SCIENCES

The National

Rty | oneeine. THE NATIONAL ACADEMIES PRESS

This PDF Is available at http://nap.edu/25579 SHARE
Evolving the Geodetic Infrastructure to Meet New Scientific
Needs (2020)
DETAILS
124 pages | 8.5 x 11 | PAPERBACK
ISBN 978-0-309-49778-7 | DOI 10.17226/25579
CONTRIBUTORS

GET THIS BOOK Committee on Evolving the Geodetic Infrastructure to Meet New Scientific Needs;
Committee on Seismology and Geodynamics; Board on Earth Sciences and Resources;
Division on Earth and Life Studies; National Academies of Sciences,
FIND RELATED TITLES Engineering, and Medicine

68**(67( &,7$7,21

National Academies of Sciences, Engineering, and Medicine 2020. Evolving the
Geodetic Infrastructure to Meet New Scientific Needs. Washington, DC: The
National Academies Press. https://doi.org/10.17226/25579.

Visit the National Academies Press at NAP.edu  and login or register to get:

- $FFHVV WR IUHH 3') GRZQORDGV RI WKRXVDQGV RI VFLHQW.L, F UHSRUWYV
— 10% off the price of print titles
+ (PDLO RU VRFLDO PHGLD QRWL,{FDWLRQV RI QHZ WLWOHY UFODWHG WR \RX

— Special offers and discounts

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National Academies Press.
(Request Permission) Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy of Sciences.

Copyright © National Academy of Sciences. All rights reserved.



Evolving the Geodetic Infrastructure to Meet New Scientific Needs

EVOWVING THE

GEODETIC
INFRASTRUCTURE

TO MEET NEW SCIENTIFIC NEEDS

&RPPLWWHH RQ (YROYLQJ WKH *HRGHWLF ,QIUDVWUXFWXUH WI
Board on Earth Sciences and Resources
Committee on Seismology and Geodynamics

Division on Earth and Life Studies

A Consensus Study Report of
The National Academies of
SCIENCES - ENGINEERING < MEDICINE

THE NATIONAL ACADEMIES PRESS
Washington, DC

www.nap.edu

Copyright National Academy of Sciences. All rights reserved.



Evolving the Geodetic Infrastructure to Meet New Scientific Needs

THE NATIONAL ACADEMIES PRESS - 500 Fifth Street, NW ¢ Washington, DC 20001

This activity was supported by the National Aeronautics and Space Administration Grant

No. 8ONSSC18K0176 and the National Academy of Sciences’ Arthur L. Day Fund. Ary opin

LRQV AQGLQJV FRQFOXVLRQV RU UHFRPPHQGDWLRQV H[SUHV\
UHAHFW WKH YLHZV RI DQ\ RUJDQL]JDWLRQ RU DJHQF\ WKDW SU

International Standard Book Number-13: 978-0-309-49778-7
International Standard Book Number-10: 0-309-49778-7
'LJLWDO 2EMHFW ,GHQWLAHU KWWSYV GRL RUJ

$GGLWLRQDO FRSLHV RI WKLY SXEOLFDWLRQ DUH DYDLODEOFG
J)LIWK 6WUHHW 1: .HFN ‘:DVKLQIJWRQ '& F
KWWS ZZ7Z QDS HGX

&RS\ULJKW E\ WKH 1IDWLRQDO $FDGHP\ RI 6FLHQFHV $00 UL
Printed in the United States of America

Cover J)URQW ,OOXVWUDWLRQ RI WKH ,FHVDW VDWHOOLWH PHD
PDWH FKDQJH YDULDEOH LQ WKH $UFWLF 7KH VHD LFH KHLJKV
ODVHU UDQJH PHDVXUHPHQW DV ZHOO DV FP DFFXUDF\ WUDFNI
OLWH 6\VWHP *166 DQG 6DWHOOLWH /DVHU 5DQJLQJ 6/5 RI \
7KH IRXU JHRGHWLF PHDVXUHPHQW WHFKQLTXHV RI WKH JHRGHE
, QWHUIHURPHWU\ WRS OHIW *166 WRS ULJKW 6/5 ERWWRP
5DGLRSRVLWLRQLQJ QWHJUDWHG E\ 6DWHOOLWH ERWWRP ULJ

6XJIJHVWHG FLWDWLRQ 1DWLRQDO $FDGHPLHV REVOBALHQFHV (Q

LQJ WKH *HRGHWLF ,QIUDVWUXFWXUH WR OHHW 1HZ 6FLHQWLAF
$FDGHPLHV 3UHVV KWWSV GRL RUJ

Copyright National Academy of Sciences. All rights reserved.



Evolving the Geodetic Infrastructure to Meet New Scientific Needs

The National Academies of
SCIENCES * ENGINEERING - MEDICINE

The National Academy of Sciences was established in 1863 by an Act of Congress,
signed by President Lincoln, as a private, nongovernmental institution to advise the
nation on issues related to science and technology. Members are elected by their peers
for outstanding contributions to research. Dr. Marcia McNutt is president.

The National Academy of Engineering was established in 1964 under the charter of
the National Academy of Sciences to bring the practices of engineering to advising
the nation. Members are elected by their peers for extraordinary contributions to
engineering. Dr. John L. Anderson is president.

The National Academy of Medicine (formerly the Institute of Medicine) was estab-
lished in 1970 under the charter of the National Academy of Sciences to advise the
nation on medical and health issues. Members are elected by their peers for distin-
guished contributions to medicine and health. Dr. Victor J. Dzau is president.

The three Academies work together as the National Academies of Sciences, Engineer-
ing, and Medicine to provide independent, objective analysis and advice to the na-
tion and conduct other activities to solve complex problems and inform public policy
decisions. The National Academies also encourage education and research, recognize
outstanding contributions to knowledge, and increase public understanding in matters
of science, engineering, and medicine.

Learn more about the National Academies of Sciences, Engineering, and Medicine at
www.nationalacademies.org.

Copyright National Academy of Sciences. All rights reserved.



Evolving the Geodetic Infrastructure to Meet New Scientific Needs

The National Academies of
SCIENCES * ENGINEERING - MEDICINE

Consensus Study Reports published by the National Academies of Sciences, Engineer-

ing, and Medicine document the evidence-based consensus on the study’s statement

Rl WDVN E\ DQ DXWKRULQJ FRPPLWWHH RI H[SHUWYV B5HSRUW)\
conclusions, and recommendations based on information gathered by the commit-

tee and the committee’s deliberations. Each report has been subjected to a rigorous

and independent peer-review process and it represents the position of the National

Academies on the statement of task.

Proceedings published by the National Academies of Sciences, Engineering, and Medi-
cine chronicle the presentations and discussions at a workshop, symposium, or other
event convened by the National Academies. The statements and opinions contained in
proceedings are those of the participants and are not endorsed by other participants,
the planning committee, or the National Academies.

For information about other products and activities of the National Academies, please
visit www.nationalacademies.org/about/whatwedo.

Copyright National Academy of Sciences. All rights reserved.



Evolving the Geodetic Infrastructure to Meet New Scientific Needs

COMMITTEE ON EVOLVING THE GEODETIC
INFRASTRUCTURE TO MEET NEW SCIENTIFIC NEEDS

DAVID T. SANDWELL (NAS), Chair, Scripps Institution of Oceanography, La Jolla,
California

SRINIVAS BETTADPUR, The University of Texas at Austin

GEOFFREY BLEWITT, University of Nevada, Reno

JOHN J. BRAUN, University Corporation for Atmospheric Research, Boulder, Colorado

ANNY CAZENAVE, Centre National d’Etudes Spatiales, Toulouse, France

NANCY GLENN, Boise State University, Idaho, and University of New South Wales,
Sydney, Australia

KRISTINE M. LARSON, University of Colorado Boulder (emeritus)

R. STEVEN NEREM, University of Colorado Boulder

MICHELLE SNEED, U.S. Geological Survey, Sacramento, CA

ISABELLA VELICOGNA, University of California, Irvine

National Academies of Sciences, Engineering, and Medicine Staff

ANNE LINN, Study Director, Board on Earth Sciences and Resources
ERIC EDKIN, Program Coordinator, Board on Earth Sciences and Resources

Copyright National Academy of Sciences. All rights reserved.



Evolving the Geodetic Infrastructure to Meet New Scientific Needs

ISABEL P. MONTANEZ, Chair, University of California, Davis

ESTELLA A. ATEKWANA, University of Delaware, Newark

BRENDA B. BOWEN, The University of Utah, Salt Lake City

CHRISTOPHER (SCOTT) CAMERON, Geological Consulting, LLC, Houston, Texas

NELIA W. DUNBAR, New Mexico Bureau of Geology & Mineral Resources, Socorro

RODNEY C. EWING (NAE), Stanford University, California

CAROL P. HARDEN, The University of Tennessee, Knoxville

ROBERT L. KLEINBERG (NAE), Institute for Sustainable Energy, Boston University,
Massachusetts

THORNE LAY (NAS), University of California, Santa Cruz

ZELMA MAINE-JACKSON, Washington State Department of Ecology, Richland

MICHAEL MANGA (NAS), University of California, Berkeley

MARTIN W. McCANN, Stanford University, California

JEFFREY N. RUBIN

JAMES A. SLUTZ, National Petroleum Council, Washington, District of Columbia

SHAOWEN WANG, University of lllinois at Urbana-Champaign

ELIZABETH J. WILSON, Dartmouth College, Hanover, New Hampshire

National Academies of Sciences, Engineering, and Medicine Staff

ELIZABETH EIDE, Director

ANNE LINN, Scholar

DEBORAH GLICKSON, Senior Staff Of cer

SAMMANTHA MAGSINO, Senior Staff Of cer

NICHOLAS ROGERS, Financial Business Partner

COURTNEY DEVANE, Administrative Coordinator

ERIC EDKIN, Program Coordinator

RAYMOND (REMY) CHAPPETTA, Senior Program Assistant/Research Assistant

Vi

Copyright National Academy of Sciences. All rights reserved.



Evolving the Geodetic Infrastructure to Meet New Scientific Needs

Acknowledgments

his Consensus Study Report was reviewed  SEAN HEALY, European Centre for

in draft form by individuals chosen for their Medium-Range Weather Forecasts
diverse perspectives and technical expertise. TOM HERRING, Massachusetts Institute of
The purpose of this independent review is to pro- Technology

vide candid and critical comments that will assist the GEORGE HILLEY, Stanford University
National Academies of Sciences, Engineering, and  MARTIN HORWATH, University of Dresden
Medicine in making each published report as sound  PAUL SEGALL, Stanford University

as possible and to ensure that it meets the institutional YOLANDE SERRA, University of Washington
standards for quality, objectivity, evidence, and respon JOHN VIDALE, University of Southern California
siveness to the charge. The review comments and draft

manuscript remain con dential to protect the integrity Although the reviewers listed above provided many
of the process. constructive comments and suggestions, they were not
We thank the following individuals for their review asked to endorse the content of the report nor did
of this report: they see the nal draft before its release. The review of
this report was overseen by DANNY REIBLE, Texas
ZUHEIR ALTAMIMI, University of Paris Tech University, and KEITH CLARKE, University
LAURA BOURGEAU-CHAVEZ, of California, Santa Barbara. They were responsible
Michigan Tech Research Institute for making certain that an independent examination
DON CHAMBERS, University of of this report was carried out in accordance with the
South Florida standards of the National Academies and that all review
CLARA CHEW, University Corporation for comments were carefully considered. Responsibility for
Atmospheric Research the nal content rests entirely with the authoring com-
SHIN-CHAN HAN, University of Newcastle mittee and the National Academies.
Vi

Copyright National Academy of Sciences. All rights reserved.



Evolving the Geodetic Infrastructure to Meet New Scientific Needs

Copyright National Academy of Sciences. All rights reserved.



Evolving the Geodetic Infrastructure to Meet New Scientific Needs

Contents

SUMMARY

1 INTRODUCTION
Committee’s Tasks and Approach, 9
Geodetic Infrastructure and Terrestrial Reference Frame, 12
Organization of This Report, 16
References, 17

2 PROGRESS IN MAINTAINING AND IMPROVING THE
GEODETIC INFRASTRUCTURE
Maintaining and Improving the Geodetic Infrastructure, 19
Enhancing Speci ¢ SLR and VLBI Sites, 20
International Geodetic Network, 21
GNSS/GPS National Network, 21
International Geodetic Services and the ITRF, 22
Federal Geodetic Service, 22
Geodesy Workforce, 23
Summary, 24
References, 24

3 SEA-LEVEL CHANGE
Science Overview, 25
Sea-Level Change, 29
Thermal Expansion—Ocean Heat Storage, 32
Ice Sheets and Glacier Mass Changes, 32
Land Water Hydrology, 34
Vertical Land Motion, 35
Summary, 35
References, 37

Copyright National Academy of Sciences. All rights reserved.

19

25



Evolving the Geodetic Infrastructure to Meet New Scientific Needs

X

CONTENTS

TERRESTRIAL WATER CYCLE 39
Science Overview, 39

Elastic Loading, 40

Aquifer-System Compaction (Land Subsidence), 42

Surface Water Monitoring by Satellite Altimetry, 46

Water Cycle Monitoring with Satellite Gravity, 46

Calibration/Validation and GNSS-IR, 47

Summary, 47

References, 48

GEOLOGICAL HAZARDS: EARTHQUAKES AND VOLCANOES 51
Science Overview, 51

Required Measurements and Links to the Terrestrial Reference Frame, 54

Summary, 56

References, 57

WEATHER AND CLIMATE 59
GNSS for Atmospheric Sensing, 59

Improvements in Weather Models, 60

Reducing Uncertainty in Climate Projections, 66

Summary, 66

References, 68

ECOSYSTEMS 71
Vegetation Dynamics, 71

Lateral Transport of Carbon, Nutrients, Soil, and Water, 74

Global Soil Moisture, 77

Permafrost and Changes in the Arctic, 77

Summary, 80

References, 80

PRIORITIES FOR MAINTAINING AND ENHANCING THE

GEODETIC INFRASTRUCTURE 83
Accuracy and Stability of the TRF, 83

Accuracy and Stability of Satellite Orbits, 84

Accuracy of the Low-Degree Geopotential Harmonics, 84

Augmentation of the GNSS Station Network, 85

Supporting Software, Models, Data, and Expertise, 85

Summary, 86

Reference, 87

APPENDIXES

A

B
C
D

Science and Applications Traceability Matrixes 89
Speakers and Workshop Participants 107
Biographical Sketches of Committee Members 109
Acronyms and Abbreviations 113

Copyright National Academy of Sciences. All rights reserved.



Evolving the Geodetic Infrastructure to Meet New Scientific Needs

Summary

atellite remote sensing is the primary tool for the existing geodetic infrastructure, as long as it is

measuring global changes in the land, oceanmaintained. However, other science questions require

biosphere, and atmosphere. Over the past threeenhancements to the infrastructure. For example, ac
decades, active remote sensing technologies havéve remote sensing systems at the core of the National
enabled increasingly precise measurements of Earteronautics and Space Administration (NASA)
processes, allowing new science questions to be ask@dogram—such as Jason-3, NASA-Indian Space Re
and answered. As this measurement precision increasesearch Organisation Synthetic Aperture Radar, Ice,
so does the need for a precise geodetic infrastructure Cloud, and land Elevation Satellite 2, Gravity Recovery

The connections between the geodetic infra- Climate Experiment Follow On (GRACE-FO), and
structure and science applications are illustrated inSurface Water Ocean Topography (SWOT)—often
Figure S.1. The geodetic infrastructure (level 1) com require more accurate timing and orbit information
prises four measurement techniques used to accuratetp achieve their threshold science requirements. Un
determine the Earth’s orientation in space, its gravita derstanding and implementing improvements to the
tional eld, the trajectories of satellites in orbit around geodetic infrastructure and terrestrial reference frame is
the Earth, and the positions of reference points on the urgent because high-precision data needed for Decadal
Earth. Data from these reference points are used toSurvey science questions are already owing from satel-
de ne the terrestrial reference frame (level 2), a set oflites in orbit.
coordinates and velocities of stable reference points on At the request of NASA managers, the National
the surface of the Earth, which are used to de ne the Academies of Sciences, Engineering, and Medicine
locations of all other sites. Other geodetic products established a committee to summarize progress in
(e.g., orbit determination; level 3) are used to generatemaintaining and improving the geodetic infrastructure
and interpret high-precision data from Earth-orbiting and to identify improvements to the geodetic infrastruc-
missions (level 4). These missions provide the connecture to meet new science needs laid out in the Decadal
tion between the terrestrial reference frame and theSurvey. The committee tasks are given in Box S.1 and
geophysical observables (level 5), which are needed the responses to these tasks are summarized below.
help answer science questions (level 6).
Thriving on Our Changing Planet: A Decadal Strat-

egy for Earth Observation from Space (NASEM, 2018;
referred to hereafter as the Decadal Survey) identi ed
high priority questions and associated space observa
tional requirements to support Earth system science  The committee’s rst task was to summarize
and applications for 2017-2027. Many of the scienceprogress and future aspirations for maintaining and
guestions in the Decadal Survey can be supported bymproving the geodetic infrastructure, as detailed

1
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2 EVOLVING THE GEODETIC INFRASTRUCTURE TO MEET NEW SCIENTIFIC NEEDS

FIGURE S.1 lllustration of how the geodetic infrastructure is connected to enabled scienti ¢ applications. NOTE: DORIS = Doppler
Orbitography and Radiopositioning Integrated by Satellite; GNSS = Global Navigation Satellite System; INSAR = Interferometric
Synthetic Aperture Radar; SLR = Satellite Laser Ranging; VLBI = Very Long Baseline Interferometry.

in the recommendations in Precise Geodetic Infratechnique bringing speci ¢ strength to the reference
structure: National Requirements for a Shared Resotnarae de nition:

(NRC, 2010). The geodetic infrastructure includes

the measurement systems and facilities that allowl. VeryLong Baseline Interferometry (VLBI), which
continuous collection of data at the reference points  provides information on Earth orientation angles
that de ne the terrestrial reference frame, as well and scale.

as international geodetic services that play a role ir2. Satellite Laser Ranging (SLR), which provides
the measurement systems or produce enabling data information on the location of the center of mass
sets or models. Four complementary measurement of the Earth and scale. SLR is also a passive backup
techniques are used to de ne the reference frame tracking method that can be used for orbit determi-
parameters (origin, orientation, and scale), with each  nation when other instruments (e.g., GNSS) fail.

BOX S.1
Committee’s Tasks

1. Summarize progress in maintaining and improving the geodetic infrastructure, as detailed in the recommendations in Precise Geodetif
National Requirements for a Shared Resource (NRC, 2010), and aspirations for future improvements through, for example, new t
analysis.

2. ldentify science questions from the 2018 Decadal Survey on Earth Science and Applications from Space (NASEM, 2018) that depe
and describe the connections between these questions, associated measurement requirements, and geodetic data.

3. Discuss the elements of these science questions that drive future requirements for the terrestrial reference frame, Earth orientation |
satellite orbits, and identify what geodetic infrastructure changes are needed to help answer the questions.

4. |dentify priority improvements to the geodetic infrastructure that would facilitate advances across the science questions identi ed in

Copyright National Academy of Sciences. All rights reserved.
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SUMMARY 3

3. A network of Global Navigation Satellite System to complement and increase the density of the inter
(GNSS) stations, installed much more densely overnational geodetic network, especially in the southern
the globe than the small number of VLBl and SLR hemisphere, leading to greater errors in the north-south
sites. The density of this network allows tens of location of the center of mass of the Earth. Third, a uni-
thousands of GNSS receivers on spacecraft, air ed, highly accurate, national GNSS observing system
craft, ships, and buoys, and in local geodetic array$ias not been developed that could both (a) serve as the
to access or connect to the International Terrestrial U.S. realization of and connection to the ITRF and
Reference Frame (ITRF). The GNSS network also (b) support the Decadal Survey science questions. Most
makes a vital contribution to the measurement of of the geodetic networks operated by U.S. agencies have
polar motion. upgraded their GPS systems to receive signals from

4. Doppler Orbitography and Radiopositioning Inte- multiple satellite systems (multi-GNSS) or have clear
grated by Satellite (DORIS), which is mainly used plans to do so. However, plans to support the software
to compute accurate orbits of altimetric spacecraftand associated products (orbits and clocks) and models
and to enhance the global distribution of ITRF (e.g., location of antenna phase centers) needed for
positions and velocities. multi-GNSS data streams are not clear.

A broader concern is that, with an aging workforce

A large number of U.S. federal agencies contributeand declining number of graduates trained in geodetic
to the development and maintenance of the geodetictechniques and models, the United States risks losing
infrastructure. NASA operates a set of VLBI and SLR its leadership role in geodesy or even its ability to meet
sites and hosts a few DORIS sites. The U.S. Navalthe needs of U.S. geodesy programs. It is also at risk

Observatory supports the operation and upgrade ofof losing redundancy (and hence validation capability)

U.S. VLBI stations and provides Earth orientation in the highest-grade geodetic data analysis software,

parameters that describe irregularities in the rotationindependently written and maintained by more than

of the Earth. NASA, the National Science Founda one research group.

tion (NSF), the National Oceanic and Atmospheric

Administration’s National Geodetic Survey, and the

U.S. Geological Survey operate about one-quarter of

the GNSS sites that form the core of the International

GNSS Service. The National Geospatial-Intelligence

Agency maintains a Global Positioning System (GPS) Task 2 was to identify science questions in the

tracking network. In addition, U.S. federal agencies Decadal Survey that depend on geodesy and to describe

make substantial contributions to the international the connections between these questions, associated
geodetic infrastructure through participation and lead measurement requirements, and geodetic data. The
ership in international geodetic services. committee selected a range of science questions that
The committee asked the above U.S. agencies tadepend primarily on maintaining the current geodetic
present their progress in and aspirations for maintain-infrastructure (weather and climate and ecosystems)
ing and enhancing the geodetic infrastructure. Sinceor on improving its capabilities (sea-level change, ter
the NRC (2010) report Precise Geodetic Infrastructureestrial water cycle, and geological hazards). Those

National Requirements for a Shared Resource was mdience questions were discussed at a 2-day workshop

lished, several agencies have upgraded their networka February 2019 attended by geodesists working to

(e.g., by replacing datums and upgrading GNSS sitesmaintain and improve the geodetic infrastructure and

to allow real-time streaming). Progress has been slowediscipline scientists seeking to answer questions that

in modernizing VLBI and SLR systems. The commit- require an accurate terrestrial reference frame. Together,
tee found three areas of concern. First, the precisiorthey identi ed what speci ¢ aspects of the geodetic in

of the next-generation VLBI and SLR systems has frastructure need to be maintained or improved to help

not been validated with long-term data-driven studies answer the science questions being considered (Task 3).

(as opposed to simulation) in the refereed literature.The science questions and their geodetic needs are

Second, few VLBI or SLR stations have been added summarized below.

Copyright National Academy of Sciences. All rights reserved.
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4 EVOLVING THE GEODETIC INFRASTRUCTURE TO MEET NEW SCIENTIFIC NEEDS

Sea-Level Change High-precision geodesy has become an important tool
_ S _ for hydrologists, climate scientists, and water manag-

Sea level is a leading indicator of climate changegrs enabling a range of studies, including (1) elastic
because its long-term change is driven mainly by thesading caused by changes in terrestrial water storage;
amount of heat being absorbed by the oceans and theyy aquifer-system compaction and land subsidence
amount of land ice being melted by a warmer atmo- c5,sed by groundwater overdraft; (3) surface-water
sphere and oceans. Monitoring sea-level changes %onitoring to support science, water management,
global to regional scales, understanding the causegnq ood forecasting; and (4) water-cycle monitoring
of these changes, and projecting how sea level mighf, {rack changes in total water storage and measure
change in the future are critical for mitigating adverse , 5ter cycle components (soil moisture, snow water
impacts on coastal infrastructure, ecosystems, and huequivalent, and vegetation water content).
man society. A precise geodetic infrastructure is €ssen  The main geodetic focus of terrestrial water cycle
tial for studies of (1) absolute sea-level change (sea levgljications is the ability to monitor absolute vertical
measured with respect to the Earth's center of mass Ofeformation at local, regional, and continental scales.
other suitable reference surface), which is important|n the United States, this monitoring ability requires
for understanding climate change; and (2) relative s€a packbone of core GNSS sites having a spacing of
level (sea level measured with respect to the possibly,q km and weekly Interferometry Synthetic Aperture
moving land surface), which is important for assessingraqar (InSAR) and altimetry acquisitions. Swath aitim
the impacts along the coasts. etry (e.g., SWOT) is needed to frequently measure sur-

All of the measurements of sea-level change antgyce water level (lakes and rivers), and is calibrated using
its components (ocean thermal expansion, ice sheetanflye gauges tied to the terrestrial reference frame by
glacier mass change, land water hydrology, vertical langsNss, The orbits of the INSAR and altimetry satellites
motion, and the effects of melting ancient and modem ey on well-distributed GNSS stations at the surface
land ice) require a terrestrial reference frame that is aCyf the Earth, as well as a stable and accurate terrestrial
curately de ned as a function of time. The terrestrial eference frame. Monitoring the water mass changes in
reference frame needs to have an accurately de nege |arger basins requires monthly time-variable gravity
origin and be free of drifts and other errors, lest they yaasurements from GRACE-type missions with sup
create errors in the satellite measurements that coulcbOrt from the SLR network. Timely production and

be misinterpreted as climate signalsi. This will becomey;isyribution of water cycle products relies on open data,
particularly challenging as the Earth's shape and grav 4cyrate/open software, and a skilled workforce.
ity eld change due to climate change. Of particular

concern is the movement of the Earth’s center of mass loaical H q
relative to the reference frame origin as the ice sheetgeO ogical Hazards

melt, which could amount to several centimeters over Earthquakes and volcanic eruptions open a window
the course of a century. In addition, geodetic sites neag,, processes operating within the Earth. They are also
areas of ice mass loss may show anomalous motion andynapie of great destruction, which has led to substantial
should be treated carefully if used to de ne the refer gfforts 1o forecast their occurrence and mitigate their
ence frame. Itis also important to be able to reconStrUCtimpacts (e.g., reinforcing buildings to withstand expected
the terrestrial reference frame back in time, so that Se%haking). Because earthquake and volcanic cycles occur
level measurements made a century from now can bg, pyndred- to thousand-year time scales, global and
compared to sea-level measurements made today qpng-duration observations are needed to capture enough

25 years ago. partial cycles to understand and model the underlying
physical processes and so advance forecasting.-The re
Terrestrial Water Cycle quired measurements include surface deformation, time-

variable gravity, surface topography, sea surface tsunami

Observing and understanding the water cycle andwaves, and surface cover and atmospheric changes. All

changes in the water cycle are essential for protectingf these measurements depend on maintenance and
this life-enabling resource both now and in the future. moderate improvements of the geodetic infrastructure.

Copyright National Academy of Sciences. All rights reserved.
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SUMMARY 5

The surface deformation measurements dependfrequent updates of clocks and orbital information.
on a global backbone of GNSS sites that is aug-Maintaining absolute accuracy over perhaps hundreds
mented with higher spatial resolution, but less frequentof years will require a stable terrestrial reference frame,
(weekly) INSAR measurements. The combined systemaccurate orbits for the GNSS satellites as well as the
should be able to monitor global plate motions at low-Earth orbiting satellites, and a consistent approach
mm/yr accuracy with local strain rate measurements ato antenna models and data processing.
sub 50 nanostrain/yr precision, which requires a slight
enhancement in the GNSS network. Approximately Ecosystems
40 km or better spacing of geodetic-quality GNSS
stations is needed for monitoring tectonically and vol Ecosystems supply the services upon which all life
canically active sites in North America. Accurate and depends. Understanding how ecosystems are changing
near-real-time satellite orbits and clocks are needed foland how these changes in uence the Earth system are
both long-term monitoring and disaster mitigation. A important for sustaining life on the Earth. Ecosystem
time-dependent terrestrial reference frame combinedscience topics that use active remote sensing, and thus
with time-dependent gravity will be needed to track rely on the geodetic infrastructure, include (1) vegeta
deformations from major tectonic events, especiallytion dynamics; (2) lateral transport of carbon, nutrients,
in ocean areas not monitored by GNSS and InSAR. soil, and water; (3) global soil moisture; and (4) perma
Ocean GNSS sites, with real-time data delivery, canfrost and changes in the Arctic.
increase the accuracy of tsunami forecasts as well as The main geodetic tools used to investigate eco-
provide platforms for sea oor geodesy. All of these systems are (a) Synthetic Aperture Radar (SAR) and
applications rely on open data as well as accurate/opemSAR for estimating changes in vegetation land
software and a skilled workforce to deliver reliable cover, lidar for measuring vertical biomass structure,

products in a timely manner. bare-earth topography, and surface motion associ-
ated with erosional and depositional processes; and
Weather and Climate (b) GNSS-derived total column water vapor and radio

occultation for measuring atmospheric water vapor

The atmosphere is a complex system that variesand soil moisture. These tools rely on accurate-satel
spatially at length scales ranging from meters to thelite orbits and clocks and thus depend on maintaining
circumference of the Earth and time scales rangingthe current accuracy of the geodetic infrastructure and
from minutes and weeks (weather) to years and longeterrestrial reference frame. The application of GNSS
(climate). Understanding and predicting weather and to ecosystem science is emerging, and so the signal-to-
climate requires high spatial and temporal samplingnoise ratio from GNSS ground stations will need be
using a wide variety of sensitive terrestrial and spacearchived to support future research. Sustained gravity
based sensors combined with large numerical modelsneasurements are also a priority. New geodetic needs
that assimilate these data. Science applications thainclude increasing the number of GNSS stations across
rely on maintenance or enhancement of the geodeticenvironmental gradients and placing the stations at
infrastructure include (1) improving weather models, locations with tide gauges and soil moisture sensors. In
and (2) monitoring climate and reducing uncertainty addition, many more radio occultation measurements
in climate projections. are needed to support water vapor observations.

These applications use ground-based GNSS to
measure total column water vapor over land as well
as space-based GNSS radio occultation to measure
the vertical structure of the atmospheric water vapor
and temperature over both land and ocean areas. The Task 4 was to identify priority improvements to the
measurements rely on accurate clocks and orbits of thgeodetic infrastructure that would facilitate advances
GNSS constellations, which in turn rely on the geo across the science questions summarized above. These
detic infrastructure. The sheer number of radio occul- improvements cover ve main areas: (1) accuracy and
tations per day requires a fully automated system withstability of the terrestrial reference frame; (2) accuracy
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and stability of satellite orbits; (3) accuracy of the tion associated with (a) the movement of water over the
global-scale gravity field; (4) augmentation of the surface of the land, cryosphere, and oceans; and (b) the
GNSS station network; and (5) analytical support for elastic and viscoelastic response of the solid Earth to
an enhanced geodetic infrastructure. water loading, earthquakes, and volcanic eruptions.
Most of the passive satellite systems recommended Ground-based GNSS receivers are essential for
in the Decadal Survey rely on moderately accurateachieving the Decadal Survey science objectives related
(<1 m) and near-real-time satellite orbits that are en to sea level, cryosphere, weather, climate, geological
abled by the continued maintenance of the geodetichazards, and ecosystems. The density of core GNSS
infrastructure. In contrast, all of the active sensors thatstations in the United States needs to be increased in
measure height (radar and laser altimetry), surfacehigh priority regions, including plate boundary zones to
deformation (SAR), or path delay (radio occultation) capture the earthquake cycle, coastlines to capture land
require three-dimensional orbit accuracies that aremotion that could affect sea-level impacts and coastal
better than or equal to the accuracy of the geophysicaécosystems, and regions with substantial terrestrial
observable. For all of the satellite systems, active or pasvater storage. In addition, the United States will need
sive, the availability of accurate orbits has enabled fullyo work with the International GNSS Service to deploy
automated processing and accurate geolocation, whicladditional GNSS sites in remote, rapidly deforming
increases the exploitation of the large data sets beingreas, such as the perimeters of the ice sheets that de-
collected by Decadal Survey missions. form by changes in mass loading. Such sites need good
The accuracy and stability of satellite orbits reliesstability of geodetic monuments, long duration, and
on the accuracy and stability of the terrestrial referencéhigh data rate and availability. The U.S. stations should
frame, which is derived from the geodetic infrastruc be considered part of the U.S. geodetic infrastructure,
ture. The committee identi ed three areas of improve open to everyone, and thus have long-term nancial
ment in the geodetic infrastructure needed to help support. Many of these stations already exist, but the

answer the Decadal Survey science questions: infrastructure is aging and users cannot rely on their
continued operation by NSF.
1. Finalize deployment and testing of next- Maintaining and enhancing the geodetic infra-

generation VLBI and SLR systems and complete structure to compute the terrestrial reference frame,
deployment of multi-GNSS receivers to achieve satellite orbits, and other products requires complex
a balance of geodetic measurement techniques software systems developed over decades by teams of
between the northern and southern hemispheres, scientists and engineers. The software systems ingest
document the errors in the systems, and improve both the raw measurements from the geodetic infra
the ability to estimate their positions accurately structure and models for the deformation of the Earth
and automatically. and for propagation of the electromagnetic waves
2. Increase the capabilities for measuring thenter through the ionosphere and atmosphere. Support for
of mass motions expected over the next 100 years,software is critical for using GNSS data to calibrate and
due to the melting of the Greenland anéintarctic validate future satellite missions. The most important
ice sheets. aspects of this activity are that all of the raw data are
3. Work with the international community to completely open and that cross-checking occurs by at
implement a fully time-dependent terrestrial  least two independent groups using largely independent
reference frame that will accommodate sudden, and open software.
annual, and long-term changes in the locations An important component of both the GNSS
of the fundamental stations. and InSAR infrastructure is the development of new
software delivery tools to make these data seamlessly
The most stringent requirements for enhancements available to more users. The dramatic improvement in
to the accuracy and stability of the terrestrial referencesatellite orbits and clocks over the past decade has en-
frame are driven by science questions related to seabled automated processing of very large sets of repeated
level change, ice-mass loss, and land-surface deformabservations (e.g., SAR, optical, radar altimetry, and
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lidar) that was not possible just a few years ago. Thighe geodetic infrastructure. Maintaining and in some
advance is important because the data sets are too largases enhancing the geodetic infrastructure will require
for a human to be in the processing loop, and will requirecollaboration among U.S. federal agencies and interna
that the geodetic workforce work in close collaboration tional partners as well as open data, accurate and open
with the high performance computing community. software, and a skilled geodetic workforce capable of
developing and implementing improvements.

CONCLUDING REMARKS

The international geodetic infrastructure is the REFERENCES
Iarggly 'n\”S'ble foundation of Earth system S_Clence andNASEM (National Academies of Sciences, Engineering, and
applications. Most of the Decadal Survey science ques- Medicine). 2018. Thriving on Our Changing Planet: A Decadal
tions require maintenance of the geodetic infrastructure. ~ Strategy for Earth Observation from Space. Washington, DC:
; ; : The National Academies Press.
However, ke_y SClen_C? questions—particularly th(_)seNRC (National Research Council). 2010. Precise Geodetic In-
that need high-precision measurements from active  fastructure: National Requirements for a Shared Resource.

remote sensing instruments—require enhancements to  Washington, DC: The National Academies Press.
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pproximately every 10 years the National Aero- required to support other Decadal Survey science

nautics and Space Administration (NASA) questions, such as those connected with sea-level

asks earth scientists to reach a community change. For example, Morel and Willis (2005) showed
consensus on a science and observations strategy fthrat changing the position of the center of mass of the
the next decade. Thriving on Our Changing PlanetEarth results in a commensurate change in sea level (see
A Decadal Strategy for Earth Observation from Spadgure 1.2). The Decadal Survey calls for the accuracy
(NASEM, 2018) lays out high priority science questions of regional sea-level rise to be better than 0.5 mm/yr
and associated space observational requirements for atlecade, which requires a highly accurate and stable ter
mosphere and climate, weather, hydrology, ecosystemsestrial reference frame. Enhancements to the geodetic
and solid earth science for 2017-2027. Underpinninginfrastructure are also needed to analyze high-precision
these space observations and their interpretation is thelata from a variety of satellite sensors. Understanding
geodetic infrastructure and its data products, notablywhat improvements to the geodetic infrastructure and
the International Terrestrial Reference Frame (ITRF). terrestrial reference frame are needed is a matter of

The connections between the geodetic infra- some urgency because high-precision data needed for
structure and science applications are illustrated inDecadal Survey science questions are already owing
Figure 1.1 and Box 1.1. The geodetic infrastructure from satellites in orbit (e.g., Gravity Recovery and
(level 1 of Figure 1.1) comprises four measurementClimate Experiment Follow-On [GRACE-FO] and
techniques used to accurately determine positions ofce, Cloud and land Elevation Satellite 2 [ICESat-2]).
reference points on the Earth, the Earth’s orientation in Improving the geodetic infrastructure would also facili-
space, its gravitational eld, and the trajectories of satel-tate new discoveries in earth sciences.
lites in orbit around the Earth. Data from these refer
ence points are used to de ne the terrestrial reference
frame (level 2). Other geodetic data products (level 3)
are needed to generate and interpret high-precision At the request of NASA managers, the National
data from Earth-orbiting missions (level 4). These Academies of Sciences, Engineering, and Medicine
missions provide the connection between the terres-established a committee to identify key connections
trial reference frame and the geophysical observablelsetween geodesy and priority earth science questions,
(level 5), which, in turn, are needed to answer sciencend to explore how to improve the geodetic infrastruc-
guestions (level 6). ture to meet new science needs. The committee tasks
The existing geodetic infrastructure can sup- are given in Box 1.2.

port many of the science questions discussed in  This report builds on two previous National
NASEM (2018), as long as it is maintained. How- Academies reports. Precise Geodetic Infrastructure: Na-
ever, enhancements to the geodetic infrastructure argional Requirements for a Shared Resource (NRC, 2010)

9
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FIGURE 1.1 Illlustration of how the geodetic infrastructure is connected to enabled scienti ¢ applications. NOTE: DORIS = Doppler
Orbitography and Radiopositioning Integrated by Satellite; GNSS = Global Navigation Satellite System; INSAR = Interferometric
Synthetic Aperture Radar; SLR = Satellite Laser Ranging; VLBI = Very Long Baseline Interferometry.

assessed the bene ts of the geodetic infrastructure andeeking to answer questions that require an accurate
recommended improvements to meet user demandderrestrial reference frame. The workshop had two
for increasingly greater precision. To address Task lgoals. The rst goal was to identify what specic
the committee invited U.S. federal agency managersaspects of the geodetic infrastructure need to be
responsible for the geodetic infrastructure to presentmaintained or improved to help answer the science
their assessment of progress made in implementingquestions being considered (Task 3). Workshop par
the NRC (2010) recommendations and their aspira- ticipants considered future needs for ground networks,
tions for the future. The committee used material from data processing, on orbit requirements, space-based
the agency presentations, subsequent discussions witlipproaches, and tools, such as simulation capabili-
other experts, and its own expertise to address the taskies to quantitatively assess the impact of reference
The second foundation report was Thriving on frame improvements. The second goal was mutual
Our Changing Planet: A Decadal Strategy for Earthducation: the scientists would better understand how
Observation from Space (NASEM, 2018), which listedtheir research connects with the underlying terrestrial
the science questions to be considered in this study. Toeference frame, and NASA and other federal agen
address Task 2, the committee combed through the sci cies would better understand how terrestrial reference
ence questions in NASEM (2018) and selected the onesframe realizations need to evolve to answer priority
that depend either on maintaining the current geodetic science questions.
infrastructure or improving its capabilities. The results from the rst meeting (Task 1) and
Those science questions were discussed at #he workshop (Tasks 2 and 3) were used to identify
2-day workshop in February 2019 that brought to priority improvements to the geodetic infrastructure
gether those who maintain and improve the geodeticthat would facilitate advances across the science ques
infrastructure with scientists from multiple disciplines tions (Task 4).
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BOX 1.1
The Satellite Orbit Connects the Geophysical Measurement to the Terrestrial Reference Frame

There are two basic types of satellite remote sensing instruments: passive and active. A passive sensor, like a camera, uses re ec
measure the intensity of each pixel of the image. An active sensor, such as an altimeter, sends a pulse of light toward the Earth. The pt
the land, ocean, or atmosphere and the sensor measures the two-way travel time (see Figure 1.2a). Using the speed of light, the travel
to a range. Thus, active sensors measure both range and intensity, whereas passive sensors measure just the intensity.

The range measured by an active remote sensing satellite is only one half of the geophysical measurement (e.g., sea-surface he
half is the satellite orbit. Thus, orbit error maps directly into the error in the geophysical measurement. The orbit accuracy depends on
the tracking system as well as the accuracy of the terrestrial reference frame. Because accurate orbits are essential for several Decad
missions, combined Global Navigation Satellite System (GNSS) and Satellite Laser Ranging (SLR) tracking are used to reduce the orbi
to provide backup should one tracking instrument fail. A classic example of such a failure occurred in 1991, when the European Space
satellite lost its primary PRARE tracking system. (Global Positioning System [GPS] tracking was not fully developed at the time.) The bac
saved the day, and ERS-1 became one of the most important Interferometric Synthetic Aperture Radar ahd altimeter missions to date.

FIGURE 1.2 (a) The altimeter measures its height above the sea surfeldey measuring the two-way travel time of a re ected
radar pulse. The height of the satellite above the reference ellipsoid H* is determined from the satellite orbit, which is measured
by GNSS and SLR tracking. The sea-surface height is the difference between these two heights. SOURCE: Modi ed from Tapley
et al., 1982. (b) The satellite orbits the center of mass (CM) of the Earth. A poleward shift in the CM causes a poleward shift in
the orbit, which, in turn, results in a poleward shift in the sea-surface height. (c) Global change in sea-surface height caused
by a 10 mm Z-translation of the center of mass of the terrestrial reference frame. While this is an extreme case based on|the
ITRF accuracy in 2005, the same direct connection between the terrestrial reference frame, orbit, and sea level holds today.
SOURCE: Morel and Willis, 2005.

aSee https://ilrs.cddis.eosdis.nasa.gov/missions/satellite_missions/past_missions/ers1_general.html.
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1. Summarize progress in maintaining and improving the geodetic infrastructure, as detailed in Brecsec@endptiatiofiastructure:
National Requirements for a Shared Resource (NRC, 2010), and aspirations for future improvements through, for example, new t
analysis.

2. ldentify science questions from the 2018 Decadal Survey on Earth Science and Applications from Space (NASEM, 2018) that depe
and describe the connections between these questions, associated measurement requirements, and geodetic data.

3. Discuss the elements of these science questions that drive future requirements for the terrestrial reference frame, Earth-orientation |
satellite orbits, and identify what geodetic infrastructure changes are needed to help answer the questions.

4. Identify priority improvements to the geodetic infrastructure that would facilitate advances across the science questions identi ed in

frame itself evolves slowly and predictably and thus
can be used for several years without a major update.
The quality of positioning within the terrestrial
Terrestrial Reference Frame reference frame is described in terms of precisien, ac
curacy, stability, and drift (NRC, 2010; see Box 1.3).
A terrestrial reference system is a spatial referencghe accuracy of the terrestrial reference frame can be
system attached to the rotating Earth, and it includes speci ed—by quantifying uncertainty or by comparing
the speci cation of its origin (usually at the center two reference frame realizations—using seven param
of mass of the Earth), its principal directions (€on eters and their time variations. These parameters are
nected with the equator or rotation axes and prime the origin (three translations), the orientation (three
meridian), and a length scale. A terrestrial referencerotation angles), and the scale (scalar). The science
frame is the realization of the terrestrial reference requirements on the accuracy or stability of several
system through a set of coordinates and velocities obf these reference frame parameters drive the future
stable reference points on the surface of the Eal’thgeodetic infrastructure needs.
whose positions are very accurately known as a func  An international terrestrial reference system has
tion of time! Such reference points are the locations heen adopted by the International Earth Rotation and
of GNSS, SLR, Very Long Baseline Interferometry Reference System Service (IERS). The IERS, in col
(VLBI), and Doppler Orbitography and Radiopo- |aboration with multi-technique services of the Inter
sitioning Integrated by Satellite (DORIS) tracking national Association for Geodesy, is also responsible for
stations. Use of satellite tracking data from thesegptaining ITRF realizations. The ITRF realizations are
locations results in satellite orbit positions that are ypdated as new data are added and as new technologies
expressed in that particular realization of the terres or new analysis methods are incorporated. The latest
trial reference frame. such realization is the ITRF2014 (Altamimi et al.,
Adoption and use of common terrestrial reference 2016), and preparations have begun for the ITRF2020.
systems and frames allow diverse geodetic measurgithough other global reference systems exist (e.g.,
ments to be linked over space and time (see Figure 1.3)WGS84), the ITRF is regarded as having the greatest
The reference points used to realize the terrestrial ref quality and is the most widely disseminated. The in
erence frame are selected so that they have steady aggtnational earth science community, including NASA
predictable motions on the Earth's surface at time scalespace-mission data providers and data users, have long
ranging from months to decades. Consequently, theysed the ITRF for consistent earth science data analy
ses and interpretation. Consequently, in this report, the
ITRF is used as the reference frame realization relevant
L presentation by Frank Lemoine, NASA, at the February 2019 10 the Decadal Survey science objectives, and the
workshop. phrase “terrestrial reference frame” refers to the ITRF.
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FIGURE 1.3 The Earth- xed coordinates of the sites de ning the terrestrial reference frame change on a wide range of time scales
when mass is redistributed over the surface of the Earth. (Left) Sudden mass redistribution is caused by earthquakes and their postseis-
mic response. SOURCE: Altamimi et al., 2016. (Middle) Annual variations in snow and water loading cause mainly Z-oscillations in
the center of mass. SOURCES: Don Argus and colleagues, Jet Propulsion Laboratory, based on Altamimi et al., 2016. (Right) Melting
of the ice sheets on century time scales causes nonlinear motions in the center of mass. The latter changes must be monitored for at
least 100 years so sea level measured in 2100 can be compared with sea level measured in 2000. SOURCE: Modi ed from Adhikari

et al., 2015.

BOX 1.3
Terms Used to Describe the Quality of Positioning Within a Reference Frame

Accuracy—how close a station position within a reference frame is to the truth. Precision contributes to accuracy, but accuracy also tak
systematic biases arising from calibration errors or imperfect observation models.

Drift—the relative rotation, translation, and scale between different reference frames, which results in different velocities between statior
frame. Drift results from instability in one or both of the frames being compared, which in turn may result from systematic error in the
techniques, lack of precision in the measurements, or differences in the station motion models.

Precision—the ability to repeat the determination of position within a reference frame. Precision is necessary to resolve changes in pos
and it is measured using statistical methods on samples of estimated positions. The precision of a reference frame itself refers to the
reference frame parameters (origin, orientation, and scale) that arise from statistical variation in the data used to de ne the frame.

Stability—the predictability of the reference frame and the positions of the stations used to de ne the frame. In a stable reference fram
parameters behave in a consistent manner, with no discontinuities over the time span of the geodetic observations. Furthermore, the ITF
internally consistent, even as it is updated from time to time. Local site stability typically implies that all stations at that site ([do not move 1
other, and that the site does not have nonlinear motions relative to the ITRF.

SOURCE: Abstracted from NRC, 2010.
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Geodetic Infrastructure thousands of GNSS receivers on spacecraft, air
craft, ships, and buoys and in local geodetie net
works to access or connect to the ITRF (including
in real-time). The GNSS network also makes a
vital contribution to the measurement of polar

motion.

DORIS, which is a ground-based beacon system
mainly used for computing accurate orbits of al

timetric spacecraft and for enhancing the global
distribution of ITRF positions and velocities.

The geodetic infrastructure includes the physical
infrastructure (e.g., measurement systems and facilities)
that allows continuous collection of data at the refer
ence points that de ne the terrestrial reference frame, as
well as geodetic services that play a role in the measure,
ment systems or provide enabling data sets or models.
Four complementary measurement techniques are used
to de ne the time-dependent ITRF (see Figure 1.4),
and their primary contributions include the following:

_ _ . _ Each of these four measurement techniques makes
1. VLBI, which provides information on the thrée  gseyerg| contributions to the terrestrial reference frame
Earth orientation angles and scale. (see Table 1.1). These measurement techniques also

2. SLR, which provides information on the location nderpin determination of satellite orbits and Earth
of the center of mass of the Earth and scale. orientation parameters.

3. A network of GNSS stations, which enables
densi cation of the reference frame, and provides Very Long Baseline Interferometry
supplementary information on all seven parameters
of the terrestrial reference frame. The density of The VLBI system comprises 47 radio telescopes
this network, compared with the relatively small that contribute to the measurements of the Earth’s
number of VLBI and SLR sites, allows tens of orientation and scale (Nothnagel et al., 2017; see

FIGURE 1.4 Positions of stations in the four measurement techniques that currently contribute to the ITRF. (Upper left) VLBI sites (47),
including 6 sites (red) operated by NASA. (Upper right) SLR sites (39), including 8 sites (red) operated by NASA. (Lower left) GNSS
sites (496) that form the core of the International GNSS Service. Of these, 122 sites (red) are operated by U.S. institutions, including
NASA, the National Science Foundation, the National Geodetic Survey, the U.S. Geological Survey, and the National Geospatial-
Intelligence Agency. (Lower right) DORIS sites (55), which are operated by the Centre National d’Etudes Spatiales. Three of these sites
(red) are hosted by NASA. SOURCE: Data from Carey Noll, Secretary of the International Laser Ranging Service Central Bureau, 2019.
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TABLE 1.1 Relative Contributions of Geodetic Measurement Techniques to the Terrestrial Reference Frame

Technique VLBI SLR GPS DORIS

Signal Target Microwave quasars Optical satellites Microwave satellites Microwave satellites
Observation type Time difference 2-way range Range Doppler

Celestial Frame (UT1) Strong Weak Weak Weak

Scale Strong Strong Medium Medium

Geocenter Weak Strong Medium Medium
Geographic Density Weak Weak Strong Medium

SOURCES: Don Argus, Jet Propulsion Laboratory, based on Altamimi et al., 2016, and Haines et al., 2015.

Figure 1.4). With this system, coordinated opera- progress to install the next-generation VLBI system
tion of two or more telescopes allows simultaneous(see Chapter 2).
recording of signals from the same extragalaati®o
sources. The signal recordings are then pairwise Crosssieliite Laser Ranging
correlated between the telescopes to establish their
changing positions with respect to the “ xed” celestial The SLR system comprises 39 ground stations
reference frame, as de ned by the egéiactic radio  distributed around the Earth as well as 11 dedicated
sources. ldeally a large number of globally well-geodetic satellites (Pearlman et al., 2002, 2019; see
distributed VLBI stations should consistently partici- Figure 1.4). The ground stations use short-pulse lasers,
pate in tracking sessions. Systematic errors in VLBI optical receivers, and accurate timing to measure the
data and data products that can affect the stabilitytwo-way travel time (and hence distance) to retrore-
of the terrestrial reference frame include the effects ector arrays on the geodetic satellites. The geodetic
of gravitational deformation of VLBI antenna and satellites are mostly in high-altitude orbits where at-
tropospheric refraction errors. mospheric drag and other nonconservative forces are
VLBI is inherently a collaborative global activity, minimal, ensuring a long lifetime in orbit. The SLR
and the master schedule of observations is coordinatettacking data is sensitive both to the position of the
by the International VLBI Service for Geodesy and center of mass of the Earth and to the large spatial
Astrometry (IVS; 41 institutions in 21 countries). This scale variations in the gravity eld. Such information
schedule is based on the availability of each stations critical to the maintenance of the terrestrial reference
as well as the need for global and temporally densdrame. The biases in timing, range biases in tracking
sampling to measure daily changes in the rotationsystems, and uncertainty in the knowledge of center
and orientation of the Earth. All VLBI observations of mass of the satellites carrying the retrore ectors can
are shared, and several centers of the IERS routinelaffect the quality of estimation of the reference frame
produce Earth orientation parameters, such as the dif-parameters from SLR.
ference between Universal Time, which is de ned by While several scientific satellite missions (e.g.,
the Earth’s rotation, and Coordinated Universal Time, ICESat-2, GRACE-FO, Jason-3, and NASA-ISRO
which is de ned by a network of precision atomic Synthetic Aperture Radar) that support the Decadal
clocks. Predictions of this time difference are neededSurvey (NASEM, 2018) science questions normally use
for many applications, such as satellite tracking andGNSS receivers for precise measurements of the orbital
military operations. position, SLR provides independent validation of the
NASA operates and maintains seven large radiocentering and stability of the orbits for satellites orbits.
telescopes at six sites around the Earth and is thuSLR tracking also serves an important role as a backup
a major contributor to the ITRF. Moreover, NASA tracking system in case of GNSS failure on Earth
Goddard Space Flight Center currently hosts the IVS, observation missions, and for determination of long-
which coordinates global operations up to 1 year inwavelength gravity eld variations. As a result, the SLR
advance (Nothnagel et al., 2017). The NASA sites ground stations routinely track more than 90 satellites,
have been in operation since the 1980s and work is irncluding much of the GNSS constellations, and thus
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provide an important link between the ITRF and satel receivers are used primarily on altimeter satellites
lite positions. (Topography Experiment, Jason 1-3, Environmental
NASA currently operates 8 of the 39 global SLR Satellite, Cryosat-2, Sentinel-3A/B, and HY-2A) to

stations. SLR operations, schedules, and products ar@rovide real-time positions with ~30 mm radial orbit
coordinated by the International Laser Ranging Serviceaccuracy. Co-location of DORIS beacons with other
(ILRS), which is currently located at NASA Goddard satellite tracking technigues and cohosting other track-
Space Flight Center. Weekly station coordinate solu ing instruments with DORIS onboard these altimetric
tions are developed at six ILRS analysis centers andatellites allows the altimetric sea-level measurements

combined as input to the ITRF. to be interpreted in the ITRF with con dence. Sys-
tematic errors in the solar radiation pressure modeling

Global Navigation Satellite System on spacecraft can affect the estimation of parameters
of the ITRF.

The International GNSS Service (IGS) network The International DORIS Service (IDS) provides
comprises 496 globally distributed stations operateddata and products to geodetic, geophysical, and other
by a federation of more than 200 self-funded agenciesresearch and operational groups. Seven analysis centers
universities, and research institutions in more than contribute their time-dependent station positions and
100 countries (see Figure 1.4). NASA's Jet Propul tracking data for the development of the ITRF.
sion Laboratory operates 51 of the IGS stations and
hosts the IGS Central Bureau. The IGS organizes geaodetic Services
the global GNSS network used to compute accurate
GNSS orbits and clocks. Station coordinates from this Generation of the ITRF starts by distributing the
network are an important contributor to the ITRF. The raw data from the geodetic measurement systems dis
IGS orbits are available in real-time, rapidly (17-hour cussed above to the analysis and combination centers
latency) and in post-analysis (13 days) time frames fo(IVS, ILRS, IGS, and IDS), where it is analyzed and
GNSS orbits and Earth orientation parameters (polar re ned using computer models and statistical analyses
motion). These frame products are used by continu (see Figure 1.5). These higher-level products are then
ously operating GNSS receivers (currently more thandistributed to the IERS to develop the ITRF. No single
10,000 receivers of geodetic quality) around the world,country or agency is responsible for generating these
as well as by surveyors, aircraft, and NASA satellitesproducts. Instead, all parties involved work in an open
The IGS also provides other products, such as tropo international collaborative environment to provide the
sphere delays and maps of the variations in the Earth’snost accurate reference frame for science and applica
ionosphere. All IGS products are provided without tions. Several U.S. agencies, described in Chapter 2,
restriction. contribute to and bene t from this global activity.

In the committee’s view, the GNSS infrastructure is The geodetic services also play an important role in
not limited to the IGS stations, but also includes GNSS meeting the Decadal Survey (NASEM, 2018) science
stations that have long duration and stability and arequestions. All NASA missions that rely on accurate
needed to meet the science objectives of this report. orbits for data collection and interpretation depend

on the services providing GNSS satellite ephemerides
Doppler Orbitography and Radiopositioning and Earth orientation parameters (at various latencies)
Integrated by Satellite as key enabling or ancillary data sets. The services

also test, establish, and disseminate the data process-

The DORIS system comprises approximately ing models and standards to the community, which
55 autonomous and globally distributed stations promotes harmonization across diverse space missions.
that have been managed and deployed by the Cen-
tre National d’Etudes Spatiales and the Institut
Géographigue National since 1986 (Moreaux et al.,

2016; see Figure 1.4). The third generation of an- This report discusses the geodetic infrastruc-
tennae (“Starec C”) is now being deployed. DORIS ture needed to meet new science needs. Chapter 2
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FIGURE 1.5 Schematic diagram of the production of the ITRF using geodetic measurements from VLBI, SLR, GNSS, and DORIS. All
of the associated geodetic services are organized under the International Association of Geodesy. NOTE: IDS = International DORIS
Service; IGS = International GNSS Service; ILRS = International Laser Ranging Service; IVS = International VLBI Service for Geodesy
and Astrometry. SOURCE: Frank Lemoine, NASA.

summarizes agency progress in maintaining and im- Reference Frame modeling nonlinear station motions. Journal
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Progress in Maintaining and Improving
the Geodetic Infrastructure

he committee’s rst task was to summarize in network design and construction, modernization of

progress in maintaining and improving the current observing systems, deployment of improved multi-

geodetic infrastructure, as detailed in the rec technique observing capabilities, and funding opportunities
ommendations in Precise Geodetic Infrastructure: N&sr research, analysis, and education in global geodesy.
tional Requirements for a Shared Resource (NRC, 2010), . o . .

. . The progress in maintaining and improving the
and aspirations for future improvements through, for . .

. geodetic infrastructure reported by each agency is sum
example, new technology and analysis. A large num-__ . . L
. . marized below. Funding for research and education is

ber of U.S. federal agencies have a role in develop-,. . .
: L . discussed in the response to Recommendation 8 below.
ing and maintaining the geodetic infrastructure, and
the committee heard from six whose contributions
are particularly relevant for achieving the Decadal

Survey objectives laid out in Thriving on Our Chang-  sjnce 2010, several agencies have made upgrades
ing Planet: A Decadal Strategy for Earth Observatiqg their networks (e.g., by replacing datums and up
from Space (NASEM, 2018). These agencies wergyrading Global Navigation Satellite Systems [GNSS]
the National Oceanic and Atmospheric Administra  sijtes). Progress has been slower on modernizing observ-
tion's National Geodetic Survey (NOAA NGS), the ing systems (e.g., Very Long Baseline Interferometry

National Geospatial-Intelligence Agency (NGA), [vLBI]and Satellite Laser Ranging [SLR]).
the National Aeronautics and Space Administration’s

Goddard Space Flight Center (NASA Goddard) and ypgrade of Networks
Jet Propulsion Laboratory (NASA JPL), the National
Science Foundation (NSF), the U.S. Geological Survey = NOAA NGS is modernizing the current U.S.
(USGS), and the U.S. Naval Observatory (USNO). National Spatial Reference System (NSRS) in two key
The agency responses to the NRC (2010) recommen-ways: (1) by replacing the horizontal datum (NAD 83)
dations and their aspirations for future improvements with a set of plate- xed frames more closely tied to
are summarized below. the International Terrestrial Reference Frame (ITRF),
and (2) by updating the current vertical datum (NAVD
88) with a gravimetric geoid-based version. These
changes will enable GNSS-based ellipsoidal heights to
be related to orthometric heights used for local verti
NRC (2010) Recommendation 1. The United Statesal control. Although widely used by surveyors, the
to maintain leadership in industry and science, and a¥SRS is not suf ciently precise to meet the science
matter of national security, should invest in maintainingquirements of the Decadal Survey. However, the
and improving the geodetic infrastructure through upgrdddSS tracking data from the Continuously Operating
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Reference Stations (CORS) in the NSRS are used forVery Long Baseline Array) and international partners.
scienti ¢ applications. Some of these data are processetd SNO also collaborates with NASA Goddard to provide
by the International GNSS Service (IGS) and so are Earth orientation parameters and Celestial Reference
included in the ITRF. Frame products to defense and civil communities.

With the end of the EarthScope Plate Boundary
Observatory (PBO) project, NSF has combined PBO Concerns
stations and GNSS networks built by NSF investiga
tors in Central America and the Caribbean to form Long-standing efforts by NASA to design, build,
the Network of the Americas (NOTA). The receivers and test the VGOS and SGSLR systems are not com-
are gradually being upgraded to multi-GNSS tracking plete. The information provided to the committee was
and real-time streaming. This network of almost 1,300 insuf cient to assess the precision of these new proto-
GNSS stations extends from the Aleutians to northern tYPe observing systems. Moreover, few peer-reviewed
South America. However, NSF recently announced Papers on VLBI and SLR error sources have been
that this network will be reduced by 10 percent, to published by U.S. research groups in the past decade.
1,100 stations. Modernization of the global VLBI network faces

USGS has upgraded many of its GNSS sites to two challenges. The rstis installing, testing, and eom
include real-time telemetry, and some sites have beeMissioning the new telescopes and associated hardware
upgraded to multi-GNSS receivers. The real-time data @nd software. The second is the transitioning opera
support the USGS shake-alert system, which uses in-tions of the legacy systems to VGOS. This will involve
strumentation in the near- eld of major earthquakes to NeW schedules and coordination, higher data rates and
send an accurate earthquake early warning to civiliarfi€mand on correlators, and transition of the product
populations (see the review by Allen and Melgar, 2019)_base. For the global SLR network, only about a dozen

NASA JPL maintains a global GNSS network to global SLR stations (four supported by NASA) provide
support precise orbit determination and the ITRF. It suf cient tracking data to contribute substantially to
has upgraded this network with multi-GNSS-capable the ITRF, and those stations are geographically unbal
receivers. In addition, its Global Positioning System anced, with too few in the southern hemisphere.
(GPS) analysis software (GipsyX) has been modern- Although many U.S. agencies have supported the

ized and is being extended to include multi-GNSS deployment of new equipment that is enabled to track
capability. multi-GNSS systems, the necessary software support for

multi-GNSS users is not available. For example, multi-
GNSS orbit and clock products are not currently-pro
vided by any of the U.S. analysis centers. Furthermore,

NGA has been working with NASA and the De- none of the U.S. geodesy groups have an operational
partment of Defense to deploy laser re ector arrays onGNSS antenna calibration system, and some GNSS
the next-generation GPS-IIIF satellites, which will be bias corrections are only provided by foreign partners.
launched after 2025. These arrays will allow SLR data
to be used to evaluate the accuracy of GPS-III orbits.

NASA Goddard continues work on modernizing the
SLR and VLBI systems with new VLBI Global Observ-
ing System (VGOS) hardware, a 12-meter dish with
broadband tracking capabilities, and Space Geodesy Sa
ellite Laser Ranging (SGSLR) hardware (see also NRC
[2010] Recommendation 2). This work is proceeding in
concert with USNO, which is supporting the operation
and upgrade of U.S. VLBI stations (including NSF’s

Modernization of Current Observing Systems

NRC (2010) Recommendation 2. In the near term,
Ehe United States should construct and deploy the next
generation of automated high-repetition-rate SLR tracking
systems at the four current U.S. tracking sites: Haleakala,
Hawaii; Monument Peak, California; Fort Davis, Texas;
and Greenbelt, Maryland. It also should install the next-
generation VLBI systems at the four U.S. VLBI sites:
Greenbelt, Maryland; Fairbanks, Alaska; Kokee Park,

1 See https://www.nsf.gov/pubs/2019/nsf19072/nsf19072.jsp. Hawaii; and Fort Davis, Texas.
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Progress and Aspirations

This recommendation was aimed at near-term NRC (2010) Recommendation 3. In the long term, the
enhancements of four SLR and four VLBI sites United States should deploy additional stations to comple-
maintained by NASA (with USNO support at ment and increase the density of the international geodetic
Kokee Park). In the decade since the NRC (2010) network, in a cooperative effort with its international
report, NASA has completed all of its site assess-partners, with a goal of reaching a global geodetic network
ment studies. Next-generation VGOS systems haveof at least 24 fundamental stations.
been operating in Greenbelt, Maryland, and NASA
continues to operate the legacy broadband system aiﬁrogress, Aspirations, and Concerns
Westford, Massachusetts. One new VGOS system
has been recently commissioned at Kokee Park (in  Little progress has been made on implementing
concert with USNO and with a co-located legacy this recommendation. Only a handful of fundamental
antenna there), and (as of this writing) the signal stations—de ned as including the three techniques of
chain for a second VGOS system is being installedVLBI, SLR, and GNSS—exist and they are poorly
at the McDonald Observatory site. In addition, distributed globally. NASA Goddard has established
NASA supports the legacy station in Fortaleza, one of these three-system fundamental stations and
Brazil. The need for an Alaskan VLBI location is also operates a Doppler Orbitography and Radioposi-
being reevaluated. tioning Integrated by Satellite beacon.

Achieving the full capabilities of the VGOS system NASA Goddard plans to deploy next-generation
will require equipping more stations with ultrawide VLBIand SLR stations in Hawaii, Maryland, and Texas,
bandwidth (multi-GHz) data acquisition backends and and is currently in discussions with Australia, Brazil,
transporting up to 40 TB of data per station per day to South Africa, and Tahiti to replace NASA legacy-sta
central correlator facilities. There are now enough sta tions. At current funding levels, subsequent deployments
tions around the world to produce large-scale geodeticin Columbia, Kenya, and Nigeria would begin in 2028.
measurements.

The Goddard Geophysical and Astronomical
Observatory hosts the prototype for the SGSLR. It
will have a higher repetition rate, lower energy lasers, NRC (2010) Recommendation 4. The United States
single photon detectors, additional laser wavelengthsshould establish and maintain a high-precision GNSS/GPS
shorter acquisition times and faster slewing, real-time national network constructed to scienti ¢ speci cations,
data evaluation for quality control, and autonomous capable of streaming high-rate data in real time.
operations. NASA has stated its plan to deploy this
new instrumentation at the four stations named abovepProgress and Aspirations
in 2019-2020 and at a new SLR station in Ny-Alesund,

Svalbard, in 2022. NASA also operates four legacy SLR ~ The United States has not established a high-
stations (in Australia, Peru, South Africa, and Tahiti) Precision GNSS national network to scienti ¢ speci -
and has begun discussions with local partners to up cations. The PBO project (and now NOTA) installed
grade or replace each of them (with the Peru stationmany high-quality GNSS sites and many are currently

possibly moving to Brazil). being upgraded to track multi-GNSS and to stream
high-rate data in real-time. However, because almost all
Concerns PBO sites were installed to study plate boundary defor-

mation, the sites are mostly concentrated along the west
NASA has upgraded VLBI instrumentation at coast. More than 500 of these sites are in California
three U.S. sites. None of these three sites have operatingnd only a handful are east of the Rocky Mountains.
SGSLR systems. As noted in the previous section, the  State departments of transportation have installed
accuracy and long-term stability of the prototype SLR many GNSS sites in the eastern United States, but
and VLBI systems have not been demonstrated. these sites were not built to scientific standards.
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Although the data are sometimes freely available, theirProgress and Aspirations for Recommendations 5
quality is highly variable and they are not archived ac-and 6

cording to scienti ¢ standards. For example, access to

raw GNSS observations is generally not allowed and An essential requirement for maintaining the global

data streams are decimated to save disk space aft@eodetic infrastructure is international collaboration,
30 days. which is facilitated by the free and open exchange of

NASA's Global GNSS Network provides high- "aw data as well as synchronous observing schedules for
rate, real-time data from more than 70 stations world- YLB! and coordinated schedules for satellite tracking us-
wide. NASA also works with NOAA NGS to align ing SLR. This collaboration is achieved in part through

their efforts by augmenting the existing national GNSS the international geodetic services, which also enable the
array with foundation CORS to improve geometric creation and maintenance of the ITRF. Both objectives

coverage and linkage with the ITRF. were strongly endorsed by the NRC (2010) report.
All of the agencies that presented to the committee
Concerns have rm commitments to the international geodetic

services of the International Association of Geodesy

Although GNSS data are available in the United (IAG), and many provide leadership and substantial
States, the lack of coordination and disparate sourcegstitutional support. For example, all agencies with
of funding mean that users, particularly real-time and signi cant GNSS assets contribute raw GPS tracking
scienti ¢ users, cannot rely on high-quality observa data to public archives. Many also host web services
tions or support for their continued operation. This and provide products. NASA JPL leads the IGS
adversely affects both scienti c and hazard applicationsCentral Bureau. NASA Goddard leads the Central
For example, despite the large number of continuouslyBureau of the International Laser Ranging Service
operating GNSS stations in the United States, obser (ILRS), contributes an analysis center, and operates
vations of ground-based atmospheric water vapor foreight legacy SLR stations (out of 39 ILRS stations). It
operational weather forecasting, for instance, lags famlso provides the coordinating center and an analysis
behind many other countries. In addition, the value of center for the International VLBI Service for Geodesy
adding GNSS real-time positioning streams for tsu- and Astrometry (IVS), operates three legacy and two
nami warning has been demonstrated (Melgar et al.,next-generation VLBI stations, and provides support
2016), but it is unlikely that these data will be included for two partner legacy stations (out of 47 IVS stations).
unless the tsunami warning centers can rely on theNOAA NGS provides the only current U.S. surveying
continued support for GNSS networks in the United team that measures high-accuracy local tie vectors at
States. The recent decision by NSF to eliminate a largemulti-technique co-location sites needed for ITRF.

number of GNSS sites in North America is a further U.S. agencies have been active participants and
reminder that long-term support for this critical GNSS leaders in the Global Geodetic Observing System
infrastructure is at risk. (GGOS) of the IAG. The primary role of GGOS

is to promote the work of the IAG and the geodetic
products generated by the IAG serviées.

. . ncern
NRC (2010) Recommendation 5. The United State%0 cerns

should continue to participate in and support the activities None.
of the international geodetic services (IGS, ILRS, IVS,
IDS, IGFS, and IERS).

NRC (2010) Recommendation 6. The United States,

through the relevant federal agencies, should make a IongyRC (2010) Recommendation 7. The United States

term commitment to maintain the International Terrestrighould establish a federal geodetic service to coordinate anc
Reference Frame (ITRF) to ensure its continuity and

stability. 2 See http://www.ggos.org.
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facilitate the modernization and long-term operation of fhe@grams in place at U.S. universities should be undertaken
national and global precise geodetic infrastructure.  as part of a follow-up study focused on the long-term pros-
pects of geodesy and its applications.

Progress and Aspirations

. ) . Progress and Aspirations
A federal geodetic service has not been established,

and none of the presenting agencies identied it as a A formal labor analysis of the geodetic workforce
future objective. was commissioned by NGA and carried out in 2012
(see Box 2.1). However, data on the number of gradu
ates from geodesy programs or the number of people
working in geodesy-related occupations are not tracked
Research performed by one government agencyy the federal government, and so quantitative esti-
(e.g., USGS) depends on networks funded by anothermates of the current and future geodetic workforce
agency (e.g., NSF or NASA), with no mechanism to cannot be made. Anecdotal evidence points to a current
guarantee continued operations. This poses risks taand growing shortage of experts in geodetic techniques.
scienti ¢ and societal applications of geodesy (e.g.,Several agencies noted that their geodesists are aging.
geologic hazards) because, for example, one agency mBgcause they are unable to nd replacements with the
change or decommission a network that another agencyieeded skills, they need to provide on-the-job train-
relies on. The same holds true for software assets. ling in geodesy. NGA used to send some employees
some cases, U.S. investigators are relying on softwar® universities for advanced training in geodesy, but is
provided by international partners because no U.S.now training staff in house (NRC, 2013). NASA has
agency has agreed to support it. While NASA makes aa student fellowship program, but it primarily funds
strong commitment to the international GNSS geodetic students who study science applications of geodesy,
infrastructure and the terrestrial reference frame, it reliesrather than those who improve geodetic techniques
on other agencies to densify it in the United States. In or models.
the absence of a federal geodetic service, an interagency
forum would help identify and mitigate the risks. Concerns

Concerns

The small and declining number of geodesists in
the workforce poses risks for data analysis. For ex-
NRC (2010) Recommendation 8. A quantitativeample, there are currently only two GPS data analysis
assessment of the workforce required to support psetiaare systems of the highest geodetic caliber in the
geodesy in the United States and the research and edudaiiiea States: GipsyX (NASA JPL) and GAMIT

In 2012, a National Research Council committee performed a formal labor analysis for geodesy and 9 other areas of interest to NG
The analysis used Department of Education statistics on the number and level of graduates in more than a thousand instructional progr:
not tracked, but it appears in the descriptions of ve instructional programs: (1) aerospace, aeronautical, and astronautical engineering; |
physics; (3) engineering science; (4) surveying engineering; and (5) geophysics and seismology. The committee estimated that these
produced on the order of hundreds of geodesy graduates in 2009, the latest year statistics were available. The report noted that feder:
already concerned about a growing de cit of highly skilled geodesists and projected that competition and the small number of graduate
result in shortages long before 2030.

The report shows that because geodesy is taught in a variety of programs, many of which focus on other topics (e.g., geophysics), &
can provide only an estimate of the number of graduates with geodesy training. It cannot quantify the number of highly-skilled graduz
developing and maintaining the geodetic infrastructure.
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(Massachusetts Institute of Technology). Although the scienti ¢ studies described in the next chapters.
GipsyX was designed to enable full GNSS data pro- Although most of the networks operated by U.S. geo-
cessing, the lack of multi-GNSS orbit and clock pro detic agencies have upgraded their GPS systems with
duction by NASA JPL limits the value of this software multi-GNSS capabilities (or have clear plans to do so),
for many scienti ¢ investigators. While research is plans for the software and associated products (orbits
ongoing, GAMIT is not currently capable of simulta- and clocks) and models (e.g., phase centers) needed for
neous multi-GNSS data processing, and ongoing sup-multi-GNSS data streams are not in place.
port for its maintenance is unclear. Similar risks exist ~ With an aging workforce and declining number of
for VLBI and SLR, with too few software systems to graduates trained in geodetic techniques and models,
assure robust data analysis. the United States is at risk of not being able to main-
tain a leadership role in geodesy or even to meet the
needs of U.S. geodesy programs. It is also at risk of
losing redundancy (and hence validation capability)

The United States continues to make a strong in the highest-grade geodetic data analysis software,
contribution to the international geodetic infrastruc independently written and maintained by more than
ture with signi cant participation and leadership in one research group.
international geodetic services. However, there are
three areas of concern. First, the accuracy of the next-
generation VLBI and SLR systems developed with
NASA funding have not been validated with long- Aajien, R.M., and D. Melgar. 2019. Earthquake early warning: Ad
term, data-driven studies (as opposed to simulation) vances, scienti ¢ challenges, and societal needs. Annual Review
in the refereed literature. Second, few core or SLR  ©f Earth and Planetary Sciences 47:361-388.

. h b dded to complement and iI’]Creasl\ellelgar, D., R.M. Allen, S. Riquelme, J. Geng, F. Bravo, J.C.
stations _ave eer? a ) P ) Baez, H. Parra, S. Barrientos, P. Fang, Y. Bock, M. Bevis, D.J.
the density of the international geodetic network, €s  caccamise I, C. Vigny, M. Moreno, and R. Smalley, Jr. 2016.
pecially in the southern hemisphere. Third, a uni ed, Local tsunami warnings: Perspectives from recent large events.
highly accurate, national GNSS observing system hag _GeoPhysical Research Letters 43:1109-1117,

! Sf\IRC (National Research Council). 2013. Future U.S. Workforce
not been developed that could both serve as the U.S. o geospatial Intelligence. Washington, DC: The National
realization of and connection to the ITRF and support  Academies Press.
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Sea-Level Change

ea level is a leading indicator of climate changeH-1. How is the water cycle changing? Are changes in
because its long-term change is driven mainly by ~ evapotranspiration and precipitation accelerating,
the amount of heat being absorbed by the oceans  with greater rates of evapotranspiration and thereby
and the amount of land ice being melted by a warmer  precipitation, and how are these changes expressed
atmosphere and oceans. Monitoring sea-level changes in the space-time distribution of rainfall, snowfall,
at global to regional scales, understanding why it is  evapotranspiration, and the frequency and magnitude
changing, and projecting how sea level might change  of extremes such as droughts and oods?
in the future are critical for mitigating adverse impacts
on coastal infrastructure, ecosystems, and human so  The geodetic infrastructure needs associated with
ciety. A broad array of satellite observational systemsthese questions appear in the Sea-Level Change
whose accuracy depends heavily on precise geodetisicience and Applications Traceability Matrix (see
infrastructure, is required to observe and understandAppendix A, Table A.1).
these changes and impacts.
Studies of sea level focus on (a) absolute sea-level
change (sea level measured with respect to the Earth’s
center of mass or other suitable reference surface), Sea-level science has been revolutionized by satel
which is important for understanding climate change; lite observations because of their precision and near
and (b) relative sea level (sea level measured with reglobal coverage. Sea level has been monitored centinu
spect to the land surface, which may itself be moving),ously over the past 27 years by a series of high-precision
which is important for assessing impacts along thesatellite altimetry missions (see Figure 3.1), which have
coasts. The Decadal Survey (NASEM, 2018) describesbeen validated with tide gauge data. These records show
the scienti ¢ needs for understanding both absolute that climate-driven global mean sea level has risen by
and relative sea-level rise. This chapter examines wha®.1 + 0.3 mm/yr since 1993 and that the rate has ac-
is needed from the geodetic infrastructure to heklp an celerated by 0.084 + 0.025 mn#/{Dieng et al., 2017;
swer the important Decadal Survey science questionsNerem et al., 2018; WCRP Global Sea Level Budget
Group, 2018).
C-1. How much will sea level rise, globally and regionally, An important goal of sea-level science is to deter-
over the next decade and beyond, and what will berttiee not only how much sea level is changing, but why

role of ice sheets and ocean heat storage? it is changing and the relative contributions of thermal
S-3. How will local sea level change along coastlines arexpension, melting of ice sheets and glaciers, and other
the world in the next decade to century? factors. With this knowledge, we can better forecast

C-6. Can we signi cantly improve seasonal to decatiaw sea level will change in the future. Satellite-grav
forecasts of societally relevant climate variables? ity measurements from missions such as the Gravity

25
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FIGURE 3.1 Altimetry record of global mean sea level from 1993 to present. The mean rate of rise is 3.1 £ 0.3 mm/yr. The climate-
driven acceleration, estimated after correcting for short-term natural variability (effects of volcanic eruptions and the El Nifio—Southern
Oscillation), is 0.084 + 0.025 mm/yr2. SOURCES: Modi ed from Beckley et al., 2017, and Nerem et al., 2018.

Recovery Climate Experiment (GRACE) have proven Much of this variability is driven by precipitation
valuable in this regard, because they provide informa changes associated with climate oscillations such as the
tion on how much melting ice is contributing to sea- El Nifio—Southern Oscillation. While climate-driven
level change, as well as variability caused by land-oceahanges in total land water storage are currently small,
hydrologic exchanges. Melting of land ice is currently it is important to understand the interannual variations
the largest contributor to sea-level rise (44 percent forso that they can be separated from the forced response
1993-2015 and 55 percent for 2005-2015; see WCRP(ice melt and ocean expansion) due to climate change.
Global Sea Level Budget group, 2018), followed by Satellite altimetry has revealed that the rates of
thermal expansion of the ocean due to ocean warmingsea-level change vary regionally (see Figure 3.3), driven
(see Figure 3.2). Changes in ocean heat content can bprimarily by ocean circulation and winds, which redis
measured by differencing altimetric sea-level measuretribute heat and fresh water, as well as by gravitation
ments with satellite gravity measurements of oceanally driven patterns caused by melting ice. The latter
mass. Ocean heat content change can also be measuratso causes relative sea-level change due to vertical
with the Argo network of pro ling oats, which have land motion in response to the deformation of the
minimal dependence on the geodetic infrastructure. Earth from ancient and modern land ice melt. Recent
Changes in land water storage cause considerablesearch suggests the 26-year regional sea-level trends
interannual variability in global mean sea-level changeare dominated by the forced response due to climate
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FIGURE 3.2 Global mean sea-level variations from satellite altimetry (black), global ocean mass from GRACE (blue), thermal expan-
sion from Argo (red), and the sum of ocean mass and thermal expansion (purple). SOURCE: Updated from Leuliette and Nerem, 2016.

change, and that these patterns will continue into the groundwater pumping in coastal megacities and oil and
future (Fasullo and Nerem, 2018). Therefore, the re gas extraction on continental shelves (Woppelmann
gional trends shown in Figure 3.3 provide insights on and Marcos, 2016). Figure 3.4 shows relative sea-
regional variations in future sea-level change. level time series measured by tide gauges, before and
Coastal sea level relative to the land surface is thafter correcting for vertical land motions. The case
guantity of most practical interest for understanding of Galveston in the Gulf of Mexico is particularly
the societal impacts of sea-level change. Relative sdateresting. The uncorrected tide gauge record indicates
level depends on global mean sea-level rise and its rehat relative sea level rose by 6.4 mm/yr since 1900,
gional variations, vertical land motion, and other local mostly due to ground subsidence caused by sediment
processes, such as small-scale currents, wind, wavesmmpaction due to groundwater withdrawahfter
fresh water input from river estuaries, shelf bathymetry,correcting for vertical land motion, the rate of sea-level
and along-shore and cross-shore sediment transportise in that area is reduced to 1.8 mm/yr.

(e.g., Woodworth et al., 2019). The solid Earth response to melting land ice also
Along many coasts, land subsidence ampli es thegives rise to vertical land motion by two other mecha
impacts of climate-related sea-level rise. Consequentlynisms: (1) the viscoelastic response associated with
measuring vertical land motion is important for assess-the last deglaciation, called glacial isostatic adjust-
ing the societal impacts of sea-level change. Verticament (GIA), and (2) the elastic response associated
land motions are caused by a variety of phenomenayith present-day land ice changes. These responses,
including tectonic and volcanic deformations, ground mostly known from modeling, create complex re-

subsidence due to natural processes (e.g., sediment
loading in river deltas) or human activities (e.g., ! See https:/txpub.usgs.gov/houston_subsidence/home.
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FIGURE 3.3 Regional sea-level trends (September 1992—May 2019) from multi-mission satellite altimetry. SOURCE: Copernicus
Marine Environment Monitoring Service.

gional patterns in both absolute and relative sea-levehltimetry-based record of global mean sea-level rise
change (Peltier, 2004; Tamisiea, 2011): sea level dropéPeltier, 2004; Tamisiea, 2011). GIA is usually con-
in the immediate vicinity of the melting land ice and sidered a correction that needs to be subtracted from
rises in areas that were not covered by high volumeshe global mean sea-level rise time series to estimate
of ice during the last glacial maximum. GIA depends changes in water volume. Its uncertainty is estimated
on the Earth’s mantle viscosity and deglaciation his to be of the order of 0.15 mm/yr (Tamisiea, 2011). The
tory (Peltier, 2004; Lambeck et al., 2010), whereas theeffect of GIA on GRACE-based global mean ocean
response of the solid Earth to modern land ice melt mass estimates is much more important (and must be
depends on lithosphere elasticity and the amount andcorrected for), because it is on the same order of mag-
location of ice mass loss. The latter deforms the oceamitude as the ocean mass change signal itself.
oor and changes the Earth's gravity eld, resulting The response of the solid Earth to ancient and
in a nonuniform pattern of sea-level rise, generally present-day ice loading needs to be better understood,
known as “sea-level ngerprints” (Mitrovica et al., because it is a leading source of error in GRACE
2009). Although decades of sea-level observations magstimates of ice mass loss from the ice sheets. Global
be needed to routinely detect sea-level ngerprints, Navigation Satellite System (GNSS) measurements of
some ngerprints have already been detected (Hsuvertical and horizontal crustal motion are an important
and Velicogna, 2017). As ice melt contributions from tool for improving GIA models, but they depend on an
Greenland and Antarctica grow, regional sea-levelaccurate terrestrial reference frame (TRF) so that the
trends will be dominated by the gravitational nger- measurements are not biased or regionally distorted.
prints of ice sheet mass loss. GNSS measurements are also important for accurately
GIA increases the volume of the ocean basins,measuring vertical land motions due to earthquakes
producing a linear effect of ~—0.3 mm/yr on the (coseismic and postseismic) and local subsidence due
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FIGURE 3.4 Relative sea-level rise at different sites measured by tide gauges. Left panels: uncorrected records. Right panels: records
corrected for vertical land motions. SOURCE: Woodworth et al., 2019.

to hydrologic pumping, for example, so tide gauge mea-to a sea-surface height (or sea level) above a reference

surements can be properly de ned in the TRF. surface determined from precise orbit determination.
The estimated sea-surface height is then corrected for
SEA-LEVEL CHANGE atmospheric (ionospheric and tropospheric) delays, biases

between successive altimetry missions, and geophysical

Sea level is measured by a constellation of altimeteeffects such as the sea state bias, solid Earth tides, and pole
satellites that enable near-global coverage. The heightind ocean tides. With these corrections, satellite altimeter
of the satellite above the ocean surface is convertetheasurements have a point-to-point accuracy of a few
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centimeters. The Topography Experiment (TOPEX)/ (Woodworth etal., 2017). The use of GNSS to validate
Poseidon and Jason-1, -2, and -3 missions have providedltimetry measurements at tide gauge sites is described
a continuous record of sea-level change over £66° latitude Box 3.1.

with a 10-day repeat period. The precision of global mean

sea level for each 10-day average is about 4-5 mm.  sagdetic Needs

Measurements An accurate TRF and precision orbit are funda-
mental science requirements for satellite altimetry
The Decadal Survey (NASEM, 2018) called applications, such as sea-level change (Blewitt et al.,
for determining global mean sea-level rise to within 2010). The orbit accuracy is directly linked to the
0.5 mm/year over the course of a decade (Objec-accuracy and stability of the TRF in which the orbit
tive C-1a) and regional sea-level change to within is computed. The performance of the tracking systems
1.5-2.5 mml/yr over the course of a decade (ObjectivegSatellite Laser Ranging [SLR], Doppl@rbitography
C-1d and S-3a). For the latter objective, 1.5 mm/yr and Radiopositioning Integrated by Satellite, and
corresponds to a ~6,000 Rmegion and 2.5 mm/yr  GNSS) in terms of network coverage and atmospheric
corresponds to a ~4,000 kmregion. Achieving these propagation corrections, the accuracy of the track-
objectives will require measurements of sea-surfacéng station positions versus time, and the accuracy
height with a sampling of 7 km along-track, every of the reference frame origin (geocenter motion) and
10 days, and a precision of 30 mm at 7 km and 1 mm/yrEarth orientation parameters are all important. The
globally. This requires satellite radar altimeter measure radial orbit accuracy for satellites such as Jason-3 now
ments (including water vapor radiometer measurementspapproaches 10 mm RMS. Errors in the TRF map
and precise orbit determination of the satellites relativeinto the orbit, and through the orbit directly to the
to a well-de ned terrestrial reference frame. altimeter-based, sea-level measurement. Errors in the
Observations of relative sea-level variations alongZ component of the geocenter are the most problem
the coast are essential for understanding the processetic, because they map directly into the orbit. The X/Y
at work and for evaluating the impacts of sea-level risegeocenter errors, which are modulated by the Earth’s
on coastal environments and infrastructure. The world’srotation once per day relative to the satellite orbit, do
coastal zones are severely undersampled by tide gaugest map directly into the orbit errors, and thus have
and, until recently, were unsurveyed by conventionalminimal impact on the orbit. Orbit error remains the
satellite altimeters within 15 km of the coast. Dedicated largest source of error in the altimetry system, although
reprocessing of conventional nadir altimetry and use ofits amplitude has decreased over time due to improved
innovative new observations from synthetic apertureEarth gravity models (from GRACE and Gravity eld
radar technology (e.g., on Sentinel-3A/B) and wide and steady-state Ocean Circulation Explorer observa
swath altimetry would help Il some of these data gaps.tions). Despite this improvement, temporal changes in
Tide gauge measurements provide one of the fewthe gravity eld, largely due to the melting ice sheets,
records of sea-level change prior to the era of-satelcan introduce biases into regional sea-level change
lite altimetry. As such, they provide one of the only measurement if not properly accounted for in the orbit
methods for placing the satellite record of sea-leveldetermination process.
change into a longer term context, although they can  Satellite altimetry is potentially subject to instru-
be in uenced by vertical land motion. In addition, tide ment drifts that could masquerade as climate signals. For
gauges are used to validate satellite altimetry and detechis reason, tide gauge measurements have been used to
drifts in the satellite instruments (Mitchum, 2000). validate altimeter measurements (e.g., Mitchum, 2000).
The error in the altimeter tide gauge validation is the For estimates of the rate of sea-level rise from satellite
leading error source for monitoring sea-level changealtimetry, the error estimate derived from the tide gauge
with satellite altimetry. Thus, for both sea-level sciencevalidation is driven by errors in the amount of vertical
and altimeter validation, it is important that the geo land motion at the tide gauge sites. Therefore, improved
detic infrastructure include the means for monitoring estimates of vertical land motion can reduce the error es
vertical land motion at as many tide gauges as possiblémate for the rate of sea-level rise from satellite altimetry.

Copyright National Academy of Sciences. All rights reserved.



SEA-LEVEL CHANGE

Evolving the Geodetic Infrastructure to Meet New Scientific Needs

31

BOX 3.1
Measuring Sea Level in the International Terrestrial Reference Frame (ITRF) Using GNSS

Globally distributed tide gauges are needed to calibrate satellite altimetry measurements of the ocean. Because tide
level with respect to the tide gauge’s anchor point (usually a pier), all tide gauge records are inherently biased due to ar
(see Figure 3.5A). This vertical land motion can be caused by many factors, including local subsidence, glacial isostatic a
Figure 3.5B shows vertical land motion at a GNSS site in Kachemak Bay, Alaska. The uplift rate at this site is almost
this land motion would bias the National Oceanic and Atmospheric Administration (NOAA) tide gauge record and hence
Ideally GNSS instruments would be installed at all tide gauges being used for altimetry validation (Woodworth et al., 2
use a GNSS instrument (see Figure 3.5C) to simultaneously measure vertical land motion and the water level. This tec
between the direct and water-re ected GNSS signals to back out the water level with respect to the GNSS antenna’s phe
GNSS vertical coordinates (see Figure 3.5B), the technique can produce a water-level measurement de ned in the ITR
have shown that GNSS-based water level results are consistent with existing tide gauge instrumentation and produce
used for both short- and long-term ocean studies (Larson et al., 2013, 2017). Similar principles can be used to measure
sheets (Larson et al., 2015).

A

FIGURE 3.5 Tide gauge and GNSS measurements in Kachemak Bay, Alaska. A. NOAA tide gauge. SOURCE: https:
tidesandcurrents.noaa.gov/stationphotos.html|?id=9455500. B. GNSS vertical coordinates. SOURCE: Data fronNeéheada
Geodetic Laboratory, http://geodesy.unr.edu/NGLStationPages/stations/PBAY.sta. C. GNSS antenna. SOURCE: Ma
Kaufman, University of Alaska, Fairbanks. D. Comparison of GNSS re ections and NOAA water level measurements. SOUR
Republished with permission of Annual Reviews Inc., from Larson, 2019; permission conveyed through Copyright Clearal
Center, Inc.
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The geodetic needs associated with obtaining sat improve forecasts of oceanic heat uptake and expan
ellite measurements with an accuracy of 20 mm (aftersion. It would also improve validation of altimetry and
correction for tides and wave effects) and long-term GRACE systems.
measurement drift errors of less than 0.5 mm/yr over a
decade are as follows: Measurements

» The tracking systems used for precision orbit deter Measurements of the change in the global oceanic
mination need to support a radial orbit accuracy of atheat uptake are needed to within 0.1 W/over the
least 20 mm and tracking station position accuracycourse of a decade (Objective C1-b). Achieving this
of 1. mm in the TRF. objective will require measurements of sea-surface

e TRF accuracy of less than 1 mm at all times (i.e., height, ocean mass distribution, and in situ measure
the TRF must be maintained). It should always be ments of temperature and salinity (Argo oats that
possible to relate the reference frame in one yeaemploy satellite links for data transmission and data
to the reference frame in another year so that sealocalization). Altimetry measurements need to be
level changes from year to year can be accuratelgcquired with a sampling of 7 km along-track, every

computed. 10 days, precision of 30 mm at 7 km 1 mm/yr globally.
» Drifts in the TRF origin to an accuracy of less than These requirements can be met with a radar altimeter,
0.1 mml/yr. a microwave radiometer, and precision orbit determina-

» The TRF should be free of deformations that might tion of the satellite carrying these instruments.
cause errors in regional patterns of sea-level change. For ocean mass distribution, monthly gravity mea-

» Vertical land motion accuracy at tide gauges of lesssurements with 300 km x 300 km spatial resolution, a
than 0.5 mm/yr to minimize errors in validating stability of 15 mm water equivalent at 300 km x 300 km,
satellite altimeter observations of sea-surface heightand precision in ocean mass change of 0.1 mm/decade.

Globally averaged ocean mass from satellite gravity mea-
surements is very sensitive to errors in the GIA model
employed (Tamisiea, 2011). Ocean temperature and salin-
ity measurements are needed for every 3 degree x 3 degree

More than 90 percent of the heat trapped by green grid, every 10 days, with an accuracy of 0.01 degrees and
house gas emissions since the Industrial Revolution i9.01 practical salinity units. These measurement require
stored in the ocean (Cheng et al., 2017). Determining ments can be met by maintaining the core Argo oat
the ocean heat storage change is important for assessingogram and developing the deep Argo oat program.
the current state of climate and how it may change in the
future. The difference between altimeter measurementsgeggetic Needs
of sea-level change and satellite gravity measurements of
changes in ocean mass (due to land-ocean waterfice ex ~Same as “Sea-Level Change.”
changes) provides an estimate of the global mean steric
sea level associated with thermal expansion, from which
the full-depth ocean heat content can be estimated
(Levitus et al., 2005; Melet and Meyssignac, 2015).

Thermosteric sea level and ocean heat storage can Glaciers and ice sheets represent the largest-uncer
also be estimated from the Argo array of pro ling oats. tainty in sea-level projections and will soon dominate
The present array measures heat storage only in the upthe pattern of regional sea-level change. Three main
per 2,000 m of the global oceans, creating uncertaintyapproaches for measuring ice sheet mass changes are
in estimates of the total ocean heat storage (Purkey anthased on satellite observations that depend on the geo-
Johnson, 2010; Johnson et al., 2015). Expanding thedetic infrastructure. First, time series of time-variable
Argo array to sample the deep ocean would improvegravity measured by GRACE have proven invaluable
understanding of total ocean heat storage and the heafor measuring the total changes in the mass of ice sheets
exchange between the upper and deeper ocean, an@ee Figure 3.6), glaciers, and ice caps at coarse spatial
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FIGURE 3.6 Change in mass of the Greenland and Antarctica ice sheets over time, measured from GRACE. SOURCE: Created
using data from sealevel.nasa.gov.

resolution. Limitations of GRACE include its short of elevation changes. The instrument requirements are
temporal record and the need to correct the measure similar to those for ocean applications and so are the
ments for land hydrology and GIA to isolate the ice constraints placed on the quality of the geodetic infra
mass change signal. In addition, GRACE cannot mea- structure. The laser and radar altimeters rely on precise
sure the mass change signal associated with sphericdetermination of the satellite orbits (20 mm radially)
harmonic degree 1 (the geocenter motion), and someo maintain a high precision determination of the
degree 2 and 3 terms have large errors. These must beeight of the snow or ice surface. The measurements
estimated from other techniques, such as SLR. are sensitive to surface slope, and so multiple beams
The second approach involves measurements o&ind precise georeferencing of the laser pointing or in-
ice motion and grounding line positions from Inter terferometric processing of the radar altimeter data are
ferometric Synthetic Aperture Radar (INSAR). Ice required in coastal areas with steep slopes. The results
motion measurements are essential for document must be corrected for the GIA. Uncertainties remain in
ing changes in ice dynamics and for understandingthe interpretability of the mass change signal since the
processes, such as how glaciers react to climate foralensity of the ice/snow must be known to determine
ing, which parts of the ice sheets are changing andmass changes from elevation changes.
how rapidly, and what fraction of the mass loss is
controlled by glacier speed. Precise geocoding ang easurements
knowledge of satellite orbits, which are essential for
making quality observations, require a precise geodetic Objective C-1c is to determine the changes in
framework, but does not require the same accuracy amtal ice-sheet mass balance to within 15 Gton/yr over
other techniques. the course of a decade and the changes in surface mass
The third approach involves estimating ice massbalance and glacier ice discharge with the same accu
changes from radar and laser altimetry measurementgacy over all of the ice sheets, continuously, for decades
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to come. The relevant measurements are ice sheet magsption of the Earth’s center of mass with respect to
velocity, surface and bed elevation, and thickness, athe TRF) are calculated using GRACE-based gravity
well as ice shelf ( oating land ice) thickness and cavity eld variations and model-based assumptions on water
shapes. mass redistribution in the global ocean (Swenson et al.,
Determining ice sheet mass balance requires2008). However, geodetic techniques used to realize the
monthly gravity measurements at the basin scale and @RF, particularly SLR (GNSS is also showing promise
precision of 10 mm water equivalent or better on spatialin this area), can be used to determine the geocenter
scales of a few hundred km. These measurements amaotion independently. Given that the geocenter-mo
already provided by GRACE and will be improved and tion is one of the largest sources of uncertainty in
extended with GRACE-FO and with supplemental GRACE-based surface mass change estimates (e.qg.,
geodetic measurements for GIA corrections. Blazquez et al., 2018), it is important to maintain the
Ice sheet velocity needs to be measured withgeodetic infrastructure to improve these parameters
weekly to daily samples every 100 m pole to pole, galso involved in the orbit precision; see above).
precision of 1 m/yr in fast ow areas and 0.1 m/yr in The geodetic requirements for ice sheet altimetry
the interior. The necessary precision can be achievedre the same as those discussed in “Sea-Level Change.”
with INSAR for fast ow and interior regions and with  For interferometry, the tracking systems used for
high-resolution optical sensors for fast ow areas only. precision orbit determination should support a three-
The same measurements should provide informationdimensional orbit precision of less than 0.1 m, and the
on grounding line position with a sampling of 100 m tracking station positions should be known to 1 mm
pole to pole, and a vertical motion precision of 5 mm, in the TRF. In addition, the TRF should be known to
which can be achieved with INSAR. <1 mm at all times (i.e., maintain the TRF). The geo-
Measurements of ice sheet elevation are neededletic infrastructure should also support determination
with weekly to daily sampling, vertical resolution of of ionosphere and water vapor delays so that INSAR
0.1-0.2 m, along-track resolution of 100 m, and across-measurements can be corrected for atmospheric effects.
track resolution better than 1 km. These requirements
can be met with a multi-beam laser altimeter. At pres
ent, Ice, Cloud, and land Elevation Satellite-2 provides
better than 0.1 m vertical resolution, 70 m along-track Water on land is stored in different reservoirs,
resolution, and 3 km across-track resolution (Kwok including rivers, lakes, wetlands, upper soil, and aqui-
etal., 2019). fers. Because of water mass conservation, changes in
Measurements of ice sheet thickness and ice shelferrestrial water storage have an impact on the global
thickness are needed with a vertical precision of 10 mmean sea level, but mainly at interannual frequencies.
horizontal spacing of 100 m pole to pole, and yearly These changes have two main causes: (1) natural cli-
sampling. These requirements can be met with sub-mate variability, in particular ElI Niflo—Southern Os
orbital radar sounders, laser altimetry (ice shelf only)cillation events, and (2) human activities, such as dam
high resolution optical sensors with stereo capability,construction, groundwater extraction, deforestation,
and algorithms (mass conservation) that require infor- and wetland conversion. GRACE observations of net
mation on ice velocity, surface velocity, and changes itand water storage are available since 2002 (Llovel et al.,
surface height to interpolate in between radar sounding2010; Reager et al., 2016; Scanlon et al., 2018).-How

tracks on land ice. ever, uncertainties are relatively high due to the coarse
resolution of GRACE (~300 km) and the associated
Geodetic Needs leakage of unrelated signals (e.g., nearby glaciers). The

land water contribution to sea-level change can also be
The GRACE mass change measurements stronglyestimated using global hydrological models, but these
depend on the geodetic infrastructure. The determina models are also uncertain due to errors in the meteoro
tion of the geocenter is directly linked to the realization logical forcing and imperfect representation of human
of the TRF origin. At present, degree-one spherical activities. Improvement is expected from assimilating
harmonic contributions (geocenter motion, due to the GRACE data into the models (Déll et al., 2017). As
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with the other contributions based on GRACE, GIA tide gauges. In addition, GNSS re ection techniques
and geocenter motion issues are central and rely on ahould be investigated as an alternative means for mea
precise TRF. suring sea level and vertical crustal motion simutane
In the near future, wide swath interferometric atim ously. GNSS and InSAR are needed to map vertical
eters such as Surface Water Ocean Topography will pro crustal motion along the coasts.
vide novel constraints on lake levels, river discharge, and
temporal changes in water storage. In addition, INSAR
will observe land water withdrawal (subsidence), a major
hazard caused by human activities, landslides, volcanoes, Satellite altimetry and satellite gravity are the main
and earthquakes. These interferometric techniques imposéools used by sea-level scientists that depend most
signi cant requirements on the geodetic infrastructure. strongly on the geodetic infrastructure. These mea-
surements require a TRF that is precisely de ned as a
Measurements and Geodetic Needs function of time. The TRF needs to have a precisely
de ned origin and be free of drifts and deformations,
Same as “Ice Sheets and Glacier Mass Changes."jgst they create errors in the satellite measurements
that could be misinterpreted as climate signals. De
formation of the TRF occurs when a ducial site (or a
regional group of ducial sites) behaves in a nonlinear

Measuring vertical land motions along the coasts L
. . . : manner (caused by, for example, a melting ice sheet,
using GNSS and InSAR is of primary importance. Land . :
earthquakes, or other nonlinear phenomena) that is

motions have different origins, including tectonics, which . .
g g n?t represented by the linear TRF models currently in

may uplift coastal areas and so reduce relative sea—levg:Se This will become particularly challenging as the
rise (e.g., Oregon and Washington; NRC, 2012), or : P y ging

. . . Earth’'s shape and gravity eld change due to climate
sediment compaction or extraction of groundwater P 9 y g

. . change. Of particular concern is the movement of the
or hydrocarbons, which may cause signi cant ground

. Lo . Earth’s center of mass relative to its center of gure as
subsidence, and so amplify climate-related sea-level ns?he ice sheets melt. which could amount to several cm

GIA also causes vertical land movements, particularly in o o
. . . . ver a century. In addition, geodetic sites near areas of
high-latitude regions. GNSS near tide gauges can be use .
) . . ce mass loss may show anomalous motion and should
to estimate vertical land motions, but less than 14 percen )
. . e treated carefully if used to de ne the reference frame.
of Global Sea Level Observing System tide gauge sta , . ,
. . . . It is also important to always be able to reconstruct
tions are equipped with a permanent GNSS station (e.g., o
. he TRF back in time, so that sea-level measurements
Ponte et al., 2019). Several studies have shown the bene
. T : made a century from now can be compared to sea-level
of using INSAR in different coastal environments (e.g.,

. . . measurements made today and to sea-level measure
Brooks et al., 2007). Measuring vertical land motions at .
. o ments made 25 years ago. This is generally referred to
the coast strongly relies on the geodetic infrastructure.

as maintaining the TRF.
Both satellite altimetry and satellite gravity require
precision orbit determination. Onboard GNSS receiv-

Objective S-3b calls for measurements of verti- €'S can provide suf cient accuracy, but SLR is useful
cal land motion along the coast with an uncertainty @S @ backup technique in case of failure of the GNSS
of <1 mm/yr. In addition, Objective C-1c speci es receiver as well as for validating the orbit accuracy. The
measurements of vertical land motion within 100 m Positions of GNSS and SLR tracking stations must be

of the coast around the globe, with monthly temporal known precisely in the TRF.
resolution, and an accuracy of 1 mmiyr. The ITRF may not have suf cient accuracy for

sea-level science in the future. As the Earth responds
to climate change, the motion of the ducial sites that
comprise the TRF may depart signi cantly from the
Ideally, vertical land motion near tide gauges would linear behavior currently assumed in the TRF de ni
be measured using GNSS receivers co-located with theion. In addition, the geocenter will also respond to

Measurements

Geodetic Needs
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FIGURE 3.7 Motion of the geocenter due to projected melting of Greenland and Antarctica. SOURCE: Modi ed from Adhikari

et al., 2015.

climate change, especially the melting of the ice sheets dimensional orbit accuracy of better than 0.1 m is

(see Figure 3.7). Research is needed on how to maintain required for ice-sheet ow-rate measurements using

the accuracy of the TRF in an era when the Earth is InSAR.

experiencing profound changes. This could include, fore Maintain the current accuracy of the low degree and

example, site characterization and modeling nonlinear order geopotential eld.

motions of the TRF or locations of ducial sites. It ¢ Maintain and enhance the ancillary models and

has also been proposed that a space-based collocation corrections for the altimetric satellites, including

experiment could provide further improvements. time-variable gravity, time-variable surface defor-
One area where the geodetic infrastructure could mation, and atmospheric and ionospheric propaga

be improved is the monitoring of tide gauge positions
using GNSS. Reducing the errors in vertical land mo-

tion models.

tion for the tide gauge calibration of satellite altimeter Enhancements to the Geodetic Infrastructure

measurements could signi cantly improve the error

estimates for sea-level change from satellite altimetry’

The following summarizes the needs for maintaining
or enhancing the geodetic infrastructure, and related
improvements to enhance scienti ¢ returns.

Maintenance of the Geodetic Infrastructure

* Maintain and enhance the geodetic infrastructure to
achieve the TRF requirements as described below.

» Maintain the tide gauge record to validate the satel
lite altimetry data in order to achieve 0.1 mm/yr in

the altimeter measurements averaged over a decade.

» The orbit determination requirements for altimetric
satellites are 10-20 mm radial position. Three-

The sea-level science questions require a TRF ac-
curacy of 1 mm and drift in the origin of the TRF

of less than 0.1 mm/yr (or less than 0.02 ppb/yr in
scale rate equivalent). Meeting these requirements
would allow global sea-level rise to be determined to
an accuracy of better than 0.5 mm/yr over the course
of a decade and regional sea-level rise to within
1.5-2.5 mm/yr over the course of a decade. The de -
nition of the Earth’s center of mass, especially in the
Z-component, is especially dependent on successful
tracking of SLR in the southern hemisphere.

The signals in the motion of the Earth center of mass
are expected to vary by as much as 50 mm in the next
100 years. There must be commensurate stability of
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the reference points for metrology at the fundamental Brooks, B.A., M.A. Merri eld, J. Foster, C.L. Werner, F. Gomez,

sites, such as the invariant points of SLR telescopes M. Bevis, and S. Gill. 2007. Space geodetic determination of
’ spatial variability in relative sea level change, Los Angeles basin.

or Very Long Basell_ne Intgrferometry @shes, or the  Geophysical Research Letters 34(1):L01611.
GNSS monumentation. This may require studies on Cheng, L., K.E. Trenberth, J. Fasullo, T. Boyer, J. Abraham, and
the stability and longevity of monumentation and J. Zhu. 2017. Improved estimates of ocean heat content from

. . . . 1960 to 2015. Science Advances 3(3):e1601545.
drifts or stability of the tracking equipment. Dieng, H.B, A. Cazenave, B. Meyssignac, and M. Ablain. 2017.

* Install GNSS stations at tide gauges to achieve the New estimate of the current rate of sea level rise from a
absolute vertical land motion requirement of better  sea level budget approach. Geophysical Research Letters

than 0.5 mm/yr to minimize errors in validating _ 44(8):3744-3751. _
tellit i i b i f ) f hei htDoII, P., H. Douville, A. Gluntner, H. Muller Schmied, and Y.
satellite alumeter observalions or sea-surface heighnt. .45 2017, Modelling freshwater resources at the global scale:

Encourage use of GNSS re ectometry methods to  challenges and prospects. Surveys in Geophysics 37:195-221.

expand the number of worldwide tide gauges de Fasullo, J.T., and R.S. Nerem. 2018. Altimeter-era emergence

ned in the ITRE. of the patterns of forced sea-level rise in climate models
and implications for the future. Proceedings of the-Na
tional Academy of Sciences of the United States of America
115(51):12944-12949.

Hsu, C., and I. Velicogna. 2017. Detection of sea level ngerprints
derived from GRACE gravity data. Geophysical Research Let

_ ters 44(17):8953-8961.

» Enhance the shallow water tide models to better jonnson, G.C., J.M. Lyman, and S.G. Purkey. 2015. Informing
connect the offshore altimetric heights with the deep Argo array design using Argo and full-depth hydrographic
coastal tide gauges. section data. Journal of Atmospheric and Oceanic Technology

: 32(11):2187-2198.

° DeveIOp_ softwar.e tools _and automated handlmg for Kwok, R., S. Kacimi, T. Markus, N.T. Kurtz, M. Studinger, J.G.
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Related Improvements to the Geodetic
Infrastructure to Enhance Scienti ¢ Returns
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Terrestrial Water Cycle

bserving and understanding the water cycle

and changes in the water cycle are essential _ .
to protect this life-enabling resource both The water cycle interacts with all near-surface

now and in the future. In the past decades, high- Earth system processes. Surface topography and sur

precision geodesy has become an important source Jace and subsurface structure largely control the loca-
information for hydrologists, climate scientists, and tion and movement of water. Surface topography is
water managers. This chapter examines the componentdynamic—resulting from surface loading and unioad
of the geodetic infrastructure that are required to meet/ng: land subsidence, erosion and deposition, sea-level
scienti ¢ needs related to the water cycle, as laid out inIS€; tectonics, and volcanoes—and thus requires re-
the Decadal Survey (NASEM, 2018). The Decadal Sur- peated geodetic measurements to quantify that change

vey science questions used to focus this discussion ard? three dimensions. The location, quantity, and ow
direction of surface water is often determined using

H-2. How do anthropogenic changes in climate, land l&@wledge of channel and oodplain morphology or
water use, and water storage interact and modify take bathymetry and gradients, all of which rely on
water and energy cycles locally, regionally, and gloi§@fgetic observations in three dimensions.
and what are the short- and long-term consequences?Subsurface aquifer-system structure and ground-

H-4. How does the water cycle interact with other Eartfter levels are generally mapped relative to the land
System processes to change the predictability angufiface, and so require an accurate understanding
pacts of hazardous events and hazard chains (€fgland-surface elevations and changes in elevations
oods, wild res, landslides, coastal loss, subsidetig@ugh time. To understand ood risk, accurate geo
droughts, human health, and ecosystem health), @gfit data describing the land surface is critical for
how do we improve preparedness and mitigationf@®casting ood location, frequency, depth, and dura
water-related extreme events? tion. Land subsidence induced by dropping ground

S-6. How much water is traveling deep undergroufénter levels permanently reduces the storage capacity

and how does it affect geological processes and Wagstuifer systems, damages near-surface or surface
supplies? infrastructure, shifts migration of river courses and

wetlands, and alters surface water. Subsidence also can
The geodetic infrastructure needs associated withexacerbate ood frequency, depth, and duration, as
these questions appear in the Water Cycle Science andell as alter (or reverse) gravity-driven ow or drain
Applications Traceability Matrix (see Appendix A, age of storm water or sewage. Land subsidence alone
Table A.2). Some water cycle components such as soibr exacerbated by sea-level rise causes coastal retreat,
moisture and snow depth/water equivalent are dis-including marshes and wetlands, which serve as pro
cussed in Chapter 7 (Ecosystems). tective barriers against wave action or storm surge.

39
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Repeated geodetic observations of dynamic land surMeasurements
faces enable these hazardous areas to be mapped. o _ _
Some of the recent and novel applications of The sensitivity of methods that can directly moni-
geodesy to hydrologic science are highlighted belowlOr changes in terrestrial water vary at different-tem
These include (1) elastic loading caused by changes iRoral and spatial scales. Gravimeters can detect highly
terrestrial water storage; (2) aquifer-system compactiorfocal (2 few hundred meters) mass changes, but they
and land subsidence caused by groundwater overdraf@® not deployed in suf cient numbers to be useful
(3) surface-water monitoring by satellite altimetry to fOr water cycle research (Van Camp et al., 2014). The
support science, water management, and ood fore-Gravity Recovery Climate Experiment (GRACE)
casting; and (4) water cycle monitoring by satellite 21d GRACE Follow-On (GRACE-FO) can detect
gravimetry to track changes in total water storage.Chang'”g mass distributions over the entire Earth, but
These new applications require high accuracy in thethe spatial resolution is several hundred kilometers and
vertical and gravity components of deformation that the measurements are made monthly (Frappart et al.,

rely on maintaining, and in some cases enhancing, the?014; Thomas et al., 2014). The load-induced signals
geodetic infrastructure. measured with the Global Navigation Satellite System

(GNSS) or Interferometric Synthetic Aperture Radar
(InNSAR) re ect both local and regional changes, which
can be inverted to estimate mass loss at basin to regional

The hydrological cycle and associated water-avail scales (Argus et al., 2014; Borsa et al., 2014; Chew and
ability vary both on longer time scales according to Small, 2014). Cc_)mpining GNSS Ioad_ing estim.at-es and
wet and drought periods, and on shorter time scalesCRACE mass distribution estimates is a promising ap-
from intense precipitation events (Anderson et al., proach for monitoring terrestrial water storage at higher
2005). Increases and decreases of surface and nedfmporal and spatial scales (Milliner et al., 2018).
surface water mass cause elastic deformation, inducing ' "€ availability of large and dense GNSS networks
vertical and horizontal displacements (Farrell, 1972).2nd improved GNSS analysis software has enabled
In the western United States, seasonal changes if'¢W studies of hydrologic signals in GNSS time se-
crustal loading are linked to precipitation changes.”es’ particularly in the western United States, where
Increased precipitation in the cool seasons increase_@igh'qua”ty receivers, antennas, and monuments were
terrestrial water storage (surface water, SnoV\,p‘,ﬂ:kl’nstalIed at the 1,100 sites of the Plate Boundary Ob
soil moisture, and groundwater) and decreased pre S€rvatory. Argus et al. (2014) used GNSS data from
cipitation in the warm seasons decreases the terrestrid'® stations in California and Nevada and inverted

water storage. Precipitation and surface-water leveldn€ seasonal vertical coordinates to infer changes in
are wellsampled in the western United States, but equivalent water thickness. Their map of seasonal

snowpack, soil moisture, and groundwater are moni water mass (see_Figure. 4.1) has a spatial -resolution
tored at a small number of locations. For example, the®f ~50 km, four times higher than that provided by
U.S. Climate Reference Netwdrkas only seven soil GRACE. Borsa et al. (2014) used GNSS data from
moisture stations in California. The number of Snow Plate Boundary Observatory stations throughout the
Telemetry stations (snow pillows for measuring snow Western United States (see Figure 4.2). Although de
water equivalent) in the Sierra Nevada is limited, andtails of the analysis differ from Argus et al. (2014), the

so repeated, labor-intensive measurements at snowame general principles for elastic loading were used
courses are required. to estimate terrestrial water changes, in this case over

several years. Their maps show the response of the solid
Earth, as observed by almost 1,000 GNSS receivers, to
- a sustained drought in the western United States. The
See https://www.ncde.noaa.gov/data-access/land-based-pqo g 115 indicate uplift caused by decreased loading and
station-data/land-based-datasets/us-climate-reference-network- ) . L
usern. correlate with measured decreases in precipitation and
2 See https://www.wce.nres.usda.gov/snow. stream ow. Water maps, such as those developed by
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FIGURE 4.1 Vertical land displacement observed with the Global Positioning System (GPS) in the spring and summer (left) and the
inferred change in total water storage, which increases in the fall and winter (right). Warm colors indicate higher amounts of uplift
and greater amounts of water storage. Circles (left) indicate GPS sites. SOURCE: Argus et al., 2014.

FIGURE 4.2 \Vertical land displacements observed by GPS in the western United States from March 2011 through March 2014. The
shift from land subsidence (blue) to land uplift (yellow and red) shows the effects of severe drought over the 4-year period. Stations in
the gray region (Central Valley of California) were excluded because groundwater-pumping induced land subsidence (see Box 4.2).
SOURCE: Borsa et al., 2014. Reprinted with permission from AAAS.
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Borsa et al. (2014) and Argus et al. (2014), can be used
for climate studies and they also provide independent

constraints on annual snowpack estimates needed by _ o _ _
water managers in California and Nevada. Land subsidence is inextricably linked to the de

Although hydrologic studies using GNSS data velopment of groundwater. The compaction of aquifer
have focused almost entirely on seasonal and long-terniyStéms that are partly composed of unconsolidated
land-surface deformation, studies of deformation on (0 Sémi-consolidated silt and clay and have been
much shorter time periods are emerging. An example is€avily pumped is the primary cause of subsidence in

heavy precipitation loading associated with Hurricane the United States (Galloway et al., 1999). Aquifer-
Harvey (see Box 4.1). system compaction has lowered the elevation of nearly

125,000 km of land and waterways, an area larger than
Pennsylvania (Sneed, 2018; see Figure 4.4).
Groundwater-level changes cause aquifer systems

In the western United States, the existing network © deform elastically (reversibly) or inelastically (per-
of continuous GNSS stations and the underlying manently) as pore spaces expand or contract. Ground

terrestrial reference frame (TRF) measures verticalVater levels that vary with the seasons can cause a
crustal motion at suf cient precision (3-5 mm), sam few centimeters of elastic land subsidence and uplift.
pling frequency (daily), and sampling density (40 km) Howevgr, sugtained groundwater declines can result in
to estimate interannual changes in water loads (Argus® One-time discharge of water from the pore spaces of
et al., 2014). The exceptional stability of the GNSS Ne-grained sediments and a permanent reduction in

monumentation at Plate Boundary Observatory sitest€ Pore volume. The resultis a decrease in the volume
(Langbein et al., 1995; Herring et al., 2016) means of the aquifer system, which is manifested as subsid

that the GNSS network can be used to monitor the €nce at the land surface (Galloway et al., 1999). An
long-term effects of drought and regional climate €xample of aquifer compaction in the Central Valley
change in this area (Borsa et al., 2014; Chew and°f Callfor.ma appears in Box 4.2. _

Small, 2014). However, its value as a hydrological ~ Subsidence from aquifer compaction damages en-
network assumes that this GNSS network will be 9ineered structures, such as dams, roads, bridges, and
maintained in the future. On the order of a few hun- PiPelines. It can also adversely affect natural systems,

dred of these stable, long-duration GNSS stations aref0r €xample by altering stream gradients or causing
now considered part of the geodetic infrastructure. At Wetlands to migrate toward subsiding areas. Finally,
the time of this writing, the instruments are nearly subsidence in coastal basins can amplify relative sea-
15 years old and need to be replaced or upgraded tVel rise (see Chapter 3).

track modern GNSS signals. Surface displacement

observations from GNSS networks in other parts of Measurements

the world could make an enormous contribution to

the global hydrological observing network, which sup- ~ G€odetic surveying (spirit leveling and campaign
ports understanding current and future hydrological GNSS), continuous GNSS, InSAR, and altimetry are

changes and provides clear social and economic be,peed.ed to determine the location and extent of land
e ts. However, a sustained commitment is required Subsidence. The ground measurements capture temporal

to install and operate these international GNSS-net (monthly, seasonal, or interannual) variations in subsid
works over decadal time scales. ence rates at speci c locations, and the INSAR data de
GNSS loading applications for hydrology require lineate the spatial extent of subsidence. Together, these
center of mass velocity and scale rate stability of€chniques yield the spatially and temporally dense data
0.2 mm/yr. This requirement is equivalent to 10 mm/yr needed to understand the causes of the observed spatial
of water. In addition, a stable TRF over seasonal time Subsidence patterns and to improve subsidence models.

scales is needed for hydrological studies. More study ~Répeated geodetic measurements are needed to
is needed to assure that this requirement is being mettrck the changing topography to operate surface

Geodetic Needs
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BOX 4.1
Heavy Precipitation Loading Detected Using GNSS: Hurricane Harvey

A category four cyclone, Hurricane Harvey, deposited alofosatedGakong the Gulf Coast over several days (Milliner et al., 2018).
Analysis of the daily GNSS positions found that both the vertical and horizontal components (maximum of 21 mm and 4 mm, respectivel
Coast sensed the initial water load, followed by a gradual uplift in the following month (see Figure 4.3). Further modeling made it possible
whether the water was removed as runoff or through evapotranspiration. Coupled with improved oodplain models, the Hurricane Harv
demonstrates the power of continuous GNSS networks to improve ood forecasting by quantifying the spatial extent and evolution (draina
water storage associated with extreme precipitation events.

FIGURE 4.3 (Top) The path of Hurricane Harvey (yellow line) and its eye at noon (UTC), August 25-31, 2017 (blue dots),
as it migrated across Texas and Louisiana. Black triangles are GPS stations. (Bottom) GPS motions from time series in Houston
(blue), western Louisiana (red), and central Texas (green). The yellow shaded region marks the hurricane landings, with the| rst

landing causing 8 mm of subsidence in Houston, followed by a 5-week period of uplift, and the second landing in Louisiana
having smaller loading effects. SOURCE: Reprinted with permission of AAAS from Milliner et al., 2018. © The Authors, some

rights reserved; exclusive licensee American Association for the Advancement of Science. Distributed under a Creative Com-
mons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/licenses/by-nc/4.0.

Copyright National Academy of Sciences. All rights reserved.



Evolving the Geodetic Infrastructure to Meet New Scientific Needs

44 EVOLVING THE GEODETIC INFRASTRUCTURE TO MEET NEW SCIENTIFIC NEEDS

FIGURE 4.4 Areas where subsurface uid withdrawal has caused land subsidence (brown) in the conterminous United States.
SOURCES: Sneed, 2018, as modi ed from Clawges and Price, 1999, and Galloway et al., 1999.

water conveyance infrastructure, and to evaluate oodaugmented with nearby corner re ectors or radar tran-
risk and stream (ecosystem) health. INSAR analysesponders to amplify the synthetic aperture radar (SAR)
yield spatially detailed subsidence maps that in somesignal, particularly in landscapes with high-frequency
instances can reveal subsurface geologic structure codynamics (agriculture), is also a possibility. While this
trolling groundwater- ow uxes (Sneed et al., 2014). strategy could improve INSAR retrievals, such deploy
INSAR is also used as a reconnaissance tool, guidingnents should be carefully assessed for their negative
the spatial design of ground-based networks and theimpact on nearby GNSS infrastructure.

temporal frequency of surveying those networks (Sneed  As was discussed for loading studies, continuously
et al., 2014). Altimetry analyses provide strips of sub operating GNSS sites are more valuable for water

sidence maps along tracks (Hwang et al., 2016). cycle studies if they are located in watersheds and in
geographic regions that lack traditional hydrological
Geodetic Needs measurement networks (e.g., Africa, South America,

and some parts of Asia). Support for GNSS software

Weekly INSAR and daily GNSS verticals in the in general, and for precise positioning station cceordi
current program of record are precise enough (~5 mm)nates in particular, is needed. Automated processing of
for most current water science and managementinSAR data would make the data far more accessible
applications. The program of record speci es 40 km to more users and could serve as reconnaissance for
spacing of GNSS stations, with increased spatial de targeted ground-based investigations, which is-espe
ployment in watersheds. Although INSAR has superior cially critical for those with scarce resources, such as
spatial sampling compared with GNSS, decorrelation, local water districts.
atmospheric, and ionospheric errors continue to limit Measurements of elevation changes must be tied to
its use in many areas. For this reason, a combined Inthe TRF. Hydrological applications also need a high-
SAR-GNSS product would be preferred for many land quality digital elevation model (DEM), preferably a
subsidence studies. Deployment of GNSS instrumentsbare-earth DEM. This DEM needs to be consistent
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BOX 4.2
Land Subsidence in the Central Valley, California

The San Joaquin Valley is a highly productive agricultural region. Both surface and groundwater are used in the valley, but the contril
can vary substantially from year to year. Two recent droughts (2007-2009 and 2012-2016), coupled with recent land-use changes an
restrictions, put the valley’s groundwater system under considerable strain (Thomas et al., 2017). Extensive pumpage of groundwater sys
the land to subside at rates up to 0.3 m/yr. Monitoring can result in early detection of subsidence, provides a measure of water resource
within relevant planning horizons, and produces data and information needed for subsidence management.

The magnitude and extent of land subsidence since the 1920s have been studied using data from geodetic surveys (initially spiri
later GPS surveys), extensometers, continuous GNSS, and InSAR (Sneed et al., 2013, 2018; Farr et al., 2015, 2016). An example of (
data for 2008-2010 is shown in Figure 4.5. Spirit-leveling surveys indicate that more than half the valley subsided at least 0.3 m and lo
8 m from the 1920s to 1970. Surface-water delivery systems were mostly in place by 1970, and extensometer and other data indicate
subsidence occurred largely during droughts. However, recent data from the full suite of instruments shows that subsidence patterns ha
now subsidence is sometimes tied to land-use change (Sneed and Faunt, 2018).

The Central Valley subsidence study demonstrates the interconnection between surface-water availability, groundwater, and la
surface-water availability falls short of demand, groundwater is pumped to close the de cit. In the Central Valley, pumping has caused Iz
which has damaged natural and engineered structures, including a reduction of aquifer-system storage capacity and impaired conveyatr
both local and statewide surface-water delivery systems. The ability to continuously measure land subsidence in space and time are cri
hazards to both natural and engineered systems.

FIGURE 4.5 Spatial extent and magnitude of subsidence in the San Joaquin Valley for 2008—2010 as interpreted from INSAR
data, and time series from four GNSS stations showing varying heights during drought and nondrought periods (inset). The
complimentary data sets are needed to track subsidence spatially and temporally. SOURCE: Modi ed from Sneed et al., 2018.
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across entire basins for local ground control or to sup-two 50 km swaths on either side of the satellite, globally

port suborbital navigation. Radar or lidar can be used(Desai, 2018). The mission will allow water height and

to develop accurate land-surface topography data settake extent to be measured at a resolution of 250 m or

but they require GNSS (and positioning software) and better (the goal is 100 m resolution) every 10 days. The

the geodetic infrastructure to de ne the DEM in the water level of lakes, reservoirs, and oodplains will be

TRF. In locations where subsidence is fairly rapid, re- measured with 0.1 m accuracy over 1 lareas. On

peat DEMs are required, or high-quality INSAR data rivers, the river slope will be measured over successive

could be used to periodically adjust an initial high- 10 km-long segments on rivers wider than 100 m to

quality DEM. A high-quality DEM also could be used  within 17 mm/km, allowing direct estimation of river

to improve water level measurements in wells (whichdischarge.

are referenced to a point on or near ground surface).

In places where the ow gradient is small, even small 5gdetic Needs

errors in water level measurements can lead to mischar-

acterization of the ow direction. As with other applications of satellite altimetry (see
Chapter 3), the geodetic infrastructure is fundamental
for estimating accurate water heights of surface waters
on land. For SWOT and other altimetry missions,
precise orbit determination relies on well distributed

Although optimized to study ocean dynamics, GNSS stations at the surface of the Earth, as well as a

satellite altimetry has been used for more than twostable and accurate TRF. As with any satellite mission,

decades to monitor water-level changes over riversSWOT also requires calibration and validation data.

lakes, human-made reservoirs, and oodplains (e.g.,Accurate water level measurements can be provided

Birkett, 1998). The number of water gauges has beenwith existing tide gauges only if they are tied to TRF

declining in many regions of the world (Milliman and using GNSS (Santamaria-Gomez et al., 2012).

Farnsworth, 2013), and some river basins are ungauged.

Consequently, satellite altimetry plays an important

and unique role in providing homogeneous and long-

term monitoring of surface water levels and volumes (if

combined with optical or radar imagery) over the-con The 2018 launch of the GRACE-FO mission

tinents (Alsdorf and Lettenmaier, 2003; Alsdorf et al., ensures the continuation of land water cycle change

2007). Water-level time series based on altimetry (e.g.measurements that began in 2002. Gravity change

Topography Experiment/Poseidon, Jason) extend moremeasurements from these missions are being inter-

than 25 years, are routinely computed over thousands ofreted as change in the total water storage at spatial

surface water bodies, and are freely avaitable. scales greater than 300 km and time scales longer than
subseasonal. Results from these missions have been
Measurements used to study total water storage variations as well as the

associated meteorological and climate processes or soci-
The Surface Water Ocean Topography (SWOT) etal in uences in nearly every major river basin around
mission will support a range of applications in land hy- the world (Rodell et al., 2018). For example, these data
drology science, surface water management, and oochave been used to study drought conditions (Zhu et al.,
forecasting (e.g., Biancamaria et al., 2010; Bates et al2018) and ood potential (Geoweleeuw et al., 2018).
2014). SWOT will produce water elevation images for Gridded total water storage data sets are now routinely
assimilated with other data into land surface models,
3 See http://www.pecad.fas.usda.gov/cropexplorer/global_Ieading_ to disaggr?gation and downscaling of Sate”ite_
reservoir for lakes and http://ctoh.legos.obs-mip.fr/data/hydroweb 9€0detic observations to the catchment scales (Khaki
for lakes, rivers, oodplains, and man-made reservoirs. et al., 2019).
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Measurements sion (Al-Yaari et al., 2017). GNSS-IR measurements
of the ice sheet surface in Greenland and Antarctica are

The GRACE-FO mission has a design lifetime  peing ysed to constrain surface mass balance (Larson
of 5 years and is expected to continue to provide Meag; 4|, 2015) and thus provide validation data sets for

surements compatible with the GRACE mission. This |ce cloud, and land Elevation Satellite 2. GNSS sites
application would bene t from improved measurement jgiajled in the cryosphere to measure effects of glacial
ofall uxes in and out of groundwater systems (Objective jsstatic adjustment can also be used to provide tide
S-6c¢) at target 100-km gravity eld resolution with @ gage data in a region with limited in situ sensors
precision of 10 mm water layer equivalent thickness. (Larson et al., 2013). The SWOT mission will also

need validation data sets on lakes and rivers, which can
Geodetic Needs be provided by opportunistic GNSS-IR data sets or by
targeted deployments of GNSS receivers. Unlike any
Results from GRACE and GRACE-FO need ey tide gauge technology, GNSS-IR directly pro

to be supplemented with information from other ;jes water measurements de ned in the International
components of the geodetic infrastructure before theTgrrestrial Reference Frame (ITRF).

results can be used in water cycle applications. First,

the geodetic infrastructure is needed to determine

the geocenter. Geocenter motion is one of the Iargestl\/leasurements

sources of uncertainty in GRACE-based surface mass  The measurements used in GNSS-IR are the

change estimates (e.g., Blazquez et al., 2018), and it igjgna|-to-noise ratio computed by any high-precision

typically determined using GRACE-based gravity eld gNss receiver. Thus, they are already provided in ex
variations and model-based assumptions on water masgiing GNSS data streams. Initially these data streams
redistribution in the global ocean (Swenson etal., 2008ncjyded only GPS but are increasingly including signals
see also Chapter 3). Satellite laser ranging (SLR) can b the other constellations. This expansion provides

used to determine the geocenter motion independently.; spatially and temporally dense data set. The spatial
Second, SLR is needed to independently determine therootprint of GNSS-IR depends on the height of the
low-degree harmonics of the geopotential to mitigate 5ntenna above the re ecting surface, about 1,080 m
the nongeophysical space ight environmental effectsfor most GNSS sites. For a tower site (such as the 30-m
on the low-degree harmonics measured from satellitesyjexander tower on the Ross Ice Shelf used for meteoro-
(Landerer et al., 2019). Independent estimates of low- logical measurements), the GNSS-IR footprint is nearly
degree harmonics are also essential to support centinuy | (Roesler and Larson, 2018). The temporal sens

ity between space missions. As a practical matter, 9apg,q mostly depends on whether only GPS or all GNSS
are inevitable between space gravity missions, and SLRgteljites are tracked and varies from ~15-60 minutes.
and tracking to other geodetic satellites can help test

measurement continuity across these gaps. .
y gap Geodetic Needs

The main geodetic needs for GNSS-IR are orbits

and software to retrieve the re ection parameters. The
The sections above emphasize the role of GNSSpeeded orbit accuracy is low, several meters radially. In
infrastructure in measuring terrestrial water storagegome cases, resolving the re ection parameters requires

variations, land subsidence, and surface-water heights, higher sampling rate than the standard geodetie sam
This same ground-based infrastructure also plays a keyjing interval of 30 seconds.

role in hydrologic research by providing calibration

and validation data for water-related satellite missions.

For example, GNSS Interferometric Re ectometry

(GNSS-IR) measurements from ~120 sites in the Water cycle research using the geodetic infrastruc
western United States were used to validate resultsure requires the maintenance of at least the current sta-
from the Soil Moisture Active Passive (SMAP) mis- bility of the ITRF. All of the geodetic products described
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in this chapter depend on the frame for traceability of

measurement precision. The following summarizes needs

for maintaining or enhancing the geodetic infrastructure,
and related improvements to enhance scienti ¢ returns.

Science Foundation Plate Boundary Observatory.
They must meet the highest standards for data qual-
ity, site design, stable monumentation, and metadata
de nition and dissemination. In addition to the

Maintenance of the Geodetic Infrastructure

Enhancements to the Geodetic Infrastructure

water cycle needs, they would improve the accuracy
of local surveys (e.g., aircraft lidar).

Maintain the current stability of the ITRF. All
geodetic products described herein depend on an acRelated Improvements to the Geodetic
curate global frame scale for absolute measuremeriffrastructure to Enhance Scienti ¢ Returns
precision traceability.

Maintain INnSAR orbit accuracy to 20 mm radially
and 60 mm along-track. The onboard GNSS precise
orbit determination measurements should be Inter-
national GNSS Service (IGS) quality (i.e., mm-level
phases and dm-level pseudoranges atdwamore
frequencies for all four global GNSSs and with ac-
curately calibrated antennas).

Maintain a robust global distribution of high-quality
GNSS stations, analysis products, and software.
This includes high-quality GNSS satellite orbits
and clocks for near-real-time and long-term seien
ti ¢ studies, currently provided by the IGS.
Continue support for high-accuracy GNSS analysis
software.

Support antenna phase calibrations (for GNSS

transmitters and ground antennas), currently-pro and wetland/riparian ecosystems applications.

vided by the IGS. . . » Free and open SAR data, analysis software, and
Support automated GNSS processing services that . .
products such as time series.

can be accessed by the hydrologic (.:omm.unity. eg, Free and open GRACE data and ancillary products.
Nevada Reno positioning products), including high-

rate positions.

Maintain geodetic expertise to maintain institu-

tional knowledge and technical capabilities. Training Al-Yaari, A., J.P. Wigneron, Y. Kerr, N. Rodriguez-Fernandez, P.E.
is required for GNSS. INSAR. GRACE. and lidar O’Neill, T.J. Jackson, G. De Lannoy, A. Al Bitar, A. Mialon, P.

fit Stabl d dictable fundi . ded Richaume, J.P. Walker, A. Mahmoodi, and S. Yueh. 2017. Evalu-
sortware. stable and predictable funding IS neede ating soil moisture retrievals from ESA's SMOS and NASA's

to support an educated technical workforce, software SMAP brightness temperature datasets. Remote Sensing of

development, and infrastructure. Environment 193:257-273.

Alsdorf, D.E., and D.P. Lettenmaier. 2003. Tracking fresh water
from space. Science 301:1492-1494.

Alsdorf, D., L.L. Fu, N. Mognard, A. Cazenave, E. Rodriguez, D.
Chelton, and D. Lettenmaier. 2007. Measuring global oceans
and terrestrial fresh water from space. Eos, Transactions, Ameri-
can Geophysical Union 88(24):253.

) . i ‘Anderson, M.T., and L.H. Woosley, Jr. 2005. Water availability

These stations would have ~40 km spacing, with ad  for the Western United States—Key scienti ¢ challenges. U.S.

ditional stations in watersheds or areas that lack tra  Geological Survey Circular 1261, 85 pp.

ditional hydrological measurement networks. They Argus, D.F, Y. Fu, and FW. Landerer. 2014. Seasonal variation in

mav be selected laraelv from the existina National total water storage in California inferred from GPS observations of
y gely g vertical land motion. Geophysical Research Letters 41:1971-1980.

Automated estimates of daily soil moisture, snow
depth/snow water estimate, vegetation water con-
tent, and subdaily water level variations.
Improved spatial resolution in time-variable gravity
from GRACE-type missions.
Automated INnSAR processing and improvements in
removing atmospheric errors.
Improvements in GNSS vertical accuracy and
precision.
Combined GNSS-INSAR products.
Enhance GNSS stations with corner re ectors or
radar transponders for coherent INSAR signal.
» Support for GNSS re ection software for hydrologi-
cal, cryosphere, and water level applications.
Lidar for de ning an initial bare-earth DEM, which
could be updated regularly using INSAR for ood

Additional GNSS stations in the western United
States to be made part of the geodetic infrastructure
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Geological Hazards: Earthquakes and Volcanoes

he Decadal Survey identi ed several Earth economies in the future. For example, the 2004-mag

surface and interior questions that require nitude (M) 9.2 megathrust earthquake in Sumatra

maintenance or enhancement of the geodetic generated a tsunami that propagated across the Indian
infrastructure. The most stringent geodetic demands Ocean Basin, killing more than 230,000 people in
are associated with geological hazards. Earthquakesoastal aredsThe 2011 M9.0 Tohoku earthquake in
and volcanic eruptions provide a window on processesapan was the most costly natural disaster in history
operating within the Earth. They are also capable of at up to $235 billion (World Bank, 2011). In addition
great destruction, which has led to substantial effortsto the massive destruction of the Sendai region, the
to forecast their occurrence and mitigate their impactscomplete shutdown of nuclear energy generation in
(e.g., reinforcing buildings to withstand expected shak Japan for more than 1 year and permanent closures of
ing). This chapter describes the geodetic infrastructuremany nuclear plants in other countries raised questions
needed to understand the causes and impacts of geabout the safety of coastal nuclear power plants (NRC,
logical hazards, primarily earthquakes and volcanic2014). The 2010 eruption of the Eyjafjallajokull vol
eruptions, but also landslides and tsunamis. The-guid cano in Iceland halted air traf ¢ in northern Europe,
ing Decadal Survey (NASEM, 2018) science questionscausing a signi cant disruption to the European popu
for this chapter are: lation and economy (Gill, 2010). Similar threats to the

U.S. population and economy are associated with the

S-1. How can large-scale geological hazards be accuf@dsiyadia subduction zone (last major event in 1700;

forecast in a socially relevant time frame? see Figure 5.1), the San Andreas Fault System (last
S-2. How do geological disasters directly impact the Earfjor earthquakes in 1856 and 1906), and the volca
system and society following an event? noes in the Aleutians and Paci ¢ Northwest (last major

eruption at Mount St. Helens in 1980).

The geodetic infrastructure needs associated with  Although these events cannot be prevented, steps
these questions are summarized in the Geologicakan be taken to lessen the adverse impacts on life and
Hazards Science and Applications Traceability Matrix property. The rst step is to monitor the earthquake,
(see Appendix A, Table A.3). volcano, or landslide areas before the event. For example,

in the case of an earthquake, the surface deformation
rate surrounding the fault can be inverted for the seismic
moment accumulation rate (Maurer et al., 2018). Then,

Over the past quarter century, earthquakes, tsuna knowing the time since the last major event, one can
mis, and, to a lesser extent, volcanic eruptions and land-
slides have caused heavy economic losses and deaths,see hitps:/iweb.archive.org/iweb/20130507101448 and http://
and they will continue to be major threats to lives and earthquake.usgs.gov/earthquakes/world/most_destructive.php.
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