
a proposed nominal Europa orbiter were considered. Evdnaegitservative uncer-
tainties in these ground geodetic parameters, their sfi@etdynamic parameters
such ask, and libration are negligible compared with their achieeadtcuracies.
The effects on orbital positions are generally at the lef/stoeral centimeters along
the unfavorable (along- and cross-track) directions. Tevisl of uncertainty is fairly
small compared with the anticipated peak tidal displacemeplitude of 30 m with
the liquid ocean. Current levels of accuracies in geoceBt8N station coordinates,
polar motion and UT1 are also adequate for the planned ESAC®&mMbo mission
to Mercury with very precise multi-frequency (including Kand) tracking from the
DSN sites equipped with water vapor radiometers for testgeatral relativity and
the internal structures.

6.1.5 Planetary mapping

Thanks to the radio experiments on the US Mars Path nderaifietradio and laser
ranging experiments Mars Orbiting Laser Altimeter (MOLA) the Mars Global
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Surveyor spacecraft, Mars possesses a well-de ned comelsystem. MOLA has
mapped the planet at high accuracy and with globally coasisjuality within this
coordinate system. Consequently, morphologic featurge/la@re on the surface
of Mars can be located within the Mars coordinate system thiwil00 m. The
High Resolution Stereo Camera (HRSC), a camera on the MgrseEX mission,
dedicated to accurate topographic mapping, is currenthing the resolution of
these maps.

For the Moon, in spite of the fact that it is closer to EarthtMars, the currently
available mapping control is less accurate. The Apollo Lastore ectors provide
excellent control points and practically de ne the coomtmsystem of the Moon.
Hence, coordinates of features near the Apollo sites (wiherdpollo spacecraftin
their near-equatorial orbits provided image coveragegit resolution) are well es-
tablished. Unfortunately, geodetic control rapidly deses towards higher latitudes
and towards the Lunar farside. Coordinate uncertaintigsarmaunt to several kilo-
meters. Such “map-tie” errors are annoying to spacecrgineers who would like
to target a spacecraft to a speci c surface location seemages. The situation is
expected to improve with release of data from the Japanegeys SELENE) mis-
sion or the US Lunar Reconnaissance Orbiter (scheduleddoch in 2009), which
are both equipped with laser altimeters and sophisticaiateca 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 geodegyirements. Studies of
planetary atmospheres, rings, and the interplanetaryunethirough occultation
and scattering measurements do not often depend on exjresmlirate Earth ori-
entation or antenna location knowledge; however, the stfdgcal gravitational
elds through accurate spacecraft orbit determinationsd@gjuire a very good ter-
restrial reference frame. Errors in UT1, polar motion, dieana positions translate
directly into errors in the angular position of a spacecraft

State-of-the-art radio science observations rely on git@aystem performance
that often exceeds the formal requirements. The geodgiacasf this is after-the-
fact knowledge of UT1 and pole offsets to 0.5 cm, and anterséipns to 1 cm.
The current (2005) requirements are 5 cm for after-theEacth 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 effexftantenna-dependent er-
rors. This technique can dramatically improve the dynamige and delity of ra-
dio images, but absolute position information is lost. Gangently, VLBI imaging
is relatively immune to errors in antenna positions or Earilentation. Require-
ments on the terrestrial geodetic system imposed by othesr wil 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 accuracyeofettiestrial geodetic
system. For narrow-angle differential (phase-referepastiometry most terrestrial
error sources are reduced by the angular separation of the saurces in radi-
ans. For wide-angle (absolute) astrometry, there is noctéxtuin terrestrial error
sources. Wide-angle astrometric measurements are the dfabie celestial refer-
ence frame.

The best current wide-angle VLBI position measurementiamies are 1 nrad.
This implies knowledge of UT1 and polar motion to 0.5-1.0 exgeeding the cur-
rent Earth orientation requirement by up to an order of miaglei. The requirement
on antenna positions is less straightforward because fibet ef a baseline error on
a position measurement depends on the relative orientatitre baseline and the
line of sight to the radio source. Knowledge of antenna pmsitto 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 Japare®® and VSOP-2 mis-
sions) requires an accurate spacecraft orbit as well asge@arameters. Normally
errors in orbit determination exceed those of the globaldgéo system. Conse-
quently this type of observation does not impose any new aersiingent require-
ments on geodetic parameters.

6.3 Interplanetary navigation

Geodesists and students of Geodesy do not always realizeritfoal role that
geodesy plays in the exploration of worlds beyond our owith@ugh this appli-
cation is often overlooked, national space agencies mustige geodesy-related
“calibrations” to support their lunar and planetary missioThese calibrations are
necessary to chart the course of spacecraft en route tolmbless in the Solar Sys-
tem. The radio link from spacecraft to Earth not only sereesbmmunications but
also provides tracking observables that are the primargcsonf data about space-
craft position and velocity for most missions. While spaaftonove in a celestial
reference frame, observers on Earth have positions knowartenrestrial reference
frame. De nitions of reference frames, catalogs of objeotations between ref-
erence frames, and modeling of radio signal propagatioaydedre all important
aspects of spacecraft navigation.

6.3.1 Current and future tracking data types

Thornton & Border (2000) give an excellent treatise on rawtric tracking tech-
niques for deep-space navigation. Consider their equat®+i to illustrate the im-
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portance of geodetic quantities:
r(t)= r(t)+ werscosdsin(wet+ f + I a): (6.1)

Herer is the range from a tracking station to a distant spacecraftraits time
derivative. On the right-hand sidas the geocentric range rats, the Earth's rota-
tion rate rs the distance of the tracking station from the axis of rotatbthe Earth,

I s the longitude of the tracking statioa,the right ascension of the spacecraft, and
d its declination. It is in universal time ther is the instantaneous right ascension
of the mean Sun. The radiometric observables transmittad & spacecraft and
received by an antenna on Earth are modeled with this equati@ome variant,
making it immediately clear that knowledge of station lémas and Earth orien-
tation are critical in using Doppler (the ratio of receivedduency to transmitted
frequencyis 1 r=c), for example, to determine spacecraft coordinates.

As an example, the time-of-day component of Earth orieoiais UT1  Rewet
(in dimensions of lengthRe 6378 km is the Earth equatorial radius). Thus a 10-
cm error in UT1 corresponds to an error in spacecraft rigb¢asion of about 10
cm/6378 km 16 nrad. For a spacecraft approaching Mars, assuming an-tart
Mars distance near its minimum of80 million km, this translates to about 1.3 km.
Details on the sensitivity of deep-space navigation to E@8re can be found in
Estefan & Folkner (1995), while the determination of statiocations of NASAS
deep-space tracking stations is described in Folkner (1996

In addition to Doppler measurements, range and interfendcrabservables are
also used for navigation. Range measurements are based gouhd-trip light
time for a code uplinked from a tracking station, transpehblg a spacecraft, and
received back at a tracking station. Normally the sameastasi used for the up-
link and downlink functions, though this isn't strictly nessary given good clock
synchronization. Interferometric observables are basethe difference in arrival
time for a spacecraft signal that is received at two sepatat®ns. Observations of
natural radio sources are usually included as part of arf@rtemetric measurement
session in order to calibrate the instrument, and this ¢gatis referred to as Delta-
VLBI. While Doppler and range provide line-of-sight detenaitions of spacecraft
state, Delta-VLBI determines spacecraft position andaigtan the plane-of-sky.
The different data types have differing sensitivities todgtic parameters, but they
share one thing in common: the precision of the radio linkhat microwave fre-
quencies of the Space Research bands is quite high. Givenatgesignal-to-noise
ratios, Doppler observables provide precision of 0.01 rem/sange precision is 10
cm, and VLBI precision is 1 cm. Any unmodeled effects in thegagation equa-
tion at this level or worse will affect interpretation of tdata. Transition to higher
frequencies, driven by the need for more communicationsiatih, will result
in even better metric observable precision and hence Bttarémproved geodetic
calibrations.

Spacecraft equations of motion are integrated in a celesfierence frame. To-
day, the celestial reference frame is de ned by the positimiquasars in the ICRF
as described by Ma et al. (1998). The origin of right ascengoa certain lin-
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ear combination of catalog coordinates. The Earth's equatd the equinox of the
Earth's orbit are measured quantities in this frame. Penyetphemerides, based
largely on radar range measurements of the planets, and eartinterferometric
measurements of spacecraft landed or in orbit about plaaetsonstrained to be
consistent with the ICRF. By the same token, accurate g@oaetdels are needed
to interpret measurements of planetary positions. Souroes the ICRF catalog
are used for Delta-VLBI observations. Enhancements todkedag, including den-
si cation and re nement of the coordinates of individualsoes, 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 ¢ mission requirements.

Tracking Error Source units  current 2005 reqt 2010 reqt 2@80 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 25 5 2 1 0.5
Troposphere zenith delay cm 0.8 1 0.5 0.5 0.3
lonosphere 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. Tiragketworks used
for deep-space applications tend to have just a few statibasfew widely sepa-
rated sites. Building a global reference frame to includssg¢hstations has greatly
bene ted from ties and modeling consistency between statemploying different
techniques including VLBI, GPS, DORIS, SLR, and LLR. Witlaspcraft data arcs
spanning days to years, and measurement precision at thevemit is important
to model effects including plate motion, solid Earth tidelgitide, and loading from
ocean, atmosphere, hydrology, and ice.

Space agencies understand the importance of determirengtdte of the Earth
platform and are active contributors to cooperative efftotimprove the knowledge
of reference frames and the interrelation between thedeiaband celestial refer-
ence frames. Data reduction employs transformations legtweference frames and
models for precession, nutation, and EOP. Rapid delivecyioent estimates of the
parameters that are more dif cult to predict, especiallyllJit necessary to support
targeting for an encounter.

Calibration of media delays is also important to the intetation of radiometric
observations. Data from GPS receivers co-located witkkingcantennas, and data
from receivers at surrounding locales, are used to devedtibrations for zenith
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troposphere delay and for line-of-sight ionospheric delayen though GPS data
may be very precise, the modeling used to transform GPS mezasuts to the
spacecraft line-of-sight introduces errors at the levgbrefcision of the spacecraft
tracking data or worse. The availability of additional d&ts and receivers, with
more geometric coverage, could lead to useful improvememigedia calibrations.
Spacecrafin situ measurements are required in some scenarios, such asgandin

on an asteroid with a poorly known ephemeris, and may be &fitior use in other
scenarios, such as relative navigation between networlended and orbiting as-
sets at another body. But Earth-based observations ahg iikeemain an important
input to the navigation process for at least some phases sf migsions. Details
of measurement techniques may change. Large arrays mayebearsspacecraft
communications, enabling more powerful interferometeichiniques. Higher fre-
guencies and eventually optical links may be used. But inadks geodesy-related
calibrations are needed for interpretation of Earth-basedsurements.

6.3.2 Interplanetary trajectory determination

Many future interplanetary missions will require highevigational accuracy than
that needed by past and current missions. Some future missi&narios, such as
pinpoint landing, will require very precise delivery tolet an atmospheric inter-
face, or to the surface for bodies without atmosphere. Tha navigational track-
ing methods can be split into ground-based methods, sucana® r Doppler and
VLBI, and spacecraft-based methods, such as optical némigand spacecraft-to-
spacecraft tracking. Ground-based tracking methods & as least for some part
of the missions, by all missions, and most times grounddbasd spacecraft-based
methods complement each other more than replace each Athef.the ground-
based tracking methods rely on the precise knowledge ofdkéipn of the Earth
station in the celestial frame that is used for trajectotggnation. This requires
precise knowledge of the position of the station in the ri@l reference frame,
including tidal effects and plate motion, and precise tfamsations between the
terrestrial and the celestial reference frame, includipgatdate knowledge of po-
lar motion and Earth rotation (UT1), as well as accurate risofte nutation and
precession. Also very important for spacecraft navigaisothe determination of
the ephemeris of the natural bodies that the spacecrafitttwgand the determi-
nation of the position of celestial sources used for VLBI aqdical navigation.
These ephemerides and positions are mostly derived froanfdah ground obser-
vatories, and the same kind of precise geodetic data is deededer to reduce the
observations to estimate the location of the celestialdémdi
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6.3.3 Current and future requirements of GGOS for interplatary
navigation

Indicated in Table 6.1 are ESAs and NASA's current and apéted deep-space
mission requirements for Earth orientation, station cowtts, and related calibra-
tion parameters (Martin-Mur et al., 2006). The EOP comptsmMx, PMy, UT1
change from day to day, depending primarily on atmosphéects. The tightening
requirements shown in the table would likely require nest-time VLBI measure-
ments of UT1.

The future columns in Table 6.1 are speculative, and willethejon speci ¢ mis-
sion requirements. Martin-Mur et al. (2006) indicate tiatre will be an “Increased
need for higher accuracy in guidance, navigation, and obritr order to perform
pinpoint landing, and to take advantage of higher resaluitistruments.” An ex-
ample of a demanding future requirement could come from asMample return
mission or a manned mission to Mars.

To achieve a pinpoint landing, very high accuracy would bedeel to deliver a
spacecraft to the atmospheric interface. Given this, thh@irements on the com-
plexity of the guidance system to lower the spacecraft thinothhe atmosphere to
the desired landing location could be kept to a minimum. lsrpments would be
needed in several areas, as indicated in Table 6.1, to suiadiiaimprove overall
navigation performance. In addition to improvements in saeament precision and
geodetic and Earth orientation models, there would als@ ha\be reductions in
errors due to transmission media, improvementin celaestfatence 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 terrestrialeete frame is the founda-
tion for virtually all space-based and ground-based Eareovations. Through its
tie to the celestial reference frame by the time-dependarthEotation parameters
it is also fundamentally important for interplanetary spa@ft tracking and nav-
igation. Providing an accurate, stable, homogeneous, aidtamable terrestrial
reference frame, celestial reference frame, and the Eatdtion parameters linking
them together is one of the essential goals of GGOS.

Inrecent decades, the geodetic techniques also conttibtite database of Earth
observations in particular related to mass transport, lyes and ionosphere and
troposphere parameters. Observations of changes in tlt'ssgeometry (solid
Earth surface, sea surface, lake surfaces, and ice surfaeean important con-
tribution to the Earth observation database serving a védge of applications.

In this chapter, the requirements of the diverse set of iaieand societal users
concerning the terrestrial and celestial reference frattesassociated Earth ro-
tation parameters, and the complementary gravity meagmesnare rst summa-
rized. Subsequently, the requirements in terms of a numibguantities observed
by geodetic techniques or determined in geodetic analysis@mpiled. The tasks,
products, and speci cations of the GGOS that are neededderdo 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 determittiegposition of some ob-
ject, whether it be the xed position of survey markers on giteund, buildings,
bridges, dams, and oil platforms or the mobile position dif gieones, farm equip-
ment, automobiles, trucks, trains, airplanes, and shigslé/inost users may not
be aware of it, geodesy and GGOS play a fundamental role ietsbapplications
by providing the infrastructure, including the underlytegrestrial reference frame,
that enables the position of the object to be determined.pdsiion of the ob-
ject is determined within some underlying reference framethe accuracy of the
position determination will ultimately depend on the a@ayr of that frame. As a
general rule-of-thumb, the reference frame should be aera@fimagnitude more
accurate than the required accuracy of the position deti@tion. Moreover, the ac-
curacy of the position depends on the latency with which th&ton is required.
Positions determined in near-real time will in general ksslaccurate than those
determined with longer measuring and processing time. ,Tinesmode in which
access to positions in the reference frame are determin@ddsal for the achiev-
able accuracy.

GNSS is increasingly being used to determine the verticaitijpo of objects.
Since GNSS determines the height of the object above thgseiti, an accurate
geoid is required in order to convert the ellipsoidal heigghé geopotential-related
height above the geoid (often equated to the “mean sea )eVat the most part,
societal users do not need accurate Earth rotation paresresteept to the extent
that they are needed when determining positions with GNS8eder, for highly
accurate positions, the requirements in terms of Earthiootare rather demanding.

Geodesy and GGOS also provide the infrastructure that alttifferent spatial
information, such as imagery from different space and aib@latforms, to be
georeferenced and aligned with each other. The importain@ecorately georefer-
encing spatial information is being recognized by manyameti governments (see
Section 4.1).

An important aspect of georeferencing is the use of a gladfatence frame to
allow spatial information to be converted into a commoneysthat is consistent
for all users. Global aviation, marine traf ¢, and crossdbdary land traf c are
examples bene ting from compatible spatial databases.

7.2.2 Earth observations

Recognizing the need for coordinated and comprehensivétonioy of the Earth
and its interacting systems to support sustainable deredap the intergovernmen-
tal GEO was formed with the task of implementing a GEOSS (seti@& 5.1). All
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of the nine SBAs of GEO (see Table 5.1 on page 155) requireanaie, stable, and
homogeneous terrestrial reference frame as the foundatitime observations, and
they rely on geodetic measurements to provide accuraectoajes of the aircraft
and satellite platforms housing their instruments. In &ddj the disaster, climate,
water, and weather SBAs depend directly on geodetic mems&untetechniques to
provide some of their observations. The requirements imdesf geodetic quanti-
ties for the nine SBAs as extracted from GEO (2005b) are ginefable 5.2 on
page 156.

7.2.3 Natural hazards

Mitigating the impact on human life and property of naturatards such as earth-
quakes, volcanic eruptions, debris ows, landslides, lautbsidence, sea level
change, tsunamis, oods, storm surges, hurricanes anéragtweather is an im-
portant scienti ¢ task to which GGOS can make fundamentatroutions. GNSS
and InNSAR can be used to monitor the pre-eruptive deformafivolcanoes and the
preseismic deformation of earthquake fault zones, aidirlge issuance of volcanic
eruption and earthquake warnings. GNSS can also be usepidityrastimate earth-
quake fault motion, aiding in the modeling of tsunami ges@sid the issuance of
tsunami warnings. Gravity measurements can be used toitnask motion within
volcanic conduits. Gravity and altimetric measurementstiused to track ood-
waters in river basins. Altimetric and tide gauge measurgsean be used to mon-
itor sea level change. Essential to all such measuremethis isxderlying terrestrial
reference frame in which the measurements are made.

In 1990, 23% of the world's population lived both less thaf kéh from the coast
and less than 100 meters above sea level. Nearly a fourtleafohld's population
is therefore vulnerable to the effects of a rising sea levehltined with expected
changes in extreme events. Although the long-term averatgeaf sea level rise
is only a few mm/yr, mitigation and adaptation efforts need¢ planned well in
advance in order to be prepared for rare extreme events. iBat gemands are
placed on GGOS because the sea level rise signal is so smalexample, the
terrestrial reference frame, which should be at least aerasfl magnitude more
accurate than the amplitude of the signal being measuredsrte be accurate and
stable to within about 0.1 mm/yr to support studies of seallekange (e.g., Plag,
20064a; Blewitt et al., 2006a). This makes sea level changhest one of the most
demanding users of GGOS.

7.2.4 Earth science

The solid Earth is surrounded by a uid, mobile atmosphert@eans and upon its
land surface lies a continually changing distribution @f,isnow, and ground water.
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The mantle is both thermally convecting and rebounding ftbenglacial loading
of the last ice age, and the uid core is undergoing some tyfpeydromagnetic
motion to generate the Earth's magnetic eld. The changirgfrithution of mass
associated with the migration of the sur cial uids and theotion of the mantle
and core changes the Earth's gravitational eld, changesEhrth's rotation by
changing its inertia tensor, and changes the Earth's shyjg@dnging the load on
the solid Earth. GGOS measurements of the Earth's changawtg rotation, and
shape can therefore be used to study these and other dyh&aittaprocesses. In
general, the science requirements translate into the lossiljje accuracy for the
observations, which will then foster the best scienti ¢ adee in these studies.

7.2.5 Lunar and planetary science

Estimates of the shape, gravity, and rotation of the plaanedsother celestial bodies
is obtained by accurately tracking spacecraft that areliit about or have landed
on those bodies. Spacecraft tracking measurements are byage radio range and
Doppler measurements taken between the spacecraft anaittietiased tracking
stations. Errors in the positions of the tracking statiamsuding errors in Earth ori-
entation, translate directly into errors in the angularifpms of the spacecraft and
hence in the derived estimates of the shape, gravity, aationtof the body. In ad-
dition, laser ranging has been used to track retrore eatarthe lunar surface. The
accuracy of the laser ranges is currently improving fromtiosgter to millimeter
levels. Making full use of this improving accuracy requikeemwledge at the same
millimeter level of the position of the laser tracking steits on Earth and of the
Earth orientation parameters.

The interior structure of the planets and other celestigidmcan be inferred
from the estimates of their shape, gravity, and rotation liaze been determined
from spacecraft tracking measurements. For example, zkeasid mass of the Mar-
tian core was rst derived from estimates of Martian grawtyd precession obtained
from spacecraft tracking measurements. Estimates ofdaédeformation of Mars
derived from determinations of Martian gravity suggest ttgacore is liquid rather
than solid. The thickness of the Martian crust can be esithey comparing the
topography of Mars to its gravity eld. The presence of an emgpound ocean of
liquid water on Jupiter's moon Europa could be detected dsl Gjravity, deforma-
tion, and libration estimates obtained from tracking measients of a spacecraft
orbiting Europa. All such inferences of the interior sturetof the planets and other
celestial bodies rely on the fundamental spacecraft trackieasurements, the ac-
curacy of which is limited by the errors in the position angkotation of the Earth-
based tracking stations.

Tracking and navigating interplanetary spacecraft reguaccurate terrestrial
and celestial reference frames, station positions, anthEaientation parameters.
While spacecraft move in the celestial frame, trackingatatare located in the ter-
restrial frame. Errors in the positions of the trackingistad and errors in the Earth
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orientation parameters used to transform the coordindtéiseotracking stations
from the terrestrial to the celestial frame translate diydoto errors in the angular
position of the spacecraft. For example, an error of 10 cmartlEUT1 translates
to a position error on Mars of about 2.6 km assuming an EardinsMlistance of
150 10° km. Reducing errors in Earth orientation and tracking stafiosition en-
ables more accurate tracking and navigation of interptagetpacecraft and hence
more precise targeting of the spacecraft for pinpoint lagdin bodies like Mars.

Table 7.1. URSs 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 mml/yr n/a
Monitoring 3-dcoor < 10 mm days L decades
velocity < 10 mml/yr weeks L decades
Control of processes horizontal 10to 100 mm seconds to  decades
minutes
Construction 3-d < 10 mm seconds tb months
minutes to years
Early warning 3-d 10 mm seconds @ days
minutes
Hazards and risk assessments ~ 3-d < 10 mm days tdG decades
months
Numerical weather prediction IPWV 1-5 kgfm 5-30 min-G decades
utes
Climate variations IPWV 1 kg/f 1-2 G decades
months
Scientific studies 3-d coor. < 10 mm n/a G decades
velocity < 1 mmlyr n/a G decades
Earth observations 3-d coor. < 10 mm days G decades
velocity < 1 mmlyr n/a G decades

National space agencies recognize the importance of dederaestrial and ce-
lestial reference frames, station positions, and Eartimtaition parameters and levy
requirements on the accuracy of these and related radicnobservables (see Ta-
ble 6.1 on page 205). However, the requirements levied aiedly just the accu-
racy with which the observable can be measured. If the obbéxcould be mea-
sured more accurately, then the requirement would be cloatoges ect the more
accurate measurement. This means that, in effect, trackingnavigating inter-
planetary spacecrafts requires as accurate a deternmretican be made of the
terrestrial and celestial reference frames, station jposit and Earth orientation pa-
rameters. This makes tracking and navigating interplapeisacecrafts one of the
most demanding users of these GGOS products.

In summary, it can be stated that planetary geodesy, radinag, interferometry
(including imaging VLBI, astrometric VLBI, and Earth-sga®/LBI), and inter-



214 Gross et al.

planetary navigation in order to carry out and interpretrtheeasurements all re-
quire accurate terrestrial and celestial reference framnelsthat these frames are
linked to each other through accurate Earth rotation olasiens. The performance
of the GGOS is not a limiting factor in all of these applicato However, to meet
demanding future requirements, especially those impogéttér-planetary naviga-
tion, GGOS will have to be enhanced to meet the requiremeéaigiied in Table 6.1
(on page 205). In particular, GGOS needs to allow the read-tietermination of
Earth orientation accurate to 2 cm, which will most likely require near-real-time
VLBI measurements of UT1. GGOS also should enable caldmatof troposphere
delay and ionosphere accurate t®: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. <10cm
UR2 hourstodays  up todiurnal < 5mm
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 shovaaatanection to the
speci c application from which they originate. Table 7. lnsmarizes the current and
likely future requirements for access to positions in agtnial reference frame for
main applications in terms of accuracy, spatial and tempeslution, reference
frame, and reproducability. The accuracy requirement&aeémn both the time
scales and the latency with low-latency applications inegahconsidering shorter
time scales. Table 7.2 summarizes the most demanding aya@guirements as a
function of latency and time scales.

For users requiring real-time positioning, the most extregcuracy require-
ments are expected to be considerably less than 10 cm and totvem (e.g.,
sensor positioning, hydrographic measurements, autahsai@wv-plowing), and in
some cases even less than 1 cm (e.g., control of large minthganstruction equip-
ment). Some real-time applications will require high intgg(e.g., process control)
and high update rates. For near-real time positioning alner atear-real time appli-
cations with latencies of hours to days, accuracy requirgésngill be close to 1 cm
in most of these applications (monitoring of infrastruetuneteorological applica-
tions) while other applications will require less accuréey., of the order of 5 cm)
but higher integrity (e.g., land surveying). Many applicat can accept consider-
able latency but will require accuracy at the 1 cm level otdydor daily coordinates
and a few millimeters or better on intraannual time scalesldhg-term monitoring
tasks, 1 mm/yr or better in stability seems to be a criticalratary both for scien-
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ti c and nonscienti c tasks. This number also applies toleotion of geo-databases,
which are to be maintained over time scales of several dscade

Presently, GGOS contributes signi cantly to meeting thguieements UR3 and
UR4 (Table 7.2), although the stability requirementof mm/yr may not be meet.
Based on GGOS products alone, the requirement UR1 canno¢béua to proper-
ties of the GPS-alone system combined with the large latemegquired IGS prod-
ucts. For this UR, local and regional augmentations aresatisr required. Some but
not all needs of the UR2 are met by GPS&IGS but the large lgtehthe precise
IGS products and the insuf cient accuracy of the rapid IG8durcts leave a con-
siderable share of this UR in need of local or regional augat&m systems. While
UR1 and partly UR2 in Table 7.2 can be met by local to wide-aegmentation
systems, UR3 and UR4 depend crucially on the quality of ITR# the available
products. Moreover, achieving UR1 and UR2 through a systesedb on Signal
in Space (SiS) only (that is the signal received from the GIN¥&@llites), would
considerably increase the areas of applications and pgasighi cant economic
advantages.

Table 7.3 gives a more detailed overview of the quantitatgeirements for typ-
ical science applications. For most of these applicatiegsiring knowledge of the
kinematic of the Earth's surface, the accuracy requireriretgrms of motion is of
the order of 1 mm/yr or less. Similarly, using precise poiosifoning for the de-
termination of coordinates in a national reference frarts®, @quires knowledge of
the velocity eld with an accuracy of 1 mm/yr in all three coorpents. Monitoring
of infrastructure and hazardous areas have the same regit®n the accuracy of
the velocity eld.

The accuracy requirements for the geoid for the full uttia of satellite al-
timetry are of the order of 1 cm for wavelengths down to a femstef kilometers,
translating into an accuracy of 19 or better (Table 7.4).In order to monitor the
mass movements in the Earth system and particular the gh@ttaf cycle, accuracy
requirements are on the order ©f10 mm of equivalent water column for spatial
wavelengths ok 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 monthewen better, 10
days.

For practical applications, the requirements for Earthtioh are dominated by
the effect on positioning and the operation of satellitetesys. For precise point
positioning, errors in Earth rotation map directly into pia® errors. For example,
an error of 1 mas (milliarcseconds) in polar motion corresjsoto errors in hor-
izontal displacements of the Earth's surface of about 30 mhile an error of 1
ms (millisecond) in time corresponds at the equator to aor @frabout 460 mm in
displacement. These numbers illustrate the high consigteetween the terrestrial
reference frame and Earth rotation, which is required tkslithe satellite frame
to the terrestrial frame. For a low-latency access to pege@nt positions with an
accuracy of 10 mm, the corresponding instantaneous agciaa€arth rotation (be-
ing a factor of ten better than the position requirement)ldibe 0.03 mas and 0.002
ms in polar motion and rotation, respectively. Rothachet.§2001) report discrep-
ancies between Earth rotation parameters determined wgithtémporal resolution
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Table 7.3. User requirements for scienti ¢ 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 nGal is equal to 10 8 ms 2. From Plag (2006a)

Application Parameter Accuracy S.R. TR. Fr. R.
Mantle convec- 3-D velocities < 1mmlyr nla n/a G several
tion and plate static geoid <10 ° n/a n/a G decades
tectonics secular strainrate s ! 103 km n/a G and longer
Postglacial 3-D velocities <1mm/yr 16 km n/a G several
rebound geoid <10 ° n/a n/a G decades
strain rates 10%s 1 10 km n/a G and longer
Earth rotation 0.1 mas/yr nla n/a G
local sea level < 1mm/yr 0.2to n/a G
1 10° km
Climate change, 3-D displacements 1 mm 2 kfn months G decades
including present  3-D velocities <lmmiyr < 10fkm nl/a G decades
changes in ice local gravity <0:3nGal < 10®km n/a L decades
sheets and sea geoid < 10 mm 200 km n/a G decades
level Earth rotation 0.1 masl/yr
local sea level < 1mmflyr 16 km months n/a decades
Ocean circulation — gravity field <10° 10° km months G decades
Hydrological gravity field <10° 107 km months G decades
cycle 3-D displacements < 1 mm 1¢ km months G decades
Seasonal gravity field <10° 10° km months G decades
variations local gravity < 1nGal n/a months L decades
3-D displacements < 1 mm 1¢ km months G decades
Earth rotation 1 mas
Atmospheric Earth rotation 1 mas days decades
circulation
Earth tides gravity 0.0nGal 1G km hours G vyears
3-D displacements 1 mm $&m hours G years
strain rates 10%s 1  1t01Fkm<1lday G vyears
Surface loading 3-D displacements < 1 mm <10Pkm <1day G years
local gravity 0.1nGal << 1®km<1lday G years
Seismotectonics 3-D displacements 1 mm < 10 km days G hours to
years
strain rates 10°s ! < 10km yearsto L decades
secular
Volcanoes 3-D displacements 1 mm 1tdkn < 1day L years
gravity 1ngal 1 to 16 km days L years
Earthquakes, 3-D displacements 1 mmto 1< 10° km sec to days L weeks to
tsunamis to decades
strain 108 10km offsets L na.
strain rates 105 s 10km < 1yr L years
local gravity 0.3nGal << 107 km sectodays L weeks to
decades

from GPS and those determined from VLBI and SLR to be ordensagfnitude bet-
ter than these requirements. However, at sub-daily terhpesalutions, 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 ¢ and nonscienti ¢ applications are given. 1 mGal i s equal to 10 5ms 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- 0.5 -1.0 100-200 km
sphere

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- 1-3 100-1000 km

lites)

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 rotatioseykations and predic-
tions is most likely not meeting these requirements. den/@bal. (2005) point out
that for the determination of gravity eld changes with nisss like GRACE, di-
urnal and sub-diurnal effects of the atmosphere on Eardiioot are of importance
for the orbit determination. Their model study show that@dpheric angular mo-
mentum variations at diurnal time scale can produce poldiomaear 0.2 mas. On
time scales of several days, atmospheric effects can resehad milliarcseconds
(Lambert et al., 2006), corresponding to 10 cm or more inldisgment.

Other requirements on Earth rotation result mainly fronestiic applications,
and for these applications, an increasing accuracy of teerghtions normally leads
to new applications. Examples are questions related to ffeetef earthquakes
(e.g., Chao & Gross, 2005), volcanic eruptions, and seasoass motion on the
Earth's surface (e.g., Chen & Wilson, 2003; Gross et al.42@h Earth rotation,
where the current accuracy of the observations as well asoft@stication of mod-
els (see Salstein et al., 2001) are limiting the scienti aderstanding of the pro-
cesses on a rotating Earth. Likewise, the current accusaaythe margin of what
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is required to achieve improvements in understanding andefivgy of Earth rota-
tion changes induced by interactions of the solid Earth &thuid envelope (e.g.,
Plag et al., 2005). For studies of the interaction betweed aore and solid mantle,
the length of the space-geodetic Earth rotation record high accuracy appears
to be the main limitation. Secular rates are compromisedheydwer accuracy and
potential instabilities of the older parts of the record,ethlimits its application
to studies of, for example, postglacial rebound effects arttErotation (see, e.g.,
Mitrovica & Milne, 1998).

As illustrated in Section 2.9, geodetic observations iasirggly are used in
non-geodetic applications such as numerical weather gtieds, climate studies,
and space weather monitoring. Table 7.5 summarizes théreegents in terms of
geodetic infrastructure and parameters for numerical eggprediction and cli-
mate applications. For numerical weather prediction,thelatency combined with
high accuracy in station coordinates constitute demaniggirements. For climate
studies, the requirement for long-term stability appeamsdiceed the present capa-
bilities.

Table 7.5. Requirements for meteorological applications of GPS. Accuracy require-
ments are for IPWV in kg/m? 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 0.25-1h 5min-1h
Absolute accuracy  1-5 kg/An 1-5 kg/n?
Timeliness 0.25-0.5h 5-30min
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 1-12h  0.5-12h 0.5-2.0h 0.25-1.0h
Integration time MIN(O.5 h, rep. cycle) MIN(0.25 h, rep. &g)c
Absolute accuracy  1-5 kgfn 1-5 kg/n? 3-10 mm 3-10 mm
Timeliness 1-4h 0.5-2h 1-2h 0.5-1.5h
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 1h 1h
Absolute accuracy 0.25-2.5 kgfm 1 kg/n?

Long-term stability 0.02-0.06 kg/fidecade 0.04-0.06 kghfdecade
Timeliness 3-12h 1-2 months
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7.4 Tasks of GGOS

The tasks of GGOS are to encourage, facilitate and promet®towing 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, includingdgdic datum;

de ne a unique geodetic reference system;

de ne a unique gravity reference system;

de ne all the physical and mathematical models needed ttyaea&GOS obser-
vations;

provide and maintain an accurate, stable, and homogenetestial reference
frame;

provide and maintain an accurate, stable, and homogenewasttial reference
frame including its origin;

provide and maintain the time-dependent Earth orientgiemameters that are
used to transform coordinates between the terrestrial ahektial reference
frames;

provide and maintain de nitions, constants, models, etth@geodetic reference
systems;

provide and maintain parameters describing the staticiaretdependent com-
ponents of the Earth's gravity eld,;

provide and maintain parameters describing the staticiarmetdependent com-
ponents of the shape of the land, ice, and ocean surfaces;

provide and maintain parameters describing the totalmleciontent of the iono-
sphere;

provide and maintain parameters describing the water vegutent of the tro-
posphere;

provide and maintain parameters describing the transgamass within and
between the atmosphere, oceans, and land.

7.5 Products available through GGOS

As a result of the above tasks, the principal products thetlatermined and pro-
vided by the IAG Services and made available through GGOlgdiec

a catalog of celestial radio sources including their caatls that provides the
celestial reference frame;

a catalog of terrestrial sites de ning the reference potifoa associated with the
terrestrial reference frame, including their referencerdmates at a common
epoch and time series describing the temporal evolutiohetbordinates;

time series of coordinates of additional terrestrial sitepoints that are needed
to densify the terrestrial reference frame in order to pe\access to the frame
anywhere on the Earth's surface;
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a model predicting the motion of the Earth's surface causetbading effects
of atmospheric surface pressure, ocean-bottom pressute;amtinental water
storage including snow and ice;

precise orbits and clocks for GNSS satellites that alloveasdo the terrestrial
reference frame;

time series of Earth rotation parameters (UT1, polar motiotation/precession)
including their time rates-of-change that provides th& etween the celestial
and terrestrial reference frames;

values of the de ning constants and derived physical andrgencal parameters
of the geodetic reference system;

values of parameters describing the static component ddinéa's gravity eld;
time series of parameters describing the time-dependemtonent of the Earth's
gravity eld;

time-dependent maps of the total electron content of thesphere;

time series of zenith path delays that provides the wateowvapntent of the
troposphere;

time series of angular momenta of the atmosphere, oceantinental water
storage including ice and snow, mantle, and core that peogilimates of the
mass transport within the Earth system;

time series of sea surface height and sea level measurethah{zrovide esti-
mates of the changing shape of the ocean surface;

time series of ice sheet and glacier elevations that prestimates of the chang-
ing shape of the ice surface;

similar time-dependent, body- xed site coordinates, otéion parameters, and
gravity parameters for other planets and celestial bodiéisa solar system such
as the Moon and Mars.

7.6 Accuracy of GGOS products

The GGOS products listed in the previous section, which ewdyxred by the IAG
Services, must have suf cient accuracy, temporal and apasolution, and latency
to meet the requirements of all users. This can be done ifdggeirements of the
most demanding users are met. The most demanding user eftasttial reference
frame is likely to be scienti ¢ studies of sea level changesed by climate change.
Since global sea level is rising at a rate of a few millimemsyear, and since the
frame in which the rise is being measured should be at leastder of magnitude
more accurate than this, the terrestrial reference frameldibe accurate at a level
of 1 mm and be stable at a level of 0.1 mm/yr (Blewitt et al., 280

The most demanding users of the geoid models are likely t@lh¢he use of the
geoid in oceanic general circulation models to de ne the mssa surface topogra-
phy, and (2) the GNSS determination of the height of objediseamillimeter level.
These applications require the static geoid to be accutatéezel of 1 mm and to
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be stable at a level of 0.1 mm/yr, consistent with the acguaad stability of the
terrestrial reference frame.

The most demanding user of the Earth orientation paramistékely to be the
tracking and navigation of interplanetary spacecraftsTiger is capability-driven
and requires the most accurate EOPs that can be determ@adidjirg that those
determined in near real-time are somewhat less accuratethae determined with
a delay of a couple of weeks. This user also requires that@estbe consistent with
the celestial and terrestrial reference frames. So if thresg&ial reference frame is
accurate at a level of 1 mm, consistency demands that the BIS®$be accurate at
the same level of 1 mm.

Speci cally, the accuracies of the GGOS products requinethke most demand-
ing users are:

celestial reference frame: accurate tor#s, stable to 3ras/yr;

terrestrial reference frame: accurate to 1 mm, stable ta@nlyr, including geo-
center; scale accurate to 0.1 ppb, stable to 0.01 ppb/yr;

Earth orientation parameters: accurate to 1 mm with a lgteh2 weeks, 3 mm
in near real-time, with daily resolution;

static geoid: accurate to 1 mm, stable to 0.1 mm/yr, with adigjp@solution of
10 km;

time varying geoid: accurate to 1 mm, stable to 0.1 mm/yhaispatial 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 spgons of the geode-
tic observing system in 2020. The goal here is to have a cleturp of what GGOS
should be able to deliver in 2020, based on the known or eggderger requirements
as summarized above. For the functional speci cationsptbst demanding of these
user requirements have been considered as described iretheus sections.

7.7.1 Determination, maintenance, and access to the global
terrestrial reference frame

The following functional speci cations de ne the inhereatcuracy of the ITRF at
the time of determination, as well as later epochs. Culyergference coordinates
can only be predicted for the reference points of the ITR&,tha underlying model
for the prediction of the reference frame coordinates is@éi model. In the future,
a requirement on the terrestrial reference frame is thatreete positions can be
predicted for any point on the Earth surface. Thereforeptims for access to the
reference frame is a dynamic Earth reference model, whgiméates observations
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of variations in Earth's geometry, gravity eld, and rotati. Through data assimi-
lation, the model will be forced to closely reproduce theasled changes in the
reference polyhedron (the present-day ITRF) as well asrebdevariations 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 —Fhe 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 Fhe 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 secad trend between RFO
and CM to 0.1 mm/yr over 10 years and even less if we look atdotige intervals.
With this speci cation, GGOS meets the most important reguient for global sea
level studies.

ITRF-003-PRE: Precision of reference coordinates Fhe 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 aerehce polyhedron based
on positions and secular velocities, it does not make senspedcify the accuracy
of velocities or a secular stability. However, ITRF-0038Rplicitly determines
also the accuracy of any secular motion.

ITRF-004-SCA: Scale of the reference frame Fhe 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 accuratecgge point posi-
tioning facilitating many of the applications discussedha previous chapters. For
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point motion observed with stationary, continuously olbsey GNSS sites, the ob-
served trajectory can be compared to the trajectory predifctr that point with the
dynamic Earth reference model in order to determine anamsaiootion as speci-
ed in ITRF-001-DER. At the same time, this speci cation itigtly 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 Fhe 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 -Fhe 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 Fhe 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 Fke 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 Fhe 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 Fre 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 caést
reference frame

ICRF-001-DET: Determination of the Celestial Reference FrameTke 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 toadgmerate products
of suf cient accuracy to meet the requirements of the usassexpressed in the
functional speci cation given in the previous section. Thigh level activities that

GGOS together with the IAG Services must ensure are to:

operate global networks of geodetic reference statiorayimeters, and tide
gauges;

operate a global sub-network of core reference stationdatvihe techniques
are co-located;

determine the survey ties between the co-located techsiique

process all observations with an accuracy and consistdratyl@ast 1 ppb;
operate a dynamic Earth reference model assimilating cehngmsive observa-
tions of variations in Earth's geometry, gravity eld andation;

document the procedures, standards, and conventionsagedérate the prod-
ucts;

maintain databases of observations and products;

ensure continuity, accuracy, and consistency of obsemvatnd 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 caseparated into at least
two categories, namely (1) theoretical, conventional, daaitional aspects, and
(2) practical implementation aspects and physical compiznén this Chapter, we
focus on category (1).

The present theoretical basis for the current ITRF is faityple at the moment
(see, for example, McCarthy & Petit, 2004), which is appiateras long as most of
the infrastructure for the determination of the ITRF is grdtbased. As more com-
ponents of its realization and maintenance move away frenk#rth's surface into
near-Earth space (and maybe beyond) and as accuracy ‘&gwpnts” become more
strict it is likely that closer attention will be paid to rélastic aspects. While the
IAU has elaborated its recommended metric, some work wépeet to ITRF deter-
mination and maintenance currently still uses Newtoniducdons with some gen-
eral relativity “corrections” applied. This may no longer &n adequate approachin
2020. But also the Newtonian part of the theory is not fullyhat targeted accuracy
level. In particular, the theory of Earth rotation is espégiweak with respect to
increased accuracies. Moreover, motions of the RFO wifheetdo the CM are not
explicitly accounted for, and higher degrees of surfacemheétion are neglected.
Any coupling of the angular and linear momentum balance iaonsidered.

As pointed out in Section 2.7, it is conceivable that by 2028 international
timescale will be maintained using ultra-stable frequesteyndards in orbit. Earth-
based clocks, which are subject to large environmentak&ipmight only be used
as local standards slaved to the orbital clock system. Hewé\is mentioned here
that synchronization poses a severe problem which is ne¢édao far.

Below, we do not consider relativistic effects. Howevee ttoncept and theory
described below strives to provide a fully self-consisteygtem, which can then
be the basis for a conventional system and frame. Currehtityjs not the case in
a strict sense and most likely also not at a perceptible |&uere seems to be a
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degree of arbitrariness in assignhing some components turésato one feature or
another (like the partition between nutation and polar omti In general, if the
decision is truly arbitrary, then the critical issue is todbkear and unambiguous in
the de nitions and conventions.

The current concept of the terrestrial reference frameaisdha polyhedron with
secular motion of the individual points. This assumptiom isevere limitation as
it imposes a global lter of all geophysical signals and hargpthe comparison
of models and observations. The central question addrds=edis how the non-
secular deformation should be included in the mathematicalels that de ne the
future reference system. In principle, there are two adtévas to achieve this:

(A) Maintain the secular frame similar to the current ITRFlassociate to it
with a deformation model that allows the computation of secular motion at
any location; or

(B) consider forming a complete model that describes batts#étular and non-
secular parts.

Here, we consider alternative (B). This alternative posessiclerable challenges in
its implementation.

8.2 Concept of reference system and reference frame

A geodetic reference system is a set of de nitions and ma#ima models that al-
low geodetic measurements to be related to each other irtensgtic fashion. Two
basic classes of geometric systems are required in modedegg: one related to a
non-rotating inertial reference frame; and the other attddn a prescribed fashion
to the rotating Earth(see Section 2.2). In addition, a sxfee system for poten-
tial based measurements is also required. Often this leystem is related to the
geometric reference frame through the height of an equipielesurface above or
below a geometric reference surface de ned through the gédorreference sys-
tem. For geometric measurements, such as ranges and ahglesference system
is most commonly based on a set of Cartesian axes. Part oétbeence system
de nition speci es how the origin and the direction of theexxin this reference
system are speci ed, but equally important are the mathiealahodels that relate
measurements to coordinates in the realization of referBame. On a deformable
Earth all reference system de nitions are complicated teyrtbed to account for the
deformation.
The evolution of reference system de nitions has progrésgigh the accuracy
of geodetic methods with re nements in the system de niaften leading to im-
proved accuracy of geodetic methods. Conceptually, agrbersystem may be de-
ned with its origin (denoted here as RFO) at the CM, #isaxis along a mean
direction of the rotation axis during a speci ed intervaltwhe and itsX-axis pass-
ing through a speci c location. Such de nition would appéarbe useful when
positional measurements (to de ne axes directions) andtgtaonal measurements
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are available to de ne the CM and to contribute to the axesations through the
inferred moments of inertia. However, in an era of millinrdeyel position deter-
minations and gravity measurements accurate to 1 ppb of #ie mld, this type
of de nition poses problems primarily because at theseltemeass motions in the
system are easily detected. In modern de nitions of theresfee system and its
realization, which is the reference frame, non-seculaiaonstof the surface of the
Earth and mass re-distributions must be explicitly accedrior. The advances in
computing power also allow the parameters of referencedranbe simultaneously
estimated from potentially a wide variety of data types. abdity to simultane-
ously and rigorously realize an Earth reference frame isobiee major bene ts of
GGOS.

In this context, we introduce two CartesiXrY Z coordinate systems. Precisely
how one of these systems is attached to the Earth and howhbewill de ne a
non-rotating inertial reference frame will be de ned lateor the Earth attached
system, we can give the time-dependent coordinates of enasg element in the
Earth. A geodetic measurement site is simply one of the nlesseats at the surface
of the Earth. The mass elements undergo a variety of motiddal displacements
due to both solid Earth tides and ocean loading, loadingassginom atmospheric
and hydrology mass movements, tectonic motions, and otfvedla motions from
internal mass movements. Certain sites will also under ggavse displacements
in the forms of coseismic and postseismic displacementse affected by anthro-
pogenic subsidence.

In the terrestrial system, the external potential will beegi by

4

V(xp;yp;zp;t) =G Md\/.q.

(8.1)
SolidEarth dsp

G rc(x;y,z;t)var
FluidCore dcp
G re(Xy,zt) Y

FluidEarth  dfp

whereV is the gravitational potential at positiog, Yp, zp, I's, rc andr ¢ are the
density of the solid earth, uid core, and uid earth (oceamlaatmosphere)sy,
dcp, anddsp are the distances from the integration pointsxgoyp, z,, andG is
the gravitational constant. The reference system will mieitee how the densities
change with time. In each of the regions of the Earth, the enatf the mass points
is different. In the solid Earth, except at times of eartheasamuch of the motion is
secular (although at seasonal and interannual time seadgs,cant motion takes
place). In the mantle, typically motion rates are similapkate tectonic rates of 10
cml/yr. In the uid core, the motions are much more uncertaihdould be as high
as km/yr and vary on decadal time scales (as evidenced bygebkamthe magnetic
eld and decadal changes in length of day). The motions inditeEarth are much
more rapid and have large spatial and temporal variatiorreen\the potential is
sensed from space, the uid Earth component can be treatedsasface density
layer.
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A consequence of the moving uids in this system is that thediog displaces
masses and consequentially the solid Earth mass motiomssheontribution from
the loading phenomena. If the changes in the mass loadingnanen, then this
effect in the solid Earth integration can be accounted fdrthe temporal variations
in density can be treated as secular motions.

In de ning a reference system that fully exploits the acoyraf today's mea-
surements care must be taken. The motions of the system eméedaiccounted for
in a consistent fashion so that results in the referencedream be related at dif-
ferent times. The geodetic signals that reveal new thingsitaiive Earth are those
that show signi cant deviations from the motions predictedhe reference sys-
tem. The system de nition must treat consistently the defations in the system
and here in lies the current limitations in current refeeergstem de nition and
realization. Ideally, all sources of mass motion and de&irom would be known
but this currently is not the case. Some components of matiemere reasonably
known such as the solid Earth tides while others such as lygioal loading are
not well known. In a coherently constructed reference spdte GGOS, addressing
the inconsistencies in the current models should be pessibl

The largest gains in non-secular deformation modeling i&edyl to be in the
area of modeling hydrological variations but there couldsbme potential prob-
lems. Missions that measure time variable gravity such a8@Ryield estimates
of mass movements, which are treated as thin-shell surfewsitgt layers on the
surface of the Earth. With current gravity missions, tenapand spatial resolution
of hydrological mass estimates is limited, but increasediapand temporal resolu-
tion is expected for future missions. These mass estimatéd be used to compute
elastic deformations of the Earth surface provided thatntlags loads the surface
and is not supported by dynamical effects in the atmospl¢neospheric dynam-
ics typically considers two de nitions for surface pressunamely (1) the dynamic
surface pressure (denotedRakthat is the physical quantity measured by a barome-
ter, and (2) the hydrostatic surface pressure (denotgd)tihat would be measured
by an instrument only sensitive to the downward force induszely by the weight
of the column of air without its acceleration (if any). Thestrquantity is in fact
the one collected bin situ barometers, and assimilated into atmospheric weather
models, while the second quantity is the one predicted bgaileveather models,
which assume that vertical acceleration is zero at theitiapand temporal scales
(hydrostatic assumption). A general assumption is thavéngcal atmospheric ac-
celeration is negligible if averaged over synoptic or larggales (i.e., a few hours
and a few tens of km in the horizontal). However, at smallealtn scales (for
example< 1 hour,< 1 km), (1) there may be some sources and sinks to the atmo-
spheric mass load (sources: volcanoes, evaporation; grksrain, pouring down
at a rate that can make the local air column with an approxdmetss of 104 kg per
square meter lose up to 30 kg of water over the same area inuoheery strong
rainfall events), and (2) there may be some local acceteragpward or downward
(strong updrafts or downdrafts associated with moist gses, and sustained down-
hill (so-called “katabatic”) winds (e.g. over AntarcticacaGreenland) which would
induce vertical accelerations at the beginning and endeo$kbpes on which these
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winds run. But these two effects are usually consideredad & become signif-
icant only at the small scales indicated above. Thus, fooagheric contribution
to the mass and loading, the surface pressure output ofnt|ngdrostatic) global
weather models appears to be suf cient.

As pointed out by Blewitt (2003), the appropriate Love nunsbeeed to be used
when the loading signals are computed to ensure the oridgiheofeference frame
for the load is known. The most common choices here are Cehtégure of the
solid Earth (CF), the Center of Mass of the Solid Earth (CE)the CM of the
whole Earth system (Blewitt, 2003). If CF is used, the grawetd associated with
the loading will have degree-1 terms. If CM or CE are used) the transformation
to CF position estimates will need translations added.

In a dynamic reference system realization, the expectetnmoof all geodetic
sites are computed. For those sites that form the refereacesf these time depen-
dent motions should be well known. Such sites might be thesg/ drom coastal
area and that have small or well computed hydrological $&giide well monitored
frame realization sites, the rotation and translation #igh the coordinates to the
reference frame values would be used to realize the refergystem. Unlike cur-
rent reference frames, such as ITRF2005, these new retefearoes need to be
continuously maintained with non-secular motions beingsneed and computed.
For the reference frame to be useful to all users, the noulaemotions need to
be computed at all geographic locations (gridded at theagate resolution), or a
service is needed that evaluates the deformation at givatiém and time speci ed
by users. The scienti cally interesting product from a refece system realization
is displacement, which is the difference between measuweddmates and those
determined from the reference system.

8.3 Future reference frame formulations

Current global reference frames basically consist of a pbimt coordinates at a
reference epoctiy and constant velocity vectors for each point. This set ofrcoo
dinates describes the secular evolution of a polyhedron tiwe, and the points
implicitly determine the axes, the RFO, and the scale of t#edying reference
system. In addition to the secular polyhedron, the frame ialdudes a set of mod-
els that describe deviations of the actual motion of thelEsutface from the secular
polyhedron.

The mathematical model for the description of point pogifio of the secular
polyhedron as function of timeis that of regularized coordinates

xOty= xP+ v @t to) (8.2)

(McCarthy & Petit, 2004). In order to be able to assign pretiaeference coor-
dinates to any point on the Earth surface, knowledge of tbbajlvelocity eld
Vo = f(X) would be required. This is currently not available. Therefgrecise
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satellite orbits and clocks are used to make a referencéqusielative to the ver-
tices of the polyhedron available at any point and anytime.

The simple mathematical model of regularized coordinagestivo major prob-
lem, one being the fact that the motion of the mass elememtstiinear in gen-
eral. The second problem is that the velocity vectors haragrwhich over time
can deform the polyhedron considerably. Therefore, fratjagjustments of the co-
ordinates and velocities of the vertices of the referendghgalron are necessary,
leading to signi cant temporal inhomogeneities (if compleecomputations of past
reference frame-related quantities are not performedjeder, if initial analysis of
the geodetic data is preformed with minimal constraintdiedfo the system, ref-
erence frames can be updated from covariance matrix antiswwr from normal
equations very rapidly.

Having more elaborated models for the prediction of thelEadurface motion
available, the secular model can be replaced by

X(t) = Xo+ dX(t) (8.3)

wheredX(t) is predicted by a reference Earth model. In principle, teference
Earth model predicts the global displacement eld(t) for any point on the Earth
surface and for any time This also implies that the station motion model used
in space-geodetic analyses to describe the point motioaragién of time could
fully be based on the predictions of the reference Earth in@daventionally, only
those parts of the point motion changing signi cantly oves tanalysis interval are
accounted for.

Over the next few years, the displacement eld in practickklvd a composite of
different contributions, that is,

K
dX(t)= Vo (t to)+ & ok(t;X); (8.4)
k=1

wheregy; k= 1;K are the displacement elds determined from geophysicalets®d
of Earth tides, surface loading, earthquake processesptued surface displace-
ments.

Considering the current and expected accuracy, the referéarth model will
have to be based to some degree on assimilation of obsersafMternatively, a
completely empirical approach would be based on the obdgrelyhedron, which
would preserve the internal consistency of the observagiohnique and represent
the time-dependent coordinates of the polyhedron points as

XO(t) = 0O (t); (8.5)

whereO are observed time series. This references frame would geealito the
secular model described by (8.2) on average with no intetefdrmation of the
observed polyhedron. This approach would required mearthdanterpolation of
oM. For that, again the orbits and clocks of the GNSS could bizedi. However,
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this approach would bene t strongly from improve stationtion model (i.e., pre-
dictions of theO®) for the analysis.

8.4 Origin and orientation of the TRS

The origin of the future reference frame will remain to be ed as the CM, which
is the only point in the Earth system that physically is spe&oncerning the ori-
entation of the axes, one could consider to have these ageedlto the principal
moments of inertia. As a consequence, polar drift would e mesuch a system
provided the linear motions of the reference sites inclidedffects of motion of
the moments of inertia with respect to the crust of the Earth.

8.5 Scientific challenge of the future reference frame: theeed
for an Earth system model

As stated above, motion of points at the Earth's surfaceltsefom internal and
external forcings, which do not only affect the shape of thelbut also the grav-
ity eld and the rotation of the Earth. The internal forcirgmainly associated with
geodynamic and tectonic processes, and integrated mduaels/ould predict sur-
face motion at a wide range of spatial and temporal scalesairget available.
Locally and regionally, pre-, co- and postseismic deforomst can be modeled to a
certain extent (e.g., Okada, 1992; Pollitz, 1996, 1997 ¢eirer et al., 2006b; Sun
etal., 2006) with the accuracy of the predictions dependmthe local and regional
processes and tectonic setting. Models for the effect dhgaakes on the gravity
eld and Earth rotation have also been developed (e.g., Gh&voss, 1987; Sun
& Okubo, 1998; Chao & Gross, 2005). However, secular platéananodels that
agree well with the observed present-day secular plateomatie generally em-
pirical models (e.g., DeMets et al., 1994; Bird, 2003; Kreerat al., 2003; Sella
et al., 2002), and some of these models use the secular nagtenmined from
space-geodetic observations as constraints.

The external forcing can be separate into body and surfacentpwith the for-
mer acting as a volume force on the whole solid Earth and ttterlacting as a
surface force on the surface of the solid Earth. While thea$f of the body forces
on the solid Earth, that is, the tidal forcing due to the tigadential, on the shape,
rotation and gravity eld of the Earth is well understood anddel predictions are
at an accuracy level comparable to the accuracy of obsensfe.g., McCarthy
& Petit, 2004), this does not seem to be the case for the suftaces resulting
from surface mass loads. Mass motion in the uid envelopéefdolid Earth and
the interior of the solid Earth. Rearrangements of massimttie uid of the solid
Earth, including the atmosphere, oceans, and terrestrilbsphere, cause changes
of the Earth's gravitational eld, force Earth's rotatiohanges by changing the solid
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Earth's inertia tensor and angular momentum, and induceggsin Earth's shape
by changing the load acting on the deformable solid Eartl.rmhin uncertainties in
modeling these effect appears to be in the surface mass(eadsVan Dam et al.,
2003).

Because of the main uncertainties being in the surface myassletic observa-
tions have increasingly been used to invert for mass chatoeever, despite the
coupling of the effects in shape, rotation, and gravity ,eftthanges in the Earth's
shape have been used independently to infer global scale matsons (e.g., Ble-
witt et al., 2001; Blewitt & Clarke, 2003; Wu et al., 2002, Z)®006) without
utilizing the concept of consistency across all geodetiseotations. Others have
used changes in the Earth gravity eld to infer ice load chen(g.g., Velicogna &
Wahr, 2006) and changes in the global and regional hydrolegy, Tapley et al.,
2004a) without rigorously testing the consistency of thierired mass transports
with changes in Earth rotation and shape. Only recently,rifortance of con-
sistency has been emphasized (e.g., Clarke et al., 20068%, Bross et al. (2004)
inverted Earth's rotation and shape changes for mass léaass (2006) inferred
mass loads from observations of changes in the gravitdtieladeand rotation; and
Kusche & Schrama (2005) combined changes in Earth shaperavithgional eld.

All of these attempts are hampered by the fact that the neéersame is biased
because of the assumption of linear secular motion of tlegeate points, which in
fact constitutes a global Itering of the geophysical sifmavhich results in a reduc-
tion of these signals in the geodetic time series. Moredkrerincomplete modeling
of the reference point motion may also affect the scale dhaetechniques because
of different station networks (in particular, differentics of hemispheric station
numbers), and different observation times. As an extreraen@ke, with the current
practices, if one system only observed in winter and anathlrin summer, there
would be an apparent scale difference due to the annuataksignal caused by
surface loads.

Therefore, more elaborated models for the point motion neée integrated in
the process of determining the reference frame motion. Mew@ntegrated model
development is in an initial state, and particularly modékt couple a rotating,
deformable solid Earth fully with advanced models of atni@sp, ocean, and ter-
restrial hydrosphere, are just beginning to emerge. lgardhat such model devel-
opment and validation will depend crucially on the avalligpbf consistent obser-
vations of the geodetic quantities in a well-de ned refereframe 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 atmosplard oceans, a
continually changing global distribution of ice, snow, andter, a uid core that
is undergoing hydromagnetic motion, a mantle both theyradhvecting and re-
bounding from the glacial loading of the last ice age, anditedbctonic 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 attoacof the Sun, Moon, and
planets also act upon the Earth. These internal dynamicakegses and external
gravitational forces exert torques on the solid Earth, epldice its mass, thereby
causing the Earth's rotation, gravitational eld, and skap change. Only if all
these processes can be modeled and predicted in a con§argmtsystem model
can we expect to make progress towards the dynamic Eartrenefe model dis-
cussed above.

For the modeling of the mechanical processes in the Eartieraythe system
can be viewed as composed of subsystems such as crust arld,roatér and in-
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ner cores, and the uid envelope of the solid Earth (Figufg.8The latter consists
of ocean, atmosphere, and terrestrial hydrosphere, whéctiha prominent compo-
nents of the climate system. The biosphere is also inteigetith the components
of the climate system, and, considering the anthroposgsepart of the biosphere,
also the solid Earth. We have chosen not to separate thepdrgosfrom the ocean
and terrestrial hydrosphere but rather consider the iceé tmaland as part of the
terrestrial hydrosphere and sea ice as part of the ocean.

The subsystems depicted in Figure 8.1 interact througlaserforces at the
joining boundaries and through volume forces due to graeitglectromagnetic

elds. The overall system is subject to external forcesunahg tides and the extra-

terrestrial magnetic eld. Additionally, radiation ab$ed in the system and interac-
tion with solar wind change the dynamical state in the systedithus these external
forcings have to be considered as input to the mechanictdrsys

The Earth's rotation is an integral quantity affected, impiple, by all processes
changing the mass distribution and the dynamics of the systaus, the rotation is
ultimately coupled to deformations and variations of thavily eld of the Earth.

In this mechanical view, the geometry of the solid Earth adl a® the mass
distribution in its interior are determined by the forceSragon the solid Earth, such
as tidal forces, surface loading, and variation in the Earttation and gravitational

eld, as well as forces inside the solid Earth, such as slatisteibution of mass due
to convection, or rapid redistributions during earthqusak®ith respect to surface
loading due to mass redistribution in the ocean, the atnagpland the terrestrial
hydrosphere, it is important to note that any of these masements changes the
Earth's gravitational eld primarily due to the mass movemtg and, secondarily,
due to deformations of the solid Earth. Any of these chang#saffect the mass
distribution in the ocean and thus create additional loadsvariations in the three
geodetic quantities.

In addition to the mechanical forces, on longer time scaleslso have to con-
sider thermodynamical forcing driving the convection ia tarth's mantle and core
and creating phenomena such as volcanism and plate testétowever, for a de-
scription of the main characteristics of the geodetic \@eis, the mechanical view
provides a valid basis.

Modeling of the Earth focusing on mechanical propertiehefgeosphere tradi-
tionally attempts to describe the whole Earth by a singléesyof equations spe-
cialized for speci ¢ phenomena (see e.g. Lambeck, 1988;\WE881, for rotation
and loading deformations, respectively). In order to besifda, this approach re-
quires a high degree of simpli cation and many interactiansl feedbacks have to
be neglected. Consequently, even the most advanced gecgdhyedels presently
available are highly simpli ed and, moreover, specialifedthe description of spe-
ci ¢ phenomena (such as nutation, Earth tides, surfacerdeitions, geoid anoma-
lies, glacial loading).

Over the last decades, several studies have demonstratecbtihplex systems
can be modeled using a modular approach, with the indivishoalules representing
subsystems or components that interacting through boyrwarditions (surface
forces, energy transfer, and particle transfer), and &d-interactions (gravimetric
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and electromagnetic volume forces). Complex climate nwded built in this way,
with separate submodels for, e.g., the ocean, atmosphgusphere, clouds, and
land surface.

In a modular approach to the dynamics of a rotating planetpthnet is repre-
sented by a number of physically de ned subsystems couplezhth other both
by boundary conditions and far- eld interactions. Thergtifferent subsystems are
described each on its own by dynamical equations. Coupliegseen different
subsystems in this approach have to be de ned independsfritie structure of dy-
namics of the subsystems as physically meaningful questiéi.g. forces, moments
or elds. There might be, moreover, external excitationsracon one or several
particular subsystems such as for instance a tidal potentia

With respect to geodetic variables, integrated systems haen studied mainly
for Earth rotation. Juttner & Plag (1999) used a simple niadmodel, i.e., Dy-
namical Integrated Modular Earth Rotation System (DIMER®Sh submodels for
the Earth's mantle, uid core, and solid core, as well as tteasphere and ocean
to study system characteristics and to model polar motiocefb by atmospheric
loading. Based on a system model similar to DIMERS, i.e.,d@yit Model for the
Earth Rotation and Gravity (DyMEG), Seitz et al. (2005) gddhe noise charac-
teristics of polar motion, while Thomas et al. (2005) inigsted the contribution of
the ocean to polar motion excitation.

These model studies demonstrate that a modular approacltE#otia system
model serving geodetic applications is feasible. In palsic these model studies
show that so-called emerging system properties (e.g. theehpeeriod of Chandler
wobble and nearly diurnal wobble) are sensitive to sub-rhprdeperties and cou-
pling between the submodels, and these models allow thgistudf the emerging
properties as function of model parameters.

However, as pointed out by Jittner & Plag (1999), there amaraber of chal-
lenges in developing a consistent theory for an advanceadthvdth more realistic
representation of all submodels. For most subsystemgjiéhdil reference frames
will be needed, and in order to exchange of body forces anddemy conditions
between the system, the relation of the individual framescommon model frame
will have to be determined. For some of the submodels, su¢heascean circu-
lation models, feedback from a deforming solid Earth withiatale rotation is not
suf ciently considered.

Challenges are also in the solid Earth processes themsélwdike a uniform
description of the rotating planet as a whole, a modularrshebplanetary dynam-
ics requires direct time domain integration as an initidiggproblem for basically
two reasons. First, the transformation into the frequenciaplace domain and
back into the time domain by a Greens function formalism ireguinearity of the
mathematical description of the whole system dynamicst Woauld restrict any
subsystem model to a linear theory. The modular approackever, should not
restrict the internal structure of the subsystems in any eagpt for the match of
couplings. Secondly, the de nition of a boundary value peob refers to bound-
aries of particular subsystems but is characterized byneigeles of the system as a
whole. Thereby additional links between all the distindisgstems are introduced
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which are not physically determined as interactions of gsigsns but mathemati-
cally as matches of certain kinematic patterns. In thermeat as boundary value
problem a complete classi cation of possible types of ndran&igenmodes has to
be achieved beforehand. This classi cation has to be dopw a@fter any substan-
tial change in any subsystem thus contradicting the sfith®modular approach.
Contrarily, in the modular approach to an initial value gesb new properties of
the whole system emerge in course of integration.

The modular approach allows for successive sophisticaiiedividually inside
each of the subsystems without requiring any changes intttex subsystem. The
only demands on the mathematical description of dynamiessoibsystem are that
it has to supply the other subsystems with time-dependdémn¢saf the prescribed
physical coupling parameters and that it has to work witthstaupling parameters
supplied to it by other subsystems at each time step anewo@$e, special atten-
tion has to be paid to the de nition of the interactions rigitthe outset. Indeed,
the isolation of subsystems of the planet and conventiorherkind of their mu-
tual interactions de nes the structure of the modular tlyednlike changes within
any subsystem, the mere addition of a new interaction of wixsystems requires
changing both of them. Moreover, the introduction of a nebsystem even requires
changing all other subsystems interacting with the new one.

The choice of subsystems already characterizes a certagtigie of the plane-
tary interior and of the circumstances at the planet's saxf&or the dynamic Earth
reference model, the appropriate choice of modules willibetal for the accuracy
of the model predictions. It can be expected that submodiil$iave to be intro-
duced for different time scales. For example, the modelingpe and postseismic
processes may require a module separate from the one usaatrface loading. In
the end the dynamic Earth reference model may turn out to hmrdbination of
a large number of models for various processes, which rurialiel and interact
through boundary conditions and far- eld forces, with theemall model develop-
ment “guided” by geodetic observations in real-time.
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In this Chapter, we focus on the design of the geodetic obsgprystem that will
meet the speci cations summarized in Section 7.7 and betaldestain the prod-
ucts listed in Section 7.5. Thus, this Chapter treats GGO&hasbserving system
(see Section 1.3 for a discussion of the two different megsiof “GGOS”). In
Chapter 10, the main focus will be on GGOS as an organizatidritee integration
of GGOS in the global context of Earth observation.

GGOS has been organized by the IAG to work with the estaldlith€ Services
in order to provide the geodetic contribution to global Bartonitoring, including
the metrological and reference system basis for many ottt Bbserving systems.
GGOS is therefore one of the basic observing systems comgpE&EOSS.

GGOS is complex, addressing relevant geodetic, geodynanticgeophysical
problems, which have deep impact on vital issues for hunmahlsuch as global
change, sea level rise, global water circulation, watepbypatural disasters, risk
reduction, etc.(see Chapter 5 for details). It is a visignancept based on the
requirements and speci cations given in Chapter 7 and oratfisessment of what
components are needed to meet the very demanding goals.

In order to address the ambitious GGOS goals, we will integaamultitude of
sensors into one global observing system. In the followewgiens the focus will be
on the technical design and rationale for the proposed GGB&individual com-
ponents of the system will be discussed and the interacibmden the components
will be outlined, from the geodetic observations and therifiaices to the products
for the users.

9.1 The overall system design

The overall GGOS is designed in such a way that it meets th@resgents and
needs of the scienti ¢ and the societal users (see Chapterhé) tasks listed in
Section 7.4 have been identi ed as the most important héglelltasks for GGOS,
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however, the tasks that will actually be performed indilliyi or collectively by

the IAG Services, not GGOS itself. This list implies a verymplex system with

many different sensors and instruments, on the Earth, imithend in space, that
are integrated to form a global observing system appeaoitiget outside world as
one large, comprehensive “geodetic instrument” for mainigpthe Earth system. In
order to function as a large Earth observatory for the beagdcience and society,
GGOS has to encompass not only global terrestrial netwdrkégervatories and
space missions devoted to geodetic Earth observation amktalry exploration,
but also the communication infrastructure, analysis asptoordinating centers,
and Internet portals. GGOS will eventually generate thé-deined products that
will provide the metrological basis for Earth sciences,-ggormation science, and
terrestrial and planetary navigation. GGOS, thereforesists of the following four

crucial components:

Instrumentation: global terrestrial networks of observatories, Earth olisgr
satellites and planetary missions;

Data infrastructure: data transfer, communication links, data management and

archiving systems, data and product dissemination centeifs portals, etc.;

The GGOS Portal: a unique access point for all GGOS products with a database

of relevant metadata compliant with international staddaand
Data analysis, combination, modelingcomplete and consistent data process-
ing chains ranging from the acquisition and processing sf &mnounts of obser-
vational data to the consistent integration and assiritatif 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 beritbestin more
details in the sections below. Figure 3.1 on page 92 shows3B®S is designed to
connect the space and terrestrial geodetic observatieft$hénd side) to the Earth
system components and their interactions (right-hand) sigtevay of the “three
pillars of geodesy” (the Earth geometry and deformatioe,Earth rotation and its
variations, and the Earth gravity eld with its temporal clges) in the center of
Figure 3.1. The principal products of GGOS are summarizeSdation 7.5 and
the general accuracy requirement is provided in SectionFfd@n the accuracy re-
quirement for GGOS of 1 ppb (including consistency betwde@@OS products),
it follows that consistent permanent (as opposed to sporgdound and space ob-
servations are required to meet the needs of science aretysdoi order to serve
the purposes mentioned in Section 7.5, long-term staldlity consistency among
all GGOS products at a level better than 1 ppb is required tlamgroducts must
be available in due time (e.g., in real time for some of theliapfons) 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 andeaits, which actively
perform observations, or which are passively observedotr,iInamely:

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 infrastrgotur planets; and
Level 5: the extragalactic objects.

These ve levels, independent of whether they are activeassive, receivers or
emitters or both, are connected (see Figure 9.2) by mang typebservations in a
complex way to form the integrated geodetic observing sysiéhe major observa-
tion types at present are:

Microwave observations of the GNSS satellites from the gdoand from LEO
satellites;

Laser ranging to LEOs, dedicated laser ranging satell@$S satellites, and
the Moon;

Microwave observation of extragalactical objects (qus)say VLBI;
Instrumentation onboard the LEO satellites measuringlaa#ns, gravity gra-
dients, satellite orientation, etc.;

Radar and optical observations of the Earth's surface (la®] glaciers, sea
level, etc.) from remote sensing satellites;

Distance measurements between satellites (K-band, gptitaferometry, etc.);
absolute and relative gravity measurements; and

tide gauge measurements.

In the future, new measurement techniques will evolve aticowiincluded into
the system. The individual parts (observation types) ofowWerall system are con-
nected by the co-location of different instruments at theesaite on the Earth, or on
the same satellite or object. This co-location of instrute@nd sensors is extremely
important for the consistency and accuracy of the systerthatdt will act as one
large “instrument” (see Section 9.3.8). Each of the teaeschas its own strengths
and weaknesses, and through co-locations, it is possilebegioit the strengths and
mitigate the weaknesses so as to build the strongest pesdiberving system.

GGOS is not the rst global geodetic observing system. Sudtesns existed
for a long time to monitor seasons, to produce maps and tayatrieliably and
accurately on the Earth. Prior to the space age, “predesisdoaGGOS consisted
of only three levels, namely, globally distributed obsé¢ovies (Levels 1), the Moon,
the Sun and the planets (Level 4) and “ xed” stars and quadareel 5). Level 4
(the Sun, Moon and planets) of the historic systems was, Sjoetak, the predecessor
of the GGOS Level 3 (the GNSS). Cross staffs, and then latizalpelescopes and
watches ( rst mechanical, then atomic) were the hardwaragmments in Level 1
of the historical systems. Level 5 traditionally was theteysof “ xed” stars. The
star catalogues were realizations of the celestial reéerérame.
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9.3 Level 1: Ground-based infrastructure

The rst level of GGOS consists of all terrestrial networksgeodetic ground sta-
tions contributing to the terrestrial reference frame dE&oth monitoring:

1) The global network of radio telescopes coordinated by

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 th&;ID

5) The global network of superconducting gravimeters caseplrin the GGP and
the global network of sites occupied episodically with dbsogravimeters;

6) The global network of tide gauge stations coordinatecheyi©C; and

7) Global networks of geodetic timing stations.

Most of these observing stations are equipped with additj@momplementary sen-
sors and instruments (e.g., meteorological sensors, wafmr radiometers, etc.)
and at many of the stations more than one instrument arecateld. The design of
these networks as fundamental and integral parts of the Gi&@&scribed in the
following subsections (see also the respective Sectio@hapter 2).

9.3.1 Core network of co-located stations

The core of the terrestrial global GGOS network, the parlizieg the integra-
tion of the various instruments on a global scale, will betao$@bout 40 globally
well-distributed core sites. These stations co-locateriag@r geodetic observation
techniques and a variety of additional sensors. The caditotaf the different tech-
niques allows not only the integration of the individuallaimue-speci c networks
into a unique terrestrial reference frame (ITRF) but alsaksessment of the ob-
servation quality and accuracy and the mutual validatiothefresults. A network
of such core sites is mandatory in order to monitor the glogf@rence frame at an
accuracy of 1 mm or better over decadal time scales.

These core sites will be equipped with the following instamnts, which are based
on most recent sensor technologies, connected to realeiiimenunications (data
streaming), collecting data at the highest possible olasienvrates, operated auto-
matically, and are highly reliable:

at least two geodetic VLBI telescopes to ensure continudui \@bservation (24
hours per day, 7 days a week), allowing for maintenance geffior individual

telescopes;

an SLR/LLR telescope to track all major satellites equipp#ith laser retro-
re ectors and, for some core sites, the Moon;

at least three GNSS receivers and antennas to guarantdadhédual anten-

nas (and receivers) can be upgraded (e.qg., for the trackingw GNSS, such
as GALILEO) without losing the precise local ties to the athatennas, thus
ensuring long-term millimeter-level stability;
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a DORIS beacon of the most recent generation;

terrestrial geodetic survey instruments to permanentlyeartomatically monitor
the local ties between the reference points of the spacdegieadechnologies
with 1 mm accuracy;

ultra-stable oscillators for time and frequency keepind @ansfer (with VLBI,
GNSS, laser links, etc.);

a superconducting and an absolute gravimeter to supporityysatellite mis-
sions and geocenter determination;

meteorological sensors for measuring pressure, temperaia humidity;
seismometer for earthquake detection, epicenter loc¢aizand the determi-
nation of rupture parameters in combination with defororafrom the space-
geodetic techniques and GNSS seismology; and

a variety of additional sensors (water vapor radiometétsidters, large gyro-
scopes, groundwater sensors, etc.).

If major new observation technologies are developed inuhe €, which will supply
complementary information, these sensors must be addée fadtrument ensem-
ble of a core site.

9.3.2 VLBI station network

The VLBI station network for 2020 is foreseen to have a sizelmfut 40 globally-
distributed sites with one or, even better, two telescope=aeh site. These tele-
scopes should be of the VLBI2010-type. Most of the currenfigd VLBI equip-
ment was developed in the 1970s and 1980s, and the equipsbaing pushed
to the limits of performance and is costly to maintain. Théstxg antennas at
many sites move slowly, which makes it dif cult to provideetmapid whole sky
coverage needed for the highest accuracy. Therefore, gergjtion of the VLBI
network is crucial. In view of the requirements of GGOS, IV®ing Group 3
(WG3) on VLBI2010 was charged with examining the current &rtdre require-
ments for geodetic VLBI systems. The group compiled thedings in the so-called
VLBI2010 Vision Paper (Niell et al., 2006) and made recomdsgions for the next
generation of the VLBI system. Recognizing the need for aditey body within
IVS that would ensure the realization and implementatiothefnew system, the
VLBI2010 Committee was set up.

The VLBI2010 system is envisioned to meet the followingemid: low cost of
construction, low cost of operation, and rapid analysis@elt/ery of nal results.
To accomplish this, the center piece of the new system wilaksmall-antenna
observing system (dish diameter of 12 m or larger) in conett global high-
speed network links. The lower sensitivity of a smaller antg as opposed to the
present 20 m antennas, will be more than compensated for by high siéss of
at least 5 degree/sec and higher observational data rate® Gbps and higher),
which will allow many more observations to be taken. The olisg will be done
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over a broad, continuous frequency range (broadband dpfapach) of 2-18 GHz
allowing mitigation of any radio frequency interference.

The rapid advance of both magnetic-disk technology andajlbigh-speed net-
work technology will be utilized in VLBI2010. All data coltgion and transmission
interfaces and formats will adhere to the set of internatligragreed VLBI Stan-
dard Interface (VSI) speci cations. An array of antenna®dily connected to the
correlator via high-speed networks provides the possiidir real-time and near
real-time processing to produce geodetic results withir§ovhich is particularly
important to the rapid turnaround of Earth orientation paster results.

The GNSS community has demonstrated the value of increabmgwumber
of receiving sites and improving the geographic distrimitiThe present geode-
tic VLBI network has a very irregular distribution of anteamover the surface of
the Earth. Africa, South America, and Asia are particulariger-represented com-
pared to the other continents. Thus, important consideratfor the planning of
a new network are the number and the locations of the sitedede® satisfy the
1 mm goal. Although the detailed choices for deployment af stations will be
driven by a combination of science, economics, and poliicgiantitative estimate
can serve to specify the lower limit for the number of sites.

The goal of combining GNSS, VLBI, SLR, and DORIS geodetionogks pro-
vides a guideline for the number of VLBI sites. The currententainty in GNSS
daily horizontal measurements for a global network is apjpnately 3 to 5 mm and
is unlikely to improve signi cantly. In contrast, the regdahility 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 (VLBAntennas has been
1.5 to 3 mm over the past decade, while for the new VLBI systpatised by
the VLBI2010 Committee the horizontal accuracy is expedttete better than 1
mm. In order to take advantage of the best attributes of b&t8&and VLBI, the
spacing of combined VLBI/GNSS sites should be of the orde2@f0 km. Such
spacing would require approximately forty sites (Eurai) (Africa (7), Australia
(3), Antarctica (2), Greenland (1), North America (6), So&imerica (6), South-
ern Paci ¢ (2)) equipped with one (or preferably two or matedescope(s) to allow
continuous operation.

9.3.3 SLR/LLR station network

The estimated size of the GGOS SLR/LLR network is based otingeemm/decade
stability in the origin and scale requirements for the refee frame. This stability
is presumed achievable under realistic weather conditiodslocal network oper-
ational strategies. The same network is also expected t@esslthe tracking needs
of the large set of satellites anticipated in the GGOS 202@ frame. In addition
to the current distribution of satellite categories beingmorted by the ILRS, it is
anticipated that there will be a signi cant increase in thenber of GNSS satel-
lites (GPS, GLONASS, GALILEO, COMPASS, etc.) that will badked in cam-
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paign mode. GGOS requires a globally distributed networB®#0 SLR stations
co-located with GNSS and VLBI, where a high percentage afdlstations must
also be co-located with either gravity instruments or DOR&acons. These core
observatories should be globally distributed, at sitet\gitod weather conditions
and stable geology. “Good weather sites” should permitirenat least 60% of the
time, and have weather patterns lacking strong seasomstsigs. Sites with sta-
ble geology do not show local motion, which would otherwiseapt the reference
frame stability. They should be several hundred kilomedgray from plate bound-
aries, faults, and ridges. Bedrock would be ideal, but mayegractical at every
site. Four stations (on four different continents) showdsiehlunar ranging capabil-
ity to continue the long time series of LLR since 1969. A numbkthe current
SLR/LLR stations would likely be sites for the GGOS netwdkk.SLR/LLR sites
must be co-located with GNSS, and several should, in aaditie co-located with
other instruments.

The network should be equipped with fourth generation systeith high rep-
etition rates (18-10° Hertz), higher quantum ef ciency detectors (either avatam
photodiodes or PMT quadrant or pixilated detectors), liatead-time between
events, increased automated or autonomous operatiofginmeacommunications
for data ow and centralized operations monitoring, and iioyed calibration and
diagnostic monitoring. The higher data rate will allow meoagid satellite acquisi-
tion and improved pass interleaving for satellite con iesolution. Real-time data
ow will improve upon the current 1 - 2 hour availability cyel

Many of the fourth generation capabilities are now being destrated in cur-
rent stations. 2 KHz operation is presently operationahat &raz SLR station.
Others are actively pursuing it. Semi-autonomous and aatedroperations are cur-
rently routine at the Zimmerwald and Mt. Stromlo stationeeTNASA SLR2000
prototype is being developed with many of the fourth genenatapabilities. The
stations at Zimmerwald, Matera and Concepcion have ieifigtudies of the two-
wavelength concept for a more accurate refraction cooecti

Earth ground-based laser experiments in 2005 to the Meicasgr Altimeter
(MLA) onboard the MESSENGER spacecraft enroute to Merangl,to the MOLA
onboard the Mars Global Surveyor (MGS) orbiting Mars, desti@ied that there
is suf cient signal strength for interplanetary rangingasarements and that laser
transponder experiments are capable of providing accspateecraft ranging and
timing information. With the deployment of an optical reeai and accurate on-
board timing system on the upcoming Lunar Reconnaissancie®(LRO), one-
way ranging to the moon should be operational in late 2008eis¢ groups are
now working on two-way transponders for use in lunar and g@tiary ranging for
studies of lunar and planetary dynamics and gravity eld.aAsesult, many lunar
range measurements with higher accuracy and much bettpotafrcoverage will
become available.
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9.3.4 GNSS station network

The future global GNSS network (maintained by the IGS) wdldmulti-purpose
observation network. It will be of vital importance for:

the reference frame realization, monitoring and mainteaan

the densi cation of the network of core sites, and the basigégional densi -
cations of the global reference frame;

time and frequency transfer between time laboratoriespgegal with GNSS re-
ceivers;

the monitoring of global plate tectonics and deformatioenqdmena (loading,
etc.);

the monitoring of the displacements after and during arhgaetke (GNSS seis-
mology, i.e., observing the seismic waves with 20-50 Hz dargpates) to give
additional information on earthquake magnitudes and megtuocesses;

the connection of tide gauges to the global reference fréumoeigh co-location;
and

for ground-based atmospheric sounding (troposphere anus$phere).

To meet these goals the IGS station network of the proposdd$éhall consist
of a few thousand GNSS stations with the following charasties:

State-of-the-art receivers tracking all GNSS satellites, GPS, GLONASS,
GALILEO, COMPASS, and similar navigation satellite systeget to be de-
veloped. To achieve utmost accuracy and reliability alilatdée GNSS satellites
have to be tracked. The collection of data from more than gstes makes
GGOS independent of the individual systems. The receivéirsagord all major
measurements of codes and carrier phases on all frequealgeant for Earth
observation.

Homogeneous global distribution of sites, densely cogealh major tectonic
plates. In the case of a large earthquake, the effects oridhalgeference frame
should be known and available in near real-time.

Core sites (i.e., sites co-located with other space-géoitstruments) shall be
equipped with more than one receiver and antenna to allovedaipment up-
grades without loss of accuracy and time-series continuity

All VLBI, SLR and the majority of DORIS sites shall be equigb@ith a co-
located GNSS receiver.

Sites shall be equipped with real-time data communicatidesland the possi-
bility to collect data at a sampling rate of a few tens of Hz.

GNSS receivers shall be connected to (and ideally driverutigg-stable oscil-
lators, especially from time laboratories.

This network will be fundamental to connect, through coalian of instruments,
all the other networks and to ensure that the positions ddeaisors of the global
geodetic observing system will be known in a unique globigrence frame.
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9.3.5 DORIS station network

The quality, density and homogeneity of the DORIS networkehbeen contin-
uously improving for 20 years (Fagard, 2006). With 56 weditdbuted stations
around the globe, it guarantees an excellent orbit covdoadlke DORIS-equipped
satellites. The density and homogeneous distribution@D®RIS network an im-
portant contribution, on the one hand, to the realisatiothefI TRF, both by den-
sifying the IERS network and through the co-locations aldé for a majority of
the DORIS stations, and, on the other hand, to sea level orargt through co-
locations with tide gauges at one third of the stations. kKkao the general renova-
tion process carried out over the past six years, almosh&hsma monuments have
now an excellent long-term stability of the antenna refeegmoint. Moreover, the
massive deployment of third generation beacons will enaurgher performance
and reliability of the network.

The IDS station network of the proposed GGOS shall consig0dd 70 stations
with the following characteristics:

A homogeneous global distribution of sites, covering aljanaectonic plates.
The IDS network shall permit the determination of the motiéall major plates,
and shall provide a global and robust coverage for all DO&i8ipped satellites.
The current network will be maintained, and a few new statiwill be installed
to Il gaps or improve robustness.

The network provides support to current missions (SPOTQIRSE,, ENVISAT),
and planned future missions (JASON-2, CryoSat-2, ALTIK#, e at least until
2020.

Third generation, or new state-of-the-art, beacons wiliiove the measurement
quality and reliability.

More beacons shall be connected to atomic clocks to providtar connection
to the International Atomic Time.

All DORIS sites shall be equipped with accurate meteoralalgiensors to permit
precise atmospheric corrections of the measurements.

Long-term stability of the antenna reference points shathbthe cm-level over
time frames of a few decades.

DORIS equipment will contribute to core sites, i.e., stasico-located with other
space-geodetic instruments (SLR, VLBI, GNSS). The DORL8Mnterference
issue will be investigated and resolved to the extent ptessib

A homogeneous global distribution of sites co-located wik gauges will help
to accurately calibrate sea level change.

The network monitoring will be enhanced to ensure that th&k[¥stations consis-
tently provide reliable and precise measurements:

Periodic site visits for equipment inspection, antenndikta checking, local
geodetic survey;

Daily monitoring of parameters such as status, failuretage, transmitted
power on both frequencies, time synchronization, metegioal sensors status,
USO warming time, etc.;



9 The future GGOS 247

Remote management and control of the DORIS beacons; and
Increase the level of the operating rate to 90%, with dailyitowing of perfor-
mance indicators.

9.3.6 Networks of gravimeters

For the proposed GGOS it is extremely important to couplesha@ce-geodetic
techniques delivering information about the geometry ef Barth (shape, defor-
mation, orientation, and rotation) with gravimetric me&snents not only from
gravity satellite missions, but also from sensors on theéh=asurface. Most of
the processes in the Earth system have an impact on all geotbservations and
the complementarity of gravimetric sensors is crucial far $eparation of various
processes involving mass transport.

To obtain time series of gravimetric measurements thatovgthe monitoring
of the Earth system on a global level, a network of about 3@igratric stations
(identical to the extent possible with core sites, see 8edi4.1) should be es-
tablished. Each of these stations should consist of a sopéucting as well as an
absolute gravimeter, both continuously measuring theigtianal acceleration and
its time variations.

9.3.7 Network of tide gauge stations and ocean bottom gegdes

As reported in Section 2.9.3, tide gauge sea level measutsrage coordinated in-
ternationally through GLOSS, which coordinates a netwdimut 300 tide gauge
stations (see Figure 2.45 on page 83). By 2020, it is expehtgdall of the core
tide gauge network sites, the majority of all other sitehwiding sea-level records,
the stations which provide comparison data for altimetdibcation, and indeed
many other tide gauge stations, will be equipped with GNS®ivers. These re-
ceivers have two functions: to enable the tide gauge meamuns to be located in
the same reference frame as the altimeter data, and to deéttme rates of vertical
land movement (see Section 2.9.3).

The historical tide gauge record has been derived primdiyp oat and stilling
well technology. However, nowadays one can deploy acqustitar and pressure
tide gauges, as well as digital oat systems, each of whichitemadvantages and
disadvantages (see Section 2.9.3 and I0C, 2006). AlthougdSS standards sim-
ply require tide gauge stations to provide measurementsttertihan 1 cm accuracy
in all weather conditions, one would expect that any new G&@fstallation would
learn from the experience of the Sumatra tsunami of Dece2(ii@4, and therefore
include dual gauges (e.g., a “sea level” gauge based on attha “tsunami” gauge
based on pressure measurements) and dual telemetry. Daghauld be both near
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real time (especially for tsunami and storm surge appbeefi and delayed-mode
for scienti ¢ applications.

Currently, much experience is available from oat, acouisthd pressure sys-
tems, while radar devices are relatively new. Howeverytlosv cost and ease of
installation and maintenance, means that they may be widsdy in future. By
2020, one would expect such devices to be both accurate tordalile. However,
one would expect there to be an ongoing need for capacitgibgilin their use in
developing countries.

BPRs are also of importance for geodetic applications (setich 2.9.3). Data
from deep ocean bottom pressure recorders are particuddelyant for comparison
to temporal space gravity data from missions such as GRAGmeder, only a few
BPRs have been deployed so far explicitly for such compansoposes; the POL
BPRs in the South-West Atlantic being one example (Hughak,&1007). By 2020,
the installation of a permanent global ocean network of 60-BPRs would be
technically feasible. However, there are currently no rtans for such a network,
and the challenge of data transmission would need to be sskfteseriously, unless
the community wished to work only with delayed-mode infotimia.

9.3.8 Co-location of instruments and auxiliary sensors

The co-location of different and complementary instrursésatcrucial for several
reasons:

Without co-location sites and highly accurate local tieomfation, it is impos-
sible to establish a unique and common global referenceeffamall major
space-geodetic techniques.

Co-location sites allow the comparison, validation and bimation of estimated
parameters common to more than one technique. The compasisoucial for
the detection of technique-speci ¢ biases, and furtheertbe combination of
common parameters strengthens the solutions.

Complementary observation techniques may be the only wagparate the sig-
nals of different processes taking place in the Earth system

Co-location should therefore not only be limited to the gpgeodetic techniques
but include additional sensors that aid integration andhination. A list of such
instruments is given in Section 9.3.1.

The measurement and monitoring of the local ties betwederdift instruments
should have a similar status and accuracy in the future aslibervations of the
space-geodetic techniques themselves. The local tie measnts should be per-
formed with 0.1 mm accuracy, in a fully automated way and oalarost continuous
basis, since local ties may change over time. These measutgimave to account
for any de ection of the vertical when relating the localgi® the geometric frame.
Because of discrepancies in the results from co-locatdthiquaes, it is extremely
important to be able to fully rely on the measured local fiéss will help to identify
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(and eventually correct) the considerable remaining syatie effects in the results
of the individual observing techniques.

At core sites, local ties do not only have to be establishéddsn the reference
points of the major space-geodetic observing technolpbigslso to other sensors.
As an example, the height differences between the refengoicgs of the space-
geodetic technologies and atmospheric sensors have tohaknith decimeter ac-
curacy for comparison, validation and combination purpdeeg., the tropospheric
delay difference between the GNSS and VLBI antenna refergomt has to be
taken into account when combining the tropospheric delégages from GPS and
VLBI). The location of a water vapor radiometer with resptcthe other obser-
vation techniques has to be known as well, and the same iddrugravimeters,
titmeters, large gyroscopes, etc.

The core network (see Section 9.3.1) will be fundamentattier co-location
of instruments. However, due to environmental conditiontha individual sites
(geological and geodynamic stability, weather condititorsSLR/LLR, multipath
environment, change in ground water table, etc.), it will alavays be possible (or
reasonable) to co-locate all instrument types at one loeatisolated” instruments
should then at least be tied to a unique global referencedflansetting up a GNSS
receiver at the same location. All instruments must be catkd with GNSS.

9.4 Level 2: Low Earth Orbiter satellite missions and their
applications

Satellites observing the Earth from space will be an indispele component of
GGOS in 2020. Satellites have the big advantage that thdgotalata homoge-
neously and consistently over large parts of the Earth serfahey also allow the
collection of data that cannot be recorded at the Earthtasar These satellites
are nowadays equipped with a multitude of sensors and msints, monitoring the
land, ocean and ice surfaces as well as the Earth's gravity aad its temporal
variations.

The potential and impact of satellite missions on Earth nka®n will increase
considerably due to the fact that: (1) more and more saelihstellations instead of
individual satellites will be launched increasing the temgh and spatial resolution
of the data, and (2) satellites will be own in “formationggrming large observing
instruments composed of sensors on more than one satellite.

Due to the importance of the satellite component for the G@&sggn and prod-
ucts, the observation of certain geodetic/geophysicamaters of the Earth (e.g.,
the gravity eld and its temporal variations) by a satellitéssion should not end
with this dedicated mission, but has to be continued wittof@lon missions es-
tablishing eventually a chain of missions (as in the casdefaitimetry missions
TOPEX, JASON-1, JASON-2, and ERS-1, ERS-2, ENVISAT, etee §able 2.2).
Such “chains” of satellite missions are crucial for monitgrthe Earth system over
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long time periods and for the detection of long-term trenats@hanges in the Earth
system. Therefore, they should be viewed as a strategiceelenfthe GGOS.

9.4.1 Gravity satellite missions

The gravity eld missions CHAMP and GRACE (see Section 2)th&ve made
to a huge improvement to our knowledge of the Earth's statid time-variable
gravity eld. The missions have improved the accuracy of static gravity eld
models by a factor of at least 100 compared to pre-CHAMP nspdghich were
mainly determined from satellite laser ranging data. Basecshonthly gravity elds
determined from CHAMP and, in particular, GRACE data, saakwariations and
trends in the Earth's gravity eld can be monitored, prowigiunique information
about relevant mass transport phenomena like the watee gytarge river basins,
the melting of ice sheets in Antarctica and Greenland ands$seciated sea level
change, as well as in the ocean current systems. ESA's GOG&aniwill lead to
another signi cant improvement in the resolution and aecyrof the Earth's static
gravity eld and of our knowledge of the ocean current sysse@OCE will also
mark an important step toward a more accurate uni ed gloleatical reference
frame.

In view of these developments, it is clear that present ahddisatellite gravity
eld missions will play a crucial role in GGOS. An uninterrtgal monitoring of the
temporal variations of the gravity eld is of utmost impaontze for global change
studies, i.e., the reliable detection of small trends ingitaity eld due to sea level

rise, the melting of ice sheets and changes in the oceamtsystems.

To avoid any gaps in the time series — GRACE may last till 20EBBGRACE
follow-on mission with only minor design changes is cruciscause the develop-
ment of new technologies may require several years and magtie ready before
the decommissioning of the GRACE pair of satellites. GGOIShaive to work with
the space agencies to ensure this follow-on mission.

For mission concepts beyond 2013, new scienti ¢ challengegxample, global
ocean circulation, hydrological cycle, secular trendseiid, ice sheet and glacier
evolution, crust and lithospheric structure and dynanicsearthquakes, and verti-
cal datum improvement, require higher temporal resolytiggher spatial resolution
and higher accuracy (see Figure 3.5). Accordingly, difieeznsor designs such as
quantum-gradiometers, low-low and high-low SatelliteS@tellite Tracking (SST)
or ranging, optical clocks, etc., might be required.

One obvious concept to improve the accuracy of inter-segatheasurements
(low-low SST) is the replacement of the K-band link of the GEAmission con-
cept by an optical link (i.e., a laser interferometer). Argaf a factor of 100-1000
in the accuracy of the inter-satellite measurements caxpected from such a de-
velopment. Initial studies of such a concept have been pedd by NASA and are
presently being conducted by ESA as well. With such accesathe de-aliasing
of the gravity eld determination (removal of effects fronigh-frequency signals
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from the atmosphere, ocean tides, etc.) will become a mé&jaltenge. The same
is true for the separation of the gravity signals resultirgnf different Earth pro-
cesses. Different orbit constellations and different §/pesatellite formations will
have to be considered for this purpose. In addition, cometgary sensor systems
(surface deformation monitoring with GNSS, ocean bottoespure sensors, air-
borne gravimetry, superconducting gravimeters, etcl)begilcrucial to allow for the
separation of different processes. Sensor integratidreizfore at the very heart of
the GGOS concept.

It is possible that optical clocks will reach stabilitiesif 18 in about 10 years
(see Section 2.7.3). Using the theory of General Relatstityh clocks will allow
the direct determination of potential differences betweletks corresponding to
height differences on the level of 1 cm (geoid). With fregeyenomparisons be-
tween clocks in space and on ground, a consistent globataereference 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 teclugidor monitoring the
global sea level and its changes. With currently four aatadar altimetry missions
(ERS-2, JASON-1, ENVISAT, GFO-1) and one launched receg[ds0N-2), the
global ocean can be observed with a reasonable accuracyeudoyit must be en-
sured that the current constellation is maintained alsthi@future.

In January 2008, a CEOS Ocean Surface Topography Conistellatrategic
Workshop held in Assmannshausen (Germany), discussedudlirted implemen-
tation plans for the next 15 years (Figure 9.3). Among otliterss recommended
to:

maintain continuity of high-accuracy JASON-type altinyetr

maintain continuity with altimeters on at least two compéarary, high-inclination
satellites; and

extend the capability of altimetry to denser observatiamualerage through the
use of the swath altimetry technique.

With JASON-2, high-accuracy missions will continue untill@east 2013. Be-
cause JASON-2 for the rst time is an EUMETSAT-operated lioisso provide
critical weather forecast data, continuation is likelySI?BN-3 is now under ap-
proval.

For medium-accuracy high-inclination orbits, also corgrmuch of the polar
oceans, HY-2A (China) and Saral/ALTIKA (India/France) sigss are to be launch
in 2009. The HY-2A mission may be followed by similar misssoin addition, the
Sentinel-3A (Europe) mission, to continue on the currenVEMT orbit, may have
follow-on missions.

With the launch of CryoSat-2 in 2009, also a dedicated misfo measuring
the polar caps and the ice-covered oceans is planned. Howeitle 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 observatioithe climate-sensitive
polar regions. GGOS efforts are needed to ensure the caitimuwof dedicated ice
missions.

In the case of swath altimetry, allowing a more dense andbkexcoverage, no
plans exist so far for a mission before 2016 (SWOT/WaTER-Higkion). Previous
attempts to carry a wide-swath altimeter on JASON-2 wereeiad in 2005 by
NASA.

In summary it can be noted that, while in the past all misskeng been operated
by either the USA or ESA and France, future satellite cofedtehs will bene t
from contributions by other nations. This change makesiticaf that the current
open data policy be maintained, including the near reag-titata distribution for
operational applications as well as to ensure accompasgiegti ¢ studies.

9.4.3 INSAR and optical satellite missions

INSAR observations produce spatially continuous imagédbetleformation of the

Earth's surface (see Section 2.4.5 for examples). Thesgamare complementary
to other space-based geodetic observations, which pradogmorally smooth, but

spatially discontinuous point measurements of surfaceamet The need for im-

proved coverage of the Earth's surface is obvious, pagityfor geohazards and
Earth sciences (see Chapter 5).
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The recent National Academy of Sciences rep&arth Science and Applica-
tions from Space: National Imperatives for the Next DecattBeyontl(National
Research Council, 2007) represents U.S. scientists' o@useon critical Earth ob-
servations from space that are required to address issugisnafte change, water
resources, ecosystem health, human health, solid-eattahhazards, and weather.
The Report recommends that the planned DESDynl mission;laemid INSAR and
laser altimetry mission, be launched in the 2010-2013 tiramé. DESDynl would
measure surface and ice sheet deformation for undersgndiiral hazards and
climate, and vegetation structure for ecosystem healttSmI would help sci-
entists understand the effects of changing climate anduaedn species habitats
and atmospheric carbon dioxide, the response of ice sheetsrtate change and
the impact on sea level, and would be used to improve forechshe likelihood of
earthquakes, volcanic eruptions, and landslides.

Geodetic networks support INSAR by providing geodetic arfor the obser-
vations. The geodetic networks also provide troposphedcdanospheric maps for
improving the quality of the interferograms. The geodetitadwill be used to cal-
ibrate and validate the INSAR observations and, as merdiabeve, will comple-
ment the INSAR observations by providing temporal contintd the images.

NASA has proposed that a International SAR Information &ys(ISIS) be es-
tablished. A group concerned with the ISIS has not yet beemdd. This group
would set data policies, would establish the ISIS as theclkelior delivering In-
SAR data to the general science community, and would coateliacquisition and
processing of data. GGOS could be an important advocate braliamorganization
for this group.

By 2020 it is anticipated that a constellation of INSAR déts with contribu-
tions from the USA, Europe, Brazil, Taiwan, China, and Japacoordinated con-
stellation of INSAR satellites would provide multi-baseliobservations for detailed
topographic mapping and vegetation structure studiesc®hstellation would also
allow for more frequent observations at particular loaagieenabling more rapid re-
sponse to events such as earthquakes, volcanoes, anddasdat well as a better
determination of time-dependent phenomena.

A combined treatment of imaging and point techniques willchecial in or-
der to calibrate the dynamic Earth reference model propws€thapter 8. For that
purpose, SAR images need to be available at least for thellyatistributed fun-
damental stations.

9.4.4 Future satellite mission concepts

Over the last few years satellite technology developmemte been extremely rapid
and have resulted in new concepts for future satellite wissiThe 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 niaibeen realized by
university projects for students. Nowadays these devedopsrare also pursued by
national space agencies as an interesting alternative atl smlarge satellites to
achieve certain mission goals. Due to the miniaturizatibeatellite components
and sensors, micro-satellites can nowadays be used fderbadg mission tasks
at a fraction of the costs of satellites such as CHAMP or GRAE§pecially in
connection with formation ying, or satellite constellatis with a large number of
satellites, this alternative concept becomes very aiveact

A constellation of a large number of satellites, possiblgifferent orbital planes
and con gurations, has the big advantage that the tempaolispatial resolution
of Earth observations can be drastically improved. Thislmseen from the num-
ber of daily radio occultations generated from the coratielh of six COSMIC
satellites, compared to individual satellites like CHANWar real-time Earth mon-
itoring based on satellite observations (e.g., for earlymivey systems) will require
a constellation approach and inter-satellite commurocat allow for a near real-
time analysis of the data on the ground. Together with thean&nd nano-satellite
concept mentioned above, constellations of 10-100 saehiill become feasible
and affordable in the future.

Formation ying is a very interesting new aspect of satelltissions. Compared
to conventional missions it adds two new “dimensions”: {laliows for inter-
satellite measurements (e.g., the K-band link between tRACE satellite pair),
and (2) it opens the door to build a virtual, more ef cientfacate instrument by in-
tegrating the instruments on several satellites into orgelabserving system (e.qg.,
the integration of the Terrt8AR-X and TanDEM-X satellites for the generation of
high-resolution DEMs). An example of a mixed concept of ¢elstion and forma-
tion ying is the ESA SWARM mission, where two of the three féifent satellites
y in a formation to measure the East-West gradients of thgmedic eld, and the
third satellite orbits the Earth at a higher altitude to allseparation of different
parts of the magnetic eld.

In addition to the developments mentioned above, therealgid be considerable
progress in the instrumentation for satellite missionsti€apclocks may reach a
stability of about 108 in the next decade. This will allow the direct measurement
of the gravitational potential based on the effects of Galngelativity on clocks
(clocks in a strong gravitational eld run slower than cledk a weak gravitational
eld), and thus enable the uni cation of physical heighteegnce frames at the cen-
timetre level. Microwave links between satellites will lplaced by optical links
(optical interferometers; e.g., for GRACE-type measunais)ehat will increase the
precision of the inter-satellite measurements by at ledattar 100-1000. Re ec-
tometry and scatterometry antennas for GNSS altimetryiegdfmns may become
important add-ons to Earth observation satellites. Intaatdiinter-satellite commu-
nication technologies will make possible (near) real-ttraasfer 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 typémard a satellite is ex-
tremely important to establish connections between tHereifit observation tech-
niques. These connections, and their complementarity,lmagrucial to correctly
modeling certain aspects of the observations (e.g., diwrefor non-gravitational
forces with accelerometers in gravity eld determinati@nd to separate effects
stemming from different processes or components of thenEsistem. In addition,
the availability of complementary instruments on a sate(le.g., different tracking
systems like GNSS, SLR, and DORIS for precise orbit deteation) allows for
the connection of techniques at the satellite, which is dempntary to those at
co-location sites on the Earth's surface, and in additiéowad for the detection of
technique-speci ¢ biases.

A good example for this development is the rapid progresgeset in orbit de-
termination with the tracking data of the TOPEX/Poseidaelfite using DORIS,
GPS, SLR and altimetry (crossovers). For future satellissions, emphasis should
therefore be placed on satellites that establish links éetwdifferent observation
and tracking techniques. It is of particular importance #ilhGNSS satellites be
equipped with laser retro-re ector arrays (Figure 9.4)tUfa VLBI observations of
GNSS satellites should also be performed, establishinthantink between tech-
niques, which would directly connect the satellite franwethe 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 shousdipglemented with data
obtained from airborne platforms and ships. Typically,dlaga stemming from air-
crafts and ships are rather local or regional in nature coetpto the data col-
lected by satellite missions. However, airborne and sefaseidata with high spa-
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tial resolution are very important for assessing the gyalitd accuracy of satellite
or ground-based data. They provide more detailed infoonatbout the processes
being studied. Although the main focus of GGOS is on globpkets of Earth
monitoring, most of the natural hazards are rather regionkalcal in extent. To un-
derstand them in detail, GGOS will strive, starting with tiiebal perspective, for
higher and higher resolution of the Earth monitoring in gpaied time.

Airborne and shipborne gravimetry illustrate how our knedde of the global
Earth gravity eld from satellite missions can be densi eddaimproved. The re-
gional gravity data is combined with the global gravity etdodels 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 8tgebystem of

Systems (GNSSS) becomes realistic (Hein et al., 2007). THeNASS is being

replenished with a new generation of satellites to be cotag@lby 2010. The rst
two GALILEO engineering satellites have been launchedj thie full constellation
to be completed by 2013. China is also working on a civil $itéeiavigation system
(COMPASS). GPS will be upgraded as well: the rst new gerierasatellites with

a second civil signal (L2C) have already been launched. NE® (B satellites with
three civil frequencies will be launched from 2009. A new @R $onstallation is

planned for the end of the 2020 time frame.

Both Japan and India plan to launch smaller regional systdins Japanese
Quasi-Zenith Satellite System (QZSS) is planned to hawetkatellites in highly
inclined geostationary orbits. The Indian Regional Nati@a Satellite System
(IRNSS) will consist of a seven-satellite constellation.

In addition, Satellite-Based Augmentation System (SBA®)the GNSSs are
developing and adding relevant infrastructure. The Eusop8eostationary Nav-
igation Overlay Service (EGNOS), the U.S. Wide Area Augragaoh System
(WAAS), the Japanese Multifunctional Transport Satelifgace-based Augmenta-
tion System (MSAS), the Indian GPS Aided GEO Augmented Natiog (GAGAN),
and the Nigerian Communication Satellite (NIGCOMSAT). B®AS are transmit-
ting or will transmit additional signals to those of the GNS§§nals, and all SBAS
are planned to be interoperable with the GNSS on two fregasnc

GNSS are also crucial for the reference frame realizatiahfanmany appli-
cations in Earth science and Earth observation (see Clsadter5). After 2013
approximately 100 GNSS satellites will be available, preing a new level of po-
sitioning quality and accuracy. This will have a fundaméimtgoact on most GGOS
products, from the reference frame to GNSS atmospherialiogsto re ectometry
and scatterometry.
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Itis therefore essential for GGOS to make the best possgdetia combination
of the GNSS systems available for civil applications. GG®&ugh the IGS, will
have the goal to generate consistent products of the higleestacy for all GNSS
systems. The ground network of GNSS stations should sufipisrby the instal-
lation of receiver technology able to track all relevant G\&gnals at the same
time.

In order to link the GNSS to SLR, laser retro-re ectors shbloé installed on all
new GNSS satellites (see Section 9.4.5). All GLONASS and (EED 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 bp#ssive and active
satellites including the Moon (see Section 2.4.2). The SeERvork will track the
set of passive, spherical geodetic satellites such as LA&E@nNd -2 (see Fig-
ure 2.8), Etalon-1 and -2, Starlette and Stella for refezdrame maintenance and
measurements of time-varying components of the gravitg. 8LR measurements
will continue on the GPS-35 and GPS-36 satellites, the GAOLsatellites and
selected satellites in the GLONASS series. Efforts are e to include retro-
re ectors on the upcoming GPS-III constellation. Trackthgse GNSS satellites is
crucial for the assurance of positioning quality, longstestability, verifying orbit
and timing accuracy, and aligning other reference framag,(&/GS 84) with the
ITRF. This tracking will also guarantee the interoperapitif the different GNSSs.
The retro-re ector arrays own in space to date have been&feam solid quartz
cubes, (either back-coated or uncoated). Engineeringestuddicate that hollow
cubes made from either aluminum or glass may provide coraitichigher return
signal strength for similar weight and area conditions onya at GNSS altitudes.

9.6 Level 4: planetary missions

Inthe coming years, there will be signi cant advances irdgs of reference frames,
gravity elds and rotation of Solar System planets and tteatellites. With the
current interest of space agencies worldwide in lunar extitn, much progress
is expected in the geodesy and cartography of the Moon. Tirenése spacecraft
Kaguya (former name: SELENE), the Chinese Chang'e 1 spafteand the Indian
spacecraft Chandrayaan-1 are currently in lunar orbit.ugags in a circular po-
lar orbit, and its powerful laser altimeter has completed tht global topographic
map. Coverage includes the polar areas for the rst timechhvere beyond the
reach of the altimeter on the previous Clementine spadeddaing an elaborate
radio tracking scheme, Kaguya and its two sub-satellitdisdgio improve the lunar
gravity eld, in particular on the far side, where reliablatd are hitherto lacking.
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The LRO, scheduled for launch in May 2009, will provide fiattsigni cant
contributions to lunar geodesy. The orbiter will carry thenar Orbiter Laser
Altimeter (LOLA) to further densify the topographic gridg2n along-track shot
spacing, 1.2 km across-track spacing at the equator, afteyear). LRO will also
carry a laser receiver, which can be targeted from ILRSatatfor precise range
measurements to the orbiter at the 10-cm level. Imagesraatdiy LRO will also
form the basis for a new generation of accurate lunar standaps which will es-
sentially realize the Moon- xed reference frame. The GRAlission in the NASA
discovery program scheduled for launch in 2011 will focudwrar gravity. Using
techniques pioneered by the joint U.S.-German Earth GRAGEion, the GRAIL
twin spacecraft will aim at improving the current knowledafethe lunar gravity
eld to higher-resolution (30 x 30 km) and higher accurasy{0 mGal).

A robust international program of lunar robotic lander riuss is expected in the
coming decade. The strawman payloads that are currenthg loéscussed will in-
clude geodesy packages, involving active lasers for raregsaorements at mm-level
and radio transmitters suited for observations by terigdsifl Bl stations. These
new techniques will rmly tie the Moon into the ICRF and shdumprove the
knowledge of the tracking of lunar orbital and rotationahdynics as well as tidal
deformation.

Likewise, future missions are expected to further our krealgke of the dynam-
ics of the terrestrial planets. The Exomars spacecrafedidied for launch in 2013,
would deploy a geophysics package on the surface of Marspatieage would in-
clude aradio experiment for monitoring of variations in Mars rotation, caused by
atmospheric dynamics and the condensation/sublimatiolesyf ice in the polar
caps (see Section 6.1.2). Accuracies are expected to agptioa milli-arcsecond
level. The MESSENGER spacecraft, the rst everto enter Megrorbit (orbit entry
scheduled for 2011) is expected to produce the data badedfaletnition of a new
coordinate system and for the production of a standard globp. MESSENGER
will also determine the Mercury gravity eld (parametersepected degree and
order 16) and study the planet's rotation including the claxfibrational motion
(see Section 6.1.1).

The MESSENGER spacecraft on its way to Mercury recently destrated a 2-
way laser link experiment over a distance record of 24 Mio By .operating the
onboard laser altimeter transmitter and receiver in coatimn with the terrestrial
SLR station at the Goddard Space Flight Center, the spdteosition was deter-
mined to 20 cm formal standard deviation, along with paramssdf onboard clock
offsets and drift (Smith et al., 2006). Laser link technis|(ieighly collimated laser
beams not affected by the Earth's troposphere and ionospher expected to be-
come the tracking method of choice, which will establish fies of distant planets
into the Solar System reference frame.
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9.7 Level 5: extragalactic objects

The quasars and other compact radio sources included iICRE have point-like
optical images. Their red shifts indicate great distancesce their emissions must
be powered by processes different from stars and galaxiebaply mass ows
into massive black holes. At the resolution of geodetictmsetric VLBI using S-
band (2 GHz) and X-band (8 GHz), the objects are generallypoait-like but
have a structure that may change with time. Such structlaegds can be seen as
angular position changes of up to 1 milliarcsecond. Thehbeist extragalactic radio
sources have in fact too much detectable structure to be gstodmetric objects.
By balancing the competing criteria of source strength,gaciness and constancy
of structure and position, a set of about 100 geodetic ssurae been selected for
routine geodetic VLBI observations, while the rest of th&@FCsources improve the
distribution and density over the sky (Figure 9.5). It shibloé noted that the small
number of VLBI stations in the southern hemisphere causeEIRF 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 realizesch more homoge-
neous coverage of the southern and northern hemispherissiniiies that about
half of the 40 core sites of the future GGOS (equipped with VidBescopes) have
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to be located in the southern hemisphere. Because of rapédiagements in commu-
nication technologies it should be possible to install sactetwork in the coming
decade.

The ICRF is essential to geodesy as it is the frame for ob8ensof Earth
rotation and the celestial frame for the satellite orbitse TCRF is also the basis
for astrometry. The ICRF thus has different realizationgaaious wavelengths, the
microwave VLBI realization being the most accurate at thiget The astrometric
satellite GAIA is scheduled for launch in late 2011 and hagabtential of generat-
ing an optical extragalactic realization with an order ofgmiédude better precision
and two orders of magnitude more objects. Other space mssimy re ne the
positions and proper motions of the brightest stars withraesponding improve-
ment of star tracking for satellite orientation. For mosbdetic purposes, however,
these improvements will not be usable because no corresggngrecise ground-
based optical observing system exists. An accurate mic@vealization 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 cvzes will be the basis
for the products made available through the GGOS Portal§seton 9.9). GGOS
will thus rely on the data system infrastructure of the IAGV&=es.

The success of the IAG Services is partly due to the undeylgiupport of their
information and archive services. Each Service has a coatidg entity (coordi-
nating center or central bureau) managing the daily oparatf the Service. This
function also facilitates communications and coordinatd#ities both within the
Service and with a broad user community. A central coordigdunction will be
established for GGOS (see Chapter 10), providing cooridinatithin GGOS and
to the 1AG Services.

The IAG Services' data centers are the central source fa ftatthe analysis
community and for products generated by the Services foutee community.
GGOS will rely heavily on these data centers for service potgland for input to
the GGOS Portal.

9.8.1 Data centers and data ow

Each of the geometric IAG Services utilizes a similar stioe{shown in Figure 9.6)
for the ow of information, data, and products from the obseg stations to the
user community: Network Stations (track continuouslynsmit data using pre-
determined schedules), Data Centers (interface to staind users, perform data
quality checks/conversion, archive data and products fiatysis center and user
access) and Analysis Centers (generate products). artisiin 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 ¢ 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 timeliyery of data and prod-
ucts.

Networks of tracking stations transmit data through vesitavels of data cen-
ters to ultimately reach the service analysis centers amdaggnmunity. During the
design phases of the IAG Services, it became clear that @bdistd data ow and
archive scheme would be vital for mission success. Thuéy 8acvice established
a hierarchy of data centers to distribute data from the ndtwbtracking stations:
operational, regional, and global data centers. This sefmovides ef cient access
to and storage of data, thus reducing traf c on the Interagtyvell as a level of re-
dundancy allowing for security of the data holdings. Operel data centers serve
as the direct interface to the network stations (or coroetain the case of VLBI),
connecting to the remote sites daily/hourly/sub-hourbyydioading the data, and
archiving the raw station data. Regional data centers gate from various op-
erational data centers and maintain an archive for useeseisted in stations of
a particular region. Furthermore, to reduce communicdtafc, the regional data
centers are used to collect data from several operatiotetéaters before transmit-
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ting them to the global data centers. The global data ceaterigleally the principal

data source for the analysis centers and the general usenwaoity. Operational and

regional data centers transmit data to these global datarsemhere they are then
available on-line for ftp/web access. These data are ediltzy the service analysis
centers to create a range of products, which are then tréesintd the global data
centers for public distribution. Multiple global data cergt provide each Service
with a level of redundancy, thus preventing a single poirfadfire should one data
center become unavailable. Users can continue to reliatogss data from one of
the other available data centers. Furthermore, multigeggaphically-distributed
global data centers reduce the network traf ¢ that coulduo¢o a single geograph-
ical location.

9.8.2 Synergies between observing techniques

Each of the four geometric IAG Services utilizes a similaw of data, pioneered
by the IGS and shown in Figure 9.6, from the measurement mk$ato the anal-
ysis centers. Standards, both technique-speci ¢ and afizeiplinary, in data and
product generation are adhered to throughout all leveladh ef the Services. Each
Service has developed its products using standard moddlslgorithms to en-
sure consistency over time. Data are currently archive@cdhrique-speci c for-
mats (e.g., Receiver Independent Exchange Format (RIN&XBNSS); however,
products derived from the different techniques are movamgirds common formats
across data types (e.g., Software Independent ExchangeE(INEX) for station
positions, Standard Product 3 Orbit Format (SP3) for stalkbits). All data are
in American Standard Code for Information Interchange (A &hus machine in-
dependent, and compressed for transmission and archivirgServices are also
evolving, as requirements change, by developing new faranad standards for the
exchange of data and products.

9.8.3 Operating centers and communications

Operating (or operational data) centers are responsiblpriaviding the commu-

nication infrastructure for network stations, downloagohata on a routine basis,
re-formatting and checking the downloaded data, maimgitihese network sta-
tions, and archiving the raw data. Connections to the statioe typically provided

through the Internet or dial-up methods with satellite caminations used in more
remote areas. Direct connections allow for rapid downladdeast daily but often

sub-daily (or even sub-hourly). Currently, GNSS and lasaeging stations are re-
quired to transmit data on a daily basis (although moststatsend their data on an
hourly basis), at a minimum, to these operating centers.\daBa are sent from the
network stations to a correlator on disk packs, and in soreesctne data are elec-
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tronically transferred via high-speed networks (e-transfAs VLBI observations

are organized in sessions, the data transmission followssion schedule. DORIS
stations uplink data to the DORIS receiver onboard the aksksatellite, thus en-
abling installations in more remote areas. DORIS-equigagellites then download
these data to the DORIS control center for transmission ®dBta centers.

The future GGOS, striving for a much more homogeneous digidn of core
sites and technique-speci c observation networks, willdeo rely heavily on satel-
lite communication technologies, i.e., technologies #rataccessible from remote
areas of the globe. Communication links via satellites bexzcheaper every year,
making this technology more and more attractive for GGOS.

In the case of satellite constellations observing the Harttear real-time (e.g.,
for tsunami early warning systems using GNSS re ectomewy)y inter-satellite
communications or communications via geostationary l#a®ivill ensure the data
arrives at the data centers and analysis centers with mimidalay so that analysis
can take place.

9.8.4 Future technologies and capabilities for data infriagcture

Several of the geometric IAG Services are moving into theofreeal-time data
streaming. Real-time and near real-time applications.,(evgather forecasting,
tsunami early warning systems) require low-latency datgainduct delivery. Real-
time data transfer also allows operating centers and aralgaters to monitor sta-
tion health and to provide rapid noti cation and correctiohstation problems.
Standards, and protocols for real-time operations, Ir@seith regional real-time
networks, and technologies to broadcast products fortieal-users are currently
under development. Near real-time products derived froesdhdata streams will
be investigated. The development of the future VLBI syst&hB|2010) aim at
real-time e-VLBI, where the transmission of station datadgsomplished through
high-speed network transfer to the correlator during areolisg session and the
data are correlated in real-time. Before full real-timeatafity, intermediate steps
with e-transfer and correlation after the observing sessiill likely be necessary.
GGOS will play a critical role in promoting standards by whieal-time networks
can operate and exchange data products on a global basis.

The data rates of observation of the space-geodetic teabsigill dramatically
increase in the decade to come. GNSS stations will observe than 100, instead
of 30 satellites, and the data rate may be as high as 50-108uéh. data rates will
enable not only, for example, the observation of seismio®sweith GNSS observa-
tions (site motion during the earthquake) and subsequeatrdmation of rupture
parameters, but also the monitoring of rapid scintillasiom the ionosphere. The
new generation of VLBI telescopes will record about ten 8ras much data as at
present. The upcoming INSAR missions (TerraSAR-X and Tavibg will collect
data volumes of gthe order of petabytes'€liflytes). The data infrastructure capable
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of handling such huge amounts of data has not yet been desigreveloped, but
should be part of the responsibility of GGOS in 2020.

9.9 GGOS User Interface: Database, Portal, and Clearinghae

It is dif cult to predict the development of web technologjenethodologies and
approaches that will prevail in 2020. Considering develepts over the last ten to
fteen years and extrapolating this into the future, suggesnsiderable changes in
the nature of the interaction of human and web interfacestamdethodology for
presenting information. Therefore, this section may bedaiéed rather rapidly.

The GGOS User Interface will likely have three main elements

(1)a GGOS database, which mainly contains general infoomaneta information
and catalogues, and facilitates access to observationgraddcts provided by
the various IAG Services;

(2)the GGOS Portal, which will be the unique access pointalbproducts and
information made available through GGOS; and

(3)the GGOS Clearinghouse for geodesy, which will enaldestrarch for informa-
tion related to all aspects of geodesy.

The GGOS Portal will be the access point for all GGOS proddidie Portal will
also provide a route to the heterogeneous information sysstéf the 1AG Services.
The Portal will be linked with a GGOS database of relevantatata and web ser-
vices to enable searches for relevant data and products imdist effective way.

The IAG Services will provide very important and valuablgajanformation,
and products, which are indispensable for Earth scienathair applications. The
GGOS Portal will give access to these data and products aasvgéneral informa-
tion about geodesy. The Portal will contribute to the GGOfedives to promote
and improve the visibility of geodetic research and to aghimaximum bene t for
the scienti c community and in society in general. Behiné tBGOS Portal, each
contributing Service will have its own visibility, and respsibility to maintain and
manage its supporting data and information system.

The IAG Services produce products that are critical to theegation of GGOS
products. These products and data are only available atatzecenters of the in-
dividual components of GGOS. It is clear that for a future G&@ll the relevant
products for Earth sciences and applications will have tmbde accessible through
the GGOS Portal that leads the user — including the non-ajigsiworking in dif-
ferent elds — to the individual products. The products amdadthemselves will be
physically located at many different data and product asraad will be promoted
by the individual IAG Services as well. For the bene t of nesess who are not
familiar with space geodesy, the initial web pages of the GG®rtal will high-
light the “burning questions” of geodesy and point the wath®relevant products,
as well as their characteristics, location, availabiligtency, accuracy, etc. Gen-
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eral information about GGOS will also be available throug Portal, providing a
valuable resource for both the external and internal GGOshaonities.

Fig. 9.7. GGOS portal architecture.

9.9.1 GGOS Portal architecture

The utility of the GGOS Portal will depend on data and infotiora providers ac-
cepting and implementing a set of interoperability arrangets, including techni-
cal speci cations for collecting, processing, storingdatisseminating shared data,
metadata and products. GGOS interoperability will be bas®ehon-proprietary
standards, with preference given to formal internationahdards. The eXtensi-
ble Markup Language (XML) has become a quasi standard tbtéeithe sharing
of data across different information systems, particylaré the Internet. More-
over, web services for the support of interoperable maetor@achine communi-
cation over a network are built on XML-based standards,(8igiple Object Access
Protocol (SOAP), Web Services Description Language (W3DL)

Data, products, and information from contributing IAG Sees will becata-
logued in a registry publicly accessible through the Cleglibuse. It is envisioned
that this Clearinghouse is maintained collectively untier&@GOS Portal. The cat-
alogue will itself be subject to GGOS interoperability speations, including the
standard search and portrayal services.

The functions of the GGOS Portal (e.g., search capabifibiestations, satellites,
data, products, institutions, data mining tools, visialan, 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 GG@8&ri@ghouse (Fig-
ure 9.7). The GGOS Clearinghouse will be a facility that ect and distributes
information concerning the data catalogues and servicea. hroader sense, the
GGOS Clearinghouse will allow for a dialog between stakdérd on relevant is-
sues in geodesy. The GGOS Portal will also provide accesditirébuted network
of catalogue services supporting the interoperabilityeagrents of GGOS. Con-
tributing IAG Services may nominate catalogues contaisingctured, standards-
based metadata and other web services for access by the Ge@#ghouse. The
Clearinghouse provides search capability across theotptas and their registered
resources by mapping these catalogues. The GGOS Portaeailth the GGOS
Clearinghouse but will also provide access to other GGO&uress e.g., calendar
functions, forums, etc. Through the use of interoperatsliandards, additional por-
tals may be established for national or professional conitiesrto allow access to
the GGOS Clearinghouse.

The metadata to be held by the Clearinghouse depends upsaaheh method.
Two anticipated approaches to accessing remote catalégpeBigure 9.8) include:

Distributed search approach: search requests are sentatiep#o registered
distributed catalogues of the IAG Services.

Harvested approach: The Clearinghouse periodically Ists\adl metadata from
registered distributed catalogues. A user search regsiesteicuted against the
metadata harvested from the remote catalogues and thésraseiimanaged 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 ptedetevant in the
framework of GGOS;

offers a set of tools for organized knowledge discoveryuduig visualization
to assist identi cation and selection of appropriate reses (information, data,
products);

accesses the GGOS Clearinghouse to search data catalpguds;ts and data
sets generated by GGOS components;

helps to answer the “burning questions of society” and goihe way to the
products, their characteristics, location, availahiliégency, and accuracy;
allows the searching of information and the retrieval ofodigive metadata from
multiple, diverse target resources, databases, web pag@diprary 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 infaomatews, tuto-
rials, quick links, announcements, etc.

A registry to host catalogues for metadata for all produ€the IAG Services
based on GGOS standards to ensure interoperability witliitGOS commu-
nity and to other systems, in particular GEOSS.

Search (temporal, spatial, multi-technique, keywords) ef metadata, data, and
product databases.

Visualization of products (time series, maps, etc.).

Information on and explanations of data, products, and ggotechniques, with
links to service-speci c resources.

The GGOS Portal will likely be based on an open-source platnd web portal
application allowing users to download, install and cusienthe portal services in
their own environment. Based on modern architecture, staisdand web services
the GGOS Portal can be realized not only by single institigtiout also by consortia
with distributed server architecture. The Portal shouldésigned and implemented
in such a way as to permit mirroring installation at alteenaltysical locations.

9.9.3 A GGOS clearinghouse mechanism for geodesy

A major function of the GGOS Clearinghouse will be to provatzess to infor-
mation on observations, products, and information relew@rGGOS, IAG, and
geodesy in general. In a broader sense, the GGOS Portairgegind search en-
gines should be complemented by a general clearinghoudeamison (comparable
to the clearinghouse mechanism for the Convention on Bavdity, which links
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all stakeholders of the Convention; see http://www.chittinm/default.shtml). The
mission of such a future GGOS clearinghouse mechanism vixuld contribute to

the implementation of GGOS, its standards, and its conwestifor the maximum

bene t of its users. In particular, the GGOS clearinghousehanism should have
three major goals:

Promote and facilitate technical and scienti ¢ coopenmatiamong the IAG Ser-
vices and Commissions, among GGOS components and othelizaijans, and
within and between countries.

Develop a global mechanism for exchanging and integratifigrination on
geodesy.

Develop the necessary human and technological networks.

Such an extended clearinghouse mechanism would have tafygatible with dif-
ferentlevels of national/component capacity, driven lrsiseeds, and structurally
decentralized. It would provide access to information pgupdecision-making, and
have no vested interest in controlling the expertise orrmftion. It would thus be
created for the mutual bene t of all IAG Services and Comiioiss 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 lonosphere X X X X
12 Troposphere X X X X
13 Time/Frequency xX) X x)

The activities of this clearinghouse mechanism would supp&OS' thematic
and cross-cutting work programs by promoting cooperagxchanging informa-
tion and developing a network of partners. A rst priority wid be to ensure univer-
sal access to the GGOS Implementation Plan, including thenying documents
of the GGOS 2020 process, the GGOS standards, and converiileminformation
provided would include case studies, national reports,cdher relevant documen-
tation. The mechanism would increase public awarenessajelodetic programs,
issues, and products. It would be established as an Intbased system to facilitate
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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 Commissithe GGOS stake-
holders, across national borders, through education amrig projects, research
cooperation, funding opportunities, and access to andfganf technology.
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This clearinghouse mechanism would be based on the phhgsthat broad
participation and easy information access must be a topifyrid he underlying
database can therefore be tapped through both traditiowia¢l@ctronic means of
communication. Special efforts will have to be made to emshie 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 integratiof the various lev-
els of GGOS into a consistent observing system (Figure 8éjvering products
and services as far as possible independent of the obs¢edngiques and the pro-
cessing. Considering the multi-technique, multi-compdnand multi-parameter
nature of GGOS, this will require consistency of processimgtegies, models and
standards across all components of GGOS. GGOS will faglitammunication
and standardization between the analysis centers for thednal techniques and
sensors, initiate intercomparison of products generagetidovarious components,
and promote the study and modeling of technique-speci ectff and other geode-
tic/geophysical signals. Redundancy and reliability Wélachieved by having more
than one analysis center for the major tasks and by devedpiireprocessing ca-
pabilities for all data types.
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Combination of the geometric products is currently achielve the IERS. The
International Gravity Field Service (IGFS) is developihg ttombination capabil-
ities for the gravimetric products. The borderline betwesmd potential overlap
of, IERS and IGFS (Figure 9.10) will require careful attentiGGOS will have to
facilitate combination across the full parameter spacel€ra.1), and fully utilize
synergies and advantages of the combination approachtimgpship with the IERS
and the IGFS.

The GGOS conventions will be a central issue for achievingstency and
highly accurate products. Currently, the conventions & tids of geometry and
rotation are taken care of by the IERS. In future, these autimes will have to be
extended to cover the gravity eld as well. They will have tdaess the geodetic,
geophysical, geodynamic, etc., models to be used or, if ufatient, to be devel-
oped. Coupling of models from oceanography, meteorologgdgsy, geophysics,
glaciology, mass transport, energy budget, will have to heeataken in order to
achieve the GGOS accuracy goals. As pointed out in ChapteiBEarth system
modeling and the assimilation of diverse data into theseHabh system models
will have to be studied and eventually be covered by the catimes. The need
for modeling and/or assimilation centers may thus arise. ilifportance of global
geophysical uids for validation will give a high weight thé Global Geophysical
Fluid Center (GGFC) or an equivalent component of GGOS. Hewehe tools and
methods for validation need more research and development.

GGOS as an observing system has to be more than just an Eaghvily sys-
tem collecting a tremendous volume of data. The observatiane to be analyzed
with state-of-the-art processing software and processtimgdards to generate time
series of relevant geodetic, geodynamic, geophysicatdiggical and atmospheric
parameters. To reach consistency between the differeetwadifon techniques the
results of the individual techniques have to be rigorousiybined and integrated
using information on the local ties between the differestimments at co-location
sites and satellites. Finally, the resulting products havbe validated and inter-
preted by making use of physical and geophysical models ardkhimg software
packages, and by using additional observation data fromr alisciplines such as,
for example, the meteorological, oceanographic, hydioldgetc. communities.
This will require data analysis centers and centers comgithie solutions from
different analysis centers and different observationneples and generating a se-
ries of GGOS products. Finally, the products have to be alyefalidated.

With respect to the data analysis itself, software and miegé@hprovements are
expected in form of, e.g., the development of new tropospmeapping functions,
gradient models, and atmospheric turbulence models, etthét areas of improve-
ment are loading effects including mass loading models yadrdlogical variables,
thermal and gravitational antenna deformations, and saatracture effects. In ad-
dition, new analysis strategies will be investigated, intipalar, the generation of
consistent VLBI multi-purpose solutions for TRF, EOP, arRFCAlso, the “soft-
ware noise” of solutions obtained from different softwaeekages will need to be
studied.
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The processing and analysis procedures will have to pregoesards fully auto-
mated processing in near real-time or even in real-timetitpaarly for early warn-
ing systems, GNSS seismology, atmosphere and ionosphandiag). Full repro-
cessing capabilities for all data available will be cruamedrder to provide long and
consistent time series. A key development will be the coratiam of all data types
at the observation level. This includes the combinatioreafsstrial data with LEO
data (co-location, gravity, geocenter, atmosphere), disase¢he combination with
satellite altimetry data, and with INSAR and/or LIDAR. Hiyathe combination
of products from different analysis centers will increasgundancy, reliability, and
accuracy.

The major outcome of GGOS in 2020 is expected to be a set ofyhagicurate,
consistent and long-term stable products which will be thedgtic contribution
to the observation and monitoring of the Earth system ({icecGEOSS and other
international and regional initiatives). The high-levist lof products is given in
Section 7.5. It is anticipated that all GGOS product acdesam 2020 will be of
the order of about 1 relative to the absolute values of the measured quantities.
However, in order to satisfy the goals mentioned above argiémious chapters,
consistency between all GGOS products at the’18vel is also required.



Chapter 10
Towards GGOS in 2020

G. Beutler, M. Pearlman, H.-P. Plag, R. Neilan, M. RothacReRummel

This chapter is concerned with the implementation of GGQIglr@ssing mainly
the organizational aspects mentioned in Section 1.3. GGO&tars and main-
tains the geometric and gravimetric reference frames, anddes the transforma-
tion between these systems with state-of-the-art obsenadttools. In doing so,
GGOS provides the observational basis to, e.g., determes riransport in the
Earth system and thus serves the Earth science communityeaith observations
and geodetic products relevant for many studies. The acguwfa and the consis-
tency between, all GGOS products shall be at the’16vel or better.

10.1 The GGOS high-level components

The tasks of GGOS outlined in Section 7.4 require the follmvtomponents or
entities:

1. Terrestrial, technique-speci c entities coordinating the worldwide collection
and primary analysis of the observations, and the generationique technique-
speci c products,

2. Entities combining the technique-speci ¢ productsto develop technique-
independent, combined product series.

3. Anentity proposing geodetic (and geodesy-related) space raisnsin collab-
oration with the major space agencies (including geodeissions to the Moon
and other planets), resulting in aminterrupted series of geodesy-related
space missiongo observe the time-varying gravity eld, the time-varyisga-
surface and ice-surface topography, and to maintain theg@ 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.ee th
conventions for the reference systems and frames, and tuetie standards.

273
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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 theigalidecision-
makers.

Many of the above entities, in particular the techniqueespanetworks and the
center for combination of the geometry-related productsEarth rotation, already
exist. These existing elements may need modi cation, na#hg, or improved co-
ordination between themselves. It also may be necessany to 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) relatggdmetry
are also already in place (GNSS and laser ranging sateliitelsiding the Moon
with its laser re ectors). The same is not true for the spaégsions monitoring
the Earth's gravity eld and measuring sea and ice-sheebgogphy. Admittedly,
there has been a long series of altimetry missions mongdrinthe sea surface
topography. In addition, with the satellite missions CHANBRACE, and GOCE,
an impressive series of gravity missions is currently a&ctivhere are, however, no
concrete plans for monitoring the gravity eld, and the uidmponents, on a long
term basis. GGOS shall develop a master plan for missionstanoy the Earth's
gravity eld and the geometry of the solid Earth, oceans aredsheets. Therefore,
GGOS shall have an entity for proposing geodetic space omssi

The proposed GGOS structure is shown in Figure 10.1. GGQ#restp decision-
making body. For this purpose, GGOS shall have a Steeringn@tie® in which all
shareholders are represented, and in particular the IA@c@srand Commissions.
For day-to-day work, a smaller Executive Committee is pegah which prepares
proposals for the Steering Committee and oversees the wdteaCoordination
Of ce according to the decisions of the Steering Committee.

GGOS will have a Science Panel composed of experts in geaaesymore gen-
erally) in Earth sciences to ensure the GGOS focus remaitieaelevant scienti ¢
challenges and societal needs. This panel will be the m&ntsc advisory group
for the GGOS Steering Committee.

This structure is de ned in the GGOS Terms of Reference (TARg current
version of the ToR was accepted by IAG during the IAG Exe@ikileeting in San
Francisco in December 2008. The IAG By Laws as acceptedgthanlUGG meet-
ing in Perugia, Italy, in July 2007 de ne GGOS as IAG's ObdagvSystem and an
IAG component on the same (hierarchically highest) levéta€ommissions and
Services. Consequently, the GGOS Chair, appointed by the ifalso 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 bg tN'S:

— to maintain the celestial reference frame;

— to guarantee that all Earth rotation parameters (in paaidJT1-UTC, pre-
cession and nutation) may be derived in a combined analgsigining the
observations of all space-geodetic techniques; and

— to contribute to the terrestrial reference frame, inalgdhe scale.

A global SLR/LLR network of about 40 observatories, cooad@d by the ILRS:

— to ensure that the tie between CM and the center of the stptityhedron
may be observed with cm accuracy;

— to contribute to the terrestrial reference frame and therdenation of Earth
rotation parameters, including the scale;

— to calibrate/validate the GNSS-derived orbits (GPS, GIASH, LEO);

— to serve as back-up for LEO and MEO orbit determination.

An international GNSS network of more than 300 sites, cowtid by the :

— to provide highly accurate (cm-level) orbits and satkitock corrections for
all GNSS satellites as a prerequisite for precise (sub-asifipning and nav-
igation;

— to maintain the terrestrial reference frame (positiond eelocities) in the
required density;
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— to make the reference frame accessible anywhere on andheesurface of
the Earth;

— to provide a link between the GGOS technique-speci ¢ nekspand

— to establish, together with VLBI and SLR, the series of Eaotation param-
eters to the required quality and time resolution.

A well-distributed network of more than 50 DORIS receivens the primary
purpose of determining the orbits of LEOs (e.g., TOPEX, JA$®ut also con-
tributing to the international terrestrial reference famORIS is also used for
calibrating space-geodetic techniques (e.g., GPS, SLRRIB@sing JASON).
The DORIS operations are organized by the IDS.

A well-distributed network of about 40 core sites with cedted SLR, GNSS,
and VLBI and at least one other measurement technique (gedry or DORIS)
at sites with acceptable weather and geological conditidnieast four of these
sites should have full LLR capability.

The IERS combining the products emerging from the techrapezi c Services
and publishing the products required for the maintenancedeial and celestial
reference frame, including the series of Earth rotatiompeaters.

A global network of absolute gravity stations and supercmtidg gravity sta-
tions co-located with space-geodetic reference statioitl,the goal to tie the
geometric reference frame with high long-term stabilitytte CM.

A global network of tide gauges co-located with permanenSSNites.

In view of the impressive number of functioning IAG Servi¢ésgure 10.1) with
their fully operating networks and data processing eles)@aGOS 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 gooploaition as the
geometry-related GGOS parts. It currently consists theSGind the individual
satellite mission teams, and it shall be augmented by alBatelission entity. It
should be stated that the IGFS has not (yet) assumed the fralenmparing and
combining gravity eld results from all missions. Neitheoek it incorporate the re-
sults of the altimetry missions. The entity for satellitesgibns does not exist either.
Attempts to establish a mission-independeérnational Altimetry Servic@lAS)
have not been successful so far. Likewise, GGOS should pmothe establishment
of a mission-independent global INSAR entity, preferalshaaervice. However, for
both, satellite altimetry and INSAR, the question of acdedke proprietary data is
a major obstacle that GGOS needs to address in conjunctthrilvel 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 (LAGEO&t 2, STARLETTE,
etc.) were launched for geodetic purposes in the late @htury. The continued
observation of these satellites and the analysis of thesefations are essential
to derive, for example, the geocenter location with resp@¢he GGOS network
and the (other) low degree and order coef cients of the Eapbtential eld. The
deployed SLR satellites potentially provide continuityeomany decades.

In the near future there may be up to four fully operationalS®\based on the
same principles of operation (GPS, GLONASS, GALILEO, andVI®SS). The
observations of all available GNSS satellites (with allaie techniques) will be
important, from the point of view of the number of terredtabserving sites. More-
over, many (if not most) Low Earth Orbiters (LEOs) deployedEarth observation
are or will be equipped with GNSS receivers and SLR re ectorallow for an in-
dependent validation of the orbit quality derived from thienowave observations.
It is therefore extremely important that all GNSS spacésrato be equipped with
SLR re ectors. Co-location in space is the counterpart efamation on the ground.

10.2.4 Level 4: lunar and planetary “geodesy” and missions

The Moon is in many respects “just another satellite”. Thsatukits extremely low
“cross section to mass ratio” (compared to the correspgniditios for the arti -
cial satellites) the lunar orbit offers in addition the wmégopportunity to test the
theories of gravitation. For monitoring changes in theatise between Earth and
Moon and to test theories of gravitation, it is thereforeeesial that LLR to the
re ectors deployed by the Apollo missions and Russian spafts continues at
least until transponders on the Moon and other planets beewailable. The lunar
retro-re ectors provide long-term continuity for LLR.

When exploring the Moon, and the Solar System planets amdsthtellites, there
are a number of issues which can only be addressed usingtgetsdniques. In
particular:

establishment of a body- xed reference frame (correspogdo the terrestrial
reference frame);

determination of the body's rotation (corresponding totEaotation); note that
the celestial reference frame, established and mainthinéue IVS, is a prereg-
uisite for studying the rotation of such bodies;

determination of the body's gravity eld (via the trajectes of orbiters, includ-
ing the gravity eld of the Moon);

evolution of the planets' satellite system (including thwelation 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 tdoesal to be
deployed. Itis a primary task of the IVS to de ne and maintalist of quasars (with
their coordinates) for geodetic purposes. The IVS was gikienresponsibility by
the IAG (through International Union of Geodesy and Geojsy8UGG)) and the
IAU. Although the quasar distances are large enough sudHPtiogper Motion can
be neglected, the center of the microwave radiation maftjigary. Therefore, the
task of selecting such objects for geodetic purposes iginalt

10.3 Organizational considerations

10.3.1 History

The IAG has a long tradition of establishing scienti ¢ se®s. The rst one, the
ILS was created under the auspices of IAG at the end of tffecEdtury. Its cre-
ation is in a way exemplary for the motivation to create the@=5 The creation
of the ILS was motivated by the need to monitor Earth rotatinrparticular po-
lar motion (which at that time could by established by latéwbservations with
astronomical telescopes). The ILS, and then its succesgsointernational Polar
Motion Service (IPMS), were remarkably stable. Polar motieterminations were
generated by these Services for about eighty years. Thantkese Services, to-
day there is more than one hundred years of polar motion @a@ILS, Bureau
International de I'Heure (BIH), and the IPMS were directiynfled by government
agencies for the declared purpose of monitoring the ratatiohe Earth, which also
included the de nition and realization of universal timeday geodesists are deeply
indebted to these agencies for having initiated the geodttdy of the Earth, based
on a worldwide collaboration of institutions and backed ypgbvernmental com-
mitments. With GGOS the IAG wishes to achieve a comparald&eayto serve the
needs of the ZLcentury.

10.3.2 The revolution invoked by space geodesy

The funding situation in the eld of geodesy and geodynarol@anged dramatically
in the second half of the 3®@entury. With the replacement of optical astrometry
by new space-geodetic techniques, Earth monitoring fodggéoand geodynamics
purposes was funded to a great extent by research and dmaivfunds. This step
was also justi ed by the fact that modern space-geodetitiotg opened the way to
study not only aspects related to Earth rotation, but pexvithe metrological basis
for a much wider range of applications (from global studi@segional and local
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ones). In the 1990s it also became evident that technigee-sservices had to be
created in order to exploit the full scienti c potential dfe new techniques. First
the IGS, then the ILRS, the IVS, and eventually the IDS weeatad.

10.3.3 Current situation

The technique-speci c IAG Services were established thhoQalls for Participa-
tion without offering funding for operations. Today theserdces are therefore
based on a voluntary collaboration of the contributing argations. Naturally the
funding situation differs from country to country (somegéisneven from institution
to institution). It may be puzzling for government repreis¢ines and science man-
agers that despite considerable uncertainties the IAGi&anhave been so suc-
cessful and stable. However, the question needs to be adketthev this model is
sustainable in the long run.

GEO is building the GEOSS to a large extent on the same ptaoiproluntary
commitment and best-effort contributions. The experieoicthe successful IAG
Services shows that this principle requires a high degreedfndancy, and at the
same time is problematic for providing a uniform global aage of ground-based
infrastructure. In particular for reference frame maistece, large spatial gaps and
temporal variations in the monitoring infrastructure (irding changes in the poly-
hedron through new and disappearing stations) cause tafipbomogeneities and
degradations of accuracy.

In 2001 the IAG Council approved, upon recommendation of & Executive,

a new structure with the GGOS project as the I1AG's agshipwits the intention
to view modern geodesy from the global perspective and taleuthe efforts of all

branches of this science to serve one and the same goal.ddlishould be viewed
as the principal result of the work of the GGOS planning cotteri(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 thedation of the IAG
Services developed at the end of thé'2@ntury. In Section 10.3.6 the two essential
elements of the GGOS environment, namely the GEO (and aémattto establish
its GEOSS) and IGOS-P were introduced. The required GGQtate was laid
outin Section 10.1 (Figure 10.1). GGOS shall have:

a Steering Committee as the plenary and decision-makingpooent with rep-
resentation of the shareholders;

a Science Panel with broad expertise providing scienti ciegl to the Steering
Committee;
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an Executive Committee developing GGOS according to tlaegly and guide-
lines decided upon by the Steering Committee;

a Coordination Of ce responsible for day-to-day operasipn

three entities (for satellite missions, geodetic stansleadd networks and com-
munications).

GGOS shall be based on the infrastructure provided by theSAices, i.e.,

the two combination Services (IERS and IGFS);

the technique-speci ¢ Services (IGS, ILRS, IVS, IDS, IG&S;P), the satel-
lite and space mission teams, and future services such @sSaand an INSAR
services.

The missing parts of GGOS should be created as soon as @og3iklir creation
should be based on a Call for Participation issued by the IAGecommitment
under the new boundary conditions (and an adapted list éé¢slahd deliverables)
shall be initiated for the established parts of GGOS. Thekwions and ndings
of this book shall serve as the basis for the establishmethiediuture GGOS.

10.3.5 Integration of relevant regional activities

GGOS will actively seek participation of regional geodgiiograms to augment
the GGOS global coverage in order to make the most economiofuavailable
resources.

10.3.6 Integration of GGOS into global programs

It is encouraging to note that recently the necessity togmuesthe infrastructure
for global Earth observation was recognized on the miriatézvel (see also Sec-
tions 1.3 and 5.1). In 2003, theed hocGEO was established as a result of a G8-
meeting, and guided by a series of three ministerial-lewstiEObservation Sum-
mits, GEO developed a plan for the implementation of GEO$8& Ghapter 5 for an
overview or GEO, 2005a,b, for background information). 092, GEO was estab-
lished permanently. Currently, GEO includes almost 80 mesrabuntries and more
than 45 participating organizations. GEO is establishireg®@EOSS with the vision
to realize a future wherein decisions and actions to the hesfehumankind are
informed via coordinated, comprehensive and sustainethEdrservations and in-
formation(GEO, 2005a). GEOSS is building on and adding value to exgjdfarth
observation systems by coordinating their efforts, adsngscritical gaps, support-
ing their interoperability, sharing information, reachim common understanding of
user requirements, and improving delivery of informatiomsers.

The IAG, represented in GEO by GGOS delegates, is one of i grartici-
pating organizations. GGOS clearly must be developed gakito account its role
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as a crucial part of the GEOSS. GGOS may be viewed as the iogitcal basis for
many parts of the GEOSS.

The importance of geodesy, and in particular, GGOS, fortEalservations is
increasingly acknowledged by GEO and comparable orgaaizas well as their
users, such as United Nations authorities and scienti gggts. Further progress in
geodetic techniques and products is seen as an essergitdwtrds a better under-
standing of the Earth system four the bene t of mankind. Tas been recognized
by GEO by including a task speci cally addressing the gemdeference frames in
the GEO Work Plans 2007-2009 and 2009-2011.

GGOS is coordinated scienti cally by IAG. On a higher orgeational level
GGOS must be associated with that international orgawizatvhich eventually
will have all the other global observing systems under itspaes, while still re-
maining a major component of the IAG. Assuming a successtadldishment of
GEOSS, itis clear that the GGOS must be one of the systems @SSEHowever,
in order to improve the funding situation and to establishira link to an appropri-
ate intergovernmental authority, GGOS should also be &tsocwith a UN body.
UNESCO appears to be an appropriate choice. It is hopedtisairibrella organi-
zation will sponsor elements of GGOS. IAG will provide (akdts done so far) the
scienti ¢ oversight and expertise for GGOS and it will prdej through GGOS, the
link to the umbrella organization.






Chapter 11
Recommendations

H.-P. Plag, G. Beutler, R. Gross, T. A. Herring, P. Poli, Czd?i, M. Rothacher, R.
Rummel, D. Sahagian, J. Zumberge

In this Chapter, we summarize the recommendations of the &&@0 Writing
Team. The recommendations are numbered, with the rst nurimtaBcating the
chapter from which a recommendation originates.
Recommendation 1.1 (Transition from research to operatioal):
Recognizing that

geodesy has a large potential to help meet the challengadahireg sustainable
development for a global society on a changing planet
it is recommended that

IAG and GGOS engage in improving the framework conditiom$dtly harness-
ing the potential of geodesy for Earth observation by aftigeomoting a transition
of the geodetic observing system from research to opewdtiand facilitate the es-
tablishment of an operational core of GGOS with suf cientdan resources for the
sustained operation of this core.
Recommendation 1.2 (Global reference systems):
Recognizing that

the global geodetic reference frames are fundamentallf&aath observations
it is recommended that

IAG and GGOS facilitate, particularly in the frame of GEOtemational 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 plapgdyeodesy for
realizing the principle of sustainable development, arad th

educational aspects are extremely important (becauséntheythe greatest im-
pact on societal behavior) in order to prepare future geiosimto make use of the
full bene ts of geodesy
it is recommended that

IAG and GGOS make dedicated outreach efforts to scienceauielty at large,
with the goal to promote geodesy's role in reaching sustdédevelopment, and to
integrate this role of geodesy appropriately into educgimgrams.
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Recommendation 2.1 (Adherence to conventions and standasii
Recognizing that

consistency within and across the “three pillars of geotesicially depends on
well-de ned standards and widely respected conventions
it is recommended that

IAG continue to maintain geodetic standards and developeaions for geode-
tic analyses and products, and that

every effort be made by the IAG Services and GGOS to adherdduvant stan-
dards and conventions.
Recommendation 3.1 (Towards new reference systems):
Recognizing that

the combination of geodetic measurements will require newitions of a ter-
restrial reference system and a consistent realizatiom®system
it is recommended that

particular attention be paid in GGOS to the development e$¢mew reference
systems.
Recommendation 4.1 (Promotion of ITRS and maintenance of IRF):
Recognizing that

a stable and accurate geodetic reference frame must undgpatial Data In-
frastructures (SDI), to ensure that all geo-referenced dagd by a wide range of
community groups and government agencies is unambigubuilshd to the geode-
tic foundation
it is recommended that

ITRS be employed as the global geodetic reference syste8iigrand that

the ITRF be maintained and made accessible with an opesahiione ensuring
ITRF with the accuracy, long-term stability, and the levehocessibility required
by SDI applications.
Recommendation 4.2 (The link between science and applicatis):
Recognizing that

geodesy plays a vital role with respect to sustainable deveént, the provision
of community services, support for many vital industries;igity and emergency
management, mapping and navigation, and others
it is recommended that

the link between “scienti ¢ geodesy” and “practical (or sgpgonal) geodesy” be
strengthened, and made explicit so that national geodgéin@es are reminded of
the mutual bene ts of these two parts of geodesy, and of thddmental contribu-
tion of geodesy to their mission.
Recommendation 4.3 (Links of IAG to other professional orgaizations):
Recognizing that

geodesy and GGOS are relevant to a number of internatiowlahational sci-
enti c and professional sister organizations of IAG, indilng, but not restricted to
ISPRS, International Federation of Surveyors (FIG), ma¢ional 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 organizationsgrgmoting the
GGOS vision and its activities.
Recommendation 4.4 (Embracing new technologies):
Recognizing that

there is rapid technological developmentintegrated inbdgssional applications
of geodesy
it is recommended that

GGOS embrace new geoinformation/geodetic technolog@sasiDINSAR, LI-
DAR, GNSS-RTK, structural monitoring systems, and mudtisor precision nav-
igation systems, in an integrated manner to address diffegatial and temporal
user requirements for high accuracy geometric informathat is unambiguously
tied to a rigorous geodetic framework.
Recommendation 5.1 (Representation in Earth Observation @mmittees):
Recognizing that

geodesy provides the metrological basis enabling Eartbreason with the re-
quired accuracy and that

the global geodetic reference frame is a fundamental duriioin to global Earth
observation
it is recommended that

GGOS maintain a formal representation in existing Eartleolisg coordination
committees (international bodies and commissions), atabksh links to relevant
committees as appropriate.
Recommendation 5.2 (Real-time access to data of GNSS traokj stations and
promotion of occultation receivers):
Recognizing that

real-time or low-latency access to geodetic observationsarticular GNSS ob-
servations, is increasingly important for application;miumerical weather predic-
tions, space weather predictions, early warning systentspther societal applica-
tions
it is recommended that

existing and future ground-based GNSS sites installed lmgemssts be con-
nected in real-time to GNSS data and analysis centers thaislieg these non-
geodetic applications, and that

future geodesy missions using GNSS receivers be radio taticul-compatible,
whenever possible, and that

a framework be established to allow occultation data prEingsas a service to
geodesy missions (i.e., outside the geodesy missions #teess.
Recommendation 5.3 (Gravity eld and circulation models):
Recognizing that

detailed knowledge of the Earth's gravity eld is importgot atmosphere and
ocean circulation models
it is recommended that

that GGOS establish proper contacts and interfacing to #nthEystem model-
ing community with the goal to enable improvements of thevigyaeld represen-
tation in circulation models.
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Recommendation 5.4 (GNSS and climate studies):
Recognizing that

GNSS observations are an important information sourceliorate studies re-
lated to water vapor
it is recommended that

GGOS (through its components) continue archiving GNSSrmwhtens and all
necessary data for future reprocessing and use in climadéest and that

long-term funding for this archiving be secured from relgweimate programs.
Recommendation 5.5 (GGOS and monitoring of the global watecycle):
Recognizing that

geodetic observations are fundamental for monitoring tlebal hydrological
cycle on global to local scales
it is recommended that

GGOS encourage and support a global water cycle servicetbeaides infor-
mation on changes in the water storage on land, in ice shedtmadhe oceans on
a routine basis, potentially through assimilation of thedygtic observations in a
Earth system model.
Recommendation 5.6 (GNSS seismology):
Recognizing that

GNSS can potentially contribute to the near real-time aeitesition of the seis-
mic magnitude and associated displacement eld of largthgaakes
it is recommended that

GGOS promote the development of GNSS seismology, partiguler early
warning and disaster assessment purposes.
Recommendation 6.1 (GGOS in support of planetary missions)
Recognizing that

planetary geodesy, radio science, interferometry (inowémnaging VLBI, as-
trometric VLBI, and Earth-Space VLBI), and interplanetagvigation all require
an accurate geodetic foundation, and that

although the performance of GGOS is not a limiting factorlirothese appli-
cations, future requirements will be more demanding, gafig¢hose imposed by
interplanetary navigation, and in some cases exceedirggpi@ay capabilities of
GGOS
it is recommended that

GGOS be developed in order to meet these future requirepibatsn particular

GGOS generate real-time values of Earth orientation atewoa 3 mm, and
that

GGOS enable calibrations of troposphere delay and iones@ueurate 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 observingteys meeting all
observational requirements
it is recommended that
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GGOS set up, together with relevant user groups, threshuldtarget values
in terms of accuracy, spatial and temporal resolutionniateand integrity, for the
guantities to be observed or derived from geodetic obsenst
Recommendation 7.2 (GGOS database of user needs and obsdional re-
quirements):

Recognizing that

the user needs and observational requirements with repgebdetic observa-
tions and products will evolve over time
it is recommended that

GGOS maintain a database of user needs and observatiorenaguits, and a list
of products to be provided by GGOS in order to meet these sxghequirements.
Recommendation 7.3 (Improved access to ITRF):

Recognizing that

the global geodetic reference frame and ready access toghis plays a crucial
role for many scienti ¢, professional and societal appiicas
it is recommended that

GGOS focus on improved access to the global reference frathdow latency
and high spatial resolution as well as the long-term statuli the frame.
Recommendation 8.1 (Future reference frame approach basedn extended
model):

Recognizing that

users in many applications increasingly require accessdeaodgetic reference
frame with high spatial and temporal resolution in orderé@ble 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 frapreach based on
a reference frame model with, in principle, in nite spataid temporal resolution,
and that

this reference frame be based on a dynamic Earth system rinadelssimilates
observations and predicts the motion of all points on théaserof the Earth, as
well as variations in the gravity eld of the Earth system atheé rotation of the
solid Earth.

Recommendation 8.2 (Towards an integrated Earth system maa):
Recognizing that

the future geodetic reference frame approach, in order tet the demanding
user requirements and to achieve the required spatialutéso| will have to be
based on model prediction
it is recommended that

GGOS promote the development of an integrated Earth systeaelnawhich can
be used to predict the geodetic quantities in a self-cargi$tamework, and that

both forward-modeling and inversion methods be developgutedict geodetic
quantities and to invert geodetic observations for theifgs, respectively.
Recommendation 9.1 (Augmentation of the current global gedetic infrastruc-
ture):

Recognizing that
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the currently implemented global geodetic infrastrucianeot suf cient to pro-
vide a monitoring of Earth's shape, gravity eld and rotatimeeting most of the
users' needs, and to sustain the global geodetic refereace§ required for many
scienti ¢ and societal applications
it is recommended that

the global geodetic infrastructure not only be maintainttti@ current level but
also be augmented, in order to close major spatial and téotical gaps, with: (1)
a global network of core sites on all continents, (2) absoard superconducting
gravimeters at a global network of reference sites, in paldr the core sites, and
(3) two additional dedicated SLR satellites, that

an operational core system be built up and maintained wighnétcessary in-
frastructure for an operational geodetic Earth systemiceproviding quantitative
information on changes in ice sheets, sea level, water cgokkclimate, as well as
for hazards, disasters, and resource management appticatid that

the operational core include at least: (i) the global geiodwttworks for the de-
termination and monitoring of the geodetic reference frgmmecluding Earth rota-
tion, (ii) continuous gravity satellites missions for themitoring of mass transport,
(iii) continuous satellite missions for the monitoring oéisheets, sea surface height,
and lake level variations, and (iv) continuous satellitssigns 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 representethie IAG Services are the
basis of IAG's GGOS, and that their products are prereqsdivr the realization
GGOS
it is recommended that

the work of the technique-speci ¢ entities, based on thtestd-the-art observa-
tional and analysis tools, be continued, and that

funding for these technique-speci c services be secured long-term basis.
Recommendation 10.2 (Uninterrupted sequence of satellit@issions):
Recognizing that

uninterrupted geodesy-related satellite missions areimed, for the generation
of the best possible time-varying gravity eld, and the ntoning of sea and ice
surface topographies, and that

today there is no consistent plan for deploying geodestadisatellite missions
it is recommended that

GGOS, in close partnership with the space agencies and C#&lops a plan
for an uninterrupted series of geodesy-related spaceonsbiased on scienti ¢ and
societal needs, and that

GGOS have a speci ¢ entity developing these scenarios.
Recommendation 10.3 (Continuation of IERS):
Recognizing that

the results of the technique-speci ¢ entities (the IAG Sezg) are compared,
validated, and combined to generate unique, techniqueperdent geodetic prod-
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ucts (celestial, terrestrial, and, to a lesser extent,igt@onal reference frames, con-
stants, etc.), that

this work is undertaken by the IERS for the geometry-relatediucts
it is recommended that

the work of the IERS be continued based on state-of-theadidtation and com-
bination techniques, and that

funding for these activities be secured on a long-term basis
Recommendation 10.4 (Plan for gravimetric mission-indepedent products):
Recognizing that

full utilization of the gravimetric satellite missions ngéiges long time series
based on all relevant techniques
it is recommended that

the IGFS develop a plan to generate mission-independeritgpaoducts, which
also include terrestrial and airborne data, that

an entity realizing this plan (inside or outside the IGFS)dmnti 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 (fhetuSLR data, terres-
trial and airborne gravity measurements) must be compaidlated, and com-
bined into unique geodetic products, which have to be, m@eaonsistent with
the geometry-related products, and that

an international altimetry service could address one aspethis problem,
namely that of sea and ice surface topography based on theoflatl altimetry
missions available
it is recommended that

an IAS as a mission-independent altimetry service be éskedal 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 IBAR Service):
Recognizing that

the INSAR observations are very versatile observationsanfrEsurface defor-
mations and that

these observations serve a wide range of applications
it is recommended that

an international INSAR service be established and incatpdrinto IAG and
GGOS, that

this service support the application of INSAR integratethvNSS and make
products related to Earth surface deformations routinejlable, 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 psowgsmodeling and
products across the “three pillars of geodesy” at a levelettien than 10°, 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 angkotinns be created
(known as the “GGOS Bureau of Standards and Conventiotst), t

this entity keep track of and make available a detailed andise 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 indepertéehhique-speci ¢
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 ¢ netwankeate, in coopera-
tion with the IERS, a “GGOS Communications and Networks'itgiwith the ob-
jective of designing the networks (minimum number and distion of core sites,
co-location of techniques, etc.) and scoping the opergdommunication and data
ow between networks, and from stations to regional and glalata centers) of the
network as a whole.
Recommendation 10.9 (United Nations support for GGOS):
Recognizing that

the fullimplementation of GGOS, and particularly of an agi&mal core system,
requires broad international support for GGOS as organizat
it is recommended that

IAG continue its active role in GEO and other relevant orgations, and that

IAG and GGOS continue the dialog on the association of GGQB avi appro-
priate United Nations agency (e.g., UNESCO).
Recommendation 10.10 (Establishment of a GGOS CoordinatmOf ce):
Recognizing that

GGOS is based on a wide range of contributing organizatinastutions, 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 G&0OS Coordina-
tion Of ce”) with the task to maintain an overview on GGOS ¢obutors and users
and their requirements as well as to support the GGOS deeisaking entities on
a day-to-day basis, and that

funding for this entity be secured on a long-term basis,gregfly through the
respective United Nations agency.
Recommendation Al.1 (GEO Resolution):
Recognizing that

the fundamental role for geodesy and the geodetic obsenvayistem for Earth
observation in general, and GEO in particular, necessitat continuous commit-
ment of many national and regional institutions, orgamires and governments to
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GGOS
it is recommended that

the GEO Plenary consider a resolution recommending to th@ GEmber coun-
tries to maintain, and if necessary increase, their supgddhe operational infras-
tructure of GGOS at a level appropriate to meet the requineésnef the SBAs ad-
dressed by GEO.
Recommendation Al.2 (GGOS Stakeholder Conference):
Recognizing that

the implementation of GGOS on the basis of the ndings andmamendations
resulting from the GGOS 2020 Process requires a continuialtsgdengaging all
stakeholders inside and outside of IAG
it is recommended that

a conference of the GGOS stakeholder organizations be iaeghto further de-
velop the ndings and recommendations of the GGOS 2020 botwkkey elements
for the Implementation Plan of GGOS, and that

the GGOS 2020 book serve as the basis for discussion andafecé this con-
ference.
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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
ASCIl  American Standard Code for Information Interchange
ASDD Australian Spatial Data Directory

ASDI Australian Spatial Data Infrastructure

ATC  Air Traf ¢ Control

AVHRR Advanced Very High Resolution Radiometer
BIH Bureau International de I'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

319



320 Acronyms and abbreviations

DART Deep-ocean Assessment and Reporting of Tsunamis
DEM Digital Elevation Model

DIAL Dlfferential Absorption LIDAR

DIMERS Dynamical Integrated Modular Earth Rotation System
DORIS Doppler Orbitography and Radiopositioning Integrated bieSiites
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 Nifio 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 Analysivies
FANS Future Air Navigation System

FAO  Food and Agriculture Organization

FGDC Federal Geographic Data Committee

FIG International Federation of Surveyors

FOC  Full Operational Capability

G30S Global Three Observing Systems

GA Geoscience Australia

GAGAN GPS Aided GEO Augmented Navigation

GAIM Global Assimilative lonospheric 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 lonospheric Mapping

GIS Geographic Information Systems

GLDAS Global Land Data Assimilation System

GLONASS Global Navigation Satellite System

GLOSS Global Sea Level Observing System



Acronyms and abbreviations 321

GMES
GNSS

Global Monitoring of Environment and Security
Global Navigation Satellite System

GNSSS Global Navigation Satellite System of Systems

GOCE
GOES
GOOS
GPM
GPS

Gravity eld and steady-state Ocean Circulation Explorer
Geostationary Satellite Server

Global Ocean Observing System

Global Precipitation Measurement

Global Positioning System

GRACE Gravity Recovery and Climate Experiment

GRGS
GRS
GSHM
GSO
GSWP
GTHM
HF
HRSC
HSB
IAG
IAIN
IAU
ICAO
ICRF
ICRS
ICSM
ICSU
ICT
IDS
IERS
IGFS
IGOS

Groupe de Recherche de Géodésie Spatiale

Geodetic Reference System

Global Seismic Hazard Map

GeosStationary Orbit

Global Soil Wetness Project

Global Tsunami Hazard Map

High Frequencies

High Resolution Stereo Camera

Humidity Sounder for Brasil

International Association of Geodesy

International Association of Institutes of Navigation
International Astronomical Union (the International Astomical Union)
International Civil Aviation Organisation

International Celestial Reference Frame

International Celestial Reference System
Intergovernmental Committee on Surveying and Mapping
International Council for Science

Information and Communication Technology
International DORIS Service

International Earth Rotation and Reference Systems Servic
International Gravity Field Service

Integrated Global Observing Strategy

IGOS-P Integrated Global Observing Strategy Partnership

IGN
IGS
ILRS
ILS
IMO
INS
INSAR

Institut Géographique Nationale
International GNSS Service
International Laser Ranging Service
International Latitude Service
International Maritime Organisation
Inertial Navigation Systems
Interferometric Synthetic Aperture Radar

INSPIRE Infrastructure for Spatial Information in Europe

I0C
IPCC
IPMS
IRNSS
ISIS

International Oceanographic Commission
Intergovernmental Panel on Climate Change
International Polar Motion Service

Indian Regional Navigation Satellite System
International SAR Information System



322 Acronyms and abbreviations

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 Llight 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 Tecluas
MGS Mars Global Surveyor

MLA  Mercury Laser Altimeter

MODIS Moderate-Resolution Imaging Spectroradiometer
MOLA Mars Orbiting Laser Altimeter

MSAS Multifunctional Transport Satellite Space-based Augragah 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



Acronyms and abbreviations

RF Radio-Frequency

RFID Radio-Frequency ldenti cation

RFO  Reference Frame Origin

RINEX Receiver Independent Exchange Format
RLE  Revised Local Reference

RTK  Real-Time Kinematic

SAR  Synthetic Aperture Radar

SBA  Societal Benet Area

SBAS Satellite-Based Augmentation System

SDI Spatial Data Infrastructure
SG Superconducting Gravimeter
Sl 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 Tlde 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 ¢ and Cultural Orgzation
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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324 Acronyms and abbreviations

VSl VLBI Standard Interface

WAAS Wide Area Augmentation System

WCRP World Climate Research Programme

WEGENER Working group of European Geoscientists for the Establestinof
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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COy, 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
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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

Index

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

G30S, 153

GAIM, 79

GALILEO, 33

General Relativity, 254

Earth system models, 89, 93, 119, 233, 271 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
GGOSs
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 Systemsge
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 ILS, 278
follow-on mission, 250 IPMS, 278
gravimeters IVS, 20, 27, 275
absolute, 58, 60 Operating Centers, 262
accuracy, 62 IAS, 276
intercomparison of, 60 ice mass dynamics, 92
network of, 247 ice research, 104
superconducting, 58 ice sheets, 96
gravimetry, 61 mass balance, 184
absolute, 276 ice thickness, 48
airborne, 62, 256 IDS
shipborne, 256 products, 40
superconducting, 276 station network, 36
gravity, 91 IERS
gravity anomaly, 61 Conventions, 22, 72
gravity eld, 15, 58, 119 IGOS, 153
monitoring of, 4 IGOS-P, 11, 154
static, 122 Themes, 154
gravity eld models IGS
EGM2008, 63 products, 35
EGM96, 64 tracking station network, 35
Greenland, 103 ILRS
ground moisture, 117 products, 30
ground networks, 9 station network, 30
groundwater, 117 imaging techniques, 26
groundwater mass, 181 infomobility, 147
GSO technology, 188 infrastructure
stability of, 169
Hadley cell, 112, 173 INSAR, 50, 100, 252
hazard assessments integrated precipitable water vapor content, 74
seismic, 100 International SAR Information System, 253
tsunamis, 100 interplanetary missions, 206
height systems, 145 ionospheric effects, 78
heights ionospheric refraction, 34
geopotential, 210 ionospheric sounding, 74, 272
HRSC, 202 IVS
hurricanes products, 27
Gustay, 172 station network, 27
Ike, 172 IYPE, 95
intensity of, 172
Katrina, 172 LAGEOQOS, 30
Rita, 172 land cover, 195
hydrological cycle, 97, 117 land development, 143
land use, 195
IAG landslides, 157
Participating Organization of GEO, 11 slow, 158
IAG Services, 238 submarine, 160
Analysis Centers, 260 laser altimetry, 43
Data Centers, 260 laser link technique, 258
IDS, 39, 246, 276 laser ranging
IERS, 3 interplanetary, 244
IGFS, 276 tracking network, 243
IGS, 35, 275 laser retro-re ectors, 255, 257

ILRS, 30, 275 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 CQ, 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 ITRF, 3,136
Viking, 199 ITRF2000, 22
planets ITRF2005, 22
Love numbers of, 199 long-term stability, 116
nutation, 198 origin, 22
precession, 198 polyhedron, 229
plate boundaries, 95 space-time, 67
plate boundary zones, 98 terrestrial, 209, 225
plate motion, 94, 98, 231 WGS84, 136
time variability, 99 reference systems, 3, 18
plate tectonics, 95, 101 Cartesian, 227
point positions celestial, 3, 18
mathematical model, 229 conventional, 19
regularized coordinates, 229 de nition, 226
polar ice caps, 122 dynamic realization, 229
polar motion, 123, 127 GRS80, 72
decadal, 128 ICRS, 3, 20
interannual, 129 ITRS, 3, 20
intraseasonal, 129 orientation, 231
linear trend, 128 origin, 231
seasonal, 129 realization of, 19
tidal, 128 terrestrial, 3, 19, 225
post glacial rebound, 101 WGS84, 22, 109
precession, 55 re ectometry, 254
precipitation, 186 regional densi cation, 91
precision farming, 195 regional projects, 92
CTF, 196 CDP, 94
proper time, 67 EarthScope, 94
PSMSL, 82 WEGENER, 94
Metric data set, 82 regularized coordinates, 229
RLR data set, 82 conceptual problems, 230
repeatability, 243
quasars, 21, 27, 259, 278 reprocessing, 272
requirements
radar altimetry, 40, 251 accuracy of geoid, 215
radiative transfer methods, 189 climate studies, 218
radio interferometer, 27 Earth rotation, 215
radio occultations, 109 for geoid models, 220
radio science, 202 most demanding, 221
future requirements, 214 numerical weather prediction, 218
radio sources, 259 of lunar and planetary science, 212
VLBI imaging of, 202 of real-time positioning, 214
real-time data streaming, 263 of science, 212
real-time kinematic systems, 142 of science applications, 215
receiver clocks, 34 quantitative, 214
reference frames, 19, 93 scienti ¢, 95
celestial, 204 tracking of interplanetary spacecrafts, 213
concept, 226, 229 retrore ectors, 29
contribution of space agencies, 205 rheology, 96, 100, 102
FK5 stellar frame, 21 RINEX, 262
geodetic sources of ICRF, 21 ring laser gyroscopes, 56, 123
height, 254 risk management, 146
HIPPARCOS stellar frame, 20 river catchments, 117

ICRF, 3, 21, 27, 259 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
DESDynl, 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
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Landsat, 194
micro, 254
MODIS, 187
nano, 254
precise orbits, 39
QuickScat, 188
radar altimetry, 43
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SPQOT, 246
SWARM, 254
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TerraSAR-X, 263
to the Moon, 200
TOPEX/Poseidon, 106, 186, 255
TOPEX/Posidon, 106
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satellite sensors
AIRS, 186
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carpet sensors, 188
SSM/I, 187, 188
SBAS, 256
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NIGCOMSAT, 256
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scatterometers
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