The National Academiies of

SCIENCES « ENGINEERING « MEDICINE

CONSEN SUS STUDY REPORT

EVOLVING THE

GEODETIC
IN FRASTRUCTURE

TO MEETNEW SCIENTIHC NEEDS

Authors:

David T. Sandwell, Chair
Srinivas Bettadpur
Geoffrey Blewitt

John J. Braun

Anny Cazenave
Nancy Glenn

Kristine Larson

Anne Linn — NRC Staff
R. Steven Nerem
Michelle Sneed
Isabella Velicogna

Reviewers:
Zuheir Altamimi
Laura Bourgeau-Chavez
Don Chambers
Clara Chew
Shin-Chan Han
Sean Healy
Tom Herring
George Hilley
Martin Horwath
Paul Segall
Yolande Serra
John Vidale



Presenter
Presentation Notes
Authors and reviewers include experts on GI and TRF but mostly experts on a wide spectrum of Earth science.
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Very Long Baseline Interferometry (VLBI), which provides information on Earth orientation angles and scale. 

Satellite Laser Ranging (SLR), which provides information on the location of the center of mass of the Earth and scale. SLR is also a passive backup tracking method that can be used for orbit determination when other instruments (e.g., Global Navigation Satellite System [GNSS]) fail. 

A network of GNSS stations, installed much more densely over the globe than the small number of VLBI and SLR sites. The density of this network allows tens of thousands of GNSS receivers on spacecraft, aircraft, ships, and buoys, and in local geodetic arrays to access or connect to the International Terrestrial Reference Frame (ITRF). The GNSS network also makes a vital contribution to the measurement of polar motion. 

Doppler Orbitography and Radiopositioning Integrated by Satellite (DORIS), which is mainly used to compute accurate orbits of altimetric spacecraft and to enhance the global distribution of ITRF positions and velocities. 
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Authors and reviewers include experts on GI and TRF but mostly experts on a wide spectrum of Earth science.
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Decadal survey developed science questions that could be addressed using space assets.  These include the program of record (POR) which are all space assets in orbit or going in orbit in the next few years.  Based on the science and POR, this study recommended a suite of priority space missions to be flown by NASA in the next decade.  Sandwell was Co-chair of the Earth Surface and Interior chapter.


Recommendations - Observables

Recommendation 3.2: NASA should implement a set of|space-based observation
capabilities based on this report’s proposed program (which was designed to be affordable,
comprehensive, robust, and balanced) by implementing its portion of the program of record
and adding observations described in Table S.2, “Observing System Priorities.” The
implemented program should be guided by the budgetary considerations and decision rules
contained in this report and accomplished through five distinct program elements:

1. Program of record. The series of existing or previously planned observations, which must
be completed as planned. Execution of the ESAS 2017 recommendation requires that the
total cost to NASA of the program of record flight missions from fiscal year (FY) 2018-
FY27 be capped at $3.6 billion.

2. Designated. A program element for ESAS-designated cost-capped medium- and large-size
missions to address observables essential to the overall program, directed or competed at the
discretion of NASA.

3. Earth System Explorer. A new program element involving competitive opportunities for
cost-capped medium-size instruments and missions serving specified ESAS-priority
observations.

4. Incubation. A new program element, focused on investment for priority observation
capabilities needing advancement prior to cost-effective implementation, including an
innovation fund to respond to emerging needs.

5. Earth Venture. Earth Venture program element, as recommended in ESAS 2007, with the
addition of a new Venture-continuity component to provide opportunity for low-cost
sustained observations.
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Presentation Notes
The Decadal survey was focused on space-based measurement so the TRF requirements were not included in the report.


Earth Surface and Interior - Measurements

. Terrestrial Reference Frame — VLBI, SLR and GNSS (e.g.
satellite tracking)

. Crustal Deformation — InSAR and GNSS (strain rate < 100
nanostrain/yr =1 mm/yr/10 km; weekly revisit)

Bare-Earth Topography spacecraft (5-10m (h), 1 m (v)) and aircraft
LIDAR (1-5m (h), 0.1m (v))

Hyperspectral Imaging (~200 bands, vis — IR 30 m (h); ~20 bands,TIR
60 m (h); 14-16 days revisit)

. Time-variable gravity
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Presentation Notes
The ESI chapter recommended these key measurements to achieve the most important science questions.  TRF was the foundation for all these measurements.


Recommended NASA Priorities: Designated

=
TARGETED CANDIDATE MEASUREMENT -E.-
SCIENCE/APPLICATIONS SUMMARY APPROACH ,E
=
Aerosol properties, aerosol vertical Backscatter lidar and multi-
profiles, and cloud properties to channel/multi-
Aerosols understand their direct and indirect angle/polarization imaging X
effects on climate and air quality radiometer flown together on

the same platform

Clouds, Coupled cloud-precipitation stateand Radar(s), with multi-frequency
Convection, dynamics for monitoring global passive microwave and sub-mm
& hydrological cycle and understanding radiometer X

contributing processes

Large-scale Earth dynamics measured  Spacecraft ranging

by the changing mass distribution within measurement of gravity
and between the Earth’'s atmosphere,
oceans, ground water, and ice sheets
Surface Earth surface geology and biology, Hyperspectral imagery in the
ground/water temperature, snow visible and shortwave infrared,
reflectivity, active geologic processes, multi- or hyperspectral imagery

vegetation traits and algal biomass in the thermal IR

Mass Change
anomaly

Biology &
Geology

Surface  Earth surface dynamics from Interferometric Synthetic
Deformation earthquakes and landslides to ice sheets Aperture Radar (InSAR) with

& Change and permafrost ionospheric correction
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Suite of designated (large) missions recommended by the Decadal survey includes three measurements that are central to ESI science.  Space LIDAR is not mature enough yet so was put into technology development.


Tasks

1. Summarize progress in maintaining and improving the geodetic infrastructure, as
detailed in the recommendations in Precise Geodetic Infrastructure: National Requirements
for a Shared Resource (NRC, 2010), and aspirations for future improvements through, for
example, new technology and analysis. (meeting in DC October, 2018)

2. Identify science questions from the 2017 Decadal Survey on Earth Science and
Applications from Space (NASEM, 2018) that depend on geodesy, 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 parameters, and satellite orbits, and
identify what geodetic infrastructure changes are needed to help answer the questions.
(workshop in Irvine, February 2019)

4. ldentify priority improvements to the geodetic infrastructure that would facilitate
advances across the science questions identified in Task 2.
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Presentation Notes
proposed by Anne Linn with iterated from Ben Phillips
Building on 2 NRC reports 2010 and DS


Science Enabled by the Geodetic Infrastructure

- Sea level change - Weather/climate
ENABLED SCIENTIFIC APPLICATIONS - Water cycle - Ecosystems
—_ - Geological hazards - Geodynamics
‘ - Land and ice defermation and change
- Sea surface height - Mass change
GEOPHYSICAL OBSERVABLES - Atmospheric parameters - Sur'fjace_i':md ground water
._ - Land and vegetation topography Sl Holl WL s
— - Time variable gravity - Radio occultation
EARTH ORBITING MISSIONS - Altimetry - GNSS reflections from space
_ - InSAR and SAR - Optical change detection
_ - Precise positions - Gravity field
PRIMARY GEODETIC PRODUCTS - Orbit determination - Reflection and signal-to-noise ratio
-— - Earth rotation - Total electron content and tropospheric delay
- Station coordinates as function of time - Scale
TERRESTRIAL REFERENCE FRAME - Origin (Earth system center of mass) - Orientation
- Geodetic techniques (SLR, VLBI, GNSS, DORIS) - Experts
GEODETIC INFRASTRUCTURE | ~Jooo® S

J,
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Complicated connections between GI and science. In the next few slides I’ll show some of the important connections in detail to solidify these connections and highlight importance of GI and TRF for active remote sensing and science.


Science Enabled by the Geodetic Infrastructure

- Sea level change - Weather/climate

ENABLED SCIENTIFIC APPLICATIONS - Water cyc| - Ecosystems

- Geological - Geodynamics
‘ - Land and ice feformation and change
- Sea surface h@ight - Mass change
GEOPHYSICAL OBSERVABLES - Atmospheric fhrameters Lz i el

and soil moisture

- Land and vegefation topography

— - Time variable gfavity

EARTH ORBITING MISSIONS | - Aftimetry

- Radio occultation
- GNSS reflections from space
- Optical change detection

__- Precise positions - Gravity field
PRIMARY GEODETIC PRODUCTS - Orbit determination - Reflection and signal-to-noise ratio
-— - Earth rotation - Total electron content and tropospheric delay
- Station coordinates a2 function of time - Scale
TERRESTRIAL REFERENCE FRAME - Origin (Earth system @nter of mass) - Orientation
- Geodetic techniques (SLR, VLBI, GNSS, DORIS) - Experts
GEODETIC INFRASTRUCTURE W i Arihives
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Complicated connections between GI and science. In the next few slides I’ll show some of the important connections in detail to solidify these connections and highlight importance of GI and TRF for active remote sensing and science.
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Active and Passive Remote Sensing
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Possible types of passive and active RS are limited by the transparency of the Earth’s atmosphere/ionosphere.  There are three main windows in the optical, the thermal infrared, and the microwave.  
Passive sensors use reflected sunlight or thermal emissions.  They only measure the amplitude and not phase of the radiation.  The orbit and point accuracy is related to the pixel size 1-30 m.  
Active sensors emit known pulses of ”light” and measure both the reflectivity of the surface and the travel-time.   Current instruments can achieve mm-level range accuracy in a vacuum.  The major error sources are propagation delays and orbit error.


All active sensors require precise (cm) orbits

_ - - tetere

- -
% altimeter

GNSS

v

-~

—
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L
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Ocean Science Topography
Science Team (OSTST),
November 2019:

“recommends that agencies
and mission advisory groups
developing future radar
altimeter missions consider
Including the three
iIndependent positioning
systems (SLR, GNSS,
DORIS) to ensure highest
possible orbit accuracy and
widest possible use of the
data over all surfaces.”

SLR - satellite laser ranging

12
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Sea surface height is the difference between the height of the satellite above the reference ellipsoid and the range. A radar altimeter such as JASON-3 or SWOT can measure the altitude H to cm accuracy.  Thus an accurate orbit is needed to achieve the full potential of the altimeter.  Because the orbital height is essential it is common to have two or more tracking systems to improve accuracy and serve as a backup in case of, for example, GNSS failure.  

The ERS-1 SAR/altimeter mission had a complete failure of its primary PRARE tracking system. The backup SLR system saved the day, and ERS-1 became one of the most important Interferometric Synthetic Aperture Radar and altimeter missions to date.



Terrestrial Reference Frame (TRF) So"o?,

» Origin, orientation, and scale defined by the Geodetic Infrastructure
(7-parameters)

» Allows diverse geodetic measurements to be linked over space and
time

« Changes over a wide range of time scales as mass is redistributed
over Earth’s surface

increasing time scale

sudden annual century
earthquake snow/water ice sheet melting
B 25 oscillation
12.4 mm 0-

(mm) | — Antarctica
| — Greenland
= Sum

S I A A I A S

-25
1995 2001005 2010 RIS 200 1994 1998 2002 2006 2010 2014 2020 2040 2060 2080 2100
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[Altamimi et al., 2016; Argus personal communication; Adhikari et al., 2015]
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Definition of the Terrestrial reference frame (TRF).  Since one cannot place a geodetic monument at the CM of the Earth, the TRF is defined by all of the GI stations.  All the stations and the CM of the Earth move on a wide array of timescales ranging from sudden earthquakes, to annual variations due to snow/water loads, and on 100-year time scales related to the melting of the ice sheets. The TRF already accounts for temporal variations in Earth rotation rate (VLBI) as well as steady plate motions and know tide effects.


[Altamimi, 2016;

Relative Contributions to TRF Haes etal. 2015,

celestial frame strong weak weak
(UT1)
scale strong strong medium
geocenter weak strong medium
geographic weak weak strong

density
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Need all three systems to define the TRF.


Direct connection between TRF error and sea level error

orbit ( b) sea

surface

—-— — —-——

new
old 5
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. h Year
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B R~ T E : Motion of the CM of the Earth
LN ‘ 4 due to seasonal variations in
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o X B [Wu et al., AGU 2019]
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[Morel and Willis, 2005] 15
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The CM of the Earth moves on annual timescales due to water loading (right).  The GI is connected to the center of figure (CF) of the Earth while the satellites orbit the CM.  If the CM motions are not accounted for, the satellite orbit will appear to move along the Z-axis (also X and Y but smaller).  This will cause the sea surface to appear to shift along the Z-axis leading scientists to derive some incorrect theory for this motion.


All active sensors require precise (cm) orbits

These decadal survey missions would be space junk if their tracking systems failed.

Scientific payoff of these missions is directly related to the accuracy of their orbits.

SATELLITE | JASON-3 | GRACE-FO ICESAT-2 COSMIC-2 SWOT NISAR

LAUNCH 2016 2018 2018 2019 2021 2022

LIFETIME 5+ 5+ 3-7 5+ 3+ 3-10

TRACKING GNSS, SLR, GNSS, SLR GNSS, SLR GNSS, SLR, GNSS, SLR, GNSS, SLR
DORIS DORIS DORIS

ACCURACY* 10 mm <20 mm 4 mm/yr 20-30 mm <30 mm 40—70 mm

PRECISION* .1 mm/yr <2 pum <30 mm <0.2 mm/s* 2.5 mm 3.5 mm/50km

* Accuracy/precision values are based on actual or projected performance.
**This is really a clock stability requirement. 10-12 over 200 seconds.
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Degradation of the orbit results in a degradation of the measurement and thus a degradation of the science.  A GNSS failure without SLR or DORIS backup would render these expensive satellites as space junk.


TASK 1. Summarize progress in geodetic infrastructure since 2010

United States continues to make a strong contribution to the international geodetic
Infrastructure. Four areas of concern:

1) Accuracy of NASA's next-generation VLBI and SLR systems not validated with long-
term data-driven studies (peer reviewed)

2) Few fundamental or SLR stations have been added. Especially needed in the
southern hemisphere

3) Highly-accurate, national GNSS observing system has not been developed that
could both serve as the U.S. realization of and connection to the ITRF

4) Aging workforce puts U.S. at risk:

a) not meeting needs of U.S. geodesy programs
b) not maintaining a leadership role in geodesy

17
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The United States continues to make a strong contribution to the international geodetic infrastructure with significant participation and leadership in international geodetic services.  However, there are four areas of concern.  

First, the accuracy of the next-generation VLBI and SLR systems developed with NASA funding have not been validated with long-term data-driven studies (as opposed to simulation) in the refereed literature.  

Second, few core or SLR stations have been added to complement and increase the density of the international geodetic network, especially in the southern hemisphere.  

Third, a unified, highly-accurate, national GNSS observing system has not been developed that could both serve as the U.S. realization of and connection to the ITRF and support the scientific studies described in the next chapters.  Although most of the networks operated by U.S. geodetic agencies have upgraded their GPS systems with multi-GNSS capabilities (or have clear plans to do so), plans for the software and associated products (orbits and clocks) and models (e.g., phase centers) needed for multi-GNSS data streams are not in place.

Fourth, with an aging workforce and declining number of graduates trained in geodetic techniques and models, the United States is at risk of not being able to maintain 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) in the highest-grade geodetic data analysis software, independently written and maintained by more than one research group.



TASKS 2 and 3. Science guestions from the 2017 Decadal
Survey that depend on geodesy and elements that drive
future requirements for the TRF

Themes from workshop February 2019:
« Sea level change

e Terrestrial water cycle

* Geological hazards

 Weather and climate

 Ecosystems

Discipline scientists and geodesists worked together to
determine geodetic requirements

18
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In February, 2019 we held a workshop with ~60 discipline scientists and TRF experts to help identify the science questions that depend on maintenance and enhancement of the TRF.  WE arrived at this list of science themes.


Terrestrial Water Cycle

Decadal Survey science questions:

H-2. How do anthropogenic changes in climate, land use, water use, and water storage
interact and modify the water and energy cycles locally, regionally, and globally and what
are the short- and long- term consequences?

H-4. How does the water cycle interact with other Earth System processes to change the
predictability and impacts of hazardous events and hazard chains (e.g., floods, wildfires,
landslides, coastal loss, subsidence, droughts, human health, and ecosystem health), and how
do we improve preparedness and mitigation of water-related extreme events?

S-6. How much water is traveling deep underground and how does it affect geological
processes and water supplies?

19
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Some of the recent and novel applications of geodesy to hydrologic science include:
(1) elastic loading caused by changes in terrestrial water storage; 
(2) aquifer-system compaction and land subsidence caused by groundwater overdraft; 
(3) surface-water monitoring by satellite altimetry to support science, water management, and flood forecasting; 
(4) water-cycle monitoring by satellite gravimetry to track changes in total water storage. 
These new applications require high accuracy in the vertical and gravity components of deformation that rely on maintaining, and in some cases enhancing, the geodetic infrastructure. 





Elastic Loading vs. Aquifer Compaction

Elastic response to water load Porous response to groundwater change

Mountains subside in Aquifers expand/compact as
elastic response groundwater fills/drains pores in
to snow or water load silts, sands, and gravels of aquifer
81% of GPS sites 10% of GPS sites

[Argus, personal communication]
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Presentation Notes
California's mountains subside up to 12 mm in the fall and winter due to the load of snow and rain, then rise an identical amount in the spring and summer when the snow melts, rainwater runs off, and soil moisture evaporates. 

Distinguish porous response on basis of:
  1. Time of maximum height around April
  2. Subsiding faster than 2.5 mm/yr
  3. Within 10 km of a groundwater well
  4. Episodic transients



vertical displacement (mm)
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Vertical land displacements observed by GPS in the western
United States from March 2011 through March 2014.
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[Borsa et al., 2014]
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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 four-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.
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Hydrology models greatly underestimate water loss

Sierra Nevada
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Sierra Nevada lost 45 = 21 km3
of groundwater during drought of
October 2011-October 2015,
exceeding the 6 km? of soil
moisture lost in hydrology model
estimates

[Argus et al., 2017]
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Changes in total water storage in the Sierra Nevada determined using GPS are compared to those in a composite hydrology model. The composite hydrology model (pink) consists of snow water equivalent in SNODAS (blue) and soil moisture in NLDAS-Noah (red). Changes in total water storage are observed with GPS (green) to be sustained over periods of drought and years of heavy precipitation; such sustained changes are not in the hydrology model. Error bars in the GPS data are 95% confidence limits. The Sierra Nevada are observed with GPS to have lost 45 km3, respectively, during severe drought from October 2011 to October 2015. Change in groundwater (gray) is inferred to be total water change from GPS minus the sum of snow and soil moisture in the hydrology model. Changes in groundwater are also inferred to be sustained over periods of drought and years of heavy precipitation. The Sierra Nevada are inferred to have lost groundwater at 9 km3/yr, respectively, from October 2011 to October 2015 (black dashed lines). Melting snow seeps into the Sierra Nevada in the spring (blue segments of the groundwater curve, blue numerals specify water gain in cubic kilometers); Groundwater leaves the Sierra Nevada in the summer (orange segments of the groundwater curve, orange numerals specify water loss in cubic kilometers). The magenta vertical bars on the GPS series mark the month of October. The light blue bars on the groundwater series mark the month of April. See Figure 1 for the location of the three physiographic provinces. 

Sandwell: I think this is an important result but it is not really highlighted in the report.
Sneed: Agree; let’s keep this in



Aquifer-System Compaction (Land Subsidence)

Damages infrastructure and natural resources

* Reduces water conveyance capacity &
freeboard, etc.

* Roads, rails, bridges, pipelines, wells, etc.

» Reduces aquifer-system storage capacity

» Ground failures (fissuring/faulting)

» Impacts to wetland, riparian, and aguatic
ecosystems

E Alluvial aquifer system SN
(> Area of known land subsidence ‘(‘f! 0 250 500 Kilometers

Permanently reduced
aquifer-system storage capacity

¢ 123,000 km? of U.S. land and waterways
impacted by land subsidence caused by
aquifer-system compaction

Before
subsidence subsidence

[Sneed et al., 2018]
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Areas where subsurface fluid withdrawal has caused land subsidence (brown) in the conterminous United States. SOURCES: Sneed, 2018, as modified from Clawges and Price, 1999, and Galloway et al., 1999. 

Sandwell: You are the expert on this so please modify. 
Sneed: Modified and added additional slide
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Spatial extent and magnitude of sub-sidence 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: Modified from Sneed et al., 2018.

Sneed: added




Terrestrial Water Cycle

Maintenance of Geodetic Infrastructure

« Maintain current stability of ITRF

« Maintain INSAR orbit accuracy to 20 mm
radially and 60 mm along-track

« Maintain robust global distribution of high-
guality GNSS stations, analysis products,
and software

» Continue support for high-accuracy GNSS
analysis software

e Support antenna phase calibrations

» Support automated GNSS processing
services

* Maintain geodetic expertise to maintain
Institutional knowledge & technical
capabillities

Enhancements to Geodetic Infrastructure

 Add GNSS stations in western United
States to geodetic infrastructure

 ~40 km spacing, with more stations
In watersheds or areas without
traditional hydrological
measurement networks

* Meet highest standards for data quality,
site design, stable monumentation, and
metadata

« Would improve accuracy of local
surveys (e.g., aircraft lidar).
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Water cycle research using the geodetic infrastructure requires the maintenance of at least the current stability of the ITRF. All of the geodetic products described 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 scientific returns. 


Maintenance of the Geodetic Infrastructure

Maintain the current stability of the ITRF. All geodetic products described herein depend on an accu- rate global frame scale for absolute measurement precision traceability.
Maintain InSAR orbit accuracy to 20 mm radially and 60 mm along-track. The onboard GNSS precise orbit determination measurements should be International GNSS Service (IGS) quality (i.e., mm-level phases and dm-level pseudoranges at two or more frequencies for all four global GNSSs and with accurately 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 scientif- ic 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 provided by the IGS.
Support automated GNSS processing services that can be accessed by the hydrologic community (e.g., Nevada Reno positioning products), including high-rate positions.
Maintain geodetic expertise to maintain institutional knowledge and technical capabilities. Training is required for GNSS, InSAR, GRACE, and lidar software. Stable and predictable funding is needed to support an educated technical workforce, software development, and infrastructure.

Enhancements to the Geodetic Infrastructure 

Additional GNSS stations in the western United States to be made part of the geodetic infrastructure. These stations would have ~40 km spacing, with additional stations in watersheds or areas that lack traditional hydrological measurement networks. They may be selected largely from the existing National Science Foundation Plate Boundary Observatory. They must meet the highest standards for data quality, site design, stable monumentation, and metadata definition and dissemination. In addi- tion to the water cycle needs, they would improve the accuracy of local surveys (e.g., aircraft lidar). 


Sandwell: Need to reduce the number of words.  This is a copy from the report.
Sneed: Still wordy, but better


Sea-Level Change

Decadal Survey science questions:

C-1. How much will sea level rise, globally and regionally, over the next decade and
beyond, and what will be the role of ice sheets and ocean heat storage?

S-3. How will local sea level change along coastlines around the world in the next
decade to century?

C-6. Can we significantly improve seasonal to decadal forecasts of societally relevant
climate variables?

H-1. How is the water cycle changing? Are changes in evapotranspiration and precipitation
accelerating, with greater rates of evapotranspiration and thereby precipitation, and how are
these changes expressed in the space-time distribution of rainfall, snowfall,
evapotranspiration, and the frequency and magnitude of extremes such as droughts and
floods?
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Absolute sea level measured by temporally overlapping series of satellite altimeters. Tide
gauges with GNSS vertical land measurements provide 10-100 year accuracy.

2017 Decadal Survey called for determining global mean sea-level rise to within 0.5 mm/year

over a decade and regional sea-level change to within 1.5-2.5 mm/year over a decade.
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Sea level is measured by a constellation of altimeter satellites that enable near-global coverage. The height of the satellite above the ocean surface is converted to a sea-surface height (or sea level) above a reference surface determined from precise orbit determination. The estimated sea-surface height is then corrected for atmospheric (ionospheric and tropospheric) delays, biases between successive altimetry missions, and geophysical effects such as the sea state bias, solid Earth tides, and pole and ocean tides. With these corrections, satellite altimeter measurements have a point-to-point accuracy of a few centimeters. The Topography Experiment (TOPEX)/Poseidon and Jason-1, -2, and -3 missions have provided a continuous record of sea-level change over ±66° latitude with a 10-day repeat period. The precision of global mean sea level for each 10-day average is about 4–5 mm. 

(left) Global mean sea-level variations from satellite altimetry (black), global ocean mass from GRACE (blue), thermal expansion from Argo (red), and the sum of ocean mass and thermal expansion (purple). SOURCE: Updated from Leuliette and Nerem, 2016. 

(right) Regional sea-level trends (September 1992–May 2019) from multi-mission satellite altimetry. SOURCE: Copernicus Marine Environment Monitoring Service. 
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Ice sheet mass changes require multiple measurements:
« monthly gravity change (e.g., GRACE), GIA correction, ice sheet elevation (e.g., ICESAT-2, CRYOSAT-

2), ice stream velocity (i.e., NISAR), visco-elastic rebound (e.g., GNSS)

Mass loss of Greenland and Antarctic ice sheets over the next 100 years will cause large CM

motions, so need to maintain absolute accuracy of TRF.
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Determining ice sheet mass balance requires monthly gravity measurements at the basin scale and a precision of 10 mm water equivalent or better on spatial scales of a few hundred km. These measurements are already provided by GRACE and will be improved and extended with GRACE-FO and with supplemental geodetic measurements for GIA corrections. 

Measurements of ice sheet elevation are needed with weekly to daily sampling, vertical resolution of 0.1–0.2 m, along-track resolution of 100 m, and across-track resolution better than 1 km. These requirements can be met with a multi-beam laser altimeter. At present, Ice, Cloud, and land Elevation Satellite-2 provides better than 0.1 m vertical resolution, 70 m along-track resolution, and 3 km across-track resolution (Kwok et al., 2019).

Ice sheet velocity needs to be measured with weekly to daily samples every 100 m pole to pole, a precision of 1 m/yr in fast flow areas and 0.1 m/yr in the interior. The necessary precision can be achieved with InSAR for fast flow and interior regions and with high-resolution optical sensors for fast flow areas only. The same measurements should provide information on grounding line position with a sampling of 100 m pole to pole, and a vertical motion precision of 5 mm, which can be achieved with InSAR. 

(left) Change in mass of the Greenland and Antarctica ice sheets over time, measured from GRACE. SOURCE: Created using data from sealevel.nasa.gov.

(right) Motion of the geocenter due to projected melting of Greenland and Antarctica. SOURCE: Modified from Adhikari et al., 2015. 





Relative Sea Level and Vertical Land Motion
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Churchill

00

Relative sea level at coastlines = sea level
rise + land subsidence/uplift

Causes of vertical land motion:
e extraction of groundwater or hydrocarbons

« sediment compaction
» glacial rebound
e tectonics

Need long-term stable GNSS sites with 0.5 mm/yr
vertical accuracy

INSAR can fill GNSS gaps in coastal areas
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Measuring vertical land motions along the coasts using GNSS and InSAR is of primary importance. Land motions have different origins, including tectonics, which may uplift coastal areas and so reduce relative sea-level rise (e.g., Oregon and Washington; NRC, 2012), or sediment compaction or extraction of groundwater or hydrocarbons, which may cause significant ground subsidence, and so amplify climate-related sea-level rise. GIA also causes vertical land movements, particularly in high-latitude regions. GNSS near tide gauges can be used to estimate vertical land motions, but less than 14 percent of Global Sea Level Observing System tide gauge stations are equipped with a permanent GNSS station (e.g., Ponte et al., 2019). Several studies have shown the benefit of using InSAR in different coastal environments (e.g., Brooks et al., 2007). Measuring vertical land motions at the coast strongly relies on the geodetic infrastructure. 
 
(upper) Example of how geodetic infrastructure connects to scientific applications, showing how data from GPS stations (circles) produce rates of vertical uplift (red) and subsidence (blue) relative to the ITRF origin (Earth system center of mass).  Annotations indicate the wide array of scientific applications that are measured using the vertical component of highly accurate GPS stations.  GIA is glacial isostatic adjustment.  SOURCE:  Modified from Blewitt et al. (2018).

(lower) Relative sea level rise at tide gauges as a function of distance from the maximum of the Laurentide ice load.  Note Hampton Roads, VA has a relative sea level rise about twice the global average due to collapse of the peripheral bulge. 
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Relative SL Trends (2)
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Sea-Level Change

Maintenance of Geodetic Infrastructure Enhancements to Geodetic Infrastructure
e Maintain tide gauge record to achieve 0.1  Improve TRF accuracy to 1 mm and
mm/yr averaged over a decade drift in TRF origin to < 0.1 mm/yr.
 Altimeter orbit determination requirement: * Improve accuracy of Z-component of
10—-20 mm radial position. Ice-sheet flow- the CM. Depends on successful
rate measurements using INSAR tracking of SLR in southern hemisphere

requirement: 3-D better than 0.1 m
 Install GNSS stations at tide gauges to

e Maintain current accuracy of low degree achieve absolute vertical land motion
and order geopotential field requirement of better than 0.5 mm/yr.

« Maintain and enhance ancillary models  Encourage use of GNSS reflectometry to
and corrections for altimetric satellites expand number of worldwide tide gauges

defined in the ITRF
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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 satellite 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-dimensional orbit accuracy of better than 0.1 m is required for ice-sheet flow-rate measurements using InSAR. 
Maintain the current accuracy of the low degree and order geopotential field. 
Maintain and enhance the ancillary models and corrections for the altimetric satellites, including 
time-variable gravity, time-variable surface deformation, and atmospheric and ionospheric propagation models. 


Enhancements to the Geodetic Infrastructure 
The sea-level science questions require a TRF accuracy 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 definition 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 the reference points for metrology at the fundamental sites, such as the invariant points of SLR telescopes or Very Long Baseline Interferometry dishes, or the GNSS monumentation. This may require studies on the stability and longevity of monumentation and drifts or stability of the tracking equipment. Install GNSS stations at tide gauges to achieve the absolute vertical land motion requirement of better than 0.5 mm/yr to minimize errors in validating satellite altimeter observations of sea-surface height. Encourage use of GNSS reflectometry methods to expand the number of worldwide tide gauges defined in the ITRF. 



Geological Hazards: Earthquakes and Volcanoes

Decadal Survey science questions:

S-1. How can large-scale geological hazards be accurately forecast in a socially relevant
time frame?

S-2. How do geological disasters directly impact the Earth system and society following an
event?
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Seismic hazard:
Cascadia Subduction Zone

* Mw 8.7-9.2 earthquake/tsunami in 1700
e Recurrence interval 300-900 yr
e Coastal forests subsided ~2 m

* Predicted tsunami wave > 3m in Pacific
Northwest, Alaska, Hawaii, Guam, etc.
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(left) Two models (a) and (b) of interseismic locking of the Cascadia subduction zone fit the land-based geodetic data equally well. The models agree for areas landward of the shoreline, where geodetic coverage is good, but have major differences offshore, where coverage is poor. Tsunamis are generated by shallow slip (< 10 km) during megathrust earthquakes, so these models yield very different tsunami hazard forecasts. (c) The transition from locked to partially locked between depths of 15 and 30 km is well resolved by land data. The downdip transition zone undergoes episodic tremor and slip events at approximately 14 month intervals, as seen in Global Positioning System time series (c) and tremor activity. This megathrust zone last ruptured in 1700 and generated tsunami waves that propagated across the Pacific Ocean and caused damage along the coast of Japan. Coastal communities in Washington and Oregon would have less than 20 minutes to retreat to high ground following a major tsunamigenic event on the megathrust. SOURCES: (a) and (b) Modified from Schmalzle et al., 2014; (c) updated from Dragert et al., 2004, and Dragert, personal communication. 

(right) Maximum wave height from the 2010 M8.8 Maule Chile earthquake. The arrival time contours are shown in white. The R/V Kilo Moana measured the wave train at its remote position near Hawaii using high-precision GNSS. The circles show the location of Deep-ocean Assessment and Reporting of Tsunamis (DART) bottom pressure sensors. The red stars indicate where the source events for fatal 20th century tsunamis occurred. Colors represent the number of fatalities: white ≤ 50; pink ≤ 100; red ≤ 1,000; dark red > 1,000. Dashed lines are the primary shipping lanes in the Pacific where precise GNSS receivers could be deployed to augment the DART buoys. SOURCE: Foster et al., 2012.

Understanding the seismic moment accumulation rate in the shallow parts of subduction zones is particularly challenging because onshore geodetic measurement techniques such as GNSS, InSAR, tide gauges, and strain gauges are too remote to resolve the degree of shallow coupling (Figure 5.1). The tools of seafloor geodesy (i.e., GNSS acoustics, bottom pressure gauges, seafloor strain gauges, and repeated sonar surveys) can directly measure displacements accumulating offshore in subduction zones. Consequently, their use can greatly improve the spatial and temporal resolution of megathrust coupling and earthquake/slow-slip source characterization with signals ranging from episodic slip, interseismic strain, coseismic motion, and postseismic afterslip and relaxation (Burgmann and Chadwell, 2014). GNSS acoustics and repeated sonar surveys rely on cm-level accuracy GNSS positioning of moving platforms (ship, wave glider, or buoy), which, in turn, depends on the GNSS infrastructure to provide a reference land station and high accuracy GNSS orbit information.
GNSS acoustics is a method to precisely measure the horizontal displacement of the seafloor. The technique uses a combination of GNSS for accurately positioning a platform on the sea surface (e.g., ship or wave glider) and acoustics for ranging to transponders on the seafloor.



[Elliot et al., 2016]

Seismic hazard:
Strain-rate mapping

Large continental earthquakes
mainly occur where strain rate > 50
nanostrain/yr (0.5 mm/yr over 10 km
distance)

GNSS at < 50 km spacing provides
absolute vector time series

INSAR at < 12 day intervals

provides spatial coverage to
resolve partly locked faults

33


Presenter
Presentation Notes
(left) Population density, destructive earthquakes (> 1,000 fatalities), and crustal strain rate for Eurasia. Most large continental earthquakes occur in areas where the strain rate exceeds 50 nanostrain per year. Many of these areas are heavily populated and have had major destructive earthquakes in the past. The deformation of this large area is best monitored by a combination of Global Navigation Satellite System (GNSS) and Interferometric Synthetic Aperture Radar (InSAR). High-resolution topography would also reveal the paleoseismic activity on the many faults in the region. SOURCE: Elliott et al., 2016.

Most destructive earthquakes occur in regions where the strain rate exceeds ~50 nanostrain per year (Elliott et al., 2016; see Figure 5.2). For strike-slip faults, which typically have a locking depth of about 12 km, this strain rate corresponds to an average velocity accuracy of 0.5 mm/yr over the 10 km averaging distance. 


Volcanic Hazard: 2018 Kilauea Eruption
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Cumulative surface deformation from the Kilauea eruption between April and September 2018. Yellow circles indicate GPS locations. Deformation was not recovered in the gray areas, including the caldera crater and an area along the lower east rift zone. SOURCE: Modified from http://pgf.soest.hawaii.edu/Kilauea_insar.

The Kilauea eruption began on April 30, 2018, and continued for approximately 3 months. During that time, Kilauea’s summit crater and the East Rift Zone underwent continuous deflation, and a M6.9 earthquake struck the south flank on May 4. This was the largest eruption of the lower East Rift Zone in at least 200 years (Neal et al., 2019). Approximately 0.8 cubic kilometers of lava flowed toward the ocean in three areas and destroyed 718 dwellings in the Leilani Estates and Lanipuna Gardens. Lava flowed into Kapoho Bay and created new land nearly 1 mile into the sea.

The surface deformation associated with this event was well documented by a combination of GNSS and InSAR (see Figure 5.3). The GNSS stations provided frequent (1 second) vector displacement measurements at ~35 sites. The Sentinel-1A and -1B Synthetic Aperture Radar (SAR) satellites provided 6-day interferograms from two look directions at ~100 m spatial resolution to fill gaps in Global Positioning System (GPS) coverage. Both GNSS and InSAR were used in near-real-time to inform emergency responders and the affected population.



Geological Hazards: Earthquakes and Volcanoes

Maintenance of Geodetic Infrastructure Enhancements to Geodetic Infrastructure
e Maintain current stability of TRF at 0.5  Improve reference frame to quickly
mm/yr globally accommodate global-scale motions
« Track InSAR/lidar satellites at accuracy of 20 associated with very large earthquakes
mm radially and 60 mm along-track « Maintain and enhance a globally distributed
« Maintain geodetic infrastructure to set of GNSS sites to measure plate-boundary
measurements of 1 microgal at spatial » Ensure at least two open software
resolution of 300 km or better development efforts for each geodetic
« Maintain GNSS station density of ~20 km in method
areas of high strain rate to bring INSAR  Transition processing of all geodetic data to
measurements into an absolute frame at 0.5 automated analysis
mm/yr accuracy « Encourage free and open access to all GNSS
» Maintain free and open access to all data and INSAR data

used in formulating TRF
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The United States continues to make a strong contribution to the international geodetic infrastructure with significant participation and leadership in international geodetic services.  However, there are four areas of concern.  

First, the accuracy of the next-generation VLBI and SLR systems developed with NASA funding have not been validated with long-term data-driven studies (as opposed to simulation) in the refereed literature.  

Second, few core or SLR stations have been added to complement and increase the density of the international geodetic network, especially in the southern hemisphere.  

Third, a unified, highly-accurate, national GNSS observing system has not been developed that could both serve as the U.S. realization of and connection to the ITRF and support the scientific studies described in the next chapters.  Although most of the networks operated by U.S. geodetic agencies have upgraded their GPS systems with multi-GNSS capabilities (or have clear plans to do so), plans for the software and associated products (orbits and clocks) and models (e.g., phase centers) needed for multi-GNSS data streams are not in place.

Fourth, with an aging workforce and declining number of graduates trained in geodetic techniques and models, the United States is at risk of not being able to maintain 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) in the highest-grade geodetic data analysis software, independently written and maintained by more than one research group.

Enhancements to the Geodetic Infrastructure

Improve the reference frame formulation to quickly accommodate global-scale motions associated with the very large subduction zone earthquakes that affect GNSS stations over much of the Earth’s surface (e.g., 2004 Sumatra). The specific requirements are 1–10 mm accuracy maintained over 10 years. 

Maintain and enhance a globally distributed set of GNSS sites over a long period to measure large-scale plate-boundary deformation and plate motions at an accuracy of 0.5 mm/yr. These sites are also needed to correct InSAR displacement time series.

Develop a GNSS-based, time-dependent TRF, fully aligned to the ITRF, and with frequent updates to accommodate sudden changes in the locations of the fundamental stations. 

Ensure there are at least two open software development efforts for each geodetic method, including GNSS processing, InSAR processing, and lidar processing. 

Transition processing of all geodetic data from human-intensive analysis to automated analysis.

Develop a geodetic workforce versed in the fundamentals of geodetic methods as well as in advanced automated processing approaches. 

Encourage free and open access to all GNSS and InSAR data.






Weather and Climate

Decadal Survey science questions:

W-2. How can environmental predictions of weather and air quality be extended to
seamlessly forecast Earth system conditions at lead times of 1 week to 2 months?

C-2. How can we reduce the uncertainty in the amount of future warming of the Earth as a
function of fossil fuel emissions, improve our ability to predict local and regional climate
response to natural and anthropogenic forcings, and reduce the uncertainty in global
climate sensitivity that drives uncertainty in future economic impacts and
mitigation/adaptation strategies?
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GNSS — Radio Occultation
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Improves sampling over oceans and mid-atmosphere.

Provides “anchor” measurements for microwave and
infrared observations and improves bias corrections
applied to satellite radiance measurements. 37

[Anthes et al., 2008]


Presenter
Presentation Notes
(left) Geometry of limb sounding GNSS-RO measurements to measure atmospheric profiles of temperature (yellow), water vapor pressure (red), and electron density (green). SOURCE: https://www.cosmic.ucar.edu/what-we-do/cosmic-2/.

(upper-right) Locations of 4,000 occultations (green) for the COSMIC-2 constellation of 6 GNSS receivers orbiting at an altitude of 500 km and an inclination of 24˚. Ground-based radiosonde locations (red) only sample the atmosphere above land. SOURCE: https://www.cosmic.ucar.edu/what-we-do/cosmic-2.

(lower-right) The precision of the index of refraction based on near-repeat occultations from two of the Constellation Observing System for Meteorology Ionosphere and Climate (COSMIC)-1 satellites. The red line shows the mean difference and the green lines show the standard deviation in percentage of difference. The number of paired occultations decreases at altitudes less than 5 km because of GNSS tracking errors, super refraction of the atmosphere, and low signal-to-noise of attenuation of the GNSS signal in the lower atmosphere. SOURCE: Anthes et al., 2008.





Weather

[Neiman et al., 2008]

SSM/I IWV (cm); 7 Nov 2006 a.m. composite

WV (cm)

GNSS-RO provides vertical profiles of
*atmospheric river” not available from
other methods (e.g., SSM/I)

Climate

[Leroy et al., 2006]
GFDL-CM2.0 GFDL-CM2.1 GISS-AOM

-0.2 0.0 0.2 0.4 0.6 0.8
d(In py)/dt (% decade™)

GNSS-RO highly-accurate, long-term

record of mid-atmospheric temperature

variations
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(left) Color image of integrated water vapor (IWV) from SSM/I shows an atmospheric river flowing across the Eastern Pacific Ocean and making landfall along the west coast of North America. Axes are latitude and longitude. This sensor recovers the vertically integrated total water vapor but does not recover the vertical structure. White dots are the locations of 12 COSMIC-1 soundings. These were used to assemble the water vapor cross section shown in Figure 6.5. SOURCE: Republished with permission of American Meteorological Society, from Neiman et al. (2008); permission conveyed through Copyright Clearance Center, Inc.

Note the climate needs are emerging and thus may have more stringent GI requirements.

(right) Yearly change in dry atmospheric pressure based on the 12 climate models used in the IPCC Fourth Assessment. The horizontal axis is latitude and the vertical axis is geopotential height. Contours are percent per decade. Model projections are similar in the troposphere (< 10 km) but have large differences in the upper atmosphere where GNSS-RO has its highest measurement accuracy. SOURCE: Leroy et al., 2006.



Weather and Climate

Maintenance of Geodetic Infrastructure Enhancements to Geodetic Infrastructure

« Maintain robust global distribution of  Upgrade global IGS sites to achieve
GNSS stations providing free, open, and GPS-like accuracies for other
near-real-time raw observational data constellations (e.g., Galileo). Would

dramatically increase number of radio

o Support IGS analysis products, including occultations for weather and climate
accurate orbits and clocks applications

» Maintain geodetic expertise for * Improve modeling of GNSS observables,
institutional knowledge and availability of Including attitude information, satellite

trained personnel metadata and radiation force models.
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Maintenance of the Geodetic Infrastructure

Maintain robust global distribution of GNSS stations providing free, open, and near-real-time raw observational data. 
Continued support of IGS analysis products, including accurate orbits and clocks. 
Maintain geodetic expertise for institutional knowledge and availability of trained personnel

Enhancements to the Geodetic Infrastructure

Upgrade the global IGS sites (at least the National Aeronautics and Space Administration sites) to achieve GPS-like accuracies for the other constellations (e.g., Galileo, Glonass, and Beidou). In addition, improve the modeling of GNSS observables within geodetic analysis systems, including attitude information, satellite metadata and radiation force models. A significant upgrade would result in an increase in the number of radio occultations for weather and climate applications.

ntain geodetic expertise for institutional knowledge and availability of trained personnel. This will require stable and predictable funding.



Ecosystems

Decadal Survey science questions:

E-1. What are the structure, function, and biodiversity of the Earth’s ecosystems, and
how and why are they changing in time and space?

E-2. What are the fluxes (of carbon, water, nutrients, and energy) between ecosystems
and the atmosphere, the ocean and the solid Earth, and how and why are they changing?

E-3. What are the fluxes (of carbon, water, nutrients, and energy) within ecosystems, and how
and why are they changing?

E-4. How is carbon accounted for through carbon storage, turnover, and accumulated
biomass? Have all of the major carbon sinks been quantified and how are they changing in
time?

S-4. What processes and interactions determine the rates of landscape change?

40



Vegetation Dynamics

30
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[Quegan et al., 2019]

Active remote sensing by polarimetric SAR, INSAR, and lidar are providing
new measurements of biomass changes.
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Forest height map obtained by inverting P-band Pol-InSAR data from Pongara National Park, Gabon. Color ramp represents forest height with much of the area covered by mangroves.  SOURCE: Quegan et al. (2019) 

Forest above-ground biomass is recognized as an essential climate variable because it controls land uptake of CO2. Quantifying biomass loss from deforestation and degradation at a global scale requires satellite-based lidar or Synthetic Aperture Radar (SAR). New radar satellite missions, such as the National Aeronautics and Space Administration-Indian Space Research Organisation Synthetic Aperture Radar (NISAR) and the European Space Agency Biomass mission, are aimed at determining the global distribution of forest biomass. A range of SAR techniques can be used to characterize forests, including P-band Polarimetric SAR, Pol-InSAR, and SAR Tomography. 


Lateral Transport

One Mile

[Haugerud, 2014]

Lidar can provide “bare earth” topography to reveal present and past
landslides as well as the vertical structure of the vegetation.
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In the rain-soaked forests of Washington state (A), the density, extent, and frequency of destructive landslides were largely unrecognized until airborne lidar (B) was acquired after the 2014 Oso landslide, which killed 43 people. With vegetation removed, multiple generations of large landslides are obvious (C), and their relative ages are revealed both by cross-cutting relationships among them and by the relative roughness of their current topography. Older landslides become smoother over time. SOURCE: Haugerud, 2014.





Ecosystems

Maintenance of Geodetic Infrastructure Enhancements to Geodetic Infrastructure
e Maintain current TRF  Additional L5 base stations ~30 km
spacing in remote areas (needed for
« Maintain orbit determination: 10-20 mm aircraft lidar)
orbit accuracy, 40—70 mm along-track
accuracy, and mm/yr orbit stability  Training and cyberinfrastructure to support

new technologies

e Sustain gravity measurements for
accurate geocenter
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Maintenance of the Geodetic Infrastructure
 
Maintain the current TRF.
Maintain orbit determination, with 10–20 mm orbit accuracy, 40–70 mm along-track accuracy, and mm/yr orbit stability.
Sustained gravity measurements for an accurate geocenter.


Enhancements to the Geodetic Infrastructure

Additional base stations in remote areas (every 30 km without L5 frequency or 50 km with L5), and more GNSS frequencies (e.g., L5 frequency and the receivers to support additional frequencies). 
Training and cyberinfrastructure to support adoption of above technologies.




Common Themes for Maintaining and Enhancing
the Geodetic Infrastructure

e Accuracy and stability of the TRF
e Accuracy and stability of the satellite orbits
e Accuracy of the low-degree geopotential harmonics

« Augmentation of the GNSS Network (e.g., ~40 spacing
for hydrology)

e Supporting software, models, data, and expertise
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Accuracy and stability of the TRF
Sea level - accuracy of 1 mm and drift in the CM of the TRF of less than 0.1 mm/yr.  TRF should be free of deformations due to ancient and modern ice melt that might cause errors in the regional patterns of sea-level change. 
Water cycle - center of mass drift rate be maintained to better than 0.2 mm/yr . 
Geological hazards - TRF be maintained at an accuracy of 0.5 mm/yr globally.
 
Accuracy and stability of the satellite orbits
Altimeters - accuracy of 20 mm or better and a stability of less than 0.5 mm/yr over a decade are required 
GNSS - integrated water vapor, the GNSS orbits need a three-dimensional root mean square (RMS) accuracy of better than 50 mm in near-real-time and better than 25 mm post processing. 
InSAR - accuracy of 20 mm radially and 60 mm along-track
Laser altimetry/topography - 0.1 m vertical accuracy over selected tectonic areas and the attendant need for local GNSS ground stations for differential GNSS aircraft positioning better than 50 mm.
 
Accuracy of the low-degree geopotential harmonics
Maintenance of the current geodetic infrastructure is essential for the continued availability of measurements of large-scale mass exchange in the Earth system.

Augmentation of the GNSS Network
GNSS network must meet the highest standards for data quality, site design, stable monumentation, and metadata definition and dissemination. 
Terrestrial water cycle, geological hazards, and ecosystems discuss the need for an increase in the density of core GNSS stations in the United States with good monument stability, long-duration time series (> 10 years), and high data rate. 

Supporting software, models, data, and expertise
Open Data, Cyberinfrastructure, and Workforce
Ancillary Corrections and Models



Priority improvements to the geodetic infrastructure

1. Finalize deployment and testing of next-generation VLBI and SLR

systems and complete deployment of multi-GNSS to:
» achieve balance of geodetic measurement techniques between northern and

southern hemispheres
« document errors in the systems
* improve ability to estimate their positions accurately and automatically

2. Increase capabilities for measuring center of mass motions
expected over the next 100 years due to melting of ice sheets

3. Work with international community to implement a fully time-

dependent TRF that accommodates both annual and sudden changes in
locations of fundamental stations
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Extra



VLBl

The Global Space
Geodesy Network
(I1GS, ILRS, IVS, IDS)

INPUT

Geodetic Services

Data and Analysis Combination

International Association of
Geodesy (IAG) Geometric
Services (IGS, ILRS, IVS, IDS)

ITRS Combination

nters

International Earth
Rotation and
Reference System
(IERS)

[Lemoine, personal communication]

OUTPUT
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Elastic Loading
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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.



Water cycle monitoring with satellite gravity — GRACE-FO

California Drying
Cumulative water storage changes from NASA GRACE (2002-2014)

2

o
June2002 = June2008 |  June 2014

Rt
L g

» Gravity-change measurements interpreted as change in the total water storage at >300 km scales
subseasonally
» Used to study drought conditions and flood potential
* Needs to be supplemented with other information from the geodetic infrastructure (SLR)
« Geocenter motion is one of the largest sources of uncertainty
* Low-degree harmonics estimates are essential to support continuity between space missionssg
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Presentation Notes
What do we do here?  I hate to skip an opportunity not to mention GRACE to provide an accurate estimate of the large spatial scale water mass changes.
I’m not sure; I added a few bullets from the report. I don’t have any other material for these (never used them).


Vertical
displacement (mm)

Heavy Precipitation Loading: Hurricane Harvey

« Almost 100 km? of water deposited over several days
» Daily GNSS position analysis
« Quantified the extent and magnitude of the 3-D
elastic response to the sudden water load and of
the gradual dissipation of the load
» Further modeling distinguished whether the
water was removed as runoff or through
evapotranspiration

 Demonstrates the power of continuous
GNSS networks to improve flood forecasting
by quantifying the spatial extent and
evolution (drainage) of terrestrial water
storage associated with extreme
precipitation events.
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(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 first 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 Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/ licenses/by-nc/4.0. 

Sandwell: There are too many small words.  Please modify.
Sneed: modified



Surface water monitoring by satellite altimetry - SWOT

[Alsdorf et al., 2007]
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« Monitor water-level changes over rivers, lakes/reservoirs, and floodplains
 Number of water gauges declining in many regions of the world; some basins ungauged
* Provides homogeneous and long-term monitoring of surface water levels and volumes (when
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combined with optical or radar imagery)
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Sneed: What do we do here?  I hate to skip an opportunity not to mention GRACE to provide an accurate estimate of the large spatial scale water mass changes.
I’m not sure; I added a few bullets from the report. I don’t have any other material for these (never used them).
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Global Soil Moisture Permafrost
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[Nitze et al., 2018]
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(left) Soil moisture is an essential climate variable that modulates vegetation activity (Ali et al., 2015; Karthikeyan et al., 2017). Measurements of soil moisture are necessary to understand ecosystem function and critical zone processes, and they can be made using passive and active microwave. The radiometer on the Soil Moisture Active Passive (SMAP) mission enables global soil moisture measurements to be downscaled (Abbaszadeh et al., 2019) with up to 4 percent volumetric error in soil moisture. Recently, GNSS-IR signals have been used to estimate soil moisture (Chew et al., 2015). On space platforms, Carreno-Luengo et al. (2018) used CYGNSS, GNSS-R, and SMAP microwave radiometry brightness temperature to estimate soil moisture and distinguish land cover types across the globe.

(right) Understanding permafrost dynamics is essential for understanding carbon dynamics in the Arctic, including the vegetation growth period and soil respiration (Bloom et al., 2016; Nitze et al., 2018). Monitoring temperature transitions when large surges of melt water occur is important for Arctic marine communities (Frainer et al., 2017). In addition to gravity and InSAR, L-band radar backscatter is used to study freeze/thaw (Du et al., 2015); P-band is better for ice penetration (Gusmeroli et al., 2013). L-band and C-band coherence maps from NISAR and Sentinel-1, respectively, will be useful for studies of permafrost and freeze/thaw dynamics, such as noted in Rowland (2010). 
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